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A B S T R A C T

Chimeric antigen receptor T-cell (CAR-T) therapy, which benefits from the perfect combination of gene editing 
techniques and antibody engineering, has shown outstanding clinical efficacy in hematological malignancies. 
Solid tumors present the next challenge due to their extremely complicated microenvironment and structural 
characteristics. Targeting efficiency and persistence are currently bottleneck issues in the clinical treatment of 
CAR-T. Beyond drugs and cytokines, biomaterials can modulate the immune response, assisting adoptive CAR-T 
cells in exerting their function. In this study, a supramolecular peptide hydrogel epitope vaccine was designed to 
serve as both a preparation medium and a reservoir for CAR-T cells. The self-assembling peptide formed a 
nanofiber scaffold through non-covalent interactions of amphiphilic amino acids and ion stabilizers. Firstly, the 
complementary peptide conjugated vaccine epitopes and CAR-T target sites were derived from different extra
cellular domains of the HER2 protein, and the combination treatment improved tumor antigen spreading and 
targeting efficiency. The epitope hydrogel promoted CAR-T cell proliferation, cytotoxic activity, and lymphocyte 
subpopulation transformation. Furthermore, the supramolecular peptide epitope vaccine encapsulated CAR-T 
(SPEV-CAR-T) induced endogenous humoral and cellular immune responses through a sustained release of the 
hydrogel and CAR-T cells, demonstrating superior anti-tumor effects in an in vivo mouse model. Most impor
tantly, SPEV-CAR-T induced central memory cells in systemic immune tissues, addressing the poor persistence of 
single CAR-T therapy. The integration and complementation of active and passive immune responses in this all- 
in-one hydrogel epitope vaccine and CAR-T system facilitated a sequential succession of endogenous and 
exogenous immune responses, promoting persistent and specific tumor attack. SPEV-CAR-T showed superior 
therapeutic effects in solid tumors.

1. Introduction

Immunotherapy has undergone rapid development in the last twenty 

years, revolutionizing the treatment of various diseases. Clinical drugs 
and preparations have been exquisitely designed based on a deep un
derstanding of the immune system [1]. Chimeric antigen receptor T-cell 
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(CAR-T) therapy, which benefits from the combination of gene editing 
techniques and antibody engineering, holds great promise as an 
advanced and personalized cancer treatment [2,3]. It has shown sig
nificant success in treating hematological malignancies, but solid tumors 
present the next challenge due to their complex microenvironment and 
structural characteristics [4,5]. Numerous clinical and preclinical ef
forts, including cytokines, molecular inhibitors, immune checkpoint 
blockade, vaccination, and adoptive cell transfer, have been made to 
overcome these obstacles [6,7]. However, the current clinical outcomes 
of CAR-T treatments are unsatisfactory, as they are effective for only a 
small number of patients due to poor persistence or inefficacy of the 
synergistic effects [8].

The recognition and clearance of tumor cells by CAR-T cells depend 
on the targeted CAR molecule. Target selection is a critical determinant, 
and off-target effects may potentially lead to adverse effects, toxicity, 
and unintended target disruption [9]. The affinity of single-chain vari
able fragments (scFv) is unstable due to tumor antigen modulation and 
the microenvironment [10]. Combining targeted therapies, involving 
the same or different molecules, has become a consensus in clinical 
strategies [11]. Multiple studies focus on the joint application of anti
bodies or immune checkpoint inhibitors with CAR-T cells to enhance 
targeting. While these reagent combinations can kill tumor cells, they 
often fail to achieve persistent immune attacks due to exacerbated sys
temic inflammatory responses leading to cytokine release syndrome, 
which is burdensome for patients [4,12]. Active immunotherapy works 
with the body’s immune system to induce long-lasting tumor immune 
attacks.

Vaccination, an active immunization method, aims to generate per
manent immunological memory against both infectious and non- 
infectious diseases, making a tremendous contribution to human med
icine and health. In the past century, over one hundred vaccines have 
been licensed for clinical use, including therapeutic and preventive 
vaccines [13,14]. Cancer vaccines deliver tumor-associated antigens in 
various formulations, such as live-attenuated, inactivated, toxoid, pro
tein subunit/conjugate, or nucleic acid [15]. Vaccine components are 
taken up by antigen-presenting cells (APCs) and transported to local 
draining lymph nodes (LNs), where B and T cells detect the antigen and 
initiate the adaptive immune response. Immune cells mobilized from the 
host’s immune system attack tumors by sensing the systemic microen
vironment [16]. Designed amphiphile-ligand vaccines traffic to lymph 
nodes and decorate the surfaces of antigen-presenting cells, thereby 
priming CAR-T cells [17]. Additionally, RNA vaccines drive the expan
sion and efficacy of claudin-CAR-T cells against solid tumors [18]. 
CAR-T treatment assisted by vaccines has the potential to radically 
eliminate tumors; however, research in this field is still in its early 
stages, and the mechanisms of the synergistic effects and integrative 
studies remain unresolved.

With advances in the analysis of pathogen antigen structures, subunit 
vaccines containing only antigenic proteins or epitopes address the 
limitations of traditional vaccines. However, their reduced immunoge
nicity necessitates the co-administration of adjuvants to elicit immune 
responses sufficient for memory formation [19]. Adjuvants are chosen 
for their ability to non-specifically enhance both cellular and humoral 
immune responses, including aluminum hydroxide and oil/water-based 
adjuvants [20]. As the knowledge of immunology expands, a major goal 
of the cross-disciplinary field of immunoengineering is to exert spatial 
and temporal control over the immune system’s activity. This is pri
marily achieved by using rationally designed biomaterials to produce 
efficient and safe vaccine adjuvants and to shed light on their 
less-understood functions [21,22].

Supramolecular chemistry involves chemical systems formed by the 
self-assembly of molecular subunits via non-covalent interactions [21,
23]. Peptide delivery systems have been developed to create novel 
peptide vaccines aimed at modulating the adaptive immune response 
and enhancing the immunogenicity of antigenic epitopes [24]. Previous 
research has begun to redefine vaccine development by emphasizing 

how physical parameters such as size, shape, charge, and other material 
properties can alter the immune response [25]. We developed a supra
molecular peptide vaccine self-assembled from synthetic amphiphilic 
peptides conjugated with CD8+ T-cell epitopes (TRP2). This novel vac
cine effectively stimulated the maturation of dendritic cells (DCs) and 
augmented the therapeutic antitumor effect in vivo against melanoma, 
outperforming peptide vaccines formulated in nano-emulsions and 
adjuvanted with CpG [24].

Here, we designed and generated a smart supramolecular peptide 
hydrogel epitope vaccine, which self-assembles driven by non-covalent 
interactions of amphiphilic amino acids and calcium/magnesium ion 
stabilizers. The hydrogel epitope vaccine was used as both a preparation 
medium and a reservoir for CAR-T cells. The conjugated epitope 
sequence E75 was derived from human epidermal growth factor re
ceptor 2 (HER2), a validated therapeutic target for breast and gastric 
cancers. This epitope hydrogel promoted CAR-T cell proliferation, 
cytotoxic activity, and lymphocyte subpopulation transformation. Vac
cine epitopes and CAR-T target sites are from different extracellular 
domains of the HER2 protein, and the combination treatment improved 
tumor antigen spreading and targeting efficiency. Furthermore, the su
pramolecular peptide epitope vaccine encapsulated CAR-T (SPEV-CAR- 
T) induced endogenous humoral and cellular immune responses through 
a sustained release of the hydrogel and CAR-T cells, demonstrating su
perior anti-tumor effects in an in vivo mouse model. Most importantly, 
SPEV-CAR-T induced central memory cells in systemic immune tissues, 
addressing the poor persistence of single CAR-T therapy. The integration 
and complementation of active and passive immune responses in this all- 
in-one hydrogel epitope vaccine and CAR-T system facilitated a 
sequential succession of endogenous and exogenous immune responses, 
promoting persistent and specific tumor attacks. SPEV-CAR-T showed 
superior therapeutic effects in solid tumors (Fig. 1).

2. Materials and methods

2.1. Reagents and antibodies

The self-assembling peptides KFKFEFEF (molecular weight: 1120.70 
Da) and KFKFEFEFGGEKIFGSLAFL (molecular weight: 2383.05 Da) 
were commercially synthesized by Bankpeptide Biological Technology 
Co., Ltd. (Hefei, China). Fluorochrome-labeled anti-human monoclonal 
antibodies (CD3, CD4, CD8, CD25, CD45RA, CD69, CD80, CD86, CD62L, 
IFN-γ, MHC I, PD-1) were purchased from eBioscience (San Diego, CA). 
CD3/CD28 Dynabeads were purchased from Miltenyi Biotec (San Diego, 
CA). IL-15 was procured from PeproTech (London, UK). The LDH release 
assay kit was purchased from Promega Corporation (Madison, WI, USA). 
The Proteome Profiler Cytokine Array kit was obtained from R&D Sys
tems (Minnesota, USA). ELISA kits were purchased from eBioscience 
(San Diego, CA). CCK-8 solution was purchased from Kumamoto 
(Japan).

2.2. Cell lines and animals

Experimental animals, including 6-8 week-old NSG mice and C57BL/ 
6 mice, were purchased from Beijing biocytogen and Beijing Vital River 
Laboratory. Humanized mice were generated from CD34+ umbilical 
cord blood-derived hematopoietic stem cells (HSCs, HLA-A2+). All an
imal experiments adhered to the animal healthcare regulations of the 
Ethics Committee of Nantong University, China (Accession No. 
S20220220-009). Human SKBR3 and MDA-MB231 cells were obtained 
from the Chinese Academy of Sciences. HER2-CAR-T cells were gener
ated as previously described [4,26]. To ensure the accuracy of immune 
responses, the DCs and T cells used in the experiments were derived 
from peripheral blood mononuclear cells (PBMCs) of HLA-A2+ donors 
from The First People’s Hospital of Nantong (Accession No. 
2022KT030). Monocytes were isolated using EasySep enrichment kits 
(STEMCELL Technologies), and after purification, immature DCs were 
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induced by adding IL-4 (20 ng/mL) and GM-CSF (100 ng/mL). Cells 
were cultured in RPMI-1640 medium with 10 % FBS.

2.3. Preparation and characterization of E75 epitope vaccine hydrogel

The self-assembling peptide KFKFEFEF was conjugated to the hy
drophilic E75 epitope sequence KIFGSLAFL to form the supramolecular 
peptide epitope vaccine (FEFK-E75). It was prepared by solid-phase 
synthesis and characterized by HPLC and MS. FEFK-E75 formed a 
hydrogel at a concentration of 50 mg/mL. Fiber aggregation or bundles 
were observed after adding Ca2+/Mg2+ ion stabilizers at a concentration 
of 1 mg/mL. The microstructure of the hydrogel was observed under a 
Transmission Electron Microscope (TEM). The secondary structure of 
the polypeptide was analyzed by circular dichroism (CD). The elastic 
modulus and loss modulus of FEFK-E75 were analyzed by rheology to 
evaluate whether it was in a hydrogel state.

2.4. Cell viability

T cells were cultured in a medium containing FEFK-E75 hydrogel for 

24 h and then washed three times with PBS after the supernatant was 
discarded. Cell viability was evaluated through dead and live staining. 
Working solutions containing LiveDye and NucleiDye were added. After 
culturing for another 30 min, cell viability was analyzed by flow 
cytometry.

2.5. Cell proliferation

CAR-T cells were used to illustrate the effect of the hydrogel on cell 
proliferation. CAR-T cells were added to a 96-well plate at a density of 
3000 cells per well. After culturing in medium or FEFK-E75 for 48 h, 10 
μL of CCK-8 solution was added and cultured for 2 h. Then, OD 450 nm 
was measured using a microplate reader.

CD8+ T cells were used to illustrate the effect of the hydrogel on the 
proliferation of endogenous lymphocytes. First, DCs were cultured in 
medium, FEFK-E75, CAR-T, or SPEV-CAR-T for 48 h. CFSE-labeled 
CD8+T cells were added and co-cultured for 72 h. The proliferation of 
T cells was evaluated by detecting the CFSE fluorescence intensity of 
CD8+T cells using flow cytometry. CFSE-positive CD8+T cells were 
sorted and placed in the aforementioned four microenvironments at 

Fig. 1. Supramolecular peptide hydrogel epitope vaccine functionalized with CAR-T cells for the treatment of solid tumors. Left: Schematic illustration of anti-tumor 
effects of SPEV-CAR-T in body. Upper right: The persistent tumor attacking includes 5 stages. Stage I: First injection of CAR-T killing; Stage II: First injection of SPEV 
activated T-cell and B-cell killing; Stage III: Second injection of CAR-T killing combined with SPEV activated T-cell and B-cell killing; Stage IV: Second injection of 
SPEV activated T-cell and B-cell killing; Stage V: Immune memory cells. The solid line represents the killing induced by injection of CAR-T, while the dashed line 
represents the endogenous killing induced by SPEV-CAR-T. Bottom right: Combined targeting of SPEV-CAR-T. Firstly, HER-2 targeted killing of CAR-T; Secondly, 
targeted killing induced by activated T/B cells. The E75 epitope and CAR-T target sites are from different extracellular domains of the HER2. This all-in-one hydrogel 
epitopes vaccine and CAR-T system integrates and complements active and passive immune responses. The sequential activation of endogenous and exogenous 
immune responses promotes persistent and specific tumor attacks, demonstrating superior therapeutic effects in solid tumors.

P. Yang et al.                                                                                                                                                                                                                                    Materials Today Bio 31 (2025) 101517 

3 



different effector-to-target ratios. These cells were then co-cultured with 
HER2-positive target cells, and their cytotoxic activity was assessed after 
4 h.

2.6. Flow cytometry analysis

To analyze DC uptake, FITC-labeled E75 peptide and FEFK-E75 were 
added to the DC culture medium, respectively. Cells were collected 6 h 
later and analyzed by flow cytometry. To separate cells from the peptide 
hydrogel by alternating use of 0.5 mg/mL collagenase and low- 
concentration 0.05 % trypsin. During enzymatic digestion, the cell sta
tus was monitored under a microscope to prevent prolonged digestion 
that could lead to cell damage, minimizing the exposure time of cells to 
the enzymes. Gentle mechanical pipetting or low-speed centrifugation 
was employed to assist in cell separation during hydrogel degradation, 
avoiding excessive handling. After enzymatic degradation with trypsin 
or collagenase, the enzyme activity was neutralized with serum- 
containing medium, and cells were collected by low-speed centrifuga
tion (300 g, 5 min). The cells were washed 2–3 times with PBS to 
thoroughly remove enzyme residues. Mean fluorescence intensity (MFI) 
and the percentage of FITC-positive cells were recorded. Fluorescence 
intensity (FI) was calculated using the formula: FI = MFI × positive 
percentage.

To study the induction of DC maturation by the hydrogel epitope 
vaccine in vitro, DCs were separated and cultured from human blood as 
previously described. Cells were placed in wells at a density of 1 × 106/ 
mL. Two groups of stimuli were used: E75 (20 μg/mL) and FEFK-E75. 
The E75 concentration remained consistent among groups. After 24 h, 
cells were collected, and CD86 and MHC I fluorescent antibodies were 
added and incubated for another half hour before being detected by flow 
cytometry.

In the mouse prophylactic model, the spleen was collected, and 
lymphocytes were isolated 4 days after tumor bearing. Cell phenotype 
and activation status were analyzed by flow cytometry. The antibodies 
used for staining included human CD45RA, CD62L, CD69, CD25, and 
PD-1.

In the mouse breast cancer therapeutic model, the tumor tissues were 
harvested 28 days after tumor grafting. Tumor-infiltrating lymphocytes 
were isolated and stained with fluorescent antibodies for CD3, CD4, 
CD8, and IFN-γ. The proportions of CD4+IFN-γ+ and CD8+IFN-γ+ cell 
subpopulations were analyzed by flow cytometry.

To study DC maturation in vivo, lymph nodes of mice were harvested 
7 days after the last immunization in the mouse anti-breast cancer 
therapeutic model. After grinding, mononuclear cells were obtained and 
stained with fluorescent antibodies for CD11c, CD80, and CD86, then 
analyzed by flow cytometry.

2.7. ELISA

The supernatant from DCs stimulated with different stimuli was 
collected after 24 h. The levels of IFN-γ, TNF-α, and IL-1β were detected 
by sandwich ELISA according to the manufacturer’s instructions. Ten 
days after the first immunization or seven days after the second immu
nization, orbital blood from the immunized mice was collected. Sera 
were obtained from the blood. E75-specific antibodies IgG, IgG1, and 
IgG2c in plasma were determined using ELISA as previously described.

2.8. Therapeutic and prophylactic models of breast cancer

In the therapeutic model, humanized NSG-mice were subcutaneously 
injected with 5 × 105 SKBR3 cells under the breast. Seven days after 
tumor challenge, mice were randomly divided into four groups (N = 4 
per group) and treated with the following agents: PBS, FEFK-E75, CAR- 
T, and SPEV-CAR-T. CAR-T was injected through the tail vein, while the 
other groups were injected subcutaneously into the groin. Two vaccine 
injections were given at a 14-day interval. The dose of CAR-T was 5 ×

106 cells/mouse, and FEFK-E75 was 50 μg/mL. Tumor weight and vol
ume were monitored daily. Eye blood was collected ten days after the 
first immunization and seven days after the second immunization. 
Serum was separated from the blood and used for antibody titer detec
tion. Three days after each immunization, mouse spleens were ground, 
and mononuclear cells were isolated for further cultivation to detect 
splenic proliferation, cytotoxicity, cytokines, and T cell subpopulations.

In the prophylactic model, mice were grouped as described above. 
One week after the final immunization, a tumor challenge of 5 × 105 

SKBR3 cells was performed subcutaneously. The tumor volume was 
monitored every two days.

2.9. CAR-T release and homing efficiency study

To assess the effect of hydrogels on CAR-T release, CAR-T cells were 
labeled with luciferase (Luc). C57BL/6 mice were injected with Luc- 
labeled CAR-T or SPEV-CAR-T subcutaneously and observed under the 
Xenogen IVIS imaging system on days 1, 3, 5, and 7 (N = 3 per group).

For evaluating the homing efficiency of CAR-T, humanized NSG- 
mice were first challenged with 1 × 106 SKBR3 cells. Seven days later, 
mice were divided into two groups (N = 4 per group). Luc-labeled CAR-T 
or SPEV-CAR-T were injected into the mice, respectively. Tumors were 
collected every two days. Tumor-infiltrating lymphocytes were obtained 
by Ficoll and detected by flow cytometry.

2.10. Proteome profiler array

Orbital blood sera from immunized mice in the therapeutic model 
were obtained. Cytokine levels were determined according to the Pro
teome Profiler Array instructions. Briefly, the membrane was first 
immersed in blocking solution for 1 h. The sample was added and 
incubated overnight. Detection antibodies, streptavidin, and Chemi 
Reagent Mix were added successively, and finally exposed for detection.

2.11. LDH release assay

The LDH release kit was used to measure the effects of different 
culture environments on CAR-T cell cytotoxicity. SKBR3 cells in the 
logarithmic growth phase were used as target cells and co-cultured with 
effector cells at effector-to-target ratios of 6.25:1, 12.5:1, and 25:1. After 
4 h, the supernatant was harvested and placed in a new culture plate, 
with the addition of substrate solution. After 30 min, the termination 
solution was added. OD 450 nm was measured using a microplate 
reader, and the concentration of LDH was calculated using a standard 
curve. The percentage of specific killing was calculated as follows: 
Specific killing (%) = [(Experimental release - Spontaneous release)/ 
(Total release - Spontaneous release)] × 100 %.

2.12. Affinity of CAR-T

HER2 protein was synthesized and labeled with FITC. CAR-T cells 
were inoculated into a 96-well plate at 1 × 105 cells/well. FITC-HER2 
protein was diluted in multiple ratios and added to each well. After 
24 h, the cells were collected and washed with PBS to remove the un
bound protein. Cells were re-suspended in PBS, and CAR-T cells bound 
to HER2 protein were detected by flow cytometry. The binding curve 
was plotted with protein concentration as the horizontal coordinate and 
MFI as the vertical coordinate.

2.13. Statistical analysis

All data were expressed as mean ± S.D. Statistical analyses were 
performed using GraphPad Prism 8.0. Differences between two groups 
were compared using Student’s t-test. Two-way ANOVA was applied for 
comparisons among multiple groups. The experiment repeated at least 
three times. The threshold for statistical significance was P < 0.05.
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3. Results

3.1. Preparation and characterization of supramolecular peptide hydrogel 
epitope vaccine

The supramolecular peptide hydrogel epitope vaccine was synthe
sized using solid-phase synthesis by linking the self-assembling peptide 
KFKFEFEF with the hydrophilic E75 epitope sequence KIFGSLAFL 
(designated as FEFK-E75). The HPLC and MS spectra of FEFK-E75 are 
shown in Supplementary Figs. 1–2. E75 is a nine-amino acid MHC class I 
peptide derived from the extracellular HER2 protein (amino acids 
369–377), which is highly expressed in multiple cancer types (Fig. 2A). 
The supramolecular peptide developed into long fibers within 30 min, 
and the formation of fiber aggregation or bundles was observed upon the 
addition of Ca2+/Mg2+ ion stabilizers. The length of these nanofibers 
increased with assembly time, forming more extensive nanofibrous 
networks via an end-to-end fiber-fiber aggregation mechanism. The 
TEM images showed that nanofibers were either singly distributed or 
aggregated through entanglements (Fig. 2B). Circular dichroism results 
indicated a typical β-sheet spiral secondary structure composition, with 
a peak at 197 nm and troughs at 204 nm and 219 nm (Fig. 2C). Rheo
logical analysis showed that the elastic modulus was greater than the 
loss modulus, confirming that FEFK-E75 formed a hydrogel state. Pep
tide hydrogels, due to their good biocompatibility, are preferred carriers 
for delivering cells or drugs. CAR-T cells were encapsulated into the 
nanofiber epitope vaccine by gently mixing the hydrogel with the cell 
suspension. Fig. 2D and E demonstrate that the encapsulation of cells did 
not significantly alter the hydrogel modulus.

CAR-T lymphocytes cultured with FEFK-E75 epitope vaccine 
hydrogel showed high cell viability and functionality. As shown in 
Fig. 2F and G, more than 90 % of cells remained viable, with no sig
nificant differences observed over the first 7 days, indicating good 
compatibility. The epitope peptides in the hydrogel, compared to naked 
peptides, provided superior stability and high immunogenicity, and 
were better recognized by antigen-presenting cells. We compared the 
uptake of the E75 peptide and the FEFK-E75 epitope vaccine by den
dritic cell (DC). The results indicated that FEFK-E75 significantly 
enhanced antigen uptake compared to the individual epitope peptide 
(Fig. 2H and I). Flow cytometry analysis revealed that FEFK-E75 
significantly promoted the expression of CD86 (28.0 %) and MHC I 
(38.4 %), markers of DC maturation (Fig. 2J, Supplementary Fig. 3). 
After 48 h of cell culture, cytokine detection in the supernatant showed 
that DC induced by the hydrogel epitope vaccine secreted higher levels 
of TNF-α and IL-1β (Fig. 2K, Supplementary Fig. 4). These results suggest 
that the peptide hydrogel epitope vaccine significantly enhances DC 
uptake and maturation, demonstrating better immunogenicity 
compared to the naked epitope.

3.2. Peptide hydrogel epitope vaccine promoted CAR-T cells proliferation 
and subpopulation transformation

The number and status of CAR-T cells are essential for sustained anti- 
tumor effects. Therefore, we first investigated the effect of hydrogel as a 
delivery carrier on the functional status of CAR-T cells. Fig. 3A shows the 
position of CAR-T target sites and E75 epitope peptides in the extra
cellular segment of HER2, demonstrating that CAR-T does not bind to 
E75. Affinity tests further confirmed that the epitope peptide vaccine did 
not affect the binding of CAR-T cells to target cells, with the affinity 
constant remaining unchanged regardless of whether the CAR-T cells 
were encapsulated in the peptide hydrogel epitope vaccine or not 
(Fig. 3B). The self-assembled peptide epitope hydrogel scaffold provides 
a three-dimensional cell culture environment. CAR-T cells maintained a 
high loading efficiency in the peptide hydrogel (Supplementary Fig. 5). 
To further verify its effect on the functional state of cells, CAR-T cells 
were cultured in three-dimensional epitope hydrogel and traditional 
two-dimensional medium environments for 48 h or 168 h. Compared to 

the traditional culture method, the three-dimensional environment 
significantly promoted CAR-T cell proliferation, as detected by CCK8 
(Supplementary Figs. 6–7).

To evaluate the anti-tumor activity in different culture microenvi
ronments, CAR-T cells were co-incubated with the breast cancer cell line 
SKBR3. The results demonstrated that the killing rate of CAR-T cells 
increased with different effector-target ratios, and the group with CAR-T 
cells encapsulated in the supramolecular peptide epitope vaccine (SPEV- 
CAR-T) showed a higher killing rate than the single CAR-T group 
(Fig. 3C, Supplementary Fig. 8). The secretion of IFN-γ and TNF-α was 
measured by ELISA, revealing that the SPEV-CAR-T group secreted 
higher levels of these effector cytokines, which positively correlated 
with the effector-target ratio (Fig. 3D and E). The killing potential of 
CAR-T cells depends on multiple factors. In addition to cell proliferation 
assisting CAR-T cytotoxicity, cytokines may affect the distribution of 
lymphocyte subpopulations through autocrine and paracrine mecha
nisms. We next investigated cell phenotypes after the long-term culture 
of CAR-T cells in peptide hydrogel epitope vaccines. The results showed 
that the proportion of CD8+ T cells did not change significantly, while 
CD4+ T cells significantly increased in the SPEV-CAR-T group (Fig. 3F 
and G). Further studies suggested that epitope vaccines maintained 
higher percentages of central memory cells and naive cells (Fig. 3H and 
I). Long-term exposure of CAR-T cells to tumor antigens may lead to cell 
phenotype shifting from functional to an exhausted type. To further 
investigate the functional activation status, we analyzed the expression 
level of surface PD-1 on CAR-T cells by flow cytometry. The exhaustion 
marker PD-1 did not increase in the three-dimensional microenviron
ment compared to the two-dimensional environment (Supplementary 
Fig. 9). Collectively, the peptide hydrogel epitope vaccine not only does 
not hinder the proliferation of CAR-T cells but also maintains the sta
bility of their functional phenotype, making it a promising vaccine 
carrier for local T-lymphocyte delivery.

3.3. SPEV-CAR-T promotes DC maturation, T-lymphocyte proliferation 
and killing

The peptide hydrogel altered antigen delivery and presentation of 
the E75 epitope vaccine, further affecting the encapsulation of CAR-T 
cells in situ. We investigated the immunogenicity of SPEV-CAR-T on 
DC maturation. After 48 h of incubation, DC treated with SPEV-CAR-T 
showed promising activation, with the percentage of CD86 and MHC I 
increasing by 2.6-fold and 2.2-fold, respectively (Fig. 4A–C). Addition
ally, while the peptide hydrogel epitope vaccine activated DC to secrete 
a small increase in TNF-α and IL-1β, DC activated by SPEV-CAR-T 
secreted TNF-α and IL-1β by 8.2-fold and 10.4-fold, respectively, align
ing with the expression of DC maturation markers (Fig. 4D left column, 
Fig. 4E and F). These results indicate that SPEV-CAR-T enhances antigen 
presentation and has a stronger capacity to activate DC.

The strong immunogenicity of the vaccine system contributes to 
activating cellular and humoral immune responses. To study the ability 
of SPEV-CAR-T to activate CD8+ T cells through cross-presentation, DCs 
were treated with either the hydrogel-formulated epitope vaccine or the 
SPEV-CAR-T vaccine system for 48 h. Then, activated DCs were co- 
cultured with CD8+ T cells for 72 h to evaluate cell proliferation levels 
(Fig. 4D middle column). The results showed that DCs pretreated with 
SPEV-CAR-T promoted CD8+ T cell proliferation by 2.2-fold, higher than 
the FEFK-E75 epitope vaccine group (1.7-fold, Fig. 4G and H). More
over, DCs activated by SPEV-CAR-T pretreated CD8+ T cells enhanced 
the tumor-killing effect and produced significantly higher amounts of 
IFN-γ and TNF-α than other groups, approximately 2.5–3.2 times higher 
than the FEFK-E75 epitope vaccine group and 1.3–1.7 times higher than 
the CAR-T group (Fig. 4I, Supplementary Fig. 10), indicating a stronger 
ability to promote CD8+ T cell proliferation and activation.

To evaluate the tumor-killing ability of the SPEV-CAR-T system, 
differently pretreated CD8+ T cells were collected and placed in the 
aforementioned four microenvironments at different effector-to-target 
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Fig. 2. Preparation and characterization of supramolecular peptide hydrogel epitope vaccine. A, The amino acid sequence of the peptide epitope vaccine FEFK-E75 
self-assembles into a hydrogel. B, TEM image of the peptide nanofiber. Scale bars = 200 nm. C, Circular dichroism of FEFK-E75 and E75. D-E, The angular frequency 
and time of FEFK-E75 with blank or CAR-T cells encapsulated hydrogel (Cell concentration, 1 × 106/mL). F, Micrographs of CAR-T cells cultured in the epitope 
peptide. Cell viability determined by live-dead assay. G, Viability of CAR-T cells cultured with the epitope peptide each day. H-I, Flow cytometry and percentage of 
epitope uptake characterized by positive cells after 6 h of treatment. Results normalized to the blank control and E75 group, respectively. J, Fraction of CD86+ DCs 
after 24 h of culture analyzed by flow cytometry. K, ELISA analysis of TNF-α expression. Results shown as mean ± S.D. from at least three independent experiments. 
Statistical significance determined by one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.
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ratios. These cells were then co-cultured with HER2-positive or HER2- 
negative target cells, and their cytotoxic activity was assessed after 4 
h. The supernatant was collected to detect the secretion of cytokines 
IFN-γ and TNF-α (Fig. 4D right column). DC-activated CD8+ T cells 
pretreated with the FEFK-E75 epitope vaccine selectively lysed SKBR3 
cells (HER2-positive tumor cells), but this effect was weaker than that of 
the single CAR-T group. Notably, the SPEV-CAR-T pretreated group 
showed the most significant lysis effect, with a killing effect increased by 

29.6 % and 10.0 %, respectively, compared with the FEFK-E75 and CAR- 
T groups (Fig. 4J). Cytokine secretion was positively correlated with the 
effector-target ratio (Fig. 4K). Additionally, for MDA-MB-231 (HER2- 
negative tumor cells), antigen-specific lymphocyte activation and 
cytokine production were not induced (Fig. 4L and M). These findings 
confirm that the FEFK-E75 epitope vaccine does not alter the antigen- 
specific recognition of CAR-T cells but enhances the killing function of 
endogenous CD8+ T cells, further boosting the cytotoxicity of SPEV- 

Fig. 3. SPEV-CAR-T promotes CAR-T proliferation and subpopulation transformation. A, Amino acid sequence of E75 peptide and binding sequences of anti-HER2 
scFv of CAR-T cells on HER2 protein. B, Affinity of CAR-T to HER2 in peptide hydrogel epitope vaccine or normal medium culture environment. C, Killing effects of 
SPEV-CAR-T or CAR-T against SKBR3 at different effector-target ratios. D-E, ELISA analyses of IFN-γ and TNF-α expression. F-G, Representative flow cytometry and 
quantification of CD4+ and CD8+ CAR-T cells. H-I, Representative flow cytometry and quantification of naïve (CD45RA+, CD62L+), central memory T-cells 
(CD45RA− , CD62L+), and effector memory T-cells (CD45RA− , CD62L -). Results shown as mean ± S.D. from at least three independent experiments. Statistical 
significance determined by one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.
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Fig. 4. SPEV-CAR-T promotes DCs maturation, T-lymphocyte proliferation, and killing. A-C, Expression of CD86 and MHC I DCs mature marker in SPEV-CAR-T, 
FEFK-E75, CAR-T, and normal medium culture environment. D, Schematic illustration of CD8+T proliferation and killing stimulated by matured DCs in different 
culture environments. E-F, Expression levels of TNF-α and IL-1β detected by ELISA. G-H, Representative flow cytometry and quantification of CFSE+ CD8+T cells. I, 
Expression levels of IFN-γ and TNF-α detected by ELISA. J, Killing effect of CD8+T cells on SKBR3 under different microenvironment. K, Expression levels of IFN-γ, 
TNF-α, and IL-2 detected by ELISA. L, Killing effect of CAR-T cells on MDA-MB-231 under different effector-target ratios. M, Expression levels of IFN-γ detected by 
ELISA. Results shown as mean ± S.D. from at least three independent experiments. Statistical significance determined by one-way ANOVA with multiple compar
isons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.
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CAR-T.

3.4. The anti-tumor effect of SPEV-CAR-T in therapeutic model of breast 
cancer

Given the enhanced DC maturation and CD8+ CTL activation by 
SPEV-CAR-T, we evaluated its anti-tumor effect in a therapeutic mouse 
model of breast cancer. The experimental protocol is shown in Fig. 5A. 
At each time point, the mean tumor volume of mice injected with SPEV- 
CAR-T was smaller than that of the other groups, with a significantly 
better anti-tumor effect than CAR-T treatment and the FEFK-E75 group 
(Fig. 5B). This confirmed that subcutaneous injection of SPEV-CAR-T is a 
potential therapeutic preparation for breast solid tumors.

We first evaluated the tumor infiltration of CD4+ and CD8+ T cells in 
a tumor-challenging mouse model. Although CD4+ T cells in tumor 
tissue decreased slightly in the single CAR-T group, the CD8+/CD4+ T 
cell ratio was two times higher in the CAR-T group than in others, which 
is a common prognostic indicator of immunotherapy and clinical suc
cess. SPEV-CAR-T maintained high levels of tumor-infiltrating CD4+ and 
CD8+ T cells (Fig. 5C–E). In addition to directly killing tumor cells, these 
T lymphocytes secreted various cytokines to activate the immune 
response, including IFN-γ, TNF-α, and IL-2. IFN-γ is a major cytokine 
that directly kills tumor cells and is used as an index to evaluate the anti- 
tumor effect through the number of IFN-γ-secreting T cells. After the 
second inoculation of SPEV-CAR-T, the frequency of IFN-γ+ CD4+ T cells 
(6.0 % higher than that of the FEFK-E75 group) and IFN-γ+ CD8+ T cells 
(4.9 % higher than that of the FEFK-E75 group) in tumor-infiltrating 
lymphocytes significantly increased, as measured by flow cytometry 
(Fig. 5F–I). These results suggested that SPEV-CAR-T considerably 
increased the protective cellular immune response.

3.5. SPEV-CAR-T induces antibody dependent humoral immune response

The immunogenicity of epitope peptide vaccines is weak, and they 
only produce high-valence antibodies when combined with appropriate 
adjuvants, leading to a strong immune response and lasting memory. We 
quantified the production of antigen-specific antibodies to investigate 

the adjuvant effect of SPEV-CAR-T on the humoral immune response in 
mice. The mice were subcutaneously injected with different prepara
tions on days 7 and 21. The primary and secondary titers of anti-E75 
antibodies in serum were detected by ELISA on days 17 and 28. The 
results showed that on the 17th day of subcutaneous administration, the 
promotion of antibodies in FEFK-E75 was not obvious, while SPEV-CAR- 
T promoted the production of anti-HER2 IgG by 9.2-fold, IgG1 by 7.2- 
fold, and IgG2c by 20.0-fold, significantly better than the FEFK-E75 
group (Fig. 6A). This indicates that FEFK-E75-based vaccines were 
insufficient to trigger a rapid, strong antigen-specific antibody response 
after a single dose. SPEV-CAR-T showed a high level of antibody pro
tection in the early stage, which may explain the better anti-tumor 
effect.

For antibody titers after the second immunization, SPEV-CAR-T 
showed a 19.5-fold increase in anti-HER2 IgG compared to the con
trol. Additionally, SPEV-CAR-T enhanced anti-HER2 IgG1 by 13.0-fold 
compared to the control, close to free FEFK-E75. Surprisingly, SPEV- 
CAR-T significantly increased anti-HER2 IgG2c by 27.3-fold (Fig. 6B). 
This indicates that SPEV-CAR-T elicits a strong humoral immune 
response after a second dose. The spleen index of mice can partly explain 
the vaccine’s stimulating effect on the immune system. Therefore, the 
spleen was taken on the fourth day after the last immunization, and the 
spleen index was calculated. The results, shown in Fig. 6C, indicate that 
KKEF-E75 and SPEV-CAR-T significantly stimulated spleen prolifera
tion. In the anti-tumor immune response, cytokine production is highly 
correlated with the specific T-cell response, including IL-4, IL-5 (Th2- 
type cytokines), and IFN-γ (Th1-type cytokines). The expression of cy
tokines in the serum of mice 7 days after the last inoculation of SPEV- 
CAR-T was detected. Compared with the FEFK-E75 group, the level of 
IFN-γ in mice treated with SPEV-CAR-T increased significantly by 5–6 
fold, while the increase in IL-4 and IL-5 was not significant, consistent 
with the effects of IgG2c and IgG1 antibody isotypes (Fig. 6D). In sum
mary, the peptide hydrogel epitope vaccine encapsulating CAR-T cells 
effectively enhanced the immune response to the E75 protein in vivo.

Fig. 5. Anti-tumor effect of SPEV-CAR-T in therapeutic model of breast cancer. A, Scheme of experimental protocol. B, Monitoring of SKBR3 tumor volume and 
curves drawn (n = 4 animals/group). C-E, Representative flow cytometry and quantification of tumor-infiltrating CD4+ T and CD8+ T cells. F-I, Representative flow 
cytometry and quantification of tumor-infiltrating IFN-γ+CD4+ T and IFN-γ+CD8+ T cells. Results shown as mean ± S.D. from at least three independent experiments. 
Statistical significance determined by one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.6. SPEV-CAR-T induces persistent and systematic cellular immune 
response

The peptide hydrogel epitope vaccine is susceptible to protease 
degradation in vivo, and CAR-T cells released from SPEV-CAR-T kill 
tumors directly. Compared to the high-dose injection of CAR-T cells into 
the blood, SPEV-CAR-T sustains and slowly reaches the local tumor, 
leading to higher efficiency and lower cytotoxicity. The hydrogel pro
vides a reservoir for CAR-T cells, maintaining long-lasting anti-tumor 
effects. In this study, CAR-T cells were labeled with luciferase, encap
sulated into the hydrogel epitope vaccine, and injected subcutaneously 
into mice. Fluorescent images were recorded at indicated time points, 
with individual CAR-T cells used as the control group. By day 7, almost 
all individual CAR-T cells were released, while SPEV-CAR-T maintained 
approximately 50 % in situ (Fig. 7A and B). The released CAR-T cells 
naturally homed to the tumor and lymph nodes, counted at the indicated 
time points. The CAR-T cells in the control group declined on day 4, 
while they expanded in the hydrogel epitope vaccine group until day 10 
(Supplementary Fig. 11). The peptide hydrogel scaffold played a crucial 
role in CAR-T cell proliferation, and the slow release further improved 

the durability of SPEV-CAR-T.
Lymph nodes are the predominant location of the immune response, 

where efficient antigen delivery recruits antigen-presenting cells and 
activates antigen-specific immune cells throughout the body. We 
detected the recruitment and activation of immune cells by flow 
cytometry. Compared with other treatment groups, both SPEV-CAR-T 
and FEFK-E75 significantly promoted the accumulation of CD11c+

cells in lymph nodes (Supplementary Fig. 12). However, SPEV-CAR-T 
induced DC maturation more effectively than FEFK-E75, as evidenced 
by the maturation markers CD80 and CD86 (Fig. 7C–E). Taken together, 
these results suggest that SPEV-CAR-T enhances DC recruitment and 
maturation, initiating the activation of endogenous lymphocytes. Next, 
we investigated the ability of SPEV-CAR-T to activate lymphocytes in 
the draining lymph nodes and spleen. CD8+ T cells promote antigen- 
specific cytotoxicity. The results showed that SPEV-CAR-T increased 
CD69+CD3+CD8+ T cells by 1.4–1.7 fold in the spleen and lymph nodes 
compared with CAR-T groups. Additionally, SPEV-CAR-T activated 
CD4+ T cells by 5.8 fold in the lymph nodes compared to the FEFK-E75 
group. CD4+ T cells not only enhance the tumor-killing effect of CD8+ T 
cells by regulating and coordinating the immune response but also 

Fig. 6. SPEV-CAR-T induces antibody-dependent humoral immune response. A, Primary IgG, IgG1, and IgG2c antibody titers and IgG2c/IgG1 ratio 10 days after the 
first immunization. B, IgG, IgG1, and IgG2c antibody titers and IgG2c/IgG1 ratio 7 days after the second immunization. C, Spleen index in mice inoculated with 
different preparations (n = 4 animals/group). D, Cytokine levels detected by Proteome Profiler Array. Results shown as mean ± S.D. from at least three independent 
experiments. Statistical significance determined by one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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promote the production of memory cells to form a durable immune 
response to tumors. Meanwhile, SPEV-CAR-T showed higher activated B 
cells than other groups, consistent with elevated serum anti-HER2 IgG 
titers. Furthermore, the number of CD69+ NK cells in the SPEV-CAR-T 
group increased by 1.5–1.6 fold compared with the CAR-T group 
(Fig. 7F–K). Taken together, these results indicate that the peptide 
hydrogel epitope vaccine, as a delivery vector, promotes CAR-T cell 
proliferation and targeting. Additionally, the peptide hydrogel as a 
vaccine adjuvant effectively prolongs vaccine exposure time and recruits 
antigen-presenting cells, enhancing the immune response in lymph 
nodes and leading to systemic anti-tumor effects.

3.7. SPEV-CAR-T induces lasting and protective memory T-cell responses

In general, memory T cells increase after effective vaccination, 
triggering a quicker and higher magnitude immune response when a 
specific antigen reappears. In a preventive breast cancer model, mice 
were challenged with a tumor 7 days after the second vaccination. The 

phenotype and activation of T cells in the spleen were analyzed by flow 
cytometry 4 days after tumor challenge. The memory T-cell compart
ment was subdivided into central memory T cells (TCM, CD45RA−

CD62L+), effector memory T cells (TEM, CD45RA− CD62L− ), and naive 
T cells (Naive, CD45RA+ CD62L+). The results showed that SPEV-CAR-T 
induced higher proportions of TCM compared to other groups (Fig. 8A 
and B). Additionally, markers of activation, CD69 and CD25, were 
higher in the experimental group (Fig. 8C).

Long-term antigen stimulation eventually induces T-cell exhaustion, 
characterized by reduced cell numbers, decreased cytokine production, 
and up-regulated inhibitory receptors, including PD-1, Lag3, and CTLA- 
4. In our study, tumor-infiltrating lymphocytes were collected to further 
evaluate the expression of PD-1, a marker of T-cell exhaustion. The re
sults showed that the SPEV-CAR-T group expressed lower levels of PD-1 
(Fig. 8D and E). Furthermore, the expression levels of IFN-γ, TNF-α, and 
IL-2 isolated from blood were evaluated. The SPEV-CAR-T group was 
slightly higher than the CAR-T group and significantly higher than the 
FEFK-E75 group (Fig. 8F–H). Meanwhile, the SPEV-CAR-T group 

Fig. 7. SPEV-CAR-T induces persistent and systematic cellular immune response. A-B, Imaging and quantification of Luc-labeled CAR-T with or without hydrogel 
scaffolds daily (n = 3 animals/group). C-E, Flow cytometric histogram and quantification of CD80+ and CD86+ DCs in lymph nodes. F-G, Flow cytometric histogram 
of B, NK, CD4+, and CD8+ T cells activated marker in spleen and lymph nodes. H-K, Proportion of B, NK, CD4+, and CD8+ T cells activated marker in spleen and 
lymph nodes. Results shown as mean ± S.D. from at least three independent experiments. Statistical significance determined by one-way ANOVA with multiple 
comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.
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exhibited the most delayed tumor growth rate (Supplementary Fig. 13). 
These results indicate that the peptide hydrogel environment delays T 
cells’ transition into the dysfunction phase. SPEV-CAR-T forms a higher 
proportion of central memory T cells and cytokines for tumor killing. 
Additionally, the hydrogel epitope vaccine provides a suitable shelter for 
tumor-infiltrating lymphocytes to survive at the tumor site, maintaining 
a high level of lymphocyte response.

4. Discussion

In recent years, CAR-T treatments have shown remarkable perfor
mance in various tumors, especially hematologic ones, and new CAR-T 
targets continue to emerge, bringing new hope to patients [2,10]. 
Currently, there are five CAR-T products approved by the FDA for 
treating hematologic tumors. Additionally, a new product targeting B 
cell maturation antigen (BCMA) has been approved for treating multiple 

Fig. 8. SPEV-CAR-T induces lasting and protective memory T-cell. A, Representative flow cytometry and quantification of naïve (CD45RA+, CD62L+), central 
memory T-cells (CD45RA− , CD62L+), and effector memory T-cells (CD45RA− , CD62L− ) in spleen. B-C, Quantitative analysis of CD25 or CD69 positive cells. D-E, 
Representative flow cytometry and quantitative analysis of PD-1 expression on tumor-infiltrating T cells. F-H, Expression of representative cytokines IFN-γ, IL-2, and 
TNF-ɑ in blood. Results shown as mean ± S.D. from at least three independent experiments. Statistical significance determined by one-way ANOVA with multiple 
comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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myeloma [6,27]. Despite these clinical successes, the efficiency of 
CAR-T in solid tumors remains unsatisfactory due to barriers such as 
tumor heterogeneity, off-target effects, limited CAR-T cell expansion 
and persistence, and challenges in tumor infiltration and microenvi
ronment [1,28,29]. Considering the high complexity of solid tumors, it is 
challenging to balance these factors with CAR-T alone. In our previous 
study, we developed customized immune cell matrix scaffolds based on 
self-assembling peptides to preserve and augment the cell phenotype 
according to the characteristics of CAR-T cells. These mimic matrix 
scaffolds showed optimal stiffness and adhesive ligand density, thereby 
accelerating CAR-T-cell proliferation [4]. This study focuses on 
improving the targeted efficiency and persistence of CAR-T in solid 
tumor treatment based on previous findings.

Combined targeted treatment is an effective strategy for solid tu
mors. However, CAR-T combined with immune checkpoint inhibitors or 
antibodies has certain limitations according to several preclinical ex
periments [30–32]. While tumors were killed, the consequences of sys
temic cytokine storm syndrome were severe [32]. Malignant tumors are 
characterized by invasion and recurrence, necessitating better-targeted 
and less toxic treatments. CAR-T combined with tumor vaccines shows 
promising potential in clinical applications by recruiting and activating 
the patient’s own immune cells to induce a stronger anti-tumor effect 
[17]. In this study, active and passive immune responses were integrated 
and complemented in all-in-one hydrogel epitopes vaccine and CAR-T 
system. The sequential succession of endogenous and exogenous im
mune responses promoted persistent and specific tumor attack and 
showed superior therapeutic effect in solid tumors.

Peptide vaccines have the advantages of strong specificity and high 
safety, precisely targeting HER2, a major focus in breast cancer. The E75 
epitope, located at positions 369–377 of the HER2 protein, induces an 
effective anti-HER2 immune response when combined with the adjuvant 
granulocyte-macrophage colony-stimulating factor (GM-CSF) [33,34]. 
Additionally, various biomaterials have been designed and used as new 
adjuvants for E75 to promote immunogenicity [35,36]. The 
self-assembled short peptide hydrogel, as a new material, has broad 
application prospects in tissue engineering and immunotherapy due to 
its high biocompatibility and easy design and synthesis [23,37]. Previ
ous studies have found that short peptide self-assembly hydrogels are 
effective immune adjuvants, significantly inducing immune responses 
when linked with epitope peptides [24]. In Tirrell’s study, 
self-assembled peptide amphiphiles delivering cytotoxic T-cell epitopes 
induced a strong immune response in mice [38]. Our previously devel
oped synthetic, supramolecular, and self-adjuvanting CD8+ T cell 
epitope vaccine induced DC maturation and therapeutic antitumor im
munity, outperforming the conventional adjuvant MF59 group [24]. In 
this research, self-assembled peptides linked with the E75 epitope pre
served the full function of CAR-T cells and increased the immunoge
nicity of E75, significantly improving antibody levels as adjuvants. 
Sustained exposure of the hydrogel epitope to secondary lymphoid tis
sue led to the recruitment of immune cells and established systemic 
specific protection against tumor antigens. The local microenvironment 
promoted APC uptake, immune cell activation, adaptive immune 
response initiation, and immune memory formation. During anti-tumor 
treatment, the level of cellular immune response, represented by IgG2c, 
was greatly improved, along with the formation of central memory cells, 
leading to a faster, stronger, and more durable immune response. These 
effects are likely attributable to the self-assembling peptide KFKFEFEF, 
which modifies the characteristics of E75, including its surface charge, 
nanomaterial physical properties, and cellular uptake and release 
pathways. It is more probable that these outcomes result from a syner
gistic combination of multiple mechanisms.

Single-target CAR-T cells are unable to cope with tumor escape due 
to antigen loss or down-regulation [39]. The E75 epitope and CAR-T 
target sites are from different extracellular domains of the HER2 pro
tein. This design targets different sites of the same antigen, alleviating 
antigen modulation. Vaccine-driven antigen diffusion allows the body’s 

immune system to collaborate with CAR-T cells, rather than being 
limited to attacking tumor cells expressing CAR-T-targeted antigens. In 
Irvine’s study, vaccines using the same target antigen after CAR-T 
treatment greatly improved the effectiveness of treatment in glioma, 
making this approach more likely to eradicate solid tumors [17]. In this 
study, SPEV-CAR-T enhanced the recruitment of DCs to the lymph 
nodes, triggering the activation of endogenous T, B, and NK cells. Both 
endogenous lymphocytes and CAR-T cells significantly contributed to 
improving tumor-killing efficiency.

Another major obstacle for CAR-T treatment in solid tumors is the 
inability to accumulate and expand at the tumor site via intravenous 
injection. The abundance of blood vessels and tumor-associated fibro
blasts forms a natural physical barrier that prevents cells from entering 
solid tumors [6,40,41]. Additionally, the lack of chemokine receptor 
expression in CAR-T cells reduces their homing ability to the tumor site. 
Local regional delivery of CAR-T cells may be a more effective treatment 
strategy [42–45]. Optimizing the delivery vector is an approach worth 
exploring. Biomaterial scaffolds have advantages such as easy prepara
tion, good biocompatibility, and high safety, showing good prospects in 
drug or cell delivery. Our previous study validated that short peptide 
hydrogels maintained the activity and complete biological function of 
CAR-T cells when injected into the body [4]. Local cell release reduced 
the journey of intravenous infusion, shortened the time of tumor infil
tration, and maximized the viability of CAR-T cells. Additionally, cells 
were sustainedly released from the hydrogel and lodged at the tumor 
site, providing a steady supply of reinforcements for attacking tumors 
and avoiding cytokine storms caused by a single high dose.

Immunosuppression in the tumor microenvironment affects the anti- 
tumor efficacy of CAR-T cells, primarily through inhibitory cytokines 
such as IL-10 and TGF-β, and other cytokines secreted by various 
immunosuppressive cells (Treg, MDSC, or M2) [26,46,47]. Armored 
CAR-T cells utilize cytokines like IL-12 and IL-18 to enhance anti-tumor 
efficacy. Studies have shown that IL-12 can break immune suppression 
in ovarian cancer, improving the survival and proliferation of CAR-T 
cells [48]. IL-18-secreting CAR-T cells can improve the tumor micro
environment by recruiting more endogenous immune cells and 
increasing the expression of immune activators. In our research, epitope 
vaccines were introduced to stimulate endogenous lymphocytes. The 
nano-vaccine delivers the antigen to APCs in the spleen and lymph 
nodes. Activated DCs secrete IL-12, activating and expanding 
antigen-specific T lymphocytes and enhancing B/NK cells. The crosstalk 
between cytokines IL-12 and IFN-γ, secreted by activated lymphocytes 
and APCs, is an important positive feedback loop in generating effective 
responses in numerous successful immunotherapies. Additionally, the 
self-assembled peptide hydrogel epitope vaccine is a scalable functional 
system, capable of encapsulating cytokines as needed to support a 
moderate living environment for CAR-T cells. In this study, Ca2+/Mg2+

ions were encapsulated in the hydrogel as stabilizers, which also 
maintained the proliferation and differentiation of CAR-T cells and 
induced the formation of memory cells in vivo. Previous studies indi
cated that low serum magnesium levels are associated with worse out
comes in cancer immunotherapy by regulating effector-memory CD8+ T 
cells [49]. The SPEV-CAR-T system significantly enhance the expression 
of DCs surface maturation markers while promoting the secretion of 
inflammatory cytokines by DCs. This effect relies on both direct and 
indirect factors. The direct factors include the ability of the E75 epitope 
in the SPEV-CAR-T system to continuously stimulate DCs, promoting 
their maturation. This process is further strengthened by direct 
cell-to-cell contact, which enhances the activation and immune func
tions of DCs. Simultaneously, SPEV-CAR-T through the expression of 
immune co-stimulatory molecules, interact with receptors on the surface 
of DCs, providing a second signal to promote DCs maturation. On the 
other hand, in terms of indirect effects, SPEV-CAR-T co-cultured with 
DCs release immune-regulatory factors (IFN-γ and TNF-α), which 
directly or indirectly activate DCs and facilitate their transformation 
into a mature phenotype. These factors enhance the antigen-presenting 
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function of DCs, boost their immune responses, and improve their ability 
to activate T cells.

5. Conclusion

A novel target combination immunotherapy strategy based on a su
pramolecular peptide hydrogel epitopes vaccine functionalized with 
CAR-T cells was studied. First, the self-assembled peptide coupling with 
the E75 epitope formed a nanofiber scaffold through non-covalent in
teractions of amphiphilic amino acids. The complementary peptide- 
conjugated vaccine epitopes and CAR-T target sites are from different 
extracellular domains of the HER2 protein, and this combination ther
apy improves tumor antigen spreading and targeting efficiency. The 
epitope hydrogel promoted CAR-T cell proliferation, killing, and 
lymphocyte subpopulation transformation. Furthermore, the supramo
lecular peptide epitope vaccine encapsulating CAR-T cells drove 
endogenous humoral and cellular immune responses following a sus
tained release of the hydrogel and CAR-T cells, showing better anti- 
tumor effects in an in vivo mouse model. Most importantly, SPEV- 
CAR-T induced central memory cells in systemic immune tissues, 
addressing the poor persistence of single CAR-T treatment. Active and 
passive immune responses were integrated and complemented in the all- 
in-one hydrogel epitopes vaccine and CAR-T system. The sequential 
activation of endogenous and exogenous immune responses promoted 
persistent and specific tumor attack, and SPEV-CAR-T showed superior 
therapeutic effects in solid tumors.
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