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SUMMARY

SARS-CoV-2 emerged in December 2019 and quickly spread worldwide, continu-
ously strikingwith an unpredictable evolution. Despite the success in vaccine pro-
duction and mass vaccination programs, the situation is not still completely
controlled, and therefore accessible second-generation vaccines are required
to mitigate the pandemic. We previously developed an adjuvanted vaccine candi-
date coded PHH-1V, based on a heterodimer fusion protein comprising the RBD
domain of two SARS-CoV-2 variants. Here, we report data on the efficacy, safety,
and immunogenicity of PHH-1V in cynomolgus macaques. PHH-1V prime-boost
vaccination induces high levels of RBD-specific IgG binding and neutralizing anti-
bodies against several SARS-CoV-2 variants, as well as a balanced Th1/Th2
cellular immune response. Remarkably, PHH-1V vaccination prevents SARS-
CoV-2 replication in the lower respiratory tract and significantly reduces viral
load in the upper respiratory tract after an experimental infection. These results
highlight the potential use of the PHH-1V vaccine in humans, currently undergo-
ing Phase III clinical trials.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus type 2

(SARS-CoV-2), emerged in Wuhan (China) in December 2019 and quickly spread worldwide.1 COVID-19

has had a catastrophic economic and health impact worldwide despite governmental efforts to face the

pandemic through preventive measures and rapid development of effective vaccines.2 As of 14th

September 2022, over 605 million confirmed cases and over 6.4 million deaths have been reported

globally.3 Several vaccines have been approved for human use, including mRNA vaccines (BNT162b2,

mRNA-1273), adenovirus vector-based vaccines (ChAdOx1 nCoV-19, Ad26.COV2.S, Ad5-nCoV-S, Gam-

COVID-Vac), inactivated virus vaccines (VLA2001, PiCoVacc, BBIBP-CorV), and protein subunit vaccines

(NVX-CoV2373, VAT00002).4,5 The approved vaccines have shown a good safety and efficacy profile and

their extensive use has resulted in a dramatic reduction in hospitalizations and mortality.6,7

Nevertheless, the distribution of vaccines around the world is not equitable, leavingmany low- andmiddle-

income countries with an insufficient supply.8 Although 67.9% of the world population has received at least

one dose of a COVID-19 vaccines, only 22.5% of people in low-income countries have received at least one

dose.9 Moreover, the emergence of new SARS-CoV-2 variants of concern (VOCs) with increasing immune

evasion in vaccinated and convalescent individuals,10–12 as well as the lack of vaccines that fully protect

against reinfection and transmission,13 has highlighted the need to develop new and effective SARS-

CoV-2 vaccines. For instance, Omicron (BA.1) VOC contains many mutations in its spike protein associated

with increased immune evasion and transmissibility.14 Indeed, two doses of ChAdOx1 nCoV-19 (AstraZe-

neca) or BNT162b2 (Pfizer-BioNTech) vaccine provided limited protection against infection with Omicron

(BA.1) variant and mild disease.15

Second-generation vaccines are currently being developed to complement existing vaccines through het-

erologous prime-boost strategies and increased efficacy and availability. Subunit vaccines based on
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recombinant proteins can be produced on low-cost expression platforms and scaled easily at high yields,

making them easier to produce and distribute globally. They are also stable and less reliant on a cold chain

for their distribution than mRNA vaccines,16 and they are associated with lower antibody-dependent

enhancement (ADE) risks compared with other vaccine platforms.17 The receptor-binding domain (RBD)

of the spike protein is an attractive antigen for developing COVID-19 subunit vaccines.18 RBD is the domain

that binds to the human angiotensin converting enzyme 2 (ACE2) receptor to mediate viral entry. It is also

the target for most of the neutralizing antibodies elicited in natural infections, and several strong mono-

clonal antibodies have been identified in convalescent human sera and plasma.19,20 Furthermore, most

of the mutations of the Omicron (BA.1) spike protein are located at the RBD, including important mutations

from previous variants.21

Our team has developed a ready-to-use adjuvanted recombinant RBD vaccine against SARS-CoV-2

referred to as ‘‘COVID-19 Vaccine HIPRA’’ or PHH-1V. The protein-based subunit vaccine candidate con-

sists of a recombinant RBD fusion heterodimer of the Beta variant (B.1.351) and the Alpha variant of

SARS-CoV-2 (B.1.1.7), produced in Chinese Hamster Ovary (CHO) cells and adjuvanted with an oil-in-water

emulsion based on squalene (SQBA). Previous results showed that a prime-boost PHH-1V vaccination dis-

played an excellent safety profile in BALB/c and K18-hACE2 mice, produced RBD-specific antibodies with

neutralizing activity against Alpha, Beta, Delta and Omicron (BA.1) variants, and elicited a robust CD4+ and

CD8+ T cell response. Importantly, vaccination prevented mortality and body weight loss in SARS-CoV-2

infected K18-hACE2 mice, which is indicative of a high vaccine efficacy.22 Currently, EMA’s human medi-

cines committee (CHMP) has recommended authorizing the PHH-1V vaccine (Bimervax) as a booster in

people aged 16 years and above who have been vaccinated with an mRNA COVID-19 vaccine.

Non-human primates (NHPs) are often used to study viral vaccine efficacy and immunogenicity because most of

innate and adaptive immune responses elicited against viruses are very similar to human responses.17 Here, we

report data on the immunogenicity, safety and efficacy profile of the PHH-1V vaccine candidate in twelve cyn-

omolgus macaques (Macaca fascicularis) challenged with SARS-CoV-2 (D614G strain).
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RESULTS

PHH-1V vaccination elicits high binding and neutralizing antibody levels against SARS-CoV-2

in cynomolgus macaques

To assess the immunogenicity of PHH-1V vaccine, a group of six cynomolgus macaques (3 males and 3 fe-

males) were inoculated intramuscularly with 40 mg of the RBD fusion heterodimer mixed with SQBA on days

(D) 0 and 21. A control group of same size was injected with PBS on the same dates. On D36, all animals

were challenged intranasally and intratracheally with 2 3 106 PFU of SARS-CoV-2 D614G strain and clini-

cally monitored for 6 days. Sera from animals were obtained before each immunization (D0 and D21),

7 days post-immunization (dpi) (D28), pre-challenge (D36) and 6 days post-challenge (dpc) (D42) to eval-

uate RBD-specific binding antibodies by ELISA (Figure 1).

Vaccination with one dose of PHH-1V induced significantly higher levels of IgG binding antibodies against

RBD compared to control animals (p < 0.01) on D21 (Figure 2A). A second dose of PHH-1V also significantly

increased IgG antibody titers versus control group (p < 0.01) on D28 (7 dpi) and this superiority was main-

tained until the end of the study (D42) (Figure 2A). In addition, IgA antibody titers against SARS-CoV-2 RBD

were analyzed in bronchoalveolar lavages (BAL) collected on D28 and D42 (6 dpc) (Figure 2B). Prime-boost

immunization with PHH-1V induced significant higher anti-RBD IgA antibody levels (p < 0.05) on D42

compared to control groups. On D28, there is a tendency toward a higher anti-RBD IgA antibodies in

PHH-1V-vaccinated animals.

SARS-CoV-2 neutralizing antibody titers were determined initially in sera on D36 (pre-challenge) by Pseu-

dovirus Based Neutralisation Assay (PBNA) using HIV reporter pseudovirus that express the spike protein

of Beta, Delta and Omicron (BA.1 and BA.4/BA.5) VOCs (Figure 2C). PHH-1V vaccination induced higher

neutralizing antibody titers against Beta (p < 0.01), Delta (p < 0.05), Omicron (BA.1) (p < 0.05) and Omicron

(BA.4/BA.5) variants compared to control animals. Background neutralization against the Beta variant was

observed in non-vaccinated control animals, whereas no neutralizing activity was observed in these groups

against the Delta andOmicron variants. Neutralization activity against SARS-CoV-2 D614G and VOCAlpha,

Gamma and Delta was also confirmed on D36 by a microneutralization test (MNT) with live viruses (Fig-

ure 2D). Animals vaccinated with PHH-1V showed a strong neutralizing antibody response against all
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Figure 1. Study timeline

Cynomolgus macaques (6 per group) were immunized intramuscularly on days 0 and 21 with 40 mg of PHH-1V vaccine or

with PBS as mock vaccine (control). On D36, animals were challenged intranasally and intratracheally with 2 3 106 PFU of

SARS-CoV-2. Different types of samples were taken at the timepoints indicated in the picture. All animals were euthanized

on D42 (7 dpc). D, day; dpc, days post-challenge. Figure was generated using images assembled from Servier Medical Art

(https://smart.servier.com).
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studied variants on D36 (p < 0.05 vs. control group) as well as against SARS-CoV-2 D614G strain. No

neutralizing activity against SARS-CoV-2 and different VOCs was observed in animals inoculated with PBS.

PHH-1V vaccination elicits robust T cell immune responses against different SARS-CoV-2

VOCs in cynomolgus macaques

We next analyzed specific T cell immune responses induced by PHH-1V on D28 (7 dpi) in PBMCs stimulated

with an RBD peptide pool from Alpha and Beta variants (Figure 3A) or Omicron (BA.1) variant (Figure 3B)

through an ELISpot test. A prime-boost immunization with PHH-1V induced significantly higher levels of

specific IFNɣ- and IL-4-secreting cells against Alpha, Beta and Omicron (BA.1) variants on D28 compared

to control group (p < 0.01 and p < 0.05 respectively for each stimulation). Remarkably, vaccinated animals

showed a balanced Th1- and Th2- response against Alpha and Beta variants, but a polarized Th1-type im-

mune response against Omicron (BA.1).

T cell immune responses were further studied on D28 in PBMCs stimulated with an RBD peptide pool from

Alpha and Beta variants by Intracellular Cytokine Staining (ICS). In PHH-1V-vaccinated animals, there was a

trend toward higher specific CD4+ T-cells secreting Th1-like cytokines (IFNɣ, and/or TNFɑ, and/or IL-2)
(Figure 3C). Animals vaccinated with PHH-1V elicited also robust and specific CD8+ T cells secreting

TNFɑ (p < 0.05) and Th1-like cytokines (IFNɣ, and/or TNFɑ, and/or IL-2; p < 0.01) compared to animals inoc-

ulated with PBS (control) (Figure 3D). Likewise, IFNɣ+ CD4+ T cell levels were similar to IL-4+ CD4+ T cell

levels, suggesting a balanced Th1- and Th2- response in animals vaccinated with PHH-1V (Figure 3C).

PHH-1V vaccination protects from SARS-CoV-2 replication and infection in the upper and

lower respiratory tract in cynomolgus macaques

To test PHH-1V efficacy on SARS-CoV-2 infection in cynomolgus macaques, we analyzed the levels of

genomic RNA (gRNA) to determine the viral load in nasopharyngeal, oropharyngeal and rectal swabs, as

well as in bronchoalveolar lavage (BAL) by RT-qPCR (Figures 4A–4D). PHH-1V vaccination significantly

reduced viral gRNA levels in nasopharyngeal swabs 2 and 3 dpc (p < 0.05) compared to PBS vaccination

(Figure 4B). Furthermore, PHH-1V-vaccinated animals controlled SARS-CoV-2 infection in BAL and ex-

hibited significantly lower gRNA levels 2, 4 and 6 dpc (p < 0.05) compared to control animals (Figure 4D).

At the end of the study, viral gRNAwas not detected in BAL of three out of six vaccinated animals with PHH-

1V, but could be detected in all six control animals.
iScience 26, 107224, July 21, 2023 3
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Figure 2. Humoral immune responses in cynomolgus macaques on PHH-1V vaccination

(A) IgG antibody titers against RBD were assessed by ELISA in sera from control animals (PBS, n = 6) and vaccinated

animals (PHH-1V, n = 6) on days 0, 21, 28, 36 and 42. Each data point represents an individual animal with bars indicating

the mean and the SD. Log10-transformed data were analyzed by means of a linear mixed effects model.

(B) RBD-specific IgA antibody titers were assessed by ELISA in bronchoalveolar lavages (BAL) from control and PHH-1V

vaccinated animals 7 days post-immunization (D28) and 6 days post-challenge (D42). Each data point represents an

individual animal with bars indicating the mean and the SD. Log10-transformed data were analyzed using a Mann-

Whitney’s U test.

(C) Neutralizing antibody response was analyzed on D36 (pre-challenge) by pseudoviruses-based neutralization assay

(PBNA) against Beta, Delta, and Omicron (BA.1 and BA.4/BA.5) SARS-CoV-2 variants in macaques immunized with the

PHH-1V vaccine (n = 6) and control animals (PBS, n = 6). Neutralizing titers are expressed as log10 IC50, and limit of

detection is shown as a horizontal dotted line. Each data point represents an individual animal with bars indicating the

mean and the SD. Data were analyzed using Mann-Whitney U-tests or one-sample Wilcoxon tests against the null H0:

m = 1.80.

(D) SARS-CoV-2 neutralizing antibodies were analyzed by the microneutralization test (MNT) on D36 against D614G strain

and Alpha, Gamma, and Delta variants in macaques. Limit of detection is shown as a horizontal dotted line. Each data

point represents an individual animal with bars indicating the mean and the SD. Data were analyzed using one-sample

Wilcoxon tests against the null H0: m = 1.30. (*p < 0.05, **p < 0.01).
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Six dpc all animals were euthanized, and some SARS-CoV-2 target tissues were collected to determine viral

gRNA by RT-qPCR (Figure 4E). PHH-1V vaccinated animals exhibited significantly lower viral gRNA levels in

lungs compared to PBS vaccinated animals, with a major decrease in the caudal lobes (p < 0.01). Impor-

tantly, SARS-CoV-2 was undetectable 6 dpc in lungs, trachea, and nasal turbinates in most animals immu-

nized with PHH-1V vaccine.

We also analyzed the subgenomic RNA (sgRNA) in nasopharyngeal swabs and BAL by RT-qPCR to confirm

these results (Figure S2). While viral sgRNA was not detected in BAL from PHH-1V-vaccinated animals, it

was detected in BAL from control animals 2 and 4 dpc (p < 0.05). There was also a trend toward higher pos-

itive sgRNA samples in nasopharyngeal swab supernatants from control animals.
4 iScience 26, 107224, July 21, 2023
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Figure 3. Cellular immune responses in cynomolgus macaques on PHH-1V vaccination

(A and B) PBMCs were isolated 7 days post-immunization (dpi) (D28) in PHH-1V vaccinated (n = 6) and PBS-mock

vaccinated control (n = 3 or 4) group and then they were stimulated with an RBD peptide pool from Alpha and Beta

variants (A) or Omicron (BA.1) variant (B) IFNɣ+- and IL-4+-expressing cells were determined by ELISpot assay. Each data

point represents an individual animal with bars indicating the mean and the SD. Arcsine square root-transformed

percentage data were analyzed using generalized least squares models.

(C and D) PBMC from vaccinated (PHH-1V, n = 6) and control (PBS, n = 4) cynomolgus macaques were isolated 7 dpi (D28).

PBMCs were stimulated with an RBD peptide pool from Alpha and Beta variants and analyzed by ICS. Frequencies of

cytokine expressing CD4+ T cells (C) and CD8+ T cells (D) are shown. Frequencies of CD4+ and CD8+ T cells expressing

Th1-like cytokines (IFNɣ, TNFa and/or IL-2) are also depicted. Arcsine square root-transformed percentage data were

analyzed using generalized least squares models. Basal expression of cytokines stimulated with media was considered

the background value and was subtracted from the peptide-specific response. Two animals from the control group were

excluded in both assays (ELISpot and ICS) because one showed a consistent RBD-specific response and the other showed

a higher percentage of dead cells in their PBMCs. In the ELISpot assay stimulated with Omicron (BA.1) peptides, another

one was excluded for not having enough cells to perform the analysis. Each data point represents an individual animal

with bars indicating the mean and the SD. Data were analyzed using Welch’s permutation t-tests or Mann-Whitney

U-tests. (*p < 0.05, **p < 0.01).
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To further study PHH-1V efficacy in cynomolgus macaques, we also analyzed the infective viral load of

SARS-CoV-2 in nasopharyngeal and oropharyngeal swabs, BAL, and lungs by 50% tissue culture infectious

dose (TCID50) assay. All PHH-1V-immunised animals controlled SARS-CoV-2 infection with no detection of

infectious virus after challenge in oropharyngeal (Figure 5A) and nasopharyngeal swabs (except for one an-

imal at 1 dpc, Figure 5B), BAL (except for one animal at 6 dpc, Figure 5C) and lungs (Figure 5D). In contrast,

control animals exhibited high titers of SARS-CoV-2 in oropharyngeal up to 1 dpc, nasopharyngeal swabs

and BAL up to 2 dpc and in lungs 6 dpc. Importantly, PHH-1V vaccination significantly reduced the infec-

tious viral load in nasopharyngeal swabs 1 dpc (p < 0.05) and in the cranial part of the cranial lobe (p < 0.01)

and caudal (p < 0.05) lobes of lungs 6 dpc (Figures 5B and 5D).

PHH-1V vaccination protects from lung disease induced by SARS-CoV-2 infection in

cynomolgus macaques

Animal lungs were also processed after euthanasia 6 dpc in order to perform histopathological analysis.

Lung inflammation scores of control animals were significantly higher (p < 0.05) than PHH-1V vaccinated

animals (Figure 6A). Likewise, the extent and severity of bronchointerstitial inflammation were more
iScience 26, 107224, July 21, 2023 5
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Figure 4. Quantification of viral RNA copies in lungs and upper respiratory tract of infected animals

(A–D) SARS-CoV-2 genomic RNA copies were measured by RT-qPCR in oropharyngeal swabs (A), nasopharyngeal swabs

(B), rectal swabs (C) and BAL (D) from PHH-1V-vaccinated (n = 6) and control (n = 6) animals at different times post-

challenge. Each data point represents an individual animal with bars indicating the mean and the SD. Log10-transformed

data were analyzed using linear mixed effects models and gRNA is expressed as log10 (nsp14 copies/mL).

(E) At 6 dpc (D42), animals were euthanized and viral RNA copies were measured in lungs, trachea, nasal turbinates, and

oropharynx by RT-qPCR. Genomic RNA is expressed as log10 (nsp14 copies/GAPDH copies). Each data point represents

an individual animal with bars indicating the mean and the SD. Data were analyzed using Mann-Whitney U-tests or one-

sample Wilcoxon tests against the null H0: m = �5. (*p < 0.05, **p < 0.01). dpc, days post-challenge.
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Figure 5. Quantification of infectious viral load in lungs and upper respiratory tract of infected animals

(A–C) Infectious viral load was measured by TCID50 assay in oropharyngeal swabs (A), nasopharyngeal swabs (B) and BAL

(C) from PHH-1V-vaccinated (n = 6) and control (n = 6) animals at different times post-challenge. Results were expressed

as log10 TCID50/mL, and the limit of detection (LOD) is indicated as a horizontal dotted line. Each data point represents an

individual animal with bars indicating the mean and the SD. Data were analyzed using Mann-Whitney U-tests or one-

sample Wilcoxon tests against the null H0: m = 1.80.

(D) At 6 dpc (D42), animals were euthanized and infectious virus were measured in lungs by TCID50 assay. Viral load is

expressed as log10 TCID50/g. Hollow points indicate values under the limit of detection while solid points indicate values

above the limit. Each data point represents an individual animal with bars indicating the mean and the SD. Data were

analyzed using Mann-Whitney U-tests. (*p < 0.05, **p < 0.01). dpc, days post-challenge.
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prominent in control animals (Figure 6B, left) than in those vaccinated with PHH-1V (Figure 6B, right), in

which only mild and localized inflammation was detected. No findings were noted in histopathological ex-

aminations of the other analyzed tissues, such as the trachea, oropharyngeal and nasal mucosa, lymph

node, kidney, heart, liver and spleen (data not shown). Hence, the PHH-1V vaccine has a beneficial impact

in reducing the lung disease caused by SARS-CoV-2.

Additionally, to confirm the SARS-CoV-2 replication in lungs, it has been performed an immunohistochem-

istry (IHC) technique to detect SARS-CoV-2 NP antigen in different lung sections from vaccinated and non-

vaccinated animals (Figure S3). All non-vaccinated animals showing detectable virus by titration were pos-

itive by IHC in at least one lung section tested. In contrast, those animals immunized with PHH-1V that were

analyzed by IHC did not exhibit SARS-CoV-2 replication.

Humoral and cellular immunity correlates with different efficacy parameters

To test the association between the immunogenicity and efficacy parameters, Kendall’s Rank correlation

tests have been employed. The correlation between specific antibody and T cells levels and viral titer in

nasopharyngeal and oropharyngeal swabs, BAL and different lung sections were assessed statistically by

means of Kendall’s Tau-B (Figure S4). Overall, neutralizing antibody titers against SARS-CoV-2 D614G

(PBNA) and beta variant (VNA) inversely correlates with viral titers in upper respiratory tract (oropharyngeal
iScience 26, 107224, July 21, 2023 7
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Figure 6. Lung histopathology in infected animals

Histopathological analyses were performed in lungs sections of 4 mm from PHH-1V-vaccinated and controls animals

euthanized 6 dpi. (A) Total inflammation score calculated as the sum of 6 lobes (right caudal, left caudal, right cranial, left

cranial [cranial part], left cranial [caudal part] and right middle). Each data point represents an individual animal with bars

indicating the mean and the SD. Data were analyzed using a permutation Welch’s t-test (*p < 0.05).

(B) Illustrative microphotographs of bronchointerstitial inflammation in one or more lung sections in males and females

(200 mm). Lung sections from control animals on the left side, and sections from PHH-1V vaccinated animals on the

right side.
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swabs) and lower respiratory tract (BAL and lungs); and T cells against alpha, beta and BA.1 omicron var-

iants inversely correlates with viral titers in upper respiratory tract (oropharyngeal swabs) and lower respi-

ratory tract (BAL and lungs).
PHH-1V vaccine is safe and well-tolerated in cynomolgus macaques

PHH-1V vaccinewas administered intramuscularly. Local reactions at the injection siteweremonitored the day of

the injection and daily up to 5 days after administration. No local reactions (edema, induration, crust or hema-

toma) were observed at the injection site in any vaccinated animal, after either the first or second vaccination.

Animals were also monitored daily for clinical signs and twice daily for mortality from the first day of the

acclimation phase to the end of the in vivo experimental phase. No clinical findings were recorded before

or after the two administrations of either PHH-1V or PBS (control) on D0 and D21. No unexpected death or

euthanasia for reaching endpoints occurred during the study in PBS and PHH-1V vaccinated animals.
8 iScience 26, 107224, July 21, 2023
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Figure 7. Safety assessment of cynomolgus macaques vaccinated with PHH-1V and PBS (control group)

(A) Body temperature was monitored with a rectal thermometer around the administration and infection days in PHH-1V-

vaccinated (n = 6) and control (n = 6) animals. Each data point represents an individual animal with bars indicating the

mean and the SD. Temperature data were analyzed using a linear mixed effects model.

(B) Animals were weighed once weekly throughout the acclimatization phase and during the vaccination phase. They were

weighed three times a week after experimental infection. The figure shows body weight recorded throughout the study

for each PHH-1V-vaccinated or control animal. Each data point represents an individual animal with bars indicating the

mean and the SD. Body weight data were analyzed using a linear mixed effects model.
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Body temperature was monitored with a rectal thermometer around the vaccination and infection days on

awake animals. Rectal temperatures were stable during the whole study before the SARS-CoV-2 experi-

mental infection, with no differences between PBS and PHH-1V vaccinated animals. On D0 (prime vaccina-

tion) and D21 (boost vaccination), a lower temperature was recorded in the evening than in the morning in

both groups (Figure 7A). This variation in body temperature is frequently observed in cynomolgus ma-

caques and can be explained by the circadian rhythm.23

Animals were weighed at least once weekly before SARS-CoV-2 infection, and three times a week af-

ter infection. Appetite and body weight were stable during the whole study before the infection, with

no differences between PBS and PHH-1V vaccinated animals (Figure 7B). Nevertheless, consumption
iScience 26, 107224, July 21, 2023 9
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of food pellets during the week of infection was reduced in both groups. These observations are

consistent with several experimental procedures performed that required frequent sedation and

anesthesia.

Finally, hematology and clinical chemistry levels were in the normal range (data not shown). Variations

observed in some parameters are compatible with blood losses caused by multiple blood samples per-

formed from D28. Vaccination with PHH-1V did not appear to have an impact on these parameters.
DISCUSSION

To date, the scientific community and the pharmaceutical industry, with the support of both public and

private sectors, have made an unprecedented global effort to develop and accelerate several vaccines

worldwide to mitigate the COVID-19 pandemic. Despite the success of current vaccines, which have shown

effectiveness in the prevention of severe disease, reduced infection rates and lowered mortality rates, the

pandemic situation is not yet over. The emergence of new SARS-CoV-2 variants, characterized by enhanced

immune evasion and transmissibility, together with the extremely unequal distribution of currently

available vaccines, has made the virus difficult to contain.24 This is of special importance in low- and

middle-income countries, with only 22.5% of the population having received at least one vaccine dose.9

Hence, it is critical to develop new second-generation vaccines effective against novel VOCs, which could

be used as a booster to maintain and enhance immunity against SARS-CoV-2.25

Here, we have described the immunogenicity, efficacy, and safety of the PHH-1V vaccine candidate in cyn-

omolgus macaques. PHH-1V vaccine is based on a recombinant heterodimer fusion protein comprising in

tandem the RBD of the B.1.351 (Beta) and B.1.1.7 (Alpha) SARS-CoV-2 variants and formulated with an oil-in

water emulsion based on squalene (SQBA). We have recently reported that PHH-1V vaccine elicited high

humoral and cellular immune responses against several SARS-CoV-2 variants and was fully effective and

safe in BALB/c and K18-hACE2 mice.26 Most importantly, PHH-1V includes the sequences corresponding

to two heterologous VOCs as part of the same protein molecule, which makes it differ from other adju-

vanted protein-based subunit vaccines, such as NVX-CoV2373 (Novavax),27 ZF2001 (Anhui Zhifei Longcom

Biopharmaceutical)28 or VAT00002 (Sanofi-GSK).4 Cynomolgus macaques are known to be suitable models

for studying vaccine efficacy after SARS-CoV-2 infection because they develop pathological features of viral

pneumonia and mild disease similar to natural human infections, with a high viral load in both the upper

and lower respiratory tract.29

Both binding and neutralizing antibodies are thought to be potential correlates of protection against

COVID-19.30 Indeed, a correlation has been demonstrated between vaccine-induced neutralizing antibody

titers and protective efficacy for several vaccines including Moderna’s mRNA-1273.31–33 Some studies on

transfusion of plasma from animal models or convalescent patients also confirmed the critical role of hu-

moral immunity in protection against SARS-CoV-2.34,35 In the present study, vaccination with one dose

of PHH-1V was enough to induce an early IgG antibody response against RBD in cynomolgus macaques.

Likewise, two doses of PHH-1V induced higher RBD-specific IgG antibody levels one-week post-boost

that were sustained until the end of the study (D42). PHH-1V vaccination also induced moderate RBD-spe-

cific IgA antibody in BAL onD42 (6 dpc), and there was a trend toward higher specific IgA antibody levels on

D28 (pre-challenge) in PHH-1V-vaccinated animals. It has been previously reported that IgA antibodies

could be involved in early virus neutralization in the lower respiratory tract during SARS-CoV-2 infections,

thus contributing to control viral replication at the mucosal surface.36 The increase of IgA antibody levels

observed onD42 compared to levels on D28 suggest a specific IgA response induced by SARS-CoV-2 infec-

tion, which was previously associated with a reduction in viremia after challenge.37 Furthermore, PHH-1V

vaccine has been shown to induce a potent neutralizing activity 15 days post-boost against HIV-reporter

pseudoviruses expressing SARS-CoV-2 spike from Beta, Delta and Omicron (BA.1, BA.4 and BA.5) variants,

and against replicative SARS-CoV-2 D614G and VOCs Alpha, Gamma andDelta. Remarkably, our data con-

firms the cross-reactivity of the PHH-1V vaccine against Omicron (BA.5), the circulating variant at the time of

writing this work.

Although there is no clear evidence linking CD4+ T cell response with protection against SARS-CoV-2,

some studies have shown a correlation of CD4+ T cell responses with the magnitude of specific IgG and

IgA against spike and live virus neutralizing antibodies, which have been identified as correlates of protec-

tion.38,39 Nevertheless, a recent study of CD8+ cell depletion in macaques demonstrated the relevance of
10 iScience 26, 107224, July 21, 2023
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the CD8+ T cell response in mediating protection when humoral responses are suboptimal.34 In our study,

prime-boost vaccination with PHH-1V elicited a robust CD4+ and CD8+ T cell response with secretion of

IFNɣ, TNFɑ and/or IL-2 against Alpha and Beta variants. Most important, PHH-1V elicited IFNɣ-secreting
cells against Omicron (BA.1) spike, which highlights the cross-reactivity of immune responses elicited by

PHH-1V vaccine against the most present variant at the time of conducting this experiment. While PHH-

1V vaccination induced a Th1/Th2-balanced T cell response against Alpha and Beta spike, with similar

levels of IFNɣ- and IL-4-secreting cells, it induced a Th1-skewed response against Omicron (BA.1) spike

with a low detection of IL-4-secreting cells. Th1 responses seem to be more prominent in the early and

acute stages of COVID-19, and they are associated with mild forms of the disease.40,41 Indeed, SARS-

CoV-2-specific T cell responses induced in convalescent patients were mainly skewed toward Th1 cells,

with the production of different Th1-like cytokines.38,39,42 The role for Th2 responses in severe COVID-19

is less understood, although patients with mild disease may have a normal Th2 cell response aiding to anti-

body-mediated immunity.43 Nevertheless, Th2-skewed immune response was reported to be linked with

vaccine-associated disease enhancement (VDE) by promoting eosinophil infiltration and proinflammatory

cytokine production such as IL-4, IL-5 and IL-13.44,45 In experimental conditions, VDE is also associated with

exacerbated infection, lung inflammation, enhance antibody production, and insufficient neutralizing anti-

body levels. Therefore, risk of VDE should be evaluated based on both the Th2 response and any clinical

effects it may have on the infection model. PHH-1V vaccine elicited a Th1/Th2-balanced immune response

associated with high neutralising antibody levels and protection against infective viral load in lungs in NHP.

No infection exacerbation and inflammation were found in lungs from NHP challenged with SARS-CoV-2.

Altogether, there is no evidence of disease enhancement risk following vaccination with PHH-1V. Current

COVID-19 vaccines tend to induce Th1-biased immune responses which is desirable for antiviral immu-

nity.40 But there are also published studies with other subunit-based vaccine inducing a Th-1/Th2-balanced

response which have shown protective efficacy against SARS-CoV-2 in mice models.44,46 Moreover,

CoronaVac, a licensed whole inactivated SARS-CoV-2 vaccine, induced a Th2-skewed immune response

after two doses without disease enhancement and lung inflammation.47 Hence, while Th2-type response

together with an exacerbated immune response could be associated with poor COVID-19 prognosis, a

balanced Th1/Th2 immune response, in conjunction with high neutralizing antibody titers, is linked to an

effective immune response and viral clearance.

Efficacy of PHH-1V vaccine was assessed in cynomolgus macaques by the analysis of gRNA, sgRNA and infec-

tious viral load in different tissues after SARS-CoV-2 infection. Two doses of PHH-1V significantly reduced SARS-

CoV-2 gRNA in lungs andBAL compared to PBSmock-vaccinated animals. No SARS-CoV-2 gRNAwas detected

6 dpi in lungs, trachea, oropharynx and nasal turbinates frommost of PHH-1V vaccinated animals. It was also not

detected in the BAL from three animals 6 dpi. These results may be related with the high levels of IgA antibodies

detected in BALs before challenge. Likewise, animals vaccinated with PHH-1V cleared virus faster than control

animals in nasopharyngeal swabs, nasal turbinate and trachea. Remarkably, infectious SARS-CoV-2 were unde-

tectable after challenge in oropharyngeal and nasopharyngeal swabs (except for one animal at 1 dpc), BAL

(except for one animal at 1 dpc) and lungs in PHH-1V vaccinated animals. Furthermore, sgRNA was also unde-

tectable in BAL from PHH-1V-vaccinated animals, and less detected in nasopharyngeal swabs from vaccinated

animals compared to non-vaccinated. Hence, PHH-1V not only prevents SARS-CoV-2 replication in the lower res-

piratory tract, but also decreases viral replication in the upper tract, which is especially important in reducing viral

spread. This is of particular importance since protection in both the upper and lower respiratory tract is required

to prevent transmission anddisease in humans.48Non-clinical studies of adenovirus andmRNA vaccines showed

persistent virus in nasal swabs despite preventing COVID-19.49 For instance, studies in NHP with the Moderna’s

mRNA-1273 or ChAdOx1 nCoV-19 vaccines demonstrated persistent viral RNA in nasal swabs of several ani-

mals.50,51 Although no infectious virus was detected in nasal swab samples of PHH-1V vaccinated animals

from 2 dpc, low levels of viral RNAwere still detected in three vaccinated animals at the end of the study. Further

studies are required to elucidate whether our vaccine protects against SARS-CoV-2 transmission.

In line with no detectable infectious viral load in the lungs of animals vaccinated with PHH-1V (Figure 5), we did

not findbronchointerstitial inflammation andedema in lung sections of vaccinated animals. Indeed, PHH-1V vac-

cine significantly reduced lung inflammation score compared to placebo immunization. Similar results were re-

ported in NHP studies with currently licensed vaccines.51,52 Of note, all non-vaccinated animals tested by IHC

were positive in at least one lung section tested. Positive IHC results further support the evidence of SARS-

CoV-2 replication in lungs of inoculated monkeys which was demonstrated by viral titration.
iScience 26, 107224, July 21, 2023 11
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Additionally, PHH-1V is safe and well-tolerated since rectal temperature and body weight were stable

throughout the study, and neither local reaction in the site of injection nor significant clinical signs were

found. The changes in body temperature experienced by some animals during vaccination days can be ex-

plained by physiological temperature regulation of cynomolgus macaques over the day.

In summary, PHH-1V vaccine is safe, highly immunogenic against different VOCs including Omicron (BA.4

and BA.5), protects against SARS-CoV-2 replication in lower respiratory tract and controls viral infection in

upper respiratory tract of cynomolgus macaques. Our data highlight the potential use of the PHH-1V vac-

cine in humans, which authorization as a booster has been recently recommended by EMA’s human med-

icines committee (CHMP) in people aged 16 years and above who have been vaccinated with an mRNA

COVID-19 vaccine.
LIMITATIONS OF THE STUDY

Long-lasting protective efficacy were not assessed 6 months after SARS-CoV-2 challenge in this

study, although long-term immunity is being analyzed in phase IIb (NCT05305573) and phase III

(NCT05303402) clinical trials. In addition, protective efficacy after a prime-boost vaccination with PHH-

1V has not been showed in this NHP model against SARS-CoV-2 beta, the variant from which the PHH-

1V vaccine antigen is derived.
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25. Günl, F., Mecate-Zambrano, A., Rehländer,
S., Hinse, S., Ludwig, S., and Brunotte, L.
(2021). Shooting at a Moving Target-
Effectiveness and Emerging Challenges for
SARS-CoV-2 Vaccine Development. Vaccines
(Basel) 9, e101052.

26. Barreiro, A., Prenafeta, A., Bech-Sabat, G.,
Roca, M., March, R., González, L., Madrenas,
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Antibodies

Goat anti-Monkey IgG (H/L), HRP Thermo Fisher AB_933605

Goat anti-human IgA, biotin Mabtech Cat#3830-4-250

Alexa Fluor 700 Mouse Anti-Human CD3

(clone SP34-2)

BD bioscience AB_396938

BV650 Mouse Anti-Human CD4 (clone L200) BD bioscience AB_2687486

Pacific Blue Mouse Anti-Human CD8

(clone RPA-T8)

BD bioscience AB_397058

PeCy7 Mouse anti-Human CD69 (clone FN50) eBioscience AB_1548714

APC Mouse Anti-Human IFNɣ (clone B27) BD bioscience AB_398580

PE Rat Anti-Human IL-2 (clone MQ1-17H12) BD bioscience AB_397231

Alexa Fluor 488 anti-Human TNF-a

(clone mAb11)

BioLegend AB_493122

BV421 Rat Anti-Human IL-4 (clone MP4-25D2) BD bioscience AB_2738599

Bacterial and virus strains

SARS-CoV-2 B.1.160 variant (D614G, hCoV-

19/Europe/France/ARA-CHUST-GIMAP-5/

2020)

Cynbiose EPI_ISL_1785075

SARS-CoV-2 B.1.1.7 variant (Alpha variant;

hCoV-19/Europe/France/ARA-CHUST-

GIMAP-10/2020)

Cynbiose EPI_ISL_1785073

SARS-CoV-2 P1 variant (Gamma variant; hCoV-

19/French Guiana/IPP03772i/2021)

Cynbiose EPI_ISL_1096262

SARS-CoV-2 B.1.617.2 strain (Delta variant) Cynbiose EPI_ISL_7360393

HIV reporter pseudovirus expressing S protein

of SARS-CoV-2 and luciferase

IrsiCaixa AIDS Research Institute PMID: 33554155

Chemicals, peptides, and recombinant proteins

Puromycin Thermo Fisher Cat#A1113802

Phosphate Buffered Saline Gibco Cat#20012027

Sodium chloride solution (NaCl, 0.9%) B. Braun Cat#433962

RNAlater Thermo Fisher Cat#AM7020

DPBS without Ca and Mg Sigma Cat#D8537

PFA solution (4%) Sigma Cat#1004968350

RBD protein Sino Biologicals Cat#40592-V08B

K-Blue advanced substrate Neogen Cat#319257

StabilCoat� Immunoassay Stabilizer Surmodics Cat#SC01-1000

Streptavidin-HRP Mabtech Cat#3310-9-1000

Britelite plus luciferase reagent PerkinElmer Cat#6066766

PMA Sigma Cat#P1585

Ionomycin Sigma Cat#I9657

Brefeldin A (BFA) Sigma Cat#B7651

Peptide libraries (PepMix�) of RBD from SARS-

CoV-2 B.1.1.7 variant (alpha)

JPT peptide technologies PM-SARS2-RBDMUT01-1

(Continued on next page)
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Peptide libraries (PepMix�) of RBD from SARS-

CoV-2 B.1.351 variant (beta)

JPT peptide technologies PM-SARS2-RBDMUT02-1

Peptide libraries (PepMix�) of RBD from SARS-

CoV-2 BA.1 variant (Omicron)

JPT peptide technologies PM-SARS2-RBDMUT08-1

Zombie NIR fixable viability stain BioLegend Cat# 423105

Streptavidin PE-Cy7 conjugate eBioscience Cat# 25-4317-82

Critical commercial assays

ELISpot Plus: Human IL-4 (HRP) Mabtech Cat#3410-4HPW-2

ELISpot Plus: Mouse IFN-g (ALP) Mabtech Cat#3321-4APT-2

Vacutainer� kit Becton Dickinson Cat#36457

RNeasy Mini Kit Qiagen Cat#74104

EXPRESS One-Step Superscript� qRT-PCR Kit Invitrogen Cat#11781200

Experimental models: Cell lines

VERO C1008 [Vero 76, clone E6, Vero E6] ATCC Cat#CRL-1586

293T-hsACE2 clonal cell line Integral Molecular Cat#C-HA102

Expi293F cells Thermo Fisher Cat#A14527

Experimental models: Organisms/strains

Cynomolgus monkey (Macaca fascicularis)

(origin Vietnam)

Bioprim N/A

Oligonucleotides

Non-structural protein 14 (ORF1b-nsp14) gene

of SARS-CoV-2 (forward primer HKU-ORF1b-

nsp14F: 50-TGGGGYTTTACRGGTAACCT-30)

School of Public Health (University of Hong

Kong)

N/A

Non-structural protein 14 (ORF1b-nsp14)

gene of SARS-CoV-2 (reverse primer

HKUORF1b-nsp14R: 50-AACRCGCTTAA

CAAAGCACTC-30)

School of Public Health (University of Hong

Kong)

N/A

Non-structural protein 14 (ORF1b-nsp14) gene

of SARS-CoV-2 (probe HKU-ORF1b-nsp141P:

50-FAM-TAGTTGTGATGCWATCatGAC TAG-

TAMRA-30)

School of Public Health (University of Hong

Kong)

N/A

Simian GAPDH gene Thermo Fisher Cat#Mf04392546_g1

Software and algorithms

QuantStudio� Design and Analysis Software

v1.5.1

Thermo Fisher N/A

GraphPad Prism 9.0.2 Software GraphPad Software Inc https://www.graphpad.com/demos/

FlowJo 10 software Tre Star Inc https://www.flowjo.com/solutions/flowjo/

downloads

R (version 4.0.5) R studio Inc https://www.r-project.org/

Other

Specific Primate Diet Ssniff Cat#V3944-000

DMEM 4.5 g/L glucose w/L-Gln w/ sodium

pyruvate

Lonza Cat#BE12-604F

RPMI Gibco 21875034

Fetal Bovine Serum (FBS) Lonza Cat#DE14-801F

Fetal Bovine Serum (FBS) Gibco Cat#A5256701

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Difco� Skim Milk BD Bioscience Cat#90002-594

Sterile 1 ml syringes Terumo Syringe Cat#MDSS01SE

BD Microlance� 25G needles BD Bioscience Cat#300400

MicroSprayer� Aerosolizer Penn Century Cat# Model IA-1B

K3EDTA tubes (Vacuette�) Greiner Bio-One Cat#454034A

ProCyte Dx Idexx N/A

BD Vacutainer� Lithium Heparin Tubes BD Bioscience Cat#12834811

Catalyst One Idexx N/A

Swabs (Hydraflock micro ultrafine swabs) Puritan Cat#25-3318-H

Tissue Lyser LT Qiagen Cat#85600

QuantStudio� 5 Real-Time PCR System Applied Biosystems N/A

MicroAmp� Fast Optical 96-well reaction

plates

Applied Biosystems Cat#4346906

Optical microscope (Nikon, Eclipse Ti) Nikon N/A

MaxiSorp plates Nunc Cat#44-2404-21

Versamax Microplate Reader Molecular Devices N/A

EnSight Multimode Plate Reader PerkinElmer N/A

Cytek� Aurora flow cytometer Cytek 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 contacts, An-

toni Prenafeta (antoni.prenafeta@hipra.com) and Gregori Bech-Sabat (gregori.bech@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.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethic statements

All procedures were conducted 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., the Animal Wel-

fare Body of Cynbiose and the Ethics Committee of VetAgro-Sup (1 avenue Bourgelat, 69 280 Marcy

l’Étoile, France) (approval number 2103; MESR number: 2020122910523878_v2). The animal facility is ac-

credited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) since

2015, an accreditation renewed in 2018 and 2021. This study was performed in compliance with Cynbiose

standard operating procedures and according to the company quality management system.

Animal model

Twelve naı̈ve cynomolgus macaques (Macaca fascicularis, 26 to 30 months old, 2.4 to 2.85 kg) were im-

ported from Vietnam by Bioprim and were allocated to 2 groups (n=6; 3F + 3M) to assess immunogenicity,
18 iScience 26, 107224, July 21, 2023
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efficacy, and safety of PHH-1V. Animals were housed within the area dedicated to Cynbiose, in the animal

facility owned by the veterinary school VetAgro Sup and managed by the Company Biovivo. Before exper-

imental procedures, there was an acclimation period of at least 4 weeks to ensure compliance during ma-

nipulations. Litter (poplar wood shavings) maintenance was performed daily, and litter change and clean-

ing of the animal room were done at least once a month.

All animals were at first housed as isosexual social groups in a BSL-1 environment (irrespective of their treat-

ment group) and were taken to a BSL-3 environment one day prior to their infection. From this point on-

ward, animals were housed as separate isosexual treatment groups.

Regardless of the housing conditions, the environmental parameters were as follows: 12 hours light/dark

cycle (temperature: 22�CG 2�C, humidity: 30%–70%, at least 10 air changes per hour with no recirculation).

Specific Primate Diet (Ssniff ref: V3944-000) was provided daily in appropriate amount (100 g for animals

under 5 kg), as well as fresh fruits and vegetables. Tap water was available ad libitum to each animal via

a water bottle with a sipper tube. Environmental enrichment was provided in the form of treats scattered

in the litter daily and continuous access to toys, changed every week.
Cells

Vero E6 cells (ATCC CRL-1586) were used for SARS-CoV-2 amplification and quantification of infectious

viral load by TCID50. Cells were maintained in Dulbecco’s Modified Eagle’s Medium high glucose

(DMEM, Lonza) with 4.5 g/l glucose, 5% Foetal Bovine Serum (FBS), 2mMof L-glutamine and 100 U/ml peni-

cillin-streptomycin at 37�C and 5% CO2.

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

virus-based neutralisation assay. Cells were maintained in T75 flasks with Dulbecco’s Modified Eagle’s Me-

dium (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 that

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

lenmeyer flasks following manufacturer’s guidelines.
Virus

SARS-CoV-2 B.1.160 variant (hCoV-19/Europe/France/ARA-CHUST-GIMAP-5/2020) encoding the spike

mutation D614Gwas amplified on Vero E6 cells (batch number: D614G-P6-19/10/2021 Cynbiose) and quan-

tified at 106.20 TCID50/ml or 5.02x105 PFU/ml. The genomic sequence of D614G strain is available on the

EpiCoV GISAID platform (GISAID: EPI_ISL_1785075). B.1.1.7 variant (Alpha variant; hCoV-19/Europe/

France/ARA-CHUST-GIMAP-10/2020) was amplified on Vero E6 cells (batch number: UK B117 P3 290321)

and quantified at 106.53 TCID50/ml. The genomic sequence is available on the EpiCoV GISAID platform

(GISAID: EPI_ISL_1785073). P1 variant (Gamma variant; hCoV-19/French Guiana/IPP03772i/2021) was

amplified on Vero E6 cells (batch number: BRS3772-130421P4) and quantified at 105.97 TCID50/ml. The

genomic sequence is also available on the EpiCoV GISAID platform (GISAID: EPI_ISL_1096262). Finally,

B.1.617.2 strain (Delta variant) was amplified on Vero E6 cells (batch number IND-130721) and quantified

at 106.97 TCID50/ml. The sequence (available on demand) will be deposited on the EpiCoV GISAID

platform.
METHOD DETAILS

PHH-1V vaccine

The purified RBD fusion heterodimer was adjuvanted with an oil-in-water emulsion based on squalene. The

PHH-1V vaccine was tested at 40 mg of RBD fusion heterodimer/dose for the safety and immunogenicity

assays in cynomolgus macaques (Macaca fascicularis). The placebo vaccines consisted of phosphate buff-

ered saline (PBS; Gibco). The staff conducting the in vivo and viral experiments was blinded to the treat-

ment received by the animals. Furthermore, the staff receiving, preparing and administering the vaccine

to the animals did not take part in the protocol afterwards.
iScience 26, 107224, July 21, 2023 19
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Animal vaccination and SARS-CoV-2 challenge

Twelve animals (six per group) were intramuscularly immunised twice with 0.5 ml of PHH-1V vaccine or PBS

(placebo) on D0 and D21 (prime-boost schedule). First administration was applied in right hindlimb and

second in left hindlimb using sterile 1 ml syringes (Terumo� Syringe) and 25G needles (BD Microlance).

Local reactions at the intramuscular injection sites were monitored the day of injection and daily until 5

dpi. Next, all animals were challenged on day 36 with 2 x 106 PFU of SARS-CoV-2 (hCoV-19/Europe/

France/ARA-CHUST-GIMAP-05/2020 [B.1.160 strain]) by intranasal (about 500 ml/nostril) and intratracheal

route (4 ml) with a Penn-Century microsprayer connected to a safety syringe (Luer Lock).

Animals were monitored for clinical signs daily and for mortality twice daily. Bodyweight was recorded

weekly and three times a week after infection, and food consumption was assessed daily for all animals

housed in the same enclosure. Body temperature was monitored with a rectal thermometer around the

administration (prime: from D-2 to D3; boost: from D19 to D24) and infection days (from D34 to D42). Pe-

ripheral blood was collected on days 0, 21, 28 and 36 before infection; and 1, 2, 3 and 6 dpc, by venepunc-

ture from femoral veins with a Vacutainer� kit (Becton Dickinson). Blood samples were then used for sero-

logical analysis, PBMC preparation, and routine haematological and biochemical tests. BAL were collected

0, 2, 4 and 6 dpc for humoral immunity analysis and viral load assessment. Oropharyngeal, nasopharyngeal,

and rectal swabs were also collected daily after infection for viral load measurement. Finally, animals were

euthanised 6 dpc to viral load measurement and pathological examination of the lungs and other extrap-

ulmonary tissues.
Haematological and biochemical evaluation

Blood was sampled into K3EDTA tubes (Vacuette�, Greiner Bio-One) for haematological analysis using a

ProCyte Dx (Idexx, USA), and into Lithium Heparin tubes (BD Vacutainer�) for biochemical analysis with a

Catalyst One (Idexx, USA) at different time points. Haematological analysis included red blood cell (RBC)

count, white blood cell (WBC) count [including neutrophil (N), eosinophil (E), basophil (B), lymphocyte

(L) and monocyte (M) count], haemoglobin concentration (HGB), haematocrit (HTC), mean corpuscular vol-

ume (MCV), mean corpuscular haemoglobin concentration (MCHC), mean corpuscular haemoglobin

(MCH), platelet count (PLT), plateletcrit value (PCT), platelet large cell ratio (P-LCR), mean platelet volume

(MPV), and reticulocytes (RET). Biochemical analysis included albumin (ALB), globulin (GLOB), alkaline

phosphatase (ALT), alanine aminotransferase (ALT), calcium (Ca), cholesterol (CHOL), creatine kinase

(CK), creatinine (CREA), gamma glutamyl transferase (GGT), glucose (GLU), inorganic phosphates

(PHOS), total bilirubin (TBIL), total protein (TP), triglycerides (TRIG), urea (UREA) and blood electrolytes

[including sodium (Na), chloride (Cl) and potassium (K)].
Sample collection for SARS-CoV-2 quantification

Bronchoalveolar lavage (BAL) collection

BAL were obtained by infusion of 5 ml/kg of a solution of isotonic sodium chloride (NaCl 0.9%; B. Braun)

into the trachea, kept at approximately 37�C until use to avoid thermal shock of the mucosa. Supernatant

and cell pellet from BAL samples were separated by centrifugation at 2500 rpm for 5 minutes at 4�C. Cell
pellets were stored at 5�C G 3�C in RNAlater (Thermo Fisher Scientific) for measurement of RNA viral

copies by genomic RT-qPCR, or in DPBS without Ca andMg (Sigma Life Science) for detection of infectious

virus. Supernatants were immersed in a hot water bath (56�C) for 30 minutes to inactivate the virus before

freezing at -20�C, and were used for IgA and subgenomic RT-qPCR determinations.

Nasopharyngeal, oropharyngeal and rectal swab collection

Animal were sedated and nasopharyngeal (right and left nostril), oropharyngeal and rectal samples were

collected with specific swabs (Puritan�, Hydraflock micro ultrafine swabs) and stored at 5�C in RNAlater un-

til processing.

Organ collection

Pieces of organs were collected and then placed in 1.2 ml cryotubes full of RNAlater for viral load analysis

by RT-qPCR or placed in dry tubes without storage medium for TCID50 assays (pieces of organs were

weighed before packaging for TCID50 analysis). Next, organs were washed in PBS and crushed with for-

ceps and scalpel before disruption by a Tissue Lyser LT (Qiagen) during 10 minutes in presence of two

tungsten carbide beads (Qiagen). Samples intended for TCID50 were grinded in cold PBS and samples
20 iScience 26, 107224, July 21, 2023



ll
OPEN ACCESS

iScience
Article
intended for RT-qPCR in RLT lysis buffer from the RNeasy Mini Kit (Qiagen). All samples were then stored

at 5�C.
Quantification of genomic RNA by RT-qPCR

Relative quantification of viral genome was performed by one-step real-time quantitative reverse transcrip-

tase and polymerase chain reaction (RT-qPCR) from total RNA extracted from samples preserved in

RNAlater using the RNeasy Mini kit (QIAGEN). Real-time one-step RT-qPCR was performed using the

EXPRESS One-Step Superscript� qRT-PCR Kit (Invitrogen), as previously described.53 Briefly, we prepared

a 20 ml reaction volume containing 10 ml of Express qPCR supermix at 2X, 1 ml of forward primer at 10 mM,

1 ml of reverse primer at 10 mM, 0.5 ml of probe at 10 mM, 3.1 ml of PCR-water (QIAGEN), 0.4 ml of Rox dye at

25 mM, and 2 ml of RNA template. Primers and probe sets were designed by the School of Public Health

(University of Hong Kong)54 and synthetised by Eurogentec. The set is specific to the non-structural protein

14 (ORF1b-nsp14) gene of SARS-CoV-2 (forward primer HKU-ORF1b-nsp14F: 50-TGGGGYTTTACRGGTA

ACCT-30; reverse primer HKUORF1b-nsp14R: 50-AACRCGCTTAACAAAGCACTC-30; probe HKU-ORF1b-

nsp141P: 50-FAM-TAGTTGTGATGCWATCATGAC TAG-TAMRA-30). Gene expression assay of the simian

GAPDH (housekeeping gene) was also performed as endogenous control. Thermal cycling and data collec-

tion of RT-qPCR were performed in QuantStudio� 5 Real-Time PCR System (Applied Biosystems) in

MicroAmp� Fast Optical 96-well reaction plates (Applied Biosystems). Cycling conditions were as follows:

reverse transcription at 50�C for 15 minutes, followed by initial polymerase activation at 95�C for 2 mi-

nutes55, and then 40 cycles of denaturation at 95�C for 15 seconds and annealing/extension at 60�C for

1 minute. Analysis was done with the QuantStudio� Design and Analysis Software v1.5.1. Genomic RNA

was expressed as log10 (nsp14 copies/mL) in BAL and swabs or as log10 (nsp14 copies/GAPDH copies) in

tissues.
Quantification of subgenomic RNA by RT-qPCR

Viral RNA from BAL was extracted using the IndiMag pathogen kit (Indical Biosciences, Germany) on a Bio-

sprint 96 workstation (Qiagen, Germany), according to the manufacturer’s instructions. Subgenomic RNA

detection by RT–qPCR from BAL and NPS samples was assessed using the Envelope (E)-specific primers:

forward 50-CGATCTCTTGTAGATCTGTTCTC-30, reverse 50-ATATTGCAGCAGTACGCACACA-30 and the

probe 50-FAM-ACACTAGCCATCCTTACTGCGCTTCG-TAMRA-30, targeting regions upstream of the

E gene The concentration of each of the primers was 400 nM and 200 nM for the probe as previously

described,56 with minor modifications from Wölfel et al. to adapt it to AgPath-ID One-Step RT–PCR

Kit.57 Thermal cycling was performed at 50�C for 10 minutes for reverse transcription, followed by 95�C
for 10 minutes and then 45 cycles of 95�C for 15 seconds, 56�C for 30 seconds by using a 7500 Fast Real-

Time PCR System (Applied Biosystems, Life Technologies, USA). Samples with a Cq value % 40 were

considered positive for SARS-CoV-2.
Quantification of infectious viral load by TCID50

TCID50 assayswere performedwith confluent VeroE6 cells in 96-wellmicroplates (ThermoFisher Scientific) using

50 ml of ten-fold serial dilutions (10-1 to 10-6) of virus samples in quadruplicate. Plates were then incubated for

4 days at 37�C and 5% CO2 atmosphere and cytopathic effects were observed through an optical microscope

(Nikon, Eclipse Ti). The total number of positive and negative wells for each dilution was recorded and TCID50

was calculated using the Reed and Muench method.55 Viral load was expressed as log10 TCID50/ml in oropha-

ryngeal and nasopharyngeal swabs and BAL, and log10 TCID50/g in lungs and other tissues.
Histopathology examination

Organ samples from all pulmonary lobes, the upper respiratory tract (trachea, oropharyngeal and nasal mu-

cosa), lymph nodes, kidney, heart, liver, spleen, stomach, and colon were collected for histopathology and

preserved in 4% PFA solution (Sigma). Samples were embedded into paraffin blocks and then sectioned by

microtome at approximately 4 mm. Sections were then stained with haematoxylin and eosin. Individual

microscopic observations were recorded including a severity grade indicating extension and/or severity

according to a 5-tier scoring system (minimal, mild, moderate, marked, and severe). Overall, a score % 3

indicates minimal microscopic changes, a score from 3 to 10 indicates mild to moderate inflammation

and a scoreR10 indicates extensive inflammation. Selected microphotographs were captured to illustrate

microscopic observations in the lung.
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Immunohistochemistry analysis

Lung tissue embedded in paraffin were cut at 4 mmand a specific immunohistochemistry protocol to detect

the nucleocapsid protein of SARS-CoV-2 was performed. A rabbit monoclonal antibody targeting the

nucleocapsid protein of SARS-CoV-2 (40143-R019, Sino Biological Inc., China; dilution 1:1000) was used

to detect the presence of SARS-CoV-2 antigen, as previously described.56 The amount of viral antigen in

tissue samples was semi-quantitatively scored per section: lack of antigen detection (score 0), very low

(score 1, 1-2 small clusters of positive cells), low (score 2, 3-5 clusters of positive cells in multifocal distribu-

tion), moderate (>5 clusters of positive cells in multifocal distribution), and high (score 4, multifocal to

diffuse distribution of positive cells). Selected sections were captured to illustrate microscopic observa-

tions in the lung.

Analysis of SARS-CoV-2-specific IgG antibodies by ELISA

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

were coated with 100 ng/well RBD protein (Sino Biologicals) and blocked with 5% non-fat dry milk (Difco,

BD) in PBS.Wells were incubated with serial dilutions of the serum samples and the bound total IgG specific

antibodies were detected by goat anti-monkey IgG (H+L) secondary antibody, HRP (Thermo Fisher).

Finally, wells were incubated with K-Blue advanced substrate (Neogen) and the absorbance at 450 nm

wasmeasured using amicroplate reader (Versamax, Molecular Devices). Themean value of the absorbance

was calculated for each dilution of the serum sample run in duplicate. The end-point titre of RBD-specific

total IgG binding antibodies was established as the reciprocal of the last serum dilution yielding 3 times the

mean optical density of the negative control of the technique (wells without serum added).

Analysis of SARS-CoV-2-specific IgA antibodies by ELISA

IgA antibodies against SARS-CoV-2 RBD were determined by ELISA. MaxiSorp plates (Nunc) were coated

with 200 ng/well RBD protein (Sino Biologicals) and blocked with StabilCoat� Immunoassay Stabilizer (Sur-

modics). Wells were incubated with serial dilutions of the BAL samples and the bound total IgA specific

antibodies were detected by goat anti-human IgA biotinylated (Mabtech) with cynomolgus macaque

cross-reactivity. After washes, streptavidin-HRP (Mabtech) was employed for finalising IgA detection.

Finally, wells were incubated with K-Blue advanced substrate (Nirco) and the absorbance at 450 nm was

measured using a microplate reader (VersaMax, Molecular Devices). The mean value of the absorbance

was calculated for each dilution of the BAL sample run in duplicate. The end-point titre of RBD-specific total

IgA binding antibodies was established as the reciprocal of the last BAL sample dilution yielding 3 times

the mean optical density of the negative control of the technique (wells without sample added).

Pseudovirus neutralisation assay

Neutralising antibodies in serum against SARS-CoV-2 Beta, Delta and Omicron (BA.1) variants were deter-

mined by a pseudoviruses-based neutralisation assay (PBNA) at IrsiCaixa AIDS Research Institute (Barce-

lona, Spain) using an HIV reporter pseudovirus that expresses the S protein of SARS-CoV-2 and luciferase.

Pseudoviruses were generated as previously described.58 For the neutralisation assay, 200 TCID50 of pseu-

dovirus supernatant was preincubated with serial dilutions of the heat-inactivated serum samples for 1 hour

at 37�C and then added onto ACE2 overexpressing HEK293T cells. After 48 hours, cells were lysed with bri-

telite plus luciferase reagent (PerkinElmer). Luminescence was measured for 0.2 seconds with an EnSight

multimode plate reader (PerkinElmer). The 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) and min RLUs (minimal infectivity calcu-

lated from uninfected cells) and expressed as the neutralisation percentage: Neutralisation (%) = (RLUmax–

RLUexperimental)/(RLUmax–RLUmin) * 100. IC50 were calculated by plotting and fitting neutralisation

values and the log of plasma dilution to a 4-parameters equation in Prism 9.0.2 (GraphPad Software, USA).

Microneutralisation assay

Neutralising antibodies against SARS-CoV-2 D614G, Alpha, Gamma and Delta variants were measured us-

ing a microneutralisation test (MNT) assay in the BSL-3 facility at VirNext (Lyon, France). Serum samples

were two-fold serially diluted in DMEM-2% FBS medium and were incubated at a 1:1 ratio with 100

TCID50 of SARS-CoV-2 variants in 96-well microplates for 1 hour at 37�C. Then, mixtures of serum samples

and SARS-CoV-2 variants were added in duplicate to Vero E6 confluent monolayers seeded in 96-well mi-

croplates and were incubated at 37�C in a 5% CO2 incubator for 4 days. The cytopathic effect was observed
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using an inverted microscope at 72- and 96-hours post-infection and the titre was calculated as the inverse

of the last serum dilution producing no cytopathic effect on the cells.
IFNɣ and IL-4 ELISpot assays

The NHP IFNɣ and IL-4 ELISpot Plus kits were used following manufacturer’s instructions (Mabtech). In

brief, a total of 2.5 x 105 (for the IFNɣ assay) or 4 x 105 (for the IL-4 assay) per well were plated in duplicates

and ex vivo stimulated with a 1:1 mixture of RBD-overlapping peptides from the SARS-CoV-2 B.1.1.7

(Alpha) and B.1.351 (Beta) lineages, or BA.1 (Omicron) (JPT peptide technologies) (1 mg/ml per peptide

final concentration). As controls, PBMCs were incubated with complete RPMI (negative control), or with

2.5 ng/ml PMA plus 250 ng/ml ionomycin (positive control; both Sigma). After 18-20 hours incubation

(for the IFNɣ) and 48 hours incubation (for the IL-4), plates were developed using kit reagents. Spots

were counted under a dissection microscope (Leica GZ6). Frequencies of IFNɣ- and IL-4-producing cells

were calculated by subtracting the mean of spots counted in the RBD peptide-stimulated wells from the

mean of spots counted in the negative control wells. Data was expressed as number of RBD-specific

IFNɣ-secreting cells per 1 3 106 PBMCs or RBD-specific IL-4-secreting cells per 1 x 106 PBMCs.
Intracellular cytokine staining (ICS)

Isolated cynomolgus macaques PBMCs in RPMI (Gibco) supplemented with 10% FBS, 1% penicillin/strep-

tomycin, 0.05mM b-mercaptoethanol and 1mM sodium pyruvate (cRPMI) were seeded into a 96-well round

bottomed plate (1x106 macaque PBMCs in 100 ml volume per well) and stimulated under three different

conditions: (i) a 1:1 mixture of the peptide libraries (PepMix�) (JPT peptide technologies) from SARS-

CoV-2 lineages B.1.1.7 (Alpha) and B.1.351 (Beta) covering the RBD of the Spike protein, (ii) cRPMI (negative

control) or (iii) PMA+ ionomycin (positive control). Incubation was for 5 hours at 37�C and 5%CO2. Brefeldin

A (10 mg/ml; BFA, Sigma) was added for the last 3 hours to block cytokine secretion. Final concentrations of

individual peptides of the RBD peptide pools were 1 mg/ml. PMA (Sigma) and ionomycin (Sigma) were used

in a final concentration of 2.5 ng/ml and 250 ng/ml, respectively.

For cell and cytokine characterisation by flow cytometry, cells were first labelled with Zombie NIR fixable

viability stain (BioLegend) in PBS for 15 minutes on ice, and then stained with fluorescence-labelled mono-

clonal antibodies CD3-AF700 (clone SP34-2, BD Bioscience), CD4-BV650 (clone L200, BD Bioscience), CD8-

Pacific Blue (clone RPA-T8, BD Bioscience) and CD69-PeCy7 (clone FN50, eBioscience) for 20 minutes on

ice in FACS buffer (PBS 5% FCS, 0.5% BSA, 0.07%NaN3). Cells were subsequently fixed in 2% formaldehyde

for 20 minutes on ice and stained for intracellular cytokines for 20 minutes on ice with IFNɣ-APC (clone B27,

BD Bioscience), IL-2-PE (clone MQ1-17H12, BD Bioscience), TNF-AF488 (clone mAb11, BioLegend), IL-4

BV421 (clone MP4-25D2, BD Bioscience) antibodies diluted in Perm/Wash buffer (PBS 1% FCS, NaN3

0.1%, Saponin 0.1%). Thereafter, a second intracellular staining step of 10 minutes on ice was performed

using the Streptavidin PE-Cy7 conjugate (eBioscience, Thermofisher Scientific).

Fluorescence-labelled cells were analysed on an Aurora (Cytek) flow cytometer followed by data analysis

using FlowJo 10 software (Tre Star Inc). The gating strategy followed in the analysis is showed in Figure S1.

RBD-specific cytokine-positive responses were obtained by subtracting background cytokine expression

from the negative control stimulations (cRPMI only). To calculate the Th1 response in CD4+ and CD8+,

the Boolean tool of the FlowJo software was used.
Correlation studies

To test the association between the immunogenicity and efficacy parameters, Kendall’s Rank correlation

tests have been employed. This method is recommended for ordinal and continuous variables that are

not strictly normally distributed and/or are not linearly (but monotonically) correlated. Immunological pa-

rameters chosen for this analysis were the log10 IC50 antibody titres against SARS-CoV-2 D614G and beta

variant at day 36 from VNA and PBNA, respectively; and IFN-g-secreting cell levels after alpha-beta and

omicron stimulation. Efficacy parameters chosen for this analysis were the log10 TCID50/ml titres of the

nasopharyngeal and oropharyngeal swabs, BAL and different lung sections. To calculate the Kendall’s tB
correlation coefficient and its 95% confidence interval the cor.test() function in R with the argument

method = ‘‘kendall’’ and the KendallTauB() function of the DescTools R package have been used.
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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

standard deviation. When required, data was either log10- or arcsine-transformed (i.e., log-normal and per-

centage variables, 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, linear models were generally employed. For models involving

independent observations, the generalised least squares approximation (GLS implementation in the R

package nlme) was used to accommodate potential heteroskedasticity. Conversely, for models involving

repeatedmeasures, linear mixed effects models were fitted using the lme implementation 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 corresponding random inter-

cept models were fitted to the data using restrictedmaximum likelihood. Correlation between longitudinal

observations as well as heteroskedasticity were included in the models when required with appropriate

variance-covariance structures.

Assumptions were tested graphically (using quantile-quantile and residual plots) for both modelling ap-

proaches, andmodel selection was based on likelihood ratio tests or a priori assumptions. The correspond-

ing estimated marginal means were calculated and compared using the R package emmeans.

On the other hand, data violating the assumption of normality were analysed using a Welch’s permutation

t-test or Mann-Whitney’s U test, segregating by timepoint if needed.

When comparisons against zero-variance groups (all observations having the same value) needed to be

performed, one-sample tests were employed instead.

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

** p<0.01; * p<0.05.
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