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A B S T R A C T   

Each year, millions of poultry succumb to highly pathogenic avian influenza A virus (AIV) and infectious bursal 
disease virus (IBDV) infections. Conventional vaccines based on inactivated or live-attenuated viruses are useful 
tools for disease prevention and control, yet, they often fall short in terms of safety, efficacy, and development 
times. Therefore, versatile vaccine platforms are crucial to protect poultry from emerging viral pathogens. Self- 
amplifying (replicon) RNA vaccines offer a well-defined and scalable option for the protection of both animals 
and humans. The best-studied replicon platform, based on the Venezuelan equine encephalitis virus (VEEV; 
family Togaviridae) TC-83 vaccine strain, however, displays limited efficacy in poultry, warranting the explo-
ration of alternative, avian-adapted, replicon platforms. In this study, we engineered two Tembusu virus (TMUV; 
family Flaviviridae) replicons encoding varying capsid gene lengths and compared these to the benchmark VEEV 
replicon in vitro. The TMUV replicon system exhibited a robust and prolonged transgene expression compared to 
the VEEV replicon system in both avian and mammalian cells. Moreover, the TMUV replicon induced a lesser 
cytopathic effect compared to the VEEV replicon RNA in vitro. DNA-launched versions of the TMUV and VEEV 
replicons (DREP) were also developed. The replicons successfully expressed the AIV haemagglutinin (HA) gly-
coproteins and the IBDV capsid protein (pVP2). To assess the immune responses elicited by the TMUV replicon 
system in chickens, a prime-boost vaccination trial was conducted using lipid nanoparticle (LNP)-formulated 
replicon RNA and DREP encoding the viral (glyco)proteins of AIV or IBDV. Both TMUV and VEEV replicon RNAs 
were unable to induce a humoral response against AIV. However, TMUV replicon RNA induced IBDV-specific 
seroconversion in vaccinated chickens, in contrast to VEEV replicon RNA, which showed no significant hu-
moral response. In both AIV and IBDV immunization studies, VEEV DREP generated the highest (neutralizing) 
antibody responses, which underscores the potential for self-amplifying mRNA vaccine technology to combat 
emerging poultry diseases.   

1. Introduction 

The development of new efficacious vaccine platforms is crucial to 
protect chickens against novel emerging viral pathogens that annually 
cause the death of millions of poultry worldwide. During the 1997 avian 
influenza virus (AIV) H5N1 pandemic, it became clear that solely human 
vaccination against zoonotic influenza viruses was not sufficient to 
prevent new pandemics from arising [1,51,54,57,66]. Since then, not 
only vaccination of poultry against AIV H5N1 was implemented, but 
also routine vaccination against other avian-specific pathogens gained 

more interest as a potent control measure to prevent disease worldwide 
[3,64]. Although conventional (inactivated or live-attenuated) vaccines 
were a step forward in the prevention and control of diseases in birds, 
the vaccines often performed sub-optimally in terms of safety, efficacy, 
or development times [34,63]. As such, millions of poultry are culled 
each year due to the sudden occurrence of highly pathogenic AIV or very 
virulent infectious bursal disease virus (IBDV). To mitigate morbidity, 
mortality, and the zoonotic spillover of poultry pathogens to humans, an 
effective and versatile vaccine platform technology is required. 

Conventional vaccines are less suitable for emergency vaccination 
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during an outbreak, because of biosafety regulations, difficulties during 
pathogen cultivation, or less control over batch-to-batch variations. The 
first step in creating a more easily adaptable vaccine platform was the 
registration of recombinant live viral vector vaccines. A commercially 
available vector for poultry is the genetically modified version of the 
Meleagrid herpesvirus 1, commonly known as Turkey herpesvirus or 
Herpesvirus of Turkey (HVT). This recombinant HVT vaccine can be 
modified relatively easily and can encode multiple antigens of interest 
rendering it a suitable platform for multivalent vaccination 
[31,32,56,58]. Nevertheless, scaling up the production of this cell- 
associated recombinant live virus is challenging due to the require-
ment of primary chicken embryo fibroblast cells for virus propagation, 
which restricts its suitability as a platform for rapid response vaccines 
[52,65]. 

Interestingly, the recent COVID-19 pandemic has accelerated the use 
of nucleic acid-based messenger (m)RNA vaccines, which are also 
attractive for the poultry industry as they are generally well-defined, 
scalable, and most importantly, quickly adaptable. Current mRNA vac-
cines for human use require a substantial dose (30 µg for BioNtech/ 
Pfizer’s Comirnaty, 100 µg for Moderna’s Spikevax) plus a booster 
vaccination in order to provide protective immunity [17,41]. However, 
smaller doses have been reported for self-amplifying mRNA (samRNA or 
SAM) vaccines, the so-called replicons [2]. These replicon formulations 
are often based on the replication genes of Venezuelan equine enceph-
alitis virus (VEEV; family Togaviridae; genus Alphavirus) TC-83 vaccine 
strain or Kunjin virus (KUNV; family Flaviviridae, genus Flavivirus) 
[29,46]; R. [59,61]. To generate replicon vaccines, the wildtype viral 
genome is modified by replacing the viral structural genes for a gene of 
interest. Since only the replicase genes are maintained, the replicon RNA 
can self-amplify in the cytoplasm but cannot propagate or spread to 
other cells. The process of active RNA amplification in cells receiving the 
replicon may eliminate the need for an adjuvant while a strong immune 
response is induced [9,29,60]. Immune responses targeting the replicase 
genes may also be induced, but this does not negatively impact repeated 
vaccinations with the same replicon vector [46]. Despite this self- 
adjuvating effect of replicon vaccines, the VEEV replicon platform 
does not always induce a protective immune response in poultry 
[50,55]. Consequently, there is a niche for an alternative, preferably 
poultry-adapted, replicon-based platform. A suitable virus candidate to 
develop an alternative replicon for poultry is the Tembusu virus 
(TMUV), a member of the Flaviviridae family. TMUV has been isolated 
from a wide range of bird species such as ducks, geese, chickens, and 
pigeons, and thus shares hosts with the avian influenza virus [15]. 

In this study, we describe the construction of modified TMUV 
replicons containing an extended capsid-coding region comprising 
conserved secondary RNA structures. Additionally, we demonstrate the 
effect of these cis-acting elements within the capsid gene on the 
expression levels, duration, and cytopathic effect in comparison to the 
VEEV replicon benchmark. Furthermore, we describe the immunization 
of chickens with TMUV- versus VEEV-based replicons containing the 
viral structural transgenes of AIV (HA) or IBDV (pVP2). We further 
developed a DREP platform based on the Tembusu Perak isolate and 
compared this construct to a VEEV DREP construct. Replicon RNA or 
DREP vectors were formulated in lipid nanoparticles (LNP) and 
administered in a homologous prime-boost setting to 1-day-old specific- 
pathogen-free (SPF) chickens. The humoral responses in chickens 
against HA and VP2 were followed over time for all vaccine candidates 
and compared to those induced by a commercial vaccine. We conclude 
that a synthetically-produced, TMUV-based replicon system has the 
potential to vaccinate poultry against emerging viral pathogens. 

2. Material and methods 

2.1. Cells 

Baby hamster kidney cells (BHK-21; CCL-10) and chicken embryonic 

fibroblast cells (DF-1; CRL-3586) were cultured at 37 ◦C under 5 % CO2 
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented 
with 10 % fetal bovine serum (FBS) and 100 U/mL pen-
icillin–streptomycin (Gibco). 

2.2. Plasmids 

TMUVrep-C20 and VEEV replicons (Fig. 1A,) have been described 
(Comes et al., 2024) [5]. The constructed TMUV DREP was based on the 
duck Tembusu Perak isolate (Genbank accession no.: KX097989) and 
synthesized in a single-copy pCC1BAC backbone (Genscript)(Fig. 3A). 
VEEV DREP was based on the attenuated VEEV TC-83 strain and syn-
thesized in a high-copy pUC57 backbone (Genscript) [21,29]. Both 
DREP constructs were designed with the cytomegalovirus (CMV) pro-
moter upstream of the replicon sequence. To ensure the formation of a 
native 3′ untranslated region (UTR) in the TMUV replicon RNA, similar 
to that described in (Comes et al., 2024) [5], a hepatitis delta virus 
(HDV) ribozyme and simian virus 40 (SV40)-poly(A) signal were 
included downstream of the 3′UTR terminus. To insert the viral trans-
genes of HA (AIV) or pVP2 (IBDV) in the TMUV and VEEV DREP, unique 
AscI-AvrII and AscI-PacI restriction sites were incorporated in each 
replicon, respectively. For the construction of TMUVrep-C38-eGFP, the 
first 20 codons of the capsid coding region of TMUVrep-C20-eGFP 
replicon construct were replaced via restriction digestion (KasI and AscI) 
by a synthetic DNA gene (Thermo Fisher Scientific) coding for the first 
38 codons of the capsid gene [5] (Fig. 2A). All plasmids were purified 
using the endotoxin-free Nucleobond Midiprep kit (Macherey-Nagel) 
and the DNA concentration was determined using the spectrophotom-
eter ND-1000 (Nanodrop). Plasmids were stored for further use at 
− 80 ◦C. For the evaluation of TMUV and VEEV DREP constructs, sub- 
confluent (60–70 % confluency) BHK-21 cells in 6-wells plates were 
transfected with 2 micrograms using Lipofectamine 2000 reagent 
(Invitrogen) in Opti-MEM (Gibco) according to the manufacturer’s 
protocol. After 4 h, the monolayer was washed with Dulbecco’s 
phosphate-buffered saline (DPBS; Gibco), and fresh supplemented me-
dium was added. Cells were incubated at 37 ◦C under 5 % CO2 prior to 
indirect immunofluorescence assays. 

2.3. Secondary RNA structure prediction 

Models of the secondary RNA structures within the 5′UTR and capsid 
region of the TMUV WU2016 genome (Genbank accession no.: 
OQ920272) were predicted using the webserver RNAalifold (http://rna. 
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) and RNAs-
tructure 6.3 and verified using the phylogenetically related TMUV iso-
lates aligned in Clustal X V2.0. The secondary RNA structures were 
visualized and modeled in VARNA [8]. The secondary structures that 
were selected are based on the minimum free energy prediction not 
taking into account weaker GU pairs at the end of helices. For long- 
distance RNA interaction such as 5′ upstream AUG region (5′UAR), 5′ 
downstream AUG region (5′DAR), and 5′ cyclization signal (5′CS) the 
prediction was generated using the Mfold web server in which the 5′UTR 
and 3′UTR were separated by a poly(A) stretch of 100 nt [26]. 

2.4. In vitro replicon RNA transcription, purification, and electroporation 

The construction of the SP6-driven TMUVrep-C20 replicon, encoding 
the first 20 N-terminal amino acids of the capsid protein, has been 
described in Comes et al. (2024) [5]. A similar approach was applied for 
the construction of SP6/T7-driven TMUVrep-C38 and VEEVrep 
expressing various reporter and viral (glyco)proteins. Replicon- 
encoding DNA plasmids were purified using the endotoxin-free Nucle-
obond Midiprep kit (Macherey-Nagel) and linearized using PacI (TMUV- 
derived replicons) or NotI (VEEV-derived replicons) restriction enzymes. 
Capped in vitro transcribed replicon RNAs were generated by using 2.5 
micrograms of linearized plasmid DNA in an SP6- or a T7-polymerase 
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reaction (both from New England Biolabs) for TMUV and VEEV replicon 
constructs, respectively. The reactions were incubated for 2 h at 37 ◦C 
and thereafter treated for 30 min at 37 ◦C with RNAse-free DNAse 
(Promega). Replicon RNA was purified using the RNeasy Midiprep kit 
(Qiagen) according to the manufacturer’s RNA Cleanup protocol. Both 
quantity and quality of the in vitro transcribed RNA was analyzed using 
spectrophotometry (ND-1000; Nanodrop) and via conventional elec-
trophoresis using a 1 % agarose gel in tris–acetate-EDTA (TAE) buffer for 
15 min at 150 V. The generated replicon RNA was stored at − 80 ◦C until 
further use. For the evaluation of replicon RNA, BHK-21 cells were 
electroporated using the Gene Pulser Xcell (Bio-Rad Laboratories). Pu-
rified replicon RNA was mixed with 6 × 106 resuspended BHK-21 cells in 
DPBS and pulsed twice (850 V/25μF) in a 0.4 cm electroporation cuvette 
(Bio-Rad Laboratories). After electroporation, cells were recovered in 
10 mL supplemented medium and incubated at 37 ◦C under 5 % CO2. 

2.5. Renilla luciferase activity assay 

To assess the Renilla luciferase (Rluc) activity, 24-well plates were 
seeded with 1 x 105 cells/well of electroporated BHK-21 or transfected 
DF-1 cells containing TMUVrep-C20-Rluc or VEEVrep-Rluc replicon RNA 
and incubated up to 4 days. At various time points, the cells were lysed 
using a passive lysis buffer (Promega) for 20 min at RT. The cell lysate 
was cleared using centrifugation at 12.000×g and transferred into an 
opaque 96-well plate. Next, pre-made Rluc buffer was mechanically 
injected using the FLUOstar Optima microplate reader (BMG Labtech). 
The luminescence was measured in triplicate for 8 min (10 intervals) 
and normalized against mock electroporated BHK-21 cells. To determine 
the total expression, which represents the area under the curve (AUC), 

values were processed using the trapezoid rule. Student’s t-test was 
performed using GraphPad Prism (V9.5.0.) to assess the statistical sig-
nificance (p ≤ 0.05 was considered statistically significant). 

2.6. Viral cytotoxicity assay 

To assess the cytopathic effect (CPE) of the TMUV and VEEV replicon 
RNA on BHK-21 cells, 1.5 × 104 electroporated cells/well were plated in 
a 96-well plate (Greiner). The cells were analyzed every 24 h up to 4 
days post electroporation to evaluate the CPE using the Viral ToxGlo 
assay (Promega) according to the manufacturer’s protocol. The lumi-
nescence was measured using the FLUOstar OPTIMA microplate reader 
(BMG Labtech). The virus-induced cytotoxicity was determined by the 
average RLU of two biological and three technical replicates normalized 
against the average RLU of healthy, mock electroporated cells. 

2.7. Flow cytometry analysis 

eGFP or wrmScarlet expression were measured using the SH800S 
Cell sorter (Sony) or Accuri C6 (BD Biosciences), respectively. For flow 
cytometry analysis, cells were collected via trypsinization, washed with 
DPBS, and resuspended in FACS buffer (DPBS supplemented with 1 % 
BSA and 1 mM EDTA). Forward scatter (FSC) and back/side scatter 
(BSC/SSC) were used to exclude debris, abnormalities, and doublets. To 
determine the mean fluorescence intensity (MFI) of the highest 5 % of 
GFP-positive cells, a standard gating strategy was implemented that 
excluded 99 % of non-fluorescent mock cells. A total of 100.000 events 
per sample were measured. 

Fig. 1. Comparison of Rluc expression between the TMUV and VEEV replicon RNA in mammalian and avian cell lines. (A) Schematic diagram of the SP6 promoter- 
driven TMUV replicon construct and T7 promoter-driven VEEV replicon construct encoding the Rluc protein. C20: first 20 amino acids of capsid; E22: last 22 amino 
acids of envelope protein; 26S: 26S promoter are indicated. Rluc activity expressed in RLU of TMUVrep-C20-Rluc or VEEVrep-Rluc electroporated (B) BHK-21 cells or 
transfected (D) DF-1 cells over 96-hour period. (C & E) The total (0–96 h) Rluc expression was calculated by approximating the area under the curve (AUC0-96) by 
dividing it into trapezoids and summing their areas. Two independent experiments are presented as means and SEM, with significance defined by p ≤ 0.05 (*) and p 
≤ 0.0005 (***) in an unpaired Student’s t-test. hpe = hours post electroporation, hpt = hours post transfection. 
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2.8. Replicon formulation into lipid nanoparticles 

The purified replicon RNA and DNA-encoded replicon plasmids were 
formulated into LNPs. First, a mixture of ionizable lipids, cholesterol, 
distearoylphosphatidylcholine (DSCP), and polyethylene glycol (PEG) 
C14 was dissolved at a molar ratio of 58:30:10:2 to a final lipid con-
centration of 22.34 mM in absolute ethanol. The lipid mixture was then 
emulsified (N/P ratio 6) with a citrate buffer (pH 5) containing the 
purified DNA or RNA stock using the NanoAssemblr microfluidic system 
(Precision Nanosystems). Next, the resulting LNPs were dialyzed against 
ddH2O for 3–6 h at RT and subsequently against TRIS-G buffer (10 mM 

TRIS, 70 mM NaCl, 5 % sucrose) for 12–18 h at 2–8 ◦C. The dialyzed 
LNPs were then filter sterilized using a double-layer filter (Acrodisc PF 
syringe filter, 0.8/0.2 µm/25 mm; Thermofisher Scientific). Following 
this, the LNP particle size (Z-average) and polydispersity (pdi) were 
measured by dynamic light scattering (DLS, Zetasizer APS2000, Mal-
vern). The LNPs were analyzed by transmission electron microscopy. 
Briefly, LNPs were loaded onto 200-mesh carbon-coated copper grids 
(Electron Microscopy Sciences, Hatfield, PA, USA) and stained with 2 % 
ammonium molybdate. Grids were analyzed using a JEOL JEM- 
1400Plus transmission electron microscope. The concentration and 
formulation efficiency was determined by an LNP disruption assay 
specific for either DNA or RNA. For the DNA:LNP disruption assay, 10 μL 
of each DNA:LNP formulation was treated using 4 % (v/v) Triton-X-100 
in DPBS and incubated at 37 ◦C for 10 min. Hereafter, the disrupted 
LNPs were mixed with 0.2 % SybrGold in DPBS solution, and incubated 
for 60 sec. while agitating at 500 rpm and measured using the ClarioStar 
spectrofluorometer (ex.: 485 nm, em.: 530 nm; BMG Labtech). A plasmid 
DNA standard was used to determine the DNA concentration. For the 
RNA:LNP disruption assay, 10 μL of each RNA:LNP formulation was 
treated using 4 % (v/v) Triton-X-100 in DEPC-treated ddH2O and 
incubated at 37 ◦C for 10 min. The released RNA was separated using 
conventional gel-electrophoresis (1 % agarose in TAE buffer) for 30 min 
at 150 V. Quantitative and qualitative analysis of the released RNA was 
accomplished using an in-house replicon RNA standard and Image Lab 
software (Bio-Rad Laboratories). 

2.9. Coomassie brilliant blue staining and western blotting 

Cell fractions and precipitated supernatant fractions were dissolved 
in DPBS and incubated at 95 ◦C for 5–10 min with a loading buffer 
containing β-mercaptoethanol. Protein samples were then separated 
using an 8–16 % Mini-PROTEAN TGX Precast Protein gel (Bio-Rad 
Laboratories). After electrophoresis, proteins were visualized by Coo-
massie brilliant blue (CBB) staining or transferred to a polyvinylidene 
difluoride membrane (PVDF; Invitrogen) for immunodetection. Mem-
branes were blocked overnight at 4 ◦C with 5–10 mL DPBS-T containing 
1 % skimmed milk (blocking buffer). Then, membranes were incubated 
for 1 h at room temperature with diluted convalescent α-HA serum 
(chicken, 1:500) or α-VP2 (mouse, R63) [53] antibodies in blocking 
buffer. Thereafter, secondary antibodies α-chicken IgY-alkaline phos-
phatase (AP; goat, 1:2500; Sigma-Aldrich) or α-mouse IgG-AP (goat, 
1:2500; Sigma-Aldrich) were added and incubated for 1 h at RT. 
Membranes were washed and proteins were visualized by incubation 
with 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Sigma-Aldrich) 
in 5 mL AP buffer. To remove the N-glycosylated groups from the gly-
coproteins, cell lysates were treated using peptide-N-glycosidase F 
(PNGase F; New England Biolabs) according to the manufacturer’s 
recommendation. 

2.10. Indirect immunofluorescence assay 

Indirect immunofluorescence assays were performed to detect the 
presence of viral (glyco)proteins in replicon-transfected cells. The 
monolayer of BHK-21 cells were washed using DPBS and fixed using 4 % 
paraformaldehyde in DPBS at RT for 5 min. The cells were washed and 
permeabilized using 0.1 % sodium dodecyl sulfate (SDS) in DPBS at RT 
for 10 min. Next, the monolayer was blocked by 5 % FBS in DPBS at 
37 ◦C for 1 h and incubated at 37 ◦C for 1 h with primary antibody 
diluted in 5 % FBS in DPBS; for α-VP2 (mouse, 1:1000), α-HA serum 
(chicken, 1:500). Hereafter, cells were incubated with a secondary 
α-mouse or α-chicken IgG conjugated with Alexa fluor 546 (goat, 
1:2000; Invitrogen) antibody in 5 % FBS in DPBS at 37 ◦C for 1 h. Cells 
were then stained with Hoechst (1:100; Thermo Fisher Scientific,) in 
DPBS for 5 min. Photos were acquired using the Axio Observer Z1 
fluorescence microscope (Zeiss). 

Fig. 2. The effect of cis-acting elements encoded within capsid gene on the 
heterologous protein expression and cytopathicity of the TMUV replicon. (A) 
Prediction of conserved secondary RNA structures using RNAstructure 6.3 and 
RNAalifold amongst different TMUV isolates within the first 208 nt of the 
capsid gene. Secondary structures were drawn using RNAalifold and VARNA 
software package [8]. The following cis-acting elements were identified: 5′ 
upstream of AUG region (5′UAR), 5′ downstream of AUG region (5′DAR), 5′ 
cyclization sequence (5′CS), and downstream of 5′CS pseudoknot (DCS-PK). 
Two different TMUV replicon RNAs were constructed to encode the first 20 
(C20) or 38 (C38) amino acids of the capsid protein. (B) Fluorescence images of 
BHK-21 cells electroporated with TMUVrep-C20-GFP, TMUVrep-C38-GFP, and 
VEEVrep-GFP replicon RNA over a time period of 96-hours. (C) A comparative 
cytopathic effect analysis (Viral ToxGlo assay) was performed based on cellular 
ATP as a surrogate marker of host cell viability of BHK-21 cells harbouring 
TMUVrep-C20-GFP, TMUVrep-C38-GFP and VEEVrep-GFP at 24, 48 and 72 h 
post electroporation (hpe). 
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2.11. Chicken vaccination and sampling 

One-day-old, specific-pathogen-free (SPF) chickens (white leghorn 
layers) were divided into 5 groups (HA-vaccination trial) or 6 groups 
(VP2-vaccination trial) with 10 chickens in each group. The chickens 
assigned to each group were tagged and placed in a housing isolator with 
water and feed ad libitum. Day-old chickens were vaccinated via the 
intramuscular route with 10 μg or 3 μg LNP-formulated replicon RNA or 
DREP, respectively. At T = 3 weeks, an additional booster injection of 
10 μg (LNP:RNA) or 3 μg (LNP:DREP) was administered. One-day-old 
chickens belonging to the positive control group were vaccinated sub-
cutaneously in the neck with Innovax-ND-IBD (MSD Animal Health, 
Boxmeer). The mock group received no vaccination. Blood samples (1.1 
mL) were collected from the left- and right-wing vein of all individuals in 
each group at t = 3, 5, 7, 10, and 13 weeks post-vaccination. Serum was 
collected using Bio-One Vacuette Z Serum clot activator tubes (Greiner). 
Clotting of the blood was achieved by inverting the tubes and incubation 
at 4 ◦C for 30 min. Subsequently, the tubes were centrifuged at 3.000 x g 
at 20 ◦C for 10 min and then heat-inactivated at 56 ◦C for 30 min. The 
serum samples were stored at − 20 ◦C. 

2.12. Serology 

HA- and VP2-specific antibodies from the collected sera were 

detected with a commercially available antibody ELISA kit (ID Screen 
Influenza H5 indirect or ID Screen IBD VP2; IDvet) or reversed compe-
tition ELISA kit (IDscreen Influenza H5 antibody competition; IDvet) 
according to the standard protocol described by the manufacturer. 
Hemagglutination inhibition (HI) assays were used for the HA serotype- 
specific detection of antibodies against the H5N1 subtype according to 
the World Health Organization guidelines (World Health Organization, 
2002). An unpaired, two-tailed t-test (Mann-Whitney) was used to assess 
the statistical significance of the antibody readouts detected in the in-
direct ELISAs and HI assays (p ≤ 0.05 was considered statistically sig-
nificant). Serological responses to IBDV were tested using a virus 
neutralization test using IBDV strain D78 and chicken embryonic cells as 
described previously [49]. Titres of ≥ 4 1og2 were considered to be 
positive. 

3. Results 

3.1. Comparison of reporter transgene expression between TMUV replicon 
RNA and VEEV replicon RNA 

Previously, a TMUV replicon was constructed based on the TMUV 
WU2016 infectious cDNA clone[5]. To compare the expression kinetics 
of the TMUV replicon to the benchmark VEEV replicon in mammalian 
and avian cell lines, both replicon RNAs were modified to express the 

Fig. 3. Construction and validation of the TMUV DREP. (A) Phylogenetic analysis of the TMUV isolate Perak based on a multiple sequence alignment of the complete 
flavivirus genomes retrieved from Genbank. The tree was constructed using the maximum likelihood method based on the general time reversible model. A discrete 
gamma (+G) distribution was used to model evolutionary rate differences among sites. The tree with the highest likelihood is shown in which the percentage in-
dicates the constructed trees were the included isolates clustered together (100 replicates) [28,43]). (B) Design of the TMUV Perak DREP is similar to the replicon 
RNA construct. The AscI and AvrII cloning sites (bold) within the DREP construct allow for in-frame insertion of the avian influenza virus haemagglutinin gene (HA) 
and infectious bursal disease virus nucleocapsid protein (pVP2) flanked by foot-and-mouth disease virus (FMDV) 2A elements. The RNA transcription is under control 
of the human cytomegalovirus promoter (CMVp starting from the 5′ untranslated region (UTR). To ensure that the highly conserved 3′ untranslated region (UTR) 
contained an authentic nucleotide end, a Hepatitis δ virus-like ribozyme (HDVr) followed by the simian virus 40 (SV40) polyadenylation signal (pA) was inserted 
downstream of the last nucleotide of the 3′UTR. C20: first 20 amino acids of capsid; E22: last 22 amino acids of envelope protein are indicated. BHK-21 cells 
transfected with TMUV replicon RNA, TMUV DREP or VEEV DREP expressing the viral (glyco) proteins (C) pVP2 or (D) HA were detected using an indirect 
immunofluorescence assay. Primary antibodies: α-HA convalescent sera (chicken), monoclonal α-VP2 IgG (mouse). Secondary antibody: Alexa Fluor 546-conjugated 
α-chicken IgY (goat) or α-mouse IgG (goat). 
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Rluc protein (Fig. 1A). Replicon RNA was electroporated into BHK-21 
cells or transfected into DF-1 cells, which were sampled over multiple 
time points in a 96-hours period to quantify the Rluc activity as a 
measure of gene expression (Fig. 1B and 1D). It was observed that the 
VEEV replicon RNA resulted in an early onset (8 hpe in BHK-21 cells and 
8 hpt for DF-1 cells) of Rluc expression while the TMUV-mediated 
expression was lower at these earlier time points in BHK-21 (Fig. 1B) 
and DF-1 (Fig. 1D). Despite the later onset of Rluc expression by TMUV, 
the total Rluc activity over 96-hours period was significantly higher than 
VEEV replicon RNA expressed Rluc in BHK-21 (Fig. 1C) and in DF-1 cells 
(Fig. 1E). 

In earlier studies, the functional flexibility of the TMUV virus capsid 
gene was evaluated, highlighting the consequences of including a 
truncated capsid-coding region and its positive implications of putative 
cis-acting elements on viral replication[18]. Structural analysis of the 5′ 
terminal region of the TMUV WU2016 RNA genome revealed the pres-
ence of secondary RNA structures within the 5′ UTR and the capsid gene 
(Fig. 2A). In order to investigate the role of these specific cis-acting el-
ements on the dynamics of transgene expression from TMUV replicon 
RNA, an additional TMUV replicon was constructed that encodes the 
first 38 amino acid residues of the capsid protein (TMUVrep-C38-GFP). 
The RNA of this region contains the secondary structure known as 
‘downstream of cyclization signal pseudoknot’ (DCS-PK) [26]; Z.-Y. [33] 
(Fig. 2A). The impact of the DCS-PK on the expression kinetics and virus- 
induced cytotoxicity was evaluated by introducing TMUVrep-C20-GFP, 
TMUVrep-C38-GFP, and VEEVrep-GFP replicon RNA into BHK-21 cells 
through electroporation (Fig. 2B & C). Interestingly, the inclusion of 
DCS-PK in the replicon RNA (TMUVrep-C38-GFP) resulted in the detec-
tion of GFP-expressing cells as early as 24 hpe, similar to VEEVrep-GFP 
(Fig. 2B). Although the onset of GFP expression differed between 
TMUVrep-C20-GFP and TMUVrep-C38-GFP, no noticeable difference in 
GFP accumulation was observed at later time points (Supplementary 
Fig. S1). 

The effect of the DCS-PK also became apparent when comparing the 
virus-induced cytopathic effect (CPE) of the various replicon RNAs 
(Fig. 2C). No observable difference was detected between the TMUVrep- 
C20-GFP and TMUVrep-C38-GFP in the first 24 h, however, after 48 h a 
noticeably stronger CPE was seen for TMUVrep-C38-GFP. In contrast, 
VEEVrep-GFP evidently showed more intense CPE from 24 h onwards, 
which was also apparent from the changes in cell morphology and the 
loss of fluorescent cells (Supplementary Fig. S2). Thus, the addition of 
the DCS-PK in the TMUV replicon RNA seems to increase replication 
efficiency which results in faster trans-gene expression and increased 
CPE. 

3.2. Design and construction of a DNA-launched replicon construct 

The design of the DREP was based on the duck Tembusu virus isolate 
Perak (Genbank accession nr: KX097989), which is a virus isolated from 
ducks[20]. TMUV Perak shows a high nucleotide (92 %) and protein (99 
%) sequence identity to the previously described TMUV WU2016 
(Genbank accession no.: OQ920272). Whole genome analysis shows that 
TMUV Perak clusters together with other duck-derived TMUV isolates 
(Fig. 3A). A more distant relationship is observed for mosquito and 
chicken-derived isolates such as TMUV MM1775 and Sitiawan virus 
(STWV), respectively. 

For the TMUV DREP platform, the design contained only the first 20 
amino acids of the capsid protein and the last 22 amino acids of the 
envelope protein (Fig. 3B), similar to the RNA replicon design[5]. The 
DREP constructs were transfected into BHK-21 cells and the expression 
of viral transgenes was visualized using an indirect immunofluorescence 
assay (Fig. 3C & D). The expression of pVP2 (Fig. 3C) and HA (Fig. 3D) 
from TMUV DREPs was detectable by IFA despite the lower transfection 
efficiency compared to the benchmark VEEV DREP or the TMUV repli-
con RNA. These differences in expression efficiency might be explained 
by the significantly larger size of the TMUV DREP (pCC1BAC, 11.6 kbp 

+ TMUV replicon, ~10.5 kbp ≈ 22 kbp) compared to the VEEV DREP 
(pUC57, 3.1 kb + VEEV replicon ~9.5kbp ≈ 12.6 kbp). 

3.3. Viral (glyco)protein translocation and glycosylation status 

To investigate whether the viral (glyco)proteins expressed from the 
different replicons were correctly processed intracellularly, BHK-21 cells 
were transfected with replicon RNA of either the TMUVrep-C20-pVP2, 
VEEVrep-pVP2, TMUVrep-C20-HA, or VEEVrep-HA to determine the 
localization of the pVP2 and HA proteins. Since the pVP2 protein of 
wildtype IBDV is autoproteolytically processed in the cytoplasm [38], it 
is expected that pVP2 accumulates in a similar location when expressed 
from the replicon RNA (Fig. 4A). The AIV membrane protein HA natu-
rally encodes both a signal sequence (SS) and a transmembrane domain 
(TMD) targeting the protein to the ER and subsequently via the Golgi to 
the plasma membrane (Fig. 4A). The intracellular localization of pVP2 
and HA was determined by an indirect immunofluorescence assay using 
α-VP2 and α-HA antibodies (Fig. 4B). The pVP2 protein was detected in 
clusters dispersed throughout the cytoplasm, and only in SDS- 
permeabilized cells, whereas HA could be detected both in the pres-
ence and absence of SDS. This indicates that the pVP2 protein remained 
inside the cells and that the HA protein was displayed on the outside of 
the plasma membrane, as expected. To investigate whether the viral 
(glyco)proteins showed the correct molecular mass and whether HA was 
glycosylated, cell lysates of replicon RNA-transfected BHK-21 cells were 
analyzed on a western blot (Fig. 4C-E). The pVP2 protein migrated at the 
expected molecular mass of ~48 kDa (Fig. 4C). An additional faint band 
of 55 kDa was observed, which could result from incomplete ribosome 
skipping by FMDV-2A (Fig. 4A) [11,39]. 

For the detection of HA glycosylation, the cell lysates of transfected 
cells with either the TMUV or VEEV replicon RNA were treated with 
peptide-N-glycosidase F (PNGase F) to remove putative N-linked oligo-
saccharides (Fig. 4D). The expression of HA from either replicon RNAs 
was detected at a molecular mass of ~70-100 kDa. In the PNGase F- 
treated samples, both detected protein bands shifted to a single protein 
band at a molecular mass of ~60 kDa, suggesting that HA was indeed N- 
glycosylated. To confirm the tethering of the HA protein in the plasma 
membrane, the (concentrated) supernatant was screened for the pres-
ence of any soluble HA protein (Fig. 4E), which confirmed that no HA 
protein could be detected in the supernatant. 

3.4. Formulation of DREP and replicon RNA into lipid nanoparticles 
(LNPs) 

Replicon RNA or DREP was formulated in LNPs for the in vivo de-
livery to chickens. Both VEEV and TMUV replicon RNAs and DREPs 
were purified and formulated using the NanoAssemblr Ignite micro-
fluidic system to mix an organic phase of lipids in ethanol with an 
aqueous phase containing the nucleic acids into LNPs (Fig. 5A). These 
LNPs were then analyzed using transmission electron microscopy (TEM) 
and dynamic light scattering (DLS) to characterize the LNP shape and 
size (Fig. 5B-5D). Particles were detected ranging from 50 to 600 nm in 
diameter (Fig. 5B). Although no significant difference was detected in 
the mean particle size between the various formulations, LNPs sized 
larger than 300 nm were only observed when LNPs contained a nucleic 
acid cargo (Fig. 5C). The analysis of LNPs using DLS yielded an average 
size of 150 nm with a similar diversity in particle size and a comparable 
trend in size distribution as for empty LNPs (Fig. 5D). For 1-day-old 
chickens to be vaccinated with 10 μg or 3 μg of LNP:RNA or LNP: 
DREP, respectively, a minimal concentration of 50 ng/μL formulated 
vaccine should be achieved to minimize the injection volume. To 
accurately determine the vaccination dose and quality of the formulated 
replicon RNA, an LNP:RNA disruption assay was performed (Fig. 5E). 
This assay showed that a concentration of 94–140 ng of replicon RNA/μL 
of the formulated vaccine was realized and that the quality of replicon 
RNA was similar to before the formulation. Furthermore, it was shown 
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that a formulation efficiency of more than 50 % was obtained in all 
formulations (Table 1). 

3.5. RNA replicon and DREP vaccination of chickens against IBDV 

To test the ability of TMUV replicons to induce an antigen-specific 
immune response in chickens, the LNP:RNA and LNP:DREP formula-
tions encoding either HA (Fig. 6) or pVP2 (Figs. 7 and 8) were used in a 
prime-boost vaccination study. Each experimental group consisted of 
ten chickens, while the unvaccinated (mock) group include five 
chickens. At T = 0 weeks, prime vaccination with 10 μg of LNP:RNA or 3 
μg LNP:DREP encoding the HA protein was conducted by injection into 
the right leg of day-old chickens. At T = 3 weeks, a booster injection of 
10 μg or 3 μg was administered, respectively (Fig. 6A). Serum was ob-
tained at timepoints T = 3, 5, and 7 weeks post prime vaccination (ppv), 
and the antibody response was detected by reversed competition ELISA, 
indirect ELISA (Fig. 6B–E), or hemagglutinin inhibition assay (Supple-
mentary Fig. S3). In all the sera and at all time points, no significant 
response against HA passed the manufacturer’s threshold for 

seroconversion in the reversed competition ELISA, irrespective of 
whether the chickens were vaccinated with TMUV or VEEV replicon 
RNA (Fig. 6B). Only one chicken in the group vaccinated with VEEVrep- 
H5 replicon RNA showed a positive seroconversion in the reversed 
competition ELISA (Fig. 6B) and a positive response in the HI test 
(Supplementary Fig. S3) at 7 weeks post-prime vaccination. Similar to 
the reversed competition assay, no significant HA-specific antibody 
response was detected in the sera of TMUV replicon RNA vaccinated 
chickens using an indirect ELISA (Fig. 6C). Only at T = 7, the detection 
level of α-HA antibodies in the VEEV replicon RNA-vaccinated group 
was significantly higher than for the mock group. 

Chickens were also vaccinated with DREP:LNP formulations. In this 
experiment, immunization with TMUV DREP did not results in a 
detectable antibody response, as determined by the reversed competi-
tion ELISA nor the indirect ELISA, (Fig. 6D & E). In contrast, the VEEV 
DREP vaccinated chickens showed the initiation of seroconversion in the 
reversed competition ELISA after a single vaccination at T = 3 weeks, 
while a significant difference in HA titers in the indirect ELISA was 
detected after booster administration at T = 5 weeks (Fig. 6D & E). 

Fig. 4. Cellular location and processing of viral (glyco)proteins expressed using replicon RNA in BHK-21 cells. (A) A schematic overview of the replication and 
translation of in vitro transcribed replicon RNA and the membrane topology of the viral (glyco)proteins in the cytoplasm or the lumen of the endoplasmic reticulum 
(ER). C20: first 20 amino acids of capsid (C) protein, E22: last 22 amino acids of envelope (E) protein, 2A: foot-and-mouth disease virus element 2A, HP: trypsin-like 
protease cleavage site, SS: signal peptide cleavage sites, TMD: trans-membrane domain, NS1: viral non-structural protein 1. (B) Indirect immunofluorescence assay of 
transfected BHK-21 cell in the presence (left) or absence (right) of 0.1% SDS for the localization of viral (glyco)proteins. (C) Western blot analysis of transfected BHK- 
21 cell lysate for the detection of pVP2. (D) Lysate from BHK-21 cells transfected with TMUV replicon RNA (left) or VEEV replicon RNA (right) were analyzed using 
western blot for the presence of N-glycosylation of HA (E) Western blot (WB; top panel) and Coomassie brilliant Blue (CBB; bottom panel) of HA detection in both the 
cellular fraction (c) and concentrated supernatant (s) of transfected BHK-21 cells. Primary antibodies: α-HA convalescent chicken sera and monoclonal α-VP2 IgG 
(mouse). Secondary antibodies for immunofluorescence assay: Alexa Fluor 488 or 546-conjugated α-chicken IgY (goat) or α-mouse IgG (goat) respectively. Secondary 
antibodies for western blot: alkaline phosphatase-conjugated α-chicken IgY (goat) or α-mouse IgG (goat). Cell nuclei were counterstained using Hoechst. Protein sizes 
in kDa are indicated on the left. 
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Another immunization trial was performed to test the function of the 
TMUV in comparison to VEEV replicons in eliciting an immune response 
against VP2 (IBDV). Sample groups were set up similarly as for the HA 
study, except that the positive control was immunized using Innovax- 
ND-IBD® (MSD Animal Health). At T = 0 weeks, the prime vaccination 
of 10 μg of LNP:RNA (Fig. 7) or 3 μg LNP:DREP (Fig. 8) was injected into 
the right leg of day-old chickens. At T = 3 weeks ppv, an additional 
booster injection (10 μg for LNP:RNAs or 3 μg for LNP:DREPs) was 
administered (Figs. 7A or 8A). Following this prime vaccination, no 
significant increase in antibody titers was detected at 3 weeks ppv (T =

3 weeks) with LNP:RNA (Fig. 7B, C). However, two weeks after the 
booster vaccination (T = 5 weeks) seroconversion was detected in both 
TMUVrep-C20-pVP2 and TMUVrep-C38-pVP2 vaccinated groups, which 
clearly differed from the VEEVrep-pVP2 vaccinated group (p ≤ 0.05) 
which showed no humoral immune response at this time point. Unfor-
tunately, due to a technical failure in two isolators, 80 % of the chickens 
assigned to the positive control group and 100 % of chickens assigned to 
the TMUVrep-C20-VP2 replicon RNA group were lost during this 
experiment. No significant virus neutralization titers were observed in 
any of the experimental groups at 5 or 13 weeks post vaccination, in 

Fig. 5. Replicon RNA and DREP formulation in lipid nanoparticles (LNPs). (A) Schematic overview of the formulation of lipid nanoparticles (LNPs) using the 
NanoAssemblr Ignite microfluidic system by mixing an aqueous phase, containing replicon RNA in a citrate buffer (pH 5) and an organic phase, containing ionisable 
lipids, cholesterol, distearoylphosphatidylcholine (DSCP), and polyethylene glycol (PEG). (B) Empty and RNA-containing LNPs were analyzed by transmission 
electron microscopy (TEM) and the size distribution determined via (C) semiquantitative analysis from the acquired TEM images or (D) dynamic light scattering 
(DLS). For the measurements using DLS, the average particle size (Z-average; left axis) and size polydispersity index (Pdi; right axis) were visualized in the graph. (E) 
An LNP disruption assay was performed to determine the quantity and quality of the formulated LNPs against a replicon RNA standard visualized via conventional gel 
electrophoresis. The dilution factors of the RNA standard (1x-256x) are indicated above the images. ‘Input’ resembles unpurified, unformulated in vitro-transcribed 
RNA. Error bars represent standard error. Scale bars represent 200 nm. 
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Table 1 
Formulation efficiency of the replicon RNA formulation in lipid nanoparticles (LNPs).   

Input (mg) Concentration RNA in LNP (ng/µl) Total volume LNP formulation (mL) Total RNA LNP formulation (mg) Encapsidation efficiency 
(%) 

HA encoding replicons 
TMUVrep-C20-HA  0.75 108 3.5  0.38  50.5 
TMUVrep-C38-HA  0.68 94 4  0.38  55.0 
VEEVrep-HA  0.82 138 4  0.55  67.5  

pVP2 encoding replicons 
TMUVrep-C20- 

pVP2  
0.75 140 4  0.56  74.6 

TMUVrep-C38- 
pVP2  

0.73 129 4  0.52  70.7 

VEEVrep-pVP2  0.75 132 4  0.53  70.6  

Fig. 6. Immunogenicity of SPF-chickens using LNP-formulated replicon RNAs (left) and DREPs (right) expressing HA (AIV) antigen. (A) Timeline of immunization 
and key points (B) Competitive and (C) indirect ELISA assay detecting the presence of anti-HA in the serum of replicon RNA vaccinated chickens. (D) Competitive and 
(E) indirect ELISA assay detecting the presence of anti-HA in the serum of DREP vaccinated chickens. Dotted lines in the competitive ELISA graphs (40–50 %) 
correspond with a “uncertain” competition percentage (100 %-S/N%) according to the manufacturers protocol. Data equal or above 50 % are considered positive 
while data equal or less than 40 % are considered negative. Statistical significance was determined compared to the mock group using the Mann-Whitney U test (* =
p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, **** = p ≤ 0.0001, ns = no significant difference). 

J.D.G. Comes et al.                                                                                                                                                                                                                             



Vaccine 42 (2024) 2895–2908

2904

contrast to the positive control group (Fig. 7D). 
For the LNP:DREP-vaccinated chickens a different response profile 

was observed. The presence of antibodies in VEEVrep-pVP2 DREP- 
vaccinated chickens was detected as early as 3 weeks post-prime 
vaccination (T = 3 weeks; Fig. 8B, C). Although neither was signifi-
cantly different from the mock (p = 0.178), a noticeably higher antibody 
titer was detected in the VEEVrep-pVP2 DREP-vaccinated group 
compared to the TMUVrep-pVP2 DREP-vaccinated group (p = 0.0325) 
at T = 3 weeks. Following the booster vaccination, a progressive in-
crease in antibody titers was observed in VEEVrep-pVP2 DREP-vacci-
nated chickens for up to 13 weeks post-prime vaccination, approaching 
the antibody titers observed in the positive control group. This group 
also had high virus neutralization titers at 13 weeks post immunization 
(Fig. 8D). In contrast, TMUV DREP-vaccinated chickens demonstrated a 
slower but still significant difference in α-VP2 antibody titers starting 
from ten weeks post-prime vaccination (T = 10 weeks), although no 
virus-neutralizing activity was measured (Fig. 8D). Throughout the VP2 
immunization trial, an overall increase in antibody titer readouts was 
observed for all groups and was particularly notable in mock, VEEVrep- 
pVP2 replicon RNA- and VEEVrep-pVP2 (DREP)-vaccinated groups. This 
increase often coincided with the rise in plasma viscosity as the chickens 
aged also resulting in a higher background [47]. 

4. Discussion 

In the wake of the success of mRNA vaccination, self-amplifying 
mRNA or replicon vaccines are gaining renewed attention as a highly 
versatile and safe vaccination alternative for a range of animal species. It 
has been demonstrated that the well-studied VEEV replicon platform 
provided protective immunity against SARS-CoV-2 or Rabies virus in 
mice [29,67]; Ebolavirus in non-human primates [19]; and Influenza A 
virus or PEDV in swine [6,10]. However, the VEEV-based replicon 
vaccine underperformed in mounting a protective immune response in 
young chickens [50]. In our research, our aim was to develop a bird- 
adapted TMUV replicon platform that induced a potent antibody 
response against common poultry infections such as AIV and IBDV. We 
demonstrated that TMUV RNA replicons as well as DNA-launched 
replicons can be successfully used to express reporter and viral anti-
gens in vitro (Fig. 1). Notably, while VEEVrep-Rluc replicon RNA 
demonstrated an earlier onset of heterologous gene expression and high 
levels of Rluc activity in the first 24 hpe, the overall Rluc expression was 
significantly higher for the TMUVrep-C20-Rluc replicon RNA. This can 
be attributed to the higher cytopathic effect induced by the VEEVrep- 
Rluc replicon RNA resulting from the expression activity of the 26S 
subgenomic promoter of VEEV [12,14,44,48,61]. The inclusion of the 
DCS-PK in the TMUV replicon likely contributed to the earlier onset of 
transgene expression for the TMUVrep-C38-GFP replicon RNA but also to 

Fig. 7. Immunogenicity of SPF-chickens vaccinated using LNP-formulated replicon RNAs expressing pVP2 (IBDV) antigen. (A) Timeline of immunizations and key 
points (B-C) Indirect ELISA detecting α-VP2 antibodies in groups vaccinated with Innovax-ND-IBD® (brown), TMUVrep-C20-pVP2 (green), TMUVrep-C38-pVP2 (red), 
VEEVrep-pVP2 in (blue), mock (black). (D) Virus neutralization titers using IBDV strain D78 and chicken embryonic cells. Statistical significance was determined 
compared to the mock group using the Mann-Whitney U test (* = p ≤ 0.05, ** = p ≤ 0.01, ns = no significant difference). 
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an increase in CPE (Fig. 2). The effects of replicon-induced CPE on 
vaccine efficacy are not easy to predict – on the one hand, CPE limits the 
duration of protein expression in antigen-expressing cells, but on the 
other hand, enhanced CPE may also lead to stimulation of innate im-
munity and attraction of immune cells [46,62,61]. However, at later 
time points, no notable difference in the overall GFP expression level of 
TMUVrep-C38-GFP was observed compared to TMUVrep-C20-GFP 
replicon RNA, as was also reported for another TMUV replicon system 
[18]. These findings highlight the flexibility of the TMUV replicon sys-
tem in tuning the expression of heterologous proteins and the induction 
of CPE. 

For the expression of pVP2 of IBDV, the FMDV-2A ribosomal skip-
ping elements released the pVP2 from the TMUV polyprotein and 
demonstrated a molecular mass and intracellular localization in line 
with what has been described for a wildtype IBDV infection [4,24,35]. 
The AIV HA expressed from the TMUV replicon was displayed on the 
plasma membrane similar to other heterologously expressed HA pro-
teins [22] (Figs. 3 and 4). Immunoblotting of the cell lysate showed two 
distinct protein bands at ~70 and ~100 kDa. Heterogeneity in glyco-
sylation patterns and protein processing have been observed amongst 

HA proteins [7,27]; C. [30], suggesting that HA is N-glycosylated similar 
to a wildtype avian influenza infection [40]. 

After successful in vitro expression of viral (glyco)proteins, the 
formulation of both replicon modalities (RNA and DREP constructs of 
TMUV and VEEV) in LNPs was performed in preparation for the animal 
study (Fig. 5). The formulated LNPs displayed a variable size ranging 
from small (~30 nm) to very large (~700 nm) measured via digital 
image analysis and DLS. Although DLS is used to measure the hydro-
dynamic radius and not the actual particle size, it should be noted that 
size variation was expected between both measuring techniques. Addi-
tionally, the analyses only provided a snapshot of the current size ho-
mogeneity of the LNPs while these might have temporal dynamics or be 
affected by the sample preparation for analysis [25]. The understanding 
of the impact of LNP particle size is reported to be an important 
parameter for enabling potent LNP vaccines. A study in mice reporting 
an average particle size of around 100 nm was ideal for the consistent 
production of high antibody titers [16]. Since this is the first study 
considering LNP-formulated RNA or DNA in chickens, further validation 
of the optimal size homogeneity of the LNPs should be performed. 
Optimizing the RNA:LNP ratios or the relative composition of the 

Fig. 8. Immunogenicity of SPF-chickens vaccinated using LNP-formulated DREPs expressing pVP2 (IBDV) antigen. (A) Timeline of immunizations and key points (B- 
C) Indirect ELISA detecting α-VP2 IgY in chicken sera in groups vaccinated with Innovax-ND-IBD® (brown), TMUVrep-C20-pVP2 DREP (green), VEEVrep-pVP2 in 
(blue), mock (black). (D) Virus neutralization titers using IBDV strain D78 and chicken embryonic cells. Statistical significance was determined compared to the mock 
group using the Mann-Whitney U test (* = p ≤ 0.05, ** = p ≤ 0.01). (* = p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, ns = no significant difference). 
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different lipids may help to reduce LNP size heterogeneity. 
We demonstrated that a prime-boost vaccination trial in SPF layers 

using LNP-formulated TMUV replicon RNA induced higher antibody 
titers against the pVP2 of IBDV than for VEEV replicon RNA expressing 
the same antigen. It might be that the slower but robust transgene 
expression in addition to the minimal CPE of the TMUV replicon RNA in 
vitro, contributes to a more sustained response in chickens compared to 
the VEEV replicon RNA [14,18,46]. Notably, TMUVrep-C38-pVP2 was 
significantly different from the mock from 7 weeks until the end of the 
study (13 weeks), whereas VEEV replicon RNA was not. Interestingly, 
TMUVrep-C20-pVP2 was already significant at week 5, suggesting that 
both TMUV replicon variants outperformed VEEV replicon in this ani-
mal trial (Fig. 7). 

In contrast to the successful induction of IBDV VP2-specific anti-
bodies in the HA study, neither TMUV nor VEEV replicon RNA vacci-
nated groups showed significant induction of HA-specific antibodies in 
both reversed competition and indirect ELISA at week 3 and 5 ppv 
(Fig. 6). Despite this, a few individual responders in the replicon RNA 
vaccinated groups showed the first indication of seroconversion at week 
3, but only the VEEV replicon RNA vaccinated group showed significant 
induction of HA-specific antibodies at week 7. Whether these low anti-
body titers confer protection during a homologous or heterologous 
challenge remains to be tested in future studies. Since no studies have 
been performed with LNP-formulated replicon RNA in chickens, it is still 
unresolved if the induction of α-HA antibodies requires a higher dose or 
longer incubation times before seroconversion is observed. Different 
studies tested the administration of various LNP-formulated replicon 
RNA doses ranging from 0.5 µgkg− 1 to 500 µgkg− 1 [13,36,37]. This is in 
line with the estimated 200 µgkg− 1 RNA dose in the current study. 
However, it should be noted that these studies only evaluated the de-
livery of VEEV replicon RNA in mice and not in chickens. 

A notable observation was that VEEV DREP in both the pVP2 and HA 
studies showed an early onset (T = 3) of antibody response after a single 
vaccination (Figs. 6 and 8). Intriguingly, the VEEV DREP vaccinated 
group in the HA study even outcompeted the positive control at week 7, 
while the HVT-vectored vaccines used to immunize chickens maintain 
the ability to spread from cell to cell and therefore persist much longer 
than most RNA and DNA vaccines[23]. In contrast to the VEEV DREP, 
the TMUV-based DREP only induced a significant response in the pVP2 
study after the administration of the booster. Further, only the VEEV 
DREP immunization induced a virus-neutralizing antibody response 
against IBDV, which was in accordance with the ELISA readout. Whether 
the slower seroconversion of the TMUV DREP vaccinated animals could 
be explained with the inherent different expression kinetics compared to 
VEEV replicon remains untested. 

Another reason why the constructed TMUV DREP efficacy tested 
both in vitro as well as in vivo differs compared to the VEEV DREP, could 
be explained by the difference in molar mass between the constructs 
(TMUV DREP = 13.6 × 106 gmol− 1 vs VEEV DREP = 7.8 × 106 gmol− 1). 
In this study, only 3 µg of DREP was administered in each dose without 
considering the normalization for the DREP size. This would mean that 
the TMUV DREP dose per chicken is 43 % less than for VEEV DREP- 
vaccinated chickens. Whether DREP vaccination in general, conveys a 
longer protection compared to replicon RNA has not been evaluated, but 
it is known that conventional plasmid DNA as well as replicon-encoding 
DNA plasmids can be maintained in cells for months [14,42,45]. 
Furthermore, it was expected that from both replicon modalities, the 
replicon RNA might show an earlier onset of antigen production than its 
DNA counterpart. The required nuclear delivery to initiate RNA tran-
scription compared to the direct translation of in vitro transcribed 
replicon RNA in the cytoplasm, might explain the delayed generation of 
an antibody response of TMUV DREP compared to the TMUV replicon 
RNA in the IBDV vaccination study. 

A limitation of our study is that we analyzed humoral, but not 
cellular, immunity in the chicken vaccination trials with different 
replicon modalities (RNA and DNA). Therefore, performing an optimal 

dose finding in combination with a virus challenge study would be 
critical to identify the requirements to elicit a protective immune 
response in chickens using these self-amplifying mRNA vaccine 
platforms. 
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[49] Schröder A, van Loon AA, Goovaerts D, Mundt E. Chimeras in noncoding regions 
between serotypes I and II of segment A of infectious bursal disease virus are viable 
and show pathogenic phenotype in chickens. J Gen Virol 2000;81(Pt 2):533–40. 

[50] Schultz-Cherry S, Dybing JK, Davis NL, Williamson C, Suarez DL, Johnston R, et al. 
Influenza virus (A/HK/156/97) hemagglutinin expressed by an alphavirus replicon 
system protects chickens against lethal infection with Hong Kong-origin H5N1 
viruses. Virology 2000;278(1):55–9. 

[51] Shortridge KF. Avian influenza viruses in Hong Kong: zoonotic considerations. In: 
Schrijver SR, Koch G, editors. Avian Influenza - Prevention and Control, Vol. 1. 
Springer; 2005. p. 9–18. 
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