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Abstract

DNA technology has emerged as a promising route to accelerated manufacture of sequence
agnostic vaccines. For activity, DNA vaccines must be protected and delivered to the correct
antigen presenting cells. However, the physicochemical properties of the vector must be carefully
tuned to enhance interaction with immune cells and generate sufficient immune response for
disease protection. In this study, we have engineered a range of polymer-based nanocarriers
based on the poly(beta-amino ester) (PBAE) polycation platform to investigate the role that
surface poly(ethylene glycol) density has on pDNA encapsulation, formulation properties and
gene transfectability both in vitro and in vivo. We achieved this by synthesising a non-PEGylated
and PEGylated PBAE and produced formulations containing these PBAESs, and mixed polyplexes
to tune surface PEG density. All polymers and co-formulations produced small polyplex
nanoparticles with almost complete encapsulation of the cargo in all cases. Despite high gene
transfection in HEK293T cells, only the fully PEGylated and mixed formulations displayed
significantly higher expression of the reporter gene than the negative control in dendritic cells.
Further in vivo studies with a bivalent SARS-CoV-2 pDNA vaccine revealed that only the mixed
formulation led to strong antigen specific T-cell responses, however this did not translate into the
presence of serum antibodies indicating the need for further studies into improving immunisation
with polymer delivery systems.
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Introduction

Vaccines are a critical form of prophylactic medicine, which have prevented more deaths than
any other medical intervention in history [1]. Despite this, there is still a need to enhance the safety
profile, boost efficacy in poorly vaccine-responsive segments of the population and accelerate
manufacturing in order to respond rapidly to epidemic and pandemic scenarios [2]. DNA vaccines
offer many of these advantages [3]. They operate by administering antigen encoding DNA which
instructs local cells at the injection site to express a pathogen related antigen, initiating
immunisation and thus protection against disease when challenged by the pathogen itself [3] [4]
[5]. Although mRNA vaccines have been popularised throughout the COVID-19 pandemic, the
overall stability of DNA compared to mRNA may enable DNA technologies to be utilised more
widely in low to middle income countries, where access to cold-chain storage is limited [6].

The poor cellular association of DNA when administered ‘naked’, necessitates the development
of safe and effective delivery systems to transport the nucleic acid vaccine construct to dividing
cells [7]. The majority of clinical studies for DNA vaccines and therapies have utilised physical
delivery systems, such as electroporation [8], jet-injectors [9], or gene gun systems [10], for
intradermal administration [9], which is exemplified with the only licensed plasmid DNA vaccine,
ZyCoV-D (Cadilla Healthcare) for COVID-19 which was approved for emergency use in India [11].
However, the lack of scalability for this approach and advanced training requirements for
healthcare professionals means that these delivery approaches may not be appropriate in rapid
response indications. While adeno-associated virus (AAV) vectors overcome some of these
challenges, packaging constraints, expensive cell-based manufacture and potentially harmful
immunogenic responses necessitates the need for alternative vectors [12]. For this reason,
significant efforts have been placed on developing non-viral nanoparticle-based delivery systems
which offer unlimited cargo capacity, biologic free manufacture, and reduced safety concerns [13-
15].

Cationic polymers have emerged as a highly versatile nucleic acid delivery platform, which
operate by condensing negatively nucleic acids into small, 50-200 nm diameter, nanoparticles
typically termed ‘polyplexes’, assembled through supramolecular electrostatic interactions [16,
17]. Such polyplex nanoparticles stabilise the nucleic acid cargo and facilitate transportation
across the physiological and cellular barriers required [18]. Although lipid nanoparticles have been
the most accepted delivery approach since their use in the two licensed mRNA COVID-19
vaccines [19-21], polycations offer a significantly broader chemical space to tune formulation
stability [22] and specificity towards immune cells, which are vital for vaccination. However, the
high charge density on the polyplex surface means that there are potential toxicity concerns
arising from cell membrane disruption, non-specific protein absorption, pain at the injection site
or generalised reactogenicity towards the vaccine. To date, most researchers have focused on
tuning the polymer composition and architecture to circumvent these outstanding challenges [23,
24].

One especially popular strategy has been to attach poly(ethyleneglycol) (PEG) chains to the
surface of polyplexes to attenuate their interaction with the cell membrane [25]. However, there
is limited understanding on how PEG grafting density may influence expression and tolerability of
a DNA vaccine. This is particularly important in a vaccine setting where the formulation itself may



play a substantial role in activating specific cellular immunity pathways through membrane
damage as has been seen with the LNPs for the two licensed COVID-19 vaccines. [26-28]

In this study we explore the relationship between PEG density on the surface of polyplexes and
their ability to deliver plasmid DNA in vaccine-relevant in vitro and in vivo models. For this we
prepared PEGylated and non-PEGylated poly(beta-amino) esters (PBAEs) as hydrolytically
degradable, non-toxic, and efficient nucleic acid binding polycations. We demonstrated the high
tolerability, potent transfection efficiency and fast intracellular trafficking of pDNA loaded
polyplexes derived from each of these materials in HEK293T cells and a dendritic cell line. PEG
density was modulated by preparing polyplexes containing mixtures of the polycations. The library
of polycations was then further examined in vivo for their performance as delivery vectors for
pDNA vaccines by formulating them with a bivalent SARS-CoV-2 vaccine encoding for the spike
and nucleocapsid proteins, with the mixed polycation formulation eliciting strong antigen specific
T-cell response (Figure 1).
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Figure 1. Schematic representation of PBAE synthesis, polyplex assembly, in vitro analysis and in vivo antigen
response of a bivalent SARS-Cov-2 pDNA vaccine.

Materials and Methods
Materials

1,4-butanediol diacrylate (BDD), 5-aminopentan-1-ol (5-AP), triethylamine (TEA), PEG-thiol
(mPEG-SH), Fluorescein isothiocyanate (FITC), diethyl ether, tetrahydrofuran, sodium acetate
(NaOAc) buffer (pH:5.0), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), tannic
acid, dye Gel Red, L-glutamine, Goat-anti-mouse 1gG, Fc biotin and red CellMask™ Plasma
Membrane stain were purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), loading buffer,
Tris-acetate-EDTA (TAE) buffer, Lipofectamine 2000, 2-mercaptoethanol, Hoechst 33342,
Lysotracker red and 96-well plates were obtained from ThermoFisher. Dulbecco's Modified Eagle
Medium (DMEM) cell culture medium, RPMI 1640 cell culture medium, fetal bovine serum (FBS)
and Opti-MEM were bought from Gibco, Invitrogen, Carlsbad, CA, USA. PrestoBlue reagent and
ONE-Glo D-luciferin substrate were purchased from Promega, UK. Finally, S1 protein (Z03501)
and N protein (Z034880) were obtained from GenScript.

Instrumentation and Analysis

NMR Spectroscopy



All *H-NMR spectra were recorded in ppm (8) at 400 MHz in d6-DMSO using a Bruker Advance
Il MHz spectrometer that was maintained at 25°C. To analyse the spectra MestReNova 6.0.2
copyright 2009 (Mestrelab Research S.L.) was applied.

Gel permeation Chromatography

The gel permeation chromatography (GPC) analysis was performed using the PL-50 instrument
equipped with a dual angle light scatter (LS), viscometry (VS) and differential refractive index
(DRI) detection. The system was equipped with a PLgel 5 ym guard column and a 2 x PLgel
Mixed D columns (300 x 7.5 mm). Dimethylformamide (DMF) with LiBr was utilised as an eluent
with a flow rate of 1 mL/min at 50°C. The instrument was calibrated through Poly(methyl
methacrylate) standards (Agilent EasyVials) between 550-955500 g mol~'. Using conventional
calibration, Cirrus GPC software, dispersity (D) values, molecular weight (M) and experimental
molar mass (Mn sec) were detected.

Theoretical Molar Mass Calculation
The theoretical number average molar mass (Mawn) was calculated as demonstrated in the
following:

DLS and Zeta Potential

The dynamic light scattering (DLS), Zetasizer nano-ZS90 (Malvern, Inc.), instrument was used to
characterise the particles in terms of the size, PDI and zeta potential. The instrument was used
at 25°C to determine the zeta potential, average hydrodynamic diameters, and polydispersity
index (PDI) of polyplexes.

Transmission Electron Microscopy

Briefly, glow discharged Formvar/carbon coated TEM grids were used, on which were placed the
formulation samples (13 pL), which were left for 15 minutes, then the excess solution was
removed, and the samples allowed to dry at room temperature. Following this, 10 uL of 2%
agueous uranyl acetate was applied to each grid and left for 10 seconds. After air drying, imaging
was performed using a Tecnai G2 Spirit TEM with BioTwin lens configuration (Thermo Fisher
Scientific, Eindhoven, The Netherlands) at an accelerating voltage of 100kV.

Polymer Synthesis and Characterisation

PBAE synthesis

PBAEs were synthesised using the following two-step general procedure. BDD and 5-AP were
mixed at 1.1:1 (diacrylate:amine) molar ratio into a test tube (20 mL). The components were
dissolved in DMSO to reach a concentration of 0.5 mg/mL, then a stir bar was added, and a rubber
septum was used to seal the tube. The mixture was heated in the dark at 90°C for 24 h with
continuous stirring at 300 rpm. The reaction mixture was then used directly for end-capping as
detailed below.

End capping for non-PEGylated PBAES

To produce non-PEGylated PBAES, an excess amount of 5-amino-1-pentanol was added directly
to the PBAE solution for 24 h at room temperature. Polymers were isolated by diluting the reaction
mixture into 1-fold volume of tetrahydrofuran (e.g. 5 mL of DMSO and 5 mL of tetrahydrofuran)
followed by dropwise precipitation in diethyl ether. The polymer was collected via centrifugation
and dried under reduced pressure at 37°C to yield a yellow viscous liquid Finally, polymers were
stored at -20°C as solutions (100 mg/mL) in DMSO.

End capping for PEGylated PBAEs
To obtain PEG-PBAE-PEG triblock copolymers, the initial non-endcapped PBAE solution was
mixed with 800 Da methoxy-PEG-thiol (mMPEG-SH) polymer at a molar ratio of 1:2.5



acrylate:mPEG-SH in DMSO containing TEA (0.1 molar equivalents relative to thiol) at room
temperature for 24h. The PEGylated PBAE was isolated and stored as described above.

Synthesis of Fluorescently Labelled PBAEs

Fluorescently labelled PBAEs, OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG were
synthesised using the following generation procedure. PBAEs were dissolved in 5 mL DMSO (0.5
mg/mL) in a 20 mL vial. FITC was added to vials at a 1:10 (moles of end amine: FITC) molar ratio
and TEA was added to the mixture at a 0.1 molar ratio. The reaction mixture was allowed to stir
for 24 h in the dark at room temperature. The reaction mixture was then dialysed using molecular
weight cut-off 3,5 kDa against 250 mL NaOAc buffer (pH:5.0), in the dark. Purification was
continued for 4 days and the dialysis medium refreshed 2 times in a day. After freeze drying,
FITC-labelled polymers were collected as a yellow solid and were stored at -20°C as solutions
(100 mg/mL) in DMSO.

Polymer Buffering Capacity Assay

The buffering capacity of PEGylated and non-PEGylated polymers was evaluated by acid-base
titration over the pH range of 10.0-3.0. Briefly, 2 mg of polymer was dissolved in 30 mL of 0.1 M
NaCl aqueous solution, and the solution was adjusted to pH 10.0 using 0.1 M NaOH. Then,
precise volumes (between 10-20 uL) 0.1 M HCI were added until a pH of 3 was achieved. The pH
after each addition of HCI was recorded. 0.1 M NaCl was set as negative control.

Synthesis of pDNA

Two different types of pDNA (luciferase and green fluorescent protein (GFP)) (Addgene #693601)
was transformed into Escherichia coli and cultured in 100 mL of Luria broth (LB) with 100 ug/mL
of ampicillin. The pDNA was isolated using a kit Plasmid Plus MidiPrep (QIAGEN, UK). The
concentration and purity of pDNA was measured on a NanoDrop One (ThermoFisher, UK) and
Agarose gel electrophoresis, respectively.

Preparation of Polyplexes

Polyplexes were prepared between positively charged polymers and negatively charged DNA by
mixing various w/w ratios (32, 64 and 128). Firstly, the working dilutions of polymers and DNA
were prepared in 25mM NaOAc buffer (pH:5.0). Depending on the desired w/w ratio, differing
amounts of polymer stock solutions were mixed with nucleic acids in the buffer, gently mixed using
a pipette and incubated at room temperature for 30 minutes. Whilst preparing the PBAE/DNA
complexes, taking a w/w 64 ratio as an example, 10 pg/mL of the DNA stock solution was mixed
with 2.560 mg/mL PBAE by pipette using a 25mM NaOAc buffer.

PEG-tannin binding assay

Tannic acid was diluted to a concentration of 10 uyg mL* in pH 5 sodium acetate buffer. PEG-
(pBDD-5AP)-PEG, OH-(pBDD-5AP)-OH and mixed nanoparticle suspensions were prepared as
mentioned above at a w/w ratio 64. Subsequently, 1 mL of each nanoparticle suspension were
transferred to a polystyrene cuvette and placed in an Agilent-Cary UV-VIS spectrometer.
Absorbance readings at 500 nm were taken continuously at intervals of 1 millisecond (ms). After
approximately 65 s, 0.3 mL of the tannic acid solution was added and mixed via micropipette. The
absorption was then observed for a further 2 minutes.



Gel retardation assay

A 1% agarose gel was prepared in 50 mL TAE buffer (40mM Tris-acetate, 1mM EDTA) using a
microwave (approximately 40 seconds) to dissolve the gel and then was stained with the 2 yL of
dye Gel Red for the nucleic acid bands’ visualization. Finally, 10 yL of nanoparticle solution were
mixed with 2 uL of loading buffer, after pipette, 12 uL of the solutions were loaded in each well.
Electrophoresis was conducted for 45 minutes at 90V. The visualisation of the DNA bands was
detected with a UV detector (Bio-Rad) at 312nm.

In Vitro Experiments

Cell Culture

HEK?293T cells were a gift from Imperial College London and cultured in 10 % (v/v) FBS containing
high glucose DMEM cell culture medium. DC2.4 cells were obtained from ATCC and cultured in
RPMI 1640 cell culture medium. Media containing L-glutamine was supplemented with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (L0mM), non-essential amino acids (0.1mM) and
10 % FBS. Absence of mycoplasma was confirmed using polymerase chain reaction. Cells were
grown to 90 % confluence in a humidified incubator at 37°C (5% CO2) and detached with 1x
trypsin/EDTA. Viability was assessed using Trypan Blue staining.

Cell Viability Assays

To investigate the cytotoxicity of the formulations, a cell viability assay was performed using
HEK293T and DC2.4 cell lines. 24 hours prior to treatment, cells were seeded in a clear 96-well
plate at a density of 20x102 cells/well. For the treatment, the medium was aspirated, and cells
were treated with 200 pL of Opti-MEM containing various w/w ratios of formulations complexed
with 10 pg/mL fluc pDNA concentration (20 uL of polyplex solution). After 4 hours, nanoparticle
solutions were aspirated and 100 pL of complete medium was added to wells. At 24 hours
posttreatment, each well was treated with 100 pL of 10% PrestoBlue reagent and allowed to
incubate for 1 h. Then, the total volume was transferred to a black 96-well plate and the FLUOstar
Omega plate reader (BMG LABTECH, UK) was used to determine the fluorescent intensity (540
nm — 590 nm) of each well and normalized to the medium control.

In Vitro Transfection Experiments

In vitro transfection experiments were performed using HEK293T and DC2.4 cell lines and
commercially available transfectant agent Lipofectamine 2000 was used as positive control. 24
hours prior to treatment, cells were seeded in a clear 96-well plate at a density of 20x103 cells per
well. For the treatment, the medium was aspirated, then cells were transfected with 200 pL of
Opti-MEM containing various w/w ratios of formulations complexed with 10 ug/mL fluc pDNA
concentrations (20 pL of polyplex solution). After 4 hours, nanoparticle solutions were aspirated
and 100 yL of medium was added to wells. At 24 hours posttreatment, 50 uL of media was
removed then 50 pL of the ONE-Glo D-luciferin substrate was placed into each well and mixed
well by pipette. Finally, the total 100 yL was placed in a 96-well plate and FLUOstar Omega plate
reader (BMG LABTECH, UK) was used to determine the luminescence.

In Vitro Bone marrow dendritic cell (BM DC) Transfection Experiments

C57BL/6 female mice were purchased from Charlie River UK. In vitro procedures were conducted
in accordance with the Ethics and Welfare Committee of the Comparative Biology Unit (UCL,
London, UK) was carried out under a Home Office Project Licence (PP4506002). Femurs and
tibias of 6-8 week old C57BL/6 female mice were collected and bone marrow cells were harvested
by mortar and pestle in complete RPMI media. Red blood cells were lysed with ACK lysis buffer



and washed with complete media. Remaining progenitor cells were plated 1.5x10° cells/ml in a
24 well non tissue culture treated plate with 20ng/ml GM-CSF. On day 2 of the culture, 800 pL of
the existing media in each well was used to wash the well to detach lightly adhered cells. 800 uL
of the media was then removed and replaced with 1 mL fresh media containing 20ng/ml GM-CSF.
On day 5, 1 mL of media was removed from each well and replaced with 1 mL fresh media
containing 20 ng/ml GM-CSF. On day 7, cells were detached using trypsin-EDTA and reseeded
at a 0.5x108 cells/mL in a 24 well non tissue culture treated plate. On day 8, BM DCs were
transfected with the polyplexes at 5 pg/mL DNA and 320 ug/mL PBAE concentrations and left for
24 h incubation. On day 9 cells were harvested and labelled for surface staining CD11c, CD45,
CD24, SIRPa, B220, XCR1, CD11b, CD86, Ly6c, MHC Il and viability dye. Flow cytometer data
was collected on a Fortessa instrument and analysed via FlowJo soiftware.

eGFP Expression of pDNA

To visualise transfection efficiency, GFP encoded pDNA + BDD-mPEG (w/w 64) formulation was
prepared and eGFP expression was monitored. Briefly, HEK293T cells were plated in CellView™
35 mm diameter glass bottom cell culture dishes at a density of 40x10* cells per well 24 h prior to
transfection. For the treatment, the medium was aspirated, and cells were transfected with Opti-
MEM containing BDD-mPEG + pDNA (10 pug/mL). Cells were incubated for 4 hours at 37°C with
5% CO.. Then, nanoparticles were aspirated, and cells washed 3 times with PBS and stained
with 10 ug/mL Hoechst 33342 and 10 ug/mL red CellMask™ Plasma Membrane stain applied in
PBS solution. After 30 minutes, the staining solution was aspirated, and cells were washed 3
times with PBS then FluoroBrite DMEM was added to cells. Imaging was performed using
confocal microscopy (Leica, Germany) using LAS X software on DAPI and GFP filters. ImageJ
software was used to analyse the microscopy data.

Cellular Uptake of pDNA using Confocal Microscopy

DC2.4 cells were seeded in CellView™ 35 mm diameter glass bottom cell culture dishes at a
density of 30 x 10* cells per well. For the treatment, the medium was aspirated, and cells were
transfected with Opti-MEM containing FITC labelled BDD-mPEG + pDNA (0.01 mg/mL). Cells
were incubated for 1 and 4 hours at 37°C with 5% CO2. Then, nanoparticle solutions were
aspirated, and cells washed 3 times with PBS and stained with 10 pg/mL Hoechst 33342 and
75nM Lysotracker red applied in PBS solution. After 30 minutes, the solution was aspirated again,
and cells were washed 3 times with PBS then FluoroBrite DMEM was added to cells. Imaging
was performed using Leica confocal microscopy with LAS X software on DAPI, FITC and
Lysotracker filters. ImageJ software was used to process the images.

Imaging Cytometry

DC2.4 cells were seeded in a clear 6-well plate at a density of 40 x 10° cells per well. For the
treatment, the medium was aspirated, and cells were transfected with Opti-MEM containing BDD-
mPEG + pDNA (0.01 mg/mL) formulation. After 4 hours, the nanoparticle solutions were aspirated
and 150 pL of 0.05% trypsin was used for detachment of cells from wells. After incubation for 15
minutes, 300 yL FACS buffer was used to neutralise the trypsin and cells were centrifuged at
1500 rpm for 10 minutes. Following this, cells were stained with Zombie Violet (1:500) dye for 30
minutes at room temperature to help with gating on live cells. Then, cells were fixed with 100 pL
of 4% paraformaldehyde in PBS for 20 minutes. Fixed cells were centrifuged, and pellets
resuspended in 50 uL of PBS. Data were acquired using an Image Stream 100 (Amnis, Seattle,
US) and on single cell in focus circumstances was used for analysis. Ideas Software (Amnis,
Seattle, WA, USA) was used for data analysis. Total cell fluorescence was calculated by default



total cell masks for the measurement of the nanopatrticle internalisation and cell interiors were
identified using the area erode tool (brightfield channel). Internalisation index was shown as
percentage of maximum internalisation (percentage of interior cell fluorescence to total cell
fluorescence).

In Vivo Experiments

Mice and Immunisations

Animal work was carried out under a Home Office Project Licence (PP2706800). Mice were
maintained in the animal unit at Nottingham Trent University according to Home Office guidelines
and the Project Licence. Studies were approved by both University of Nottingham and NTU
AWERBSs (animal welfare and ethical review boards). There were 4 different groups and each
group contained three female Balb/C (Charles River) mice aged 8-12 weeks. All mice in the
positive control group received DNA (SN17, which was gifted by Scancell Ltd., Nottingham, UK)
coated onto 1.0 um gold particles (BioRad, Hemel Hempstead, UK) and applied intradermally to
the mice via gene gun (BioRad, UK) on days 1, 8 and 15 [29]. Mice in other three groups received
a single 50 pL injection of nanoparticle solution containing 5 ug SN17 with PBAE-PEG-based
polymers (BDD, mPEG-BDD and Mix). First, nanoparticles were prepared at concentrations of 40
pg/mL and then were centrifuged using Amicon® Ultra-15 Centrifugal Filter Unit to obtain the
above-mentioned desired concentrations. Then, concentrated nanoparticle solutions were
applied as intramuscular (im) injection on days 1,8 and 15. On day 21 mice were sacrificed.

IFN-y ELISpot Assay

Splenocytes harvested from mice from each group were treated and assayed independently. Ex
vivo ELISpot assays were used to detect T cell responses using murine IFNy capture and
detection reagents, S1 and N proteins (SinoBiological and Genscript respectively), according to
the manufacturer’s instructions (Mabtech AB, Nacka Strand, Sweden). In brief, capture antibodies
were coated onto wells of 96-well Immobilin-P plate and triplicate wells were seeded with 5x10°
splenocytes in complete media (RPMI medium 1640) supplemented with 10% FCS, 2mM L-
glutamine and sodium bicarbonate buffered with additional 20mM HEPES containing 50uM 2-
mercaptoethanol. Synthetic peptides (as detailed above) were used at a final concentration of 5
pg/mL in complete media plus 2-mercaptoethanol and added to these wells. Whole proteins were
used at a final concentration of 1ug/mL. Following incubation, captured antibody was detected by
a biotinylated anti-IFNy antibody and development with a streptavidin alkaline phosphatase and
chromogenic substrate. Spots were analysed and counted using an automated plate reader (CTL
Europe GmbH, Aalen, Germany).

ELISA Assay

Blood was collected from mice and allowed to clot for at least 30 minutes at room temperature,
centrifuged at 1000g for 10 minutes and then sera collected. A naive mouse serum sample was
used as a control. Sera were diluted in 2% BSA-PBS and incubated for one hour at room
temperature (RT) in coated S1 protein, N protein, Nunc Immuno plate F96 MaxiSorp ELISA plates,
all at 200ng/well and then blocked with casein. S1 antibody binding was detected using a 3-step
approach consisting of Goat-anti-mouse IgG Fc biotin followed by Streptavidin-HRPO conjugate
and finally TMB (3,3", 5, 5"~ tetramethylbenzidine) core plus reagent (Bio-Rad BUF062C) for
development. N antibody binding was detected using a 2-step approach where Goat pAb to mouse
IgG (HRP) was used after the serum incubation step, followed by the development described



above. In both instances, once sufficiently developed, the reaction was stopped using 1M H,SO4
and the plates were read at 450 nm wavelength on a plate reader.

Histopathological analysis

Livers and kidneys were collected from each group for the histological and immunohistochemical
studies and then tissues were perfused by 200 mL of paraformaldehyde (4%) in phosphate buffer
saline (0.1M) for 48 hours. Then tissues were processed using alcohol series and Xylene. After
24 h, tissues were embedded in paraffin blocks and left at room temperature for overnight.
Haematoxylin and eosin (H&E) and Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining were used for the paraformalin fixed tissue sections which were 10 um.
An Olympus C 5050 digital camera attached on an Olympus BX 51 microscope was used to
record the sections. For the apoptotic cell percentage quantification of tissues QuPath software
version 0.5.1 was used [30].

Statistical analysis

Graphs and statistics were prepared in GraphPad Prism 9.5.1 version or higher. Statistical
differences were analysed using either one-way or two-way ANOVA adjusted for multiple
comparison (either Tukey’s or Dunnet’s), p value lower than 0.05 was considered as statically
significant and the levels of statistical significance were set p* < 0.05, p** < 0.01, p*** < 0.001 and
p**** < 0.0001.

Results and Discussion
Synthesis and Characterisation of PBAEs

We initially synthesised an acrylate end-group terminated poly(beta-amino) ester derived from an
aza-Michael addition polymerisation between 1,4-butanediol diacrylate (BDD) and 5-amino-1-
pentanol (5AP) which could be used for post-functionalisation. This PBAE composition was
chosen due to several previous pre-clinical studies indicating excellent formulation properties
(particle size, stability, and zeta potential) as well as high transfection efficiencies both in vitro and
in vivo across a range of nucleic acid cargos. Diacrylate and amine monomers were mixed then
heated for 24 h at a ratio of 1.1:1 acrylate:amine (Figure 2A) to yield the base PBAE pBDD-5AP.
H-NMR spectroscopy indicated pBDD-5AP had the desired co-monomer composition and
exhibited terminal acrylate groups required for post modification (Figure 2A). GPC analysis
revealed a monomodal chromatogram with © =1.3 and an average molar mass of 7700 g mol.
The pBDD-5AP PBAE was end-capped either with a further aza-Michael addition with 5-AP or via
thiol-acrylate Michael addition with an 800 g mol* mono-thiolated PEG-to yield OH-(pBDD-5AP)-
OH and PEG-(pBDD-5AP)-PEG (Figure 2B and Figure 2C). Full end-capping was confirmed with
the disappearance of acrylate signals in the 'H NMR spectra (Figure 2E). We observed a modest
increase in molar masses for 5-AP end-capped polymers, reaching 8500 g mol* while the PEG
terminated PBAEs exhibited a clear shift towards higher molar mass (Mnn = 12300 g mol?) due
to PEG conjugation. Overall, all polymer characterisation confirmed the preparation of our
targeted structures (Figure 2B).

The buffering capacities of OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG were evaluated by
acid-base titration (over the pH range of 10.0—3.0) as pKa of polycations has been suggested to



be important for facilitating endosomal buffering and endosomal escape of polymer based nucleic
acid delivery systems [31, 32]. Both PEGylated and non-PEGylated PBAEs showed similar
titration curves suggesting that PEGylation did not affect the buffering capacity (Figure 2D) thus
any co-formulations between the OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG should have
identical buffering capabilities.
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Figure 2. Synthesis and characterisation of PBAEs. (A) Synthetic scheme for step-growth Michael-addition
polymerisation of BDD, 5-AP and mPEG-SH to produce PEG-PBAE-PEG triblock copolymer. First, acrylate-terminated
base polymer was synthesised by polymerisation of monomer BDD and 5-AP. In the second step, base polymer was
further terminated with 0.8 kDa mPEG-SH. (B) Molecular weights of PBAEs determined using GPC and (C) the
molecular weight distribution of OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG. (D) Buffering capacity of OH-(pBDD-
5AP)-OH and PEG-(pBDD-5AP)-PEG compared to polyethyleneimine (PEI) and negative control of a 0.1 M NaClg)
solution. (E) *H NMR spectra of pBDD-5APm OH-(pBDD-5AP)-OH showing disappearance of the acrylate peaks at 6-
7 ppm indicating complete capping with either 5-amino-1-butanol for OH-(pBDD-5AP)-OH or PEG-SH for PEG-(pBDD-
5AP)-PEG.

Effect of PEG Density on Polyplex Physicochemical Properties



Polyplex preparation was performed with three different polymer / fluc pDNA ratios weight-to-
weight ratios (w/w ratios of 32, 64 and 128) for OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG
PBAEs to optimise size, surface charge, encapsulation efficiency, biocompatibility, and DNA
expression. To assess the effect of PEG density on the surface on the nanoparticle surface, we
also prepared polyplexes prepared with a 1.1 weight:weight mixture of OH-(pBDD-5AP)-OH and
PEG-(pBDD-5AP)-PEG, termed ‘mix’ (Figure 3A). This ratio represents a molar ratio of 2/3 PEG-
(pBDD-5AP)-PEG/ OH-(pBDD-5AP)-OH and has been previously shown to be more effective at
delivering siRNA in glioblastoma than the PEGylated or non-PEGylated formulations alone;
however, has not been utilised in DNA vaccination [33].

Hydrodynamic diameters of all nanopatrticles were observed to be between 100-150 nm with low
polydispersity index (PDI) values (< 0.2) determined by dynamic light scattering (DLS) (Figure
3B), with no major changes in particle size observable across different w/w ratios. Notably, PEG-
(pBDD-5AP)-PEG polyplexes produced smaller hydrodynamic diameters compared to OH-
(pBDD-5AP)-OH non-PEGylated particles, suggesting that end modification of the polymer with
MPEG-SH induced more compact structures in the final kinetically-trapped polyplexes, consistent
with previous reports on PEGylated polyplexes [34]. In addition, zeta potentials of the particles
were measured to be between 10-15 mV and no significant difference was observed between the
groups (Figure 3C). TEM micrographs of PEG-(pBDD-5AP)-PEG/pDNA polyplexes prepared at
a w/w ratio of 64 showed the complexes to be spherical, and between 30 to 180 nm in diameter
consistent with DLS analysis, albeit with particle shrinkage in the dry state for electron microscopy
(Figure 3D, Figure 3E and Figure S1). Interestingly for the PEGylated and mixed polyplexes we
observed a clear core-shell structure across most of the particles imaged, with a dark core and
less electron dense corona attributable to the PEG surface. In contrast non-PEGylated polyplexes
did not exhibit this core-shell morphology with only a single phase of electron dense core evident.
We believe these TEM images and morphological differences evidence the absence or presence
of PEG expressed on the surface of these polyplexes, in line with the formulations produced.

Furthermore, as DLS analysis is typically skewed towards larger particles it is likely any smaller
species may be underrepresented in the overall sizes reported by light scattering. The presence
of some free nucleic acids in agarose gel electrophoresis experiments for OH-(pBDD-5AP)-OH
formulations indicated less complete complexation with the non-PEGylated material. In contrast,
full incorporation of DNA was observed for the PEG-(pBDD-5AP)-PEG and mixed polyplexes
(Figure 3F). Overall, these results indicate that all three formulations were capable of
encapsulating pDNA with both the PEG-(pBDD-5AP)-PEG and mixed polyplexes offering smaller
particle sizes and marginally higher pDNA encapsulation efficiency. To investigate the PEG
surface density, a PEG-selective aggregation assay was conducted based on the well-established
property of PEG as a tannin binding agent which occurs through hydrogen bonding [35]. This
assay is similar to lectin-glycopolymer assays, where addition of multivalent lectin induces an
increase in solution absorbance due to particle aggregation [36]. PEG-(pBDD-5AP)-PEG, OH-
(pBDD-5AP)-OH, the mixed nanoparticles and sodium acetate buffer (as negative control) were
subjected to tannic acid treatment, and absorbance at 500 nm was tracked using a UV-VIS
spectrometer (Figure S2). There was no change for sodium acetate buffer after tannic acid
addition. Some degree of increase was observed for the OH-(pBDD-5AP)-OH nanopatrticles
compared to sodium acetate buffer which could be due some interactions between the tannic acid
and the highly hydroxylated polymer through hydrogen bonds. Notably, a rapid rise in absorbance
at 500 nm was monitored upon treating PEG-(pBDD-5AP)-PEG nanoparticles with tannic acid
suggesting high availability of PEG in their surface. And finally, the degree of aggregation for
mixed nanoparticles was at a level between those for PEGylated and non-PEGylated
nanoparticles suggesting availability of PEG at the surfaces of the mixed nanoparticles was also
at an intermediate level compared to the fully PEGylated and non-PEGylated systems.



A
__ B0 T OH. B0 SAPY O 13
AN AN gzoo- g :&G-(;JBOD-E\AP)-PEG
OH-(pBDD-5AP)-OH 8 1.0
B g 150
= L o
% 100 = ol - e
% 0.5
1:1 w/w mixture (mix £ 50 .
A,..MN,\A(A), a SRR
0- T T T T T T T T T T 0.0
PEG-(pBDD-5AP)-PEG 32 64128 32 64128 32 64128
P PBAE/pDNA wiw ratio
C
OH-(pBDD-5AP)-OH %
=3 OH-(pBDD-5AP).OH
~ =3 PEG-(pBDD-5AP)-PEG
£ = Mix
— 20
ONAAAS A ANy 8
> S
PEG-(pBDD-5AP)-PEG & 103 i 7
= e
> N
oy -7 0 O ) R R R, S ) R S BT
D ’,’ 32 64 128 32 64 128 32 64128
; . -7 E PBAE/pDNA wiw ratio
" 1000 nm * e 2 F
(\ 3’7 \ %
¥ 9
. % 573 L‘ " ‘
v \1 .o : "I
. Issls

100 <0
Diameter (nm)

Figure 3. Formulation of PBAEs with pDNA to produce polyplex nanoparticles. (A) Schematic representation of
pDNA formulation with OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG or a 1:1 w/w mixture of OH-(pBDD-5AP)-OH,
PEG-(pBDD-5AP)-PEG termed ‘mix’ in pH 5.0 25 mM sodium acetate at a final pDNA concentration of 10 pg/mL. (B)
Particle size and (C) Zeta potential for the OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG and ‘mix’ polyplexes at a
PBAE/pDNA w/w ratio of 32, 64 and 128 determined by dynamic light scattering at 25°C. Bars represent the mean +
SD for 3 independent formulations. (D) Representative transmission electron micrograph of PEG-(pBDD-5AP)-PEG
polyplexes (scale bar corresponds to 1000 nm) and (E) measured particle size distribution from five separate TEM
images. (F) Encapsulation efficiency of pDNA within polyplexes evaluated using agarose gel retardation assay.

In Vitro Evaluation of pDNA Delivery

The acute toxicity and pDNA delivery efficiency of the individual OH-(pBDD-5AP)-OH, PEG-
(pBDD-5AP)-PEG was examined in HEK293T and DC2.4 cells as a model and vaccine relevant
dendritic cell line respectively. Similar to the formulation characterisation study above, polyplexes
were prepared at polymer/pDNA w/w ratios of 32, 64, and 128 utilising a firefly luciferase encoding
pDNA and compared against lipofectamine (positive expression control) and Triton X-100
(positive toxicity control). All the formulations exhibited more than 50% cell viability and, in
general, DC2.4 cells displayed high metabolic activity compared to HEK293T cells which may be
due to the lower transfectability of the dendritic cells (Figure 4A and Figure 4B) [37]. Similar to
previous studies, increasing w/w ratio resulted in increased toxicity due to increased polycation
concentration which is known to disrupt the negative phospholipid bilayer [38]. Interestingly, a
significant difference was observed for the mixed and PEG-(pBDD-5AP)-PEG formulation in the
DC2.4 cell line with cell viability around 50% and 94% for w/w 128 and w/w 64, respectively



(Figure 4A and Figure 4B). Notably, formulations prepared at higher w/w ratios yielded greater
transfection efficacy often exceeding the luciferase expression of the lipofectamine positive
control (Figure 4C and Figure 4D). Unlike in HEK293T cells the OH-(pBDD-5AP)-OH formulations
did not show statistically significantly higher luciferase expression than naked pDNA in DC2.4
cells, yet both the mixed and PEG-(pBDD-5AP)-PEG derived polyplexes yielded increased pDNA
expression in the DC2.4 cells. This could be due to the above-mentioned compact structure of
PEGylated formulations where the diameter of nanoparticles was observed to be smaller than
that of non-PEGylated ones, and thus, above shown increased nucleic acid encapsulation. This
phenomenon may also be the result of PEG shielding the dsDNA from cytosolic DNA sensors
which are present in the DC2.4 cells but not HEK293 cells thus initiating a type-1 interferon
response and inhibiting downstream RNA translation and thus expression of the luciferase
reporter [39]; however, this would require further investigation.

Membrane interactions of the formulations were evaluated via propensity to lyse RBCs compared
to NaOAc buffer (negative control, NC) and Triton-X (positive control, PC). It was found that, as
the w/w ratio of particles increased, a higher level of haemolytic activity was observed, in
agreement with previous studies [40]. In addition, PEGylation significantly decreased the
haemolytic activity of the formulations with w/w 128 (**p < 0.01) and W/W 64 (*p < 0.05) ratios
(Figure S3). This is likely due to decreased surface charge of PEGylated formulations thus
decreased interactions between negatively charged RBCs and positively charged polymers [41].
The tolerability of these polyplexes were also further evaluated in assays measuring cell viability
of mouse derived BM DCs treated with the polyplexes (Figure S4). As GM-CSF, a growth
stimulating factor for dendritic cells as well as other myeloid cells, was used in this culture, an
optimised gating strategy was needed to identify solely dendritic cells. In order to do this, cells
were gated on live, CD45r°s, Ly6c'ov B220"w, CD11cP°s, MHC lIP°s (Figure S5). The dendritic cells,
when transfected with all formulations showed no significant change in live cell count in
comparison to the dendritic cells that were not transfected. This demonstrates that our PBAE
derived polyplexes do not affect the viability of dendritic cells in vitro.



150 A 150 B
= HEK293T - DC2.4
R R
z z
S 100 S 100
b3l ki
< <
2 L
_§ 50 4 % 50
© kT
= =
0— LI T rrrrrrrrri o_ LI T rrrriri
é&.@“ L HEE YSp Vo 258 @& YOP V&P SO
°¢* & Mix Q’(\* 6'00? Mix
\3«‘\@ 2 PEG-{pBDD-5AP)-PEG 0«,‘\@ 2 PEG-(pBDD-5AP)-PEG
N OH-(pBDD-5AP)}OH R OH-{pBDD-5AP}OH
i (o4 " D
3 HEK293T § 10152
© 10° T = x 10°
[ - 5_]
5 10 S 10
- 4| - 4|
.-E” 10 -E” 10
< 10°- < 1034
o
2 o
T 102 ® 102+
°© ©
X 1o!- T T T T 1T 1T T T 1 11 x 101
6(\“ Y&e S V> \& VEy PVEp H&P
d@& Mix y Mix
\Qo@&' PEG-{pBDD-SAP}PEG \Qé"&& PEG-(pBDD-5AP)-PEG
OH-(pBDD-5AP)-OH v OH-{pBDD-5AP)-OH

Untreated

PEG-(pBDD-5AP)}-PEG  OH-{pBDD-5AP}-OH

Mix

Hoechst 33342

CellMask™




Figure 4. Metabolic activity and transfection efficiency of PBAE derived pDNA polyplexes. Effect of PBAE
polyplexes formulated with firefly luciferase encoding pDNA at PBAE/pDNA w/w ratios of 32, 64 and 128 on metabolic
activity (A and B) and transfection efficiency (C and D) on HEK293T cells (A and C) and DC2.4 cells (B and D). Cells
were treated with polyplexes containing pDNA at a concentration of 500 ng/mL (100 ng/well) in serum-free Opti-MEM.
Metabolic activity was compared against Triton X (positive control) and untreated cells (negative control), and calculated
by normalizing metabolic activity to untreated cells. In vitro transfection efficiency was analysed after 24 h post-
transfection using the Promega ONE-GLO luciferase assay and compared against Lipofectamine 2000 (positive
control) and naked pDNA (negative control) expressed as relative light units (RLU) for luciferase expression. Bars
represent the mean + SD. (E) Representative live cell confocal microscopy images of HEK293T cells 4 h post-
transfection with an eGFP encoding pDNA formulated with OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG or a 1:1 w/w
mixture of OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG termed ‘mix’ at a PBAE/pDNA w/w ratio of 64. Cells were
stained with Hoechst 33342 CellMask™ Plasma Membrane Stain Deep Red to visualise the nucleus and cell membrane
respectively. Images are displayed as individual channels and a merged signal. Scale bar corresponds to 20 um (x40).
Note: the contrast of the images has been enhanced for clarity, original images can be found in the supporting
information (Figure S6).

Due to the encouraging results with all three formulations at w/w 64 exhibiting high luciferase
expression and minimal reduction in metabolic activity, we further investigated these formulations
for pDNA expression with live cell confocal microscopy. All polymers were formulated with GFP-
encoding pDNA and exposed to HEK293T cells for four hours. Following incubation, green
fluorescence attributed to GFP expression could be observed within the cytosol indicating
successful transfection (Figure 4E).

To evaluate the cellular association of PEG-(pBDD-5AP)-PEG (w/w 64) polyplexes in DC2.4 cells,
we first generated a FITC labelled PEG-(pBDD-5AP)-PEG by conjugating FITC on to the pendant
hydroxyl groups of the core PBAE. Cellular uptake was assessed through imaging flow cytometry,
a single cell microscopy technique at 30 min, 1 h, 2 h, and 4 h after treatment (Figure 5A). It was
observed that 97.8% of DC2.4 cells were FITC-positive indicating successful cell association
within 1 hour of incubation. There was a further increase to 99.5% FITC-positive at both 2 h and
4 h incubation times overall highlighting rapid association of the administered polyplexes. Notably
the median fluorescence intensity rose from 4500 arbitrary units up to 18400 between 30 min and
4 h incubation, indicating an initial rapid uptake by the DC2.4 cells which continued throughout
the course of the experiment. Compared to traditional flow cytometry the images from each cell
can be analysed to compare internalisation vs membrane association. The median of
internalisation score of the polyplexes was approximately 1.4 indicating a high proportion of
nanoparticles were internalised inside the cells since having a score less than 0.3 can be
considered to be surface bound (Figure 5A, B and C) [42].

To further assess the intracellular internalisation mechanism of the PEG-(pBDD-5AP)-PEG in
DC2.4 cells we employed confocal microscopy to evaluate colocalization with a lysosomal
(Lysotracker™ red) and nuclear (Hoecht 33342) stain (Figure 5D). After 1 and 4 h post
administration, confocal micrographs showed that polyplexes successfully internalised within
dendritic cells and merged images demonstrated with minimal co-localisation with the acidic
lysosomes with image analysis indicating Pearson’s Correlation Coefficient between FITC
labelled polyplexes and Lysotracker™ stained lysosomes were below 0.5 (Table S1). Given the
~100 nm patrticle diameters it is likely that these formulations will be uptaken by endocytosis,
however the minimal colocalization with the acidic lysosomes may indicate successful escape a
the before endosomal maturation in lysosomes compartments. Although further endosomal
escape studies would be needed to fully investigate this phenomenon, it is likely this feature
heavily explains the high expression efficiencies observed, as endosomal escape is one of the
key bottlenecks in cytosolic gene and drug delivery.
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Figure 5. Cellular uptake of PBAE derived pDNA polyplexes. (A-C) Imaging cytometry (A) histograms of
fluorescence intensity and internalisation for DC2.4 cells after 30 mins, 1 h, 2 h and 4 h following treatment with FITC-
labelled PEG-(pBDD-5AP)-PEG polyplexes at a PBAE/pDNA w/w ratio of 64 at 500 ng/mL pDNA. Untreated
fluorescence intensity histogram can be found in the supporting information (Figure S7) Data were analysed using
IDEAS software. (B and C) Representative images for imaging cytometry for untreated and treated group after 4 h (D)
Representative merged live cell confocal microscopy images of DC2.4 cells treated pDNA polyplexes derived from
FITC-labelled PEG-(pBDD-5AP)-PEG at a PBAE/pDNA w/w ratio of 64 after 1 h and 4 h at 100 ng/well (500 ng/mL)
pDNA. Scale bar 10 um (40x). Note: the contrast of the images has been enhanced for clarity, original images can be
found in the supporting information (Figure S8).

In Vivo Delivery of a SARS-CoV-2 Bivalent pDNA Vaccine

Due to the encouraging in vitro pDNA expression and polyplex uptake in DC2.4 cells we
hypothesised that these materials may be effective in delivering a pDNA vaccine against infectious
disease. We therefore evaluated antigen specific T-cell responses of our formulations
encapsulating a bivalent pDNA vaccine, encoding for both the nucleocapsid and spike protein of
SARS-CoV-2 [43]. This construct has previously shown positive neutralising antibody titres ixn
vivo following jet injector administration, however there is a need for more accessible delivery
technologies for this vaccine candidate. Genomic studies on SARS-CoV-2 evolution have
indicated that mutation in the spike (S1) protein is the predisposing factor to waning vaccine
immunity against new variants. Therefore, a vaccine inducing expression of the nucleocapsid (N)
protein may have advantages for future protection against SARS-CoV-2 infections (a “variant-
agnostic”) vaccine as the nucleocapsid features are relatively well conserved between variants
[44].

We therefore produced polyplexes derived from OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG
and the 1:1 w/w mixture between these polymers, termed ‘mix’ at a PBAE/pDNA wi/w ratio of 64
using the SARS-CoV-2 bivalent pDNA vaccine. these polyplexes were then investigated for their
ability to deliver the bivalent SARS-CoV-2 DNA vaccine. 3 groups of female Balb/C mice were
injected intramuscularly with a 5 ug pDNA dose and compared against a positive control of 1 ug
pDNA vaccine delivered via gene gun. Doses were administered in a prime-boost regime, with 3
identical im injections spaced 7 days apart (Figure 6A). Serum was collected at day 21 post-
immunisation and then the mice were euthanised for spleen harvest, to evaluate whether any
bivalent SARS-CoV-2 pDNA PBAE-formulated vaccines could induce spike and nucleocapsid T
cell immune responses after booster doses. No adverse effects were observed during the course
of the animal experiment, with body weights of the animals remaining relatively constant and no
animals requiring removal from the study (Figure 6D).
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Figure 6. In vivo transfection, immunisation performance and tolerability following intramuscular
administration of PBAE polyplexes containing a SARS-CoV-2 bivalent pDNA vaccine. (A) Schematic of the dosing
schedule. (B) Antigen-specific T cell responses were quantified by IFN-y ELISpot with splenocytes isolated from
vaccinated mice 21 days following intramuscular administered 5 pg pDNA bivalent SARS-CoV-2 vaccine (encoding
for both spike (S1) and nucleocapsid (N) proteins) complexed with OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG or a
1:1 w/w mixture of OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG termed ‘mix’ at a PBAE/pDNA w/w ratio of 64.
These were compared against a positive control of gold particle associated gene gun delivered vaccine. Doses were
administered in a prime-boost regime, with 3 identical injections spaced 7 days apart. (C) Representative images of
IFN-y spot-forming cells (D) Animal body weight data over the time course of the experiment. (E) Serum N and (F) S1
antibody response 21 d after vaccination as determined by an ELISA assay. (G) Histopathological analysis of liver and
kidney to investigate tissue damage for the non-treated, positive control and ‘mix’ polyplexes. H&E and TUNEL staining
was utilised for the analyses of general tissue structure and apoptotic cells respectively. Scale bar 20 um and 100 pm
for H&E and TUNEL images respectively the percentage of apoptotic cells in the (H) liver and (l) kidney histopathology
was quantified using QuPath software. Bars represent the mean + standard deviation. Statistical analyses were
performed with a two-way ANOVA with Tukey multiple comparisons post-hoc test with level of statistical significance
represented as p* < 0.05, p** < 0.01, p*** < 0.001 and p**** < 0.0001.

The levels of antigen specific T-cells were investigated by evaluating the IFNy expression via an
ELISpot assay performed on splenocytes harvested from vaccinated mice. Gene gun vaccinated
mice elicited the highest IFNy secretion when stimulated with both N and S1 proteins (p < 0.0001
against media control). In contrast there was no statistically significant (p > 0.05 against media
control) T-cell IFN y expression after stimulation with the N and S1 proteins for the OH-(pBDD-
5AP)-OH and PEG-(pBDD-5AP)-PEG polyplexes (Figure 6B and Figure 6C) compared to non-
stimulated splenocytes, despite the PEGylated PBAE yielding the highest in vitro transfection
performance in DC2.4s. Surprisingly we observed excellent IFNy secretion for the sparsely
PEGylated, mixed polyplexes, with equivalent and 70% spot formation compared to the gene gun
positive control for the S1 protein and N protein respectively (Figure 6B, Figure 6C). The reasons
for this enhanced efficacy, and importantly poor correlation between the in vitro and in vivo
experiments are not immediately clear, however it is possible that modulation of PEG density may
attenuate immunogenic response or improve diffusion of the formulations beyond the injection
site.

ELISA assays were performed with collected serum samples at day 21 to detect N and S1
antibody reactivity. Serial dilutions of positive control gene gun serum indicated potent reactivities
suggesting the positive control immunisation stimulates strong antibody responses to both the
nucleocapsid and spike proteins, consistent with previous data [29]. However, none of the PBAE
formulations stimulated detectable antibody responses despite evidence of N and S1 protein
expression in the mixed PBAE formulation (Figure 6E, Figure 6F). This may be due to the reduced
DNA dose compared to previous DNA vaccine studies, and may not be an adequate dose to
stimulate antibody responses despite initiating protein expression or poor adjuvanticity of the
formulation [45]. The limited antibody response may also be related to quantity of DNA taken up
by antigen presenting cells or trafficked to lymph nodes being higher from gene gun, than from
the PBAE formulations. Recent findings have suggested that inclusion of lipophilic side chain
monomers into PBAEs may improve transfection of dendritic cells, hence could be an area of
exploration for DNA vaccine polymer formulations in future [46].

The improved safety profile of new vaccine excipients and technologies is of utmost importance,
particularly given recent reports on autoimmune hepatic injury following SARS-CoV-2 vaccination
[47]. Accordingly, histological analysis of the liver was conducted from mice at the end of the
vaccination study. We observed that the liver architecture and components of the mixed
formulation were similar to those of the non-treated group, whereas enlarged interhepatic plate
spaces and endothelial cells were distinct in the liver tissue in the gene gun treated group (Figure
6G). The highly loaded blood vessels may also indicate severe inflammation for the positive
control group, which again was not observed for the mixed formulations. Similarly, the findings for
the H&E-stained kidney tissue architecture and the components were close to non-treated group



compared to the ‘mix’ formulation. Finally, the vaccine induced inflammatory response may initiate
apoptotic mechanisms in these cells, hence apoptosis was investigated via a TUNEL assay and
then the data was analysed using QuPath software to quantify this. As expected, liver and kidney
sections from untreated mice displayed minimal apoptosis, and a similarly low level of apoptosis
was observed for the mixed formulation. In contrast the positive gene gun control displayed
several apoptotic regions and thus high apoptotic cell percentage quantified by QuPath (Figure
6H and Figure 6l). The higher inflammatory and apoptotic features observed for the positive
control, compared to the PBAE formulations may be correlated with their greater antibody
responses.

Taken together, the results from this work indicate that PEGylation of PBAESs plays a strong role
in the in vitro and in vivo delivery efficiency of pDNA vaccines. Given the relatively similar
physicochemical properties between PEGylated, non-PEGylated and mixed polyplexes it is
unlikely this is the driving force in the enhanced activity seen for the PEGylated derivatives in the
DC2.4 cell line. Previous studies on PBAEs have shown that high transfections efficiencies are
typically achievable with polyplex nanopatrticles of diameters below 200 nm [48], however the size
alone does not guarantee efficacy, with monomer choice for the base PBAE critical for activity.
Furthermore, the 3-4 orders of magnitude decrease in luciferase expression between the
HEK293Ts and DC2.4 for the OH-(pBDD-5AP)-OH polyplexes, which was not as extensive for
PEGylated derivatives, hints that shielding the dense positive charge on the polyplex surface may
enhance the downstream intracellular pathways that are important in pDNA delivery or
expression. For instance, it has previously been observed that the membrane disruptive nature
of polycations can stimulate intracellular inflammatory pathways which may inhibit DNA
transcription or mRNA translation as a defence to viral replication [49]. Such innate responses
are more functional in immune cells than in HEK293Ts potentially explaining the differences
observed between cell lines [50], The screening of positive charge may therefore explain why
PEGylated PBAE polyplexes improve DNA expression, despite previous literature indicating that
PEGylation drastically reduces uptake and therefore expression of nucleic acid formulations [51].
In contrast, the greater efficacy of the sparsely PEGylated ‘mix’ formulation in vivo may be
explained by the known ability for PEGylated materials to diffuse further from the injection site,
whilst potentially stimulating a moderate immunogenic response through weaker membrane
interactions. As our markers for efficacy in the in vivo assay were related to vaccine response
rather than antigen expression alone, this could result in enhanced activity for the ‘mixed’
formulation, while the PEGylated material does not stimulate a strong enough immune response,
while the non-PEGylated derivative may yield an inflammatory response thus inhibiting the
expression of the antigen.

Conclusions

In conclusion, in this work we demonstrate the role of PEGylation density in the formulation and
delivery of pDNA in a vaccine relevant setting. Polyplexes derived from solely the PEG-(pBDD-
5AP)-PEG or the 1:1 w/w mixture between PEG-(pBDD-5AP)-PEG and OH-(pBDD-5AP)-OH
displayed smaller particle sizes, high encapsulation efficiencies and high transfectability of
reporter pDNA constructs in HEK293T cells and importantly dendritic cells displaying their
potential in vaccination. In further in vivo studies with a bivalent SARS-CoV-2 pDNA vaccine, only
the mixed polyplex formulations demonstrated IFNy similar to the gene gun positive control;
however, did not exhibit any antibody response. The findings in this study suggest that polymer
delivery systems are a promising avenue for DNA vaccines with the surface properties of
polyplexes eliciting a strong role in the performance of these delivery systems. However future
research should focus on routes to improve the quality of immune response achieved from these



vaccines when administered with polymer vectors. There is also significant scope to identify which
polymer properties can tailor towards antibody or T-cell response, the main effectors in infectious
disease vaccines and immunotherapies respectively.
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Supporting Information

Figure S1: Representative transmission electron micrograph of (A) OH-(pBDD-5AP)-OH
polyplexes and (B) Mix polyplexes. Scale bars correspond to 1000 nm.
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Figure S2: Absorbance-time curves of tannic acid-PEG binding assay measured on a UV-VIS
spectrometer at 500 nm over 2 minutes with PEG-(pBDD-5AP)-PEG, OH-(pBDD-5AP)-OH and
mix nanoparticles and sodium acetate buffer. Dotted line refers the time (65000 ms) that tannic
acid was added to sodium acetate buffer and the nanoparticle suspensions.



= OH-(pBDD-5AP)-OH
100+ =3 PEG-(pBDD-5AP)-PEG

80 - = Mix

HAEMOLYSIS %

N A
S&  FEP FEP SO

eo‘;o° PBAE/pDNA wiw ratio
)

S &
QOQGQ

Figure S3: Hemolytic activity of OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG and ‘mix’ (a 1:1
w/w mixture of OH-(pBDD-5AP)-OH, PEG-(pBDD-5AP)-PEG) polyplexes at a PBAE/pDNA w/w
ratio of 32, 64 and 128, measured after 2 h of incubation with human erythrocytes. Bars
represented as the mean + SD for n = 3. *p < 0.5 and **p < 0.01 (compared to non-PEGylated
nanoparticles).
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Figure S4: Live/Dead assay to determine effect of PBAE polyplexes at w/w 64 on BMDC cultures
(N=3) determined using flow cytometry. (A) Live/Dead assay of total BM culture and (B) % of live
MHC Il + CD11c+ cells.
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Figure S5 Gating strategy for flow cytometry analysis of % live cells and % live DCs.

Figure S6: Live cell confocal microscopy original images of HEK293T cells 4 h post-transfection
with an eGFP encoding pDNA formulated with (A) Nontreated (B) OH-(pBDD-5AP)-OH, (C) PEG-
(pBDD-5AP)-PEG or (D) a 1:1 w/w mixture of OH-(pBDD-5AP)-OH and PEG-(pBDD-5AP)-PEG
termed ‘mix’ at a PBAE/pDNA w/w ratio of 64. Scale bar corresponds to 20 ym (x40).
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Figure S7: Imaging cytometry. Fluorescence intensity histogram of untreated group for DC2.4
cells. Data were analysed using IDEAS software.

Figure S8: Live cell confocal microscopy original images of DC2.4 cells treated pDNA polyplexes
derived from FITC-labelled PEG-(pBDD-5AP)-PEG at a PBAE/pDNA w/w ratio of 64 (A)
Nontreated (B) after 1 h and (C) after 4 h at 100 ng/well (500 ng/mL) pDNA. Scale bar 10 pm
(40x).
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Table S1: Co-localisation with the acidic lysosomes with image analysis indicating Pearson’s
Correlation Coefficient between FITC labelled polyplexes and Lysotracker™ stained lysosomes
were around 0.38.
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