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Abstract: The recent SARS-CoV-2 (COVID-19) pandemic exemplifies how newly emerging and
reemerging viruses can quickly overwhelm and cripple global infrastructures. Coupled with synergis-
tic factors such as increasing population densities, the constant and massive mobility of people across
geographical areas and substantial changes to ecosystems worldwide, these pathogens pose serious
health concerns on a global scale. Vaccines form an indispensable defense, serving to control and
mitigate the impact of devastating outbreaks and pandemics. Towards these efforts, we developed a
tunable vaccine platform that can be engineered to simultaneously display multiple viral antigens.
Here, we describe a second-generation version wherein chimeric proteins derived from SARS-CoV-2
and bacteriophage lambda are engineered and used to decorate phage-like particles with defined
surface densities and retention of antigenicity. This streamlines the engineering of particle decoration,
thus improving the overall manufacturing potential of the system. In a prime-boost regimen, mice
immunized with particles containing as little as 42 copies of the chimeric protein on their surface
develop potent neutralizing antibody responses, and immunization protects mice against virulent
SARS-CoV-2 challenge. The platform is highly versatile, making it a promising strategy to rapidly
develop vaccines against a potentially broad range of infectious diseases.

Keywords: phage-like particles; viral nanoparticles; vaccine development; SARS-CoV-2; nanomedicine

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic was a global outbreak of a novel
respiratory virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2].
Cases in Wuhan, China were first reported in December 2019, and the rapid spread of
the virus (>9000 cases, >200 deaths reported in 20 countries) prompted the World Health
Organization (WHO) to declare a Public Health Emergency of International Concern by January
2020. Shortly thereafter, the outbreak was characterized as a pandemic with >750 k cases
and >36 k deaths reported globally by March. The federal Public Health Emergency for
COVID-19 ended in May 2023, and the WHO estimated a total of >0.7 billion confirmed
cases and >7 million reported deaths globally as of January 2024 (COVID-19 Epidemiological
Update, Ed. 163). The swift engineering of RNA-based coronavirus (CoV) vaccines was
instrumental in controlling disease severity; however, the requirement for multiple doses
(a barrier for vaccine-resistant patients) and the need to maintain extreme and strict “cold-
chain” conditions (a barrier to vaccine deployment) continue to pose significant limitations
for current vaccines, especially in low-resource countries [3–5]. Thus, additional platforms
are warranted to address issues related to rapid re-formulation, vaccine stability and the
capacity to provide protection against both currently circulating viruses and those identified
with a high pandemic potential.
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The WHO COVID-19 Vaccine Tracker & Landscape database for March 2023 listed
183 vaccines in clinical development, the majority of which are based on protein subunit
platforms, such as non-replicating viral vectors and virus-like particles (VLPs). Three of
the seven VLP candidates in phase 3 clinical trials rely on particles derived from either
bacteriophage (phage) AP205, a VLP vector or SARS-CoV-2 and are modified to display the
receptor-binding domain (RBD) of the SARS-CoV-2 spike (S) glycoprotein S1 fragment or
mutant S trimers [6–8]. We have developed a designer nanoparticle platform that employs
phage-like particles (PLPs) derived from phage lambda that can be decorated in vitro
with cocktails of wildtype and modified (genetically, chemically or mixed) phage lambda
decoration proteins [9,10]. The particle surface can thus be functionalized with small
molecules, synthetic polymers, nucleic acids and foreign proteins for diverse applications.
Specific examples include the use of fluorescent proteins or chemical fluorophores for
biomedical imaging and to study intracellular trafficking [11,12]; antibodies for targeted
cell recognition and intracellular delivery of biologics [12,13]; and the multivalent display
of viral antigens from respiratory viruses for use as a vaccine against both SARS-CoV-2 and
Middle East Respiratory virus (MERS)-CoV infection [14].

Our ‘first-generation’ phage lambda vaccine platform depended on chemical cross-
linking of mutant gpD protein to CoV RBDs for antigen display, which generated logistical
concerns related to large-scale manufacturing. Namely, chemical cross-linking approaches
can result in product heterogeneity and yields of the purified conjugate may be modest.
Hence, to mitigate these issues and streamline the vaccine development workflow, we
developed a second-generation platform using genetically engineered SARS-CoV-2 RBD
and lambda gpD fusion constructs. PLPs decorated with the RBD fusion proteins retain
antigenicity, induce a robust neutralizing antibody response and confer protection to
immunized mice against SARS-CoV-2 challenge. While the present study focuses on SARS-
CoV-2, the designer lambda system is exceedingly nimble and can be rapidly adapted for
any established or emerging pathogenic target, highlighting its potential as an effective
vaccine platform.

2. Materials and Methods

2.1. Materials
A pcDNA3.4 Topo vector modified to contain a human immunoglobulin heavy chain

signal sequence and an N-terminal tag consisting of hexahistidine and SUMOstar sequences
was a generous gift from Drs V. Upadhyay and K.M.G. Mallela, CU Anschutz Medical
Campus [15]. We refer to this vector as ‘pMTopo’ and the N-terminal tag as ‘H6S-’ with the
dash indicating that this portion can be proteolytically cleaved. They also kindly provided
us with pMTopo-SCV2.RBD, an expression vector for wildtype, full-length SARS-CoV-2
RBD (strain Wuhan-Hu-1, S protein residues R319-F541) (GenBank, MN908947.3), and an
expression vector for SUMOstar protease.

Expi293FTM cells derived from the human embryonic kidney 293 (HEK293) cell
line (Cat. #A14527), Expi293TM expression medium (A1435101), OptiPROTM serum-free
medium (12309019) and Nalgene™ Single-Use PETG Erlenmeyer Flasks (plain bottom,
vented closure; 4115-0125) were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Transfection-grade linear polyethylenimine hydrochloride (PEI MAX®, MW 40k;
24765-1) and Whatman® GD/X syringe filters (WHA69002502) were purchased from Poly-
sciences (Warrington, PA, USA) and Millipore Sigma (Burlington, MA, USA), respectively.
Amicon centrifugal filters (3-100k MWCO) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

All chromatography columns employed (HiTrap Q HP, HiTrap SP, HisTrap FF, Su-
perose 6 Increase) were purchased from GE Healthcare (Marlborough, MA, USA). Protein
purifications utilized an ÄKTA Purifier chromatography system (GE Healthcare), and
absorbance spectra were obtained using a NanoDrop UV→Vis spectrophotometer (Thermo
Fisher Scientific Inc.).
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2.2. Protein Production
2.2.1. Cloning, Expression and Purification of the RBD Constructs

Amino acid sequences of the lambda gpD protein (herein referred to as “D”) and
SARS-CoV-2, strain Wuhan-Hu-1 S protein were obtained from UniProt (IDs: P03712,
P0DTC2). DNA fragments were then designed to encode D and RBD (S protein residues
N331-K528) connected by a flexible, 15 residue peptide linker [(GGGGS)3]. The nucleotide
sequences were codon optimized for expression in mammalian cells and synthesized by
Twist Biosciences (South San Francisco, CA, USA). DNA was independently cloned into
pMTopo to afford the plasmids pMTopo-RBD::D and pMTopo-D::RBD, which were then
used with PEI MAX® and OptiPROTM to transfect Expi293FTM cells.

Transiently transfected cells were cultured under standard conditions (37 ↑C, 8% CO2,
135 rpm) in expression medium for 4–6 days, and secreted protein (H6S-RBD, H6S-RBD::D
or H6S-D::RBD) was harvested and purified by immobilized metal ion affinity chromatogra-
phy (IMAC). Briefly, the supernatant was filtered (0.22 µm), diluted 2-fold in 20 mM sodium
phosphate [pH 7.4] buffer containing 500 mM NaCl and 20 mM imidazole and loaded onto
a 5 mL HisTrap FF column equilibrated with the same buffer. Tagged protein was eluted
with a linear gradient to 280 mM imidazole, and fractions containing the protein of interest
were pooled and buffer exchanged into 50 mM sodium phosphate [pH 7.6 (H6S-RBD)/6.6
(H6S-RBD::D, H6S-D::RBD)] buffer containing 100 mM NaCl, 50 mM arginine, 50 mM
glutamate, 0.2 mM TCEP and 1 mM EDTA for short-term (<1 week) storage at 4 ↑C. For
long-term storage at →80 ↑C, stocks were supplemented with 20% glycerol. The purity of
the preparations was determined to be >95% by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure S1c), and the protein concentrations were calculated
spectrally using an extinction coefficient at 280 nm of 36,580 M→1 cm→1 (H6S-RBD) or
52,050 M→1 cm→1 (H6S-RBD::D, H6S-D::RBD) as determined by the Edelhoch method with
the Pace–Gray correction of the molar extinction coefficient equation for native proteins in
water [16,17].

The purified tagged proteins were buffer exchanged into 50 mM Tris-HCl [pH 8.0]
buffer containing 20 mM NaCl and digested with SUMOstar protease (60:1 molar ratio).
The reaction mixture was supplemented with 5 mM DTT, incubated overnight at 4 ↑C
and purified by IMAC, vide supra. Untagged proteins (RBD, RBD::D, D::RBD) recovered
from the flowthrough were buffer exchanged into the 50 mM sodium phosphate [pH
7.6/6.6] buffer for short-term storage (4 ↑C) or supplemented with 20% glycerol for long-
term storage (→80 ↑C). The protein concentration was determined spectrally (extinction
coefficient [280 nm]: 33,600 M→1 cm→1, RBD; 49,070 M→1 cm→1, RBD fusions), and the
purity of the preparations was determined to be >95% by SDS-PAGE.

2.2.2. Purification of Phage Lambda Proteins
The lambda D protein was expressed in E. coli BL21(DE3)[pD] cells and purified by am-

monium sulfate precipitation and ion exchange chromatography (IEC), as described [12,14]
with modification. Following loading onto three HiTrap SP columns connected in tandem,
bound protein was eluted with a linear gradient to 1 M NaCl. Fractions containing D
were pooled and buffer exchanged into 75 mM HEPES [pH 7.4] buffer containing 140 mM
NaCl for short-term storage (4 ↑C) or supplemented with 20% glycerol for long-term
storage (→80 ↑C). The protein concentration was determined spectrally (extinction coeffi-
cient [280 nm]: 15,470 M→1 cm→1) and the purity was determined by SDS-PAGE (>98%)
(Figure S1c).

Lambda PLPs were expressed in E. coli BL21(DE3)[pNu3_E] cells and purified by
rate zonal centrifugation and IEC, as described [12,14]. The protein concentration was
determined spectrally (extinction coefficient [280 nm]: 16.36 µM→1 cm→1) and the purity
was determined by SDS-PAGE (>98%).
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2.3. Biophysical Characterization Studies
2.3.1. Analytical Ultracentrifugation

Sedimentation velocity analytical ultracentrifugation (SV-AUC) was performed using
an Optima XL-A analytical centrifuge (Beckman Instruments Inc.; Fullerton, CA, USA)
with an AN-60 Ti 4-hole rotor. Studies were conducted at 20 ↑C with a rotor speed of
50,000 rpm. Purified protein samples were buffer exchanged into 10 mM sodium phos-
phate [pH 6.6] buffer containing 1.8 mM KH2PO4, 137 mM NaCl and 2.7 mM KCl. Stock
concentrations were determined spectrally, and samples were diluted to three protein
concentrations spanning 10.5–63.3 µM (0.12–3.01 mg/mL) and loaded into 12 or 3 mm
pathlength centerpieces (two-sector, charcoal-Epon) equipped with quartz windows; in
all cases, the sodium phosphate buffer served as the reference. Absorbance data were
collected at 250, 280 or 295 nm in a continuous scan mode (step size, 0.003 cm; scan density,
300 scans; time interval, ~206 s). The partial specific volume of each protein along with the
solvent density and viscosity were calculated by SEDNTERP v.3.0.4, and the raw data were
analyzed using SEDFIT v.16.1c and SEDPHAT v.15.2b [18].

2.3.2. Circular Dichroism Spectroscopy
Circular dichroism (CD) spectra were recorded on a Chirascan Plus spectrometer

(Applied Photophysics Inc.; Charlotte, NC, USA). Purified protein samples were buffer
exchanged into 10 mM sodium phosphate [pH 6.7] buffer and analyzed at the indicated
protein concentration in a 0.5 mm pathlength cuvette. Data at 20 ↑C were collected in
8 replicate scans at an interval of 1 nm (1.0 step) using a bandwidth of 1 nm and signal
averaging time of 2 s. Secondary structure content was calculated from the CD spectroscopic
data following deconvolution by single spectrum analysis with BeStSel [19] or using the
CDSSTR algorithm (Set 3) with the DichroWeb server [20].

Thermally induced protein denaturation was monitored by far-UV CD spectroscopy.
The thermal melts were recorded using a temperature ramp of 20–95 ↑C at a scan rate of
1 ↑C/min. Signals collected at 208, 222 and 230 nm were averaged for 2 s, and the data
were converted to fraction unfolded (FU), plotted against the temperature (T [↑C]) and fit
to the following equation:

FU =
(b u + mu·T)→ (bl + ml ·T)

1 +
(

T
TM

)mT
+ (bl + ml ·T) (1)

where bu and mu are the y-intercept and slope of the upper baseline, respectively; bl and
ml are the y-intercept and slope of the lower baseline; mT is the slope of the unfolding
transition; and TM is the melting temperature.

2.4. In Vitro Phage Lambda PLP Studies
2.4.1. Particle Decoration

Lambda PLPs were decorated in vitro, as described [14] with modification. Briefly,
40 nM PLPs were expanded in 10 mM HEPES [pH 7.4] buffer containing 2.5 M urea for
30 min on ice and then buffer exchanged into 10 mM HEPES [pH 7.4] buffer containing
200 mM urea. Expanded shells (30 nM) were decorated with either RBD::D or D::RBD
at the desired surface density percentage for 45 min, followed by a 30 min incubation
with D to fully saturate the shell. The reaction was performed in 10 mM HEPES [pH 7.4]
buffer containing 20 mM arginine, 35 mM urea and 0.1% Tween 20 at room temperature.
PLPs decorated at 10%, 25% or 50% surface density display 42, 105 or 210 copies of the
RBD fusion, respectively, equivalent to approximately 1.26 µM (0.03 mg/mL), 3.15 µM
(0.08 mg/mL) or 6.30 µM (0.16 mg/mL) RBD.

Decorated PLPs were purified by size exclusion chromatography (SEC), employing a
24 mL Superose 6 Increase 10/300 GL column and mobile phase of 25 mM HEPES [pH 7.6]
buffer containing 100 mM NaCl, 50 mM arginine, 50 mM glutamate, 0.03% Tween 20 and
5% glycerol. Fractions containing decorated PLPs were pooled and buffer exchanged into
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50 mM HEPES [pH 7.4] buffer containing 100 mM NaCl and 10 mM MgCl2 for storage at
4 ↑C. Purified proteins used in decoration reactions were also independently assessed by
SEC under buffer conditions that matched those of the SV-AUC studies [10 mM sodium
phosphate, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl_pH6.6].

2.4.2. Particle Characterization
Physiochemical particle characterization based on light scattering was performed

using a Zetasizer Nano ZS instrument (Malvern Panalytical Ltd., Malvern, UK) as de-
scribed [12,14]. Electron micrographs were acquired on a 120 kV Thermo Fisher/FEI Talos
L120C microscope with a Ceta CMOS detector. Sample preparation and particle analysis
using Fiji [21] was performed as described [12,14].

2.5. Viruses and In Vivo Murine Studies
2.5.1. Virus and Cell Culture

Vero E6 cells (ATCC, CRL-1586) were cultured at 37 ↑C in HyClone Dulbecco’s Modi-
fied Eagle Medium (HC-DMEM; Thermo Fisher Scientific, 11965-084) supplemented with
10% fetal bovine serum (FBS), 10 mM HEPES [pH 7.3], 1 mM sodium pyruvate, 1↓ non-
essential amino acids and 100 U/mL of penicillin–streptomycin. SARS-CoV-2, isolate
USA-WA1/2020 (BEI Resources, NR-52281) and strain MA10 were passaged once in Vero
E6 cells, and the virus was then titrated by focus formation assay (FFA) and plaque assay, as
described [22]. Work with infectious virus was performed at an Institutional Biosafety Com-
mittee approved BSL3 facility within the CU School of Medicine using positive pressure air
respirators and other personal protective equipment.

2.5.2. Animal Study Design
Animal studies were conducted in accordance with the Guide for the Care and Use

of Laboratory Animals of the National Institutes of Health. Female BALB/c mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and mice aged 6–8 weeks
were immunized with WT PLPs (control) or different versions of D::RBD PLPs diluted in 1↓
PBS [pH 7.4] via intramuscular (i.m.) injection (50 µL, hind leg). Mice were boosted 3 weeks
after the primary immunization using the same dose and route. For virulent virus challenge,
mice were anesthetized by intraperitoneal (i.p.) injection of a mix of xylazine (7.5 mg/kg)
and ketamine hydrochloride (80 mg/kg) diluted in 1↓ PBS [pH 7.4]. Immunized mice
were inoculated intranasally (i.n.) with 104 PFU of SARS-CoV-2, strain MA10. Mice were
monitored daily for signs of disease and weight recorded. At 4 days post-inoculation
(dpi), animals were euthanized by exposure to isoflurane vapors followed by bilateral
thoracotomy and tissues were collected for virological and immunological analyses.

2.5.3. Particle Antigenicity and Immunogenicity Testing
The antigenicity of the PLP preparations was assessed by enzyme-linked immunosor-

bent assay (ELISA). Immulon 4HBX plates were coated with 0.2 µg of recombinant SARS-
CoV-2 RBD protein (rRBD; strain Wuhan-Hu-1; GenPept, QHD43416), 0.2 µg of WT PLPs
(control) or 0.2 µg of 10%, 25% or 50% RBD::D PLPs overnight at 4 ↑C. Plates were blocked
with 3% nonfat milk in PBS-T (1↓ PBS, 0.1% Tween 20) for 1 h at room temperature. Wells
were then washed (PBS-T, 3↓) and incubated for 1.5 h at room temperature with chimeric
human anti-SARS-CoV spike antibody (clone CR3022; Absolute Antibody NA; Shirley, MA,
USA; Ab01680) prepared in a 2-fold dilution series in PBS-T (starting dilution, 1:200). The
primary antibody was removed, and wells were washed (PBS-T, 3↓) and probed with the
secondary antibody diluted at 1:4000 in PBS-T. The detection antibody was removed, wells
were washed (PBS-T, 3↓) and plates were developed using 3,3↔,5,5↔-tetramethylbenzidine
(Sigma-Aldrich, T0440, Massachusetts, United States). Following the addition of 0.3 M
H2SO4, absorbance at 450 nm was measured using a Tecan Infinite M Plex plate reader
(Tecan Group Ltd., Seestrasee, Switzerland).
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SARS-CoV-2 RBD-specific antibody responses following immunization with WT PLPs,
H6S-D::RBD PLPs or D::RBD PLPs were measured by ELISA using mouse sera. This was
performed as previously described except that wells were probed with serum samples
diluted in PBS-T supplemented with 1% nonfat milk for 1.5 h, following the blocking and
washing steps. Samples were removed, and wells were washed (PBS-T, 3↓) and probed
with goat anti-mouse IgG-HRP (Southern Biotech; Birmingham, AL, USA; 1030-05) diluted
at 1:4000 in PBS-T. Endpoint titers are reported as the reciprocal of the final dilution.

2.5.4. Neutralization Assay
Neutralizing antibodies against SARS-CoV-2 were measured by a focus reduction

neutralization test (FRNT), as described [14]. Briefly, Vero E6 cells were seeded in 96-well
plates at 104 cells/well. The next day heat-inactivated (56 ↑C, 30 min) serum samples
were serially diluted (2-fold, starting at 1:10) in HC-DMEM supplemented with 1% FBS
in 96-well plates. SARS-CoV-2 isolate USA-WA1/2020 (100 focus-forming units) was
added to each well, and the plates were incubated (37 ↑C, 1 h). Culture medium was
then removed and replaced with the serum–virus mixture. Following incubation (37 ↑C,
1 h), samples were removed and cells overlaid with 1% methylcellulose (Millipore Sigma,
M0512, Massachusetts, United States) in Minimum Essential Medium (MEM; Gibco-Thermo
Fisher Scientific, 12000-063,) supplemented with 10 mM HEPES, 2% FBS and 100 U/mL
of penicillin–streptomycin for 24 h at 37 ↑C. After fixing cells with 1% paraformaldehyde
(Acros Organics-Thermo Fisher Scientific, 416780030, Waltham, MA, USA), cells were
probed with 1 µg/mL of chimeric human anti-SARS-CoV spike antibody in Perm Wash (1↓
PBS, 0.1% saponin, 0.1% BSA) for 2 h at room temperature. Cells were washed (PBS-T, 3↓)
and incubated with goat anti-human IgG Fc-HRP (Southern Biotech, 2014-05, Birmingham,
AL, USA) diluted at 1:1000 in Perm Wash for 1.5 h at room temperature. Viral antigen
positive foci were revealed with TrueBlue substrate (SeraCare; Milford, MA, USA; 5510-
0030) and counted using a BioSpot analyzer (Cellular Technology Ltd., Cleveland, OH,
USA). FRNT50 titers were calculated as previously described [14].

2.5.5. Quantification of SARS-CoV-2 Genomic and Subgenomic RNA
To quantify viral genomic and subgenomic RNA, lung tissue of mice challenged

with SARS-CoV-2, the strain MA10 was homogenized in TRIzol reagent (Life Technologies-
Thermo Fisher Scientific, 15596018) and total RNA was isolated using a PureLink RNA Mini
kit (Life Technologies-Thermo Fisher Scientific, 12183025). Single-stranded cDNA was gen-
erated using random primers and SuperScript IV reverse transcriptase (Life Technologies-
Thermo Fisher Scientific, 18091050). Virus RNA copies (genomic/subgenomic) were mea-
sured by qPCR using the primer and probe combinations provided in [14]. Genomic RNA
levels were quantified using a standard curve generated from known FFU of SARS-CoV-2,
as described [23]. Subgenomic RNA levels were extrapolated from a standard curve using
defined concentrations of a plasmid encoding the SARS-CoV-2 subgenomic N fragment
(pCR-sgN TOPO), as described [14]. All qPCR reactions were prepared with Taqman Uni-
versal MasterMix II (Applied Biosystems-Thermo Fisher Scientific, 4440038) and examined
using an Applied Biosystems QuantStudio ViiA 7 analyzer.

2.6. Graphing and Statistical Analyses
Plots were rendered using GraphPad Prism v.9/10.1.2 (GraphPad Software; Boston,

MA, USA). Statistical significance was assigned when p-values were <0.05 using the same
software, and the corresponding information (e.g., statistical test, number of samples/test
groups (n), median values, statistical comparison groups) is elaborated in the respective
figure caption.
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Figure 2. Protein design and purification. (a) Schematic of the RBD constructs. The RBD protein 
construct (RBD*) is the wildtype, full-length receptor-binding domain in the S1 fragment of the 
SARS-CoV-2 spike glycoprotein; in the RBD fusions (RBD::D, D::RBD), this domain has been slightly 
truncated. RBD and D proteins are connected by a large, flexible linker, respectively colored as yel-
low, blue and orange. For RBD, the N-glycosylation sites and residues spanning the receptor bind-
ing motif are indicated as red circles and purple rectangle, respectively; whereas residues of the D 
protein involved in lambda shell interactions are shown in turquoise. See Figure S1 (Figure S1a for 
sequence details, and Figure S1b for the schematic including the cleavable tag (H6S-)). (b) Structural 
models of the RBD fusions were generated using AlphaFold3 colored as in (a). The N- and C-termini 
in both models are rendered as spheres. (c) Purified proteins analyzed by SDS-PAGE, stained with 
Coomassie Blue. Lanes: BM, BenchMark Protein Ladder (10–220 kDa); 1, D (11.6 kDa); 2, RBD (23.4 
kDa); 3, RBD::D (34.9 kDa); 4, D::RBD (34.8 kDa). Molecular weight estimates are based on amino 
acid composition. See Figure S1c for a complete gel with tagged proteins included. Abbreviations: 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RBD, receptor-binding domain; D, 
lambda decoration protein. 
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Consistent with this observation, secondary structure prediction analysis (sequence-
based, SABLE server [33]) estimates that the RBD constructs (RBD, RBD fusions) will ex-
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3.3. RBD Construct Characterization 
The RBD construct preparations were determined to be 98% pure by SDS-PAGE (Fig-

ures 2c and S1c). Analytical characterization by SEC demonstrates that both RBD fusions 
elute as a single major species with an overall narrow elution profile but show a slight 
tendency to form high-molecular weight species in the concentration range of 21–63 µM 
(Figures 3a and S2a). Hydrodynamic parameters for the major species derived from the 
SEC analysis are summarized in Table S2. As an orthogonal approach, SV-AUC was em-
ployed to quantitatively assess the proteins. Data collected using a 6-fold dilution series 
(11–63 µM) reveal c(s) size distributions that indicate the proteins are characterized by a 
single predominant species that is monodisperse (Figures 3b and S2b). The experimentally 
derived molar masses are consistent with the predicted molecular weight of a monomer 
based on amino acid composition (Table S3). 

Figure 2. Protein design and purification. (a) Schematic of the RBD constructs. The RBD protein
construct (RBD*) is the wildtype, full-length receptor-binding domain in the S1 fragment of the
SARS-CoV-2 spike glycoprotein; in the RBD fusions (RBD::D, D::RBD), this domain has been slightly
truncated. RBD and D proteins are connected by a large, flexible linker, respectively colored as yellow,
blue and orange. For RBD, the N-glycosylation sites and residues spanning the receptor binding
motif are indicated as red circles and purple rectangle, respectively; whereas residues of the D protein
involved in lambda shell interactions are shown in turquoise. See Figure S1 (Figure S1a for sequence
details, and Figure S1b for the schematic including the cleavable tag (H6S-)). (b) Structural models of
the RBD fusions were generated using AlphaFold3 colored as in (a). The N- and C-termini in both
models are rendered as spheres. (c) Purified proteins analyzed by SDS-PAGE, stained with Coomassie
Blue. Lanes: BM, BenchMark Protein Ladder (10–220 kDa); 1, D (11.6 kDa); 2, RBD (23.4 kDa);
3, RBD::D (34.9 kDa); 4, D::RBD (34.8 kDa). Molecular weight estimates are based on amino acid
composition. See Figure S1c for a complete gel with tagged proteins included. Abbreviations: SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2; RBD, receptor-binding domain; D, lambda
decoration protein.

3.3. RBD Construct Characterization
The RBD construct preparations were determined to be 98% pure by SDS-PAGE

(Figures 2c and S1c). Analytical characterization by SEC demonstrates that both RBD
fusions elute as a single major species with an overall narrow elution profile but show
a slight tendency to form high-molecular weight species in the concentration range of
21–63 µM (Figures 3a and S2a). Hydrodynamic parameters for the major species derived
from the SEC analysis are summarized in Table S2. As an orthogonal approach, SV-AUC
was employed to quantitatively assess the proteins. Data collected using a 6-fold dilution
series (11–63 µM) reveal c(s) size distributions that indicate the proteins are characterized by
a single predominant species that is monodisperse (Figures 3b and S2b). The experimentally
derived molar masses are consistent with the predicted molecular weight of a monomer
based on amino acid composition (Table S3).

Structural features of the fusion proteins were examined by CD spectroscopy, with RBD
and D serving as reference controls. The far-UV CD spectra (185–260 nm) of the RBD fusions
are characterized by maxima at ~193 nm and 231 nm and minima at ~208 nm (Figures 4a
and S3a). These profiles closely match the theoretical spectrum with features that retain
the random coil-character of D (positive band at 229 nm) and alpha-helical character of
RBD (negative band at 208 nm, positive band at 193 nm) (Figure S3a). Secondary structure
content calculated from the CD spectroscopic data following deconvolution (Table S4)
closely matches the sequence-based prediction results (Table S1). Thermal stability studies
revealed that RBD fusions unfold in a cooperative manner and are of similar stability
(Figures 4b and S3b). Unfortunately, unfolding was only partially reversible, precluding
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weight loss after 2 dpi was more significant; in contrast, mice immunized with 10% or 25%
D::RBD PLPs were not protected against weight loss (Figure S4c). At 4 days post-intranasal
inoculation, mice were euthanized, and lung tissue was collected for viral burden analysis
by RT-qPCR. Immunization with 10% H6S-D::RBD PLPs resulted in a significant reduction
in both genomic and subgenomic viral RNA of the lung tissue compared to those from
mice immunized with WT PLPs (Figure 6d). As before, similar results were obtained for
mice immunized with 25% H6S-D::RBD but with the extent of protection against lung viral
burden approximately equivalent; while mice immunized with 10% or 25% D::RBD PLPs
were also protected against SARS-CoV-2 infection, the extent of protection against lung
viral burden was less robust (Figure S4d,e).

4. Discussion

Several nanoparticle systems have been described wherein surface proteins are mod-
ified either chemically or genetically to display heterologous protein ligands on the par-
ticle surface. Ferritin [34], “spy-catcher” technologies [35–37] and a number of phage
platforms [38–42] and others have been described. Several of these systems have been
developed as vaccine platforms and while all have strengths and weaknesses, lambda
PLPs provide an ensemble of demonstrated advantages and unique features that can be
harnessed for vaccine development [10,14]: (i) lambda PLPs can be decorated with up to
420 ligands per shell under rigorously defined in vitro conditions - a significant increase in
display density compared to other platforms; (ii) the PLPs can be decorated with multiple
ligands, alone or in combination, including biologics (proteins, DNA, carbohydrates, anti-
bodies), small molecules (drugs, fluorophores) and synthetic polymers (PEG, hyaluronic
acid); (iii) engineering of the lambda platform is fast and tunable; (iv) the particle is self-
adjuvanting [14,43]; and (v) decorated lambda PLPs have been shown to be monodisperse,
stable and possess physiochemical properties amenable to pharmaceutical development
and formulation. This demonstrated combination of features is unique and affords an
innovative and adaptable platform for vaccine development.

The “second generation” platform described herein employs genetic fusion display
ligands, which streamlines the engineering process, compared to the chemical cross-linking
approach described previously. Expression of the fusion constructs in eukaryotic cells en-
sures appropriate glycosylation of the RBD, which can then be used to efficiently decorate
the PLP in vitro. The ensemble of biochemical, biophysical, structural and physiochemical
data indicate that (i) RBD fusion proteins are folded and stable monomers in solution;
(ii) PLPs decorated with either RBD::D or D::RBD afford particles that retain wildtype
geometry but display a density protruding farther from the shell surface consistent with the
increased size of the RBD fusions; (iii) the preparations have a high degree of homogeneity
that is acceptable by pharmaceutical standards; and (iv) the RBD fusion PLPs retain anti-
genicity. While the PLPs can tolerate ↗50% occupation of the D-binding sites with the RBD
fusion proteins, decoration with 25% of RBD::D (105 copies per particle) affords a maximal
antigenic response. Furthermore, immunization with 10% H6S-D::RBD PLPs (displaying
only 42 copies per particle) leads to the generation of a robust RBD-specific IgG response
with neutralizing capacity and confers significant protection from virulent SARS-CoV-2 in-
fection in mice. Importantly, the surface density of the RBD (e.g., dose) can be readily tuned
to allow simultaneous optimization of the cost of vaccine production, formulation of the
preparation and the immunological response. This allows for decoration with additional
antigens (up to 378 copies per particle for a total of 420) to engineer a multi-valent vaccine,
as previously demonstrated with our first-generation bi-valent platform [14].

5. Conclusions

These findings examine the evolution of the lambda PLP platform for the purpose
of vaccine development. Specifically, we engineered chimeric proteins by genetically
modifying the lambda decoration protein to contain SARS-CoV-2 RBD at either the N- or
C-terminus to display the antigen on phage-like particles. Physiochemical characterization
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of the particles confirmed that they are stable, soluble and monodisperse—properties that
are required for pharmaceutical development. The RBD fusion PLPs induce an immune
response in mice that results in neutralizing antibody production and confers protection
against virulent virus challenge. The results confirm the therapeutic utility of the second-
generation platform and provide important information regarding the development of
countermeasures against circulating and newly emerging pathogens.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vaccines12111201/s1: Figure S1: Protein design and purification;
Figure S2: Protein biophysical characterization; Figure S3: Assessment of protein secondary struc-
ture and thermal stability; Figure S4: Immunization using PLPs decorated with 25% H6S-D::RBD,
10% D::RBD and 25% D::RBD confers protection against SARS-CoV-2 infection; Table S1: Secondary
structure prediction analysis; Table S2: Biophysical characterization using size exclusion chromatog-
raphy; Table S3: Fit parameters derived from the sedimentation velocity studies; Table S4: Secondary
structure analysis using circular dichroism spectroscopy; Table S5: Nonlinear regression analysis to
assess protein stability; Table S6: Particle characterization using light scattering.

Author Contributions: Conceptualization, methodology and project administration, C.E.C., T.E.M.,
A.C. and B.J.D.; validation and supervision, C.E.C. and T.E.M.; investigation, formal analysis and
data curation, A.C. and B.J.D.; software, A.C.; writing—original draft preparation, A.C.; writing—
review and editing, C.E.C., T.E.M., A.C. and B.J.D.; visualization, A.C. and B.J.D.; resources and
funding acquisition, C.E.C. and T.E.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the National Science Foundation grant #MCB 2016019
(C.E.C.) and by the National Institutes of Health grant #1R56AI186400 (C.E.C., T.E.M.).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committees at the University of Colorado Anschutz Medical Campus, School
of Medicine (Assurance Number A3269-01, Protocol 00215).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available on request
from the corresponding author.

Acknowledgments: The authors would like to thank Vaibhav Upadhyay and Krishna M. G. Mallela
at the CU Anschutz Medical Campus, Skaggs School of Pharmacy and Pharmaceutical Sciences for
generously providing plasmid vectors; Ralph S. Baric at the University of North Carolina at Chapel
Hill for providing SARS-CoV-2, strain MA10 for the virulent SARS-CoV-2 challenge; and Gabriel C.
Lander at the Scripps Research Institute for graciously permitting us to continuously use the cryo-EM
reconstruction of the phage lambda capsid he developed. EM data were collected at the Anschutz
Medical Campus Cryo-EM Core Facility, and we would like to acknowledge the help of the Anschutz
Cryo-EM Core Facility staff.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef] [PubMed]

2. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species Severe acute respiratory
syndrome-related coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536–544. [CrossRef]
[PubMed]

3. Chen, D.; Kristensen, D. Opportunities and challenges of developing thermostable vaccines. Expert. Rev. Vaccines 2009, 8, 547–557.
[CrossRef] [PubMed]

4. Rohovie, M.J.; Nagasawa, M.; Swartz, J.R. Virus-like particles: Next-generation nanoparticles for targeted therapeutic delivery.
Bioeng. Transl. Med. 2017, 2, 43–57. [CrossRef] [PubMed]

5. Preston, K.B.; Randolph, T.W. Stability of lyophilized and spray dried vaccine formulations. Adv. Drug Deliv. Rev. 2021, 171,
50–61. [CrossRef]

https://www.mdpi.com/article/10.3390/vaccines12111201/s1
https://www.mdpi.com/article/10.3390/vaccines12111201/s1
https://doi.org/10.1038/s41586-020-2008-3
https://www.ncbi.nlm.nih.gov/pubmed/32015508
https://doi.org/10.1038/s41564-020-0695-z
https://www.ncbi.nlm.nih.gov/pubmed/32123347
https://doi.org/10.1586/erv.09.20
https://www.ncbi.nlm.nih.gov/pubmed/19397412
https://doi.org/10.1002/btm2.10049
https://www.ncbi.nlm.nih.gov/pubmed/29313023
https://doi.org/10.1016/j.addr.2021.01.016


Vaccines 2024, 12, 1201 14 of 15

6. Smit, M.J.; Sander, A.F.; Ariaans, M.; Fougeroux, C.; Heinzel, C.; Fendel, R.; Esen, M.; Kremsner, P.G.; Ter Heine, R.; Wertheim,
H.F.; et al. First-in-human use of a modular capsid virus-like vaccine platform: An open-label, non-randomised, phase 1 clinical
trial of the SARS-CoV-2 vaccine ABNCoV2. Lancet Microbe 2023, 4, e140–e148. [CrossRef]

7. Yong, X.; Liu, J.; Zeng, Y.; Nie, J.; Cui, X.; Wang, T.; Wang, Y.; Chen, Y.; Kang, W.; Yang, Z.; et al. Safety and immunogenicity of a
heterologous booster with an RBD virus-like particle vaccine following two- or three-dose inactivated COVID-19 vaccine. Hum.
Vaccin. Immunother. 2023, 19, 2267869. [CrossRef]

8. Hager, K.J.; Perez Marc, G.; Gobeil, P.; Diaz, R.S.; Heizer, G.; Llapur, C.; Makarkov, A.I.; Vasconcellos, E.; Pillet, S.; Riera, F.;
et al. Efficacy and Safety of a Recombinant Plant-Based Adjuvanted COVID-19 Vaccine. N. Engl. J. Med. 2022, 386, 2084–2096.
[CrossRef]

9. Catalano, C.E. Bacteriophage lambda: The path from biology to theranostic agent. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2018, 10, e1517. [CrossRef]

10. Catalano, C. Bacteriophage Lambda as a Nano Theranostic Platform. In Physical Virology; Springer: Cham, Switzerland, 2023;
pp. 307–328. [CrossRef]

11. Chang, J.R.; Song, E.H.; Nakatani-Webster, E.; Monkkonen, L.; Ratner, D.M.; Catalano, C.E. Phage lambda capsids as tunable
display nanoparticles. Biomacromolecules 2014, 15, 4410–4419. [CrossRef]

12. Catala, A.; Dzieciatkowska, M.; Wang, G.; Gutierrez-Hartmann, A.; Simberg, D.; Hansen, K.C.; D’Alessandro, A.; Catalano, C.E.
Targeted Intracellular Delivery of Trastuzumab Using Designer Phage Lambda Nanoparticles Alters Cellular Programs in Human
Breast Cancer Cells. ACS Nano 2021, 15, 11789–11805. [CrossRef] [PubMed]

13. McClary, W.D.; Catala, A.; Zhang, W.; Gamboni, F.; Dzieciatkowska, M.; Sidhu, S.S.; D’Alessandro, A.; Catalano, C.E. A Designer
Nanoparticle Platform for Controlled Intracellular Delivery of Bioactive Macromolecules: Inhibition of Ubiquitin-Specific Protease
7 in Breast Cancer Cells. ACS Chem. Biol. 2022, 17, 1853–1865. [CrossRef] [PubMed]

14. Davenport, B.J.; Catala, A.; Weston, S.M.; Johnson, R.M.; Ardanuy, J.; Hammond, H.L.; Dillen, C.; Frieman, M.B.; Catalano, C.E.;
Morrison, T.E. Phage-like particle vaccines are highly immunogenic and protect against pathogenic coronavirus infection and
disease. NPJ Vaccines 2022, 7, 57. [CrossRef]

15. Upadhyay, V.; Lucas, A.; Panja, S.; Miyauchi, R.; Mallela, K.M.G. Receptor binding, immune escape, and protein stability direct
the natural selection of SARS-CoV-2 variants. J. Biol. Chem. 2021, 297, 101208. [CrossRef]

16. Edelhoch, H. Spectroscopic determination of tryptophan and tyrosine in proteins. Biochemistry 1967, 6, 1948–1954. [CrossRef]
[PubMed]

17. Pace, C.N.; Vajdos, F.; Fee, L.; Grimsley, G.; Gray, T. How to measure and predict the molar absorption coefficient of a protein.
Protein Sci. 1995, 4, 2411–2423. [CrossRef] [PubMed]

18. Schuck, P. On the analysis of protein self-association by sedimentation velocity analytical ultracentrifugation. Anal. Biochem. 2003,
320, 104–124. [CrossRef]

19. Micsonai, A.; Bulyaki, E.; Kardos, J. BeStSel: From Secondary Structure Analysis to Protein Fold Prediction by Circular Dichroism
Spectroscopy. Methods Mol. Biol. 2021, 2199, 175–189. [CrossRef]

20. Miles, A.J.; Ramalli, S.G.; Wallace, B.A. DichroWeb, a website for calculating protein secondary structure from circular dichroism
spectroscopic data. Protein Sci. 2022, 31, 37–46. [CrossRef]

21. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

22. Leist, S.R.; Dinnon, K.H., 3rd; Schafer, A.; Tse, L.V.; Okuda, K.; Hou, Y.J.; West, A.; Edwards, C.E.; Sanders, W.; Fritch, E.J.;
et al. A Mouse-Adapted SARS-CoV-2 Induces Acute Lung Injury and Mortality in Standard Laboratory Mice. Cell 2020, 183,
1070–1085.e1012. [CrossRef] [PubMed]

23. Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brunink, S.; Schneider, J.; Schmidt,
M.L.; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]
[PubMed]

24. Lander, G.C.; Evilevitch, A.; Jeembaeva, M.; Potter, C.S.; Carragher, B.; Johnson, J.E. Bacteriophage lambda stabilization by
auxiliary protein gpD: Timing, location, and mechanism of attachment determined by cryo-EM. Structure 2008, 16, 1399–1406.
[CrossRef] [PubMed]

25. Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and
distributions of SARS-CoV-2 spike proteins on intact virions. Nature 2020, 588, 498–502. [CrossRef] [PubMed]

26. Hardenbrook, N.J.; Zhang, P. A structural view of the SARS-CoV-2 virus and its assembly. Curr. Opin. Virol. 2022, 52, 123–134.
[CrossRef]

27. Turonova, B.; Sikora, M.; Schurmann, C.; Hagen, W.J.H.; Welsch, S.; Blanc, F.E.C.; von Bulow, S.; Gecht, M.; Bagola, K.; Horner,
C.; et al. In situ structural analysis of SARS-CoV-2 spike reveals flexibility mediated by three hinges. Science 2020, 370, 203–208.
[CrossRef]

28. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef]

29. Hoess, R.H. Bacteriophage lambda as a vehicle for peptide and protein display. Curr. Pharm. Biotechnol. 2002, 3, 23–28. [CrossRef]
30. Chen, X.; Zaro, J.L.; Shen, W.C. Fusion protein linkers: Property, design and functionality. Adv. Drug Deliv. Rev. 2013, 65,

1357–1369. [CrossRef]

https://doi.org/10.1016/S2666-5247(22)00337-8
https://doi.org/10.1080/21645515.2023.2267869
https://doi.org/10.1056/NEJMoa2201300
https://doi.org/10.1002/wnan.1517
https://doi.org/10.1007/978-3-031-36815-8_13
https://doi.org/10.1021/bm5011646
https://doi.org/10.1021/acsnano.1c02864
https://www.ncbi.nlm.nih.gov/pubmed/34189924
https://doi.org/10.1021/acschembio.2c00256
https://www.ncbi.nlm.nih.gov/pubmed/35796308
https://doi.org/10.1038/s41541-022-00481-1
https://doi.org/10.1016/j.jbc.2021.101208
https://doi.org/10.1021/bi00859a010
https://www.ncbi.nlm.nih.gov/pubmed/6049437
https://doi.org/10.1002/pro.5560041120
https://www.ncbi.nlm.nih.gov/pubmed/8563639
https://doi.org/10.1016/S0003-2697(03)00289-6
https://doi.org/10.1007/978-1-0716-0892-0_11
https://doi.org/10.1002/pro.4153
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.cell.2020.09.050
https://www.ncbi.nlm.nih.gov/pubmed/33031744
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://www.ncbi.nlm.nih.gov/pubmed/31992387
https://doi.org/10.1016/j.str.2008.05.016
https://www.ncbi.nlm.nih.gov/pubmed/18786402
https://doi.org/10.1038/s41586-020-2665-2
https://www.ncbi.nlm.nih.gov/pubmed/32805734
https://doi.org/10.1016/j.coviro.2021.11.011
https://doi.org/10.1126/science.abd5223
https://doi.org/10.1126/science.abb2507
https://doi.org/10.2174/1389201023378481
https://doi.org/10.1016/j.addr.2012.09.039


Vaccines 2024, 12, 1201 15 of 15

31. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef]

32. Mirdita, M.; Schutze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to
all. Nat. Methods 2022, 19, 679–682. [CrossRef] [PubMed]

33. Adamczak, R.; Porollo, A.; Meller, J. Accurate prediction of solvent accessibility using neural networks-based regression. Proteins
2004, 56, 753–767. [CrossRef] [PubMed]

34. Powell, A.E.; Zhang, K.; Sanyal, M.; Tang, S.; Weidenbacher, P.A.; Li, S.; Pham, T.D.; Pak, J.E.; Chiu, W.; Kim, P.S. A Single
Immunization with Spike-Functionalized Ferritin Vaccines Elicits Neutralizing Antibody Responses against SARS-CoV-2 in Mice.
ACS Cent. Sci. 2021, 7, 183–199. [CrossRef] [PubMed]

35. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e286. [CrossRef]

36. Brune, K.D.; Leneghan, D.B.; Brian, I.J.; Ishizuka, A.S.; Bachmann, M.F.; Draper, S.J.; Biswas, S.; Howarth, M. Plug-and-Display:
Decoration of Virus-Like Particles via isopeptide bonds for modular immunization. Sci. Rep. 2016, 6, 19234. [CrossRef] [PubMed]

37. Cohen, A.A.; Keeffe, J.R.; Schiepers, A.; Dross, S.E.; Greaney, A.J.; Rorick, A.V.; Gao, H.; Gnanapragasam, P.N.P.; Fan, C.; West,
A.P., Jr.; et al. Mosaic sarbecovirus nanoparticles elicit cross-reactive responses in pre-vaccinated animals. bioRxiv 2024. [CrossRef]

38. Zhu, J.; Ananthaswamy, N.; Jain, S.; Batra, H.; Tang, W.C.; Lewry, D.A.; Richards, M.L.; David, S.A.; Kilgore, P.B.; Sha, J.; et al. A
universal bacteriophage T4 nanoparticle platform to design multiplex SARS-CoV-2 vaccine candidates by CRISPR engineering.
Sci. Adv. 2021, 7, eabh1547. [CrossRef]

39. Li, M.; Guo, P.; Chen, C.; Feng, H.; Zhang, W.; Gu, C.; Wen, G.; Rao, V.B.; Tao, P. Bacteriophage T4 Vaccine Platform for
Next-Generation Influenza Vaccine Development. Front. Immunol. 2021, 12, 745625. [CrossRef]

40. Huang, X.; Wang, X.; Zhang, J.; Xia, N.; Zhao, Q. Escherichia coli-derived virus-like particles in vaccine development. NPJ
Vaccines 2017, 2, 3. [CrossRef]

41. Sharma, J.; Uchida, M.; Miettinen, H.M.; Douglas, T. Modular interior loading and exterior decoration of a virus-like particle.
Nanoscale 2017, 9, 10420–10430. [CrossRef]

42. Hayes, S.; Gamage, L.N.; Hayes, C. Dual expression system for assembling phage lambda display particle (LDP) vaccine to
porcine Circovirus 2 (PCV2). Vaccine 2010, 28, 6789–6799. [CrossRef] [PubMed]

43. Aghebati-Maleki, L.; Bakhshinejad, B.; Baradaran, B.; Motallebnezhad, M.; Aghebati-Maleki, A.; Nickho, H.; Yousefi, M.; Majidi, J.
Phage display as a promising approach for vaccine development. J. Biomed. Sci. 2016, 23, 66. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41592-022-01488-1
https://www.ncbi.nlm.nih.gov/pubmed/35637307
https://doi.org/10.1002/prot.20176
https://www.ncbi.nlm.nih.gov/pubmed/15281128
https://doi.org/10.1021/acscentsci.0c01405
https://www.ncbi.nlm.nih.gov/pubmed/33527087
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1038/srep19234
https://www.ncbi.nlm.nih.gov/pubmed/26781591
https://doi.org/10.1016/j.cell.2024.07.052
https://doi.org/10.1126/sciadv.abh1547
https://doi.org/10.3389/fimmu.2021.745625
https://doi.org/10.1038/s41541-017-0006-8
https://doi.org/10.1039/C7NR03018E
https://doi.org/10.1016/j.vaccine.2010.07.047
https://www.ncbi.nlm.nih.gov/pubmed/20674873
https://doi.org/10.1186/s12929-016-0285-9
https://www.ncbi.nlm.nih.gov/pubmed/27680328

	Introduction 
	Materials and Methods 
	Materials 
	Protein Production 
	Cloning, Expression and Purification of the RBD Constructs 
	Purification of Phage Lambda Proteins 

	Biophysical Characterization Studies 
	Analytical Ultracentrifugation 
	Circular Dichroism Spectroscopy 

	In Vitro Phage Lambda PLP Studies 
	Particle Decoration 
	Particle Characterization 

	Viruses and In Vivo Murine Studies 
	Virus and Cell Culture 
	Animal Study Design 
	Particle Antigenicity and Immunogenicity Testing 
	Neutralization Assay 
	Quantification of SARS-CoV-2 Genomic and Subgenomic RNA 

	Graphing and Statistical Analyses 

	Results 
	Interrogation of SARS-CoV-2 and Phage Lambda for RBD Fusion Design 
	Engineering the RBD Constructs 
	RBD Construct Characterization 
	RBD Fusions Are Efficiently Displayed on PLPs and Remain Antigenic 
	H6S-D::RBD PLPs Are Immunogenic 
	Vaccination with H6S-D::RBD PLPs Protects Against Virulent SARS-CoV-2 Challenge 

	Discussion 
	Conclusions 
	References

