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Abstract 9 

While the effort to vaccinate people against severe acute respiratory syndrome coronavirus 2 10 

(SARS-CoV-2) has largely been successful, particularly in the developed world, the rise of new 11 

variants as well as waning immunity illustrate the need for a new generation of vaccines that 12 

provide broader and/or more durable protection against infection and severe disease. Here we 13 

describe the generation and characterization of IVX-411, a computationally designed, two-14 

component virus-like particle (VLP) displaying the ancestral SARS-CoV-2 receptor binding 15 

domain (RBD) on its surface. Immunization of mice with IVX-411 generates neutralizing 16 

antibodies against the ancestral strain as well as three variants of concern. Neutralizing antibody 17 

titers elicited by IVX-411 are durable and significantly higher than those elicited by 18 

immunization with soluble RBD and spike antigens. Furthermore, immunization with IVX-411 19 

is shown to be protective in a Syrian Golden hamster challenge model using two different strains 20 

of SARS-CoV-2. Overall, these studies demonstrate that IVX-411 is highly immunogenic and 21 

capable of eliciting broad, protective immunity. 22 
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Background 31 

The coronavirus disease 2019 (COVID-19) pandemic has led to over 637 million 32 

confirmed cases and 6.6 million deaths worldwide as of November 29, 2022 [1]. Our 33 

understanding of this disease as well as the causative virus, SARS-CoV-2, has grown 34 

dramatically since December, 2019 when it emerged in Wuhan, China [2,3]. Acute SARS-CoV-2 35 

infection is characterized by symptoms such as fever, cough, and sore throat. The virus can also 36 

lead to a potentially debilitating condition called ‘long-haul COVID’ [4]. Additionally, the 37 

emergence of variants of concern (VOCs) has illustrated the ability of SARS-CoV-2 to evolve, 38 

leading to increased transmissibility and immune evasion. Given continued viral evolution and 39 

transmission, further advances in SARS-CoV-2 vaccination approaches are necessary to stem the 40 

public health impact. 41 

The SARS-CoV-2 spike (S) protein has been the primary target for vaccine development 42 

due to the ability of anti-S protein antibodies to neutralize the virus and protect against severe 43 

disease [5–9]. S protein trimers decorate the surface of the virion and are comprised of two 44 

subunits: S1 and S2 [10,11]. S1 sits at the apex of the S protein and contains the receptor binding 45 
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domain (RBD). The RBD binds to angiotensin-converting enzyme 2 (ACE2), a protein expressed 46 

in human airway epithelia as well as lung parenchyma [12]. After S1 binds ACE2, the S2 subunit 47 

facilitates viral fusion with the host cell. During this process, the S protein trimer undergoes a 48 

structural transition between its prefusion conformation and its post-fusion conformation, 49 

bringing together the fusion peptide and the host cell membrane, mediating virion entry. 50 

Antibodies which block S1 binding to ACE2 are often potently neutralizing. Consequently, it is 51 

unsurprising that the RBD is the primary target of neutralizing antibodies in human serum 52 

[13,14].  53 

Rapid development of vaccines against SARS-CoV-2 was facilitated by two vaccine 54 

platform technologies: messenger RNA (mRNA) and viral vectors. While the deployment of 55 

these vaccines was instrumental in slowing viral transmission and saving lives, the associated 56 

reactogenicity and durability of these vaccines leave room for improvement. Furthermore, the 57 

two viral vector vaccines, Ad26.COV2.S (Janssen) and ChAdOX1-S (AstraZeneca), have been 58 

linked to a rare blood clotting disorder, thrombosis with thrombocytopenia syndrome [15]. 59 

Concern over this potentially life-threatening side effect has led to limited use of these vaccines 60 

in developed countries. Waning antibody responses to vaccination, particularly with the mRNA-61 

based vaccines, have also been described [16]. While two doses of the mRNA-based vaccines, 62 

BNT162b2 (Pfizer) and mRNA1273 (Moderna), were roughly 90% efficacious in preventing 63 

COVID-19 up to two months post immunization, waning antibody responses have resulted in 64 

recommendations to receive multiple additional doses [17–20]. Critically, these first generation 65 

vaccines are also less efficacious against the omicron variant, which has led to an increase in 66 

breakthrough infections [21–23]. Considering these limitations, a new generation of SARS-CoV-67 

2 vaccines that generate broad, durable immunity with reduced reactogenicity are needed.  68 
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Virus-like particles (VLPs) are a compelling technology for developing new SARS-CoV-69 

2 vaccines. Whereas soluble recombinant viral proteins tend to be poorly immunogenic, 70 

particularly in the absence of an adjuvant, VLPs can induce both humoral and cellular immune 71 

responses even without adjuvants [24,25]. One advantage of VLPs is the multivalent presentation 72 

of antigen, which promotes B cell receptor clustering and activation, facilitating the production 73 

of high affinity antibodies [26]. Importantly, VLP-based vaccines displaying native viral 74 

antigens are already commercially available for the prevention of hepatitis B (HBV) and human 75 

papillomavirus (HPV) infection. These vaccines have excellent safety and durability profiles 76 

[27,28]. Vaccination with HBV vaccines generates high antibody titers that are protective for up 77 

to 30 years [29]. Similarly, a single dose of the bivalent HPV vaccine elicits antibody titers that 78 

are maintained for at least seven years [30]. 79 

Recent advances in computational protein design have allowed for the generation of 80 

novel, self-assembling VLPs that can display diverse antigens [24,25,31–36]. Here we produced 81 

and further characterized a two-component, computationally designed VLP displaying 60 copies 82 

of the ancestral SARS-CoV-2 RBD protein [24], referred to here as IVX-411. We show that 83 

immunization of naïve animals with IVX-411 elicits high neutralizing antibody titers against the 84 

ancestral strain as well as three VOCs. To evaluate the durability of this immune response, as 85 

well as the benefit of the VLP platform over soluble protein, we immunized mice with IVX-411 86 

or soluble S protein. We found that immunization with IVX-411 generated higher neutralizing 87 

titers and increased antigen-specific long-lived plasma cells (LLPCs) compared to immunization 88 

with soluble protein. Finally, Syrian Golden hamsters immunized with IVX-411 and challenged 89 

with SARS-CoV-2 had lower viral loads and reduced disease severity than unimmunized 90 

hamsters.  91 
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Methods 92 

Component production and characterization: RBD-CompA gene based on previously described 93 

amino acid sequence [24] was synthesized and cloned by Genscript in the pcDNA3.4+ vector. 94 

DNA was transiently transfected into HEK293F cells, which were incubated at 36 °C with 150 95 

rpm shaking for 4 days before harvest by centrifugation, and 0.2 µm filtration. Ni2+ resin (Indigo, 96 

Cube Biotech, #75110) was added to 4 µL/mL of cellular supernatant following addition of 1 M 97 

Tris pH 8.0 to 50 mM and 5 M NaCl to 300 mM, and incubated with gentle rocking for 2 hours 98 

at room temperature (RT) or 16 hours at 4 °C. The loaded Ni2+ resin was applied to gravity 99 

columns. The columns were washed with 5 column volumes (CV) of wash buffer (20 mM Tris 100 

pH 8.0, 300 mM NaCl, 30 mM imidazole, 0.75% CHAPS). Proteins were eluted with elution 101 

buffer (20 mM Tris pH 8.0, 300 mM NaCl, 500 mM imidazole, 0.75% CHAPS) and dialyzed 102 

into 20 mM Tris pH 8.0, 250 mM NaCl, 5% glycerol, 0.75% CHAPS buffer 3X. The purified 103 

RBD-CompA was analyzed by SDS-PAGE and UV-Vis (Supplemental Figure 1), and 104 

endotoxin levels were determined (Endosafe nexgen-PTS, Charles River; passing value = <10 105 

EU/mg). For manufacture of the CompB pentamer, a transformed E. coli Master Cell Bank was 106 

expanded into a stirred-tank bioreactor for fed-batch production. CompB was purified using a 107 

two-column chromatography process and final formulation conducted by tangential flow 108 

filtration. Following purification and formulation, CompB was 0.2 mm filtered and stored at <-109 

65°C. 110 

VLP production: RBD01-CompA and CompB were quantified by UV-Vis prior to mixing in a 111 

1.2X over equimolar ratio. RBD-CompA was added to a tube to a final concentration of 10 µM, 112 

then 20 mM Tris pH 8.0, 250 mM NaCl, 5% glycerol, 0.75% CHAPS buffer was added to bring 113 

the reaction volume up to 1 mL. CompB was added to a final concentration of 8 µM. The 114 
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reaction was mixed and incubated for 1 hour. The resulting VLP was purified by SEC (Superose 115 

6 Increase, Cytiva, #29091596), eluting around 11 mL, using 20 mM Tris pH 8.0, 250 mM NaCl, 116 

5% glycerol, 0.75% CHAPS buffer as the mobile phase. Peak fractions centered around 11 mL 117 

were pooled and filter-sterilized (0.2 µm) prior to analysis. VLP concentrations were quantified 118 

by UV-Vis. 119 

UV-Vis spectroscopy: All protein samples were analyzed by UV-Vis on an Agilent Cary 60. 120 

Wavelength scans from 400 to 200 nm were collected, with baseline correction using a matching 121 

buffer blank. Absorbance at 280 nm was used to quantify the protein concentrations with the 122 

molar extinction coefficients and molecular weights as in the following formula: 123 

� ������ � � � 	280� � �� 

Dynamic Light Scattering: DLS measurements were taken on a nanoDSF instrument (UNcle, 124 

UNchained Laboratories), using autoattenuation of the laser and collecting 10 acquisitions of 5 125 

seconds each at 20 °C. 126 

Size Exclusion Chromatography: A Superose 6 Increase 10/300 GL column (Cytiva, #29091596) 127 

was used to purify trimeric RBD-CompA component, IVX-411 in vitro assembly reaction (VLP 128 

purification), or IVX-411 purified VLP (analytical), on an AKTA FPLC system (Cytiva, AKTA 129 

Go). Columns were equilibrated using 1.2 CV of SEC purification buffer (20 mM Tris pH 8.0, 130 

250 mM NaCl, 100 mM L-Arginine, 5% glycerol, 0.75% CHAPS), then 0.5-2 mL of sample was 131 

injected onto the column and eluted using 1.2 CV of SEC purification buffer. 132 

Biolayer interferometry: Purified RBD-CompA trimeric component, IVX-411 VLP, ACE2-Fc 133 

dimerized receptor, and monoclonal antibodies (mAbs) (CR3022, COVA2-39, and CV07-270) 134 

were diluted to 10 µg/mL in BLI assay buffer (PBS pH 7.4, 0.5% BSA, 0.05% Tween 20). 200 135 

µL of each dilution and BLI assay buffer were added to black 96-well microplates. Protein A 136 
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biosensors (Sartorius, #18-5010) were hydrated in BLI assay buffer for 10-20 minutes and 137 

loaded onto an Octet Red96 BLI instrument (Pall, FortéBio). Biosensors were dipped into BLI 138 

assay buffer to obtain a baseline (60 s), loaded with dimerized ACE2-Fc or mAbs (120 s), dipped 139 

into BLI assay buffer, transferred to RBD-CompA and IVX-411 wells (150 s), and dipped back 140 

into BLI assay buffer (150 s). 141 

Negative Stain Transmission Electron Microscopy: IVX-411 sample was diluted to 75 µg/mL in 142 

SEC buffer. Sample was adhered to a thick-carbon/Formvar copper 400 mesh grid (Electron 143 

Microscopy Sciences, #CF400-Cu-TH) by pipetting 6 µL of sample directly onto the carbon side 144 

of the grid and incubating for 1 minute. The grid was dipped into a 50 µL droplet of sterile 145 

filtered DI water followed by blotting with grade 1 filter paper (Whatman, #Z240079). The grid 146 

was stained by dipping into a 6 µL drop of 0.75% uranyl formate stain, incubated for 1 minute, 147 

and blotted off. The staining step was repeated, and the grid dried for 1 minute prior to storage. 148 

A Talos L120C TEM microscope, Leginon software, and Gatan camera were used to image the 149 

sample.  150 

VLP Prime-Boost study: The in-life portion of this study was conducted at Abcore Inc. Female, 151 

BALB/c mice were immunized IM on days 0 and 21 with 0.2 mg of IVX-411 or IVX-411 + 152 

MF59. Immunizations, once prepared at room temperature, were used immediately or within two 153 

hours of preparation. Serum samples from each animal were collected on Day 0 (prior to 154 

immunization), Day 21 (prior to boost), and on Day 35 (terminal bleed).  155 

VLP versus soluble protein duration study: The in-life portion of this study was conducted at 156 

Aragen Bioscience Inc. BALB/c mice were immunized on days 0 and 21 with 0.2 mg of IVX-157 

411, RBD-CompA, or S-2P formulated with or without MF59. Serum samples were collected on 158 
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days 0, 20, 35, 63, 91, 119, and 154. Animals were sacrificed on Day 154. Bone marrow was 159 

collected for ELISPOT analysis of LLPCs. 160 

ELISpot: The Mouse IgG ELISpotBASIC kit, Protocol II (Mabtech, #3825-2A) was used by 161 

Aragen Bioscience Inc to perform LLPC quantification. SARS-CoV-2 antigen RBD01-dn5B was 162 

diluted to 80 mg/mL and used to coat wells of PVDF plates (Mabtech, #3654-WP-10) according 163 

to the assay kit protocol. Anti-mouse IgG was diluted to 20 mg/ mL and was used to coat 164 

additional wells on the same plate. Plates were washed and blocked with assay media for 30 165 

minutes at RT. Cells isolated from femoral bone marrow were resuspended at 1 x 106 cells/mL. 166 

100 mL was added to the coated wells. Plates were incubated at 33°C for 14-16 hours. Spots 167 

counts/well were determined using a Zellnet Consulting ELISpot reader.  168 

Syrian Golden hamster efficacy study: The in-life portion of this study was conducted at 169 

Lovelace Biomedical. 36 male, SGHs were purchased from Charles River. 16 hamsters were 170 

immunized IM with 0.2 mg IVX-411 formulated with MF59 on days 0 and 21. Remaining 171 

hamsters were immunized with PBS. Serum samples were collected on days 0, 21, and 35. Body 172 

weights were measured starting on Day 39. On Day 42 8 IVX-411 immunized hamsters and 8 173 

PBS immunized hamsters were challenged via intranasal instillation with 4.64 x 105 174 

TCID50/animal of WA1/2020; 8 IVX-411 immunized hamsters and 8 PBS immunized hamsters 175 

were challenged with 1.53 x 106 TCID50/animal of B.1.617.2. Animals were sacrificed on Day 176 

47 and lung weights were measured. Lungs were fixed in NBF, trimmed, paraffin embedded, 177 

sectioned at 4 mm, and stained with hematoxylin and eosin for microscopic examination. 178 

Histopathologic findings were graded subjectively on a scale of 1 to 5. The ProvantisTM (Instem 179 

LSS Ltd., Staffordshire, England) computer software was used for necropsy and histopathology 180 

data acquisition, reporting, and analysis.  181 
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RT-qPCR: RT-qPCR analysis on lung and nasal swab samples collected from the Syrian Golden 182 

hamster study were performed at Lovelace Biomedical. Samples were processed in Trizol using 183 

a TissueLyser and centrifuged at 4000 x g for 5 minutes. RNA extraction was performed on 184 

supernatants using the QIAGEN RNeasy kit according to the manufacturer’s instructions. 185 

Samples were run in triplicate and genome copies per mL or gram equivalents were calculated 186 

from a standard curve generated from RNA standards of known copy concentration. The N and E 187 

gene primers and probe sequences were as follows:  188 

N gene: 189 

SARS-CoV-2 Forward: 5’ TTACAAACATTGGCCGCAAA 3’  190 

SARS-CoV-2 Reverse: 5’ GCGCGACATTCCGAAGAA 3’ 191 

SARS-CoV-2 Probe: 6FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ-1  192 

E gene: 193 

SARS-CoV-2 Forward: 5’ ACAGGTACGTTAATAGTTAATAGCGT 3’  194 

SARS-CoV-2 Reverse: 5’ ATATTGCAGCAGTACGCACACA 3’  195 

SARS-CoV-2 Probe: 6FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ-1  196 

SARS-CoV-2 Pseudo-particle Neutralization Assay (PNA): PNA assays were performed at 197 

Nexelis. ACE-2 expressing Vero E6 cells (ATCC CRL-1586) were seeded in a 96-well 198 

microtiter plate at 20,000 cells/well. Serum samples and controls were heat-inactivated at 56°C 199 

for 30 minutes, diluted in duplicate in cell medium, and serial two-fold dilutions were performed. 200 

Each SARS-CoV-2 pseudovirus was diluted to reach a desired concentration, added to the 201 

diluted serum samples, and incubated at 37°C in 5% CO2 for 1 hour. This mixture was added to 202 

the cells at 80% confluency. Plates were incubated for 18-22 hours at 37°C in 5% CO2 before 203 

supernatants were removed. 50 mL of ONE-Glo EX Luciferase Assay Substrate (Promega, 204 
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#E8110) diluted 1:2 in cell media was added to each well and incubated at RT for 3 minutes with 205 

agitation. Luminescence across all wavelengths was measured for 0.5 seconds using a 206 

SpectraMax iD3 microplate reader and SoftMax Pro v7.0.1 (Molecular Devices). A titration 207 

curve using a 4-parameter logistic regression was made for each dilution. The reciprocal dilution 208 

of the sample for which the luminescence was equal to a pre-defined cut-point of 50 was 209 

reported as the titer. The cut-point was determined using linear regression using 50% flanking 210 

points.  211 

Results 212 

Production and characterization of two-component I53-50 VLPs displaying ancestral SARS-213 

CoV-2 RBD 214 

A two-component, computationally designed protein VLP, referred to as I53-50 [35], was 215 

utilized to display the ancestral (Wuhan-Hu-1) SARS-CoV-2 RBD to improve the 216 

immunogenicity of the monomeric antigen as previously described [24]. I53-50 is a 120-subunit 217 

VLP comprised of 20 homotrimeric (CompA) and 12 homopentameric (CompB) subunits, 218 

capable of in vitro assembly following purification and subsequent mixing of the individual 219 

components [35,37]. The his-tagged SARS-CoV-2 RBD antigen was displayed on I53-50 by 220 

genetically fusing the C-terminus of the antigen to the N-terminus of the CompA subunit using a 221 

16-residue glycine-serine linker (RBD-CompA) [24]. RBD-CompA and CompB were 222 

individually expressed in HEK293F and E. coli cells, respectively, and purified prior to mixing 223 

in equimolar ratios to induce spontaneous self-assembly of VLPs in vitro (Figure 1A). 224 

Following purification by size exclusion chromatography (SEC) to remove residual components, 225 

the resulting RBD-I53-50 VLPs (IVX-411) were characterized for identity, aggregation state, 226 

antigenicity and VLP structural integrity. UV-Vis spectroscopy wavelength scan analysis 227 
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showed a peak at 280 nm and low-level scattering typical of non-aggregated, well-formed VLPs 228 

(ratio of absorbance at 320 nm to 280 nm = ~0.1) (Figure 1B). Dynamic light scattering (DLS) 229 

measurements suggested non-aggregated, monodispersed VLPs with a polydispersity index of 230 

11.8% (Figure 1C). Analytical SEC of purified IVX-411 resulted in a resolved peak centered 231 

around 11 mL, consistent with the calculated molecular weight of the VLP (Figure 1D). IVX-232 

411 eluted earlier than the constituent components (Figure 1D). The antigen appeared intact 233 

based on binding to ACE2-Fc, as well as three additional anti-RBD monoclonal antibodies, as 234 

measured by biolayer interferometry (BLI) (Figure 1E). Finally, negative stain transmission 235 

electron microscopy (nsTEM) confirmed that the VLP sample consisted of monodispersed, intact 236 

VLPs of the expected diameter (Figure 1F). 237 

Animals primed and boosted with IVX-411 develop robust neutralizing titers against three VOCs 238 

We evaluated the ability of IVX-411 to induce neutralizing antibody titers against the 239 

ancestral SARS-CoV-2 strain as well as three variants of concern (beta, gamma, and delta). 240 

Naïve BALB/c mice were immunized intramuscularly (IM) on Day 0 and Day 21 with 0.2 mg of 241 

IVX-411 formulated with CSL Seqirus’ proprietary oil-in-water adjuvant, MF59 (Figure 2A). 242 

Mice were bled on Day 0 (pre-immunization), Day 21 (pre-boost), and on Day 35 (14 days post-243 

boost). Neutralizing titers against the ancestral strain and the beta variant were measured at all 244 

time points using a cell-based pseudo-particle neutralization assay (PNA). Neutralizing titers 245 

against gamma and delta variants were measured using only the Day 35 samples.  246 

Three weeks after the initial priming dose, mice immunized with IVX-411 had an 247 

average Day 21 neutralizing antibody titer (NT50) of 2.1 x 102 against the ancestral strain 248 

(Figure 2B) and an average neutralizing antibody titer of 1.4 x 102 against the beta variant 249 

(Figure 2C). After receiving a booster immunization, the Day 35 neutralizing titers against the 250 
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ancestral strain increased 45-fold. Similarly, a 78-fold increase in neutralizing titers against the 251 

beta variant was also observed. Mice primed and boosted with IVX-411 had an average 252 

neutralizing titer against the gamma variant of 2.58 x 104 (Figure 2D). Neutralizing titers against 253 

the delta variant were lower than those against gamma, beta, and the ancestral strain, with an 254 

average neutralizing titer of 3.71 x 103 (Figure 2E). Day 35 neutralizing antibody titers against 255 

all four strains were higher than those of control human convalescent sera. Together, these 256 

results demonstrate that immunization with IVX-411 results in a broad, potent antibody 257 

response. 258 

Immunization with IVX-411 induces a more potent humoral immune response than 259 

immunization with soluble protein 260 

Having confirmed the immunogenicity of IVX-411, we next sought to evaluate its ability 261 

to elicit durable, humoral immunity compared to trimeric spike-based and RBD-based soluble 262 

antigens. Naïve BALB/c mice were immunized on Day 0 and boosted on Day 21 with either 0.2 263 

mg of IVX-411, an equivalent antigen dose of RBD-CompA (0.15 µg), or an equivalent RBD 264 

antigen dose of S-2P (0.4 µg), a stabilized prefusion version of the S protein ectodomain (Figure 265 

3A). Each antigen was formulated with either MF59 or an aqueous buffer. Serum samples were 266 

collected on days 0, 20, 35, 63, 91, 119, and 154. On Day 154 the animals were sacrificed, at 267 

which point LLPCs were isolated from the bone marrow and assessed by ELISpot.  268 

Serum analysis by a cell-based PNA revealed that immunization with IVX-411 generated 269 

higher neutralizing antibody titers than immunization with soluble proteins. On Day 20, after a 270 

single immunization, only animals immunized with IVX-411 had neutralizing antibody titers 271 

above the lower limit of quantitation (Figure 3B). Even at this early timepoint, MF59 enhanced 272 

the neutralizing antibody response in naïve animals with the IVX-411 MF59 group having 4.4-273 
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fold higher Day 20 neutralizing antibody titers compared to animals immunized with IVX-411 274 

alone. This trend was consistent throughout the duration of the study. Compared to the aqueous 275 

formulations, immunization with antigen plus MF59 resulted in 16, 3.1, and 116-fold increases 276 

in Day 35 neutralizing antibody titers for IVX-411, RBD-CompA, and S-2P, respectively. 277 

Importantly, the Day 35 neutralizing antibody titers in the IVX-411 MF59 group were 198-fold 278 

higher than those in the RBD-CompA MF59 group and 5.3-fold higher than those in the S-2P 279 

MF59 group. These results suggest that immunization with IVX-411 results in higher 280 

neutralizing antibody titers than immunization with soluble protein, particularly compared with 281 

soluble trimerized RBD, which is poorly immunogenic on its own. There were no statistically 282 

significant differences in the neutralizing antibody titers within the different treatment groups 283 

from Day 35 to Day 154, except for the RBD-CompA MF59 group. Unlike the other groups, 284 

neutralizing antibody titers following a second administration of RBD-CompA MF59 did not 285 

reach their peak until Day 154. The 7.9-fold increase in titers on Day 154 compared to Day 35 286 

rose to the level of statistical significance. While the overall consistency of neutralizing antibody 287 

titers post-boost reveals the durability of the humoral immune response elicited by immunization 288 

in general, these results show that immunization with IVX-411 leads to higher neutralizing titers.   289 

To further evaluate the ability of IVX-411 to generate a long-term humoral immune 290 

response, an ELISpot assay was performed on isolated LLPCs. Similar to the neutralizing 291 

antibody titer results, these results demonstrated adjuvantation was key to generating a sizable 292 

RBD-specific LLPC compartment in naïve animals. There were no statistically significant 293 

differences in the number of RBD-specific LLPCs between the aqueous conditions. (Figure 3C). 294 

Compared to the aqueous formulations, immunization with antigen plus MF59 resulted in 4.3, 295 

1.8, and 4.4-fold increases in LLPC counts for IVX-411, RBD-CompA, and S-2P, respectively. 296 
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Immunization with IVX-411 MF59 resulted in a statistically significant, 3.9-fold increase in the 297 

number of LLPCs compared to immunization with RBD-CompA MF59. The 1.2-fold increase in 298 

LLPC counts observed in the IVX-411 MF59 immunized group compared to the S-2P MF59 299 

immunized group was modest and did not reach the level of statistical significance. These results 300 

demonstrate that immunization with IVX-411 in the presence of an oil-in-water emulsion 301 

induces durable neutralizing antibody titers, which along with LLPC counts, are superior to those 302 

induced by immunization with soluble antigens.  303 

Immunization with IVX-411 reduces disease severity and viral load in Syrian Golden hamster 304 

model  305 

To evaluate whether IVX-411 could protect against SARS-CoV-2 infection, a viral 306 

challenge study using WA1/2020 (ancestral) and B.1.671.2 (delta) strains was performed in 307 

Syrian Golden hamsters. Hamsters were randomly assigned to five treatment groups: PBS, 308 

Unchallenged; PBS, WA1/2020; PBS, B.1.617.2; IVX-411, WA1/2020; and IVX-411, B.1.671.2 309 

(Figure 4A). On Day 0 and Day 21 hamsters in the IVX-411, WA1/2020, and IVX-411, 310 

B.1.617.2 groups were immunized with IVX-411 formulated with MF59. Hamsters in the other 311 

three treatment groups (PBS, Unchallenged; PBS, WA1/2020; and PBS, B.1.617.2), were 312 

injected with PBS. Hamsters were weighed and bled on days 0, 21, and 35. On Day 42 all 313 

hamsters, except those in the PBS, Unchallenged group, were inoculated intranasally with either 314 

4.64 x 105 TCID50/animal of WA1/2020 or 1.53 x 106 TCID50/animal of B.1.617.2. Body 315 

weights were recorded daily from Day 39 to Day 47, at which point animals were sacrificed and 316 

lung tissue as well as nasal swabs were collected. Hamsters challenged with either WA1/2020 or 317 

B.1.617.2 began to lose weight four to five days post challenge (Figure 4B). By six days post 318 

challenge, hamsters immunized with IVX-411 had significantly higher body weights compared 319 
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to their unimmunized counterparts. Interestingly, this reduction in weight loss was more 320 

pronounced in animals challenged with B.1.617.2 compared to WA1/2020, despite the higher 321 

B.1.617.2 challenge dose. This continued to be the case until the termination of the study on Day 322 

47.  323 

As SARS-CoV-2-induced pneumonia develops, lung weight increases relative to body 324 

weight due to cellular infiltrates, edema, and a decrease in overall body weight. Consequently, 325 

we investigated the ability of immunization with IVX-411 to prevent an increase in lung weight. 326 

As expected, hamsters in the PBS, WA1/2020 and PBS, B.1.617.2 groups had increased lung 327 

weight compared to hamsters in the PBS, Unchallenged group (Figure 4C). However, this was 328 

only statistically significant in animals challenged with B.1.617.2. Similarly, unimmunized 329 

animals challenged with either WA1/2020 or B.1.617.2 had a 1.2 or 1.6-fold increase in lung 330 

weight as a percent of body weight respectively compared to their IVX-411 immunized 331 

counterparts. Immunization with IVX-411 led to a statistically significant reduction in lung 332 

weight in the context of challenge with B.1.617.2 and a trend towards lower lung weights in 333 

hamsters challenged with WA1/2020. 334 

In addition to lung and body weight, the impact of IVX-411 immunization on 335 

histopathologic changes associated with SARS-CoV-2 infection were also assessed (Figure 4D). 336 

The two challenge strains led to slightly different tissue changes in unimmunized animals. 337 

B1.617.2 infection led to more hemorrhage and less centriacinar and bronchiolar epithelial 338 

hypertrophy/hyperplasia compared to WA1/2020. The impact of IVX-411 immunization on lung 339 

pathology was the most notable in animals challenged with B1.617.2. Animals immunized with 340 

IVX-411 and then challenged with B1.617.2 had milder inflammation, reduced pulmonary 341 

hemorrhage, and decreased severity of bronchiolar epithelial hyperplasia/hypertrophy compared 342 
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to unimmunized animals. In the case of challenge with WA1/2020, immunization resulted in 343 

more subtle decreases in the severity of inflammation, pulmonary hemorrhage, and centriacinar 344 

hyperplasia/hypertrophy. The severity of bronchiolar epithelial hyperplasia/hypertrophy was 345 

markedly improved when animals challenged with WA1/2020 had been previously immunized 346 

with IVX-411.  347 

To further assess the level of protection conferred by immunization with IVX-411, lung 348 

tissue and nasal swabs were assessed for genomic RNA (N gene) and subgenomic RNA (E gene) 349 

by RT-qPCR. Genomic RNA measures both viable and nonviable viral genomes whereas 350 

subgenomic RNA is a measure of replicating virus levels. IVX-411 immunization significantly 351 

reduced the number of N gene copies per gram of lung tissue 31 and 66-fold and the number of 352 

N gene copies per nasal swab 4.4 and 3-fold in hamsters challenged with WA1/2020 and 353 

B.1.617.2, respectively (Figure 5A). Consistent with the N gene results, IVX-411 immunization 354 

reduced the number of E gene copies per gram of lung tissue 60 and 132-fold and the number of 355 

E gene copies per nasal swab 5 and 3-fold in hamsters challenged with WA1/2020 and 356 

B.1.617.2, respectively (Figure 5B). However, the decreases in N and E gene copies in nasal 357 

swab samples collected from immunized animals did not reach the level of statistical 358 

significance. 359 

Finally, to determine whether neutralizing antibodies elicited by IVX-411 vaccination 360 

were contributing to the observed protection, we evaluated the neutralizing antibody response 361 

elicited in the animals immunized with IVX-411 prior to challenge using a cell-based PNA. On 362 

Day 35, neutralizing antibody titers against both the ancestral and delta variant were present in 363 

six out of eight IVX-411, WA1/2020 hamsters and all eight IVX-411, B.1.617.2 hamsters 364 

(Figure 5C). Neutralizing titers against the ancestral strain increased approximately 14.5-fold in 365 
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IVX-411 immunized animals compared to baseline. A roughly 3.8-fold increase in neutralizing 366 

titers against the delta variant was also observed. Overall, these results demonstrate that 367 

prophylactic immunization with IVX-411 is protective against severe manifestations of SARS-368 

CoV-2 infection in Syrian Golden hamsters. 369 

Discussion 370 

As SARS-CoV-2 becomes endemic, there is great interest in identifying vaccines with 371 

improved durability, less reactogenicity, and the potential for combination with other vaccines, 372 

such as seasonal influenza. VLPs have been shown to be highly immunogenic and possess many 373 

of the characteristics that may be of value for a next-generation SARS CoV-2 vaccine. Here, we 374 

show that IVX-411, a computationally designed VLP presenting the RBD of the ancestral SARS-375 

CoV-2 strain, is immunogenic in two rodent models. In mice, immunization with IVX-411 elicits 376 

neutralizing titers against the ancestral strain as well as three VOCs. These neutralizing antibody 377 

titers are durable and higher than those generated in response to immunization with a soluble 378 

spike protein. Critically, immunization with IVX-411 is protective in a Syrian Golden hamster 379 

challenge model. Together, these results further illustrate the potential of VLPs to be utilized as a 380 

modality for future SARS-CoV-2 vaccines. 381 

These data for IVX-411 are consistent with a large number of preclinical studies on I53-382 

50 immunogens displaying RBD antigens from SARS-CoV-2 and/or other sarbecoviruses 383 

[24,31,38], and further demonstrate the precision and immunogenic potency of this platform. In 384 

naïve animals, higher neutralizing titers against SARS-CoV-2 were observed after immunization 385 

with I53-50 VLPs displaying 60 copies of the RBD compared to soluble S protein trimers and 386 

trimerized RBD antigens [24,39]. Interestingly, we observed IVX-411 generated higher 387 

neutralizing antibody titers in naïve mice than in Syrian Golden hamsters. However, differences 388 
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in neutralizing antibody titers between different animal models are consistent with what others 389 

have reported [32,40]. Further, we observed improved potency in naïve animals by formulating 390 

IVX-411 with MF59, an oil-in-water emulsion. Such results have been externally replicated for 391 

I53-50-based SARS-CoV-2 vaccines in naïve human patients [38,41–43]. Our results are 392 

immunogenically similar to those observed from other RBD-based, single-component, SARS-393 

CoV-2 VLP vaccines, which use nanoparticles such as ferritin [44,45], hepatitis B surface 394 

antigen [46], or mi3 (a variant of the I3-01 VLP) [47–50], as well as biochemical conjugation 395 

methods such as SpyCatcher and sortase [45,47]. In comparison to these single-component VLP 396 

platforms, the two-component nature of I53-50 allows for simplified and modular manufacturing 397 

of highly defined immunogen structures through in vitro assembly. The precise structure of the 398 

final VLP product is enabled both by direct genetic fusion between antigens and CompA, 399 

eliminating the need for conjugation, as well as dependable complete and cooperative assembly 400 

of the nanoparticle structure due to highly-specific designed interactions between CompA and 401 

CompB [35,37]. Finally, the manufacturing and clinical validation of I53-50-based vaccines for 402 

SARS-CoV-2 [43] and RSV (Icosavax, Inc. unpublished data) confirms that this platform is 403 

scalable, manufacturable, and potently immunogenic while maintaining low reactogenicity, with 404 

ample potential to extend to other viral and bacterial indications. 405 

The emergence of the omicron SARS-CoV-2 variant in November, 2021 led to a surge of 406 

infections in December, 2021 through March, 2022 [1]. Given the ability of the omicron variant 407 

to escape preexisting immunity elicited by both natural infection and immunization, updated 408 

booster vaccines targeting the omicron variant as well as the ancestral strain are now 409 

recommended for those 12 and older. The I53-50 VLP platform utilized in IVX-411 has the 410 

potential to combine multiple SARS-CoV-2 antigens to direct immune responses against several 411 
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VOCs, including omicron. This platform also has the potency and low reactogenicity needed to 412 

generate combination vaccines which could include additional VLP-based vaccines against other 413 

viruses. Prior experience with omicron suggests that future updates to SARS-CoV-2 vaccines 414 

may be necessary as well as routine booster immunizations. The modular ability for antigen 415 

presentation on I53-50 VLPs in response to emerging VOCs, combined with the potential use of 416 

high-yield, stabilized RBD designs [39], can enable this platform to meet many needs for future 417 

COVID-19 vaccination.  418 
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Figure captions 570 

Figure 1: Production and characterization of IVX-411 VLPs. (A) Schematic of in vitro 571 

assembly. (B) UV-Vis spectroscopy. (C) Dynamic Light Scattering. (D) Size Exclusion 572 

Chromatography. (E) Biolayer Interferometry. (F) Negative stain Transmission Electron 573 

Microscopy. 574 

Figure 2: Immunization with IVX-411 elicits neutralizing antibodies against four SARS-CoV-2 575 

strains. (A) Female BALB/c mice were immunized IM on Day 0 and Day 21 with IVX-411 576 

formulated with MF59 and bled on Day 0 (pre-immunization), Day 21, and Day 35 (n = 8). 577 

Serum neutralizing titers against the ancestral strain (B), as well as the beta (C), gamma (D), and 578 

delta (E) variants were measured using a cell-based pseudo-particle neutralization assay. Human 579 

convalescent serum (HCS) was used as a positive control. Dashed horizontal line represents the 580 

lower limit of quantitation. P-values were calculated in GraphPad Prism 9 using a Wilcoxon 581 

matched-pairs signed rank test. *, P< 0.05; **, P<0.01. 582 

Figure 3: Immunization with IVX-411 elicits higher neutralizing titers and a larger antigen-583 

specific LLPC compartment than immunization with soluble protein. A) Female BALB/c mice 584 

were immunized IM with IVX-411, RBD-CompA, or S-2P formulated with or without MF59 on 585 

Day 0 and Day 21. Serum was collected on days 0, 20, 35, 63, 91, 119, and 154. Mice were 586 

sacrificed and bone marrow was collected on Day 154 for isolation of LLPCs (n = 10). (B) 587 

Serum neutralizing titers against the ancestral SARS-CoV-2 strain. (C) ELISpot measuring the 588 

frequency of RBD-specific LLPCs in the bone marrow. Dashed horizontal line represents the 589 

lower limit of quantitation. P-values were calculated in GraphPad Prism 9 using a Mann-590 
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Whitney test or a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. *, P< 591 

0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 592 

Figure 4: Immunization of Syrian Golden hamsters with IVX-411 reduces severity of SARS-593 

CoV-2 infection. (A) Male Syrian Golden hamsters were immunized IM with phosphate buffered 594 

saline (PBS) or IVX-411 formulated with MF59 on days 0 and 21. Hamsters in all groups except 595 

the PBS, Unchallenged group were inoculated intranasally with one of two SARS-CoV-2 596 

isolates on Day 42. All hamsters were bled on days 0, 21, and 35. Body weights were recorded 597 

daily starting on Day 39 until Day 47 when the animals were sacrificed (n = 8). (B) Body 598 

weights represented as percentage of starting weight prior to challenge. (C) Lung weights 599 

represented as a percentage of total body weight post challenge. (D) Histopathological analysis 600 

was performed on lungs collected from each animal. Findings were graded on a scale of 1-5 (1 = 601 

Minimal, 2 = Mild, 3 = Moderate, 4 = Marked, 5= Severe). The average severity score for each 602 

group is reported. P-values were calculated in GraphPad Prism 9 using a Mann-Whitney test or a 603 

Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. *, P< 0.05; **, P<0.01; 604 

***, P<0.001; ****, P<0.0001. 605 

Figure 5: Prophylactic immunization with IVX-411 elicits neutralizing antibodies and results in 606 

decreased viral load upon challenge in Syrian Golden hamsters. Number of N (A) or E (B) gene 607 

copies present in lung tissue or nasal swab of Syrian Golden hamsters challenged with 608 

WA1/2020 or B.1.617.2 (n = 8). (C) Neutralizing antibody titers against the ancestral strain and 609 

delta variant on Day 0 and Day 35 in hamsters immunized with IVX-411. Dashed horizontal line 610 

represents the lower limit of quantitation. P-values were calculated in GraphPad Prism 9 using a 611 

Mann-Whitney test or a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. *, 612 

P< 0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 613 
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Supplemental Figure 1: (A) UV-Vis spectroscopy and (B) SDS-PAGE of purified RBD-614 

CompA trimeric component. 615 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/


E

30 nm

F

A

IVX-411

CompB

CompA-RBD

in vitro
assembly

x20

x12

D

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

B

A
bs

or
ba

nc
e 

(A
U

)

C

Hydrodynamic Diameter (nm)

In
te

ns
ity

 (
%

)

Figure 1 .CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/


B C

Day
 0

Day
 2

1

Day
 3

5
HCS

101

102

103

104

105

N
T

50
 t

it
er

Ancestral

✱✱

✱✱

Day
 0

Day
 2

1

Day
 3

5
HCS

101

102

103

104

105
N

T
50

 t
it

er

Beta

✱✱

✱✱

Figure 2
A

Day: 0 21 35

Bleed and 
prime

Bleed and 
boost

Terminal 
bleed

IVX-411
+ MF59

IVX-411
+ MF59

D E

IV
X-4

11
HCS

101

102

103

104

105

N
T

50
 t

it
er

Gamma, Day 35

IV
X-4

11
HCS

101

102

103

104

105

N
T

50
 t

it
er

Delta, Day 35

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/


B

20 35 63 91 11
9

15
4 20 35 63 91 11
9

15
4 20 35 63 91 11
9

15
4 20 35 63 91 11
9

15
4 20 35 63 91 11
9

15
4 20 35 63 91 11
9

15
4

101

102

103

104

105

106

N
T

50
 t

it
er

Aqueous MF59 Aqueous MF59 Aqueous MF59

✱✱✱✱

✱✱✱✱

✱

✱

✱

Day

Formulation

Immunogen S-2P RBD-CompA IVX-411

Figure 3

A

Day: 0 21

Bleed and 
prime Boost

Terminal bleed 
and LLPC 
isolation

S-2P
RBD-CompA 

IVX-411

35

S-2P
RBD-CompA 

IVX-411

20 63 91 119 154

C

S
-2

P

R
B

D
-C

o
m

p
A

IV
X

-4
11

S
-2

P

R
B

D
-C

o
m

p
A

IV
X

-4
11

0

200

400

600

800

S
p

o
ts

/1
 m

ill
io

n

✱✱✱

✱✱

Aqueous MF59

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/


A Challenge with 
WA1/2020 or 

B.1.617.2

Day: 0 21 35

Bleed and 
prime

Bleed and 
boost

PBS or
IVX-411 + MF59

39 47

Collect 
lungs and 

nasal 
swabs

Daily body weight 
measurementsPBS or

IVX-411 + MF59

42

Figure 4

D

0

1

2

3

4

S
ev

er
it

y 
sc

o
re

PBS; Unchallenged

PBS; WA1/2020

IVX-411; WA1/2020

PBS; B.1.617.2

IVX-411; B.1.617.2

In
fla

m
m

at
ory

, M
ix

ed
 C

el
l

(C
en

tri
ac

in
ar

)

Hyp
er

pla
si

a/
Hyp

er
tro

phy,

Bro
nch

io
la

r

Hyp
er

pla
si

a/
Hyp

er
tro

phy,

Cen
tri

ac
in

ar

Hem
orrh

ag
e

B

39 40 41 42 43 44 45 46 47
85

90

95

100

105

Day

P
er

ce
n

t 
o

f 
st

ar
ti

n
g

 w
ei

g
h

t

**

* * **

*** ***

C

PBS, U
nch

al
le

nged

PBS, W
A1/

20
20

IV
X-4

11
, W

A1/
20

20

PBS, B
.1

.6
17

.2

IV
X-4

11
, B

.1
.6

17
.2

0.0

0.5

1.0

1.5

2.0

L
u

n
g

 w
ei

g
h

t 
as

 a
 p

er
ce

n
t 

o
f 

b
o

d
y 

w
ei

g
h

t

✱

✱✱

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/


Figure 5

A

PBS; W
A1/

20
20

IV
X-4

11
; W

A1/
20

20

PBS; B
.1

.6
17

.2

IV
X-4

11
; B

.1
.6

17
.2

103

104

105

106

107

108

109

1010

G
en

e 
co

p
ie

s/
g

 t
is

su
e

Lung RT-qPCR N gene

**
*

PBS; W
A1/

20
20

IV
X-4

11
; W

A1/
20

20

PBS; B
.1

.6
17

.2

IV
X-4

11
; B

.1
.6

17
.2

103

104

105

106

107

108

109

1010

G
en

e 
co

p
ie

s/
sw

ab

Nasal Swab RT-qPCR N gene

PBS; WA1/2020

IVX-411; WA1/2020

PBS; B.1.617.2

IVX-411; B.1.617.2

B

PBS; W
A1/

20
20

IV
X-4

11
; W

A1/
20

20

PBS; B
.1

.6
17

.2

IV
X-4

11
; B

.1
.6

17
.2

103

104

105

106

107

108

109

1010

G
en

e 
co

p
ie

s/
g

 t
is

su
e

Lung RT-qPCR E gene

**
*

PBS; W
A1/

20
20

IV
X-4

11
; W

A1/
20

20

PBS; B
.1

.6
17

.2

IV
X-4

11
; B

.1
.6

17
.2

103

104

105

106

107

108

109

1010

G
en

e 
co

p
ie

s/
sw

ab

Nasal Swab RT-qPCR E gene

C

Day
 0

Day
 3

5

Day
 0

Day
 3

5

101

102

103

104

N
T

50
 t

it
er

Ancestral

✱✱ ✱✱✱

Day
 0

Day
 3

5

Day
 0

Day
 3

5

101

102

103

104

N
T

50
 t

it
er

Delta variant

✱✱ ✱✱✱

IVX-411; B.1.617.2

IVX-411; WA1/2020

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518404doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518404
http://creativecommons.org/licenses/by/4.0/

