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SUMMARY

Current COVID-19 vaccines have been associatedwith a decline in infection rates,
prevention of severe disease, and a decrease in mortality rates. However, SARS-
CoV-2 variants are continuously evolving, and development of new accessible
COVID-19 vaccines is essential to mitigate the pandemic. Here, we present
data on preclinical studies in mice of a receptor-binding domain (RBD)-based re-
combinant protein vaccine (PHH-1V) consisting of an RBD fusion heterodimer
comprising the B.1.351 and B.1.1.7 SARS-CoV-2 variants formulated in SQBA
adjuvant, an oil-in-water emulsion. A prime-boost immunisation with PHH-1V in
BALB/c and K18-hACE2 mice induced a CD4+ and CD8+ T cell response and
RBD-binding antibodies with neutralizing activity against several variants, and
also showed a good tolerability profile. Significantly, RBD fusion heterodimer
vaccination conferred 100% efficacy, preventing mortality in SARS-CoV-2 in-
fected K18-hACE2 mice, but also reducing Beta, Delta and Omicron infection in
lower respiratory airways. These findings demonstrate the feasibility of this re-
combinant vaccine strategy.
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INTRODUCTION

In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as the

etiological agent of the coronavirus disease 2019 (COVID-19). Soon afterward, the scientific community

and the pharmaceutical industry began focusing on the development of effective COVID-19 vaccines to

mitigate the health emergency. Thanks to these efforts, several vaccines are currently available, and

more than 12.9 billion doses have been administered worldwide (November 2022).1 The decline in new

infection rates in many countries coincides with the introduction of vaccines. However, COVID-19 cases

continue to emerge, probably because of the appearance and evolution of SARS-CoV-2 variants, the

decline of immunological protection provided by the current vaccines, and especially the lack of homoge-

neous distribution of COVID-19 vaccines, with only 22.5% of people in low-income countries having

received at least one dose (December 2021).2,3 As the global outbreak continues, the pandemic is far

from being over and it is not clear if the available vaccines will be sufficient to revert the situation. Thus,

it is still critical to develop second-generation vaccines using different platforms that are effective against

new variants and that could be further used as a booster, particularly to maintain or even enhance immunity

against SARS-CoV-2.4,5 Moreover, it is of relevance that these recent vaccines can be stored in refrigerated

conditions, making them easier to distribute and avoidingmore expensive and less available ultra-low tem-

perature storage and transport conditions to ensure their global supply. Currently authorized vaccines,
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whether approved under emergency use or fully licensed, are based on viral vectors, inactivated viruses,

nucleic acid-based vaccines, and protein subunit vaccines.6

SARS-CoV-2 is a betacoronavirus belonging to the subfamily Coronovirinae, within the family Coronaviri-

dae and the orderNidovirales. The SARS-CoV-2 genome is a positive-sense single-stranded RNA (+ssRNA)

molecule. The genome size ranges between 27 and 32 kbp, one of the largest known RNA viruses. The

genomic structure of SARS-CoV-2 contains at least six open reading frames (ORFs), encoding for at least

four structural proteins, namely envelope or spike (S) glycoprotein; membrane (M) proteins, responsible

for the shaping of the virions; envelope (E) proteins, responsible for the virions assembly and release;

and nucleocapsid (N) proteins, involved in the RNA genome packaging.7 The trimeric S glycoprotein of

SARS-CoV-2 is the primary target of viral neutralizing antibodies and has been the main protein candidate

for vaccine development.8 Consistent with SARS-CoV, angiotensin-converting enzyme 2 (ACE2) binding of

the S protein allows cellular entry of SARS-CoV-2 viral particles.9 This protein consists of two domains, S1

and S2, allowing the binding of the viral particles and cellular entry by fusing with the host cell membrane.10

The receptor-binding domain (RBD) (Thr333-Gly526) is found in the S1 domain and it contains a highly

immunogenic receptor-bindingmotif (RBM) that directly interacts with ACE2 and neutralizing antibodies.11

Therefore, most key mutations are found in the RBM, allowing the virus to adapt and escape the previously

developed immunity.12,13 To date, several SARS-CoV-2 VoCs with key mutations in the S protein have

emerged: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529).14,15

The S protein is the primary target in vaccine development against betacoronaviruses because of its acces-

sibility for immune recognition.16 It has been reported that two proline substitutions in the original S pro-

tein sequence (S-2P) of MERS-CoV, SARS-CoV and HKU1 coronavirus maintain the antigenic conformation

but retain S proteins in the prototypical prefusion conformation.17 Thus, learning from these previous re-

sults, this S-2P design is used in the licensedmRNA-based vaccines Comirnaty (Pfizer-BioNTech)18 and Spi-

kevax (Moderna),19 which substitute the K986 and V987 residues for prolines from the original S protein

variant. Likewise, the adenoviral vector-based vaccine Jcovden (Johnson & Johnson) also contains DNA-

encoding for the S-2P protein of SARS-CoV-2.20

Adjuvanted protein-based subunit vaccines represent an important type of vaccine, yet their development

has lagged compared to other platforms because of the need to optimize the manufacturing process for

each protein antigen. The most advanced subunit vaccine program against COVID-19 is the Novavax vac-

cine (NVX-CoV-2373, marketed as Nuvaxovid), which is produced in insect cells in combination with a

saponin-based adjuvant (Matrix-M).21 This vaccine consists of the stable full-length S protein in the antigen-

ically optimal prefusion conformation. In addition, the Sanofi-GSK vaccine, known as VidPrevtyn Beta, con-

sists of soluble prefusion-stabilized S trimers from SARS-CoV-2 produced in insect cells combined with the

AS03 adjuvant.22 Both vaccines have been tested in human clinical trials and have recently received an EU

marketing authorisation.21,23 Notably, recombinant proteins are competitive vaccine candidates with an

adequate safety profile, no risk of genome integration, no live components, and suitable for people with

compromised immune systems,24 showing high productivity yields and good stability profiles.24–26

Most cloned neutralizing antibodies target the RBD in the S1 domain,27 although there are additional

immunogenic epitopes outside this domain.28 It has been reported that more than 90% of neutralizing an-

tibodies isolated from convalescent patients target the RBD in one-third of cases.29 Moreover, depleted

sera and plasma samples from individuals vaccinated with a 250-mg dose of the mRNA-1273 vaccine

showed that up to 99% of neutralising antibodies target the RBD, even though the antigen is based on

the whole prefusion spike conformation.30 Given that the RBD domain of the S protein directly interacts

with the ACE2 receptor, RBD-targeting antibodies are not expected to cause antibody-dependent

enhancement (ADE), unlike non-neutralizing or sub-neutralizing antibodies,31 highlighting the importance

of the RBD in the immune response against SARS-CoV-2 and emphasizing its relevance as a powerful and

efficient immunogen in vaccine design.

In view of the inherent particularities of the S protein, and especially the RBD domain, our team developed

a vaccine-candidate platform based on this immunogen. From amongst the tested preliminary vaccine can-

didates, combined with one or several adjuvants, we finally proceeded with a protein-based subunit vac-

cine candidate, namely PHH-1V, consisting of a recombinant RBD fusion heterodimer of the B.1.351 and

B.1.1.7 variants of SARS-CoV-2 expressed in Chinese hamster ovary (CHO) cells and formulated with the
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squalene-based adjuvant (SQBA). Specifically, the SQBA adjuvant is an oil-in-water emulsion comprising

well-known components which are used as adjuvants in human medicine.32 Hence, the main aims of this

study were to assess the safety and efficacy of the PHH-1V vaccine in BALB/c and K18-hACE2-transgenic

mice models, and to characterize the RBD fusion heterodimer antigen and its immunogenicity.
RESULTS

Recombinant RBD fusion heterodimer expression and characterization

The antigen of the PHH-1V vaccine candidate is a recombinant RBD fusion heterodimer based on the

B.1.351 (Beta) and B.1.1.7 (Alpha) SARS-CoV-2 variants (Figure 1A). The N-terminal monomer contains

the amino acid sequence of the SARS-CoV-2 RBD protein from the B.1.351 variant, whereas the C-terminal

monomer contains the amino acid sequence of the SARS-CoV-2 RBD protein from the B.1.1.7 variant. The

rationale behind this antigenic construct was based on maximization of the affinity constant toward its

target receptor, allowing the accommodation of each RBD variant bound to a single hACEmonomer within

the same or a different receptor. Three-dimensional structural models generated with AlphaFold233 high-

lighted the coexistence of two different conformations of the PHH-1V construct. More specifically, one of

the conformations is characterized by a protein-protein interaction between both RBD variants, whereas

the other presents separated RBD domains stabilized by interactions of the N-/C-terminal regions (Fig-

ure 2B). RBD monomer binding toward individual human ACE2 (hACE2) units requires the preferential

adoption of a separated RBD stabilized conformation, and thus construct generation followed this

requirement.

The protein-protein interaction energies of two construct variant candidates, B.1.351-B.1.1.7 and

B.1.1.7-B.1.351, were estimated by means of molecular mechanics-generalized Born surface area (MM-

GBSA) calculations. MM-GBSA results highlighted the B.1.351-B.1.1.7 variant as the preferred construct

candidate with a protein-protein interaction energy of �78.23 kcal mol�1 as compared to the value

of�98.06 kcal mol�1 for the inverse construct. This suggests that the N-/C-terminal stabilized conformation

is energetically more favourable in the B.1.351-B.1.1.7 construct than in the B.1.1.7-B.1.351 construct. The

interaction energies of both studied constructs, in a stabilized N-/C-terminal conformation, and the hACE2

receptor were also computed by means of MM-GBSA simulations (Figure 2B). Although both models

showed similar binding affinities to hACE2, the Beta N-terminus plus Alpha C-terminus configuration

clearly exposed those mutations involved in the higher affinity toward the human ACE2 receptor on the

protein surface and the potential immune evasion by both variants. Hence, the selection of the

B.1.351-B.1.1.7 fusion heterodimer as the PHH-1V vaccine antigen was based on the lower free energy

required for the formation of the stabilized N-/C-terminal conformation.

The heterodimer is expressed in mammalian CHO cells and is formulated with the SQBA adjuvant. After

expressing the antigen in a bioreactor fed-batch cultivation, it is purified by a downstream process consist-

ing of sequential stages, including depth and tangential filtration, chromatography steps, and sterile filtra-

tions. The final product is a highly purified antigen, as determined by SDS-PAGE (Figure 1C) and SEC-HPLC

(Figure 1D), suitable for vaccine formulation. Moreover, surface plasmon resonance (SPR) analysis showed

an affinity constant of 0.099 nM for hACE2 (Figure 1E).
Recombinant RBD fusion heterodimer antigen immunogenicity in BALB/c mice

RBD-specific binding and neutralizing antibody titers on PHH-1V vaccination

BALB/c mice (Environ, IN, USA) were immunized with different doses of the recombinant RBD fusion het-

erodimer antigen (group B: 0.04 mg, group C: 0.2 mg, group D: 1 mg, group E: 5 mg; and group F: 20 mg) on

days (D) 0 and 21. Mice were also immunized with PBS as a control group (group A). A schematic view of the

immunization protocol is depicted in Figure 2.

The prime immunization of BALB/c mice with the PHH-1V candidate induced higher titers of RBD binding

antibodies in groups C to F compared to the control (group A, immunized with PBS) on day 21 post-first

immunization (D21) (p<0.01) (Figure 3A). After the prime-boost immunization, all vaccinated groups (B

to F) reached higher IgG titers than the control group on D35/D37 (14/16 days after the boost; p<0.01).

On D35/D37, specific SARS-CoV-2 RBD-binding antibodies were detected in groups B to D in a dose-

dependent manner, with significant differences between these groups (p<0.01). However, no significant

differences were observed between the groups immunized with more than 1 mg of recombinant RBD fusion
iScience 26, 106126, March 17, 2023 3
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Figure 1. Structure and characterization of the B.1.351 (Beta) - B.1.1.7 (Alpha) receptor-binding domain (RBD)

heterodimer, immunogen of PHH-1V

(A) Structural representation of the RBD heterodimer. Top: sequence diagram. Bottom left: front view of the RBD

heterodimer cartoon structure. Bottom right: top view of the antigen surface structure. Mutations are highlighted in green

(K417N), cyan (E484K) and yellow (N501Y).

(B) Computation modeling for PHH-1V vaccine. Top: AlphaFold2 results for the B.1.351-B.1.1.7 construct. This highlights

the presence of two different construct conformations: (1) Stabilized N-/C-terminal conformation and (2) adopting

protein-protein interactions. Bottom: hACE2 receptor-construct model derived from MD calculations of the

B.1.351-B.1.1.7 construct. RBD residues 1 to 219 and 220 to 439 are shown in gray and orange, respectively, whereas ACE2

monomers are shown as a transparent surface and cartoon representation in violet and purple.

(C) SDS-PAGE. The reduced and non-reduced purified antigens were loaded at three serial dilutions: 1/10, 1/20 and 1/40.

M: molecular weight ladder. C: BSA control.

(D) SEC-HPLC chromatogram of the purified antigen.

(E) Surface plasmon resonance (SPR) for the quantitative evaluation of the affinity between the antigen and its natural

ligand, the human ACE2 receptor. RU: resonance units.
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heterodimer antigen (groups D to F). Therefore, the IgG response was saturated from 1-mg immunization.

Likewise, the IgG2a/IgG1 ratios were calculated as a surrogate of the Th1/Th2 cellular immune response to

estimate the type of cellular immune response elicited by the vaccine. The IgG2a/IgG1 ratio of groups E

and F was 0.74 and 0.75, respectively, which suggests a balanced Th1/Th2 immunogenic response on

PHH-1V vaccination in mice (Figure 3B).
4 iScience 26, 106126, March 17, 2023



Figure 2. Schematic representation of the experimental protocol in BALB/c and K18-hACE2 mice for the safety,

immunogenicity, and efficacy assessment

For safety and immunogenicity assays (in the top side), 48 five-week-old female BALB/c mice were allocated to 6 groups

(n = 8) and were injected intramuscularly with two doses of 0.1 mL of the PHH1-1V vaccine on days 0 (prime) and 21 (boost).

Then, animals were monitored daily for clinical signs and bodyweight was recorded weekly until D35/D37, when they were

euthanized and both spleens and blood were collected. For safety, immunogenicity and efficacy assays (in the bottom

side), K18-hACE2 mice were allocated to 4 groups (efficacy against SARS-CoV-2 D614G) or 3 groups (efficacy against

different VoCs), and were injected intramuscularly with two doses of 0.1 mL of the PHH1-1V vaccine on days 0 (prime) and

21 (boost). On D35 animals were challenged with 103 TCID50 of the SARS-CoV-2 or different VoCs, blood samples were

collected to analyze neutralizing activity, and they were monitored daily for clinical signs and mortality. Then, challenged

animals were chronologically euthanized on D37, D39 and D42/D43; and several tissue samples were collected for several

analyses. Schematic artwork used in this figure is provided by Servier Medical Art under a Creative Commons Attribution

3.0 Unported License.
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SARS-CoV-2 neutralizing antibodies titers in sera from BALB/c mice were determined by a pseudovirus-

based neutralisation assay (PBNA) against the S protein of different variants on D35/D37 (14/16 days after

the boost). Prime-boost immunization of groups C to F induced higher neutralizing antibody titers against

the S protein of the Alpha variant compared to the control group A (p<0.01) (Figure 3C). No neutralizing

antibody response was observed in group B, although IgG binding antibodies were detected on D35/

D37. The mean neutralizing antibody titers observed in groups C and D remained the same because no

statistically significant differences were observed. However, vaccination with 5 mg (group E) and 20 mg

(group F) of RBD fusion heterodimer antigen induced higher neutralizing titers than group C and groups

C and D, respectively. Of interest, high neutralizing titers against all the tested variants (Alpha, Beta, Delta

and Omicron BA.1) were detected in sera from group F compared to control group A (p<0.01) (Figure 3D).

RBD-specific cellular immune response on PHH-1V vaccination

The characterization of the antigen-specific response of splenic T cells 14/16 days after the boost immuni-

zation was performed by intracellular cytokine staining (ICS) and enzyme-linked immunospot (ELISpot) as-

says in female BALB/c mice from groups A (control), E and F (vaccinated with 5 mg or 20 mg of recombinant

protein RBD fusion heterodimer, respectively). The ICS data indicate that on stimulation with an RBD pep-

tide pool, splenocytes from group F displayed significant activation of CD4+ T cells expressing IFN-g

(p<0.01), IL-2 (p<0.05) and Th1-like cytokines (IFN-g and/or TNF-a and/or IL-2; p<0.05) compared to the

control group (Figure 4A). No significant antigen-specific response of CD4+ T cells expressing TNF-a or

IL-4 was observed in group F when compared to the control group. Notably, immunization of mice with

a lower RBD dose (group E) did not induce CD4+ T cells secreting IFN-g, TNF-a, IL-2 and/or IL-4 after

the in vitro restimulation. Furthermore, splenocytes from group F showed activation of CD8+ T cells ex-

pressing IFN-g (0.05<p<0.1) and IL-2 (p<0.05) after the antigen-specific restimulation compared to the
iScience 26, 106126, March 17, 2023 5
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Figure 3. Analysis of the antibody response on PHH-1V vaccination in mice

(A) SARS-CoV-2 RBD-specific IgG responses in groups A to F on days D0, D21 and D35/D37. Endpoint antibody titers

determined by ELISA in female BALB/c mice are shown. Log10 IgG titers were analyzed by means of a linear mixed effects

model.

(B) Endpoint titer ratios of IgG2a to IgG1 in female mice vaccinated with PHH-1V vaccine (groups E and F). Analyses of

IgG1 and IgG2 subclasses in groups E and F were performed by ELISA on serum samples taken on day D35/D37. Data was

analyzed by means of a Mann-Whitney U-test.

(C) Neutralizing antibody responses in groups A to F. SARS-CoV-2 neutralizing antibody titers in sera, against

pseudoviruses that express the S protein with the Alpha sequence, were determined by PBNA 14/16 days after the second

dose of each vaccine (D35/D37). Sera from female BALB/c mice collected on D35/D37 were assessed for pseudovirus-

neutralizing activity. Log10 IC50 data was analyzed using a generalized least squares (GLS) model, employing one-sample

tests against the null H0: m = 1.78 for comparison of estimated marginal mean against groups A and B.

(D) Neutralizing antibody responses against multiple SARS-CoV-2 variants (Alpha, Beta, Delta, Omicron BA.1) by PBNA

on 20-mg RBD fusion heterodimer/dose immunization. Sera mice from groups A and F collected on D35/D37 were

assessed for pseudovirus-neutralizing activity as pool sera or individual sera, respectively. For the analysis of this data,

one-sample t-tests against the null H0: m = 1.78 were employed. Each data point represents an individual mouse serum,

with bars representing the mean titer per group G SD. Statistically significant differences between groups are indicated

with a line on top of each group: *p<0.05; **p<0.01; +0.05<p<0.1.
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control group (Figure 4B). Likewise, splenocytes from group F also elicited significantly higher CD8+ T cells

expressing IFN-g (p<0.05) and IL-2 (p<0.01) compared to the group E. No CD8+ T cell response was

observed in splenocytes from group E compared to the control group.

The IFN-g and IL-4 ELISpot assays showed no significant differences between the two doses of recombi-

nant protein RBD fusion heterodimer (group E vs group F) (Figure 4C). However, both groups showed a

higher percentage of IFN-g+ and IL-4+ spots compared to the control group (p<0.01). Importantly, the per-

centage of IFN-g+ and IL-4+ in group F was similar, denoting a balanced Th1/Th2 response, whereas the
6 iScience 26, 106126, March 17, 2023
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Figure 4. PHH-1V-induced CD4+ and CD8+ T cell responses, and extracellular cytokine levels in vaccine-induced

splenocytes from mice

(A and B) Splenocytes from vaccinated female BALB/c mice were isolated 14/16 days after boost immunization (D35/D37),

stimulated with RBD peptide pools, and analyzed by intracellular cytokine staining. The frequencies of cytokine

expressing CD4+ T cells (A) and CD8+ T cells (B) are shown. The frequencies of CD4+ and CD8+ T cells expressing Th1

cytokines (sum of IFN-g, TNF-a, IL-2) are also shown. The cytokine expression in splenocytes stimulated with the medium

was considered the background value and this was subtracted from peptide-specific responses. Data were analyzed using

a GLS model on the arcsine-square root-transformed percentage values.

(C) Splenocytes from vaccinated BALB/c mice were isolated 14/16 days after boost immunization (D35/D37), stimulated

with RBD peptide pools, and analyzed by IFN-g and IL-4-specific ELISpot assays. Data were analyzed using a GLS model

on the arcsine-square root-transformed percentage values.

(D) Extracellular cytokines were measured by Luminex Multiplex in supernatants from BALB/c splenocytes stimulated with

a pool of peptides from SARS-CoV-2 RBD. Cytokine levels in splenocytes stimulated with the medium were considered

the background value and these were subtracted from the responses measured from the RBD peptide pool for each

individual mouse. Data were analyzed using Kruskal-Wallis’ H test and Dunn’s post-hoc with Holm’s correction for

multiple testing or Mann-Whitney’s U-test. Each data point represents an individual mouse value, with bars representing

the mean G SD Statistically significant differences between groups are indicated with a line on top of each group:

*p<0.05; **p<0.01; +0.05<p<0.1.
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percentage of IL-4+ spots was significantly higher than IFN-g+ spots in group E (p<0.01), suggesting a Th2-

biased response in mice immunized with 5 mg of recombinant protein RBD fusion heterodimer.

Extracellular cytokine levels weremeasured by LuminexMultiplex in supernatants from splenocytes stimulated

with a pool of peptides from SARS-CoV-2 RBD. The levels of IL-2 (p<0.05) and IL-5 (p<0.01) were higher in the

supernatants from group E splenocytes compared to the control group (Figure 4D). Similarly, the levels of IL-5

(p<0.01) and TNF-a (p<0.05) were statistically higher in group F compared to group A. A tendency toward an

increase in the levels of IL-2 (0.05<p<0.1) was also observed in group F compared to group A.
Recombinant RBD fusion heterodimer antigen immunogenicity and efficacy against SARS-

CoV-2 Wuhan/D614G in K18-hACE2 mice

To analyze the immunogenicity and protective efficacy of the PHH-1V vaccine candidate against COVID-19

and the pathogenic outcomes derived from the SARS-CoV-2 infection, the mouse strain B6.Cg-Tg(K18-

ACE2)2Prlmn/J (K18-hACE2) (Jackson Laboratories, ME, USA) was used as a challenge model. Groups
iScience 26, 106126, March 17, 2023 7
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were vaccinated intramuscularly with PBS (groups A and B), 10 mg of PHH-1V (group C) or 20 mg of PHH-1V

(group D) following the two-dose prime-and-boost schedule: first dose (prime) on D0 and second dose

(boost) on D21 (Figure 2). The SARS-CoV-2 (Wuhan/D614G strain) challenge was performed on group

B-D animals on D35 through intranasal instillation.

The primary endpoint for reporting the protective capacity of the vaccine candidates was weight loss and/or

mortality post-challenge. Clinical signs and survival are presented in Figure 5A. Clinical signs of the SARS-CoV-

2 infection were observed only in the non-vaccinated and infected group (B) on days 5 (3 animals) and 6 (3 an-

imals) post-challenge. In all cases, clinical signs led to endpoint criteria and the animals were euthanized. Thus,

survival of group B was significantly different than the other groups (p<0.01). The daily individual bodyweights

of each groupduring the vaccination period andpost-challenge are shown in Figures S1B and 5B, respectively.

The animals from group B experienced remarkable weight loss from D3 post-challenge onwards, as expected

beacuse of the SARS-CoV-2 infection, showing a significantly lower weight compared to vaccinated animals

from groups C and D on D5 and 6 post-challenge (p<0.01).

SARS-CoV-2 neutralizing antibodies against the original Wuhan/D614G strain were also analyzed in SARS-

CoV-2 infected K18-hACE2 mice on vaccination to study the immunogenicity of PHH-1V vaccine in a hu-

manized mice model (Figure S2A). Animals from group D elicited significant higher SARS-CoV-2-specifc

neutralizing titers 0-, 2- and 4-day after infection (dpi) (p<0.01) and 7–8 dpi (p<0.05) compared to group

B. Animals from group C elicited higher specific neutralizing titers 0, 2 (p<0.01), 4 dpi (p<0.05) and 7–8

dpi (p<0.01) versus control group (B). Furthermore, the levels of neutralizing antibodies were similar be-

tween both vaccinated groups.

Total viral RNA was determined in the lungs, nasal turbinate, oropharyngeal swabs and brain (Figure 5C),

but also in trachea, heart, pharynx and spleen (Figure S3). Viral RNA was determined by real-time quanti-

tative polymerase chain reaction (RT-qPCR) on D37 (2 dpi), D39 (4 dpi), D42 (in males, 7 dpi) and D43 (in

females, 8 dpi), or at the time of euthanasia in animals reaching endpoint criteria before the scheduled

euthanasia day. Immunization with 10 mg of PHH-1V (group C) reduced the viral load measured by PCR

in the lungs on all dpi studied (p<0.01), in nasal turbinate on all dpi studied (p<0.05), in oropharyngeal

swabs 2 dpi (p<0.05) and 7–8 dpi (p<0.01), and in brain 4 and 7–8 dpi (p<0.01) compared to the infected

control (group B). Vaccination with 20 mg of PHH-1V (group D) also reduced the viral load measured by

PCR in the lungs on all dpi studied (p<0.01), in nasal turbinate on all dpi studied (p<0.01), in oropharyngeal

swabs 7–8 dpi (p<0.01), and in brain 4 and 7–8 dpi (p<0.01) compared to group B (Figure 5C). Likewise, both

vaccinated groups reduced significantly viral RNA in the trachea (p<0.01), pharynx (p<0.05) and spleen

(p<0.01) compared with the control group (Figure S3). In the heart, there was a tendency toward a decrease

in both vaccinated groups 4 dpi compared to group B.

Virus titers were determined using a standard 50% tissue culture infectious dose (TCID50) assay on positive

samples of RT-qPCR in lungs, nasal turbinates, oropharyngeal swabs and brain (Figure 5D). Samples from

groups C and D had a significant lower infective viral load in the lungs during the entire post-challenge

period (p<0.01) and in the brain 4 and 7–8 dpi (p<0.01). In the nasal turbinate, a significant lower infective

viral load was observed 2 dpi in group D (p<0.05) compared with group B, and there was a tendency toward

a decrease in group C (0.05<p<0.1) 2 dpi and group D (0.05<p<0.1) 7–8 dpi compared to group B.

Histopathological analyses were performed on lungs and brain of all animals (Figure 5E). Infected non-vacci-

nated animals (group B) had a higher histopathological score in the brain 7–8 dpi compared to group C and D

(p<0.01). No significant differences between groups were observed in the histopathological score of the lungs,

but these were numerically higher 4 dpi in group B compared to both vaccinated groups. To support the his-

topathological scores of Figure 5E, we also chose representative sections of brain and lung from study mice

showing scores of 0 (lack of lesions), 1 (mild lesions), and 2 (moderate lesions) (Figure S4). None of the animals

of the study showed lesions with score 3 (severe lesions). Furthermore, other tissues such as spleen, trachea, or

heart were analyzed and no lesions were found in any of the studied animals (Figures S5A–S5C).
Recombinant RBD fusion heterodimer antigen immunogenicity and efficacy against different

SARS-CoV-2 VoCs in K18-hACE2 mice

We next assessed the protective efficacy of PHH-1V vaccine against Beta, Delta and Omicron BA.1 SARS-

CoV-2 VoCs in the K18-hACE2mice model. Animals were vaccinated intramuscularly with two doses of PBS
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Figure 5. Protective efficacy of PHH-1V vaccine in K18-hACE2 mice on SARS-CoV-2 challenge

Group A (n = 8, 4F + 4M), group B (n = 18, 9F + 9M), group C (n = 18, 9F + 9M), and group D (n = 18, 9F + 9M).

(A) Survival curves for groups of immunized K18-hACE2 mice with PHH-1V vaccine and control groups. Survival analysis

(Kaplan-Meier estimates and logrank test to compare groups) was performed to study differences in time to/before

clinical signs and mortality.

(B) Mean weight change after SARS-CoV-2 challenge calculated as a percentage of the pre-challenge weight in K18-

hACE2 mice. A linear mixed effects model on the body weight change data was performed considering groups B, C and

D. Points represent the average weight variation in each group and error bars depict a G SD interval.

(C) SARS-CoV-2 RT-qPCR (number of copies) in the lungs, nasal turbinate, oropharyngeal swabs and brain collected from

challenged animals.

(D) Viral titers were determined using a standard TCID50 assay on positive samples of RT-qPCR (in some exceptional

cases, RT-qPCR and viral isolation were performed in parallel for logistical reasons). RT-qPCR-negative samples are

represented as 0 TCID50/mL. The detection limit was set at 1.8 TCID50/mL.

(E) Histopathological analyses from the lungs and brain were determined for all animals. For each tissue sample, lesions

were classified as follows: multifocal broncho-interstitial pneumonia; multifocal lymphoplasmacytic rhinitis; multifocal

lymphoplasmacytic meningoencephalitis; and multifocal mononuclear inflammatory infiltrates within and around

muscular fibers. Lesions were evaluated with the following score: 0 (no lesion); 1 (mild lesion); 2 (moderate lesion); and 3

(severe lesion). Samples of groups A, C and D correspond to 2 (D37), 4 (D39) and 7 dpi (D42 for males) or 8 dpi (D43 for

females); samples of group B were taken 2 (D37), 4 (D39), and 5 dpi (D40; n = 3) or 6 dpi (D41; n = 3), when animals reached

the endpoint criteria. GLS models or Kruskal-Wallis and Dunn’s post-hoc tests were employed for the analysis of the RT-

qPCR, TCID50 and histopathological data depending on verification of assumptions. Each data point represents an

individual mouse value, with bars representing the mean G SD. Statistically significant differences between groups

are indicated with a line on top of each group: *p<0.05; **p<0.01; +0.05<p<0.1. DPI: days post infection. See also

Figures S1–S4.
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Figure 6. Protective efficacy of PHH-1V vaccine in K18-hACE2 mice on challenge with SARS-CoV-2 Beta variant

Group A (n = 8, 4F + 4M), group B (n = 18, 9F + 9M), and group C (n = 18, 9F + 9M).

(A) Survival curves of animals from PHH-1V vaccinated groups and non-vaccinated groups. Survival analysis (Kaplan-Meier

estimates and logrank test to compare groups) was performed to study differences in time to/before clinical signs and

mortality.

(B) Mean weight change after Beta variant challenge calculated as a percentage of the pre-challenge weight in K18-

hACE2 mice. A linear mixed effects model on the body weight change data was performed considering groups B and C.

Points represent the average weight variation in each group and error bars depict a G SD interval.

(C) SARS-CoV-2 RT-qPCR (number of copies) in the lungs and oropharyngeal swabs collected from challenged animals.

(D) Viral titers were determined using a standard TCID50 assay on positive samples of RT-qPCR. Negative samples are

represented as 0 TCID50/mL. The detection limit was set at 1.8 TCID50/mL.

(E) Histopathological analyses from the lungs were determined for all animals. For each tissue sample, lesions were

classified as follows: multifocal broncho-interstitial pneumonia; multifocal lymphoplasmacytic rhinitis; multifocal

lymphoplasmacytic meningoencephalitis; and multifocal mononuclear inflammatory infiltrates within and around

muscular fibers. Lesions were evaluated with the following score: 0 (no lesion); 1 (mild lesion); 2 (moderate lesion); and 3

(severe lesion). All the samples correspond to 2 (D37), 4 (D39) and 7 dpi (D42 for males) or 8 days post infection (D43 for

females); or at the time of euthanasia in animals reaching endpoint criteria before the scheduled euthanasia day. GLS
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Figure 6. Continued

models or Mann-Whitney tests were employed for the analysis of the RT-qPCR, TCID50 and histopathological data

depending on verification of assumptions. Each data point represents an individual mouse value, with bars

representing the mean G SD. Statistically significant differences between groups are indicated with a line on top of

each group: *p<0.05; **p<0.01; +0.05<p<0.1. DPI: days post infection. See also Figure S2.
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(groups A and B) or 20 mg of PHH-1V vaccine (group C) on D0 and D21, and then animals from groups B and

C were intranasally challenged on D35 with Beta, Delta or Omicron BA.1 SARS-CoV-2 variants. Animals

were monitored for weight loss and mortality for 7 days and then were euthanized at 2, 4 and 7 dpi to

analyze viral load in oropharyngeal swabs and lungs by both RT-qPCR and viral titration, and also histopa-

thology in lung sections (Figures 6, 7, and 8).

Immunogenicity and efficacy of PHH-1V against SARS-CoV-2 Beta variant (B.1.351)

Clinical signs of the SARS-CoV-2 infection were observed only in two animals from the non-vaccinated and

infected group (group B) on day 7 post-challenge. Clinical signs curves are shown in Figure 6A. Animals

from group B had a lower weight (0.05<p<0.1) 6 and 7–8 dpi than animals vaccinated with PHH-1V (group

C) (Figure 6B).

SARS-CoV-2 neutralizing antibodies against Beta variant were also analyzed on vaccination with PHH-1V

in infected K18-hACE2 mice. PHH-1V vaccination elicited higher neutralizing titers against Beta variant

0 dpi (D35, pre-challenge) (p<0.05) and 7–8 dpi (p<0.01) compared to infected control animals

(Figure S2B).

Viral load was determined in lungs and oropharyngeal swabs by RT-qPCR and TCID50 on D37 (2 dpi), D39 (4

dpi) and D42 (in males, 7 dpi) or D43 (in females, 8 dpi), or at the time of euthanasia in animals reaching

endpoint criteria before the scheduled euthanasia day. Immunization with 20 mg of PHH-1V (group C)

reduced the viral RNA in the lungs 2 dpi (p<0.01), 4 dpi (p<0.05) and 7–8 dpi (p<0.01), but also in oropha-

ryngeal swabs 7–8 dpi (p<0.01) compared to the infected control (group B) (Figure 6C). Similarly, PHH-1V

vaccination reduced the infectious viral load in lungs 2 dpi (p<0.01), 4 dpi (p<0.01) and 7–8 dpi (p<0.05), and

also in oropharyngeal swabs 7–8 dpi (p<0.05) compared to the infected control (Figure 6D).

Histopathological scores were also calculated in lung sections from all study animals. Infected control an-

imals had a higher histopathological score in the lung 7–8 dpi compared to PHH-1V vaccinated ani-

mals (p<0.05).

Immunogenicity and efficacy of PHH-1V against SARS-CoV-1 Delta variant (B.1.617.2)

Clinical signs were observed in all non-vaccinated and infected animals (group B) 6 dpi (2 animals) or 7 dpi

(4 animals). Three of the six animals showing clinical signs in group B reached the endpoint criteria andwere

euthanised. In contrast, only one animal of group C showed clinical signs 6 dpi (appearance alteration of

score 1). Therefore, curves were significantly different between both groups (B vs C; p<0.05) (Figure 7A).

Weight variation was also significantly lower in group B compared to group C from 6 dpi onwards

(p<0.01) (Figure 7B).

Neutralizing titers induced by PHH-1V vaccine were measured against Delta variant 0 dpi (pre-challenge)

and 7–8 dpi (post-challenge). PHH-1V vaccination elicited higher neutralizing titers against Delta variant

0 dpi (D35, pre-challenge) and 7–8 dpi (p<0.01) compared to infected control animals (group B)

(Figure S2C).

Viral load was also determined in lungs and oropharyngeal swabs by RT-qPCR and TCID50 on D37 (2 dpi),

D39 (4 dpi) and D42 (in males, 7 dpi) or D43 (in females, 8 dpi), or at the time of euthanasia in animals reach-

ing endpoint criteria before the scheduled euthanasia day. Immunization with 20 mg of PHH-1V (group C)

reduced the viral RNA in the lungs 2 dpi and 7–8 dpi (p<0.01), and in oropharyngeal swabs 7–8 dpi (p<0.05)

compared to the infected control group (Figure 7C). Likewise, PHH-1V vaccination reduced the infectious

viral load in lungs 2 dpi (p<0.05) and 7–8 dpi (p<0.01) compared to the infected control group (Figure 7D).

There was a decreasing trend in the infectious viral load from oropharyngeal swabs of group C 7–8 dpi

compared to group B (0.05<p<0.1). Furthermore, infected control animals had a higher histopathological

score in the lung 7–8 dpi compared to PHH-1V vaccinated animals (p<0.01) (Figure 7E).
iScience 26, 106126, March 17, 2023 11
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Figure 7. Protective efficacy of PHH-1V vaccine in K18-hACE2 mice on challenge with SARS-CoV-2 Delta variant

(A) Group A (n = 8, 4F + 4M), group B (n = 18, 9F + 9M), and group C (n = 18, 9F + 9M), (A) Survival curves of animals from

PHH-1V vaccinated groups and non-vaccinated groups. Survival analysis (Kaplan-Meier estimates and logrank test to

compare groups) was performed to study differences in time to/before clinical signs and mortality.

(B) Mean weight change after Delta variant challenge calculated as a percentage of the pre-challenge weight in K18-

hACE2 mice. A linear mixed effects model on the body weight change data was performed considering groups B and C.

Points represent the average weight variation in each group and error bars depict a G SD interval.

(C) SARS-CoV-2 RT-qPCR (number of copies) in the lungs and oropharyngeal swabs collected from challenged animals.

(D) Viral titers were determined using a standard TCID50 assay on positive samples of RT-qPCR. Negative samples are

represented as 0 TCID50/mL. The detection limit was set at 1.8 TCID50/mL.

(E) Histopathological analyses from the lungs were determined for all animals. For each tissue sample, lesions were

classified as previously assays. Lesions were evaluated with the following score: 0 (no lesion); 1 (mild lesion); 2 (moderate

lesion); and 3 (severe lesion). All the samples correspond to 2 (D37), 4 (D39) and 7 dpi (D42 for males) or 8 days post

infection (D43 for females); or at the time of euthanasia in animals reaching endpoint criteria before the scheduled
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Figure 7. Continued

euthanasia day. GLS models or Mann-Whitney tests were employed for the analysis of the RT-qPCR, TCID50 and

histopathological data depending on verification of assumptions. Each data point represents an individual mouse

value, with bars representing the mean G SD Statistically significant differences between groups are indicated with a

line on top of each group: *p<0.05; **p<0.01; +0.05<p<0.1. DPI: days post infection. See also Figure S2.
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Immunogenicity and efficacy of PHH-1V against SARS-CoV-1 Omicron variant (BA.1)

In addition, we tested the immunogenicity and efficacy of PHH-1V vaccine against Omicron BA.1, the pre-

dominant variant at the time these assays were conducted. No significant differences were observed be-

tween groups in clinical signs curves (Figure 8A) and weight loss (Figure 8B). However, PHH-1V vaccinated

animals (group C) showed significantly less viral RNA in lungs 4 dpi (p<0.05) (Figure 8C) and less infectious

SARS-CoV-2 in lungs 4 dpi (p<0.01) (Figure 8D). There was also a decreasing trend in the viral RNA from

oropharyngeal swabs of group C 7–8 dpi compared to group B (0.05<p<0.1).

Furthermore, neutralizing titers induced by PHH-1V vaccine were measured against Omicron BA.1 variant

0 dpi (D35, pre-challenge) and 7–8 dpi (D42-D43, during post-challenge). PHH-1V vaccination elicited

higher neutralizing titers against Omicron variant 0 dpi and 7–8 dpi (p<0.01) compared to infected control

animals (group B) (Figure S2D).

Safety of the recombinant RBD fusion heterodimer antigen after vaccination

The preclinical safety of the PHH-1V candidate vaccine was evaluated in BALB/c mice immunized with

different doses of the RBD fusion heterodimer by measuring the bodyweight of each animal once a

week until D35/D37. For additional safety information, clinical signs and local reactions were monitored.

Differences in bodyweight were observed between the control group and some of the vaccinated groups

at different times. The fact that the highest dose (group F) did not show significant differences with the con-

trol group during the entire study suggests that these differences in bodyweight are not related to the an-

tigen composition. On the other hand, the differences observed in bodyweight cannot be attributed to the

adjuvant because all the PHH-1V vaccines contain the same amount of adjuvant. The mean bodyweight of

the control group was above the rest of the groups from the beginning of the study, which could have

contributed to the differences observed with the rest of the groups throughout the study (Figure S1A).

No clinical signs or local reactions were detected after the vaccinations in BALB/c mice.

In addition, the safety of PHH-1V was evaluated in humanized K18-hACE2 mice, and bodyweight and clin-

ical signs were also monitored during the vaccination period. No significant changes in bodyweight were

observed between the different groups (Figure S1B), and vaccinated animals did not show clinical signs or

local reactions. The histological evaluation of the injection site revealed a mild lesion (with multifocal

mononuclear inflammatory infiltrates within and aroundmuscular fibers) in one of the hind limbs of 1 animal

vaccinated with the 10-mg RBD fusion heterodimer/dose on D2 and 2 animals vaccinated with the 20-mg

RBD fusion heterodimer/dose on D4 post-challenge (Figure S5D).

DISCUSSION

In this study, the effect of a recombinant protein RBD fusion heterodimer dose on the immunogenicity and

safety of the PHH-1V vaccine was tested in BALB/c and K18-hACE2 mice. Furthermore, the preclinical ef-

ficacy of the vaccine candidate was also assessed in SARS-CoV-2-infected and non-infected K18-hACE2

mice, as well as cross-protection induced against Beta, Delta and Omicron BA.1 VoCs. We demonstrate

that the active substance of the PHH-1V vaccine candidate, the RBD fusion heterodimer, is stable and

has an affinity constant of 0.099 nM against the human ACE2 receptor, which indicates an outstanding bind-

ing affinity with its natural ligand. The whole sequence of the antigen originates from the SARS-CoV-2 RBD

domains of the B.1.1.7 (Alpha) and B.1.351 (Beta) variants, which have been shown by Ramanathan et al. to

bind ACE2 with increased affinity.34 We were able to obtain the antigen at high purity, which is consistent

with its use as an active drug substance in a vaccine. CHO, the expression system selected to produce this

antigen, has been a workhorse to producemonoclonal antibodies and other protein-based therapeutic en-

tities for decades.35 It has been fully accepted for this purpose by regulatory agencies worldwide.

The PHH-1V vaccine candidate was shown to be safe in mice since it did not cause clinical signs (general

and local) nor was there any bodyweight loss attributable to the vaccine composition in either immunized

BALB/c or K18-hACE2mice. Although the histological evaluation of the injection sites revealedmild lesions
iScience 26, 106126, March 17, 2023 13
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Figure 8. Protective efficacy of PHH-1V vaccine in K18-hACE2 mice on challenge with SARS-CoV-2 Omicron BA.1

variant

(A) Group A (n = 8, 4F + 4M), group B (n = 18, 9F + 9M), and group C (n = 18, 9F + 9M), (A) Survival curves of animals from

PHH-1V vaccinated groups and non-vaccinated groups. Survival analysis (Kaplan-Meier estimates and logrank test to

compare groups) was performed to study differences in time to/before clinical signs and mortality.

(B) Mean weight change after Omicron BA.1 variant challenge calculated as a percentage of the pre-challenge weight in

K18-hACE2mice. A linear mixed effects model on the body weight change data was performed considering groups B and

C. Points represent the average weight variation in each group and error bars depict a G SD interval.

(C) SARS-CoV-2 RT-qPCR (number of copies) in the lungs and oropharyngeal swabs collected from challenged animals.

(D) Viral titers were determined using a standard TCID50 assay on positive samples of RT-qPCR. Negative samples are

represented as 0 TCID50/mL. The detection limit was set at 1.8 TCID50/mL.

(E) Histopathological analyses from the lungs were determined for all animals. For each tissue sample, lesions were

classified as previously assays. Lesions were evaluated with the following score: 0 (no lesion); 1 (mild lesion); 2 (moderate

lesion); and 3 (severe lesion). All the samples correspond to 2 (D37), 4 (D39) and 7 dpi (D42 for males) or 8 days post

infection (D43 for females); or at the time of euthanasia in animals reaching endpoint criteria before the scheduled

euthanasia day. GLS models or Mann-Whitney tests were employed for the analysis of the RT-qPCR, TCID50 and

histopathological data depending on verification of assumptions. Each data point represents an individual mouse value,

with bars representing themeanG SD. Statistically significant differences between groups are indicated with a line on top

of each group: *p<0.05; **p<0.01; +0.05<p<0.1. DPI: days post infection. See also Figure S2.
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with cellular infiltrates in a few vaccinated animals, these were attributable to the local innate immune

response induced on injection with adjuvant-containing vaccines. Moreover, we have consistently

observed an adequate safety profile in other animal species in which the PHH-1V vaccine candidate has

been tested, such as rats, rabbits, cynomolgus monkeys and pigs (manuscript in preparation). The SQBA

adjuvant used in this vaccine might be related to the good tolerability shown in these animal models.

Regarding the RBD-binding antibodies humoral response, a dose response was observed on D35/D37 on

vaccination with RBD heterodimer doses of 0.04, 0.2 and 1 mg/dose. However, this response saturates with

higher immunization doses. Significant total IgG titers were observed after just a single dose for doses of

0.2 mg and above. These results suggest a good potency profile for the antigen included in the PHH-1V vac-

cine candidate, with similar or superior performance to other previously reported immunogens based on

similar platforms.36,37 Moreover, potent pseudovirus-neutralizing activity against the Alpha variant was eli-

cited by the 0.2-mg RBD fusion heterodimer/dose immunization, reaching the highest titers with the 20-mg

RBD fusion heterodimer/dose immunization. Furthermore, a robust pseudovirus-neutralizing activity of

sera from mice immunized with 20 mg of RBD fusion heterodimer/dose was confirmed against the Beta,

Delta and Omicron BA.1 variants. This cross-reactivity was previously confirmed in earlier exploratory trials,

where no significant differences were observed in the pseudovirus-neutralizing titers against the Alpha,

Beta, and Gamma variants in mice on vaccination with 20-mg RBD fusion heterodimer/dose. Notably,

the pseudovirus neutralisation assays from this work were performed in the same laboratory and under

identical conditions as those that were previously reported to have a good correlation with live virus neu-

tralisation assays38 which highlights the biological relevance of the neutralizing antibody titers that were

obtained. Even though the recombinant protein RBD fusion heterodimer was designed to elicit a response

against the SARS-CoV-2 Alpha and Beta variants, our data also demonstrate a further neutralizing activity

against the Omicron BA.1 variant, the dominant variant around the world at the time when the study was

designed.39,40 Indeed, our antigen contains several mutations that are key for being considered of high

concern, mutations which are present in currently designated VoCs and which could potentially arise in

future variants. That includes the E484K substitution present in the Beta and B.1.621 (mu) variants, as

well as the K417N and N501Y mutations present in the Omicron BA.1 variant. E484K is related to immune

evasion and reduced antibody neutralization, compromising the efficacy of the original approved

vaccines.41

Regarding cellular response on vaccination, the ICS data indicate that immunization with the highest dose

of 20-mg RBD fusion heterodimer/dose induced a robust Th1-dominant response with activation of CD4+

and CD8+ T cells expressing IFN-g and IL-2. Notably, ICS detected no significant IL-4 expression in the

splenocytes from immunized animals. However, IL-4 ELISpot assays detected the expression of this Th2

cytokine in splenocytes from both immunized groups. Specifically, according to the ELISpot results, immu-

nization with the 5-mg RBD fusion heterodimer/dose elicited a Th2-biased response, whereas immunization

with the 20-mg RBD fusion heterodimer promoted a balanced Th1/Th2 response. These differences in the

cytokine expression between both assays might be explained by the differences in the incubation time of

the splenocytes after the RBD peptide pool stimulation, which was 48 h for the ELISpot compared to 5 h for

the ICS. Furthermore, the experimental conditions (number of splenocytes and incubation time) assayed to

detect IFN-g and IL-4 via ELISpot were different; hence, these data must be interpreted carefully. Th1 im-

munity is known to be protective for most infections because it promotes humoral immunity as well as

phagocytic and cytotoxic T cell activity, whereas the Th2 response assists with the resolution of inflamma-

tion.42 Based on the ICS data, immunization with the 20-mg RBD fusion heterodimer/dose seems to induce

a polarized Th1 immune response.

Extracellular cytokine production was also measured by Luminex Multiplex in supernatants from spleno-

cytes after 48 h of stimulation, where a balanced production of Th1 (TNF-a, IL-2) and Th2 (IL-5 but no

IL-4 nor IL-6) cytokines was found in vaccinated mice. Notably, IFN-g was not detected by Luminex, prob-

ably because of the early expression of this factor and its rapid degradation. Importantly, IL-10 was not

detected in the supernatants, which indicates that the immunization with PHH-1V did not elicit an anti-in-

flammatory response after the restimulation of splenocytes with RBD peptide pools.

The IgG2a/IgG1 ratio was measured to assess Th1/Th2 polarization after the prime-boost immunization.

IgG1 is produced during any type of immune response, whereas IgG2a is mainly produced during

a Th1-polarized immune response.43 Mice immunized with either the 5-mg or the 20-mg RBD fusion
iScience 26, 106126, March 17, 2023 15
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heterodimer/dose induced RBD-binding antibodies of both IgG2a and IgG1 subclasses, with an IgG2a/

IgG1 ratio near 0.8, indicating a balanced Th1/Th2 response on PHH-1V vaccination.

Thus, all the data suggest that PHH-1V immunization with the 20-mg RBD fusion heterodimer/dose elicits a

robust CD4+ and CD8+ T cell response with an early expression of Th1 cytokines on restimulation in vitro,

and balanced Th1/Th2 cytokine production after 48 h post-stimulation.

Regarding the preclinical efficacy of the PHH-1V vaccine candidate, it was tested at two different doses,

10 mg and 20 mg of RBD fusion heterodimer/dose, in K18-hACE2 mice. On the SARS-CoV-2 (Wuhan/

D614G strain) challenge, vaccinated animals were able to overcome the infection because neither clinical

signs nor bodyweight loss were detected. By contrast, all non-vaccinated and infected animals reached the

endpoint criteria on D5 or D6 post-challenge and had to be euthanized. Furthermore, this group of animals

experienced remarkable weight loss from D3 post-challenge onwards because of the SARS-CoV-2 infec-

tion. Therefore, our data demonstrate 100% efficacy in preventing mortality and bodyweight loss in in-

fected K18-hACE2 mice on PHH-1V vaccination.

In addition, immunization with either the 10-mg or the 20-mg RBD fusion heterodimer/dose of PHH-1V

reduced the viral load measured via qPCR in the lungs, nasal turbinate, and brain in K18-hACE2 mice.

The viral load excretion measured in oropharyngeal swabs was also reduced on challenge in vaccinated

animals. Moreover, differences in the viral load after the SARS-CoV-2 challenge between vaccinated ani-

mals and infected non-vaccinated control animals were also found in other respiratory (trachea and phar-

ynx) and systemic (spleen and heart) organs. Notably, when RT-qPCR positive samples were titrated to

determine the infective viral load, most of the samples of vaccinated animals showed negative results,

whereas most of the samples of the infected control group resulted in significantly higher viral loads. Taken

together, these results suggest less viral replication in vaccinated mice, which discards antibody-depen-

dent enhancement (ADE) of the infection on vaccination. Indeed, RBD is known to pose a low potential

for risk of ADE because antibodies against this domain block receptor binding.44 Likewise, the histopath-

ological evaluation of tissues from vaccinated mice showed no lesions in the brain and mild lesions in the

lungs on SARS-CoV-2 infection. By contrast, infected control mice displayed moderate lesions in the lungs

and brain, which is consistent with the high viral loads detected in this group.

Notably, preclinical efficacy of PHH-1V vaccine was also assessed in K18-hACE2 mice against Beta, Delta

and Omicron BA.1 VoCs. Overall, clinical signs were observed in all non-vaccinated animals infected

with the Delta variant, and also in two non-vaccinated animals infected with the Beta variant, whereas no

clinical signs were found in animals vaccinated with 20-mg RBD fusion heterodimer/dose (except 1 mouse).

Furthermore, vaccination with 20-mg RBD fusion heterodimer/dose significantly reduced viral load in lungs

and oropharyngeal swabs from animals challenged with the Beta and Delta variants. Histopathological

scores were also higher in non-vaccinated animals infected with the Beta or Delta variants compared to

PHH-1V vaccinated animals. Although there were no significant differences in survival curves and no major

clinical signs in the different groups challenged with the Omicron BA.1 variant, viral load was also reduced

in lungs from PHH-1V vaccinated animals compared to infected control animals. The reduction of infectivity

and pathogenesis of the Omicron BA.1 variant in K18-hACE2 mice has been reported previously in various

studies, including a study in which mRNA-1273 protective efficacy was evaluated against Omicron

BA.1.45,46 Hence, PHH-1V vaccination can reduce and control infection of different VoCs, including Omi-

cron BA.1, in lower respiratory airways. This is critical to mitigate the current pandemic situation, although

further studies will have to confirm our findings in human subjects.

Overall, in this study, the PHH-1V vaccine has been shown to be safe and immunogenic in mice, inducing

RBD-binding and neutralizing antibodies. Mice immunized with 20 mg of recombinant protein RBD fusion

heterodimer/dose showed neutralizing activity against the Alpha, Beta, Delta and Omicron BA.1 variants.

Likewise, immunization with 20 mg of RBD fusion heterodimer/dose elicited robust activation of CD4+ and

CD8+ T cells, producing an early Th1 response on in vitro restimulation. Importantly, vaccination with either

the 10-mg or the 20-mg RBD fusion heterodimer/dose prevented weight loss and clinical signs (including

mortality) on SARS-CoV-2 challenge in mice. Both tested doses reduced viral loads in several organs

and prevented the infective viral load in the lungs and brain on experimental infection. In addition, immu-

nization with 20 mg of RBD recombinant protein fusion heterodimer reduced the infective viral load in the

upper respiratory tract (nasal turbinate). Most importantly, vaccination with 20 mg of RBD recombinant
16 iScience 26, 106126, March 17, 2023
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protein fusion heterodimer also reduced the infective viral load of Beta, Delta and Omicron BA.1 variants in

the lower respiratory tract. Besides the efficacy and safety features of PHH-1V, this second-generation

COVID-19 vaccine is easy to adapt to potential emergent SARS-CoV-2 variants, allowing for the inclusion

of up to 2 different RBDs to generate cross-immunity against emergent variants. The PHH-1V vaccine candi-

date showed promising preclinical data and is currently being evaluated in Phase I/IIa (NCT05007509),

Phase IIb (NCT05142553) and Phase III (NCT05246137) clinical trials.47

Limitations of the study

Although the PHH-1V vaccination reduced the infective viral load of Omicron BA.1 variant in the lower res-

piratory tract, the K18-hACE2 mice model has shown to be asymptomatic on the SARS-CoV-2 Omicron

BA-1 experimental infection. Therefore, other animal models should be addressed to evaluate the preven-

tion of clinical signs after an experimental infection with the SARS-CoV-2 Omicron BA-1 variant.

PHH-1V vaccination reduced the infective viral load in the upper respiratory tract after an experimental

infection with SARS-CoV-2. However, the local immune response in the upper respiratory tract needs to

be analyzed in further studies.
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Wewould like to thank Marta Ribó, Ariadna Pararols, Rubén Hernández, and Helena Sánchez for their assis-
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Antibodies

APC anti-mouse TNF-alpha (clone MP6-XT22) Biolegend Cat#506307; RRID: AB_315428

APC Rat anti-mouse TNF-alpha (clone MP6-XT22) Biolegend Cat#506307; RRID: AB_315428

Brilliant Violet 711� anti-mouse IL-2 (clone JES6-5H4) Biolegend Cat#503837; RRID: AB_2564225

Brilliant Violet 785� anti-mouse CD3 Antibody (clone 17A) Biolegend Cat#100231; RRID: AB_2562554

Brilliant Violet 711� Rat anti-mouse IL-2 (clone JES6-5H4) Biolegend Cat#503837; RRID: AB_2564225

Brilliant Violet 785� Rat anti-mouse CD3

Antibody (clone 17A)

Biolegend Cat#100231; RRID: AB_2562554

eFluor 450 anti-mouse CD44 (clone IM7) Ebioscience Cat#48-0441-80; RRID: AB_1272246

eFluor 450 Rat anti-mouse CD44 (clone IM7) Ebioscience Cat#48-0441-80; RRID: AB_1272250

FITC Rat anti-Mouse IFN-g (clone XMG1.2) BD Cat#554411; RRID: AB_395375

FITC Rat Anti-Mouse IFN-g (clone XMG1.2)x BD Cat#554411; RRID: AB_395375

Goat Anti-Mouse IgG Antibody, (H + L) HRP conjugate Sigma-Aldrich Cat#AP308P; RRID: AB_92635

PE-Cy�5 Rat Anti-Mouse CD8a (clone 53–6.7) Biolegend Cat#553034; RRID: AB_394572

PE-Cy�5 Rat anti-mouse CD8a (clone 53–6.7) Biolegend Cat#553034; RRID: AB_394572

PE-Cy�7 Rat Anti-Mouse IL-4 (clone 11B11) BD Cat#560699; RRID: AB_1727548

PE-Cy�7 Rat anti-mouse IL-4 (clone 11B11) BD Cat#560699; RRID: AB_1727548

PerCP-Cy�5.5 Rat Anti-Mouse CD4 (clone RPM4-5) Biolegend Cat#550954; RRID: AB_393977

PerCP-Cy�5.5 Rat anti-mouse CD4 (clone RPM4-5) Biolegend Cat#550954; RRID: AB_393977

SARS-CoV-2 (2019-nCoV) Spike RBD

Antibody, Mouse PAb

SinoBiologial Cat#40592-MP01

Bacterial and virus strains

SARS-CoV-2 Catalonia 02 CRESA GSAID: EPI_ISL_471472

SARS-CoV-2 B.1.351 IrsiCaixa GSAID: EPI_ISL_1663571

SARS-CoV-2 B.1.617.2 IrsiCaixa GSAID: EPI_ISL_3342900

SARS-CoV-2 BA.1 IrsiCaixa GSAID: EPI_ISL_8151031

Chemicals, peptides, and recombinant proteins

Brefeldin A Sigma Cat#B7651

Brefeldin A Sigma Cat#B7651

BriteLite Plus Luciferase PerkinElmer Cat#6066769

Concanavalin A Sigma Cat#C2010

Concanavalin A Sigma Cat#C2010

DEAE-Dextran Sigma-Aldrich Cat#D9885-100G

Difco� Skim Milk BD Cat#232100

DMEM Glutamina Lonza/Bio Whittaker Cat#0000961401

DMSO Sigma Cat#D4540

DMSO Sigma Cat#D4540

Dulbecco’s Modified Eagle Medium Thermo Fisher Scientific Cat#41966052

Expi293 Expression Medium Thermo Fisher Scientific Cat#A1435102

ExpiFectamine 293 Transfection Kit Thermo Fisher Scientific Cat#A14524

Fetal Bovine Serum Sigma Cat#F7524

(Continued on next page)
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Fetal Bovine Serum Thermo Fisher Scientific Cat#10270106

Fetal Bovine Serum Sigma Cat#F7524

FVS780 Biolegend Cat#565388

FVS780 Biolegend Cat#565388

Ionomycin Sigma Cat#I0634

Ionomycin Sigma Cat#I0634

Isoflurane Isoflutek 1000 mg/g Karizoo Cat#10060300004

Opti-MEM I Reduced Serum Medium Thermo Fisher Scientific Cat#31985070

PBS without Calcium or Magnesium 500 mL Lonza Cat#0000932986

Penicillin-Streptomycin ThermoFisher Cat#15140122

Penicillin-Streptomycin ThermoFisher Cat#15140122

PepMix� SARS-CoV-2 (S-RBD B.1.1.7/Alpha) JPT Peptide Technologies Cat#PM-SARS2-RBDMUT01-1

PepMix� SARS-CoV-2 (S-RBD B.1.351) JPT Peptide Technologies Cat#PM-SARS2-RBDMUT02-1

PepMix� SARS-CoV-2 (S-RBD B.1.351/Beta) JPT Peptide Technologies Cat#PM-SARS2-RBDMUT02-1

PepMix� SARS-CoV-2 (S-RBD N501Y) JPT Peptide Technologies Cat#PM-SARS2-RBDMUT01-1

PMA Sigma Cat#P8139

PMA Sigma Cat#P8139

Puromycin Thermo Fisher Scientific Cat#A1113803

RPMI-1640 medium ThermoFisher Cat# 21875-034

RPMI-1640 medium ThermoFisher Cat# 21875-034

SARS-CoV-2 (2019-nCoV) Spike

RBD-His Recombinant Protein

SinoBiologial Cat#40592-V08B

Sodium pyruvate Sigma Cat#S8636

Sodium pyruvate Sigma Cat#S8636

Versene Thermo Fisher Scientific Cat#15040033

b-mercaptoethanol Sigma Cat#M3148

b-mercaptoethanol Sigma Cat#M3148

Critical commercial assays

CellTiter-Glo luminescent cell viability assay Promega Cat#G7570

IndiMag Pathogen Kit Indical Bioscience Cat#SP947457

Mouse IFN-gamma ELISpotPLUS kit (HRP) Mabtech Cat#3321-4HPT-10

Mouse IFN-gamma ELISpotPLUS kit (HRP) Mabtech Cat#3321-4HPT-10

Mouse IL-4 ELISpotPLUS (HRP) Mabtech Cat#3311-4HPW-10

Mouse IL-4 ELISpotPLUS (HRP) Mabtech Cat#3311-4HPW-10

Mouse Premixed Multi-Analyte Kit R&D systems (Bio-techne) Cat#LXSAMSM

Experimental models: Cell lines

Expi293F GnTI- cells Thermo Fisher Scientific Cat#A39240; RRID: CVCL_B0J7

HEK293T/hACE2 cells Integral Molecular Cat#C-HA101; RRID: CVCL_A7UK

Vero E6 cell ATCC Cat# CRL-1586; RRID: CVCL_0574

Experimental models: Organisms/strains

B6.Cg-Tg(K18-ACE2)2Prlmn/J (K-18-hACE2) Jackson Laboratories Cat#034860; RRID: IMSR_JAX:034860

K18-hACE2 transgenic mice express human

ACE2. B6.Cg-Tg(K18-ACE2)2Prlmn/JArc

JAX Cat#034860; RRID: IMSR_JAX:034860

BALB/c Envigo Cat#162; RRID: IMSR_ENV:HSD-162

(Continued on next page)
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Oligonucleotides

Forward primer: 50- ACAGGTACGTTAATAGTTAATAGCGT-30 [400 nM]

Reverse primer: 50- ATATTGCAGCAGTACGCACACA-30 [400 nM]

probe: 50-FAM-ACACTAGCCATCCTTACTGCGCTTCG-TAMRA -3’ [200 nM].

Forward primer: 50-CGATCTCTTGTAGATCTGTTCTC-30 [400 nM]

Recombinant DNA

pcDNA3.4-TOPO GeneArt/Thermo Fisher Scientific Cat#810330DE

pNL4-3.Luc.R-.E� NIH ARP Cat#3418

pVSV-G Clontech PMID: 21609746; RRID: Addgene_138479

Software and algorithms

‘‘nlme’’ R Package R Foundation for

2Statistical Computing

https://cran.r-project.org/web/packages

‘‘sme’’ R Package R Foundation for

Statistical Computing

https://cran.r-project.org/web/packages

FlowJo v.10.7.1 TreeStar Inc https://www.flowjo.com/

solutions/flowjo/downloads

FlowJo v.10.7.1 TreeStar Inc https://www.flowjo.com/

solutions/flowjo/downloads

GraphPad Prism v7 GraphPad Software https://www.graphpad.com/

scientificsoftware/prism/

GraphPad Prism v9 GraphPad Software https://www.graphpad.com/

scientificsoftware/prism/

GraphPad Prism v9.0.2 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

R Commander 4.0.5 GNU GPl https://www.r-project.org/

R v3.6.3 R Foundation for Statistical Computing https://www.r-project.org/

xPONENT for MAGPIX 4.2 Luminex Corporation https://www.luminexcorp.

com/download-update/

Other

GeneArt Gene Synthesis Thermo Fisher Scientific N/A
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RESOURCE AVAILABILITY

Lead contact

Requests for further information or data should be directed to and will be fulfilled by the lead contact, An-

toni Prenafeta (antoni.prenafeta@hipra.com).
Materials availability

Project-related biological samples are not available since they may be required by regulatory agencies or

by HIPRA during the clinical development of the vaccine.

Data and code availability

d Data reported in this study cannot be deposited in a public repository because the vaccine is under clin-

ical evaluation. Upon request, and subject to review, the lead contact will provide the data that support

the reported findings.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

BALB/c mice (Envigo, #162) and B6.Cg-Tg(K18-ACE2)2Prlmn/J (K-18-hACE2) transgenic mice (Jackson

Laboratories, #034860) were used as animal models. All procedures that involved BALB/c mice were con-

ducted in accordance with the European Union Guidelines for Animal Welfare (Directive 2010/63/EU) and

approved by the Ethics Committee of HIPRA Scientific S.L.U. and the Department of Territory and Sus-

tainability of the Catalan Government (file: 11388). The experimental procedure that involved the use of

K18-hACE2 mice was conducted in accordance with the European Union Guidelines for Animal Welfare

(Directive 2010/63/EU) and was approved by the CMCiB Ethics Committee and the Department of Territory

and Sustainability of the Catalan Government (file: 11490). The animal study design followed the principles

of the 3Rs and animal welfare.

Forty-eight 5-week-old female BALB/c mice were allocated to 6 groups (n = 8) and were used for safety and

immunogenicity assays. BALB/c mice were injected intramuscularly with a 0.1 mL/dose of the test vaccine,

distributed equally in both hind legs (2 3 50 mL), on days 0 (prime) and 21 (boost). Group A was vaccinated

with PBS; group B was immunised with the 0.04-mg recombinant protein RBD fusion heterodimer/dose;

group C was immunised with the 0.2-mg recombinant protein RBD fusion heterodimer/dose; group D

was immunised with the 1-mg recombinant protein RBD fusion heterodimer/dose; group E was immunised

with the 5-mg recombinant protein RBD fusion heterodimer/dose; and group F was immunised with the 20-

mg recombinant protein RBD fusion heterodimer/dose. These animals were monitored daily for clinical

signs and bodyweight was recorded weekly until D35/D37; at that time, the animals were euthanised

and tissues were collected. Animals were watered and fed ad libitum with Premium Scientific Diet SAFE�
A04 (Safe-lab). Animals were kept on Arbocel� small functional cellulose pellets (Rettenmaier Ibérica, S. L.)

with a light/dark cycle of 12 hat a 22�C G 2�C in optimum hygienic SPF conditions behind a barrier system

under positive pressure with 37 air room renovations per hour. The animals were housed in a stainless-steel

rack with polycarbonate cages (530 3 280 3 150 mm) with stainless steel covers equipped with environ-

mental enrichment (nest material: cellulose paper and wood-wool, one PET roll and a PET plastic enrich-

ment dome and a red translucent wheel). The animals were identified with a cage card and individual fur

dye. A precision scale (Sartorius, model 112, 6.1 kg with 0.01 g resolution) was used to record the animals’

weights.

For further safety, immunogenicity, and efficacy assays, sixty-two (31F + 31M) 4/5-week-old K18-human-

ised ACE2 (hACE2) mice were allocated to 4 groups (n = 18; 9F + 9M, except for the placebo group:

n = 8; 4F + 4M). Specifically, group A was intramuscularly injected with PBS and non-infected; group

B was injected with PBS and infected with SARS-CoV-2; group C was vaccinated with 10 mg/dose of re-

combinant protein RBD fusion heterodimer and infected with SARS-CoV-2; and group D was vaccinated

with 20 mg/dose of recombinant protein RBD fusion heterodimer and infected with SARS-CoV-2. Animals

from satellite subgroups were euthanised on D35 to assess the immunological response of the vacci-

nated group. Challenged animals were chronologically euthanised on D37, D39 and D42 (males)/D43

(females). Several tissue samples were collected for further analyses. Efficacy were also assessed against

Beta, Delta and Omicron BA.1 variants in three different studies using forty-two 4/5-week-old

K18-humanised ACE2 (hACE2) mice. Each study had 2 groups of 18 animal (9F + 9M) and a placebo

group of 6 animals (3F + 3M). In particular, group A was intramuscularly injected with PBS and non-

infected; group B was injected with PBS and infected with Beta, Delta or Omicron BA.1 SARS-CoV-2

variant; and group C was vaccinated with 20 mg/dose of recombinant protein RBD fusion heterodimer

and infected with Beta, Delta or Omicron BA.1 SARS-CoV-2 variant. Animals from satellite subgroups

were euthanised on D35 to assess the immunological response of the vaccinated group. Challenged

animals were also chronologically euthanised on D37, D39 and D42 (males)/D43 (females) in order to

collect several tissue samples for RT-qPCR, virus titration and histopathology. Animals were watered

and fed ad libitum with Teklad Global 16% Protein Rodent Diet (Envigo, #2916). Animals were kept on

cellulose pellets from Rettenmaier Ibérica. Animals were housed in a ventilated rack, model Blue Line

Next/Boxunss (Tecniplast, #1145T00SUV-CP), equipped with environmental enrichment (nest material:

cellulose paper and cardboard roll). Animals were kept with a light/dark cycle of 12 hat 22�C G 2�C,
with negative room pressure and 20 air renovations per hour. The animals were identified with a dorsal

subcutaneous microchip (Trovan, #ID100-B 1.4 Mini transponder). A reader with an integrated scale

(Trovan, model 2812005) was used to record the animals’ weights. Cibertec was used as the anesthesia

equipment.
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In order to comply with animal welfare regulations, K18-hACE mice were injected with a 0.1 mL/dose of the

test vaccine, distributed equally in both hind legs (2 3 50 mL). Vaccines were injected intramuscularly

following a two-dose prime-and-boost schedule: first dose (prime) on D0 and second dose (boost) on

D21. Animals from satellite subgroups were euthanised on D35 to assess the immunological response of

the vaccinated group. The SARS-CoV-2 challenge was performed through intranasal inoculation with the

strain SARS-CoV-2 Catalonia 02 on a subset of animals on D35 with 25 mL in each nostril (103 TCID50/

mice in 50 mL/mice). This strain (GISAID: EPI_ISL_471472), which included the following mutations

compared to Wuhan strain, D614G (Spike), K837N (NSP3), P323L (NSP12), was isolated from a male patient

from Barcelona, who showed respiratory symptoms. The intranasal experimental infection was performed

under sedation with isoflurane 4–5%. The same procedures were followed for infections with SARS-CoV-2

Beta (B.1.351; GISAID: EPI_ISL_1663571), Delta (B.1.617.2; GISAID: EPI_ISL_3342900) and Omicron (BA.1;

GISAID: EPI_ISL_8151031) variants.

BALB/c mice vaccination and sampling were performed at HIPRA (Girona, Spain). K18-hACE2 mice vacci-

nation, SARS-CoV-2 challenge, and sampling were performed in the ABSL3 unit of the Comparative Med-

icine and Bioimage Center of Catalonia of the Germans Trias i Pujol Research Institute (Badalona, Spain).

The protocol followed is depicted in Figure 2.

Cell lines

HEK293T cells overexpressing WT human ACE-2 (Integral Molecular, USA) were used as target in the pseu-

dovirus-based neutralisation assay. Cells were maintained in T75 flasks with Dulbecco0s Modified Eagle0s
Medium (DMEM) supplemented with 10% FBS and 1 mg/mL of Puromycin (Thermo Fisher Scientific, USA).

Expi293F cells (Thermo Fisher Scientific) are a HEK293 cell derivative adapted for suspension culture, which

were used for SARS-CoV-2 pseudovirus production. Cells were maintained under continuous shaking in Er-

lenmeyer flasks following the manufacturer’s guidelines.

Vero E6 (ATCC CRL-1586) cell monolayers were cultured for 3 days at 37�C and 5% CO2 in DMEM (GIBCO)

supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM glutamine (all reagents from

Thermo Fisher Scientific). CHO cells were cultured in a bioreactor in a chemically defined media, at 36–

38�C with a pH 6.80–7.40, 5–8% CO2 for 60–108 h with stirring (tip speed 0.4-1) and glucose 2–9 g/L.

METHOD DETAILS

Computational modeling of antigen constructs

For the estimation of the protein-protein interaction energies of the two studied construct variants

(B.1.351-B.1.1.7 and B.1.1.7-B.1.351), AlphaFold233 models were generated for each system followed by se-

lection of an individual candidate conformation per construct variant, based on the strongest protein-pro-

tein interaction energies identified with the pyDock scoring function.48 Selected candidates were used as

starting models for Molecular Dynamics (MD) simulations with the Amber18 software package.49 Each pro-

tein was immersed in a pre-equilibrated octahedral water box with a 12-Å buffer of TIP3P water molecule50

using the leap module, resulting in the addition of �26,000 solvent molecules. The systems were subse-

quently neutralised by addition of explicit counterions (Na+ and Cl�). All calculations were done using

the widely tested ff14SB Amber protein force field.51 A two-stage geometry optimisation approach was

performed, consisting of an initial minimisation of solvent molecules and ions (imposing protein restraints

of 500 kcal mol�1 Å�2) followed by an unrestrainedminimisation of all atoms in the simulation cell. The sys-

tems were then gently heated using six 50-ps steps, incrementing the temperature 50 K each step (0–300 K)

under constant volume and periodic boundary conditions. Next, both systems were then equilibrated

without restraints for 2 ns at a constant pressure of 1 atm and temperature of 300 K. Finally, 500 ns MD pro-

duction simulations were performed for each of the systems in the NVT ensemble and periodic boundary

conditions. Models of both constructs bound to a hACE2 dimeric receptor were manually built based on

available X-ray crystal structures (PDB: 6M17) and MD parameterised following the protocol described

above. Production runs of 100 ns were calculated for each system studied.

The RBD-RBD interaction energies between candidate constructs and construct-hACE2 receptor were

calculated using the MM-GBSA method in Amber18.52 For each PHH-1V construct, the MM-GBSA calcula-

tion was performed using 300 snapshots over the last 300 ns of the simulation with 1 ns interval with the

MMPBSA.py module in Amber 18 with an ionic strength equal to 0.1 M.
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Recombinant RBD fusion heterodimer characterisation

The antigen was produced in a bioreactor based on a selected stable CHO clone. A fed-batch strategy was

used for high-cell-density cultivation and expression of the RBD fusion heterodimer. Upon harvest, the cell

broth was clarified by depth filtration. The clarified supernatant was further purified via sequential chroma-

tography. The purified antigen was then buffer exchanged by tangential flow filtration and filter sterilised.

Purity and integrity were evaluated by SDS-PAGE with Bolt� 4 to 12% Bis-Tris gels (Thermo Fisher, ref.

NW04120BOX), stained with One-Step Blue Protein Gel Stain (Biotium, ref. 21003), and by SEC-HPLC

with an Xbridge Protein BEH SEC (Waters, ref. 186009160) connected to an HP1100 system (Agilent

Technologies).

The affinity test of the RBD heterodimer with human ACE2 by surface plasmon resonance (SPR) was per-

formed by ACROBiosystems. The Fc-tagged ACE2 (AC2-H5257, ACROBiosystems) was immobilised in a

Series S Sensor Chip CM5 (Cytiva) on a Biacore T200 (Cytiva) using the Human Antibody Capture Kit (Cy-

tiva). The affinity measure was obtained using 8 different RBD heterodimer concentrations. The antigen

structure simulations were performed with UCSF ChimeraX.53
SARS-CoV-2 recombinant protein RBD heterodimer adjuvanted vaccines

The purified RBD fusion heterodimer was formulated with the SQBA adjuvant, an oil-in-water emulsion pro-

duced by HIPRA. The PHH-1V vaccine was tested at different concentrations: 0.04 mg, 0.2 mg, 1 mg, 5 mg and

20 mg of RBD fusion heterodimer/dose for the safety and immunogenicity assays in BALB/c mice. For effi-

cacy assessment in the K18-hACE2 mice animal model, the vaccine was tested at 10 mg and 20 mg of fusion

heterodimer/dose. The placebo vaccines were prepared with PBS (PBS).
Analysis of SARS-CoV-2-specific antibodies

Serum binding antibodies against SARS-CoV-2 RBD were determined by ELISA (HIPRA). MaxiSorp plates

(Nunc, Roskilde, Denmark) were coated with 100 ng/well RBD protein (Sino Biologicals, Beijing, China) and

blocked with 5% non-fat dry milk (Difco Skim Milk, BD, Franklin Lakes, NJ, USA) in PBS. Wells were incu-

bated with serial dilutions of the serum samples and the bound total IgG specific antibodies were detected

by peroxidase-conjugated Goat Anti-Mouse IgG (Sigma-Aldrich, St. Louis, MO, USA). Finally, wells were

incubated with K-Blue Advanced Substrate (Neogen, Lansing, MI, USA) and the absorbance at 450 nm

was measured using a microplate reader (Versamax microplate reader, Molecular Devices, San Jose,

CA, USA). The mean value of the absorbance was calculated for each dilution of the serum sample run

in duplicate. Isotypes IgG1 and IgG2a were detected using Peroxidase AffiniPure Goat Anti-Mouse IgG,

Fcg subclass 1 specific, and Peroxidase AffiniPure Goat Anti-Mouse IgG, Fcg subclass 2a specific, (Jackson

ImmunoResearch, Cambridge, UK), respectively. The endpoint titer of RBD-specific total IgG binding an-

tibodies was established as the reciprocal of the last serum dilution yielding 3 times the mean optical den-

sity of the negative control of the technique (wells without serum added).
Pseudovirus neutralisation assay

Neutralising antibodies in serum against SARS-CoV-2 Wuhan (original sequence) and the Alpha,

Beta, Gamma, and Delta variants were determined by a pseudoviruses-based neutralisation assay

(PBNA) at IRSICaixa (Barcelona, Spain) using an HIV reporter pseudovirus that expresses the S protein of

SARS-CoV-2 and luciferase. To generate pseudoviruses, Expi293F cells were transfected using

ExpiFectamine293 Reagent (Thermo Fisher Scientific) with pNL4-3.Luc.R-.E- and SARS-CoV-2.SctD19 at

a 24:1 ratio, respectively.54 pNL4-3.Luc.R-.E- was obtained from the NIH AIDS Reagent Program and

SARS-CoV-2.SctD19 was generated by GeneArt from the full protein sequence of SARS-CoV-2 spike

with a deletion of the last 19 amino acids in C-terminal, 24 human-codon optimized and inserted into

pcDNA3.4-TOPO. Control pseudoviruses were obtained by replacing the S protein expression plasmid

with a VSV-G protein expression plasmid (pVSV-G) described before.55 Supernatants were harvested

48 h after transfection, filtered at 0.45 mm, frozen, and titrated on HEK293T cells overexpressingWT human

ACE-2 (Integral Molecular, USA).

For the neutralisation assay, 200 TCID50 of pseudovirus supernatant was preincubated with serial dilutions

of the heat-inactivated serum samples for 1 hat 37 �C and then added onto ACE2 overexpressing HEK293T

cells. After 48 h, cells were lysed with britelite plus luciferase reagent (PerkinElmer, Waltham, MA, USA).

Luminescence was measured for 0.2 s with an EnSight multimode plate reader (PerkinElmer). The
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neutralisation capacity of the serum samples was calculated by comparing the experimental RLU calculated

from infected cells treated with each serum to the max RLUs (maximal infectivity calculated from untreated

infected cells) andmin RLUs (minimal infectivity calculated from uninfected cells) and expressed as the neu-

tralisation percentage: neutralisation38 (%) = (RLUmax–RLUexperimental)/(RLUmax–RLUmin) * 100. IC50

were calculated by plotting and fitting neutralisation values and the plasma dilution log to a

4-parameters equation in Prism 9.0.2 (GraphPad Software, USA).

Intracellular cytokine staining (ICS)

ICS was performed by the Infection Biology Group at the Department of Experimental and Health Sciences,

Universitat Pompeu Fabra (DCEXS-UPF, Barcelona, Spain). Spleens from female mice were mechanically

disrupted onto a 40-mM cell strainer and incubated in 5 mL of 0.15 M ammonium chloride buffer for 5 minat

room temperature (RT) for red blood cell lysis. Cells were then washed in RPMI (Gibco, Tavarnuzze, Italy)

supplemented with 10% FBS, 1% penicillin/streptomycin, 0.05 mM-Mercaptoethanol and 1 mM sodium py-

ruvate (cRPMI). Two million splenocytes per well (96-well plate) were stimulated in vitro under three condi-

tions: (i) a 1:1 mix of the peptide libraries (PepMix) from the B.1.1.7 (Alpha variant) and B.1.351 (Beta variant)

lineages covering the entire RBD of the SARS-CoV-2 S protein; (ii) cRPMI (negative control); and (iii) PMA +

Ionomycin (positive control) for 5 hat 37 �C 5% CO2 in cRPMI in the presence of Brefeldin A (Sigma-Aldrich)

for the last 3 h before antibody staining. The final concentrations used were 1 mg/mL of each peptide of the

RBD peptide pool, 15 ng/mL of PMA (Sigma-Aldrich) and 250 ng/mL of ionomycin (Sigma-Aldrich). For flow

cytometric analysis, equal numbers of cells were stained with Fixable Viability Stain 780 (BD Biosciences,

New Jersey, NJ, USA) in PBS for 15 minat RT followed by staining with antibodies against CD3, CD4,

CD8 and CD44 for 20min on ice in FACS buffer (PBS: 5% FCS, 0.5% BSA, 0.07%NaN3). Cells were then fixed

for 20 min on ice with 2% formaldehyde and stained with antibodies against intracellular proteins (IFN-g,

TNF-a, IL-2 and IL-4) for 20 min on ice in perm/wash buffer (PBS: 1% FCS, NaN3 0.1%, saponin 0.1%). All

antibodies were purchased from either BD Biosciences, Thermo Fisher or BioLegend (see key resources

table for more details). Samples were processed on an Aurora analyser (Cytek, Fremont, CA, USA).

FACS data were analyzed using FlowJo 10 software (Tree Star Inc., Ashland, OR, USA). The gating strategy

followed in the analysis is depicted in Figure S6. The stain index was calculated by subtracting the mean

fluorescence intensity (MFI) of the unstained or fluorescence minus one (FMO) control from the MFI of

the stained samples and dividing it by two times the SD of the unstained population. Background cytokine

expression in the no-peptide (cRPMI) condition was subtracted from that measured in the RBD peptide

pool for each mouse. To calculate the Th1 response in CD4+ and CD8+, the Boolean tool of the FlowJo

software was used.

Mouse cytokine assay

The cytokine assay was performed by the Infection Biology Group at the Department of Experimental and

Health Sciences, Universitat Pompeu Fabra (DCEXS-UPF, Barcelona, Spain). Splenocytes from female mice

were seeded at 1.1 3 106 cells/well in 24-well plates and stimulated with a 1:1 mix of the RBD overlapping

peptides from B.1.1.7 (Alpha variant) and B.1.1351 (Beta variant) lineages (1 mg/mL each). cRPMI media was

used as a negative control and PMA (15 ng/mL) + ionomycin (250 ng/mL) as a positive control. The super-

natants were harvested after 48 h incubation at 37 �C and a panel that quantifies the cytokines IL-2, IL-4,

IL-5, IL-6, IL-10, IFN-g and TNF-a (Luminex Multiplex, Invitrogen, Waltham, MA, USA) was run according

to the manufacturer’s instructions. These measurements were performed at Veterinary Clinical Biochem-

istry Service, Faculty of Veterinary Medicine, Universitat Autònoma deBarcelona (UAB, Barcelona, Spain).

IFN-g and IL-4 ELISpot assays

ELISpot assays were performed with mouse IFN-g and IL-4 ELISpot PLUS kits according to the manufac-

turer’s instructions (3321-4HPT-10 and 3311-4HPW-10, Mabtech, Herndon, VA, USA). A total of 2.5 3 105

or 4 3 105 splenocytes from female mice were seeded per well for the IFN-g and IL-4 tests, respectively,

and ex vivo stimulated either with the 1:1 mix of the RBD overlapping peptides from the B.1.1.7 (Alpha

variant) and B.1.351 (Beta variant) lineages (1 mg/mL each), or with complete cRPMI (negative control) or

with concanavalin A (5 mg/mL (Sigma-Aldrich)) (positive control). Each condition was run in duplicates. After

an incubation period of 18–20 h (for IFN-g) or 48 h (for IL-4), the plates were manipulated according to the

manufacturer’s instructions. Spots were counted under a dissection microscope. Frequencies of IFN-g or

IL-4-secreting cells were expressed as the number of responding cells per million splenocytes. The number

of spots in unstimulated cultures (negative control) was subtracted from the spot count in RBD-stimulated

cultures.
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SARS-CoV-2 genomic RT-qPCR

Total viral load in respiratory tissue samples was determined by RT-qPCR (CReSA, IRTA-UAB, Barcelona,

Spain). Viral RNA was extracted from target organs and swabs samples using the IndiMag pathogen kit

(Indical Bioscience) on a Biosprint 96 workstation (QIAGEN) according to the manufacturer’s instructions.

The RT-qPCR used to detect viral gRNA was performed with the AgPath-ID One-Step RT-PCR Kit (Life

Technologies). In brief, 5 mL of RNA were added to 25 mL reaction containing 12.5 mL of 2 3 reaction buffer

and 1 mL of 25X RT-PCR Enzyme mix provided with ArrayScript Reverse Transcriptase and AmpliTaq Gold

DNA Polymerase. RT-qPCR targets a portion of the envelope protein gene (position 26,141–26,253;

GenBank: NC_004718). The primers and probes used, and their final concentration, were the following: for-

ward, 50-ACAGGTACGTTAATAGTTAATAGCGT-30 [400 nM]; reverse, 50-ATATTGCAGCAGTACGCACA

CA-30 [400 nM]; probe, 50-FAM-ACACTAGCCATCCTTA CTGCGCTTCG-TAMRA-30 [200 nM].56 Thermal

cycling was performed at 55 �C for 10 min for reverse transcription, followed by 95 �C for 3 min, and

then 45 cycles of 94 �C for 15 s plus 58 �C for 30 s.
Virus titration in vero E6 cell

Virus titers were determined in RT-qPCR positive samples using a standard TCID50 assay in Vero E6 cells at

CReSA (IRTA-UAB).56 Briefly, each sample was 10-fold diluted in duplicate, transferred in a 96 well plate

with a Vero E6 cells monolayer and incubated at 37 �C and 5% CO2. Plates were monitored daily under

the light microscope and wells were evaluated for the presence of CPE at 5 dpi. The amount of infectious

virus was calculated by determining the TCID50 using the Reed-Muench method.
Histopathology

Histopathological analyses were performed at CReSA (IRTA-UAB). Lower (lungs) respiratory tract, brain,

spleen, trachea, heart and skeletal muscle were fixed in 10% buffered formalin and routinely processed

for histopathology. Haematoxylin- and eosin-stained slides were examined under optical microscope.

Multifocal broncho-interstitial pneumonia, multifocal lymphoplasmacytic rhinitis and non-suppurative

meningoencephalitis were evaluated from lung, nasal turbinate and brain lesions, respectively, according

to the following semi-quantitative score: 0 (no lesion); 1 (mild lesion, multifocal distribution and less than

10% of tissue affected); 2 (moderate lesion, multifocal distribution and between 10 and 40% of tissue

affected); and 3 (severe lesion, multifocal to diffuse distribution and more than 40% of tissue affected).56,57

A European certified (ECVP) pathologist performed a blinded pathology assessment.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and plots were generated using R (version 4.0.5) or GraphPad Prism (version 9). Unless

otherwise specified, all plots depict individual data points for each animal, along with the samplemean and

SD. When required, data was either log10- or arcsine-transformed (i.e., log-normal and percentage vari-

ables, respectively). The exact number (n) used in each experiment is indicated in the caption below

each figure.

When testing the effect of one or two factors, one-way ANOVA or linear models were generally employed.

For models involving independent observations, the generalised least squares approximation (GLS imple-

mentation in the R package nlme) was used to accommodate potential heteroscedasticity. Conversely, for

models involving repeated measures, linear mixed effects models were fitted using the lme implementa-

tion in the R package nlme. Unless otherwise specified, time, group and their interaction were included in

the models as fixed effects, and the experimental subject was considered a random factor. The corre-

sponding random intercept models were fitted to the data using restricted maximum likelihood. Correla-

tion between longitudinal observations as well as heteroscedasticity were included in the models when

required with appropriate variance-covariance structures. On the other hand, data violating the assump-

tion of normality, as well as ordinal variables, were analyzed using Mann-Whitney or Kruskal-Wallis tests,

depending on the number of groups, segregating by timepoint if needed.

Assumptions were tested graphically (using quantile-quantile and residual plots) for both modeling ap-

proaches, andmodel selection was based on likelihood ratio tests or a priori assumptions. The correspond-

ing estimated marginal means were calculated using the R package emmeans.
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For post-hoc pairwise comparisons, appropriate tests were employed depending on the nature of the data

and the comparisons to perform, with corrections for multiple testing when required (i.e., Holm’s-Bonfer-

roni correction or multivariate t-distribution adjustment). When comparisons against zero-variance groups

(all observations having the same value) needed to be performed, one-sample tests were employed

instead.

Finally, survival analysis was performed to test the differences in clinical signs and mortality using Kaplan-

Meier estimates and the log rank test. For analyses involving more than two groups, a priori pairwise con-

trasts were employed upon significant omnibus log rank tests to control type I error.

Statistically significant differences between groups are indicated with a line on top of each group: **p<

0.01; *p< 0.05; +0.05<p< 0.1.
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