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ARTICLE INFO ABSTRACT

Keywords: Recent advances in the development of protein-based vaccines have expanded the opportunities for preventing
Nanoparticles and treating both infectious diseases as well as cancer. However, the development of readily and efficient an-
Vaccine adjuvant tigen delivery systems capable of stimulating strong cytotoxic T-lymphocyte (CTL) responses remains a chal-
TLR7/8

lenge. With the attempt to closely mimic the properties of viruses in terms of their size and molecular organi-
zation, we constructed RNA (which is a ligand for Toll-like receptor 7 (TLR7) and TLR8) and antigen-loaded
nanoparticles resembling the structural organization of viruses. Cationic polymers containing either azide or
bicyclo[6.1.0]nonyne (BCN) groups were synthesized as electrostatic glue that binds negatively charged single
stranded RNA (PolyU) to form a self-crosslinked polyplex core. An azide-modified model antigen (ovalbumin,
OVA) and a BCN-modified mannosylated or galactosylated polymer were sequentially conjugated to the RNA
core via disulfide bonds using copper free click chemistry to form the shell of the polyplexes. The generated
reducible virus mimicking particles (VMPs) with a diameter of 200 nm and negatively surface charge (—14 mV)
were colloidally stable in physiological conditions. The immunogenicity of these VMP vaccines was evaluated
both in vitro and in vivo. The surface mannosylated VMPs (VMP-Man) showed 5 times higher cellular uptake by
bone marrow derived DCs (BMDCs) compared to galactosylated VMP (VMP-Gal) counterpart. Moreover, VMP-
Man efficiently activated DCs and greatly facilitated MHC I Ag presentation in vitro. Vaccination of mice with
VMP-Man elicited strong OVA-specific CTL responses as well as humoral immune responses. These results de-
monstrate that the modular core-shell polymeric nanoparticles described in this paper are superior in inducing
strong and durable immune responses compared to adjuvanted protein subunit vaccines and offer therefore a
flexible platform for personalized vaccines.

Virus mimicking structure
Click chemistry

1. Introduction

Protein subunit vaccines have been extensively investigated as a
safe alternative to classical vaccines consisting of whole, attenuated or
inactivated pathogens [1]. Also for cancer immunotherapy, vaccines
based on tumor-associated antigens or tumor neoantigens are being
explored [2-4]. Recombinant or purified protein antigens for vaccina-
tion have a good safety profile and have been extensively tested in
clinical studies [5,6]. However, protein subunit vaccines as such are
poorly immunogenic [7]. Thus, the inclusion of an adjuvant in the
vaccine formulation is necessary to induce a more potent immune re-
sponse. The mostly used adjuvants in clinical trials are emulsions (e.g.
AS03 and MF59°), which can enhance the antigen persistence at the
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injection site and increase recruitment and activation of antigen pre-
senting cells (APCs). Nonetheless, repeated immunization can cause
antigen-specific T cell sequestration, dysfunction and deletion [8], and
is also associated with the risk to induce autoimmunity [9].
Alternatively, nanoparticles have been used to adjuvant protein
vaccine formulations [10,11]. The use of nanoparticles in vaccinology
is inspired by the fact that most pathogens have a dimension within the
sub-micron size range, and can therefore be processed efficiently by the
immune system, leading to a potent immune response. One of the most
intensively studied polymer-based protein delivery systems are biode-
gradable poly(lactic-co-glycolic acid) (PLGA) nanoparticles [12-14].
The co-delivery of Toll-like receptor ligands (TLRs) and protein anti-
gens in PLGA particles can efficiently induce strong CD8* T cell
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Scheme 1. Design of synthetic virus mimicking particles (VMPs) vaccines. (a) Schematic illustration of sequential assembly of VMP particles. pHDA: cationic polymer
containing azide groups; pHDB: cationic polymer containing cyclooctyne groups (bicyclo[6.1.0]nonyne (BCN)). (b) The VMP particles specifically target to dendritic
cells, promote antigen cross-presentation, and induce DC maturation, resulting in elicitation of robust antigen-specific cytotoxic T lymphocytes responses and

superior antibody production.

responses to inhibit the growth of tumors or to protect against a viral
challenge [15,16]. Besides PLGA, a whole spectrum of different nano-
carriers systems, both polymeric as well as lipidic, has been developed
for vaccination purposes, with most of these systems relying on the
entrapment of antigens in the core of the nanoparticles to efficiently
deliver their loading to antigen presenting cells [17-20]. The pharma-
ceutical limitation of this approach is that one needs to empirically
optimize the vaccine formulation in terms of encapsulation efficiency
and antigen release, which is often time consuming with different re-
quirements for different antigens. For this reason, the encapsulation
approach is not recommended for manufacturing of personalized vac-
cines.

Here, we propose an alternative and simple strategy to produce
antigen and adjuvant loaded nanoparticles by using synthetic biode-
gradable polymers (Scheme 1). Our strategy is based on the formation
of a universal nanoparticle with a crosslinked core containing virus-
mimicking single chain RNA (PolyU) as TLR-adjuvant to which dif-
ferent layers of functional shells (e.g. antigen and stabilizer poly(man-
nose)) can be coupled using copper-free click chemistry (Scheme 1a).
Such modular core-shell polymeric nanoparticles resemble viruses in
terms of size and supramolecular organization and as such are expected
to efficiently boost the immune system. Virus-mimicking nanoparticles
(VMPs) were constructed by sequential self-assembly of single stranded
RNA (adjuvant), ovalbumin (as model antigen) with cationic polymers
and stabilized with poly(mannose) for targeting the mannose-receptors
on the surface of DCs [21]. VMPs surface modified with poly(galactose)
were prepared as a negative control, as galactose has very low binging
affinities for mannose receptors. The strength of this vaccine delivery
system lies in the flexibility at which different antigen shell layers can
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be “clicked” onto the VMP core, enabling versatile adaptation for dif-
ferent vaccine application. As the antigen is covalently linked to the
RNA core, antigen loading becomes independent on the properties of
antigen used. To ensure antigen release once delivered into antigen
presenting cells, reducible disulfide bonds were introduced between the
polymeric shell and the antigen, enabling intracellular antigen release
[22-24]. These VMPs were tested for antigen-specific immune activa-
tion both in vitro and in vivo and showed robust antigen-specific im-
mune activation that warrants its further investigation as a modular
vaccine platform.

2. Materials and methods
2.1. Materials

Imidazole-1-sulfonyl azide hydrochloride [25], N-(2-hydroxyl
propyl)-methacrylamid (HPMA) and DMAE-CI [26] were synthesized as
previously described. Azobis(isobutyronitrile) (AIBN), 4-cyano-4-[(do-
decylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), azidoa-
cetic acid N-hydroxysuccinimide ester, acrylic acid N-hydro-
xysuccinimide ester (NAS) and all other reagents and solvents used
were obtained from Sigma (Zwijndrecht, the Netherlands) and were
used without further purification. 2,5-Dioxopyrrolidin-1-yl 4-
((((1R,8S,9s)-bicyclo [6.1.0] non-4-yn-9-ylmethoxy)carbonyl)amino)
butanoate (BCN, SX-A1036) was purchased from Synaffix BV (Oss, the
Netherlands). Ovalbumin (OVA) and PolyU were purchased from In-
vivoGen (Toulouse, France). Cy5-mRNA _luc was from Teu-bio (TRiLink
biotechnologies, San Diego, USA). Agarose multi-purpose was pur-
chased from Roche Molecular Biochemicals (Mannheim, Germany). 6 X
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DNA Loading Dye was purchased from Fermentas (St. Leon-Roth, Ger-
many). SYBR Safe DNA gel stain, Dulbecco's phosphate buffered saline
(DPBS), RPMI-1640/IMDM medium, Opti-MEM, and heat inactivated
fetal bovine serum (HI-FBS) were purchased from Life Technologies
(Breda, the Netherlands).

2.2. Monomer synthesis

2.2.1. Synthesis of 1,2-bis(2-azidoethyl) disulfane

The synthesis procedures were similar as the methods described
above (Scheme S1). Typically, imidazole-1-sulfonyl azide hydro-
chloride chloride salt (5.0 g, 23.9 mmol) was added to cystamine di-
hydrochloride salt (2.2, 9.9 mmol), K,CO3; (6.1g, 44.2mmol) and
CuSO45H,0 (59.6 mg, 238.5umol) in methanol (100 mL) and the
mixture was stirred at room temperature for 12 h. Next, the mixture
was concentrated, diluted with H,O (200 mL), and extracted with DCM
(8 x 100 mL). The combined organic layers were dried (MgSQO,), fil-
tered and concentrated. Flash chromatography gave the aimed product
as a yellow oil (DCM/MeOH/NH4OH, 3/1/0.1). The yield was 1.9g
(94%, R¢ = 0.5). The monomer was characterized by 1H NMR spec-
troscopy (Fig. S4).

2.2.2. Synthesis of 3-((2-azidoethyl) disulfanyl) propanoic acid NHS ester
(ADDP)

The synthesis procedure of 3-((2-azidoethyl)disulfanyl)propanoic
acid was based on a previous study (Scheme S2) [27]. In detail, 1,2-bis
(2-azidoethyl) disulfane (1.9 g, 9.3 mmol) was dissolved in methanol
(100 mL) and cooled in an ice bath. A solution of 3-chloroperbenzoic
acid (mCPBA, Sigma-Aldrich, the Netherlands) (75%, 2.6 g, 11.2 mmol)
in DCM (20 mL) was added dropwise. The reaction mixture was stirred
overnight at room temperature and the solvent was subsequently eva-
porated in vacuo to give a white residue. The obtained solid was sus-
pended in methanol (50 mL), to which dropwise 3-mercaptopropionic
acid (0.81 mL, 9.3 mmol) was added. The resulting solution was stirred
overnight at room temperature. The solvent was removed in vacuo and
the resulting oil was purified by basic Al,O3 gel, eluted with MeOH/
CHCl3/AcOH = 10/100/1. The aimed compound was obtained as a
pale yellow oil. The yield was 1.4 g (75%, R¢ = 0.4) and characterized
by 'H NMR spectroscopy (400 MHz, DMSO-d) (Fig. S5).

Next, 3-((2-azidoethyl) disulfanyl) propanoic acid was activated
with NHS. Briefly, 1.0 g of 3-((2-azidoethyl) disulfanyl) propanoic acid
(4.8 mmol) and 0.9 mg of N-hydoxysuccinimide (NHS, 7.2 mmol) were
dissolved in 15mL DCM. Then, 1.5g of dicyclohexylcarbodiimide
(DCC, 7.2mmol) was added and the mixture was stirred overnight at
room temperature. After filtration of insoluble dicyclohexylurea (DCU)
and evaporation of DCM, the mixture was purified using a silica gel
column (DCM/MeOH = 50/2, v/v). The yield was 0.9 g (59%, R¢ = 0.8)
and the product was characterized by 'H NMR spectroscopy (400 MHz,
DMSO-de) (Fig. S6).

2.2.3. Synthesis of 3-(2-aminoethylthio) propyl a-D-mannopyranoside/
galactopyranoside (Man-NH,/Gal-NH>)

The reaction consists of elongation of the alkyne group of allyl a-D-
mannopyranoside/galactopyranoside (Sigma-Aldrich, the Netherlands)
by adding 2-aminoethanethiol according to reaction Scheme S3 [28].
Typically, 1,2 g of allyl a-D-mannopyranoside (5.5 mmol) was dissolved
in 2mL deoxygenated water in which 570 mg of cysteamine hydro-
chloride (5.0 mmol) was also dissolved. The solution was then irra-
diated with UV light of 254 nm for 17 h to accelerate the reaction. Next,
the solution was diluted with 100 mL methanol and dried (MgSO.,),
filtered and concentrated. The resulting oil residue was purified by si-
lica gel chromatography (MeOH/NH,4OH, 100:1), to give final product
Man-NHj, as a colorless oil (1.2 g, 73%, Rf = 0.25). The products were
characterized by the 'H NMR spectroscopy (Fig. S11).
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2.3. Synthesis of the polymers

2.3.1. Synthesis of p(HPMA-r-NAS) (pHN) by RAFT

p(HPMA-r-NAS) was synthesized by reversible addition fragmenta-
tion chain transfer (RAFT) copolymerization as previously published
[29]. Briefly, 4-cyano-4-[(dodecyl-sulfanyl-thiocarbonyl)sulfanyl] pen-
tanoic acid (CDTPA) was used as chain transfer agent (CTA), and AIBN
as initiator (I). The polymer was synthesized using monomers (HPMA
and NAS) to chain transfer agent and initiator ratio (M/CTA/I) of 100/
1/0.1 (mol/mol/mol) and at a feed ratio HPMA/NAS of 70/30 (mol/
mol). 1,3,5-Trioxane (Sigma-Aldrich, the Netherlands) was added as
internal NMR standard with a final concentration of 0.1 M. The poly-
merization was carried at 70 °C for 9h in dry DMF under argon after
purging for half an hour, using a final total monomer concentration of
1.0 M. After polymerization, the conversion of the monomers was de-
termined by 'H NMR analysis by dilution (10x) a sample of the re-
action mixture with DMSO-d¢. The product was precipitated into a
mixture of anhydrous acetone and diethyl ether (50/50 v/v). To remove
the trithiocarbonate end group [30], the polymer and AIBN (50 times
excess, mol/mol) were dissolved in anhydrous DMF and purged with
argon. The solution was heated at 80 °C for 90 min, and the polymer
was subsequently precipitated in 100 mL of anhydrous acetone, col-
lected by centrifugation. The procedure was repeated for three times
and the polymer was dried under vacuum for 24 h prior to *H NMR and
GPC analysis (yield: 55%, M, = 15kDa, M,,/M, = 1.43). 'H NMR
(400 MHz, DMSO-dg); 8ppm; 0.95-1.52 (backbone-CH3, CH;CH(OH)),
1.55-2.41 (backbone CH,, backbone-CH),3.00-3.33 (CH,NH), 3.5
(NHS-CH.), 3.90 (CHOH).

2.3.2. Synthesis of p(HPMA-DMAE-r-AEDA) (pHDA) and p(HPMA-
DMAE-r-BCN) (pHDB)

Hundred mg of the copolymer p(HPMA-r-NAS) (pHN) (0.19 mmol of
NAS, 0.48 mmol of HPMA) was dissolved in 1 mL dry DMSO and purged
with argon for 30 min. After that, 40 mg of 2-((2-azidoethyl) disulfanyl)
ethan-1-amine hydrochloride (AEDA) or 73 mg (0.22 mmol) of BCN-
amine (A-10004, Synaffix BV) was added to this solution under argon
purge. Subsequently 113 mg (1.12 mmol) of triethylamine was injected
into the reaction vessel and the solution was stirred at 40 °C. After 48 h,
28 mg (0.37 mmol) of d,l-amino-2-propanol was introduced into the
reaction mixture which was subsequently stirred overnight at room
temperature. The modified polymers were precipitated twice into a
mixture of anhydrous acetone and diethyl ether (50/50 v/v) and dried
under vacuum to get white colored products (pHNA and pHNB; yields:
63% and 56% for pHNA and pHNB respectively). Next, the obtained
polymers were dissolved in 2mL dry DMSO and DMAE-CI (3.4g,
14.4 mmol) was loaded under argon purging. After 72h reaction at
room temperature, the resulting mixture was diluted with 20 mL
2.5mM ammonium acetate buffer (pH5) and subsequently ultra-fil-
trated for 24h with a membrane MWCO of 3000 Da. The resulting
polymer solutions were filtered with 0.2 um sterile filter before freeze-
drying. Yield 57% for pHDA and 71% for pHDB.

2.3.3. RAFT synthesis of the homopolymer of NAS (pNAS)

A typical polymerization procedure for pNAS with a degree of
polymerization (DP) of 120 is described in a previously published paper
[31]. In short, a reaction vial (8 mL) was charged with NAS (0.5g,
2.95mmol) in anhydrous DMF (1.4 mL, 2M solution) and 4-cyano-4-
[(dodecyl-sulfanylthiocarbonyl)sulfanyl]pentanoic ~ acid (5.96 mg,
0.014 mmol) (CTA, CDTPA). A solution of AIBN (24uL, 0.24mg,
1.4 pmol) in anhydrous DMF was transferred into the vial. The [M]/
[CTA] ratio was 200/1 (mol/mol), whereas the [CTA]/[Initiator] ratio
was kept at 10/1 (mol/mol). The mixture was degassed by three free-
ze—evacuate-thaw cycles and then heated under argon in an oil bath at
70 °C for 7 h. The vial was removed from the oil bath, cooled with ice-
water and exposed to air to terminate the polymerization. Finally, a
small sample (30 uL) was withdrawn and characterized by 1H NMR
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spectroscopy (in DMSO-dg) to determine the monomer conversion. The
polymer was precipitated in anhydrous acetone (50 mL) and recovered
by centrifugation. The procedure was repeated three times and the
obtained pellet was subsequently dried under vacuum for 24 h (yield:
0.31g, 58%). The absence of residual monomers in the obtained
polymer was confirmed by 1H NMR spectroscopy (in DMSO-dg). The
trithiocarbonate end group of the polymer was removed according to a
procedure similar as described in section 2.3.1 [30]. Typically, pNAS
(0.25 g, degree of polymerization 116 calculated from the conversion
(63%), thus 11.5 pmol of end-groups) and AIBN (94.5 mg, 575.4 umol,
50 times molar excess over pNAS) were dissolved in anhydrous DMF
(2 mL). The solution was heated for 90 min at 80 °C. Subsequently, the
homopolymer was precipitated in 100 mL of anhydrous acetone, col-
lected by centrifugation, and dried under vacuum for a period of 24 h
(yield: 0.21 g, 83%). The absence of the trithiocarbonate end group was
confirmed by GPC analysis (disappearance of the UV absorbance at
309 nm).

2.3.4. Synthesis of p(Man-r-BCN)/p(Gal-r-BCN)

Functionalization of pNAS with mannose and BCN groups was
carried out shown in Scheme 3. In detail, 60 mg of pNAS (0.33 mmol of
NAS) was dissolved in anhydrous dimethyl sulfoxide (DMSO, 1.2 mL),
followed by addition 9 mg of BCN-amine (0.03mmol, A-10004, Sy-
naffix BV, the Netherlands) and 28 mg of triethylamine (0.27 mmol),
and this mixture was stirred at room temperature for 1 h. Then, 118 mg
of 3-(2-aminoethylthio) propyl a-D-mannopyranoside (0.39 mmol) and
402 mg of triethylamine (3.97 mmol) were added. The reaction was
carried out at 40 °C for 36 h followed by quenching of the unreacted
active ester groups with NH,OH (1 mL) for half an hour and the
polymer was subsequently precipitated in 100 mL methanol. The
polymer was re-dissolved in water and ultrafiltrated against MilliQ
water for 5h to remove unreacted mannose and BCN-amine. The re-
sulting polymer solution was filtered with 0.2 um sterile filter and
subsequently freeze-dried. The conjugation efficiency was calculated
from *H NMR spectroscopy (91% for the mannose polymer). The same
procedure was performed to synthesize of p(Gal-r-BCN) with a 97%
galactose conjugation efficiency. The polymer yield was around 85%.
The molar ratio of mannose/galactose and BCN into the polymer chain
was determined by 'H NMR spectroscopy (Fig. S12) and it was shown
that the molar ratio of BCN in the polymers was 8-9% for both poly-
mers, as calculated from the peak intensity ratio of the hydroxyl group
protons of sugar (4.97-5.11 ppm, 4H) and methylene protons of BCN
(OCOCH,, 4.02 ppm, 2H).

2.4. Characterization of the polymers

The copolymer composition of the different polymers was de-
termined by 'H NMR analysis performed with a Gemini 400 MHz
spectrometer (Varian Associates Inc., NMR Instruments, Palo Alto, CA).
The polymers were dissolved in D,O or DMSO-ds. The molecular
weights and molecular weight distributions of the synthesized copoly-
mers pHN and pNAS were determined by gel permeation chromato-
graphy (GPC), using two serial PLgel 5 um MIXED-D columns (Polymer
Laboratories, UK) and PEGs of narrow molecular weight distribution as
calibration standards. The eluent was DMF containing 10 mM LiCl, the
flow rate was 1 mL/min and the temperature was 60 °C. For pHDA and
pHDB, the molecular weights and molecular weight distributions were
determined by GPC using a Viscotek-GPC max (Viscotek, Oss, the
Netherlands) light scattering (A = 670 nm, right (90°) and low (7°)
angle)/viscosimetric detection system, using a ultrahydrogel 2000,
7.8 X 300 mm column in series with a ultrahydrogel 6.0 X 40 mm
guard column (Waters) and 0.3 M NaAc, pH 4.4, 30% acetonitrile as
eluent [32]. The flow rate was 0.6 mL/min and the run time was
50 min. PolyCALTM PEO standard (M,, = 24 kDa, PDI = 1.01, Malvern)
was used for calibration.
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2.5. Modification of ovalbumin (OVA) with azide groups

ADDP (7 or 14 uL, 30 mg/mL in dry DMSO) was added to 2.5 mL of
OVA (2.5mg/mL in DPBS, Serva Electrophoresis GmbH) resulting in
molar ratios of azide and OVA of 5:1 and 10:1, respectively. The mix-
tures were incubated for 1 h at room temperature. The modified OVA
was subsequently purified with PD 10 column chromatography using
nuclease-free water as eluent and subsequently freeze-dried. The
number of modified lysine residues was determined by using the TNBS
assay (Thermo Fisher Scientific) according to the protocol of the sup-
plier. Sulfo-Cy3 modified OVA was synthesized using the same proce-
dure as for the azide modified OVA with a molar ratio sulfo-cy3/OVA of
2/1.

2.5.1. Spectral analysis of azide modified OVA

UV absorption spectra of 0.5 mg/mL native and modified OVA in
DPBS were measured in the range of 250-350 nm using a Shimadzu UV-
2450 UV-vis spectrophotometer (Shimadzu Corporation, Kyoto,
Japan). UV-CD spectra of 0.5 mg/mL native and modified OVA in DPBS
buffer were recorded from 250 to 195 nm using a dual-beam DSM 1000
CD spectropolarimeter (On-Line Instruments Systems, Bogart, USA)
using cuvettes with a path length of 0.5 mm. Fluorescence measure-
ments were carried out with Jasco FP8300 Spectrofluorometer (JASCO,
Easton, USA). The excitation wavelength was set at 280 nm and the
emission spectra were recorded in the range of 300-350 nm. Native and
modified OVA were measured at a concentration of 0.1 mg/mL in DPBS.

2.6. Particle preparation and characterization

2.6.1. Preparation of self-crosslinked RNA polyplexes

pHDA and pHDB were dissolved in 10 mM NaAc buffer (pH5) at
10 mg/mL. As shown in Fig. 2a, RNA polyplexes were prepared by
mixing 100 pL of pHDA dissolved in 5mM NaAc buffer (pH5) with
100 puL of RNA solution (PolyU or Cy5-mRNA luc) solution in the same
buffer at different N/P molar ratios from 0.2 to 2 and a final fixed RNA
concentration of 50 ug/ml. The mixture was vortexed for 5s and in-
cubated at room temperature for 10 min. To prepare the self-crosslinked
(pHDA + pHDB) polyplexes, typically, 100 uL. of pHDA dissolved in
5 mM NaAc buffer (N/P ratio of 0.5 mol/mol) was mixed with 100 puL of
RNA solution (50 pg/ml). After vortexing for 5s and equilibration for
10 min, 100 pL of pHDB solution in 5 mM NaAc buffer (N/P ratio of 1.2)
was added to the RNA/pHDA polyplex dispersion, followed by vor-
texing and incubating for 10 min at room temperature. To accelerate
the crosslink process, sucrose (final concentration 5%) was added to the
resulting (pHDA +pHDB)/RNA polyplexes which were subsequently
frozen for one hour at —20 °C and thawed at 4°C (~ 1h) [33].

2.6.2. Preparation of RNA (core)-OVA(shell) polyplexes (RO)

The remaining BCN groups of the RNA polyplexes were subjected to
further copper-free click conjugation with azide modified OVA to im-
mobilize this antigen onto the surface of the RNA polyplexes. To this
end, azide modified OVA (OVA SS 10) was dissolved in 5mM NaAc
buffer (pH 5, 2.5mg/mL)) and added to the RNA polyplex dispersion
(prepared as described in section 2.6.1 at OVA/(OVA + polymer) of 33,
50, 66, 75 and 80%, resulting in (N3 in OVA)/(remaining BCN groups of
the polyplexes) ratios of 0.35, 0.7, 1.4, 2.1 and 2.8 mol/mol, followed
by vortexing and incubating at 4 °C for 5 min. The modified polyplexes
were frozen in liquid nitrogen and freeze-dried. The resulting RNA-OVA
polyplexes are further termed ROy, with x corresponding with the
percentage of OVA added to the formulation. To evaluate the con-
jugation efficiency of OVA to the RNA polyplexes, azide modified OVA
and labeled with Sulfo-Cy3 was used to prepare the formulations. The
resulting RNA-OVA polyplexes dispersion was freeze-dried and re-dis-
solved in DPBS. Next, after 1 h, the unconjugated OVA was removed by
Vivaspin® 500 centrifugal filter with a molecular cut-off 300 kDa. The
concentration of OVA in the filtrate was measured with UV
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spectroscopy (548 nm). The conjugation efficiency (CE) was calculated
as follows: CE = (total OVA-OVA in filtrate)/total OVA X 100%. The
conjugation efficiency of azide functionalized OVA with RNA poly-
plexes (50% OVA added) was 87%.

2.6.3. Preparation of virus mimicking particles (VMP)

The RNA-OVA (ROs) polyplexes prepared as described in section
2.6.2 containing 60ug RNA were dispersed in 600puL 5mM NaAc
buffer. Next, 20.2puL p(Man-r-BCN) or p(Gal-r-BCN) (10 mg/mL in
water) was added to OVA/RNA polyplexes at (BCN in sugar polymer)/
(azide in OVA) molar ratio of 1.2, followed by freeze-drying. The re-
sulting VMPs (VMP-Man/VMP-Gal) were stored at 4°C and re-
suspended in DPBS for further experiments.

2.6.4. Lectin binding assay and stability assay

The ability of the VMP-Man to bind to a mannose-specific lectin was
investigated using a Concanavalin A (ConA, 104 kDa, Sigma-Aldrich,
the Netherlands) agglutination assay [34]. Sixty puL of VMP-Man dis-
persion (RNA concentration was 100 pg/mL) in DPBS was pipetted into
a DLS microcuvet and subsequently diluted with 240 pL. DPBS, con-
taining CaCl, and MgCl, (0.901 mM and 0.493 mM, respectively). DLS
measurements were recorded every 60s at room temperature. After
5min, 300 pL of a 0.5mg/mL ConA in DPBS was pipetted into the
microcuvette under continuous recording of the DLS data. The size was
measured for another 10 mins. Analogous to the above-described assay,
the interaction of VMP-Gal with Con A was investigated under identical
conditions. For stability assay, 1 mL VMP-Man dispersion (RNA con-
centration 10 pug/mL in DPBS) was pipetted into a microcuvette under
and the size of the particles was recorded by DLS for 6 h at 37 °C. The
stability of the VMP-Man was also studied under reducing conditions.
Therefore, DTT was added to VMP-Man dispersion in DPBS to a final
concentration of 10 mM and the size of the particles was recorded by
DLS for 6 h at 37 °C.

2.7. Particle size and zeta-potential measurements

The size and size distribution of the polyplexes were measured with
DLS using an ALV CGS-3 system (Malvern Instruments, Malvern, UK)
equipped with a JDS Uniphase 22mW He—Ne laser operating at
632.8 nm, an optical fiber-based detector, a digital LV/LSE-5003 cor-
relator with temperature controller set at 25 or 37 °C. The zeta-potential
(€) of the polyplexes was measured using a Malvern Zetasizer Nano-Z
(Malvern, UK) with universal ZEN 1002 ‘dip’ cells and DTS (Nano)
software (version 4.20) at 25 or 37 °C. Polyplex measurements were
performed in 5mM HEPES pH7.4 and at an RNA concentration of
10 ug/mL. For the stability study (section 2.6.4), polyplexes were re-
suspended or diluted in DPBS with a final RNA concentration of 10 ug/
mL.

2.8. Uptake of RO by DC2.4 cells

DC2.4 cells were seeded into a 48-well plate (70,000 cells/well) and
incubated in RPMI-1640 medium (10% HI-FBS, 50 uM 2-mercap-
toethanol and 2 mM L-glutamine) for 24 h at 37 °C. RO polyplexes (OVA
with Cy3 labeled and RNA (luc_.mRNA) with Cy5 labeled) were diluted
with cell culture medium to a final OVA concentration of 7.5 pg/mL.
Next, the cell medium was changed with 200 pL. medium containing the
different formulations and incubated for 4h at 37 °C. The cells were
washed with DPBS and 50 uL. EDTA (2 mM) was added to detach the
cells from the plates. The presence of internalized RO polyplexes was
examined by flow cytometry (Canto II, BD). For confocal microscopy,
DC 2.4 cells were seeded into 96-well pClear® black plates (10,000
cells/well) and incubated for 24 h at 37 °C. Then, the medium was re-
placed with fresh medium containing different RO formulations (OVA
labeled with Cy3 and RNA labeled with Cy5) at a final OVA con-
centration of 7.5 pg/mL and the cells were subsequently incubated for
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another 4 h at 37 °C. Next, the medium was replaced with fresh medium
containing Hoechst33342 for staining the nuclei (incubation at 37 °C
for 10 min). After washing with DPBS, CLSM images were recorded
using Yokogawa CV7000S imager (Yokogawa group, Tokyo, Japan)
equipped with a 60 X water immersion objective at excitation wave-
length of 405, 561 and 646 nm for Hoechst33342, Cy3-OVA and Cy5-
RNA, respectively.

2.9. In vitro antigen presentation and cytotoxicity study

2.9.1. MHC class I antigen presentation assay

D2.4 cells (50,000 cells/well) were seeded in a 96-well plate and
cultured for 24h at 37 °C and subsequently incubated with soluble
OVA, soluble OVA + polymer (same concentrations of pHDA and pHDB
as used to prepare VMP formulations) and VMP at titrated amounts of
OVA (12.5-75 pg/mL) for 18 h at 37 °C. Subsequently, B3Z cells (CD8 +
T cell hybridoma cells, 50,000 cells/well), in 100 uL. IMDM medium
(10% HI-FBS, 25uM 2-mercaptoethanol and 2mM Glutamax) were
added to the D2.4 cells and co-incubated for 24h at 37 °C. The hy-
bridoma B3Z cells produce 3-galactosidase after being activated by DCs
that present SIINFEKL in MHC molecules, thus allowing measurement
of antigen presentation by a colorimetric assay using (-galactosidase
assay (CPRG) [35]. -Galactosidase activity of B3Z cells was measured
by incubating the cells with 100 uL of CPRG buffer for 1 h at 37 °C. p-
Galactosidase converts the yellow-orange substrate CPRG into the
chromophore chlorophenol red that absorbs at 590 nm, and the ab-
sorbance was read by SPECTROstar (BMG Labtech, Ortenberg, Ger-
many). To determine the relative maximum B3Z T cell activation, DCs
were loaded with 1 pg/mL of the H-2K -restricted OVA class I epitope
SIINFEKL (Invitrogen) as positive control and the extinction value was
set as 100% [13].

2.9.2. Cytotoxicity of VMP formulations

To determine cytotoxicity of VMP formulations, the Alamar Blue
cell viability assay (Invitrogen, Karlsruhe, Germany) was performed. In
short, 24 h after incubation with the indicated formulations as de-
scribed above, the cell medium was replaced with culture medium
containing Alamar Blue (50 nM) and cultured for another 4 h at 37 °C.
Next, 80 pL of medium was transferred into a flat-bottom 96-well plate
to measure the light absorbance. The relative cell metabolic activity
was calculated by normalizing the absorbance at 570 nm (reference
wavelength of 630 nm) with the absorbance of DPBS-treated cells.

2.10. Murine bone marrow derived DCs cellular uptake and maturation

Bone marrow derived DCs (BMDCs) were generated using a protocol
as described by Coen et al. [34]. After harvesting BMDC from C57BL/6
mice with 6 days culturing, the cells were pulsed with different VMP
formulations (Cy5-luc. mRNA) at an OVA concentration of 7.5 ug/mL.
After 1 h of incubation at 37 °C, the cells were detached and transferred
into Eppendorf tubes and centrifuged (10 min, 250 X g, 4 °C). The su-
pernatant was aspirated, discarded, and the cell pellets were stained
with 50uLL/D -Amcyan/CD11c-PE-Texa-red (BD Biosciences) for
30 mins on ice. Next, 200 uL of FACS buffer (1% BSA in DPBS) was
added to the samples prior to centrifugation (10 min, 250 X g, 4 °C). The
supernatant was aspired, and the cell pellets were suspended in 200 pL
of FACS buffer and kept on ice to prevent cell lysis. The cells were then
subjected to flow cytometry analysis. To measure the maturation level
of the BMDCs, after their incubation with the VMPs for 24 h, the cells
were washed with FACS buffer and subsequently stained with an an-
tibody cocktail solution containing L/D-Amcyan, CD11c-PE-Texa-red,
CD40-APC and MHCII-FITC antibodies (2ug/mL, 50 pL per well,
eBioscience) for 30 min on ice. The BMDCs were subsequently analyzed
by flow cytometry after being washed with FACS buffer. FACS analysis
was performed using a BD Accuri C6 (BD Biosciences) and data were
processed by FlowJo software.
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2.11. Cytotoxic T lymphocyte activity in vivo

Female wild type C57BL/6 mice were purchased from Janvier (Le
Genest Saint Isle, France). All mice were 7-12 weeks old at the start of
the experiment and maintained under pathogen-free conditions.
Subcutaneous immunizations were performed in C57BL/6 mice twice at
tail base in a 3 week interval (Fig. 7a). Mice were injected with OVA
(InvivoGen), OVA + polymer (same amount of pHDA and pHDB used
for the preparation of the VMP formulations), OVA + PolyU polyplexes
[36], VMP-Gal and VMP-Man with an OVA dose of 25ug (plus 5pg
PolyU) in a total volume of 40 pl of 5% glucose in saline RNase-free
water (Ambion, Life technologies, USA). Two weeks after boost injec-
tion, mice were injected intravenously with 1.5 x 107 target splenocyte
cells. Splenocytes were pulsed with 1pug/ml of MHC-I OVA peptide
(SIINFEKL, Invitrogen) or HIV-1 Gag peptide (AnaSpec) as a control
before labelling with 5 uM (Termed CFSEM) or 0.5 UM (termed CFSE'*™)
5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE, In-
vitrogen), respectively. Labeled cells were mixed at a 1:1 ratio and were
adoptively transferred into immunized mice. Two days later, spleno-
cytes from host mice were analyzed by flow cytometry after staining
with a-F4/80 (BD Biosciences, San Diego, CA, USA) to exclude auto-
fluorescent macrophages. Percentage antigen-specific killing cells was
determined using the following formula: 100-100 * ((% CFSEMi cells/%
CFSE"" cells)immunized mice/ (% CFSEM cells/% CFSE'" cells)non-immunized

mice+
2.12. Measurement of Ab titers

The mice were immunized as described in section 2.11, and 7 days
after the boost administration serum was collected from the mice for
antibody titer analyses. To measure the OVA specific Ab titers, 96-well
plates were coated with 100 ul OVA (10 pg/mL) in DPBS overnight at
4 °C. The plates were washed (1 x 5 min) with buffer (DPBS containing
0.05% Tween 20) and incubated for 2h with blocking buffer (DPBS
containing 2% BSA and 0.05% Tween 20). Next, the plates were in-
cubated with 5-fold serially diluted serum in blocking buffer starting
with a dilution of 1:50 for 2h. To detect bound Ab, the plates were
washed (3 X 5min) and incubated for 1h with HRP-conjugated anti-
mouse total IgGland IgG2c Ab (Southern Biotech, Birmingham, USA)
with a dilution of 1:3000 in blocking buffer. After the plates were
washed (3 X 5min), 100 pl TMB substrate solution (Sigma-Aldrich, the
Netherlands) was added to the wells to initiate the color reaction at
room temperature in the dark for 30 min. The reaction was stopped
with 2N H,SO,4 (50 uL/well), and the OD was measured at a wave-
length of 450 nm (ODysg).

2.13. Statistical analysis

Unless otherwise mentioned, triplicate data were obtained and
presented as mean * standard deviation. Statistical analysis for com-
parison between means was performed with software Graphpad Prism 7
and a value of p < 0.05 was considered significant.

3. Results and discussion
3.1. Synthesis and characterization of polymers

The building block polymers with azide and BCN functional groups
were synthesized as shown in Scheme 2. Firstly, p(HPMA-r-NAS) was
synthesized via RAFT polymerization using a similar procedure as
previously published [29] with 27 mol% of NAS in the copolymer
(M,, = 14kDa, PDI = 1.31) (Fig. S1a). No significant peak shift in the
RI chromatogram and decrease of UV absorbance at 309 nm (the ab-
sorbance maximum of the trithiocarbonate group [37]) of the polymer
before and after incubation with AIBN confirmed the successful re-
moval of the RAFT trithiocarbonate end group (> 92%) (Fig. S1 b&c).
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Next, the copolymer was reacted either with 2-((2-azidoethyl) dis-
ulfanyl) ethan-1-amine hydrochloride (AEDA) or BCN-amine in a 1.2:1
molar ratio relative to the number of NAS units in the copolymer, fol-
lowed the addition of an excess of 1-amino-propam-2-ol to fully convert
remaining unreacted NAS groups (Scheme 2). 'H NMR analysis of the
modified polymers after purification showed that the azide and BCN
groups were indeed incorporated into the polymers with a conjugation
efficiency of 77 and 75%, relative to NAS group (Table 1).

In the last step (Scheme 2), the azide and BCN functionalized
polymers were reacted with DMAE-CI to yield the cationic polymers p
(HPMA-DMAE-r-AEDA) (pHDA) and p(HPMA-DMAE-r-BCN) (pHDB).
After purification of the polymers by ultrafiltration, "H NMR (Fig. S3 for
pHDA and Fig. S4 for pHDB) showed the appearance of a new peak at §
4.75ppm (2H, OCH,CH,, HPMA-DMAE), confirming the successful
reaction of the hydroxyl group of HPMA with DMAE-CI. By comparing
the integral ratio of the peak at § 4.75 ppm and the remaining peak at §
3.74 ppm (1H, CH,CHCH30, HPMA), it is calculated that the conjuga-
tion efficiencies with DMAE-CI are 63 and 68% for pHDA and pHDB,
respectively (Table 1). GPC analysis of the final polymers showed that
pHDA had a relatively low PDI (1.40) after post-polymerization, while
pHDB had a broader molecular weight distribution (PDI of 2.01). This
broader molecular weight distribution can likely be ascribed to a side
reaction of BCN with the thiol at the w-end of the polymer by thiol-yne
reaction [38,39], because around 10% of the polymer chains still carry
a trithiocarbonate group after end group removal, which can be sub-
sequently be converted into a free thiol group by aminolysis during
post-polymerization modification [37,40].

3.2. Modification of OVA with azide groups

To covalently conjugate OVA to the RNA polyplexes (Scheme 1), the
OVA antigen was modified with azide groups using 3-((2-azidoethyl)
disulfanyl) propanoic acid NHS ester (ADDP, Scheme S3) for sub-
sequent coupling with BCN groups present on the particles. The dis-
ulfide bond between OVA and particles enables the intracellular release
of OVA due to the presence of glutathione (2-10 mM) [41,42]. Varying
amounts of azide groups were introduced by reaction of OVA with
ADDP at different molar ratio (Fig. 1a). The number of azide groups
introduced to OVA was determined by a TNBS assay. This assay de-
termines the number of free lysine residues in proteins and thus the
number of lysine per protein reacted with ADDP can be calculated. The
results of the TNBS assay show that 1.5 and 3.6 of azide groups per OVA
molecule were introduced when ADDP was added at a 5 and 10 molar
excess, respectively (Fig. 1a). The maximum modification of 3—-4 azide
groups is in line with the observation that three of lysine groups are
easily accessible in native OVA [43]. The modified OVA was further
characterized spectral analysis (Fig. 1b-d). The fluorescence and cir-
cular dichroism (CD) spectra showed no significant differences between
native and modified protein, which demonstrates that neither ag-
gregation nor significant changes in secondary or tertiary structures
occurred after OVA modification. As shown in Fig. 1d, the increase of
UV absorbance at 280 nm for the modified OVA might be attributed to
the contribution to the absorption of the introduced disulfide bonds
[43]. OVA modified with an average of 3.6 azide groups (OVA SS 10,
Fig. 1a) was used for the experiments discussed in the following sec-
tions.

3.3. Preparation and characterization of RNA-OVA polyplexes

It has been shown in previous studies that the physicochemical
properties of polyelectrolyte complexes are dependent on the mixing
sequence of the negatively charged polyanion (e.g. a nucleic acid) and
the cationic polymer [44,45]. As illustrated in Fig. 2a, three steps can
be distinguished in the preparation of the RNA (core)-OVA (shell)
polyplexes (RO). pHDA was first mixed with RNA (PolyU) to form ne-
gatively charged particles (at N/P ratio < 1), followed by coating of
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Scheme 2. Post-polymerization modification of p(HPMA-r-NAS) copolymer to yield the azide-containing polymer pHDA and the BCN-containing polymer pHDB: (a)

TEA, dry DMSO, 35 °C, 50 h; (b) TEA, DMSO, room temperature, 72 h.

Table 1

Characteristics of the synthesized copolymers used in the present study.
Polymers Abbreviation HPMA (% mol)? NAS (% mol) HPMA-DMAE (% mol) ADAE/BCN (% mol) M,“(g/mol) M,y/M,
P(HPMA-1-NAS) pHN 72 (62%)" 28 (58%) ° 0 0 14,400 1.31
P(HPMA-DMAE-r-ADAE) pHDA 26 0 49 (63%)" 25 (87%)" 21,600 1.40
P(HPMA-DMAE-r-BCN) pHDB 29 0 53 (68%)" 18 (61%)" 28,100 2.01

2 Copolymer composition as determined by 'H NMR.
> Conversion (percentage) calculated from 'H NMR.

¢ Determined by GPC viscotek analysis (0.3 M NaAc, pH 4.4, with 30% acetonitrile as eluent).

the formed polyplexes with a slight excess of pHDB to yield positively
charged particles. The freeze-thaw treatment likely accelerates the click
reaction [33, 36] between azide (from pHDA) and BCN (from pHDB)
groups to form the crosslinked RNA core, and the excess amount of BCN
groups was subsequently used for conjugation of azide modified OVA to
the surface of the particles. It should be noted that the addition of azide
modified OVA to these cationic polyplexes (zeta potential was 18 mV)
at pH 7.4 (5 mM HEPES buffer) resulted in the formation of aggregates
(> 1um; Fig. S7) likely because of the highly negative charge
(—25mV) of OVA (pI = 4.9 [46]). The net surface charge of OVA is
dependent on the pH of the buffer in which the protein is dissolved, and
therefore to decrease the surface charge of OVA, the formulations were
prepared in pH 5 ammonium acetate (NH4OAc, 5 mM) buffer, in which
OVA has a slightly positive charge (9 mV). Besides, Stinciuc et al.
showed that OVA preserved its immunoreactive epitopes upon in-
cubation at pH 7 and 4.5 even after being heated at 80 °C and denatured
[47]. Another advantage of the used NH4OAc buffer is that this am-
monium salt can be evaporated during freeze-drying [48].

To obtain insight into the self-assembling properties (exploiting
electrostatic interactions) of pHDA/pHDB and RNA, RNA (PolyU) was
mixed with pHDA or pHDB at varying N/P ratios from 0.2 to 1.2, where
the N/P ratio refers to the molar ratio of amines (N, cationic groups,
pK, = 9.5) in the polymers to phosphates (P, anionic groups, pK, < 1)
in the nucleic acid. As shown in Fig. 2b, pHDA formed small negatively
charged RNA polyplexes at an N/P ratio of 0.5 (around 60 nm in dia-
meter; zeta potential — 32 mV). At this stage, pHDA plays a role as an
electrostatic glue and binds the negatively charged RNA, as depicted in
step a of Fig. 2a. At an N/P ratio of 0.8, pHDA/RNA aggregates
(830 nm, 6 mV) were formed. Positively charged polyplexes with size
of < 150 nm were formed at an N/P ratio of 1 and higher. A similar
trend was observed for the pHDB/RNA polyplexes (Fig. 2¢), in line with
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the other studies of PEI/DNA [45] and pDMEAEM/DNA polyplexes
[49].

To prepare small RNA polyplexes, RNA was first complexed with the
azide containing polymer pHDA at an N/P ratio of 0.5 (Fig. 2b). Next,
pHDB at different N/P ratios was added to these preformed polyplexes
dispersion to find the optimal N/P ratio, at which positively charged
polyplexes were formed with low amounts of free pHDB in the polyplex
dispersion. As shown in Fig. 2d, after addition of pHDB at an N/P ratio
of 1.2 and higher, polyplexes with a size of around 75 nm and positive
zeta potential (33 mV) were formed. Agarose gel electrophoresis (Fig.
S8) showed that no free RNA was present in the dispersion. The re-
sulting (pHDA(0.5) + pHDB(1.2))/RNA polyplexes were subsequently
frozen (—20°C for 1h) and thawed (4 °C for 1h) to accelerate the
copper-free click reaction between the azide and BCN groups [33,36],
to yield the self-crosslinked RNA core. This freeze/thawing procedure
resulted in an increase of size (from 75 to 150 nm), while the zeta po-
tential only showed a slight decrease (from 33 to 30 mV) (Fig. S9a).
After incubation with 150 mM NacCl (pH 5, 5 mM NH,4Ac buffer) for 5h
at room temperature, the size of the non-crosslinked pHDB/RNA (N/
P = 1.7) polyplexes increased from 180 to 1500 nm, which is normal
for cationic polyplexes like PEI/RNA [50]. In contrast, the RNA core
showed a limited increase in size from 150 to 450 nm after 5h in-
cubation (Fig. S9b). This increase can be ascribed to swelling of the
RNA polyplexes due to weaker electrostatic interactions and demon-
strates that indeed crosslinked polyplexes were formed. It should be
noted that the overall BCN (from pHDB) to azide (from pHDA) molar
ratio in the RNA polyplexes dispersion was 1.5, and therefore, the re-
sulting crosslinked RNA core still has an excess of BCN groups which
are available for further modification.

The prepared RNA/pHDA/pHDB particles were subjected to surface
grafting with azide modified OVA (OVA SS 10, Fig. 1a) through copper-
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Fig. 1. Characteristics of azide-modified OVA. (a) Table summarizing the number of free amines of OVA as determined by the TNBS assay (n = 3). Fluorescence
emission spectra (b), far-UV CD (circular dichroism) spectra (c) and UV-vis spectra of azide-modified OVA samples.

free click conjugation between the azide groups of OVA and remaining
BCN moieties of the particles, generating a reducible disulfide bonds
between the RNA core and the OVA shell (Fig. 2a, step c). Different
ratios of OVA SS10 were mixed with the RNA core dispersions. With an
increasing of OVA, the size of the RNA-OVA (RO) polyplexes slightly
increased from 145 to 178 nm (Fig. 2e). Regardless of the amount of
OVA added, the PDI of particles remained low (< 0.2), indicating that
the original structure of RNA polyplexes was maintained after OVA
coupling. Fig. 2f shows that a gradual decrease in zeta potential from 36
to 14 mV was observed with an increasing amount of OVA added. As
shown in Fig. 2g, the narrow distribution of the RO polyplexes was
preserved when 75% weight ratio of OVA was added. To accelerate the
conjugation reaction between the azide groups of OVA and the BCN
groups, the RO polyplexes were freeze-dried [36]. As shown in Table 2,
after freeze-drying and redispersion in 5 mM HEPES buffer, pH 7.4, the
RO polyplexes size slightly increased; for example, the size of ROsq
(refers to 50% OVA loaded particles) increased from 155 to 177 nm.
The ROys particles had a slightly bigger size (195 vs 177 nm) and a
lower zeta potential (—13.3 vs — 3.2mV) as compared to the ROsq
particles. These negative zeta potential values can be explained by the
negative charge of OVA at pH7.4. It is important to note that OVA
conjugation and the freeze-dry treatment did not lead to detectable
RNA release or RNA chain scission, as demonstrated by agarose gel
electrophoresis (Fig. S8).

The uptake of RO polyplexes by DC 2.4 cells was investigated. The
RO polyplexes were prepared by using Cy5-labeled mRNA luc and
sulfo-Cy3 conjugated OVA (sulfo-Cy3-OVA SS 10, Table S1). As shown
in Fig. 3a, DC cells took up ROsy efficiently and the fluorescence signals
from RNA and endocytosed OVA confirmed colocalization, which in-
dicates that RNA (adjuvant) and OVA (antigen) were present the same
subcellular compartment. The uptake efficacy of RO polyplexes, soluble
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OVA and OVA + polymer (OVA was mixed with same amount of
polymer used for the preparation of polyplexes) was also studied by
confocal microscopy as well as flow cytometry. Strong green fluores-
cence signals were observed in the DCs incubated with RO polyplexes
(both ROsq and RO,5) compared to the those incubated with soluble
OVA and OVA + polymer (Fig. 3b). The percentage of DCs that inter-
nalized OVA when incubated with ROsoq was about two-fold higher as
compared to soluble OVA, whereas a similar uptake percentage was
observed for OVA + polymer (Fig. 3c). However, the amount of OVA
internalized by DCs measured via mean fluorescence intensity (MFI) in
the Cy5 channel of the ROs, formulation was about two times higher
than for OVA + polymer (Fig.S10a). The higher cellular uptake of
OVA + polymer formulation compared to soluble OVA can probably be
ascribed to the formation of micrometer sized particles (Table 2).
Likely, the azide modified OVA is conjugated to the BCN moieties of
pHDB during the freeze-dry treatment, as studies have shown that the
coupling of OVA to a cationic polymer enhances the OVA cellular up-
take [51,52]. It should be noticed that although the ROsq and RO;5
particles have around the same particle size (177 and 195 nm, respec-
tively), the cellular uptake of RO,5 was significantly lower than that of
the ROs( particles (Fig. 3c), which may be ascribed to the lower zeta
potential of the RO,5 polyplexes (—13 and — 3mV, respectively,
Table 2). Apart from that, the RNA cellular uptake percentage of ROso
was around 100%, which was two times higher (MFI, five times higher)
than observed for the uptake of RO,5 (Fig. S10b). Importantly, the ROsq
instead of RO,5 polyplexes showed that all DCs that have endocytosed
OVA also internalized RNA (Fig. 3c), which is ideal and critical for
immune activation and antigen presentation [53, 54]. On the basis of
these results, the ROs formulation was selected for further investiga-
tions described later.
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Table 2
Particle size and zeta potential of polyplexes.

Sample Before freeze-drying (pH 5) After freeze-drying (pH 7.4)"
Zave (nm)  Zeta potential Zave (nm) Zeta potential
(mV) (mV)
RNA core 141 £ 2 332 = 1.5 156 = 1 16.4 = 2.2
ROso 155 + 3 252 *+ 2.2 177 + 3 -32 * 03
RO75 169 + 7 155 = 1.4 195 + 5 -13.3 = 0.8
OVA + polymer” 244 =1 20.2 = 0.8 1263 = 17 —5.2 = 0.2

@ Same amount of OVA SS 10 and (pHDA + pHDB) used to prepare ROsp.

b polyplexes were prepared at 5mM NH,OAc buffer (pH5), after freeze-
drying, the particles were resuspended in 5mM HEPES buffer (pH7.4).
mean * SD are shown.

3.4. Preparation and characterization of virus mimicking particles (VMPs)

To mimic glycans of glycoproteins present on the envelope of
viruses (e.g. HIV and influenza), a polyvalent copolymer with mannose
repeating units and BCN groups in the side chain was synthesized
(Scheme 3) and coated on the surface of RO polyplexes to yield virus
mimicking particles (VMPs) which potentially can target DCs. Similarly,
a polymer modified with galactose and BCN units that likely does not
target DCs was also synthesized and used as a non-functionalized con-
trol.

First, poly(N-acryloyloxysuccinimide) (pNAS) with a degree of
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polymerization of 120 was synthesized by RAFT polymerization
(PDI = 1.4, Table S2). After removal of the end trithiocarbonate group,
PNAS was reacted with either mannose-amine or galactose-amine (Fig.
S12) together with BCN-amine (Scheme 3) followed by hydrolysis of the
unreacted NAS groups with ammonium hydroxide. The resulting
polymers p(Man-r-BCN)/p(Gal-r-BCN) were characterized by 'H NMR
(Fig. S12) and GPC analysis (Fig. S13). The results are summarized in
Table S2. The resulting p(Man-r-BCN) and p(Gal-r-BCN) showed narrow
and unimodal molecular weight distribution (M, = ~30kDa).

The p(Man-r-BCN) or p(Gal-r-BCN) were next added to the ROsq
dispersion at a BCN groups in p(Man-r-BCN)/p(Gal-r-BCN) to azide in
OVA molar ratio of 1.2, the resulting mannosylated or galactosylated
ROso polyplexes are termed as VMP-Man and VMP-Gal, respectively.
We assume that the unreacted azide groups of OVA during preparation
of RO polyplexes are available for reaction with BCN moieties of p(Man-
r-BCN)/p(Gal-r-BCN). As shown in Table 3, the generated VMPs after
freeze-drying and rehydration in DPBS had a size around 200 nm and a
negative zeta potential (—14.3 mV). The smaller particle size and lower
surface charge of VMPs compared to ROsq can be ascribed to surface
shielding by p(Man-r-BCN)/p(Gal-r-BCN), confirming that indeed sur-
face coating with glycans had occurred. Dynamic light scattering (DLS)
measurements of VMP-Man (Fig. 4a) particles in DPBS at room tem-
perature showed that the particles had an excellent colloidal stability
(no significant changes in size and scattering intensity for 6 h). These
results show that the surface coating of ROso with poly(mannose) sta-
bilizes the ROs, particles. The reduction sensitive property of VMP-Man

a)
Nucleus sulfo-Cy3-OVA Cy5-RNA Overlay Overlay + DIC
(14
b) Control OVA OVA+ RNA OVA+polymer
| - -
L
()
=)
©
>
=z
c) Control OVA OVA+ RNA OVA+polymer RO,, RO,
A
g | 00% 0.0% | 1 33.7% 0.0% | 16.1% 32.6% 25% | §0.1%
3| - ' -
)
e Y ]
@
& 4 ] 1 ] ~ ]
: 0.0% | 1 0.0% | 4 21.7% | 4 0.0% | 3

APC (Cy5-RNA)

Fig. 3. Co-localization and cellular uptake of RNA-OVA (RO) particles. DC 2.4 cells were incubated with the indicated formulations for 4 h at 37 °C, with a final sulfo-
Cy3-OVA (sulfo-Cy3-OVA SS 10, Table S1) concentration of 7.5 ug/mL. (a) representative confocal fluorescence microscopy images of DCs incubated with ROsq
polyplexes demonstrate the co-localization of the RNA core (Cy5-labeled luc. mRNA) and the OVA shell (labeled with sulfo-Cy3); bar indicates 10 pm. (b)
Representative fluorescence microscopy images of indicated formulations (sulfo-Cy3 labeled OVA) after cellular uptake; bar indicates 20 pm. (c) DC 2.4 cells cellular
uptake efficiencies of indicated formulations (Cy5-labeled luc. mRNA and sulfo-Cy3 labeled OVA) was analyzed by flow cytometry.
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Scheme 3. Synthesis routine of the multivalent polymer p(Man-r-BCN). (a) A homopolymer p(NAS) was first synthesized by RAFT polymerization in dry DMF with
CPADB as chain transfer agent and AIBN as initiator; (b) The trithiocarbonate group at w-end of the polymer was removed using AIBN as the initiating species [55];
(c) p(NAS) was further modified with mannose-NH, or galactose-NH, and BCN-NH, in DMSO to yield the final polymers p(Man-r-BCN) or p(Gla-r-BCN).

Table 3
Particle size and zeta potential of different formulations.

remained stable (~250nm). Upon ~150min of incubation, a rapid
decrease in scattering intensity was observed which was associated with
a substantial increase in size of the particles. This points to swelling and

Sample After freeze-drying and redispersion . o - . . .
dissociation of the VMP-Man particles due to reduction of the disulfide
Zaye (nm)* Zeta potential (mV)" PDI* bonds that crosslinks the particles. After 300 min incubation, the scat-
tering intensity was low, which implies that most of particles have been
ROso 504 + 4 -43 = 1.6 0.097 dissociated
VMP-Man 198 + 5 ~143 = 11 0.196 1ssociated.
VMP-Gal 186 + 4 ~15.2 + 05 0.170 The possible exposure of mannose on the surface of the VMP-Man

@ Particle size and PDI were measured in DPBS.
b Zeta potential was measured in 5 mM HEPES buffer, pH 7.4.

was studied by exposing these particles to DTT (mimicking the in-
tracellular reductive environment) and continuously monitoring their
size by DLS. Fig. 4b shows that the light scatting intensity (SLI) gra-
dually decreased during 160 min of incubation while the particle size

particles was investigated by testing their affinity for concanavalin A
(ConA), a lectin that has four binding sites for a-D-mannosyl and a-D-
glucosyl residues, but not for a-D-galactosyl residues [56]. As shown in
Fig. 4c, after addition of ConA to VMP-Man particles, the size and SLI
increased, while no changes were observed for VMP-Gal particles
(Fig. 4d). These results convincingly demonstrate that the mannose
units were indeed exposed on the surface of VMP-Man particles.

a) -o- size b) -o- size
100007 -+ SLI - 200 10000+ -+ SLI - 200
L
M: 150 y L 150
—_ w —_
: £ ¢ 2
o 10005 L100 & < 10004 -100 X
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Fig. 4. Particle size and scattered light intensity (SLI) measured by DLS of VMP-Man upon incubation in DPBS in the absence (a) and presence (b) 10 mM DTT at
37 °C. Evolution of size and SLI upon addition of concanavalin A (ConA) to (¢) VMP-Man and (d) VMP-Gal particles measured by DLS.
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3.5. In vitro BMDC cellular uptake and maturation

The potential of VMP-Man particles to specifically target and acti-
vate bone marrow derived DCs (BMDCs) was investigated. BMDCs are
known to express higher levels of mannose receptor compared to the
immortalized cell line DC 2.4 [34]. After 1 h incubation of BMDCs with
the different formulations at 37 °C, around 10 and 25% of the cells had
taken up the ROsq and VMP-Man particles, respectively (Fig. 5a). Im-
portantly, despite having similar particle size (~200 nm) and zeta-po-
tential (—15mV) as the VMP-Man nanoparticles, VMP-Gal exhibited a
5-fold less association with BMDCs cells, which demonstrates that the
uptake of VMP-Man particles indeed mainly occurred via mannose-re-
ceptor mediated endocytosis.

The capability of VMP-Man/VMP-Gal particles to induce BMDCs
maturation was evaluated with flow cytometry by measuring the up-
regulation of the co-stimulatory makers CD40 and of MHCII on the
surface of DCs after 24 h incubation. As shown in Fig. 5b, soluble OVA
with and without soluble PolyU did not exhibit activation of BMDCs. In
contrast, the expression of maturation maker MHCII and CD40 was
highly increased when BMDCs were incubated with either VMP-Man or
VMP-Gal. It has been shown that the synthetic RNA (PolyU) which is
loaded in the core the formulation of VMP-man polyplexes, mimics a
single chain RNA of viruses, and therefore activates the endosomal toll
like receptor TLR7/8 leading to the maturation of DCs [57]. The results
proved that the VMPs protect RNA against degradation by RNase in the
medium and have the capacity to deliver RNA to the endosome of DC to
activate TLR 7/8 after being released from the particles.

3.6. In vitro antigen presentation and cytotoxicity

The potential of the VMP particles to enhance MHC class I antigen
cross-presentation was investigated in vitro using DC 2.4 cells exploiting
the B3Z cell assay [54]. As shown in Fig. 6a, the three different OVA
particulate formulations were more efficient in stimulating B3Z T cells

. 12.5 pg/mL

’—I = 25 ug/ml
| T

100

50

% B3Z CD8" T cell activation

Fig. 6. Efficient MHC class I cross-presentation of VMPs in vitro. D2.4 cells were
incubated for 24 h with different OVA formulations. MHC class I presentation of
processed OVA was detected by co-culture with H-2Kb/SIINFEKL-specific B3Z
cells. Normalized values were calculated based on the OD590 nm values ob-
tained by using DC pulsed with SIINFEKL (1 ug/mL) cultured together with B3Z
T cells (ODsgonm = 0.84 = 100% CD8+ T cell activation). **** p < 0.0001
(two-way ANOVA).

ke
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Fig. 5. Flow cytometry analysis of bone-marrow
derived DCs (BMDC) cellular uptake efficiency (a) of

= PBS ROso, VMP-Gal and VMP-Man. The particles for-
OVA mulated with Cy5-mRNA_luc were incubated with
= OVA + PolyU BMDC at 37°C for 1h. (n=3; **p < 0.01;
VMP-Gal *¥*¥k%kp < 0.0001). (b) Percentage of BMDCs that
= VMP-Man expressed the maturation makers MHCII and CD40

studied by flow cytometry analysis after incubation
of BMDCs with the indicated formulations for 24 h
(n = 4, ****p < 0.0001).

than soluble OVA, due to the enhanced uptake and cross-presentation,
as also observed for other particulate OVA delivery systems [58,59]. All
three formulations showed similar T cell activation at high OVA con-
centration (25 pg/ml). However, at low OVA concentration (12.5pg/
ml), VMP-Man showed the highest T cell activation, with a factor of 2-3
higher activation of T cells activation compared with VMP-Gal and 1.5
times higher than ROsy. The higher cellular uptake (Fig. 5a) likely
contributes to this difference in T cell activation. Importantly, all the
formulations did not show any toxicity even at the highest concentra-
tion tested (75 pg/mL, Fig. S14).

3.7. In vivo immunogenicity

To investigate to which extent the targeting ability and the en-
hanced MHC class I presentation of the VMP-Man observed in vitro
would confer improved antigen specific cellular immune response in
vivo. Mice were immunized with soluble OVA, VMP-Gal and VMP-Man,
following a prime-boost scheme as shown in Fig. 7a. To exclude any
intrinisic adjuvant effects of the polymer used to prepare the nano-
particles, mice were immunized with a mixture of soluble OVA and
polymer (pHDA + pHDB). For the adjuvant positive control, PEGylated
polyplexes loaded with PolyU, which showed strong adjuvant effect in
our previous study [36] was used. Cytotoxic T cell responses were as-
sessed using a standard in vivo killing assay. Three weeks after the boost
immunization, mice were challenged with a 1:1 ratio of OVA peptide-
pulsed CFSE™ splenocytes (target cells) and non-pulsed CFSE'" sple-
nocytes (non-target cells) (Fig. 7a). Two days after this adoptive
transfer, the spleens were isolated and the ratio of target cells versus
non-target cells was analyzed by flow cytometry. The stronger the
evoked cytotoxic T cell response, the more tageted cells are killed,
leading to a higher killing percentage. Fig. 7b shows that the mice
immunized with the mixture of soluble OVA and polymer exhibited
even lower level of antigen specific cell lysis as compared to soluble
OVA, indicating the poor adjuvant effects of the soluble polymer used in
this study. Immunization with VMP-Gal did not result in antigen spe-
cific cell lysis levels above those induced by immunization with antigen
in saline. Importantly, The VMP-Man formulation induced the most
strongest cytolytic T cell responses. The observed differences in the
killing assay between VMP-Man and VMP-Gal can likley be ascribed to
the enhanced DC cellular uptake of VMP-Man by binding to the man-
nose receptors followed by endocytosis and MHC I antigen presentation
[60]. On the level of the humoral immune response, VMP-Man strongly
promoted IgG1 responses (Fig. 7c), as well as IgG2c (Fig. 7d), which are
indicative for the strength of Thl immunity induction [61]. All for-
mulations with PolyU were potent in eliciting the IgG2c response as
compared to soluble OVA [Fig. 7d). A similar phenomenon was ob-
served in previous studies when mice were immuized OVA together
with TLR ligands like polyU and resiquimod [13,61-63].Taken together,
VMP-Man achieved synergistic effects in terms of effector T cell and
humoral responses.
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Fig. 7. Adaptive immune responses evoked by VMPs. (a) Schematic representation of the experimental set-up of the immunization protocol. (b) Specific killing of
target cells in response to each vaccine formulation. Antibody titers of IgG1 (c) and IgG2c (d) in serum. Data are shown as means of 4 mice/group. *p < 0.05; **

p < 0.01; ***p < 0.001; **** p < 0.0001 (one-way ANOVA).

4. Conclusions

In summary, we have developed a virus structure mimicking syn-
thetic vaccine with mannose ligands on the surface, for the effective
and simultaneous delivery of an antigen (OVA) and adjuvant (PolyU) to
DCs. This reduction-sensitive vaccine can be readily formulated by se-
quential self-assembly of RNA and OVA with polymers, and followed by
surface modification with mannose ligands by employing copper-free
click chemistry. The mannosylated VMP-Man particles with a size
around 200 nm exhibited enhanced cellular uptake by BMDCs as com-
pared to VMP-Gal and induced DC maturation. VMP-Man had a good
cytocompatibility and enabled enhanced MHC I antigen presentation by
DCs in vitro. Immunization with VMP-Man showed superior antibody
and cytolytic T cell responses. In summary, the synthetic VMPs de-
scribed in this paper are a promising modality to develop vaccines
against diseases such as HIV and cancer that require Thl/cytotoxic T
cell responses in addition to antibodies for protection.
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