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Amino acid-tuned self-assembly has become an attractive strategy for constructing various functional materials.
Here, a series of dibenzocyclooctyne (DIBO) functionalized amphiphilic amino acid derivatives are designed and
screened as building blocks of functional supramolecular self-assembly nanoparticles for cancer immunotherapy.
One top-performing supramolecular self-assembly material (named DA6C1) is identified through combinatorial
screening, and spherical nanoparticles can be easily prepared by this material tuned multicomponent synergistic

self-assembly of ovalbumin (OVA) and CpG oligonucleotide. DA6C1 based nanovaccine can significantly enhance
the cellular uptake of OVA and CpG into the same bone marrow derived dendritic cells (BMDCs) and greatly
improve the activation of DCs. Moreover, after subcutaneous injection, this nanovaccine flows rapidly to the
lymph nodes and elicits strong immune responses to achieve effective prophylactic and therapeutic effect.
Therefore, our work highlights the great potential of clickable amino acid derivatives as a convenient and
powerful tool to construct nanovaccine for effective immunotherapy.

1. Introduction

Cancer immunotherapy can recognize and attack cancer cells by
activating or enhancing the innate immune system [1,2]. In the past few
years, a variety of encouraging cancer immunotherapies, including im-
mune checkpoint blockade therapy, chimeric antigen receptor T cell
therapy and cancer vaccines, have been developed and shown promising
therapeutic responses in the clinic [3-6]. Among these immunother-
apies, cancer vaccines that can elicit long-lasting tumor specific immune
responses have attracted great attention [7-9]. Compared with tradi-
tional live-attenuated or inactivated vaccines, subunit vaccines based on
protein/peptide antigen have been extensively investigated owing to
their relatively low costs and improved safety [10-13]. However, pro-
tein or peptide antigen is easy to be degraded and quickly cleared in
vivo, which can only induce weak and transient immune response [14].
One promising strategy to address these problems is to develop a vaccine
based on nanoparticles [15-20]. Up to now, various carriers, including
gold nanoparticles, liposomes, mesoporous silica nanoparticles, poly
(lactic-co-glycolic acid) nanoparticles, polymer nanoparticles and DNA
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materials, have been explored to co-deliver antigen and adjuvant into
APCs [21-26]. Although significant progress has been made, these
methods also have their shortcomings, such as tedious and lengthy
synthetic procedures, cumbersome preparation process of these formu-
lations and the requirement of modification of antigen, which inevitably
would result in low efficiency in eliciting antigen-specific immunoge-
nicity [27-29]. Therefore, there is a growing demand for more easily
manufactured vectors, which can not only deliver intact antigen and
adjuvant to the same APC, but also raise strong immune responses.
Self-assembly plays a vital role in regulating the functionalities of
many biological systems [30-35]. Proteins, peptides, and even amino
acids have been employed as building blocks to construct various self-
assembled supramolecular nanomaterials for a wide range of potential
applications [36-41]. Hydrogels formed by peptide self-assembly have
been applied for immunomodulation, inducing antigen specific humoral
immunity and cellular immune response [42]. In addition, compared
with peptides, amino acids and their derivatives (e.g., fluo-
renylmethyloxycarbonyl (Fmoc) modified amino acids) have simple
structure, good biocompatibility, repeatability and operability [43],
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thus, they have greater attraction and potential in the self-assembly of
functional supramolecular nanocarriers for drug delivery. However,
there are few reports on these self-assembled nanomaterials for efficient
protein antigen encapsulation and delivery. Therefore, it is necessary to
prepare and expand new amino acid derivatives to construct functional
self-assembled nanoparticles to achieve efficient delivery of protein
antigen and oligonucleotide adjuvant for immunotherapy.

Herein, we investigated the ability of a combinatorial library of DIBO
protected amphiphilic arginine derivatives (DA1-6) and multi-claw
azide functionalized small molecule crosslinkers (C1-3) (their syn-
thetic routes were shown in Fig. 1A and B) as building blocks for func-
tional supramolecular self-assembled nanovectors to enable
intracellular delivery of protein antigen and oligonucleotide adjuvant.
The negatively charged OVA and CpG can be easily incorporated into the
structure of amphiphilic arginine derivatives by simply mixing them
together at room temperature, and the architecture of this self-
assembled nanocomposite can be further strengthened by the intro-
duction of cross-linking agent (Fig. 1C). The nanovaccine constructed
with this self-assembly scheme showed enhanced DC uptake and much
more antigen cross-presentation to trigger DC maturation. After subcu-
taneous injection, such nanovaccine could effectively migrate to lymph
nodes and elicit strong immune responses to achieve effective prophy-
lactic and therapeutic effect. Therefore, our work highlights the great
potential of the self-assembled clickable amino acid derivatives as an
attractive and powerful tool for the development of nanovaccines for
cancer immunotherapy.
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2. Results
2.1. Preparation and screening of high efficiency protein transporter

We first investigated and screened effective antigen delivery carriers
by the combination assembly of different amino acid derivatives DA1-6
and multi-claw cross-linking agents C1-3. As shown in Fig. 2A, self-
assembled nanoparticles can easily be formed after dissolving amphi-
philic arginine derivatives DA1-6 into aqueous solution. Antigen OVA
can be incorporated into the structure of self-assembled nanoparticles
based on hydrophobic and electrostatic interactions. And the architec-
ture of self-assembled nanoparticles can be further strengthened by the
introduction of cross-linking agents C1-3. The agarose gel retention
assay in Fig. 2B indicated that amphiphilic arginine derivatives with
longer alkyl chain, such as DA5 and DA6, had good OVA encapsulation
ability. In addition, the introduction of cross-linking agents further
enhanced their protein entrapment efficiency, and cross-linker C1 and
C3 showed better improvement in protein encapsulation capability than
that of cross-linker C2. Next, the intracellular OVA delivery efficiency of
various self-assembled nanoparticles was evaluated by co-culturing
RAW 264.7 cells with FITC-OVA loaded nanocomposites. Quantitative
flow cytometry analysis in Fig. 2C showed that most FITC-OVA loaded
nanocomposites could pass through the cell membrane and effectively
transport the encapsulated OVA into the cytoplasm. Among them, the
nanoformulation based on the combination of C1 with DA6 (DA6C1)
exhibited the best endocytosis effect, and it also showed efficient
encapsulation of other proteins, such as bovine serum albumin (BSA)

(Fig. S1). Therefore, these data indicated that self-assembled
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Fig. 1. DBCO functionalized amphiphilic amino acid derivatives were designed for constructing functional materials for effective cancer immunotherapy. (A)
Synthetic routes of DBCO functionalized amphiphilic amino acid derivatives DA1-6 and (B) the multi-claw cross-linking agents C1-3. (C) Schematic illustration of

representative self-assembled nanovaccine for effective cancer immunotherapy.
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Fig. 2. Combination screening of effective protein antigen carriers. (A) Schematic diagram of the formation of self-assembled protein antigen nanoparticles. (B)
Agarose gel retention assay for evaluating the protein encapsulation efficiency of different combinations of self-assembled nanoparticles. (C) Flow cytometry
quantitative analysis of intracellular FITC-OVA delivery efficacies of various self-assembled nanoformulations.

nanoparticles based on DA6C1 appeared to be the most potential protein
antigen nanocarrier for immunotherapy.

2.2. Characterization of different nanoformulations

Further studies were employed to elucidate the nanostructures of
various nanoformulations based on the self-assembly of DA6. As shown
in Fig. 3A, amphiphilic DA6 itself was prone to self-assemble into
nanoparticles based on z-n stacking interaction, and spherical nano-
particles were observed by transmission electron microscopy (TEM).
Dynamic light-scattering (DLS) experiments revealed that the average
diameter of DA6 nanoparticles was approximately 100 nm (Fig. 3B). The
addition of crosslinker C1 into the aqueous solution of DA6 had no effect
on its spherical morphology, but just increased the size due to the less
compact arrangement. Similarly, further encapsulation of OVA and CpG
only increased the particle size and greatly reduced the zeta potential of
DA6C1/0VA (Fig. 3C). To gain insight into the molecular configuration
and arrangement of the self-assembled nanostructures, UV-vis absorp-
tion, fluorescence and circular dichroism (CD) spectrum were applied to

investigate the intermolecular interactions within various nano-
formulations. As shown in Fig. 3D, DA6 has strong absorption in the
wavelength range of 280 nm to 310 nm. However, after the introduction
of C1, the absorption disappeared and the fluorescence was enhanced
(Fig. 3E), which indicated that the effective chemical crosslinking
occurred via copper free click reaction. In addition, neither the encap-
sulation of OVA nor the further binding with CpG caused further
changes in the absorption or fluorescence of DA6C1, implying that the
nanocomposites were formed mainly through coordination driven self-
assembly. Moreover, the CD spectra shown in Fig. 3F revealed that
DA6 was in a random unstructured aggregation state in aqueous solu-
tion. The addition of cross-linking agent C1 only caused the red shift of
the CD signal around 195-200 nm, but did not change the conformation.
Similarly, encapsulation of antigen OVA with DA6C1 nanoparticles did
not induce the conformation change of antigen protein OVA. These re-
sults collectively implied that self-assembled nanoparticles based on
DA6C1 could be employed as carriers for protein antigen and oligonu-
cleotide adjuvant delivery.
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Fig. 3. Characterization of nanoformulations based on self-assembly of DA6C1. (A) TEM images, (B) size distribution and (C) zeta potentials of various complexes
based on DA6C1. (D) UV-visible absorption, (E) fluorescence and (F) CD spectra of various self-assembled nanoparticles based on DA6C1.
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2.3. Cell uptake and in vitro immune activation

Nanovaccines must be endocytosed into the cytoplasm to achieve the
specific immune response and protective effect, therefore, the cell up-
take of nanovaccines based on DA6C1 was evaluated. Fig. 4A showed
the confocal fluorescence images of BMDCs after incubation with the
combination of FITC labeled OVA (OVA-FITC) and rhodamine labeled
CpG (CpG-ROD) or DA6C1 based nanovaccines co-loaded with OVA-
FITC and CpG-ROD. Negligible fluorescence was observed in free
OVA+CpG group, in contrast, strong fluorescence of OVA-FITC and
CpG-ROD was observed in DA6C1 nanovaccine group, indicating that
DAG6C1 based nanovaccine could significantly enhance the cellular up-
take of OVA and CpG. Such a phenomenon was further confirmed by
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flow cytometric analysis (Fig. 4B). In addition, the co-localization of
green/red fluorescence signals validated that both the antigen OVA and
adjuvant CpG were internalized into the same DCs.

Next, the effect of DA6C1 based nanovaccine on the antigen cross-
presentation and the maturation of DCs was further investigated. Flow
cytometry analysis was employed to analyze the percentage of
SIINFEKL" DCs and CD86"CD80" DCs to evaluate the efficiency of an-
tigen cross-presentation and DC maturation. The results showed that
DAG6C1 based nanovaccine significantly increased the levels of antigen
cross-presentation (Fig. 4C, E) and DC maturation (Fig. 4D, F), while no
appreciable DC stimulation effect was observed in cells treated with free
OVA+CpG. In addition, compared with the nanovaccines only encap-
sulated with antigen, the nanovaccines obtained after adding CpG
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Fig. 4. In vitro BMDC uptake and activation by nanovaccines based on DA6C1. (A) Confocal fluorescence images of BMDCs after incubation with the combination of
free OVA-FITC and CpG-ROD or DA6C1 nanovaccine co loaded with OVA-FITC and CpG-ROD for 20 h. Nucleus were stained with DAPI (blue channel). Scale bar = 5
pm. (B) FACS analysis of BMDCs incubated with OVA-FITC and CpG-ROD loaded DA6C1 nanovaccines to compare the cellular uptake efficiency of OVA antigen and
CpG adjuvant. (C, D) Representative flow cytometry data and (E, F) the statistical data to show OVA antigen cross-presentation efficiencies and DC maturation
induced by free OVA+CpG or different nanovaccine formulations in vitro. Cells were stained with antibodies against CD11c as the DC marker as well as CD80 and
CD86 as DC maturation markers (gated from CD11c). (G) Secretion of TNF-a and (h) IL-6 from BMDCs after treated with free OVA+CpG or different nano-

formulations (**p < 0.01; ***p < 0.001;
of this article.)

**p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
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showed more significant antigen cross-presentation and DC maturation
effect, suggesting that the simultaneous delivery of antigen and adjuvant
to the same APCs was critical to enhance cellular immunity. Moreover,
the secretion of immunostimulatory cytokines was recorded by the
enzyme-linked immunosorbent assay (ELISA). As shown in Fig. 4G and
H, the highest production of tumor necrosis factor alpha (TNF-a) and
interleukin 6 (IL-6) was also found from DCs after treatment with OVA
and CpG co-loaded DA6C1 based nanovaccine, which was consistent
with the mature data of DC. Besides, no apparent cellular toxicity of
DA6C1 could be observed, indicating that the good biocompatibility of
the nanovector (Fig. S2).

2.4. In vivo tracking of labeled nanovaccine

To evaluate the ability of nanovaccines to migrate to draining lymph
nodes, mice were subcutaneously injected with the combination of free
rhodamine labeled OVA (OVA-ROD) and CpG, OVA-ROD or CpG co-
loaded DA6C1 nanovaccine in the tail base, and then the migration ef-
ficacy of the different formulations was monitored at 1, 8, 16, 24 h post
injection using in vivo fluorescence imaging (Fig. 5A, B). Compared with
free OVA+CpG, DA6C1 based nanovaccines were more efficiently
accumulated in the draining inguinal lymph nodes. In addition, ex vivo
fluorescence imaging of major organs and lymph nodes taken at 24 h
post-injection further confirmed that the DA6C1 based nanovaccine can
specifically migrate to lymph nodes (Fig. 5C). Moreover, the fluorescent
signal at the site of administration was also monitored by in vivo im-
aging system. As shown in Fig. 5D and E, the fluorescence of free
OVA-+CpG decreased rapidly and no fluorescence can be detected 5 days
post-injection. In contrast, the nanovaccines based on DA6C1 were
cleared gradually, and fluorescence could still be detected 15 days after
injection, indicating that our self-assembled nanoparticles can effec-
tively protect antigens and enhance their retention rate.

2.5. In vivo immunostimulatory activities

We have assessed the effects of different antigen formulations on DC
maturation in vitro, and then we continued to evaluate the abilities of
these vaccines to improve DC maturation in vivo. Mice were subcuta-
neously immunized with PBS, OVA+CpG, DA6C1/0OVA or DA6C1/
OVA/CpG with equal amount of OVA (2.5 mg/kg) and CpG (100 pg/kg),

Journal of Controlled Release 337 (2021) 306-316

respectively. To explore the effect of various antigen and adjuvant for-
mulations on the immunological responses, mice were sacrificed on day
7 post final immunization to collect their inguinal draining lymph nodes
to evaluate the efficiency of antigen cross-presentation and DC matu-
ration (Fig. $3). The percentages of SIINFEKL™ DCs and CD86"CD80™
matured DCs were greatly increased in DA6C1 based nanovaccines
compared with PBS and free OVA+CpG groups (Fig. 6A, B). Moreover,
the highest levels of immunostimulatory cytokines including TNF-a,
IFN-y and IL-6 were also found in the serum of mice treated with
DA6C1/0OVA/CpG (Fig. 6C-E). These results indicated that the DA6C1
based nanovaccines could more efficiently elicit in vivo immune re-
sponses than other groups.

The immunostimulatory effects of various antigen formulations on
antigenic specific humoral immune response were evaluated. Compared
with free OVA+CpG, DA6C1/OVA/CpG significantly increased OVA-
specific IgG titers (Fig. 6F), which could be due to the reason that
DAG6C1 nanocarriers facilitated the effective migration of nanovaccines
to the lymph nodes and enabled the co-delivery of OVA and CpG into the
same APCs, thus generating much high immune responses. Moreover,
the activation of antigen-specific CD8" and CD4" T cells, which are
critical to induce cellular and humoral immune response, was also
evaluated. After three times of inoculation, the splenocytes were har-
vested and stimulated with OVA (50 pg/mL), and the cells were stained
with antibodies of FITC-anti-CD3 and APC-anti-CD4 or PE-anti-CD8 for
FACS analysis (Fig. S4). As shown in Fig. 6G and H, DA6C1/0VA/CpG
treatment exhibited the highest induction of CD4" T cells and CD8" T
cells proliferation compared with PBS, OVA+CpG. In order to further
evaluate the cytotoxicity of endogenous T cell response, the production
of IFN-y in re-stimulated splenocytes was detected by ELISA. Fig. 61
showed that the levels of IFN-y were significantly increased in DA6C1/
OVA/CpG group compared with other groups. These results indicated
that the nanovaccines based on DA6C1 can effectively induce humoral
and cellular immunity and promote the differentiation of T cells into
CTLs. Furthermore, the most important role of vaccination (Vac.) is that
the body's immune system can respond quickly and effectively when
exposed to the same pathogen. Hence, CCK-8 assay was performed to
evaluate the effect of different antigen formulations on splenocyte pro-
liferation responses. As shown in Fig. 6J, under the re-stimulation of
OVA, the highest proliferation was observed in splenocytes collected
from mice immunized with DA6C1/0VA/CpG, which could promote the
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Fig. 5. In vivo tracking of DA6C1 based nanovaccines. OVA-ROD and CpG was formulated with DA6C1 nanocarrier and subcutaneously injected into C57BL/6 mice
on their tail base. (A) In vivo fluorescence images and (B) quantified fluorescence signals in the draining inguinal lymph nodes at different time points after sub-
cutaneously injection of free OVA+CpG or DA6C1/0VA/CpG. (C) Images of major organs (heart, liver, spleen, lung and kidney) and lymph nodes isolated after 24 h
injection. (D) Representative fluorescent images and (E) quantified fluorescent intensity on the injection site at different time points after subcutaneously injection.
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Fig. 6. Flow cytometry analysis of in vivo immune response. Statistic data to show OVA antigen cross-presentation (A) and DC maturation (B) induced by different
antigen and adjuvant formulations in vivo. DCs isolated from the lymph nodes on day 7 post immunization. C-E, The production of TNF-a (C), IFN-y (D) and IL-6 (E)
from the serum of mice after immunized with Mice were immunized with PBS, OVA + CpG, DA6C1/0VA or DA6C1/0VA/CpG subcutaneously. The doses of OVA and
CpG were 2.5 mg/kg and 100 pg/kg, respectively. (F) The anti-OVA IgG secretion in mouse serum determined by ELISA. G-H, The percentages of CD4" (G) and CD8 *
T cells (H) in splenocytes purified from mice immunized by SC injection on day 0, 7 and 14. Twenty-one days later, mice were sacrificed and the isolated splenocytes
were restimulated with OVA (50 pg/mL) for 72 h at 37 °C. (I) The production of IFN-y after splenocytes stimulated ex vivo for 72 h. (J) Splenocytes proliferation
measured by CCK-8 assay. The isolated splenocytes were incubated with OVA (50 pg/mL) for 48 h. (*p < 0.05; **p < 0.01; ***p < 0.001; *p < 0.001).

strong immune response and was promising in prevention and compared to untreated PBS control group and free OVA+CpG group.
immunotherapy. And the tumor progression was further retarded by vaccination with
DA6C1/0VA/CpG. Furthermore, survival rate analysis (Fig. 7D) showed
that mice treated by PBS and free OVA+CpG were euthanized within 23
days. In contrast, DA6C1/0OVA immunization prolonged the survival
time to 33 days. More importantly, the survival rate of the mice treated
with DA6C1/0OVA/CpG was greatly increased 60% on day 45 and 2 out
of 5 mice in this treatment group became tumor-free for over 100 days.
Thus, these results demonstrated that DA6C1 based nanovaccine can
improve the vaccination effect.

2.6. Prophylactic effect of nanovaccines

To investigate the in vivo tumor challenge, we evaluated the pro-
phylactic effects of various vaccine formulations by using an E.G7-OVA
tumor model. As illustrated in Fig. 7A, mice were vaccinated with
different formulations including OVA+CpG, DA6C1/0VA or DA6C1/
OVA/CpG for three times at 1 week intervals. PBS was used as negative
control. Seven days post the final vaccination, 5 x 10° E.G7-OVA tumor
cells were subcutaneously injected into the mice. As shown in Fig. 7B
and C, DA6C1/OVA treatment exhibited delayed tumor growth
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Fig. 7. Antitumor activities of various nanoformulations as prophylactic vaccines. (A) Schematic illustration of the tumor challenge experiment design. Mice were
immunized three times with an interval of 1 week with different formulations. Twenty one days later, 5 x 10° E.G7-OVA tumor cells were inoculated subcutaneously.
(B) Individual tumor growth curves and (C) average tumor growth curves from mice injected with tumor cells (**p < 0.01; ***p < 0.001). (D) Percentage of survival
rate of mice after tumor challenge.
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2.7. In vivo antitumor activity

Cancer vaccine can be combined with checkpoint blockade therapy
to relieve immunosuppression and further the therapeutic effect.
Therefore, we subsequently examined the therapeutic effect of DA6C1/
OVA/CpG nanovaccine combined with the programmed death-1 anti-
body (anti-PD1) on established E.G7-OVA tumors. According to the
treatment scheme shown in Fig. 8A, after inoculation of E.G7-OVA
tumor cells on day 5, mice were subcutaneously immunized with
various formulations for three times on days 5, 11, and 17. Anti-PD1 was
intraperitoneally injected at the dose of 150 pg per mouse on day 5, 8,
11, 14 and 17 for comparison or combination therapy. PBS was used as
the control group. It was shown that tumor growth was rapid in anti-PD1
group and free OVA+CpG group (Fig. 8B). While DA6C1/0VA/CpG
could effectively inhibited tumor progression and improved the survival
rate. Notably, DA6C1/0OVA/CpG nanovaccine combined with anti-PD1
blockade immunotherapy strategy further enhanced the therapeutic
effect and significantly prolonged the survival time (Fig. 8C). Histolog-
ical analysis using H&E staining revealed that DA6C1/0VA/CpG/anti-
PD1 exerted the strongest inhibitory effect on the progression of
tumor cells (Fig. S6A). Furthermore, no damage to healthy organs such
as heart, liver, spleen, lung, and kidney were observed during treatment,
indicating that DA6C1 based delivery systems have good biocompati-
bility (Fig. S7). All these results suggested that DA6C1/OVA/CpG
nanovaccine in combination with checkpoint blockade may be a
promising strategy for tumor immunotherapy.

A
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The effective infiltration of CTLs and restriction of Tregs in tumor
environment play an important role in the effective treatment of tumor.
To investigate the potential mechanism of the developed nanovaccines
in anti-tumor progression, immunized mice were sacrificed at day 4
after the final immunization, and tumor samples were collected and
analyzed by FACS and immunofluorescent staining. FACS analysis in
Fig. 8D showed that compared with anti-PD1 and free OVA+CpG group,
the number of CD4" T and CD8" T cells in tumor tissues from mice
treated by DA6C1/0VA/CpG was increased (Fig. 8E, F). When combined
with anti-PD1, the percentage of CD8™ T cells were further increased,
which was confirmed by immunofluorescence staining of CD8" T cells
that the strongest infiltration of CD8" T cells was found in the DA6C1/
OVA/CpG/anti-PD1 treatment group (Fig. S6B). Meanwhile, the lowest
proportion of Tregs (CD4 Foxp3™) was also demonstrated in DA6C1/
OVA/CpG/anti-PD1 combination group (Fig. S5, 8G). In addition, the
secretion of IFN-y in the tumor was greatly elevated after vaccination
with DA6C1/0OVA/CpG nanovaccine, and the highest production of IFN-
y was observed in combination with anti-PD1 immunotherapy (Fig. 8H,
S6C). Overall, these results indicated that DA6C1/OVA/CpG nano-
vaccine combined with anti PD-1 immunotherapy can effectively in-
crease the infiltration of CTLs and reduce the suppression effect of Tregs
cells, thus effectively inhibiting the growth of tumor.

3. Discussion

The function of maintaining intracellular homeostasis and life system
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Fig. 8. Antitumor effect of different nanovaccines combined with anti-PD1 checkpoint blockade. (A) Schematic illustration showed the experimental design of
nanovaccines combined with anti-PD1 therapy. Mice were inoculated subcutaneously with 5 x 10° E.G7-OVA tumor cells and treated by various formulations for
three times on days 5, 11, and 17. Anti-PD1 was intraperitoneally injected at the dose of 150 pg per mouse on day 5, 8, 11, 14 and 17 for comparison or combination
therapy. PBS was used as the control group. (B) Average tumor growth curves and (C) percentage of survival rate of mice after various treatments. (D) Representative
FACS plots of T cells in tumor tissues. The percentages of (E) CD4™ T cells, (F) CD8" T cells, (G) regulatory T cells, and (H) the production of IFN-y in tumors were

determined by flow cytometry analysis (*p < 0.05; **p < 0.01; ***p < 0.001; *
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is based on supramolecular assembly of sequence specific polymers,
such as nucleic acids, proteins and peptides. Among them, peptides have
attracted much attention due to their biocompatibility and chemical
versatility. [37] They have been employed as building blocks to
construct different supramolecular nanomaterials for a wide range of
potential applications. Hydrogels formed by peptide self-assembly could
apply for immunomodulation, inducing antigen specific humoral im-
munity and cellular immune response. [42] However, the requirement
of covalent conjugation of antigen or the introduction of additional
heating-cooling process hinders the further development of peptide
derivatives for immunotherapy. In addition, it has been shown that the
short peptide composed of two or three amino acids can be used as a
powerful self-assembly motif. [43] For example, the well-known
diphenylalanine peptide has been widely used to prepare various su-
pramolecular self-assembled nanomaterials. [44,45] Nevertheless, non-
aqueous solvents are not only an essential condition for the self-
assembly of short peptides, but also exert a significant impact on the
nanoscale morphology of short peptide self-assemblies, which seriously
hinders their applications in drug delivery. At the same time, there are
few reports on the supramolecular self-assembled functional nano-
materials based on single amino acid. Compared with peptides, amino
acids have simpler structure, better biocompatibility, repeatability and
operability, therefore, they have greater attraction and potential in the
self-assembly of functional supramolecular nanocarriers for drug de-
livery. [46,47]. Therefore, in this study, we designed and screened a
series of clickable amino acid derivatives as building blocks of functional
supramolecular self-assembly nanoparticles to realize the intracellular
delivery of protein antigen and oligonucleotide adjuvant into the same
DCs to enhance the immune response. The traditional amino acid pro-
tecting group Fmoc was changed to DIBO functional group for copper
free click chemistry, which can efficiently expand the types of self-
assembled materials under mild conditions, strengthen the self-
assembly behavior and avoid any non-aqueous solutions that might
inactivate protein and nucleic acid. TEM and DLS experiments revealed
that self-assembled nanoparticles can be easily formed with size of about
100 nm after dissolving these amphiphilic arginine derivatives into
aqueous solution. Agarose gel retention assay indicated that OVA can be
incorporated into the structure of self-assembled nanoparticles, and the
introduction of cross-linking agents can further enhance the loading
capability of these nanoparticles. Through in vitro combinatorial
screening, we found that self-assembled nanoparticles based on DA6C1
had high antigen and adjuvant loading capacity and cellular endocytosis
efficiency, indicating that nanovaccines based on DA6C1 tuned self-
assembly has great potential in immunotherapy.

As an important type of APCs, DCs play a crucial role in inducing
adaptive immunity by activating T cells. Nanovaccines can greatly
determine the efficiency of antigen uptake and intracellular localization,
thus affecting the specific immune response and protective effect. The
confocal fluorescence images of BMDCs incubated with OVA and CpG
co-loaded DA6C1 nanovaccines demonstrated that DA6C1 could
significantly enhance the cellular uptake of OVA and CpG, and inter-
nalize them into the same DCs, which would be beneficial to induce
stronger immune response and more effective immune activity. The
results showed that DA6C1/0OVA/CpG nanovaccine could significantly
improve the efficiency of antigen cross presentation and DC activation
(Fig. 4C-F), while free OVA+CpG had little effect on the stimulation of
DC maturation, which was consistent with the fact that naked negative
charged antigen and nucleic acid can hardly enter the cytoplasm and
were also easy to be degraded by enzymes. Moreover, this nanovaccine
could also produce high levels of TNF-a and IL-6 (Fig. 4G and H), which
are cytokines highly related to antitumor immunity. Overall, these re-
sults suggested that the nanovaccine based on DA6C1 tuned self-
assembly of OVA and CpG can greatly enhance the immune response,
thus becoming an effective method for DC activation. In addition, we
evaluated the abilities of these vaccines to improve DC maturation in
vivo. DA6C1 based various nanovaccines could significantly improve
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the DC maturation and antigen cross-presentation in mice by increasing
the percentages of CD11c" SIINFEKL'DCs and CD86"CD80" matured
DCs. In addition, high secretion of immunostimulatory cytokines
including TNF-q, IFN-y and IL-6 were also found in the serum of mice
treated with DA6C1/0OVA/CpG nanovaccine. Moreover, this nano-
vaccine could also increase the production of anti-OVA IgG titres in the
serum of mice, enhance the activation of antigen-specific CD8" and
CD4" T cells, and promote the prolifieration of splenocytes. Therefore,
the strong in vivo immune responses induced by DA6C1/0OVA/CpG
nanovaccine demenstrated its promising role in prevention and treat-
ment of cancer.

After vaccination by using an E.G7-OVA tumor model, DA6C1/OVA/
CpG nanovaccine exhibited superior to other formulations in delaying
tumor development and improving survival rate. The treatment of
established tumors showed that DA6C1/0OVA/CpG nanovaccine signif-
icantly inhibited tumor progression and induced effective CTL infiltra-
tion. More importantly, DA6C1/0VA/CpG nanovaccine combined with
anti-PD1 therapy was more effective in alleviating tumor immunosup-
pression, increasing the proliferation and infiltration of CTLs, thus
leading to better anti-tumor treatment effect. Taken together, these re-
sults demonstrated the great potential of clickable amphiphilic amino
acid derivatives tuned self-assembly of antigen and adjuvant as a
convenient and powerful strategy for the development of nanovaccine to
improve cancer immunotherapy.

4. Materials and methods
4.1. Materials

6-aminohexan-ol and 10-aminodecan-1-ol were purchased from
9dingchemistry (Shanghai, China). L-arginine and D-arginine was pur-
chased from Alfa Aesar (Shanghai, China). Other chemical reagents
were bought from energy chemical (Beijing, China). Ovalbumin (OVA)
was obtained from Sangon Technology (Shanghai, China). CpG (5'-TCC
ATG ACG TTC CTG ATG C-3") and Rhodamine-labeled CpG-ROD (5'-
Rhodamine-TCC ATG ACG TTC CTG ATG-3') were synthesized by San-
gon Technology (Shanghai, China). DAPI was purchased from solarbio
(Beijing, China). And, TNF-a, IL-6, IFN-y ELISA Kit was also obtained
from solarbio (Beijing, China). Fluorescence labeled CD11lc, CD8O0,
CD86, SIINFEKL/H-2 kb, CD3, CD4, CD8, Foxp3 antibody, FITC-
conjugated antimouse IFN-y and HRP-conjugated antimouse IgG were
obtained from Biolegend (San Diego, USA). Recombinant mouse GM-
CSF and IL-4 were purchased from PeproTech (Rocky Hill, USA). RAW
264.7 cell line was bought from National Infrastructure of Cell Line
Resource (Beijing, China). E.G7-OVA cell line was purchased from Bio-
leaf (Shanghai, China).

4.2. Agarose gel retention assay

OVA (8 pg) were respectively mixed with DA1, DA2, DA3, DA4, DA5
and DA6 at a certain mass ratio of 1:4. Then crosslinking agents C1-C3
were respectively added to the mixture at a certain molar ratios. For
C1 and C2, the molar ratio of C1 or C2 to DA1-6 was 1:3, for C3, the
molar ratio of C3 to DA1-6 was 1:4. All samples were subjected to 1 h
electrophoresis on 1% agarose gel and then the images were collected by
gel imaging instrument (Gel Doc Bio-Rad).

4.3. Uptake of OVA-FITC by RAW264.7 cells

Cellular uptake studies were performed in RAW264.7 cells at an
initial cell density of 1 x 10* in 96-well plate. After overnight incuba-
tion, cells were treated with various OVA-FITC nanoformulations and
incubated for another 8 h. The cells were then slowly washed with PBS
and stained with DAPI after fixing with paraformaldehyde. Cell images
were acquired by fluorescence microscopy (Olympus IX 51). After that,
the cells were trypsinized, centrifuged and resuspended in PBS for flow
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cytometry analysis.
4.4. Cytokine release in RAW264.7

RAW264.7 cells were seeded in 24 well plates with a cell density of 4
x 10* cells per well. After overnight incubation, the cells were washed
with PBS and treated with different nanoformulations including
OVA+CpG, DA2C3/0VA, DA2C3/0VA/CpG, DA4C3/0OVA, DA4C3/
OVA/CpG, DA5C1/OVA, DAS5C1/OVA/CpG, DA6C1/OVA, DA6C1/
OVA/CpG with equal concentration of OVA (10 pg/mL) and CpG (0.4
pg/mL). After incubating for another 8 h, the media were collected and
centrifuged at 12000 rpm for 15 min at 4 °C. The levels of TNF-a were
determined by enzyme-linked immune sorbent assay (ELISA) according
to the instructions.

4.5. Bone marrow-derived dendritic cells

Bone marrow-derived DCs (BMDCs) were collected from the bone
marrow of C57BL/6 mice. Briefly, after repeated washing of mouse bone
marrow, the cell suspension passed through a 200 mesh cell sieve. Then
red blood cell (RBC) lysate was added to remove red blood cells. The
RBC depleted bone marrow cells (3 x 100 cells/mL) were plated ina 12
well plate in complete 1640 medium supplemented with GM-CSF (20
ng/mL) and interleukin-4 (10 ng/mL) at 37 °C and 5% CO5. The culture
medium was removed and replenished every three days, and the cells
could be used for relative experiments after one week of culture.

4.6. Cellular uptake and cytotoxicity studies

In the cell uptake study, free OVA+CpG and DA6C1/OVA-FITC/CpG-
ROD were incubated with immature BMDCs respectively. After over-
night incubation, DAPI was used to locate the nuclei. The cells were then
imaged by confocal microscopy (Becton Dickinson, San Jose, CA) and
analyzed by flow cytometry after digestion. The cell cytotoxicity was
determined by the cell counting kit-8 (CCK-8) assay following the
standard protocol.

4.7. Invitro BMDCs activation, antigen cross-presentation and cytokine
release analysis

Immature BMDCs cells (3 x 10° cells/mL) were implanted in a 12
well plate for 12 h and then treated with OVA+CpG, DA6C1/0VA and
DA6C1/0OVA/CpG with equal concentration of OVA (10 pg/mL) and
CpG (0.4 pg/mL). After 24 h of incubation, the supernatants of BMDCs
were measured by ELISA to determine the release of TNF-a and IL-6
following the instructions. Flow cytometry analysis was performed to
analyze the percentage of antigen cross-presentation and activation of
DCs. Cells and suspended in PBS were incubated with Cy5.5-anti mouse
CD11c, APC-anti SIINFEKL / H-2Kb for 30 min at low temperature for
antigen cross-presentation assay or with Cy5.5-anti mouse CD11c, APC-
anti mouse CD80 and FITC-anti mouse CD86 for DC maturation analysis.

4.8. Animal model

All animal experiments were carried out in compliance with the re-
quirements of the National Act on the Use of Experimental Animals
(People's Republic of China) and were approved by the Experimental
Animal Ethical Committee of Chongqing University Cancer Hospital.
Female C57BL/6 mice (16-20 g) were supplied by the Animal Center of
Chongqing Medical University (Chongging, China).

4.9. In vivo tracking of various labeled vaccine formulations
To observe antigen persistence at the site of vaccination and

migration to the draining lymph nodes, OVA were labeled by Rhoda-
mine (ROD). Various labeled vaccine formulations including OVA-ROD/
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CpG or DA6C1/ OVA-ROD/CpG were injected subcutaneously into the
tail base of C57BL/6 mice. Small animal imaging system (IVIS Lumina
I11) was utilized to observe in situ ROD fluorescence at the injection site
and draining inguinal lymph nodes at different time points. 24 h post
injection, major organs including heart, liver, spleen, lung, kidney and
inguinal lymph nodes were excised from euthanized mice for ex vivo
ROD fluorescent imaging.

4.10. Prophylactic vaccination and tumor challenge

C57BL/6 mice were subcutaneously inoculated with different vac-
cine formulations including OVA+CPG, DA6C1/0OVA or DA6C1/0OVA/
CpG with equal amount of OVA (2.5 mg/kg) and CpG (100 pg/kg) every
seven days for a total of three times. PBS was used as the control group.
At day 21, the immunized mice were injected subcutaneously with E.G7-
OVA cells (5 x 105). The tumor sizes and survival rate of the mice were
measured every other day during the experiment. The tumor volume
was calculated by using the following equation: tumor volume V (mm®)
=Lx W x W/2 (L: tumor length, W: tumor width).

4.11. Therapeutic effect in combination with anti-PD1

C57BL/6 mice were injected subcutaneously with E.G7-OVA cells (5
% 10°). On the fifth day after tumor cell inoculation, mice were subcu-
taneously inoculated with different vaccine formulations including
OVA+CPG, DA6C1/0OVA or DA6C1/0OVA/CpG with equal amount of
OVA (2.5 mg/kg) and CpG (100 pg/kg) every six days for a total of three
times. Alternatively, mice from some groups were intraperitoneally
injected with anti-PD1 at the dose of 150 pg per mouse on day 5, 8, 11,
14 and 17 for comparison or combination therapy. PBS was used as the
control group. The tumor sizes and survival rate of the mice were
measured every other day. Mice were euthanized when the tumor vol-
umes reached 3000 mm?®. On the 21st day, the tumor of each group of
mice was separated and collected. After the cell suspension was pre-
pared by mechanical grinding, fluorescent antibodies were added as
follows. For labeling T Cells, FITC-anti mouse CD3, APC-anti mouse CD4
and PE-anti mouse CD8 were added. For labeling Tregs, FITC-anti mouse
CD3, APC-anti mouse CD4 and PE-anti mouse Foxp3 were added. Both of
them were incubated at 4 °C for half an hour. The percentage of T cells
and Tregs in tumor tissue was determined by flow cytometry. In order to
study the distribution of CD8™ T cells (CTLs) and IFN-y in tumor tissues,
frozen sections of tumor tissues were incubated with DAPI, anti-CD8-PE,
or anti-IFN-y-FITC respectively, and then observed by confocal micro-
scopy. To further evaluate the therapeutic effect, section of tumor was
stained with H&E for histology analysis. In addition, tissues section,
heart, liver, spleen, lung and kidney were stained with H&E for histo-
logical analysis to evaluate the safety of nanovaccine.

4.12. Lymph node analysis

The inguinal lymph nodes were removed from mice vaccinated with
different samples including OVA+CPG, DA6C1/0OVA or DA6C1/0OVA/
CpG, and PBS was used as the control group. Cell suspensions from the
lymph nodes were then stained with Cy5.5-anti mouse CD11c, FITC-anti
mouse CD86 and APC-anti mouse CD80 antibodies for 30 min at 4 °C to
evaluate the DC maturation. For analysis of DC cross-presentation, the
single cell suspensions were stained with FITC-anti mouse CD11c and
PE-anti mouse SIINFEKL/H-2Kb (MHC ) at 4 °C for 30 min and analyzed
by flow cytometry.

4.13. Serum levels of cytokine

Mice were inoculated with different formulations including
OVA+CPG, DA6C1/0VA, DA6C1/0VA/CpG with equal amount of OVA
(2.5 mg/kg) and CpG (100 pg/kg) every seven days for a total of three
times. PBS was used as the control group. On the 21st day after
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inoculation, sera were collected and then measured with ELISA Kkits to
determine the levels of TNF-a, IFN-y and IL-6.

4.14. Titer measurement

Serum samples were collected 7 days after the third immunization of
mice with OVA+CpG, DA6C1/0OVA or DA6C1/OVA/CpG. Micro titer
plate (96-well, Costar) was coated with OVA (10 pg/mL) in PBS (100 pL)
at 4 °C for 24 h. The wells were then washed twice with PBST (PBS
containing 0.01% Tween 20) and incubated with blocking buffer (5%
BSA in PBST) at 37 °C for 1 h. After being washed three times, 100 pL
serially diluted mouse serum (1:1000) were added to each well and
incubated at 37 °C for another 4 h. The wells were then washed three
times with PBST and incubated with 100 pL horseradish peroxidase-
conjugated goat anti-mouse IgG (diluted 1:20000 in ELISA diluted
buffer). After being incubated at 37 °C for 2 h, the wells were then
extensively washed and added with TMB solution. After incubation for
30 min at room temperature, 50 uL. H,SO4 (2 M) was added to each well
to stop color development and the absorbance was measured at 490 nm
to evaluate the production of anti-OVA IgG titers.

4.15. Splenocytes proliferation assay

Mice were inoculated with different formulations including
OVA+CPG, DA6C1/0OVA or DA6C1/0OVA/CpG with equal amount of
OVA (2.5 mg/kg) and CpG (100 pg/kg) every seven days for a total of
three times. PBS was used as the control group. Mice were sacrificed on
day 21 and splenocytes were isolated and seeded into 96-well plate.
After 8 h incubation at 37 °C in a humid atmosphere with 5% CO-, the
cells were treated with OVA (50 pg/mL) and incubated for another 72 h.
The proliferation of splenocytes was then evaluated by CCK-8 assay.

4.16. Activation of cytotoxic T-lymphocytes

According to the above described method, the splenocytes were
extracted from the spleen of immunized mice 7 d after the third im-
munization and seeded in a 24 well plate. Cells were restimulated with
OVA (50 pg/mL) for 72 h and then stained with FITC-anti mouse CD3,
APC-anti mouse CD4 or PE-anti mouse CD8 for FACS analysis. Super-
natant of splenocytes treated with different vaccine formulations were
collected and detected IFN-y by ELISA Kit.

4.17. Statistics

All results were expressed as mean values + Standard deviation, as
shown in figures. The student's t-test was used to compare the two
groups. All experimental data was analyzed by Prism software package
(prism 8.0; Graphpad software). The statistical significance threshold
was P < 0.05".
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