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ABSTRACT

Peptide vaccine targeting tumor-specific antigens is a promising cancer treatment regimen. However, peptide
vaccines are commonly low-immunogenic, leading to suboptimal antitumor T-cell responses. Current peptide
vaccination approaches are challenged by the variability of peptide physicochemical characters and vaccine
formulations, flexibility, and the broad feasibility. Here, the supramolecular co-assembly of antigen epitope-
conjugated peptides (ECPs) targeting CD8 or CD4 T-cell receptors was used to engineer a nanofibrious hydro-
gel vaccine platform. This approach provided precise and tunable loading of peptide antigens in nanofibers,
which notably increased the antigen uptake, cross-presentation, and activation of dendritic cells (DCs). Immu-
nization in mice indicated that the co-assembled peptide hydrogel did not induce local inflammation responses
and elicited significantly promoted T-cell immunity by activating the MyD88-dependent NF-kB signaling
pathway in DCs. Vaccination of mice using co-assembled peptide vaccine stimulated both enhanced CD8 and
CD4 T cells against EG.7-OVA tumors without additional immunoadjuvants or delivery systems, and resulted in a
more remarkable cancer immunotherapy efficacy, compared with free peptide vaccine or aluminum-adjuvanted
peptide formulation. Altogether, peptide co-assembly demonstrated by three independent pairs of ECPs is a
facile, customizable, and chemically defined approach for co-delivering peptide antigens in self-adjuvanting
hydrogel vaccines that could induce stronger anticancer T-cell responses.

1. Introduction

effective cancer immunotherapy [7,8]. Vaccine-primed cytotoxic T
lymphocytes could specifically recognize, capture and eradicate cancer

Cancer immunotherapy that harnesses the immune system to fight
tumor cells is transforming cancer treatment. Major immunotherapy
regimens including immune checkpoint blockade, vaccination and
adoptive cell transfer, have brought remarkable clinical benefits across a
broad range of advanced cancers including melanoma, renal cell carci-
noma and hematological malignancies [1-6]. Vaccination has long been
used as an active approach to initiate the antitumor T-cell immunity for
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cells that adequately express tumor antigens (TAs), which would result
in durable tumor inhibition and prolonged individual survival in both
mice and humans. Beyond traditional cancer vaccines comprised of viral
vectors, subunit proteins, or tumor lysates, synthetic peptides from
antigenic epitopes are increasingly adopted as a new generation of TAs
in the recent decade [9-11]. Highly specific peptide antigens have
minimalistic and essential amino acid sequence, well-known
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mechanisms for inducing antigen-specific T-cell immunity, and superior
safety. Furthermore, peptide antigens are easily manufactured in a
low-cost and large-scale manner by solid phase peptide synthesis tech-
nology. However, currently available peptide vaccines are effective for a
limited number of patients, even though in the context of personalized
neoepitopes.

A major limitation to current peptide-based vaccine formulation is
their insufficient efficacy of generating antigenic epitope-specific
effector CD8 T cells in vivo. Recently, nano-, micro- or macro-
engineering approaches have been developed to enhance both the
strength and breadth of CD8 T-cell responses to peptide antigens
[12-16]. A commonly used method is physically formulating peptide
antigens and adjuvants into delivery systems including emulsions [17],
liposomes [18], lipid nanodiscs [19], polymeric nanoparticles [20-22],
and inorganic scaffolds [23], which were intentionally designed to
improve the antigen presentation by dendritic cells (DCs) and thereby
potentiate their immunogenicity potency. However, the peptide
encapsulation, delivery and other formulation properties may be
markedly different for each peptide antigen with distinct physico-
chemical characters, leading to vaccine formulation variability. More-
over, the high-cost, complicated manufacture and potential safety
concerns of delivery systems may limit the clinical translation of these
technologies using as vaccination strategies. The formation of peptide
vaccine depots at the injection site may deplete the autologous immune
system that leads to suboptimal vaccine-specific CD8 T-cell immunity
[24]. Alternatively, chemical conjugation of water-soluble peptide
cargoes with hydrophobic segments including toll-like receptor agonists
[25], lipids [19], dipalmitic acids [26], and self-assembling peptides
[27-30], could trigger the self-assembly of nanoparticle, nanofiber or
micelle structures. Antigens were also linked to a lipophilic
albumin-binding tail to translate the “albumin hitchhiking” approach to
molecular peptide vaccines [31]. These self-assembling vaccines provide
main advantages that peptide loading is precisely and chemically
defined, and immunoadjuvants or more peptide antigens could be
covalently coupled to achieve co-delivery of dual components to DCs,
which can greatly help to optimize T-cell priming. Whereas, these ap-
proaches were highly limited by the broad feasibility. The hydrophobic
carriers could only chemically attach water-soluble peptide antigens and
the content of an individual antigen could not be flexibly tuned in the
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vaccine, which was unfavorable to the modulation of vaccine compo-
nents. In addition, the potential cellular signaling pathways that
self-assembling peptide vaccines elicited T-cell responses remain to be
demonstrated.

To address these challenges, we developed a distinctive peptide
vaccine platform by the supramolecular co-assembly of two fully syn-
thetic ECPs that ideally enabled the facile and precise loading of epi-
topes in the co-assembled hydrogel vaccine with defined nanofibrious
structures (Scheme 1A). The co-assembly of vaccine was induced by
simply mixing two ECPs in water in a modular, generalized and quan-
titative manner, which potentially overcame the manufacture and
formulation limitations associated with current di- or multivalent
peptide-based vaccines. Specially, epitopes targeting CD8 and CD4 T-
cell receptors were used as model antigens based on the fact that the
production of CD4 T cells could not only aid the priming of CD8 T cells,
but also collaborate with them at the tumor site to maintain an effective
antitumor response during immunotherapy [32,33]. Co-assembled
hydrogel vaccine showed excellent self-adjuvanting property and
greatly promoted the maturation of DCs and the following priming of T
cells in vivo. In mice with established E. G7-OVA lymphoma tumors, the
deployment of co-assembled peptide hydrogel as a vaccination strategy
significantly increased the population of both CD4 and CD8 T cells at the
tumor site (Scheme 1B), compared with vaccine formulations including
the free or aluminum-adjuvanted epitope vaccine, thereby boosting the
immunotherapy efficacy. Moreover, we demonstrate that the
co-assembled peptide vaccine elicited T-cell immunity by activating the
MyD88-dependent NF-xB signaling pathway in DCs (Scheme 1C)
without inducing local inflammation responses.

2. Materials and methods
2.1. Materials

Ovalbumin (OVA) epitope peptides including MHCI-restricted
epitope SIINFEKL (abbreviated as OVAgs7.264) and MHCII-restricted
epitope QAVHAAHAEINEAGR (abbreviated as OVAsz3.336), CTL epi-
topes from melanoma-associated antigen MAGE including EADPTGHSY
(abbreviated as MAGE-1) and FLWGPRALI (abbreviated as MAGE-2),
carrier peptides including KIWKAKAKAKWK (abbreviated as K peptide)

Scheme 1. The formation of co-assembled, self-
adjuvanting peptide hydrogel vaccine with
nanofiber structures and vaccination-mediated
E. G7-OVA lymphoma immunotherapy. (A)
Peptide conjugates chemically coupled with anti-
gen epitopes were mixed in water to induce the
spontaneous supramolecular co-assembly of nano-
fibrious hydrogel. (B) Subcutaneous vaccination of
peptide hydrogel vaccines. Vaccines were uptaken
by host DCs, processed and presented to naive T
cells, which differentiated into CD8 T and CD4 T
helper cells. Effector CD8 cytotoxic T cells would
capture and eradicate tumor cells along with the
secretion of interferon-y (IFN-y). (C) The activation
of MyD88-dependent NF-kB signaling pathway in
DCs.
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and EWEAEAEAEWE (abbreviated as E peptide), and epitope-
conjugated peptides including KWKAKAKAKWKGGGSIINFEKL (abbre-
viated as K-OVAysy.264), KWKAKAKAKWKGGGEADPTGHSY (abbrevi-
ated as K-MAGE-1), EWEAEAEAEWEGGGQAVHAAHAEINEAGR
(abbreviated as E-OVAsn3.335), and EWEAEAEAEWEGGGFLWGPRALI
(abbreviated as E-MAGE-2) were manufactured by solid-phase synthesis
with yields ranged from 90 to 95%. The purity of all synthesized pep-
tides was >95%. The peptides were used without further purification.
Fluorescein isothiocyanate-labeled K-OVAgsy.264 (K-OVAgs7.264-FITC)
and rhodamine B-labeled E-OVAg333.336 (E-OVA323.336-RB) were pro-
vided by Bankpeptide biological technology co., LTD. Information for
antibodies and adjuvants were supplemented in the Supporting
Information.

2.2. Methods

2.2.1. Preparation and characterization of co-assembled peptide vaccines

To examine the peptide co-assembly, peptide pairs including K-
OVA257.254/E-OVA323,335, K-MAGE-]/E-OVA323_336, and K-OVA257.264/
E-MAGE-2 were dissolved in water at a mass ratio of 1:1 and the total
peptide concentration was 10 mg/mL. To further study the co-assembly
behavior, the structure morphologies of resulting aggregates were
observed by TEM (JEM100CXII, JEOL). Z-average diameter (nm) of co-
assembly peptides in aqueous solution were determined by DLS using
Zetasizer Nano ZS (Malvern Instruments). The cytotoxicity of peptides
against DC 2.4 cells was investigated by CCK-8 assay.

Synthetic peptides including K-OVAgys57.264 and E-OVAg23.336, as a
representative pair, were dissolved in water at a mass ratio of 1:1, while
the total peptide concentration was varied in the range of 1-20 mg/mL.
To further study the co-assembly behavior, the mass ratio between K-
OVAgs57.264 and E-OVAgo3.33¢ was adjusted to 1:3 or 3:1. The self-
assembly of each individual peptide was also investigated.

To assess the secondary structures of peptide assembly, the ellipticity
of peptide aqueous solutions was measured by circular dichroism (CD)
instrument (J-810, JASCO). Rheology analysis of hydrogels was exam-
ined by AR 2000ex rheometer (TA). The interior hydrogel microstruc-
ture was observed by scanning electron microscopy (SEM). To further
test the peptide co-assembly, fluorescence resonance energy transfer
(FRET) imaging was implemented. Experimental details were shown in
the Supporting Information.

2.2.2. Cellular uptake of fluorescence-labeled peptide in bone marrow
derived dendritic cells (BMDCs)

The isolation procedures of BMDCs from mice were provided in the
Supporting Information. Cellular uptake of peptides by BMDCs was then
investigated. FITC-K-OVAys57.264 was incubated with BMDCs for 1 h in
the absence of serum. Cells were then washed three times with PBS and
incubated with 50 nM LysoTracker® Red DND-99 (Invitrogen) for 30
min at 37 °C to stain lysosomes. Cells were washed, fixed with 4%
paraformaldehyde, and stained by DAPI to label nuclei, which were
observed by confocal laser scanning microscopy (CLSM, Leica DM6000)
to analyze the intracellular location of peptides. FITC-positive cells were
also quantificationally determined by flow cytometer (BD Accuri™ C6,
BD Biosciences) at excitation wavelength of 492 nm and emission
wavelength of 520 nm, respectively.

2.2.3. BMDCs maturation, antigen presentation and T cell cross-priming

BMDCs were incubated with free OVAgs7.264, K-OVAs7.264 peptide
in aqueous solution or co-assembled peptide hydrogel (abbreviated as
gel vaccine) with a final epitope concentration of 500 nM. The matu-
ration of BMDCs and T cell cross-priming were analyzed by flow
cytometry. The secretion of IL-6, TNF-a, IFN-a and IFN-p by BMDCs was
determined by ELISA kits. Furthermore, the expression of proteins
including p38, Erk1/2, IxkBa and p65 in BMDCs was analyzed by Western
blot assay. Details for these experiments were provided in the Sup-
porting Information.
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2.2.4. The splenocyte proliferation and specific killing effect of CTLs
Briefly, the splenocyte proliferation was determined by co-culturing
naive T lymphocytes with mature DCs and the specific killing was
examined by co-culturing activated T cells with EG.7-OVA tumor cells.
The viability of T lymphocytes or tumor cells was determined by CCK-8
assay. Experimental details were shown in the Supporting Information.

2.2.5. Immunization in mice

Female C57BL/6 mice aged 6-8 weeks were received subcutaneous
(s.c.) immunization with formulations including PBS, assembling pep-
tides (E/K peptide), free epitope vaccine (OVAgs7.264/OVAs23.336
mixture), and hydrogel vaccine composed of K-OVAjs7.964 and E-
OVA323.336 at day 0, 7 and 21. The antigen dose was 200 pg per mouse.
The spleen and lymph nodes were isolated and homogenized 7 days after
the last immunization. T-cell expansion and mature DCs in the lymph
nodes were analyzed by flow cytometry. Details for tissue processing
and antibody staining were provided in the Supporting Information.

2.2.6. Footpad inflammation assay

Mice were anesthetized and received subcutaneous injection of 30 pL
PBS, epitope vaccine in Alum adjuvant, or hydrogel vaccine in the hind
footpad. The thickness of the hind feet was measured with a vernier
caliper at the indicated points. Hematoxylin & eosin (H&E) staining was
implemented to analyze the local inflammation. Experimental details for
tissue processing could be found in the Supporting Information.

To assess the recruitment of cells and the release of inflammatory
cytokines, mice were immunized with 100 pL above-mentioned formu-
lations by peritoneal cavity injection. After 24 h, mice were sacrificed,
injected with HBSS buffer (1 mL) into peritoneal cavity, and massaged
for 30 times. Then the lavage fluid was collected and centrifuged (400 g,
5 min). The obtained cells analyzed by flow cytometry after antibody
labelling. The cytokines in the collected supernatant were analyzed by
ELISA.

2.2.7. Therapeutic efficacy and T-cell subpopulations in tumors

C57BL/6 J mice (6-8 weeks, female) were challenged with the
subcutaneous injection of 1 x 10% EG.7-OVA cells into the left flank.
Eight mice were included in each group. At day 7, mice were immunized
subcutaneously with PBS, epitope vaccine, epitope vaccine with Alum
adjuvant or co-assembled peptide hydrogel vaccine (antigen dose, 200
1g). The tumor size and mice body weight were measured every two
days. To test the level of tumor infiltrating lymphocytes (TILs), the ob-
tained cells were subjected to antibody labeling and detected by flow
cytometry. Details for T-cell separation and antibody staining were
provided in the Supporting Information.

2.3. Statistical analysis

Data were shown as means + SDs. The statistically significant dif-
ference between two groups were analyzed by unpaired two-tailed
student’s t-test in Prism 6 (GraphPad Software). Multiple comparisons
were performed by one-way ANOVA. P < 0.05 indicates statistically
significant.

3. Results and discussion

3.1. Co-assembly and characterization of epitope-conjugated peptide
vaccine

In the well-known cancer-immunity cycle [34], recognition and
elimination of cancer cells by cytotoxic T lymphocytes is key for deter-
mining the efficacy of cancer immunotherapy. Synthetic long peptides
comprising diverse CD8 T-cell epitopes have been studied as cancer
vaccines that were delivered in liposome [35,36]. However, the
composition of each peptide in the resultant vaccine was constant and
immunoadjuvant was needed to boost vaccine immunogenicity.
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Furthermore, this approach was not applicable for water-insoluble epi-
topes, which required the use of an additional delivery vehicle. Here, we
developed an alternative approach for co-delivering peptide antigens in
the vaccine formulation.

Supramolecular co-assembly of peptides was adopted as an effective
strategy to construct a vaccine platform, in which the antigen loading
and composition were both easily modulated and customized. Self-
assembling peptide KWKAKAKAKWK and EWEAEAEAEWE were
selected as carriers for epitope delivery. Epitopes from model antigen
OVA and melanoma-associated antigen MAGE expressed in human
melanoma [37,38], with different characters including solubility,
charge and isoelectric point (PI), were used to examine the generaliza-
tion of peptide co-assembly for vaccine manufacturing. The physico-
chemical properties for diverse epitopes were shown in Fig. 1A. The
water-solubility of epitopes was indicated by GRAVY (grand average of
hydropathicity), the smaller of GRAVY value the better water-solubility
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of epitopes. Each epitope was chemically conjugated to self-assembling
peptide KWKAKAKAKWK (K peptide) or EWEAEAEAEWE (E peptide) by
typical solid-phase synthesis method with a linker of amino acid
sequence comprising three numbers of glycine (GGG). The chemical
structures of peptides were shown in Fig. S1 and confirmed by HPLC and
MS (Fig. S2-S5). Epitope-conjugated peptides (ECPs) would co-assemble
via non-covalent intermolecular forces including electrostatic interac-
tion among lysine (K) and glutamic acid (E), n-n stacking between
tryptophan (W), hydrogen-bonding as well as hydrophobic interactions
among water-insoluble epitopes [39-41]. The co-assembly of
K-OVAgs7.264/E-OVA323.336, K-MAGE-1/E-OVA323.336, K-OVAgs7.264/
E-MAGE-2, and K-MAGE-1/E-MAGE-2 as representative combinations
of ECPs were tested by TEM. Fig. 1B showed simply mixing two ECPs
allowed the spontaneous formation of nanofibers or nanoparticles in
water, indicating the occurrence of peptide co-assembly, irrespective of
the distinctive properties of individual epitope. Moreover, it seemed that

A Epitopes GRAVY  Charge PI | Epitope-conjugated peptides Abbreviation  Charge
SIINFEKL 0.49 0.0 7.00 | KWKAKAKAKWKGGGSIINFEKL K-OVAjs7.064 6.00
FLWGPRALI 1.03 1.0 11.05 | EWEAEAEAEWEGGGFLWGPRALI E-MAGE-2 -5.00
EADPTGHSY -1.47 -1.9 4.06 | KWKAKAKAKWKGGGEADPTGHSY K-MAGE-1 4.10
QAVHAAHAEINEAGR -0.51 -0.8 6.03 | EWEAEAEAEWEGGGQAVHAAHAEINEAGR  E-OVAjj;.336 -6.80
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Fig. 1. Peptide co-assembly induced the formation of supramolecular vaccine with defined nanostructure. (A) The physicochemical properties of epitopes
and epitope-conjugated peptides. GRAVY, grand average of hydropathicity. (B) Representative TEM images for co-assemblies of dual ECPs. (C) K-OVAgys7.264/E-
OVA323 336 co-assemblies (concentration, 10 or 20 mg/mL). (D) Representative SEM image for K-OVAgs7.264/E-OVA33.336 co-assembly at a concentration of 20 mg/
mL. Digital photograph for hydrogel was inserted. (E) Time sweep of co-assembled K-OVAzs7.264/E-OVA33 336 hydrogel. G/, storage modulus; G”, loss modulus. (F)
Circular dichroism (CD) spectra of co-assembled K-OVAjs7.264/E-OVA323.33¢ nanofibers. (G) Representative emission spectra of free K-OVAjys7.64-FITC, E-OVA3a3.
336-RB and the mixture of K-OVAys7.064/E-OVA3a3 336 (weight ratio, 1/1; excitation wavelength, 465 nm).
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the co-assembly of dual ECPs containing dual water-soluble epitopes or
one water-insoluble epitope resulted in the assembly of nanofibers,
while that for two water-insoluble epitopes were nanoparticles. This
phenomenon may be attributed to the strong hydrophobic interaction
that could induce the formation of nanoparticles.

Then, using K-OVAgs7.264/E-OVAs323.336 as a model pair, the peptide
co-assembly was further investigated. MHCI-restricted OVA3s7.264 and
MHCII-restricted OVAza3.336 peptide were with high-affinity to CD8"
and CD4" T-cell, respectively. K-OVAs7.064 or E-OVAsz23.336 alone self-
assembled into nanoparticles in aqueous solution as indicated by TEM
and DLS (concentration, 1 mg/mL; Fig. S6A, S6B, S7). Whereas, when
the two were mixed with a mass ratio of 1/1 and at a total peptide
concentration of 1 or 10 mg/mlL, tangled nanofibers (Fig. 1C) were
generated in solution. If the peptide concentration was further increased
to 20 mg/mlL, the density of nanofibers was significantly increased and
highly overlapped nanofibrous structures were observed. Meanwhile, a
hydrogel was spontaneously formed (Fig. 1D) with porous and three-
dimensional interpenetrating networks, when peptides were dissolved
in aqueous solution. Rheological analysis (Fig. 1E) confirmed the
hydrogel formation as indicated by the fact that during the time sweep
within 30 min, the value of storage modulus G’ is greater than that of the
loss modulus G”, when the feeding mass ratio was 1/1 and 3/1 or 1/3
(Fig. S8). The strength of hydrogel was weak since there were only non-
valent intermolecular forces for peptide co-assembly. Moreover, the
obtained hydrogel was neither temperature-sensitive nor self-standing.
By varying the feeding mass ratio for peptide co-assembly, the content
of OVAgs7.264 in the vaccine could be precisely and easily tuned in the
magnitude from 8.8% to 28.1%. This data suggested the modular co-
assembly of two ECPs could be facilely modulated by easily tuning the
peptide mass ratio or adjusting the peptide concentration, to obtain a
solution or hydrogel vaccine.

Then, the secondary structure of peptide in aqueous solution was
explored by circular dichroism (CD), which is an important factor that
determines the assembly behavior. In the CD spectrum (Fig. 1F, peptide
concentration, 1 mg/mL), a positive band at 195 nm and a broad, strong
negative band at 205-240 nm were observed, indicating that the sec-
ondary structure was dominated by p-sheets with partial a-helical
conformation. The red-shift of p-sheet band from the standard 216
nm-225 nm demonstrated the formation of peptide aggregates in water,
inducing the change in the polar microenvironment around peptide
bonds and the n-n* transition of peptide bonds [42,43]. However,
K-OVAjs7.064 or E-OVA323 336 alone showed a typical f-sheet or random
coil conformation (Fig. S9), respectively.

To further study the co-assembly of K-OVAgs7.064 and E-OVA3z3 336,
fluorescence energy resonance transfer (FRET) imaging, a straightfor-
ward tool to detect the nanoscale distance (<10 nm) among assembling
molecules, was performed. K-OVAjs7.064 and E-OVA3p3 336 were chem-
ically labeled by fluorescein isothiocyanate (FITC) and rhodamine B
(RB), respectively, which was proven an effective FRET pair [44].
Fig. 1G shows that at an excitation wavelength of 465 nm, a strong
fluorescence peak at 530 nm that is characteristic emission of FITC was
observed for K-OVAgsy.264-FITC, while a quite weak fluorescence peak at
595 nm assigned to characteristic emission of RB was found for
E-OVA323_336-RB. However, when K-OVA257,264-FITC and
E-OVAs333.336-RB were mixed at a weight ratio of 1/1, the fluorescence at
530 nm was dramatically diminished while that at 595 nm was signifi-
cantly increased, indicating the occurrence of FRET and the co-assembly
of two peptides. The FRET efficiency was 89.1%. These data indicate
that the spontaneous co-assembly of two distinct ECPs is a powerful
strategy to manufacture divalent peptide vaccines with nanostructures.
By facilely tuning the feeding mass ratio between peptides or the peptide
concentration, nanofibrious solution or hydrogel vaccine could be pro-
duced. In addition, such a modular co-assembly manner provides a novel
approach to precisely titrate the epitope content in vaccine.
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3.2. Co-assembled peptide hydrogel vaccine enhanced antigen
presentation and cross-priming of T cells

To produce a successful peptide vaccine composed of adequately
expressed antigens, effective activation of antigen-presenting cells
(APCs) is a crucial step to initiate T-cell priming [45]. Therefore, epitope
peptides must be successfully delivered to APCs, processed and pre-
sented in an efficient way to engage the activation of naive T cells. First,
the cytotoxicity of each peptide against DC 2.4 cells was investigated by
CCK-8 assay and results (Fig. S10) showed peptide was non-toxic when
the concentration was lower than 2000 or 1000 nM. We then examined
the peptide self-assembly in facilitating antigen uptake by DCs and
localization in DCs by comparing native OVAjsy 264 with
self-assembling K-OVAjs7_264. Lysine residue in OVAgsy_o64 was
modified with FITC, which can retain its binding capacity to H-2K? [46],
to obtain OVAgys7_264-FITC and K-OVAjs7_264-FITC, respectively. As
shown in Fig. 2A, BMDCs incubated with free OVAgsy_264-FITC dis-
played weak fluorescence signals of peptides in the lysosome, while cells
treated with K-OVAjs;7_264 showed much stronger FITC signals, sug-
gesting a higher level of peptide endocytosis by BMDCs. Moreover,
peptides were mostly localized in the cytoplasm, but not in endosomes
or lysosomes, for both free epitopes and self-assembling K-OVAss7_264
vaccine. Fig. 2B showed that a notably higher percentage of
FITC-positive DCs was detected with K-OVAys7_264 treatment, in com-
parison with free peptide. These data confirmed that self-assembling
K-OVAjys57_264 could result in superior antigen uptake, enabling
remarkably better activation of DCs compared with naked peptide, as
indicated by a significantly higher ratio of CD86" DCs (Fig. 2C).

Next, antigen cross-presentation was examined by detecting the level
of SIINKFEL displaying. DCs were stained by 25-D1.16 monoclonal
antibody against SIINFEKL/H-2K" complexes. BMDCs pulsed with K-
OVAjys7_264 achieved ~5—fold increase in the efficiency of SIINFEKL
presentation over DCs stimulated with free peptide (Fig. 2D). Co-
assembled hydrogel vaccine further augmented the efficacy of SIIN-
FEKL cross-presentation. These data suggested self-assembling K-
OVAjs7_264 vaccine or co-assembled gel vaccine could obviously
enhance the antigen presentation by DCs. To assess T-cell cross-priming,
BMDCs pre-treated with free antigen peptides, K-OVAgs7_264 Or co-
assembled gel vaccine for 24 h, were cultured with B3Z T-cells that
were SIINFEKL-specific and H-2KP-restricted. Fig. 2E indicated that
BMDCs pulsed with self-assembling K-OVAys7_264 Or co-assembled gel
vaccine robustly promoted B3Z T-cell activation as characterized by
significantly higher fluorescence at 405 nm, whereas free SIINFEKL
peptide induced minimal B3Z T-cell activation. Furthermore, co-
assembled peptide vaccine resulted in superior T-cell priming over
self-assembled peptide vaccine.

Then, the specific killing to tumor cells by CTLs induced by co-
assembled peptide vaccine was examined. Mature DCs were incubated
with naive T-lymphocytes (Tn) isolated from the spleen for 72 h to test
the proliferation of Tn. Fig. 2F shows that co-assembled peptide vaccine
significantly facilitated the proliferation of splenocytes by 2-folds,
compared with PBS or free epitope vaccine, indicating an effective
cross-priming of CD8a*' T cells. Afterward, activated CTLs and E.G7-
OVA tumor cells were co-cultured for 24 h to investigate the initiation
of specific lysis of tumor cells by CTLs. Fig. 2G shows that the killing rate
of T lymphocytes activated by co-assembled peptide vaccine-stimulated
DCs on tumor cells reached 50% with a ratio of effector T lymphocytes to
E.G7-OVA cells at 10:1, which was significantly higher than free epitope
vaccine. These data demonstrated co-assembled peptide vaccine could
potently activate DCs, which then presented peptide antigens to T cells,
and provoke CTL response in vitro.

3.3. Co-assembled peptide vaccine elicited T-cell responses without
inducing inflammation

Commonly, after vaccine administration antigens are uptaken,
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processed and then transported to draining lymph nodes (dLNs) by host
DCs, during which DCs becomes mature. Immune responses would be
initiated in dLNs. To assess the activation of T-cell responses, mice were
immunized with soluble carrier peptides, epitope vaccine, or co-
assembled hydrogel vaccine for triple times. T cells and DCs in LNs
were analyzed by flow cytometry after antibody staining. Fig. 3A shows
that the percentage of CD11c "MHCII" DCs was significantly increased
with the immunization of hydrogel vaccine, compared to the mixture of
free peptide epitopes, suggesting the extensive activation and matura-
tion of host DCs in LNs. Further, immunization with the hydrogel vac-
cine resulted in significantly higher ratios of both CD8" and CD4 ™ T cells
in total CD3" T cells, compared with the free peptide vaccine,

demonstrating a robust T-cell responses both in dLNs (Fig. 3B) and
spleens (Fig. S11). Consequently, co-assembled hydrogel vaccine could
promote the immunogenicity of peptide antigens and elicit a stronger T-
cell responses over the mixture of free peptides.

A popular design strategy for modern peptide vaccines has focused
on the use of immunoadjuvants to improve antigen immunogenicity
[47]. Commonly used immunoadjuvants including Alum, MF59 and
CFA, can initiate the adaptive immune response by targeting cells in the
innate immune system [48-50], but generally induce inflammation at
the injection site characterized by the secretion of inflammatory che-
mokines including MCP-1a/CCL2 and KC/CXCL1, as well as cytokines
such as IL-1b, IL-5, IL-6, and G-CSF. A recent study of three Alum-based
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Fig. 3. Co-assembled peptide vaccine elicited superior T-cell responses than naked peptide vaccine in mice. (A) The percentage of MHCIT*'CD11c" DCs in
dLNs. Epitope vaccine, OVAjs7.064/OVAsa3.336; hydrogel vaccine, K-OVAjsy_264/E-OVA3,3.336. Data are shown as mean + SDs (n = 5). (B) The ratio of CD37CD8" and
CD3"CD4™" T cells in dLNs analyzed by flow cytometry. *P < 0.05, **P < 0.01 and ***P < 0.001, versus the control; “P < 0.05, between the indicated groups.
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vaccine formulations proved that the immunogenicity correlated with
the inflammation levels [51], complicating the design of peptide vac-
cines containing adjuvants. In this context, whether the immune re-
sponses elicited by co-assembled peptide vaccine were accompanied
with inflammation was examined using peptide vaccine adjuvanted by
FDA-approved Alum adjuvant, as a positive control. The inflammatory
response was first detected by histopathology after footpad injection of
vaccines. Fig. 4A indicates that the color and thickness of the gel
vaccine-immunized footpads were similar to the non-immunized
contralateral footpad, while the Alum-adjuvanted vaccine-immunized
footpads turned red and swelled to 190% of their normal thickness, and
the swelling exceeded one week (Fig. 4B). The swelling of footpads from
mice received injection with gel vaccine was much lower than these
treated by epitope vaccine. In histological cross-sections (Fig. 4C) of skin
tissues stained by H&E at day 7, there was no difference between the gel
vaccine-immunized footpads and the unimmunized controls, while
epitope vaccine in Alum-immunized footpads mainly showed acute
inflammation and muscle cell death in the subcutaneous muscle layer.
Thus, gel vaccine resulted in dramatically diminished local inflamma-
tory response compared with peptide vaccine in Alum.

Next, we examined the recruitment of host cells and the production
of inflammatory cytokines after intraperitoneal (i.p.) injection, which
can facilitate sampling and raise a similar or higher response profile to or
than subcutaneous (s.c.) injection [52,53]. After injection for 24 h, cells
including macrophages and monocytes (Fig. 4D) recruited by gel vac-
cine immunization in peritoneal lavage fluid was comparable with these
in PBS-immunized mice. However, the recruitment of neutrophils by gel
vaccine was also increased in comparison with that in control, because
neutrophils are one of the first immune cells in the innate immune
system that are recruited to the injury or infection site. Gel vaccine also
induced similar levels of cytokines (Fig. 4E) including granulocyte
colony-stimulating factor (G-CSF), monocyte chemotactic protein-1
(MCP-1), macrophage colony-stimulating factor (M-CSF), and
interleukin-6 (IL-6) to PBS treatment, indicating the absence of inflam-
mation. In contrast, immunization with Alum-adjuvanted epitope vac-
cine could recruit a large number of inflammatory cells in enterocoelia
and caused notably higher levels of inflammatory chemokines and cy-
tokines, compared with PBS or gel vaccine treatment. These data sug-
gested that co-assembled peptide vaccine could stimulate the T-cell
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responses through a non-inflammatory pathway, which is distinct from
peptide vaccine comprising Alum adjuvant.

3.4. Co-assembled peptide vaccine effectively activated the MyD88-
dependent NF-kB signaling pathway in DCs

Self-assembling peptide vaccines have shown promising self-
adjuvanting property [54-56], which could increase the efficacy of
DCs maturation and cross-presentation of peptide antigens. However,
the mechanism accounted for the self-adjuvanticity is still largely un-
known. It has been reported that NLR family pyrin domain-containing
protein 3 (NLRP3) inflammasome dominated the adjuvanticity of
Alum [57], while MF59 and major Toll-like receptor (TLR) agonists were
independent of NLRP3 inflammasome but required the adaptor myeloid
differentiation primary response protein 88 (MyD88) [58]. TLR
signaling pathways arise from intracytoplasmic TIR domains, including
MyD88, TIRAP (TIR domain containing adaptor protein), and TRIF
(TIR-domain-containing adapter-inducing interferon-p) adaptors [59].
MyD88 plays a crucial role in recruiting IL-1 receptor-associated kinase
(IRAK) to TLRs. IRAK activated by phosphorylation then binds to
TRAF6, which leads to the activation of two different downstream
signaling pathways, and ultimately the activation of JNK (Jun N-ter-
minal kinase) and NF-kB (nuclear factor kappa B).

In this context, the contribution of MyD88 to the elicitation of T-cell
immunity elicited by co-assembled peptide vaccine in mice was first
explored. The antigen presentation and activation of BMDCs from WT
(wild type) and MyD88—/— knockout mice were compared. Fig. 5A
demonstrated co-assembled hydrogel vaccine resulted in an eight-fold
increase in antigen cross-presentation over the other two groups in
WT mice, but the cross-presentation was dramatically decreased in DCs
from MyD88—/— mice. Meanwhile, the expression of costimulatory
molecule CD40 (Fig. 5B), and the production of IL-6 (Fig. 5C) and IFN-f
(Fig. 5D) were all significantly downregulated in MyD88-lacking DCs,
while the secretion of IFN-a (Fig. S12A) and TNF-a (Fig. S12B) were not
affected. These data suggested that MyD88 was required for the acti-
vation of BMDCs and antigen cross-presentation by co-assembled pep-
tide vaccine.

Afterward, the activation of NF-kB signaling pathway was examined
to further clarify the molecular mechanism in the MyD88 downstream
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Fig. 4. Co-assembled peptide vaccine did not induce detectable inflammation at the injection location. (A) Representative images of footpads from mice
injected with co-assembled K-OVAjs7.264/E-OVA323.33¢ hydrogel vaccine or epitope vaccine in Alum. (B) The swelling ratio of footpads after vaccine injection. (C)
H&E staining of footpad sections. (D) The recruitment of cells including macrophages (Mac), neutrophils (Neut), and monocytes (Mono), and (E) the secretion of
inflammatory cytokines in enterocoelia at 24 h after i.p. injection. Data are shown as mean + SDs (n = 3). **P < 0.01 and ***P < 0.001, versus the control; *P < 0.05

and *#P < 0.01, between the indicated groups.
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signaling pathway. NF-kB is a key mediator in regulating the innate and
adaptive immune responses [60,61], which could promote
MHC-I-mediated antigen cross-presentation, upregulate costimulatory
molecules, and enhance the expression of pro-inflammatory cytokines.
Signaling proteins including p38, Erk1/2, IkBa and p65 were measured
by Western blot assay after vaccine stimulation. Fig. 5E and F revealed
that co-assembled hydrogel vaccine significantly improved the phos-
phorylation of IkB-a and p65 in BMDCs from WT mice, in comparison
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with the stimulation of PBS and free epitope vaccine; however, these
proteins were both significantly abolished in MyD88—/— DCs, consis-
tent with the expression of pro-inflammatory cytokine IL-6. Moreover,
the phosphorylation of Erkl/2 and P38 were not influenced by the
knockout of MyD88. These data demonstrated the immunization of
co-assembled peptide vaccine could efficiently activate the NF-«kB
signaling pathway that required the adaptor protein MyD88. The up-
stream targets for NF-xB activation remain to be examined in future. The
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Fig. 6. Co-assembled, self-adjuvanting peptide hydrogel vaccine increased the immunotherapy efficiency against E.G7-OVA lymphoma. (A) The schematic
protocol for therapeutic immunotherapy. Epitope vaccine, OVAys7.264/OVA323.336; Gel vaccine, K-OVAgs7.964/E-OVA33.336. The mass ratio between two peptides
was 1/1. The dose for OVAys7.064 Or OVA3z3.336 was 200 pg/mouse. (B) The curve of tumor volumes. (C) The profile of mice body weight. (D, E) Representative flow
cytometry profiles and the percentages of CD3"CD8", CD3"CD4" (D), and CD8" IFN-y" (E) T cells infiltrated in tumor. Data represent mean + SDs (n = 5). *P <
0.05, **P < 0.01 and ***P < 0.001, versus the control; *P < 0.05 and ##P < 0.01, between the indicated groups.

detailed signaling route in DCs was depicted in Fig. 5G. These results
suggested the specific activation of NF-xkB pathway in DCs should
stimulate the natural pathway of antigen presentation that could
modulate the expression of MHC molecules, and the secretion of cyto-
kines and chemokines, which greatly enhanced the adaptive T-cell im-
mune response.

3.5. Vaccination of co-assembled peptide vaccine improved the
therapeutic immunotherapy effect against E.G7-OVA tumor without
adjuvants

Finally, we examined the therapeutic efficiency of co-assembled
peptide vaccine in mice that were received s.c. inoculation of 1 x 10°
E G7-OVA cells. After 7 days, vaccination was implemented following
the protocol illustrated in Fig. 6A. The dose of peptide antigens was 200
pg per mouse. During the entire 28-day experiment period, all mice
survived. As shown in Fig. 6B, untreated mice showed rapid tumor
growth. The therapeutic vaccination with gel vaccine substantially
slowed the tumor growth, which was significantly superior over for-
mulations including peptide vaccine in solution and Alum-adjuvanted
vaccine. All treatments did not cause any reduction in animal body
weight (Fig. 6C). T-cell subtypes within spleens and tumors were
detected to testify the level of antitumor T-cell responses. Fig. 6D shows
that the vaccination of peptide hydrogel generated an extensive infil-
tration of T cells into tumors, providing a nearly 2-fold increase in the
ratio of both CD3"CD8" and CD37CD4" T cells over control group,
which was also significantly higher in comparison with free peptide
vaccine and Alum-adjuvanted vaccine. Moreover, in comparison with
Alum-adjuvanted epitope vaccine, vaccination of co-assembled peptide
hydrogel also obviously augmented the percentage of activated tumor-
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infiltrating T cells (Fig. 6E), as characterized by the co-expression of
IFN-y, a typical marker for indicating the activation of CD8" T cells. The
frequency of cytotoxic T cells (Fig. SI3A, 13B) in spleens was also
significantly increased while Tregs (Foxp3™ CD4 T cells, Fig. S13C) was
reduced from hydrogel-vaccinated mice, in contrast to other vaccination
approaches, indicating the initiation of systemic antitumor T-cell
response. These results highlight the great significance of spontaneous
co-assembly of ECPs as a self-adjuvanting vaccination strategy to
generate a productive response to immunotherapy, which could
augment the efficacy of antitumor T-cell immunity against established E.
G7-OVA tumors. It should be noticed that no tumor eradication was
observed in each vaccine group, indicating the ratio of MHCI-restricted
epitope in vaccine needs to be optimized to further improve cytotoxic
CD8" T-cell response in future works. Moreover, tumor immunosup-
pressive microenvironment should also be inhibited by introducing
immune checkpoint blockade such as anti-PD-1 therapy that can
specially block the interaction between PD-L1 expressed on tumor cells
and PD-1 on effector CD T cells, which would further boost the killing
efficiency of effector CD8 T cells infiltrated in tumors. Overall, supra-
molecular co-assembly of peptides could be adopted as an alternative
approach to manufacturing divalent and nanoscale peptide vaccines
without the additional use of delivery systems or immunoadjuvants.

4. Conclusions

In summary, we report supramolecular peptide co-assembly as an
alternative and robust approach to manufacturing adjuvant-free vac-
cines with nanostructures. ECPs containing epitopes targeting CD8 or
CD4 T-cells could co-assemble into nanofibers or nanoparticles in
aqueous solution, irrespective of the physicochemical properties of
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antigenic peptides. Significantly, co-assembled peptide vaccine
augmented the antigen immunogenicity by increasing antigen cross-
presentation in coordination with the activation of NF-kB pathway in
DCs that required the adaptor protein MyD88. Co-assembled peptide
vaccine resulted in maximized T-cell priming efficiency and a higher
breadth of epitope-specific CD8 and CD4 T cells than the free or
adjuvant-assistant peptide vaccine. Such a facile and efficient co-
assembly strategy is promising for engineering a range of di-/multi-
valent molecular vaccines by engaging two or multiple peptide epitopes
to further broaden the type of antigen-specific T-cell responses. In
addition, this vaccine platform may be generally applicable for
personalized immunotherapy with neo-epitopes.
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