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Abstract 35 

Self-amplifying RNA vaccines might induce equivalent or more potent immune responses at 36 

lower doses compared to non-replicating mRNA vaccines via amplified antigen expression. In 37 

this paper we demonstrate that 1 µg of a LNP formulated dual-antigen self-amplifying RNA 38 

vaccine (ZIP1642), encoding both the S-RBD and N antigen, elicits considerably higher 39 

neutralizing antibody titers against Wuhan-like, beta B.1.351 and delta B.1.617.2 SARS-CoV-40 

2 variants compared to those of convalescent patients. Additionally, ZIP1642 vaccination in 41 

mice expanded both S- and N-specific CD3+CD4+ and CD3+CD8+ T cells and caused a Th1 42 

shifted cytokine response. We demonstrate that induction of such dual-antigen-targeted cell-43 

mediated immune response might provide better protection against variants displaying highly 44 

mutated Spike proteins, as infectious viral loads of both Wuhan-like and beta variants were 45 

decreased after challenge of ZIP1642 vaccinated hamsters. Supported by these results, we 46 

encourage redirecting focus towards the induction of multiple-antigen-targeted cell-mediated 47 

immunity in addition to neutralizing antibody responses, to bypass waning antibody responses 48 

and attenuate infectious breakthrough and disease severity of future SARS-CoV-2 variants.  49 
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Introduction 50 

The ongoing pandemic of the severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-51 

2) and the associated Coronavirus Disease 2019 (COVID-19) has caused over 332 million 52 

infections as of January 2022.1 Although the disease commonly causes mild or moderate 53 

pulmonary disorder, a substantial proportion of cases progress to severe pneumonia, especially 54 

in the elderly and patients with underlying conditions.2 This has led to respiratory failure and 55 

death of over 5.5 million COVID-19 patients.1 High human-to-human transmissibility of this 56 

virus highlights the importance of the widespread use of safe and effective vaccines that provide 57 

the population with the necessary immunity to control this pandemic and decrease COVID-19 58 

related deaths.3 Only several months after the COVID-19 outbreak, messenger ribonucleic acid 59 

(mRNA) based vaccines encoding the SARS-CoV-2 spike (S) glycoprotein were among the 60 

first to be approved by regulatory authorities in national immunization programs.3-5 mRNA 61 

vaccines are a novel technology that employs synthetic mRNA molecules that after intracellular 62 

delivery instruct cells to produce the antigen(s) that they encode. These vaccines carry many 63 

advantages compared to conventional vaccine platforms. First, they allow a cell-free production 64 

by in vitro transcription (IVT), which provides rapid and cost-effective manufacturing, 65 

scalability, and flexibility in manipulating antigens of interest. Second, they induce both cellular 66 

and humoral immunity due to the intracellular production of antigens and subsequent antigen 67 

presentation via both MHC class I and II.6 Although the current authorized mRNA vaccines 68 

have demonstrated strong humoral immunogenicity and high short-term efficacy,7 uncertainty 69 

is rising about the robustness of their protection,8,9 as reports of waning S-antibody levels and 70 

evidence on evasion of neutralizing immunity by several variants of concern (VOC) (especially 71 

beta B.1.351, delta B.1.617.2, and omicron B.1.1.529) are emerging.10-13 To avoid loss of 72 

efficacy periodical updated vaccine boosters that compensate for antibody waning and viral 73 

evolution will be needed, especially in high-risk groups.11,13 74 
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Concomitantly, a growing body of evidence suggests a pivotal role for cell-mediated immunity 75 

(CMI) in COVID-19 disease resolution and modulation of disease severity,14 as waning 76 

antibody responses might be compensated to some extent by CMI responses.7 Hence, more 77 

potent SARS-CoV-2 vaccines can be designed by combining the full-length S or the receptor 78 

binding domain of S (S-RBD) with immunodominant antigens that trigger CMI, such as the 79 

membrane (M) or the nucleocapsid (N) proteins.14,15 Accordingly, we developed ZIP1642, a 80 

next-generation self-amplifying mRNA (saRNA) vaccine encompassing two different saRNA 81 

molecules that respectively encode the S-RBD and the N protein. The saRNA molecules are 82 

encapsulated in lipid nanoparticles (LNP) to protect them from degradation and to facilitate 83 

their intracellular delivery into e.g. myocytes and antigen presenting cells after intramuscular 84 

(I.M.) injection.6 Besides its multi-antigenic character, ZIP1642 also has the advantage of 85 

having self-replicating features, as the saRNA vaccine encodes a viral RNA replicase in 86 

addition to the antigen of interest. Upon cytoplasmic delivery of the saRNA vaccine, the viral 87 

replicase is translated and generates multiple copies of the original saRNA vaccine strands. 88 

Consequently, a significantly high amount of a shorter subgenomic RNA encoding the antigen 89 

is produced.6 This mechanism leads to high antigen expression levels which can drive 90 

equivalent or more potent immune responses at lower doses compared to those achieved by 91 

non-replicating mRNA vaccines.3,6,16 92 

In this study, the immunogenicity of the dual-antigen saRNA vaccine ZIP1642 and saRNA 93 

vaccines encoding either S-RBD or N protein alone was assessed in mice. The vaccines elicited 94 

robust antibody responses with high neutralizing antibody titers against the S protein of a 95 

Wuhan-like strain, the B.1.351 (beta) and B.1.617.2 (delta) variants. Moreover, the saRNA 96 

vaccines induced a strong cell-mediated immunity that was characterized by high numbers of 97 

S- and N-antigen specific CD4+ Th1 and CD8+ T lymphocyte response. Furthermore, prime-98 

boost vaccination with ZIP1642 was able to protect Syrian Golden hamsters against a vaccine 99 
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matching wild-type Wuhan strain-like SARS-CoV-2 as well as a beta B.1.351 variant. Our 100 

findings have important implications for next-generation vaccine development to go beyond 101 

the major goal of inducing neutralizing antibodies, and additionally aim for multi-antigenic 102 

specific T-cell responses, which is promising in providing protection against emerging SARS-103 

CoV-2 VOC. 104 

Results 105 

Construction and quality control of SARS-CoV-2 saRNA vaccines 106 

To design our SARS-CoV-2 saRNA vaccines we optimized the S-RBD and N coding sequences 107 

of SARS-CoV-2 for human expression. The linear double stranded (ds) DNA templates were 108 

cloned downstream of the subgenomic 5’-UTR of the TC-83 vaccine strain of Venezuelan 109 

Equine Encephalitis Virus (VEEV) derived saRNA sequence17 and saRNA constructs were 110 

produced via in vitro transcription (IVT) (Figure S1). Expression of the SARS-CoV-2 S-RBD 111 

or N protein from the individual saRNA vaccine constructs was confirmed via Western Blot 112 

after in vitro transfection of Mammalian Baby Hamster Kidney (BHK-21) cells (Figure S2). 113 

Next, the saRNA constructs were formulated in LNPs containing complexing lipid C12-200, 114 

cholesterol, DOPE, and DMG-PEG2000 (Figure S1). For all in vivo experiments, LNPs were 115 

characterized for size, zeta potential, and saRNA loading (encapsulation %) (Table S1). Mean 116 

size was around 110 nm, and mean charge ranged from -1.2 to +2.5 mV. Encapsulation 117 

percentage was consistently around 97% in all in vivo studies. 118 

We also assess the in vivo expression potential of our saRNA platform after a first and second 119 

injection. In line with the vaccination schedule, mice were injected intramuscularly with 120 

saRNA-LNPs encoding luciferase at day 0 and day 21 (Figure 1A). Luciferase expression was 121 

subsequently measured via non-invasive in vivo imaging (IVIS) over a course of 22 days 122 

(Figure S3). Following the first injection, the expression increased rapidly and reached a 123 

plateau between day 1 and 8. From day 9 onwards, the luciferase expression sharply dropped. 124 
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After twenty days the signal became close to background. On day 21, the mice received a 125 

second injection. The following day, a similar luciferase expression as after the first 126 

administration was observed (Figure S3).  127 

Immunogenicity of SARS-CoV-2 saRNA vaccines in outbred mice 128 

The immunogenicity of LNP formulations of the S-RBD-saRNA vaccine, the N-saRNA 129 

vaccine, and both saRNA vaccines (ZIP1642) was investigated in mice after I.M. vaccination 130 

of 1 µg of total saRNA according to a prime-boost schedule with a 21day interval (Figure 1A). 131 

The ZIP1642 vaccine contained 0.5 µg of the S-RBD- and 0.5 µg of the N-saRNA vaccine (1:1 132 

ratio) that were formulated together in one LNP. As a matched placebo, a group of mice were 133 

injected with a mock saRNA vaccine encoding for luciferase (negative control). To measure 134 

humoral responses following vaccination, blood was collected 3 weeks post-prime (day 21) and 135 

two weeks post-boost (day 35). SARS-CoV-2 S1- and N-specific total IgG, IgG1 and IgG2 136 

endpoint titers were determined by ELISA (Figure 1B, Figure S4). Three weeks after priming 137 

with the three different saRNA vaccine formulations all mice acquired S1-RBD-specific and 138 

N-specific IgG antibodies, while no antibodies were found in the serum of mock vaccinated 139 

mice. Administration of a second vaccine dose further increased total IgG endpoint titers, 140 

reaching S1-RBD specific geometric mean titers (GMT) of 4.71x105 and 2.84x105, and N 141 

specific GMTs of 8.80x104 and 4.80x104 for mono-antigenic (S-RBD- or N-saRNA vaccine) 142 

and dual-antigenic ZIP1642 vaccine (S-RBD- and N-saRNA vaccine), respectively (Table S2). 143 

These data suggest that ZIP1642 is competent in inducing antibody responses against both 144 

incorporated antigens, and multi-antigenic immunization does not appear to negatively impact 145 

GMT levels compared to mono-antigenic vaccination. Subsequently, we investigated the 146 

capacity of the elicited S1-RBD antibodies to neutralize three different SARS-CoV-2 variants: 147 

a Wuhan variant (2019-nCoV-Itally INMI1), a beta variant (501Y.V2), a delta variant (83DJ-148 

1) and an omicron variant (VLD20211207) (Figure 1C-F). Two weeks after boost 149 
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immunization, all ZIP1642 vaccinated mice showed elevated mean fifty percent infection 150 

reducing neutralization titers (NT50) of 2522, 1971, 1153, and 230 against 2019-nCoV-Italy-151 

INMI1, B.1.351 beta, B.1.617.2 delta, and B.1.1.529 omicron variant, respectively. Mice 152 

vaccinated with single-antigen S1-RBD-saRNA vaccine had comparably high neutralizing 153 

titers. As expected, the N-saRNA vaccine did not elicit neutralizing titers as the N-protein is 154 

only present inside and not at the surface of SARS-CoV-2. Encouragingly, NT50 titers raised 155 

by the vaccines were considerably higher than the neutralizing titers found in sera of 156 

convalescent COVID-19 patients (Figure 1C-E). 157 

Cellular immune responses against more conserved antigens like the N-protein in our N-saRNA 158 

based vaccines are expected to give a better protection against variants. Therefore, we 159 

investigated the T-cells responses in mice following vaccination. First, the amount of antigen-160 

specific IFN- producing CD8+ and CD4+ T-cells in splenocytes was investigated two weeks 161 

after boost by flow cytometry (Figure 2A, Table S3). Dual-antigen vaccination (ZIP1642) of 162 

mice was able to significantly elevate both the S- and N-specific IFN--positive CD3+CD4+ cell 163 

population, reaching mean percentages of 0.077 % (±0.082) and 0.912 % (±0.644), 164 

respectively. Similarly, both the S- and N-specific IFN--positive CD3+CD8+ T cell subsets 165 

were also expanded (0.767 % (±0.486) and 0.117 % (±0.126), respectively), but statistical 166 

significance could only be for the S-specific CD8+ T cells. Note that the CD4+ and CD8+ T cell 167 

population induced by ZIP1642 are lower than those elicited upon single antigen vaccination, 168 

which might partially be due to the fact that the dose of each individual saRNA construct in 169 

ZIP1642 is reduced to half that of the single antigen vaccines. To further characterize the CMI, 170 

we also measured cytokine release from antigen stimulated splenocytes by a multiplex mouse 171 

Th Cytokine immunoassay (Figure 2B-E). We observed that S SARS-CoV-2 restimulated 172 

splenocytes from ZIP1642 vaccinated mice yielded increased IFN-γ, IL-2, and TNFα Th1 173 

cytokine secretion, in the absence of Th2 cytokine IL-4 release. Restimulation with an N SARS-174 
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CoV-2 peptide pool resulted in similar results, with additional increase in Th2 cytokine IL-4 175 

release. However, the latter remained much lower compared to the Th1 cytokines. Prime-boost 176 

vaccination with dual-antigen saRNA (ZIP1642) did not cause significant changes in body 177 

weight (Figure S5) nor did the mice show clinical signs of adverse effects compared to 178 

unvaccinated and luciferase saRNA control groups (data not shown). Collectively, these 179 

findings indicate the potential of ZIP1642 in activating SARS-CoV-2-specific CMI, with a Th1 180 

shifted cytokine response. 181 

Low doses of ZIP1642 protect hamsters against WA1/2020 SARS-CoV-2 infection 182 

The protection efficacy of the dual-antigen saRNA vaccine (ZIP1642) against a matching 183 

Wuhan strain-like SARS-CoV-2 challenge was investigated in a validated SARS-CoV-2 184 

hamster model.18,19 Hamsters were immunized following a prime-boost schedule with either 185 

0.1 µg, 1 µg or 5 µg of the dual-antigen saRNA vaccine. Hamsters that were I.M. injected with 186 

5 µg of a luciferase encoding saRNA (mock vaccine, negative control) or PBS buffer (SHAM 187 

control) served as negative controls (Figure 3A). Blood was collected before prime (day 0), 188 

boost (day 21) and challenge (day 35) to monitor vaccine immunogenicity. Immunization with 189 

0.1 µg of ZIP1642 did not lead to a significant induction of S-specific IgG titers. However, 190 

doses of 1 µg and 5 µg induced 100% seroconversion, reaching mean S-specific IgG GMTs of 191 

respectively 0.72x103 and 2.02x103 two weeks after boost (Figure 3B, Table S4). Pseudo-192 

typed viruses were used to estimate the capacity of the post-boost elicited antibodies to 193 

neutralize a Wuhan strain-like SARS-CoV-2 (D614G mutation). The NT50 of hamsters 194 

vaccinated with 1 or 5 µg of ZIP1642 reached respectively 5.40x102 and 9.23x102, while no 195 

NT50 titers were observed in the negative controls and in the 0.1 µg ZIP1642 group (Figure 196 

3C). Two weeks after booster vaccination, hamsters were intranasally challenged with a Wuhan 197 

strain-like SARS-CoV-2 at 1x104 TCID50 (Figure 3A). None of the vaccinated animals showed 198 

clinical signs of illness prior to challenge. Vaccination with ZIP1642 led to a non-significant 199 
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protection of animals from weight loss observed in the negative control groups after viral 200 

challenge (Figure S6). Four days after challenge, hamsters were euthanized to detect viral loads 201 

and signs of infection in the lungs. High viral loads and infectious virus titers (TCID50) were 202 

detected in the lungs of SHAM and mock vaccinated controls (Figure 3D-E), which was 203 

associated with severe lung pathology such as broncho-pneumonia with apoptotic bodies, peri-204 

bronchial inflammation, and perivascular inflammation with perivascular cuffs (Figure 4A-F). 205 

These hallmarks resemble pulmonal histopathologic findings in COVID-19 patients with 206 

bronchopneumonia. Vaccination with 0.1 µg was not able to significantly reduce viral load nor 207 

severe lung pathology. In contrast, 1 µg and 5 µg of the dual-antigen saRNA vaccine protected 208 

hamsters against Wuhan strain-like SARS-CoV-2 infection, with a statistically significant 209 

median reduction of 4.0 (IQR of 0.2-4.9) and 4.4 (IQR of 2.0-5.2) log10-transformed viral RNA 210 

load in the lungs, respectively, compared to SHAM (Figure 3D, Table S5). Accordingly, a 211 

statistically significant reduction of 3.8 (IQR 3.1-4.3) and 3.4 (IQR 2.3-4.1) log10-transformed 212 

TCID50 was observed in the lungs of hamsters vaccinated with 1 µg and 5 µg of ZIP1642, 213 

respectively, as compared to SHAM (Figure 3E, Table S6). Furthermore, immunization with 214 

5 µg of ZIP1642 significantly reduced virus-induced lung pathology compared to the SHAM 215 

group (Figure 4A) and drastically limited, for example, peri-vascular inflammation with peri-216 

vascular cuffs (Figure 4B-F, Figure S7). Vaccination with 1 μg and 5 μg ZIP1642 significantly 217 

reduced IP-10 mRNA expression levels, which is an early inflammation marker, in the lungs 218 

of challenged hamsters by about 3 log2-fold compared to both negative control groups (Figure 219 

S8). Collectively, these data demonstrate that prime-boost vaccination with a dual-antigen 220 

saRNA (ZIP1642) at a dose range of 1-5 µg can elicit adaptive immunity that protects hamsters 221 

against Wuhan strain-like SARS-CoV-2 infection and disease. 222 
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Immunization with saRNA vaccines encoding Wuhan SARS-CoV-2 nucleocapsid lowers 223 

infectious viral load in hamsters challenged with a beta B.1.351 variant 224 

A second hamster study was conducted to investigate the efficacy of the vaccine against a 225 

SARS-CoV-2 variant, and to determine the individual contribution of the S-RBD- and N-226 

saRNA vaccine in the protection efficacy of the dual-antigen vaccine (Figure 5A). First, we 227 

investigated whether the different saRNA vaccines elicited antibodies in hamsters that were 228 

able to neutralize SARS-CoV-2 variants. To that end, hamsters were again vaccinated according 229 

to a prime-boost schedule with 2 µg of either S-RBD-saRNA, N-saRNA or dual-antigen saRNA 230 

vaccine (ZIP1642). Hamsters injected with 2 µg of a luciferase-encoding saRNA (mock 231 

vaccine) served as negative controls. In accordance with the mouse and first hamster challenge 232 

study, both the S-RBD-saRNA and dual-antigen saRNA vaccine (ZIP1642) elicited two weeks 233 

post-booster Wuhan SARS-CoV-2 S-specific IgG antibodies (IIFA assay) with GMTs reaching 234 

1.27x103 and 0.72x103 respectively (Figure 5B, Table S7). Subsequently, pseudo-typed 235 

viruses were used to evaluate whether these anti-S antibodies could neutralize a SARS-CoV-2 236 

Wuhan-like strain (bearing a D614G mutation) as well as the beta B.1.351 and the delta 237 

B.1.617.2 variants. Neutralization activity against SARS-CoV-2 Wuhan-like strain was 238 

detected in all animals vaccinated with 2 µg S-RBD saRNA and 4 out of 6 animals vaccinated 239 

with the dual-antigen saRNA vaccine, with mean NT50 of 3.76x102 and 3.78x102, respectively. 240 

As expected, no neutralizing titers were observed in negative controls and N-saRNA vaccinated 241 

hamsters (Figure 5C). The capacity of the elicited antibodies to neutralize the SARS-CoV-2 242 

delta variant was 2.5- to 3-fold lower (Figure 5D). Nevertheless, both vaccines raised NT50 243 

titers against the delta variant, which were significantly higher than in the negative control 244 

group with values that equaled 1.42x102 and 1.29x102, respectively (Figure 5D). Surprisingly, 245 

the elicited S-specific antibodies only caused a weak neutralization of the beta variant, with 246 

NT50 values that did not reach significance (Figure 5E). These data urged us to evaluate to 247 

Jo
urn

al 
Pre-

pro
of



 
  

Page 11 of 45 
 

what extend a nucleoprotein based saRNA vaccine, whose protection capacity mostly depends 248 

on T-cell immunity and non-neutralizing antibody functions, could protect hamsters against a 249 

SARS-CoV-2 variant. Therefore, hamsters boosted with the S-RBD-saRNA, N-saRNA, and 250 

the dual-antigen saRNA (ZIP1642) vaccine were intranasally challenged with the SARS-CoV-251 

2 beta B.1.351 variant using 1x104 TCID50 (Figure 5A). Four days after challenge the hamsters 252 

were euthanized to detect viral loads and signs of infection in the lungs. Hamsters vaccinated 253 

with the N-saRNA or dual-antigen saRNA (ZIP1642) vaccine significantly reduced beta 254 

B.1.351 SARS-CoV-2 infection. This was demonstrated by a significant median reduction of 255 

1.0 (IQR of 0.5-1.4) and 1.1 (IQR of 0.7-2.4) log10-transformed viral RNA load in the lungs 256 

(Figure S9, Table S8), and 1.8 (IQR 0.7-2.9) and 2.9 (IQR 1.3-3.4) log10-transformed TCID50 257 

(Figure 5F, Table S9), respectively, compared to the control group. Nevertheless, virus-258 

induced lung pathology was not significantly improved and no significant changes in IL-6 and 259 

IP-10 expression were measured in any of the saRNA-vaccinated groups (Figure S10 & S11). 260 

Interestingly, vaccination with the N-saRNA vaccine significantly protected animals from 261 

weight loss observed in the negative control group after viral challenge, while the hamster that 262 

were vaccinated with the S-RBD-saRNA vaccine had a similar body weight drop as the negative 263 

control group (Figure S12). As expected based on the in vitro neutralizing titer, the S-RBD-264 

saRNA vaccine was not able to protect the hamsters against the beta variant. Consistent with 265 

the previous challenge study, none of the vaccinated animals showed clinical signs of illness 266 

prior to challenge.  267 

Altogether, these data suggest that although prime-boost vaccination with 2 µg of S-RBD-268 

saRNA, N-saRNA or dual-antigen saRNA vaccine (ZIP1642) are not able to significantly 269 

induce Spike neutralizing antibody responses against the beta variant, N-saRNA containing 270 

vaccines are still able to lower the viral load of hamsters challenged with this VOC and to 271 

protect the hamster from body weight loss. 272 
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Discussion 273 

Before the SARS-CoV-2 pandemic clinical trials with mRNA-based vaccines mainly focused 274 

on non-infectious diseases such as cancer with only a few trials involving a viral target.20-23
 The 275 

battle against the current COVID-19 pandemic has proven the enormous potential of mRNA 276 

vaccines in accelerating vaccine development through many technical and logistical advantages 277 

compared to conventional vaccine platforms.3 As a result, mRNA-based vaccines were among 278 

the first to be authorized for emergency use after the SARS-CoV-2 outbreak.6 279 

In this paper, we present an LNP formulated dual-antigen saRNA vaccine (ZIP1642), consisting 280 

of two different saRNAs encoding either the SARS-CoV-2 S-RBD and N antigen. The self-281 

replicating features of our saRNA vaccines leads to high and prolonged in vivo expression of a 282 

luciferase reporter antigen. Moreover, we showed that saRNAs can be repeatedly injected 283 

without loss in expression. Importantly, dsRNA byproducts that arise during IVT were reduced 284 

by cellulose purification, as it has been previously shown to increase vaccine efficiency by 285 

reducing the type I IFN response.24 This approach differs from the one employed by Shattock 286 

et al. in their preclinical and unsuccessful clinical trial.25,26 287 

Recent COVID-19 saRNA vaccine preclinical research16,26-31 supports the hypothesis that, 288 

because of their replicon features, saRNA vaccines are able to induce equivalent or more potent 289 

immune responses at lower doses compared to those achieved by non-replicating mRNA 290 

vaccines.3,6 In our study we confirm this hypothesis and found that multi-antigenic 291 

immunization of mice with only 1 µg of the ZIP1642 vaccine was able to induce 100% 292 

seroconversion towards high binding GMT values that elicited neutralizing activity against 293 

three different SARS-CoV-2 variants (Wuhan, beta and delta variant) that was considerably 294 

higher than the neutralizing titers found in sera of convalescent COVID-19 patients. When 295 

comparing with human convalescent sera, one has to keep in mind that in preclinical animal 296 

studies sera samples are mostly collected shortly after the boost, i.e. at the peak of antibody 297 
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titers. Our results are consistent with the reports for other saRNA vaccines, where neutralizing 298 

antibody titers against beta, delta, and omicron SARS-CoV-2 variants are reduced compared to 299 

those against the Wuhan-like virus.30 It is important to note that it is challenging to compare 300 

our data with other recent preclinical studies that evaluated SARS-CoV-2 saRNA vaccines,16,26-301 

30 as these vaccination studies are often performed with inbred mice which have demonstrated 302 

to be immunologically biased and thus have less translational relevance than the outbred mice 303 

used in our study. Moreover, these other saRNA vaccine candidates are all designed to 304 

immunize against the full-length Spike antigen. However, it has been reported that this antigen 305 

is not optimal, as vast majority of the neutralizing response to the SARS-CoV-2 virus is focused 306 

on the RBD.32 Because the RBD has fewer decoy epitopes and thus a greater fraction of the 307 

elicited antibodies will be neutralizing, we chose to incorporate this domain as antigen in our 308 

vaccine. Furthermore, inclusion of fewer epitopes reduces the concern of antibody-dependent 309 

enhancement (ADE) induction of RBD-based vaccines, as ADE is primarily mediated through 310 

non-neutralizing epitopes. In addition, because of the shorter amino acid sequence of RBD 311 

compared to the full Spike, it is much easier to express the RBD protein from the saRNA 312 

construct which might provide a dose-sparing effect. Eventually, shorter sequences will also 313 

make it easier to combine several RBD domains of multiple variant into one multivalent 314 

vaccine. This is of great value especially for saRNA vaccines, as this platform allows the 315 

inclusion of multiple antigens in one replicon using different SGPs, something that is not 316 

possible for non-replicating mRNA.  317 

Compared to the majority of other COVID-19 (sa-)mRNA vaccines that are being 318 

developed,4,5,16,26-28,30 the dual-antigen saRNA vaccine ZIP1642 yields the benefit of 319 

immunization against two antigens (S-RBD and N SARS-CoV-2 antigen). Reports have been 320 

made that co-transfection of multiple replicon molecules into a single cell might be associated 321 

with impaired translation of one of the constructs, as one RNA species tends to outcompete the 322 
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other over time.33,34 Interestingly, we were able to demonstrate similarly high total IgG GMTs 323 

and NT50 upon dual-antigen saRNA vaccination with ZIP1642 and upon vaccination with 324 

matched single-antigen saRNA vaccines. Note that the single-antigen N-saRNA vaccine cannot 325 

elicit neutralizing titers as the N-protein is not present at the surface of SARS-CoV-2 and hence 326 

exerts its effects through cell-mediated immune responses. Altogether, our data indicates that 327 

multiple saRNA transcripts can be delivered in one LNP, with no significant differences in the 328 

magnitude of humoral immune responses compared to the single-antigen saRNA vaccines, the 329 

latter being consistent with the reports for other COVID-19 saRNA vaccines.16,26,30  330 

The rationale for incorporating multiple antigens in one vaccine originates from the growing 331 

body of evidence that highlights the necessity of a broad spectrum of immunodominant SARS-332 

CoV-2 proteins to cover the T-cell responses required for viral clearance and recovery of 333 

COVID-19 patients.14,35 Hence, a more advanced COVID-19 vaccine design should combine 334 

the full-length S or the S-RBD with immunodominant antigens that trigger CMI, such as the M 335 

or N proteins.14 Dual-antigen vaccination of mice with ZIP1642 expanded both the S- and N-336 

specific IFN- positive CD3+CD4+ and CD3+CD8+ T cell population. Murine Th lymphocytes 337 

can be defined by their profile of cytokine secretion, meaning the Th1 subset are characterized 338 

by their ability to mainly secrete IFN-, IL-2, and TNFα, whereas the Th2 subset primarily 339 

produces IL-4. Dual-antigen vaccination of mice with ZIP1642 suggests a IFN-+/IL-2+/TNFα+ 340 

Th1 shifted and slightly more balanced IFN-+/IL-2+/TNFα+/IL-4+ cytokine response of 341 

splenocytes upon S- and N-protein restimulation, respectively. Similarly, the N-specific serum 342 

IgG2a/IgG1 immunoglobulin isotype ratio, an indicator of Th1/Th2 lymphocyte dominance in 343 

rodents, of ZIP1642 vaccinated mice is slightly more balanced than the Th1 skewed S-specific 344 

IgG2a/IgG1 ratio. It is important to note that the T cell responses induced by ZIP1642 are lower 345 

than those elicited upon single antigen vaccination. This might be due to the fact that the dose 346 

of each individual saRNA construct in ZIP1642 is reduced to half that of the single antigen 347 
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vaccines. However, our CMI data does not allow us to fully exclude any possibility of 348 

replicating competition due to co-transfection of multiple replicon molecules into a single cell 349 

or antigenic interference.36 350 

We hypothesized that cellular immune responses against more conserved antigens like the N-351 

protein in our N-saRNA based vaccines should give a better protection against variants 352 

displaying highly mutated Spike proteins, as antibody responses might be compensated to some 353 

extent by CMI responses.7 Accordingly, we evaluated this hypothesis by challenging vaccinated 354 

hamsters with either Wuhan strain-like SARS-CoV-2 or the beta B.1.617.2 variant. A dose of 355 

1 µg of ZIP1642 was found to effectively clear infectious Wuhan strain-like SARS-CoV-2 titers 356 

(TCID50) in all hamsters, while NT50 values against this strain were zero in two animals, 357 

suggesting a pivotal role for T-cell immunity, or potentially non-neutralizing antibody 358 

functions, for viral clearance in the two hamsters that did not elicit neutralizing antibodies at 359 

this low dose. Moreover, vaccination of hamsters with the dual-antigen saRNA vaccine only 360 

elicited elevated neutralizing antibody responses against the antigen-matched Wuhan-like 361 

strain, and a very weak, non-significant neutralization against the beta variant, while the dual-362 

antigen saRNA vaccines significantly decreased viral loads of both variants after challenge. 363 

The low NT50 against the beta variant are somehow unexpected, but is in line with the work of 364 

Maruggi et al. who also found lower neutralization titers against this variant after vaccination 365 

with a saRNA vaccine encoding full-length S of Wuhan SARS-CoV-2.30 In addition, we 366 

demonstrated that mono-antigenic S-RBD vaccination is not able to clear beta SARS-CoV-2 367 

viral loads. Altogether, our data confirms that the protection capacity of our dual-antigen 368 

saRNA vaccine ZIP1642 in this infection model depends on T-cell mediated responses or 369 

potentially non-neutralizing antibody functions against the N-protein. Note that the protection 370 

capacity of the single-antigen S-RBD-saRNA vaccine against the wild-type and SARS-CoV-2 371 

delta variant was not determined in our studies, as our focus was on the dual-antigen vaccine. 372 
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Nevertheless, the viral neutralization titers, which are a reliable indicator of protection, show a 373 

very good and moderate protection against respectively the wild-type and delta variant. 374 

The absence of a significant reduction in beta virus-induced lung pathology in the vaccinated 375 

hamsters compared to the control groups could be explained by the lower clearance of the beta 376 

variant (only 2 out of 6 ZIP1642 vaccinated hamsters had undetectable infectious beta viral 377 

titers). It is possible that in an experimental set-up with prolonged post-infection time (>4 dpi), 378 

reduction in lung tissue damage might be observed as the CMI needs more time to reduce 379 

infectious B.1.617.2 viral titers towards full clearance. Note that both the Wuhan strain-like and 380 

beta variant pulmonary viral loads are less reduced than the infectious viral titers (TCID50), 381 

which might be due to the ability of RT-qPCR to also pickup inactivated or dead viruses.  382 

Nonetheless, our data suggests that protection against VOCs might be possible by bypassing 383 

waning antibody responses via cellular immunity or non-neutralizing antibody functions, 384 

especially when targeting multiple viral antigens to evoke a broader T-cell response. These 385 

results are consistent with the expanding amount of reports highlighting the importance of CMI 386 

and its contribution to protection when antibody titers are borderline or sub-protective in 387 

patients.7,14,37-39 Importantly, these findings might be of particular value to tackle the issue of 388 

variable loss of antibody potency induced by the current authorized SARS-CoV-2 vaccines 389 

against the newly emerged omicron VOC, as the WHO recently reported that cellular immunity 390 

might be more preserved than neutralizing antibody responses against this highly mutated 391 

variant.39 So far, booster shots of the current authorized vaccines have been advised and 392 

approved to increase protection against new SARS-CoV-2 VOCs by efficiently restoring high 393 

neutralizing titers, as regulatory authorities consider neutralization as the leading correlate of 394 

protection from viral infection.11,39 However, supported by the results of this study, we 395 

encourage the concept of redirecting focus towards the induction of CMI and non-neutralizing 396 

vaccine-elicited antibody-mediated functions against multiple antigens in addition to targeting 397 
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neutralizing antibody responses, to attenuate infectious breakthrough and disease severity. It is 398 

important to note that, although not investigated in this study, other vaccine-elicited antibody-399 

mediated functions (e.g. antibody-dependent cellular phagocytosis) and NK CMI responses 400 

should also be considered as these also contribute to disease protection. In addition, the 401 

longevity and memory capacity of the established immune responses of ZIP1642 should be 402 

considered in future studies. 403 

In conclusion, our results advocate that further accelerating the development of new multi-404 

antigenic vaccines, such as the ZIP1642 saRNA vaccine, should be considered to yield greater 405 

protection against emerging and potential future SARS-CoV-2 variants or other viruses.  406 
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Materials and Methods 407 

Vaccine construct design and production 408 

Plasmids containing the IVT template flanked by I-SceI restriction sites were high-copy 409 

plasmids containing the beta-lactamase (bla) resistance gene. The IVT template consisted of a 410 

T7 RNA polymerase promotor followed by the desired saRNA sequence. The encoded saRNA 411 

sequence is derived from the TC-83 vaccine strain of VEEV but contains an A3>G substitution 412 

and the nsP2 Q739L non-cytopathic mutation.17 The Spike protein Receptor Binding Domain 413 

(S-RBD, derived from Spike GenBank Refseq YP_009724390.1) and Nucleoprotein (N, 414 

GenBank Refseq YP_009724397.2) coding sequences were optimized for human expression 415 

using the GeneOptimizer algorithm and ordered as linear dsDNA with appropriate overlaps 416 

(GeneArt; Thermo Fisher Scientific, Regensburg, Germany) for homology-based cloning (HiFi 417 

DNA Assembly, New England Biolabs, Ipswich, Massachusetts, USA) downstream of the 418 

subgenomic 5’-UTR. Cloning reactions were transformed via heat shock into Escherichia Coli 419 

cells (NEB 5-alpha Competent E. coli High Efficiency, C2987H; New England Biolabs, 420 

Ipswich, Massachusetts, USA). Plasmid DNA was isolated using the Qiagen Plasmid Plus Midi 421 

Kit (12945; Qiagen, Hilden, Germany) and sequences were verified using the Sanger method. 422 

Plasmids were digested using I-SceI (R0694S; New England Biolabs, Ipswich, Massachusetts, 423 

USA), and an analytical amount was loaded on an agarose gel for digest verification. Plasmid 424 

digests were purified via silica spin columns (Wizard SV gel and PCR Clean-up system A9285; 425 

Promega, Madison, Wisconsin, USA). Linearized plasmid DNA was used as a template for the 426 

IVT reaction via HiScribe T7 High Yield RNA Synthesis Kit (E2040S; New England Biolabs, 427 

Ipswich, Massachusetts, USA), with co-transcriptional capping using the 428 

CleanCap® technology (CleanCap AU N711410; Trilink BioTechnology, USA), following 429 

manufacturer’s instructions. Briefly, DNA samples were supplemented with unmodified 430 

ribonucleotide solutions, MEGAscript™ reagents and CleanCap® AU, and incubated for 2-3 431 

hours at 37°C. IVT saRNA samples were treated with 2 U/µL turbo DNase for 15 minutes at 432 
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37°C to remove template DNA. For IVT saRNA clean up, samples were mixed with RNA 433 

Cleanup Binding Buffer and ethanol (> 95%, EtOH) and transferred on silica-based spin 434 

columns (T2050L; Monarch CleanUp kit, New England Biolabs, Ipswich, Massachusetts, 435 

USA). saRNA concentration was determined using Nanodrop. IVT saRNA samples were 436 

purified using cellulose (11365; Avicel® PH-101 microcrystalline cellulose, Sigma-Aldrich, 437 

Saint Louis, Missouri, USA) to reduce the dsRNA content.24,40 In short, saRNA was mixed with 438 

0.2 g cellulose/ml 16% EtOH-HEPES chromatography buffer and shaken for 30 minutes. 439 

Samples were spun down at room temperature (RT) (14,000 x g, 1 min, 20°C) and mixed with 440 

prewashed cellulose for a second time. After centrifugation (14,000 x g, 1 min, RT), the ss 441 

saRNA was mixed with sodium acetate (NaOAc, pH 5.5) and 1 volume of isopropanol for 442 

precipitation, and chilled at -20°C for 30 minutes prior to centrifugation (14,000 x g, 15 min, 443 

4°C). The resulting pellet was washed with 70% EtOH and resuspended in RNase-free water 444 

after an additional centrifugation step (14,000 x g, 10 min, 4 °C). RNA purity, size and 445 

concentration was determined via Fragment Analysis (Agilent RNA kit, Agilent, 15nt, DNF-446 

471-0500; with 50 µg of 50575 Lonza RNA marker). The purified saRNA was dissolved in 447 

nuclease-free water and stored at -80 °C until further use. 448 

 449 

Confirmation of In vitro antigen expression of saRNA constructs 450 

Transfection of mammalian Baby Hamster Kidney cells 451 

BHK-21 [C13] cells (CCL10™, ATCC, Manassas, Virginia, USA) were transfected using the 452 

Lipofectamine® MessengerMAX mRNA Transfection protocol (Thermo Fisher Scientific, 453 

Waltham, Massachusetts, USA). In brief, BHK-21 cells were cultured in Eagle's Minimum 454 

Essential Medium (EMEM), supplemented with 10% fetal bovine serum (FBS) and sub-455 

cultivated at a 1:2-1:10 ratio. Cells were seeded in 24-well plates at a 50,000 cell/well density 456 

to be 70-90% confluent and washed with Dulbecco's Phosphate-Buffered Saline (DPBS). Cells 457 
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were transfected according to the manufacturer’s guidelines, by diluting and incubating the 458 

MessengerMAX Reagent in Opti-MEM Medium for 10 minutes at RT. saRNA samples and 459 

controls encoding for enhanced Green Fluorescent Protein (eGFP) were diluted in OptiMEM 460 

Medium as well, and incubated for 5 minutes at RT with diluted MessengerMAX Reagent in a 461 

1:1 ratio. The BHK-21 cells were incubated with this mixture for 24 hours at 37°C/7% CO2. 462 

Transfection was confirmed by eGFP visualization using fluorescence microscopy.  463 

Antigen protein isolation from BHK-21 cells  464 

Transfected BHK-21 cells were collected following trypsinization (3-5 min) and centrifugation 465 

(300 x g, 5 min, RT), and total protein cell lysates were collected (10,000 x g, 10 min, RT) after 466 

homogenization with Tissue Extraction Reagent I (Thermo Fisher Scientific, Waltham, 467 

Massachusetts, USA) Tris-based lysis buffer supplemented with Halt™ Protease Inhibitor 468 

Cocktail (1X) (78429, Thermo Fisher Scientific, Waltham, Massachusetts, USA). 469 

Western Blot 470 

Total protein cell lysates were mixed with LDS sample buffer, sample reducing agent and 471 

ddH20, heated at 70°C for 10 minutes and loaded on NuPAGE® Bis-Tris Gels (100V, 1h). To 472 

detect saRNA-mediated protein expression, samples were electrophoretically transferred to a 473 

nitrocellulose membrane by Western blotting (30V, 1h). The membrane was blocked with milk 474 

and incubated overnight at 4 °C with polyclonal rabbit antibody against SARS-CoV-2 Spike 475 

protein S1 RBD (1:1000, #130-10759, RayBiotech, USA) and polyclonal rabbit antibody 476 

against SARS-CoV-2 Nucleocapsid protein (1:1000, #130-10760, RayBiotech). Goat Anti 477 

Rabbit IgG-Horse Radish Peroxidase (HRP)-conjugated secondary antibody (168-11090, 478 

Raybiotech) (1:20,000, 45 min, RT) and 3,3', 5,5' tetramethylbenzidine dihydrochloride (TMB) 479 

substrate were used to allow protein band visualization. 480 

Jo
urn

al 
Pre-

pro
of



 
  

Page 21 of 45 
 

LNP formulation and characterization 481 

Microfluidic mixing  482 

saRNA constructs were formulated in LNPs on the Ignite™ NxGen System (Precision 483 

Nanosystems, PNI, USA), by mixing 1 volume of a lipid solution (in 100% EtOH) and 3 484 

volumes of saRNA (1:3 ratio) in citrate buffer (pH = 3, 10 mM). The lipid solution was prepared 485 

by dissolving individual lipids in 100% EtOH at a total concentration of 1.5 mg/mL consisting 486 

of 35 mol% complexing lipid (C12-200, LP-04-425, CordenPharma, Belgium), 43.5 mol% 487 

cholesterol (plant powder, 700100P; Sigma-Aldrich, Saint Louis, Missouri, USA), 20 mol% 488 

18:1 (9-cis) PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (850725P; Sigma-489 

Aldrich, Saint Louis, Missouri, USA) and 1.5 mol % 1,2-dimyristoyl-rac-glycero-3-490 

methoxypolyethylene glycol-2000 (DMG-PEG2000) (880151P; Sigma-Aldrich, Saint Louis, 491 

Missouri, USA). The ratio of complexing lipid to saRNA was maintained at an N/P ratio of 492 

37/1. Flow rate was set at 12 mL/min and a NxGen single use cartridge (PNI) was used for Y-493 

tubing based microfluidic mixing (PNI).  494 

Ribogreen assay (concentration) 495 

The saRNA loading in LNP formulations was quantified using a Quant-iT RiboGreen assay 496 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA) as previously described.41 Samples 497 

were diluted tenfold in 1× TE buffer with our without 0.5% (v/v) Triton X-100 (Sigma-Aldrich, 498 

Saint Louis, Missouri, USA). Standard solutions were also prepared in 1× TE with or without 499 

0.5% (v/v) Triton X-100 to account for any variation in fluorescence. The assay was performed 500 

according to the manufacturer’s protocol. Samples were loaded on a black 96-well plate, and 501 

analyzed for fluorescence on a microplate reader (Tecan Infinite® 200 PRO) at an excitation 502 

of 485 nm and emission at 528 nm. In vitro and in vivo dosing was defined based on the 503 

calculated encapsulated dose. 504 
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Zeta potential (charge) 505 

The Zeta potential of LNPs was assessed with using the ZetaSizer Nano ZS90 (Malvern 506 

Panalytical). LNP suspension was diluted 1/10 in PBS, equilibrated at RT and analyzed in a 507 

disposable folded capillary cell using the following settings: dispersant viscosity of 0.882 cP, 508 

refractive index of 1.33, and dielectric constant of 79. 509 

Size 510 

Analyses were performed by NanoSight NS300 instruments (Malvern Instruments, UK). The 511 

instruments were equipped with a 488 nm laser, a high sensitivity sCMOS camera and a syringe 512 

pump. The LNP suspension was diluted in particle-free PBS (0.02 µm filtered) to obtain a 513 

concentration within the recommended measurement range (1–10 × 108 particles/mL), 514 

corresponding to dilutions from 1:100 to 1:100,000 depending on the initial sample 515 

concentration. Experiment videos were analyzed using Nanoparticle Tracking Analysis (NTA) 516 

software (Malvern Instruments) after capture in script control mode (5 videos of 60 s per 517 

measurement) using syringe pump speed 50. A total of 1,500 frames were examined per sample 518 

to determine LNP size. 519 

 520 

Animal immunization and viral challenge 521 

For the immunization study, female SWISS mice (6–8 weeks old) were purchased from Janvier 522 

Laboratories (Paris, France) and kept in individually ventilated cages with access to food and 523 

water ad libitum. Mice experiments were approved by the Ethics Committee of the Faculty of 524 

Veterinary Medicine, Ghent University (EC number (EC2020/043). Mice were anesthetized 525 

with isoflurane (Zoetis, Louvain-La-Neuve, Belgium) (5% for induction and 2% for 526 

maintenance) and intramuscularly injected with a total of 1 µg in 100 µL DPBS (50 µL per leg) 527 

LNP-formulated saRNA (S-RBD saRNA, N saRNA, or a 1:1 mass ratio of co-formulated S-528 

RBD and N saRNA (0.5 µg of S-RBD saRNA and 0.5 µg of N saRNA), or luciferase saRNA 529 
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as negative mock control; for each group n=6). All groups were immunized according to a 530 

prime-boost injection regime with a 21-day interval. Negative control groups were analyzed for 531 

luciferase-induced bioluminescence via non-invasive In vivo bioluminescent imaging (In vivo 532 

Imaging System (IVIS) Lumina III, Perkin Elmer, Waltham, Massachusetts, USA), 12 minutes 533 

after subcutaneous of 100 µL of D-luciferin (GoldBio, Saint Louis, Missouri, USA, #LUCK-534 

1G) injection. Retro-orbital blood sampling was performed prior to prime (day 0) and boost 535 

(day 21), and at sacrifice (Day 35). Mice were euthanized after sedation with isoflurane via 536 

cervical dislocation. Spleens were harvested and serum was collected post blood coagulation 537 

by centrifugation (2,000 x g, 15 min, 4°C) and stored (-80°C) until use. 538 

KU Leuven Rega Institute, Belgium has developed and validated a SARS-CoV-2 Syrian 539 

Golden hamster infection model.18,19 For the evaluation of the potential antiviral activity of our 540 

vaccines, two wild-type SARS-CoV-2 challenge studies in hamsters were performed. Live 541 

virus-related work was conducted in the high-containment A3 and BSL3+ facilities of the KU 542 

Leuven Rega Institute (3CAPS) under licenses AMV 30112018 SBB 219 2018 0892 and AMV 543 

23102017 SBB 219 20170589 according to institutional guidelines. 6-to-8-week-old female 544 

Wild-type Syrian Golden hamsters (Mesocricetus auratus) were purchased from Janvier 545 

Laboratories (Paris, France) and were housed per two in ventilated isolator cages (IsoCage N 546 

Biocontainment System, Tecniplast) with ad libitum access to food and water and cage 547 

enrichment (wood block). The animals were acclimated for 4 days prior to study start. Housing 548 

conditions and experimental procedures were approved by the ethics committee of animal 549 

experimentation of KU Leuven (license P065-2020). Hamsters were anesthetized with 550 

ketamine/xylazine/atropine prior to intramuscular (I.M.) immunization in a total vaccine 551 

volume of 200 μL (100 μL in each leg). In a first study, animals were injected according to 552 

prime-boost regime with a 21-day interval with either SHAM (PBS), 5 µg of luciferase saRNA 553 

(negative mock control), or 0.1 μg, 1 μg, or 5 μg of ZIP1642 saRNA. In a second study, animals 554 
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were injected according to prime-boost regime with a 28-day interval with either 2 µg of 555 

luciferase saRNA (negative mock control), 2 μg of S-RBD saRNA, 2 µg of N saRNA, or 2 µg 556 

of ZIP1642 saRNA. Groups of both studies comprised 6 animals (n=6), and blood was sampled 557 

via the jugular vein at baseline prior to prime, prior to boost, and two weeks post-boost. 558 

Subsequently, two weeks post-boost, animals were challenged intranasally with 50 μL medium 559 

containing 2% fetal bovine serum (approximately 25 μL/nare), containing 1×104 TCID50 560 

SARS-CoV-2. For the first challenge study, BetaCov/Belgium/GHB-03021/2020 (EPI ISL 109 561 

407976|2020-02-03) was recovered from a nasopharyngeal swab taken from an RT-qPCR 562 

confirmed asymptomatic patient who returned from Wuhan, China in the beginning of February 563 

2020, for which a close relation with the prototypic Wuhan-Hu-1 2019-nCoV (GenBank 564 

accession 112 number MN908947.3) strain was confirmed by phylogenetic analysis. For the 565 

second challenge study, South African variant B.1.351 virus (hCoV-19/Belgium/rega-566 

1920/2021; EPI_ISL_896474, 2021-01-11), was recovered from a nasopharyngeal swab taken 567 

from a patient with respiratory symptoms returning to Belgium in January 2021. The strain was 568 

subjected to sequencing on a MinION platform (Oxford Nanopore) directly from the 569 

nasopharyngeal swabs. For both studies, infectious virus was isolated by serial passaging on 570 

Vero E6 cells; passage 3 and 2 virus was used for the first and second study, respectively. The 571 

titers of both virus stocks were determined by end-point dilution on Vero E6 cells by the Reed-572 

Muench method.42 From challenge onwards, hamsters were weighed daily and observed for 573 

mobility, self-maintenance, behavior, and humane endpoint (hindlimb paralysis, hunchback, 574 

souring of eyes). Four days post-infection, hamsters were euthanized by intraperitoneal 575 

injection of 500 μL Dolethal (200 mg/mL sodium pentobarbital, Vétoquinol SA). Blood and 576 

lungs were collected at end-point. Serum was isolated post blood coagulation by centrifugation 577 

(10,000 x g, 10 min, RT) and stored frozen at -80°C until use. 578 

 579 
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Analysis of humoral immune response 580 

Convalescent serum samples of cured COVID-19 patients 581 

Serum samples of non-hospitalized cured COVID-19 patients were obtained with informed 582 

consent. The recruitment and sampling procedures were approved by the ethics committee (n° 583 

BC-08071). Human COVID-19 convalescent sera (n=7) were obtained from donors 41- 75 584 

years of age (5 females, 2 males) at least 30 days to 8 months post-infection. The presence of 585 

anti-SARS-CoV-2 antibodies in all of the obtained sera was confirmed using a SARS-CoV-2 586 

Surrogate Virus Neutralization Test Kit (#L00847, GenScript, Piscataway, New Jersey). All 587 

human sera were obtained from the Ghent University hospital, Belgium. 588 

Detection of mouse binding antibodies by antigen-specific IgG ELISA 589 

To assess antigen-specific total IgG titers in mouse sera, Nunc MaxiSorp™ 96-well plates (# 590 

44-2404-21, Thermo Fisher Scientific, Waltham, Massachusetts, USA) were coated overnight 591 

at 4°C with 1 µg/mL recombinant SARS-CoV-2 S1 Subunit protein RBD (rSARS-CoV-2 S-592 

RBD, #230-30162-500, RayBiotech) or 500 ng/ml recombinant SARS-CoV-2 Nucleocapsid 593 

protein (rSARS-CoV-2 N, #230-30164-500, RayBiotech). rSARS-CoV-2 S-RBD was 594 

dissolved in PBS-based coating buffer (pH 7.2), while rSARS-CoV-2 N was dissolved in 595 

carbonate coating buffer (pH 9.6), determined upon in silico prediction of the iso-electric points 596 

(pH(I)) of the coating proteins (pH(I) = 5.4 and 9.4, respectively). After washing for 4 times 597 

with 200µl/well PBS with 0,05% Tween™-20, ELISA plates were blocked with 2x Assay 598 

Buffer (from IgG Total Mouse Uncoated ELISA Kit, #88-50400-86, Thermo Fisher Scientific, 599 

Waltham, Massachusetts, USA) for 2 hours at RT. Following blocking and 4 washes, serum 600 

samples prediluted in 1X assay buffer and HRP-conjugated detection antibodies for IgG total 601 

(1:250, polyclonal anti-mouse IgG detection antibody from the IgG Total Mouse Uncoated 602 

ELISA Kit, #88-50400-86, Thermo Fisher Scientific, Waltham, Massachusetts, USA), IgG1 603 

(1:40,000, polyclonal Goat anti-mouse IgG1 HRP, #ab97240, Abcam) and IgG2a (1:5,000, 604 
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polyclonal Goat anti-mouse IgG2a Secondary antibody (HRP), #M32207, Thermo Fisher 605 

Scientific, Waltham, Massachusetts, USA), respectively, were co-incubated in the antigen 606 

coated plates on a shaker set at 400 rpm for 2 hours at RT. Plates were washed 7 times and 607 

treated with 100 µL/well TMB substrate solution (from the IgG Total Mouse Uncoated ELISA 608 

Kit, #88-50400-86, Thermo Fisher Scientific, Waltham, Massachusetts, USA). After 10 609 

minutes, 2 N H2SO4 was added to stop the reaction and the absorbance was read on a 610 

spectrophotometer at 450 nm.  611 

Detection of hamster binding antibodies by indirect immunofluorescent assay (IIFA)  612 

To detect specific antibodies to SARS-CoV-2 Spike protein in hamster serum, an IIFA 613 

developed at the University of Leuven was used. Using CRISPR–Cas9, a CMV-SARS-CoV-2-614 

Spike-Flag-IRES-mCherry-P2A-BlastiR cassette was stably integrated into the ROSA26 safe 615 

harbor locus of HEK-293T cells.43 To determine SARS-CoV-2 Spike binding antibody end 616 

titers, 1/2 serial serum dilutions were made in 96-well plates on HEK-293T Spike stable cells 617 

and HEK-293T wildtype cells in parallel. Goat anti-hamster IgG(H+L)-FITC 618 

(SouthernBiotech, 1:250 diluted) was used as secondary antibody. After counterstaining with 619 

DAPI, fluorescence in the blue channel (excitation at 386 nm) and the green channel (excitation 620 

at 485 nm) was measured with a Cell Insight CX5 High Content Screening platform (Thermo 621 

Fischer Scientific, Waltham, Massachusetts, USA). Specific SARS-CoV-2 Spike staining is 622 

characterized by cytoplasmic (endoplasmic reticulum) enrichment in the green channel. To 623 

quantify this specific SARS-CoV-2 Spike staining, the difference in cytoplasmic and nuclear 624 

signal for the HEK-293T wildtype conditions (=background) was subtracted from the 625 

difference in cytoplasmic and nuclear signal for the HEK-293T Spike stable cells. All positive 626 

values were considered as specific SARS-CoV-2 Spike binding signal. The IIFA end titer of a 627 

sample is defined as the highest dilution that scored positive in this way. 628 
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Wild-type viral neutralization assay for mouse serum 629 

Wild-type viral neutralization assays (VNT) with mouse serum samples and convalescent 630 

human patient serum samples was performed by the Institute of Tropical Medicine, Antwerp, 631 

Belgium, as previously described.44,45 Serum dilutions in medium were incubated with 3 x 632 

TCID100 of SARS-CoV-2 variants (2019-nCoV-Italy-INMI1 with close relation with the 633 

prototypic Wuhan-Hu-1 2019-nCoV, RG2674 B.1.351 beta variant 501Y.V2, and 83DJ-1 delta 634 

variant B.1.617.2) during 1 hour at 37°C / 7% CO2. Subsequently, 8 x 100 µL of the sample-635 

virus mixtures were added to 100 µL of cell suspension containing 18,000 of Vero cells in wells 636 

of a 96-well plate and incubated for 5 days in a humid incubator at 37°C / 7% CO2. The 637 

cytopathic effect (CPE) of each well was evaluated and scored microscopically as negative or 638 

positive for viral growth. The Reed-Muench method42 was used to calculate the neutralization 639 

titer (NT) that reduced the number of infected wells by 50% (NT50), with a lower limit of 640 

quantification (LOQ) of 50. 641 

Pseudotyped viral serum neutralization test 642 

SARS-CoV-2 Spike protein neutralizing antibody (nAb) titers were determined using Spike-643 

pseudotyped VSV virus, essentially as described in Sanchez-Felipe et al.18 Briefly, depending 644 

on the plasmid background, BHK-21J cells (for the WA1/2020-like B.1/D614G variant, as 645 

described previously in Sanchez-Felipe et al.18) or HEK-293T cells (for the Beta and Delta 646 

variants, as sourced from Invivogen Cat. No. plv-spike-v3 and plv-spike-v8, respectively) were 647 

transfected with SARS-CoV-2 Spike protein expression plasmids and one day later infected 648 

with GFP-encoding VSVΔG backbone virus. Two hours later, the medium was replaced by 649 

medium containing anti-VSV-G antibody (I1-hybridoma, ATCC CRL-2700) to neutralize 650 

residual VSV-G input. After 26 hours incubation at 32 ̊C, the supernatants were harvested. To 651 

quantify SARS-CoV-2 NAbs, serial dilutions of serum samples were incubated for 1 hour at 37 652 

°C with an equal volume of Spike-pseudotyped VSV particles and inoculated on Vero E6 cells 653 
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for 19 hours (10,000 cells/well were seeded 18h before infection on 96-well plates and 654 

incubated at 37°C and 5% of CO2). The resulting number of GFP expressing cells was 655 

quantified on a Cell Insight CX5 High Content Screening platform (Thermo Fischer Scientific) 656 

with Thermo Fisher Scientific HCS Studio (v.6.6.0) software. Median serum neutralization 657 

titers (NT50) were determined by curve fitting in Graphpad Prism after normalization to virus 658 

(100%) and cell controls (0%) (inhibitor vs. response, variable slope, four parameters model 659 

with top and bottom constraints of 100% and 0%, respectively).  660 

 661 

Analysis of cell-mediated immune response 662 

Splenocyte isolation and stimulation 663 

Freshly harvested mouse spleens were pressed through a 70 µm cell strainer. The resulting cell 664 

solution was collected on ice in RPMI High Glucose (4.5 g/L glucose), supplemented with 1% 665 

L-glutamine/100X GlutamaX, 10 % FBS and 1% 100x Penicillin G - sodium Streptomycin 666 

sulphate (PGS). Cells were centrifuged (350 x g, 3 min) and resuspended in 1 mL ACK lysis 667 

buffer (5-10 min, RT). After rinsing with complete RPMI and centrifugation (350 x g, 5min ), 668 

pellets were resuspended in medium and counted via trypan blue staining (1:1) with a Cytosmart 669 

cell counter (Corning Life Sciences, USA). Isolated splenocytes were cultured (1 × 106 670 

cells/well) in 96-well plates and stimulated for 6 hours with 2.5 µg/ml 1X Peptide mix/ml 671 

(Miltenyi Biotec, Germany) in RPMI or RPMI alone for negative control. Peptivator S protein 672 

SARS-CoV-2 (130-126-700, Miltenyi) and Peptivator N protein SAR-CoV-2 (130-126-698, 673 

Miltenyi) were used as S- and N peptide pool, respectively. After 2 hours, 1X Transport 674 

inhibition cocktail (TIC, eBioscienceTM Protein Transport Inhibitor Cocktail (500X), Thermo 675 

Fisher Scientific, Waltham, Massachusetts, USA) was added and cells were further incubated 676 

for 4 hours. 677 
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Flow cytometry and intracellular cytokine staining 678 

Freshly isolated and re-stimulated splenocytes (1 x 106) were spun down (350 x g, 5 min), 679 

resuspended in Zombie NIR™ dye (1:1000 in PBS, #423106, Biolegend, San Diego, California, 680 

USA), and incubated for 30 minutes, protected from light, at RT. Next, cells were washed and 681 

resuspended in FACS staining buffer (PBS, 4% FCS, 5mM EDTA) up to a volume of 100 µl 682 

and stained with 1:50 diluted CD3-FITC (#1002405, Biolegend, San Diego, California, USA), 683 

CD4-PE (#100408, Biolegend, San Diego, California, USA) and CD8 Pacific Blue (#100725, 684 

Biolegend, San Diego, California, USA) staining antibodies for 20 minutes, protected from 685 

light, at 2-8°C. Cells were washed and spun down (300 g, 10 min), and pellets were resuspended 686 

in staining buffer. For intracellular staining of interferon γ (IFNγ), the Inside Stain kit (#130-687 

090-477) (Miltenyi Biotec, Germany) was used following the manufacturer’s protocol. In brief, 688 

cells were incubated with an equal volume of Inside Fix for 20 minutes at RT, spun down (600 689 

x g, 5 min), resuspended in staining buffer, and spun down again (600 x g, 5 min). The pellet 690 

was resuspended in 100 µL Inside Perm containing staining antibodies (1:400 IFNγ mAb-APC 691 

and, #505810, Biolegend, San Diego, California, USA) and incubated for 10 minutes at RT, 692 

before the addition of 150 µL extra Inside Perm. Cells were centrifuged (600 x g, 5 min) and 693 

resuspended in 250 µl of staining buffer prior to data acquisition by flow cytometry. Data was 694 

analyzed using CytExpert (Beckman Coulter Life Sciences, USA). All measurements were 695 

calculated by subtracting nonstimulated samples from corresponding stimulated samples. 696 

Cytokine profiling of splenocyte supernatant 697 

Cytokine release in the supernatant from stimulated splenocytes was quantified using the 698 

LEGENDplex™ Mouse Th Cytokine Panel (741044-100T Biolegend, San Diego, California, 699 

USA) according to the manufacturer’s guidelines using a V-bottom plate (Thermo Fisher 700 

Scientific, Waltham, Massachusetts, USA). In short, 25 µL of vortexed capture beads were 701 

incubated with standards and samples on a shaker set at 800 rpm for 2 hours at RT (protected 702 
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from light) and spun down (250 x g, 5 min, RT). Beads were washed and incubated with 25 µL 703 

of detection antibodies on a shaker set at 800 rpm for 1 hour at RT (protected from light). An 704 

equal amount of streptavidin-phycoerythrin was added and incubated (shaker set at 800 rpm, 705 

30 min, RT, protected from light), and beads were spun down (250 x g, 5 min), washed, and 706 

resuspended in 150 µL of washing buffer prior to data acquisition using a Cytoflex flow 707 

cytometer (Beckman Coulter Life Sciences). Data was processed using Qognit (Qognit USA, 708 

accessed through Biolegend, San Diego, California, USA), a cloud-based software for 709 

analyzing multiplexed bead assays. 710 

 711 

RT-qPCR for SARS-CoV-2 viral load and cytokine analysis 712 

Hamster lung tissues were collected after sacrifice and were homogenized using bead disruption 713 

(Precellys) in 350 μL RLT buffer (RNeasy Mini kit, Qiagen, Hilden, Germany) and centrifuged 714 

(10,000 rpm, 5 min) to pellet the cell debris. RNA was extracted according to the 715 

manufacturer’s instructions. Of 50 μL eluate, 4 μL was used as a template in RT-qPCR 716 

reactions. RT-qPCR was performed on a LightCycler96 platform (Roche) using the iTaq 717 

Universal Probes One-Step RT-qPCR kit (BioRad) with N2 primers and probes targeting the 718 

nucleocapsid as described by Boudewijns et al.19 Standards of SARS-CoV-2 cDNA (IDT) were 719 

used to express viral genome copies per mg tissue or per mL serum. Expression levels of IL-6 720 

and IP-10 were normalized to the expression of beta-actin. The relative fold change was 721 

calculated using the 2-ΔΔCt method.46 To quantify infectious SARS-CoV-2 particles in the 722 

homogenized lung tissues, endpoint titrations were performed on confluent Vero E6 cells in 96-723 

well plates. Viral titers were calculated by the Reed-Muench method42 using the Lindenbach 724 

calculator and were expressed as 50% tissue culture infectious dose (TCID50) per mg tissue. 725 

 726 
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Lung histology  727 

For histological examination, the lungs were fixed overnight in 4% formaldehyde and 728 

embedded in paraffin. Tissue sections (5 μm) were analyzed after staining with hematoxylin 729 

and eosin (H&E) and scored blindly for lung damage by an expert pathologist. The 14 scoring 730 

parameters, to which a value of 1 to 3 was attributed, were the following: congestion, intra-731 

alveolar hemorrhage, intra-alveolar edema, lymphoid follicles, apoptotic bodies in bronchus 732 

wall, necrotizing bronchiolitis, perivascular edema, bronchopneumonia (and % of lungs 733 

involved), perivascular inflammation, endothelialitis, perivascular cuffs, peribronchial 734 

inflammation, intraluminal PMN, and vasculitis. Cumulative lung scores are presented as 735 

median. 736 

Statistical analysis 737 

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, California, 738 

USA). Normality was analyzed using the D’Agostino & Pearson omnibus test and assumptions 739 

of normality and homoscedasticity were confirmed using graphical methods (visualization via 740 

QQ plots). Normally distributed data of two groups were compared via t-tests and multiple 741 

groups were compared by one-way analysis of variance (ANOVA) test and followed by the 742 

Holm-Sidak test. Non-normally distributed data was analyzed via Kruskal Wallis tests with 743 

Dunn’s correction for multiple comparisons, or Mann-Whitney tests for comparison of two 744 

groups. Gaussian distributed data are presented as (geometric) mean ±  (geometric) SD, non-745 

normally distributed data is presented as median with interquartile range (IDR), unless stated 746 

differently in the figure legends. P-values are reported two-sided and considered significant 747 

when less than 0.05 (*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).  748 
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Figures & Legends 947 

Figure 1 – Total IgG antibody titers and SARS-CoV-2 neutralizing titers in Swiss mice 948 

vaccinated with dual- or single-antigen saRNA vaccines. Neutralizing titers of COVID-19 949 

convalescent patients were used as reference. (A) Schematic overview of the I.M. 950 

vaccination of mice with LNP formulations containing 1 µg of S-RBD-saRNA vaccine, N-951 

saRNA vaccine, or both saRNA vaccines (ZIP1642). ZIP1642 contains 0.5µg of each saRNA 952 

vaccine. A prime-boost schedule with 21 days in between was used. Mice vaccinated with a 953 

saRNA encoding luciferase were used as control. In these mice luciferase expression was 954 

measured via IVIS over a course of 22 days at indicated timepoints (orange star). Blood 955 

samples were collected just before the prime (day 0), 3 weeks post-prime (day 21) and two 956 

weeks post-boost (day 35) (red drops). Splenocytes were isolated at day 35 after euthanasia 957 

(brown spleen). (B) Serum SARS-CoV-2 S1-RBD and N-specific IgG endpoint titers post-958 

prime (day 21) and post-boost (day 35) vaccination of six biologically independent animals. 959 

Data is presented as individual datapoints (overlay for luciferase saRNA control) with GMT ± 960 

geometric SD, limit of quantification (LOQ) is set at 512. Numerical data can be found in Table 961 

S3. (C-F) SARS-CoV-2 wild-typed virus neutralization titers against three variants two weeks 962 

after boost vaccination of Swiss mice (n=6) with 1 µg of LNP-formulated saRNA vaccines. 963 

Serum samples of COVID-19 convalescent patients (n=7) were included as reference, except 964 

for omicron VNT as no human samples were available at that time. The following three SARS-965 

CoV-2 variants were used in the neutralization assays: the Wuhan variant 2019-nCoV-Itally 966 

INMI1 (C), the beta variant 501Y.V2 (D), the delta variant 83DJ-1 (E) and the omicron variant 967 

VLD20211207 (F). Data is presented as individual datapoints with mean NT50 titer ± SD, limit 968 

of quantification (LOQ) is set at 50. Statistical significance of GMTs was determined via a 969 

Kruskal-Wallis testing, with Dunn’s correction for multiple comparisons, and statistical 970 

Jo
urn

al 
Pre-

pro
of



 
  

Page 42 of 45 
 

significance of NT50 was determined via multiple Mann-Whitney tests. (Adjusted) p-values are 971 

reported as ns non-significant, *p<0.05, **p<0.01, ***p<0.001, or ****p<0.0001. 972 

 973 

Figure 2 - Cellular immune in Swiss mice after vaccination with dual- or single-antigen 974 

saRNA vaccines. (A) Flow cytometric quantification of the percent of S- or N-specific IFN--975 

positive cells in the CD3+CD4+ and CD3+CD8+ splenocyte subpopulations isolated from Swiss 976 

mice 2 weeks after booster vaccination with 1 µg of S-RBD-saRNA, N-saRNA, or both saRNA 977 

vaccines (ZIP1642) (n =6). Mice injected with a luciferase-encoding saRNA mock vaccine 978 

were used as negative controls. Data is presented as individual datapoints with mean ± SD. 979 

Numerical data can be found in Table S3. (B-E) Cytokine release profile from antigen 980 

stimulated splenocytes as measured by a multiplex mouse Th Cytokine immunoassay (n=6). 981 

All multiplex data is presented as min-to-max box-and-whiskers plots with median cytokine 982 

concentration and LLOD<0.1. Outliers were determined via ROUT method (Q=1%) and 983 

presented as small datapoints, outliers were not included in statistical analysis. The asterisks (*) 984 

in all graphs indicate significance of *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, or ns 985 

non-significant, as determined by multiple Mann-Whitney tests.  986 

 987 

Figure 3 – Low doses of the dual-antigen saRNA vaccine ZIP1642 protects Syrian Golden 988 

hamsters against WA1/2020 SARS-CoV-2 infection. (A) Schematic overview of I.M. 989 

vaccination and intranasal infection of a SARS-CoV-2 Syrian Golden hamster infection model. 990 

Female Syrian Golden hamsters (6-to-8-week-old) were vaccinated with 0.1 μg, 1 μg, or 5 μg 991 

of LNP formulated dual-antigen saRNA vaccine (ZIP1642) following a prime-boost schedule 992 

with a 21-day interval. As controls we used hamsters treated with PBS (SHAM) or 5 µg of 993 

luciferase saRNA (negative mock control). Blood was sampled at baseline prior to prime (day 994 

0), prior to boost (day 21), and two weeks post-boost (day 35) (red drops). Two weeks after the 995 
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booster vaccination, hamsters were intranasally challenged with 1x104 TCID50 of 996 

BetaCov/Belgium/GHB-03021/2020 (EPI ISL 109 407976|2020-02-03), a Wuhan strain-like 997 

SARS-CoV-2 virus, that was recovered from a nasopharyngeal swab taken from an RT-qPCR 998 

confirmed asymptomatic patient. Lungs were collected after sacrifice, at 4 days post infection 999 

(dpi) (pink lungs). (B) SARS-CoV-2 S-specific IgG end titers at baseline (day 0), post-prime 1000 

(day 21), and post-boost (day 35) vaccination as determined by IIFA in serum (n=6). Data is 1001 

presented as individual datapoints with GMT ± geometric SD. Statistical significance of GMTs 1002 

was determined via a Kruskal-Wallis testing, with Dunn’s correction for multiple comparisons. 1003 

Numerical data can be found in Table S4. (C) SARS-CoV-2 virus neutralization titers in sera 1004 

from vaccinated hamsters (n=6) two weeks post-boost (day 35). Neutralization assay was 1005 

performed using a pseudo-typed virus carrying the S of a Wuhan strain-like SARS-CoV-2 1006 

(D614G mutation). Data is presented as individual datapoints with mean NT50 titer ± SD. 1007 

Statistical significance of NT50 was determined via a Kruskal-Wallis testing, with Dunn’s 1008 

correction for multiple comparisons. (D) Viral loads and (E) infectious virus titer (TCID50) 1009 

four days post infection in homogenized lung tissues as determined by RT-qPCR and endpoint 1010 

titrations on confluent Vero E6 cells, respectively. Data is presented as min-to-max box-and-1011 

whiskers plots with median reduction of log10-transformed viral RNA load or infectious virus 1012 

titer per mg of lung tissue. Statistical significance was determined on log10-transformed data 1013 

via a one-way ANOVA with Dunnett’s correction for multiple comparisons. A summary of 1014 

baseline corrected (relative to SHAM control) median log10-transformed viral RNA loads and 1015 

TCID50 with corresponding interquartile ranges (IQR) can be found in Table S5 and Table S6. 1016 

The asterisks (*) in all graphs indicate significance of adjusted *p<0.05, **p<0.01, ***p<0.001, 1017 

****p<0.0001, or ns non-significant. 1018 
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Figure 4 – Protection of hamsters against WA1/2020 SARS-CoV-2 infection by ZIP1642 1020 

is associated with reduced virus-induced lung pathology. (A) Lung tissue sections were 1021 

analyzed after H&E staining and scored blindly for lung damage by an expert pathologist. 1022 

Cumulative lung scores are presented as median, and average lung score of healthy hamsters is 1023 

set at 1,25. The asterisks (*) indicates significance of *p<0.05, **p<0.01, ***p<0.001, 1024 

****p<0.0001, or ns non-significant, as determined by a Kruskal–Wallis test. (B-F) H&E-1025 

stained representative lung tissue sections for each vaccination group (SHAM, luciferase 1026 

saRNA mock control, 0,1 µg, 1 µg and 5 µg ZIP1642 saRNA). Hallmarks that resemble 1027 

pulmonal histopathologic findings in COVID-19 patients are indicated, including broncho-1028 

pneumonia (green arrows) with apoptotic bodies in the bronchus wall, peri-bronchial 1029 

inflammation (blue arrows), perivascular inflammation with perivascular cuffs (red arrows), 1030 

intra-alveolar oedema (purple arrows). A representative lung tissue section from an untreated 1031 

healthy hamster can be consulted in Figure S7. 1032 

 1033 

Figure 5 - Immunization with saRNA vaccines encoding Wuhan SARS-CoV-2 1034 

nucleocapsid lowers viral load in hamster challenged with a SARS-CoV-2 beta B.1.351 1035 

variant. (A) Schematic overview of I.M. vaccination and intranasal infection of a SARS-CoV-1036 

2 Syrian Golden hamster infection model. Female Syrian Golden hamsters (6-to-8-week-old) 1037 

were vaccinated with, 2 μg of either S-RBD-saRNA, N-saRNA or dual-antigen saRNA vaccine 1038 

(ZIP1642). Hamsters vaccinated with 2 µg of a luciferase encoding saRNA served as negative 1039 

mock controls. All saRNAs were formulated in LNPs and a prime-boost schedule with in a 28-1040 

day interval was used. Blood samples were taken prior to prime (day 0), prior to boost (day 28), 1041 

and two weeks post-boost (day 42) (red drops). Two weeks after the booster vaccination, 1042 

hamsters were intranasally challenged with 1x104 TCID50 of South African variant B.1.351 1043 

virus (hCoV-19/Belgium/rega-1920/2021; EPI_ISL_896474, 2021-01-11). Lungs were 1044 
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collected after sacrifice, at 4 days post infection (dpi) (pink lungs). (B) SARS-CoV-2 S-specific 1045 

IgG end titers at baseline (day 0), post-prime (day 28), and post-boost (day 42) vaccination as 1046 

determined by IIFA in serum (n=6 and n=5 for ZIP1642 group). Data is presented as individual 1047 

datapoints with GMT ± geometric SD. Statistical significance of GMTs was determined via 1048 

Kruskal-Wallis testing for multiple comparison. Numerical data can be found in Table S7. (C-1049 

E) SARS-CoV-2 pseudo-typed virus neutralization titers in sera from vaccinated hamsters two 1050 

weeks post-boost (n=6, n=5 for ZIP1642 group). Neutralization assay was performed using 1051 

pseudo-typed viruses carry the S protein of respectively (C) Wuhan strain-like SARS-CoV-2 1052 

(D614G mutation), (D) delta B.1.617.2 variant and (E) beta B.1.351 variant. Data is presented 1053 

as individual datapoints with mean NT50 titer ± SD. Statistical significance of NT50 was 1054 

determined via multiple Mann-Whitney tests. (F) Infectious virus titer (TCID50) in lung tissue 1055 

as determined by endpoint titrations on confluent Vero E6 cells. Data is baseline corrected 1056 

relative to luciferase saRNA control and presented as min-to-max box-and-whiskers plots with 1057 

median reduction of log10-transformed infectious virus titer per mg of lung tissue. Statistical 1058 

significance was determined via multiple unpaired T tests on log10-transformed data. A 1059 

summary of median log10-transformed viral RNA loads and TCID50 with corresponding 1060 

interquartile ranges (IQR) can be found in Figure S9, Table S8 and Table S9. The asterisks (*) 1061 

in all graphs indicate significance of adjusted *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 1062 

or ns non-significant. 1063 
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An LNP-formulated SARS-CoV-2 saRNA vaccine, encoding the internal Nucleocapsid in 1 

addition to the S-RBD antigen, elicits both S-specific neutralizing antibody responses and 2 

dual-antigen specific CMI in mice. Vaccination of hamsters offers protection against both 3 

Wuhan-like, and beta variant SARS-CoV-2 despite reduced vaccine-induced anti-S 4 

neutralization efficiency against the latter. 5 
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