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Nanoparticles have been regarded as a promising vaccine adjuvant due to their innate immune
potentiation and enhanced antigen transport. However, the inefficient infiltration into the lymph node
(LN) paracortex of nanoparticles caused by subcapsular sinus (SCS) obstruction is the main challenge in
further improvement of nanovaccine immune efficacy. Herein, we propose to overcome paracortex
penetration by using nanovaccine to spontaneously and continuously release antigens after retention
in the SCS. In detail, we utilized a spontaneous retro-Diels—Alder (r-D-A) reaction linker to connect
poly{(2-methyl-2-oxazoline)go-co-[(2-butyl-2-oxazoline);s-r-(2-thioethyl-2-oxazoline)gl}  (PMBOxSH) and
peptides for the peptide nanovaccine construction. The r-D—A reaction linker can spontaneously break over
time, allowing the nanovaccine to release free antigens and adjuvants upon reaching the LN, thereby facili-

Received 30th March 2024, tating the entry of released antigens and adjuvants into the interior of the LNs. We showed that the efficacy

Accepted 6th May 2024 of the peptide nanovaccine constructed using this dynamic linker could be significantly improved, thus
DOI: 10.1039/d4tb00674g greatly enhancing the tumor inhibition efficacy in the B16-OVA model. This dynamic-covalent-chemistry-
based vaccine strategy may inspire designing more efficient therapeutic vaccines, especially those that

rsc.li/materials-b require eliciting high-amount T cell responses.

propensity for entrapment compared to their smaller counterparts

Introduction
capable of traversing the SCS."*° Given that dendritic cells (DCs)

Cancer vaccines offer a promising strategy for combating malig-

nancies." Among these, peptide-based cancer vaccines have
gained significant attention due to their rapid preparation®?
and clinical application.*® However, challenges such as antigen
instability have prompted the adoption of nano-encapsulation
technology to enhance vaccine efficacy.” Nanoparticles possess
inherent properties that facilitate their accumulation in LNs and
uptake by antigen presenting cells (APCs),> " thereby enhancing
vaccine efficacy. Nevertheless, recent investigations have revealed
that a considerable proportion of nanoparticles reaching LNs are
trapped in the subcapsular sinus (SCS) rather than penetrating
into the LNs.">'* Notably, particle size emerges as a critical
determinant, with larger nanoparticles exhibiting a higher
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and T cells within the deep paracortex zone primarily orchestrate
cellular immunity,"”*® the restricted accessibility of nanoparticles
to these regions represents a significant barrier hindering the
elicitation of robust T cell-mediated immune responses.

Nanoparticles engineered for intelligent transformation
have been widely used in drug delivery."*" In tumor tissues,
the design of drug carriers sensitive to pH, reactive oxygen
species (ROS), glutathione (GSH),?*7® etc., and the transforma-
tion of particle size,>° surface potential,**>> and other
characteristics®*® upon arrival in tumor tissues can increase
the penetration into the tumor. However, for LNs, there is no
stimulus response signal, which poses a challenge for the
design of intelligent transformation materials.?”

Dynamic covalent bonds (DCBs) are a class of bonds which
can be transformed spontaneously under certain conditions
over time.***° Such bonds include imine bonds,*° acylhydrazone
bonds,*" double bonds from the Diels-Alder (D-A) reaction,** etc.,
and have been used in the design of self-repairing materials.
Among them, the imine bond and acylhydrazone bond can
undergo reversible conversions under different pH conditions,
while the r-D-A reaction is independent of the solution pH but
typically requires elevated temperatures (> 100 °C) for effective
execution.”’ It is noteworthy that Casida et al. found that furans
and disubstituted alkynes undergo the D-A reaction to yield
bicyclic dienes with thiol reactivity, and the resulting products
can spontaneously undergo cleavage under physiological con-
ditions via the r-D-A reaction.** Further control over the rate of
the r-D-A reaction has been achieved by Finn et al. through the
introduction of functional groups such as methyl, trifluoro-
methyl, and dimethyl ester onto the bicyclic dienes.*>*® There-
fore, the bicyclic dienes, referred to as oxanorbornadiene
(OND), can be used as a linker to control the release rate
without external stimulus signals, thus meeting the require-
ments of transport to and release in LNs.

In this study, we proposed an idea to control the release of
antigens and adjuvants by using the r-D-A reaction of OND-
thiol adducts to address the problem of no stimulus signal and
the need for intelligent transformation to promote penetration
in LNs. Specifically, the antigens and adjuvants were conju-
gated to the PMBOXSH carrier via an OND linker and assembled
into nanoparticles. Upon reaching the cortex area of the LN,
the r-D-A reaction occurred, leading to the gradual release of
antigens and adjuvants. Consequently, these released compo-
nents diffused deeper into the regions of DCs and T cells within
the LNs, thereby activating CD8" antigen-specific T cell immu-
nity. We showed that r-D-A linker based nanovaccines could
elicit much more efficient cellular immune responses and
resulted in a more efficacious tumor inhibition effect as tumor
vaccines.

Material and methods/experiment
Materials

Valeric acid, n-butyl mercaptan, 3-maleimidopropionic acid
and iso-butyl chloroformate were purchased from Shanghai
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Macklin Biochemical Technology Co., Ltd (Shanghai, China).
Glutaric anhydride was purchased from Shanghai Bide Phar-
maceutical Technology Co., Ltd (Shanghai, China). 2-Methyl-
2-oxazoline, triethylamine (TEA), 3-mercaptopropionic acid
(3-MPA), methyl trifluoromethylsulfonate (MeOTf), 2-chloro-
ethanamine hydrochloride, furfurylamine, piperazine, fluores-
cein 5-isothiocyanate (FITC), tetrahydrofuran (THF, dry),
dimethylformamide (DMF, dry), ethyl acetate (EA), hexane
(HEX), dimethyl sulfoxide (DMSO), dichloromethane (DCM)
and dimethyl acetylenedicarboxylate were purchased from
Energy Chemical Co., Ltd (Shanghai, China). N,N-Diiso-
propylethylamine (DIPEA), trimethylaluminum and rhodamine
B (RhoB) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). 4-Methoxybenzyl chloride,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide  (hydrochloride)
(EDCI) and N-hydroxysuccinimide (NHS) were purchased from
Shanghai Haohong Biomedical Technology Co., Ltd (Shanghai,
China). OVA peptide,s; 64 (SIINFEKL) was purchased from
Shanghai Sangon Biotech Co., Ltd. IMDQ (CAS: 1258457-59-8)
was purchased from Suzhou Nuobeike Biotechnology Co. Ltd. All
other reagents and solvents were obtained from Sinopharm
Group Co., Ltd.

Characterization

"H NMR spectra were acquired using a Bruker AV-300 or AV-500
NMR spectrometers, utilizing either CDCl; or CD;0D as sol-
vents. ">C NMR spectra were obtained on a Bruker AV-300 NMR
spectrometer, with CDCl; employed as the solvent. UV-HPLC
analysis was conducted on an Eclassical 3100 system of Elite
Analytical Instrument, equipped with an Elite C18 column
(5 pm, 4.6 mm x 250 mm). Molecular weight parameters,
including the number-averaged molecular weight (M,) and
polydispersity index (PDI), were determined using gel permea-
tion chromatography (GPC) employing a Waters 1515 pump
and 2414 detector. Flow cytometry experiments were performed
using a BD flow cytometer (BD FACSCelesta™, USA). Particle
sizes were measured on a Malvern Zetasizer instrument by the
dynamic light scattering method (Nano-ZS90, England). Sam-
ples were imaged using a transmission electron microscope
(TEM), specifically the FEI Tecnai G2 S-Twin equipped with a
field emission gun operating at 200 kV. Scanning fluorescence
spectra were recorded using the F-320 fluorescence spectro-
photometer from TIANJIN GANGDONG SCI.&TECH. CO., Ltd.
All immunofluorescence slides were imaged using a confocal
laser scanning microscope (CLSM), specifically the Carl Zeiss
LSM 700 model from Germany. Ex vivo fluorescence images of
LNs were captured using IVIS Lumina LT III (PE, USA).

Cell lines

B16-OVA cells (murine B16 melanoma cells expressing OVA
protein) were cultured in RPMI-1640 (containing 10% FBS,
100 U mL™" penicillin, and 100 pg mL™ "' streptomycin) at
37 °C undrer an atmosphere of 5% CO,.

Bone marrow-derived dendritic cells (BMDCs) were extracted
from the bone marrow of C57BL/6 mice. Mice aged 4 to 6 weeks
were euthanized, and femurs and tibias were removed to isolate
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bone marrow cells. These cells were then transferred to RPMI-
1640 complete culture medium supplemented with GM-CSF
and IL-4 at concentrations of 20 ng mL~ ' and 10 ng mL ',
respectively. The medium was changed every two days using a
half-media exchange method, and BMDCs were collected on
the 7th day.

Animal declaration

All animal experiments adhered to the guidelines sanctioned by
the Animal Welfare and Ethics Committee of Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences
(2022-0026). Female C57BL/6 mice aged 6-8 weeks were pro-
cured from Beijing Vital River Laboratory Animal Technology
Co. Ltd (Beijing, China). Upon reaching a tumor volume of
2000 mm?®, the mice were euthanized and documented as
deceased.

Characterization of free thiol groups

A solution of 3.9 mg FITC (10.0 pmol) was prepared in 10 mL of
anhydrous DMSO. Subsequently, a 0.1 mL aliquot of this
solution was withdrawn and diluted to 3 mL using Na,COs/
NaHCO; buffer (pH = 10). Nine centrifuge tubes were prepared,
each receiving 0.1 mL of the diluted FITC solution. Among
these, three tubes were diluted to 1 mL with buffer to serve as
blank controls, three tubes received 1.0 mg of 3-MPA (9.3 pmol),
and were then diluted to 1 mL with buffer, and the final three
tubes received 11.4 mg of PMBOxSH, followed by dilution to
1 mL with buffer. After a 5-minute incubation, scanning
fluorescence spectra of the samples between 500 and 650 nm
were recorded using an excitation wavelength of 494 nm.

Characterization of the reaction process between OND and
n-butyl mercaptan

To determine the reaction time for the formation of adducts
between OND and thiol groups, 8.4 mg of n-butyl mercaptan
(93.3 umol) and 22.0 mg of OND (62.3 umol) were dissolved in
CD;0D, followed by the addition of 8.7 mg of TEA (86.0 pmol).
After vortexing, the mixed solution was transferred to an NMR
tube and subsequently positioned within a shaker at a tem-
perature of 37 °C for incubation. "H-NMR spectra were recorded
at 30 minutes and 60 minutes to monitor the reaction progress
by comparing the spectra.

After determining the reaction conditions between the OND
and the thiol group, we further investigated the rate of adduct
formation between OND and n-butyl mercaptan, as well as
the effect of temperature on the rate of adduct dissociation.
Specifically, 42.0 mg of n-butyl mercaptan (466.5 pmol) and
110.0 mg of OND (311.5 umol) were dissolved in CD;OD,
followed by the addition of 43.5 mg of TEA (430.0 pmol). The
mixed solution was vortexed and then incubated in a shaker at
37 °C for 1 hour. Subsequently, the mixture was divided into
equal portions and transferred into five NMR tubes, which were
then stored under different temperature conditions: 37 °C,
20 °C, 4 °C, —24 °C, and —80 °C. Immediately after preparation,
"H-NMR spectra were recorded, marking the start as 0 hours.
Subsequently, 'H-NMR spectra were recorded at 12 hours,
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24 hours, 48 hours, 84 hours, 120 hours, 192 hours, and 288 hours
to monitor the progression of the reaction over time. The rate of
adduct dissociation was determined by comparing spectra and
monitoring changes in the integration values of peaks near a
chemical shift of 7.4 ppm.

Preparation of nanovaccines

70 mg of PMBOxSH was dissolved in 5 mL of methanol,
followed by the addition of 30.7 mg of OND (86.9 umol) and
13.2 mg of TEA (130.0 pmol). The reaction was carried out at
37 °C for 1 hour. After the reaction, dialysis against methanol at
0 °C was conducted for 24 hours. Subsequently, the solvent was
eliminated through rotary evaporation, and the residue was
dissolved in 5 mL of DMF. To this solution, 12.5 mg of EDCI
(65.2 pumol) and 7.5 mg of NHS (65.2 umol) were added,
followed by stirring at room temperature for 30 minutes. Then,
13.48 mg of OVA peptide,s; 64 (14.0 pmol) and 5.03 mg of
IMDQ (14.0 pmol) were added to the mixture, which was then
subjected to a reaction at 0 °C for a duration of 12 hours with
HPLC monitoring. After the reaction, dialysis against DMF at
0 °C was conducted gradually exchanging DMF to PBS. After
24 hours, the liquid from the dialysis bag was transferred to a
beaker and supplemented with PBS, yielding the PMBOxS-OND-
OVA/IMDQ nanovaccine.

Following the same procedure, replacing OND with
3-maleimidopropionic acid yields PMBOxS-Mal-OVA/IMDQ.
Similarly, replacing OVA peptide,s;_,64 and IMDQ with RhoB
piperazine amide yields PMBOxS-OND-Rhodamine and
PMBOxS-Mal-Rhodamine, respectively.

Characterization of in vitro release of nanovaccines

RhoB piperazine amide, PMBOxS-Mal-Rhodamine, and PMBOXS-
OND-Rhodamine were dissolved separately in PBS. The absor-
bance intensity of each solution was measured using a UV-visible
spectrophotometer, and they were diluted to ensure consistent
absorbance intensity. Subsequently, 5 mL of each diluted solution
was transferred into three dialysis bags, which were then placed in
three separate beakers containing 100 mL of PBS each. The
beakers were incubated in a shaker at 37 °C. Periodically,
0.5 mL of solution was withdrawn from each beaker and replaced
with 0.5 mL of fresh PBS. The absorbance spectra of the with-
drawn solutions were measured using a UV-visible spectrophot-
ometer. The release amount at each time point was determined
based on a standard curve.

BMDC activation and antigen cross-presentation in vitro

For the in vitro DC activation assay, BMDCs were seeded in
a 24-well plate at a density of 3.5 x 10° cells per well.
Nanovaccines containing 5 pg mL™' ovA peptide,s; 64 Were
introduced to each well. Following a 6-hour incubation period,
the cells were harvested and processed. Subsequent staining
with antibodies (FITC anti-mouse CD11c antibody, APC-Cy7
anti-mouse MHC II (major histocompatibility complex class II)
antibody and PE/Cy7 anti-mouse CD86 antibody) was per-
formed, followed by analysis via flow cytometry.

This journal is © The Royal Society of Chemistry 2024
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Similarly, in the in vitro antigen cross-presentation assay,
BMDCs were plated in a 24-well plate at a density of 3.5 X
10° cells per well. Nanovaccines containing 5 ug mL ™' OVA
peptide,s; 264 Were introduced into each well. Following a
24-hour incubation period, the cells were collected and pro-
cessed. They were stained with antibodies (FITC anti-mouse
CD11c antibody and PE anti-mouse H2Kb/SIINFEKL antibody)
and analyzed using flow cytometry.

DC activation and antigen cross-presentation in vivo

In the in vivo DC activation experiment, female C57BL/6 mice
were administered a subcutaneous injection of 100 pL of
nanovaccine, which contained 20 pg of OVA peptide;s;_o64-
After 48 hours, mice were euthanized, and inguinal LNs were
harvested and processed by grinding and filtering through a
300-mesh nylon strainer. The collected single-cell suspension
was stained with antibodies (FITC anti-mouse CD11c antibody,
APC anti-mouse CD80 antibody and PE/Cy7 anti-mouse CD86
antibody) and analyzed using flow cytometry.

For the in vivo antigen cross-presentation experiment,
female C57BL/6 mice were subcutaneously injected with
100 pL of nanovaccine containing 20 nug of OVA peptide,s;_s64-
After 48 hours, mice were euthanized, and inguinal LNs were
harvested and processed by grinding and filtering through a
300-mesh nylon strainer. The collected single-cell suspension
was stained with antibodies (FITC anti-mouse CD11c antibody
and PE anti-mouse H2Kb/SIINFEKL antibody) and analyzed using
flow cytometry.

Lymph node accumulation analysis

RhoB, PMBOxS-Mal-Rhodamine, and PMBOxS-OND-Rhod-
amine were dissolved separately in PBS. The absorbance inten-
sity of each solution was measured utilizing a UV-visible
spectrophotometer, and they were diluted to ensure consistent
absorbance intensity. These solutions were then injected into
the tail base of C57BL/6 mice via subcutaneous injection. After
1, 2, 4, 7 and 15 days, the mice were euthanized, and inguinal
LNs were harvested for fluorescence testing.

Tumor growth inhibition

3 x 10° B16-OVA cells were injected subcutaneously at the right
flank of C57BL/6 mice on day 0 to establish the B16-OVA tumor
model. The tumor-bearing mice were randomly divided
into groups. On the 5th, 10th, and 15th days, the mice were
administered with nanovaccine containing 20 pg of OVA pep-
tide,s,-564 Via subcutaneous injection at the base of their tails.
Tumor volume and mouse body weight were monitored on
alternate days. The tumor volume was determined based on
Vernier caliper measurements using the formula: tumor
volume (V) = @ x b*/2, where a denotes the long axis and b
represents the short axis of the tumor.

ELISPOT assay

ELISPOT experiments were conducted to measure the antigen-
specific response of T cells. Firstly, 100 pL of capture anti-IFN-y
antibody diluent was added to each well of an ELISPOT 96-well
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plate and incubated overnight at a temperature of 4 °C. Subse-
quently, the plate was blocked with 10% FBS in PBS for 2 hours.
RPMI 1640 culture medium containing OVA peptide,s;_»s4 Was
added to the wells. Fresh mouse splenocytes from the treat-
ment group were then seeded into each well at a density of
3 x 10° cells per well and incubated at 37 °C for 72 hours.
Afterward, the plate was incubated with anti-IFN-y detection
antibody diluent at room temperature for a period of 2 hours.
This was followed by incubation with enzyme coupling
(streptavidin-HRP) at room temperature for an hour, after
which AEC solution was added to each well. The appearance
of spots was monitored, and the reaction was terminated with
deionized water.

Immune analysis after therapy

After the completion of treatment, blood samples were col-
lected and mixed with heparin solution. The spleen was har-
vested and pulverized. Single-cell suspensions were then
obtained by filtering through 300-mesh nylon strainers. Follow-
ing this, red blood lysis buffer was introduced to the single-cell
suspension, which was then re-suspended in FACS buffer to
yield a single-cell suspension. Subsequently, the samples were
stained using fluorochrome-conjugated antibodies, following
the manufacturer’s guidelines.

Statistical analysis

In all experiments, a minimum of three independent replicates
were conducted, with the results presented as the mean =+
standard deviation (s.d.). The statistical significance between
two groups was determined using Student’s t-test.

Results and discussion

Verification of the spontaneous release behavior of PMBOXxSH
conjugated cargos via the OND linker

POx emerges as an advantageous drug carrier owing to its
inherent biocompatibility and versatile functionalization
capabilities.*”™*° The polymer’s ability to introduce a diverse
array of functional groups enables precise manipulation and
customization of drug carrier properties. To prepare amphiphi-
lic polymer carriers containing free thiol groups, three
2-oxazoline monomers containing methyl, butyl, and thioether
side groups were selected or synthesized. The hydrophobic
2-butyl-2-oxazoline was synthesized according to our previously
reported method (Scheme S1, ESI{).* In brief, valeric acid was
activated using ethyl chloroformate. Subsequently, this acti-
vated acid underwent a reaction with 2-chloroethylamine
hydrochloride in the presence of TEA, resulting in the for-
mation of intermediate molecules. Finally, 2-butyl-2-oxazoline
was obtained by reacting with potassium carbonate. After
purification, the monomer was obtained and the structure
was verified via "H and *C NMR (Fig. S1 and S2, ESI{). Since
the thiol group is not compatible with the living cationic ring
opening polymerization of 2-oxazolines, we used 2-[2-(4-methoxy-
benzylsulfanyl)ethyl]-2-oxazoline (MOB-SOx) as the precursor
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SH-functionalized monomer. To effectively obtain MOB-SOx,
we resorted to Oskar Nuyken’s approach® and optimized it as
shown in Scheme S2 (ESIt). The first step includes the protec-
tion of 3-MPA, and the protected acid was then reacted with
2-chloroethylamine hydrochloride to yield the amide. Cycliza-
tion was achieved in the presence of K,CO;, resulting in the
final product. The chemical structure of this final product was
verified by "H NMR and "*C NMR (Fig. S3-S6, ESIY).

The amphiphilic copolymer poly{(2-methyl-2-oxazoline)go-
co-[(2-butyl-2-oxazoline), 5-r-(MOB-SOx);]} (PMBSOx) was synthe-
sized by cationic ring opening polymerization (CROP). The
polymerization reactions were shown in Fig. 1la. 2-Methyl-2-
oxazoline was firstly polymerized using MeOTf as the initiator.
After 24 hours, 2-butyl-2-oxazoline and MOB-SOx monomers
were added and reacted for another 48 hours to give the
PMBSOx. The polymerization was terminated with methanolic
NaOH (1 mol L™"). "H NMR (Fig. 1b) confirmed the successful
polymerization of all three monomers. The proportion of each
monomer in the polymer was established by comparing the
ratio of the characteristic signals of the three monomers
(for MOB-SOx signal 1, 2H at 6.8 ppm; for BuOx signal g, 3H
at 0.9 ppm; for MeOx signal ¢, 3H at 2.15 ppm). Based on the
integral values of characteristic peaks, the degrees of polymer-
ization for MeOx, BuOx, and MOB-SOx were calculated to be 80,
15, and 8, respectively. The obtained PMBSOx was also evalu-
ated using GPC (Fig. S7, ESIt). The number-average molecular
weight (M,,) of PMBSOx was 10.1 kDa with a poly dispersion
index (PDI) of 1.4.
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Deprotection of the copolymers was performed in a mixture
of trifluoroacetic acid and anisole, as shown in Scheme S3
(ESIt). Successful fragmentation is clearly indicated by the
disappearance of the p-methoxybenzyl (PMB) 'H NMR signal
at d = 6.8 ppm (signal 1) and 6 = 3.8 ppm (signal m) in Fig. 1b.
The ability of thiol groups to quench FITC was used to show
that free thiol groups were present in the PMBOXSH obtained.
As shown in Fig. 1c, the existence of free sulthydryl groups was
demonstrated by the fact that FITC’s fluorescence intensity
dramatically reduced following the addition of PMBOxSH.
Notably, the fluorescence intensity of FITC reduced more when
3-MPA was added, suggesting that some of the sulfhydryl
groups in PMBOxSH may form disulfide bonds.

Previous studies reported that the thiol-OND adducts would
undergo r-D-A fragmentation at room temperature sponta-
neously, resulting in furans and thiomalates, but the r-D-A
cleavage of the original OND fragment would completely not
appear in the absence of thiols.****** That means OND may be
an excellent linker for connecting carriers and the cargo for
spontaneous cargo release. We synthesized the OND linker
following M.G. Finn’s method (Scheme S4, ESIt).*> N-Glutaroyl-
furfurylamine was obtained by reacting furfurylamine with
glutaric anhydride. In a single, very productive process, OND
was easily obtained from cheap furans and dimethyl acetylene-
dicarboxylate. The chemical structure of the OND linker was
verified by "H NMR (Fig. S8 and S9, ESI{).

OND is sulfhydryl-reactive and can undergo Michael addition
reactions with sulfhydryl groups under alkaline conditions.>*
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Fig. 1 Preparation and characterization of PMBOxSH. (a) Synthesis routes of PMBOxSH. (b) 'H NMR spectra of PMBSOx and PMBOxSH in CDCls
(500 MHz). (c) Fluorescence curves of FITC mixed with PMBOXSH and 3-MPA, respectively.
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The density of the electron cloud on the OND ring increases
after the addition process, and the signal of the corresponding
proton shifts to the right. We selected n-butyl mercaptan as
the source of mercaptan to establish the reaction conditions
(Scheme S5, ESIt). The n-butyl mercaptan and OND were
dissolved in CD;0D, then a catalytic quantity of TEA was added,
and the mixture was monitored by "H NMR spectrum at 37 °C.
The NMR signals for the a, b, and c protons on the OND ring of
the feedstock persisted for 30 minutes of the process until they
vanished after 60 minutes (Fig. S10, ESIt). This result demon-
strated that the addition reaction of OND with sulfhydryl
groups can be completed in less than 1 hour at 37 °C.

The stability of n-butyl mercaptan-OND adducts at different
temperatures is critical for the preparation and storage of
nanovaccine. The adduct is unstable and spontaneously under-
goes a r-D-A reaction, releasing furans and olefins (Fig. 2a).
The chemical shift of the a” proton on the furan ring is around

a (6] a,s! 0 au : o
o~ . 37 o” = s
o + HST ———»
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0.20+

0.15+
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7.4 ppm. Monitoring the r-D-A reaction can be achieved by
observing the alteration in the integral value corresponding to
d = 7.4 ppm. To guarantee a sufficient reaction, we dissolved
n-butyl mercaptan and OND in CD;OD, added TEA, and
allowed the mixture to stir at 37 °C for 1 hour. The reaction
mixture was then separated into five portions and stored at
37 °C, 20 °C, 4 °C, —24 °C, and —80 °C to monitor the "H NMR
spectrum changes (Fig. 2b and Fig. S11-S15, ESIT). At 37 °C, the
OND-thiol adduct fragmented progressively over time at a
decreasing pace, shattering 79% in 288 hours (Fig. 2c). At a
temperature of 20 °C, the adducts’ ability to fracture was greatly
hindered; The adducts did not significantly fracture during the
observation period when the temperature was decreased to 4 °C
and below. This finding streamlines the subsequent production
of nanovaccines, as it allows for the creation and storage of
vaccine at lower temperatures. Moreover, when administered
into the body, they may exhibit a gradual cargo release.
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Fig. 2 (a) Reaction of ONDs with thios (n-butyl mercaptan) and fragmentation of adducts. (b) *H NMR spectrum for monitoring the r-D—A reaction
at 37 °C (the spectra at the following time points are as follows: 0 h, 12 h, 24 h, 48 h, 84 h, 120 h, 192 h, and 288 h). (c) The curve depicting the rate of
OND-thio adduct cleavage over time under different temperature conditions (37 °C, 20 °C, 4 °C, —24 °C and —80 °C). (d) UV-Visible absorption spectra
of solutions released by PMBOxS-OND-Rhodamine under 37 °C conditions. (e) Release curves over time of RhoB piperazine amide, PMBOxS-Mal-
Rhodamine, and PMBOxS-OND-Rhodamine in PBS under 37 °C conditions.
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Continued stimulation of immune cells leads to a robust
adaptive immune response.>® To evaluate the release rate of
nanovaccines in vitro, we employed RhoB as a marker molecule.
However, an initial challenge arose as commercially available
RhoB tends to undergo lactonization, resulting in diminished
fluorescence.’® Consequently, we initiated a modification pro-
cess to address this limitation (Scheme S6 and Fig. S16, S17,
ESI).>” Briefly, RhoB reacted with NaOH to yield RhoB base.
The obtained RhoB base, when refluxed with piperazine and
AlMe; in dichloromethane, yielded RhoB piperazine amide.
To mimic the nanovaccine, PMBOxSH and OND reacted at
37 °C for 1 hour to yield PMBOxS-OND. Subsequently, utilizing
EDC/NHS as a catalyst at 0 °C, the obtained PMBOXS-OND
reacted with RhoB piperazine amide to produce PMBOxS-OND-
Rhodamine (Scheme S7, ESIf). As a non-cleavable control,
following the same method, OND was replaced with 3-male-
imidopropionic acid to obtain PMBOxS-Mal-Rhodamine
(Scheme S8, ESIf). To simulate the drug release process
in vitro, we placed dialysis bags containing PMBOxS-OND-
Rhodamine into beakers containing PBS, and then sealed the
beakers for storage in a 37 °C shaking incubator. We examined
the UV-visible absorption spectra of the solutions inside the
beakers at various time intervals, as illustrated in Fig. 2d. With
the passage of time, the UV-visible absorption intensity of the
solutions inside the beakers gradually increased and eventually
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reached a stable level after 146 hours. We substituted PMBOXS-
OND-Rhodamine with PMBOxS-Mal-Rhodamine or free RhoB
piperazine amide, followed by testing the UV-visible absorption
spectra of the solutions inside the beakers using the same
method, and quantitatively summarized the results in Fig. 2e.
The results showed that the free Rhodamine group exhibited
complete release of Rhodamine molecules within 24 hours,
whereas PMBOxS-Mal-Rhodamine demonstrated no significant
release throughout the observation period. Notably, PMBOXS-
OND-Rhodamine can achieve sustained release over a one-week
period. These results indicate that nanovaccine linked via OND
can achieve sustained and stable drug release under physiolo-
gical conditions.

Preparation and characterization of the PMBOxS-OND-OVA/
IMDQ nanovaccine

In the preparation of this nanovaccine, SIINFEKL, a variant of
the chicken ovalbumin (OVA) MHC-I epitope, was chosen as a
model antigen. Meanwhile, the Toll-like receptor 7/8 agonist
IMDQ, selected for its potent immunostimulatory properties,
was utilized as the adjuvant component in the nanovaccine
formulation. The nanovaccine was prepared using a two-step
method (Fig. 3a). Firstly, the reaction of PMBOxSH and
OND was catalyzed by TEA at 37 °C for one hour, followed
by cryodialysis to remove small molecule impurities.

COOMe
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—»
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Fig. 3 (a) Schematic illustrations of the preparation of PMBOxS-OND-OVA/IMDQ nanovaccine. (b) Diameter of PMBOxS-Mal-OVA/IMDQ and
PMBOxS-OND-OVA/IMDQ. (n = 3). (c) TEM image of PMBOxS-Mal-OVA/IMDQ. Scale bar = 100 nm. (d) TEM image of PMBOxS-OND-OVA/IMDQ.

Scale bar = 200 nm.
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Subsequently, in an ice-water bath, the dialysis products
undergo a reaction with IMDQ/OVA under EDC/NHS catalysis.
After 12 hours, the content of IMDQ and OVA in the mixed
solution was detected via HPLC (Fig. S18, ESIt). The quantity of
IMDQ and OVA bonded to the polymer was determined by
subtracting the OVA/IMDQ content in the resulting mixed
solution from the amount initially introduced. PMBOXS-OND
showed good encapsulation ability for OVA and IMDQ, with
drug loading content (DLC %) of 13.0 wt% and 2.4 wt%,
respectively. Finally, the PMBOxS-OND-OVA/IMDQ nanovaccine
was obtained through low-temperature ultrafiltration.

Maleimide is capable of reacting with sulfhydryl groups and
the reaction products are relatively stable. As a control, we
utilized 3-maleimidopropionic acid to bond OVA/IMDQ to
PMBOxSH. The OND was replaced with 3-maleimidopropionic
acid, and the same preparation method as PMBOxS-OND-OVA/
IMDQ was used to obtain PMBOxS-Mal-OVA/IMDQ nanovac-
cine (Scheme S9, ESIT). The DLC % of PMBOxS-Mal for OVA
and IMDQ was 14.3 wt% and 3.2 wt%, respectively (Fig. S19,
ESIt). To confirm the successful assembly of the nanovaccine,
the hydrodynamic sizes of the PMBOxS-Mal-OVA/IMDQ nano-
vaccine and PMBOxS-OND-OVA/IMDQ nanovaccine were mea-
sured via DLS to be 117 £+ 3 nm and 129 + 3 nm, respectively
(Fig. 3b). TEM results further validated the successful assembly
of the nanovaccines (Fig. 3c and d).

Activation and antigen presentation of PMBOXS-OND-OVA/
IMDQ nanovaccine in DCs in vitro and in vivo

A large number of DCs are present in the LNs,*® and these cells
phagocytize, process antigens and present them to CD8" T cells
via MHC-I molecules, which further induces antigen-specific
cytotoxic T-cell responses.’®®® The up-regulated expression of
costimulatory molecules is a typical sign of the maturation of
DCs (Fig. 4a). After incubation of BMDCs with nanovaccines
in vitro, the expression of CD86 and MHC II was investigated via
flow cytometry. As depicted in Fig. 4b, a significant up-
regulation of CD86 expression was observed in BMDCs co-
incubated with PMBOxS-Mal-OVA/IMDQ and PMBOXS-OND-
OVA/IMDQ, compared to the PBS group. This suggests that
IMDQ bonded to polymers still has the ability to promote
DC maturation. In addition, PMBOxS-Mal-OVA/IMDQ and
PMBOXS-OND-OVA/IMDQ induced the significantly up-regulated
expression of MHC II on BMDCs, suggesting the enhanced
capability to prime CD4" T cells through the MHC II pathway
(Fig. S20, ESIt). Next, we investigated the antigen presentation
efficiency for DCs incubated with nanovaccines. The result
revealed that PMBOxS-OND-OVA/IMDQ exhibited the significantly
up-regulated expression of SIINFEKL-MHC I on BMDCs (Fig. 4c
and Fig. S21, ESIt), which was essential for the activation of
cytotoxic CD8" T cells. Notably, BMDCs incubated with PMBOXS-
Mal-OVA/IMDQ presented a similar level of SINFEKL-H2Kb to the
control PBS group, suggesting OVA peptide conjugated via the Mal
linker could not be efficiently released and presented in DCs.
Encouraged by the findings observed in vitro, we subse-
quently evaluated the immune responses elicited by the nano-
vaccines in vivo. C57BL/6 mice were subcutaneously injected at
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the base of the tail with free OVA/IMDQ, PMBOXS-Mal-OVA/
IMDQ nanovaccine or PMBOxXS-OND-OVA/IMDQ nanovaccine
with equivalent OVA peptide,s;_»64 amount. Inguinal LNs were
collected 48 hours post-immunization to assess the immuniza-
tion efficacy. As shown in Fig. 4d, compared to the free OVA/
IMDQ group, nanovaccines treatment significantly promoted
the maturation of DCs within the inguinal LNs. Consistent with
the in vitro findings, PMBOxS-OND-OVA/IMDQ nanovaccine
significantly enhanced the expression of CD80 and CD86 on
DCs within the LNs, attributable to the intrinsic immunoadju-
vant effect of IMDQ (Fig. S22, ESI{). Similarly, we also observed
a significant increase in the percentage of CD11c¢'SIINFEKL-
H2Kb" DCs in the PMBOxS-OND-OVA/IMDQ nanovaccine
treatment group (Fig. 4e and Fig. S23, ESIf). However, it is
noteworthy that there was no significant difference in the
percentage of CD11c'SIINFEKL-H2Kb® DCs between the
PMBOXS-Mal-OVA/IMDQ nanovaccine treatment group and
the free OVA/peptide treatment group. This may be attributed
to the ineffective peptide release by the nanovaccine conjugated
via the Mal linker.

Lymph node draining of the PMBOXS-OND-OVA/IMDQ
nanovaccine

LNs are the primary site for inducing cellular and humoral
immunity, where antigens are taken up, processed and pre-
sented by APCs thereby activating naive T cells. There is an
urgent need for vaccines that can deliver antigens and adju-
vants efficiently to the LNs. To assess the ability of nanovac-
cines to reach and accumulate in LNs, PMBOxS-OND-
Rhodamine, PMBOxS-Mal-Rhodamine and RhoB were injected
subcutaneously into the tail base of C57BL/6 mice at a volume
of 100 pL. Following 24 and 48 hours post-injection, the
inguinal LNs on both sides were excised and photographed
using an in vivo imaging system (Fig. 5a). As shown in Fig. 5b,
the free Rhodamine group showed a very weak fluorescent
signal in the LNs. After conjugating to PMBOxS-Mal and
PMBOXS-OND, the fluorescence intensity in LNs increased 3.1
and 4.0-fold than free Rhodamine at 48 hours (Fig. 5¢), certify-
ing that the PMBOxSH carrier could increase the LN reflux
capacity. Next, to investigate the release kinetics of the nano-
vaccines in vivo, LNs were harvested and imaged in a range of
time after immunization with free Rhodamine, PMBOxS-Mal-
Rhodamine and PMBOxS-OND-Rhodamine (Fig. S24, ESIY).
2 days after inoculation, the fluorescence intensity of the free
Rhodamine group in the LN reduced to the basal level (Fig. 5d).
Although fluorescence signal was observed in all nanovaccine
groups over the initial 7 days, the fluorescence intensity in the
LN of the PMBOxS-Mal-Rhodamine group showed less decline
in 15 days, while the fluorescence intensity of PMBOXS-OND-
Rhodamine in the LN continued to decline and decreased to
the basal level in 15 days. These results demonstrate that
PMBOXSH carrier can achieve LN residency for up to 15 days,
while OND-bonded nanovaccine can achieve sustained release
in the LNs.

We conducted an in-depth analysis of the intra-LN distri-
bution of fluorescent signals utilizing CLSM. As depicted in
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Fig. 4 (a) The nanovaccine induces activation and cross-presentation of DCs. (b) BMDC activation effect in different vaccine treatment groups (n = 3).
(c) Antigen cross-presentation results of BMDCs in various treatment groups (n = 5). (d) and (e) FACS analysis of DC surface markers (CD80, CD86) and
antigen cross-presentation (SIINFEKL-H2Kb) in inguinal draining LNs after subcutaneous injection of different vaccine formulations (n = 5). Results are
presented as mean + sd; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.

Fig. 5e, no significant presence of Rhodamine signals was
detected within the LN in the free Rhodamine group at the
time of observation. However, a majority of Rhodamine signals
were predominantly observed on the edge of the LN in the
PMBOxS-Mal-Rhodamine group. In contrast, more extensive
and deeper penetration of Rhodamine was noted in the
PMBOXS-OND-Rhodamine group at 4 and 7 days (Fig. S25,
ESIt). Collectively, these findings underscore that OND-
bonded nanovaccine can achieve enrichment in LNs and their

5856 | J Mater. Chem. B, 2024, 12, 5848-5860

released cargos possess the capability to penetrate deeply

into LNs.

Tumor therapy results of PMBOXS-OND-OVA/IMDQ

nanovaccine on the B16-OVA tumor model

Motivated by the excellent ability of PMBOxS-OND-OVA/IMDQ
in LN reflux, LN infiltration, DC activation and antigen pre-
sentation, we further investigated the anti-tumor -effects
of the nanovaccine. 3 x 10° B16-OVA cells were injected

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tb00674g

Published on 08 Mai 2024. Downloaded on 14.11.2024 10:14:25.

Paper

a 24h 48 h
(1) '
()
) .
(4)
(1) PBS (2) Free Rhodamine
(3) PMBOxS-Mal-Rhodamine
(4) PMBOxS-OND-Rhodamine

C

n
=
]

kKK

Radiance (x108 p/sec/cm?/sr)
-

skokokk

(1) Free Rhodamine

(2) PMBOxS-Mal-Rhodamine

View Article Online

Journal of Materials Chemistry B

Radiance (%108 p/sec/cm?/sr)
s
L

N
=
1

[ -8~ Free Rhodamine
<& PMBOxS-Mal-Rhodamine
PMBOxS-OND-Rhodamine

-
J
1

Radiance (%108 p/sec/cm?/sr)
g 3
b
!

o

10 ) 15
Time (day)

o
o

(3) PMBOxS-OND-Rhodamine

Fig. 5 (a) Ex vivo fluorescent images of LNs in different treatment groups. Mice were subcutaneously injected with 100 uL of different formulations and
LNs were excised after 1 d and 2 d. (b) and (c) The fluorescence intensity of Rhodamine from different vaccines in LNs of mice 24 h (b) and 48 h (c) after
immunization. (d) The fluorescence intensity of distribution of different vaccines in LNs at 1, 2, 4, 7, and 15 d after immunization with different
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(scale bar = 200 pm).

subcutaneously at the right flank of C57BL/6 mice on day 0 to
establish the B16-OVA tumor model. The mice were randomly
divided into the following four groups: (1) PBS, (2) Free OVA/
IMDQ, (3) PMBOxS-Mal-OVA/IMDQ, and (4) PMBOXS-OND-
OVA/IMDQ. Treatments were given to each group on days 5,
10, and 15. Tumor volume and body weights were measured on

This journal is © The Royal Society of Chemistry 2024

alternate days. The mice were given 100 pL volume subcuta-
neous injections at the base of the tail, with 20 pg of OVA
peptidess; 264 administered for each injection (Fig. 6a).
As shown in Fig. 6b, in contrast to PBS, free OVA/IMDQ, and
PMBOXS-Mal-OVA/IMDQ, PMBOxS-OND-OVA/IMDQ dramati-
cally slowed tumor growth, demonstrating the significance of
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antigen and adjuvant deep LN penetration for anticancer a tumor suppression rate (TSR%) of 88%, while no other
efficacy. On day 20, the PMBOxS-OND-OVA/IMDQ group had treatment groups had a statistically meaningful antitumor
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various treatments on day 21. (c) ELISPOT results of splenocytes from different treatment groups. (d) Spot counts of ELISPOT analysis from different
treatment groups. (n = 3). (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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effect (Fig. 6¢ and Fig. S26, ESIT). No significant reductions in
body weight were noted across all groups (Fig. S27, ESIT),
suggesting the safety of these interventions, which is further
supported by the absence of cytotoxicity in vitro (Fig. S28, ESIT).

Mice were executed on day 21 and then immune cells in
blood and spleen were analyzed. To validate the immune
activation induced by nanovaccines, T cells were detected by
flow cytometry. As depicted in Fig. 7a, a significant elevation
was observed in both IFN-y* CD4" and IFN-y" CD8" T cell
populations in the blood following PMBOxS-OND-OVA/IMDQ
treatment. However, no substantial alterations were noted in
the remaining groups (Fig. S29, ESIt). The blood immune cell
analysis supported the anticancer results. A potent immune mem-
ory effect can activate the immune response when encountering
the same antigen again, thus preventing tumor recurrence. Sub-
sequent examination of memory cell subsets in the mouse spleen
following various treatments revealed a significant increase in CD8"
central memory (CM) T cells post PMBOXS-OND-OVA/IMDQ treat-
ment (Fig. 7b and Fig. S30, ESIt). Compared with PMBOxS-Mal-
OVA/IMDQ, PMBOxS-OND-OVA/IMDQ induced the production of
more CD8" CM, which suggested that OND-bonded nanovaccine
can evoke robust immune memory responses. ELISPOT analysis
was carried out to further demonstrate that PMBOXS-OND-OVA/
IMDQ may trigger antigen-specific T-cell responses. The isolated
splenocytes were co-incubated with the OVA peptide,s;_»64 for a
duration of 72 hours. Notable spots were evident in the PMBOXS-
OND-OVA/IMDQ treated group, which further demonstrated the
potent in vivo antigen-specific T-cell immune responses elicited by
the PMBOxS-OND-OVA/IMDQ nanovaccine (Fig. 7c¢ and d).
All these results demonstrated that the PMBOxS-OND-OVA/IMDQ
nanovaccine could effectively inhibit tumor growth and trigger
robust antigen-specific T-cell responses.

Conclusions

In this study, we developed a dynamic release nanovaccine based
on the r-D-A reaction for triggering a robust anti-tumor cellular
immune response. As a delivery vehicle, PMBOxSH was able to
reflux well to the LNs and reside there for a long time (> 15 days).
According to the findings, the PMBOxS-OND-OVA/IMDQ nano-
vaccine could maintain the release of cargo in the LNs and allow
that cargo to reach a significant depth inside the LNs. In addition,
in vitro and in vivo experiments demonstrated that our designed
nanovaccine can activate DCs and promote DCs to present anti-
genic peptides. In the B16-OVA tumor model, the administration
of the PMBOxS-OND-OVA/IMDQ nanovaccine resulted in superior
antitumor effects, with an 88% tumor suppression rate (TSR%).
These results demonstrate that effective transport of antigen and
adjuvant to the deeper layers of LNs is critical for inducing potent
adaptive immunity.
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