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Abstract

Despite the remarkable efficacy of COVID-19 vaccines, waning immunity and the emergence of 

SARS-CoV-2 variants such as Omicron represents a global health challenge. Here, we present data 

from a study in nonhuman primates demonstrating durable protection against the Omicron BA.1 

variant induced by a subunit SARS-CoV-2 vaccine comprising the receptor binding domain of the 

ancestral strain (RBD-Wu) on the I53–50 nanoparticle adjuvanted with AS03, which was recently 

authorized for use in individuals 18 years or older. Vaccination induced neutralizing antibody 

(nAb) titers that were maintained at high concentrations for at least 1 year after two doses, with a 

pseudovirus nAb geometric mean titer (GMT) of 1978 and a live virus nAb GMT of 1331 against 

the ancestral strain but not against the Omicron BA.1 variant. However, a booster dose at 6 to 12 

months with RBD-Wu or RBD-β (RBD from the Beta variant) displayed on I53–50 elicited high 

neutralizing titers against the ancestral and Omicron variants. In addition, we observed persistent 

neutralization titers against a panel of sarbecoviruses, including SARS-CoV. Furthermore, there 

were substantial and persistent memory T and B cell responses reactive to Beta and Omicron 

variants. Vaccination resulted in protection against Omicron infection in the lung and suppression 

of viral burden in the nares at 6 weeks after the final booster immunization. Even at 6 months 

after vaccination, we observed protection in the lung and rapid control of virus in the nares. 

These results highlight the durable and cross-protective immunity elicited by the AS03-adjuvanted 

RBD-I53–50 nanoparticle vaccine.

INTRODUCTION

Waning immunity coupled with the continuing emergence of immune-evasive variants 

represents a major challenge in controlling the coronavirus disease 2019 (COVID-19) 

pandemic. The efficacy of the highly effective mRNA vaccines has been shown to decrease 
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20 to 30% by 6 months after a two-dose vaccine series (1, 2). The efficacy declined more 

precipitously against Omicron, a variant highly resistant to vaccine-induced antibodies (3–

5), reaching 8.8% after the two-dose Pfizer-BioNTech mRNA vaccination. The waning 

efficacy thus mandates a booster vaccination despite the fact that about 40% of the world’s 

population are yet to receive full vaccination.

We recently reported the results of a study in nonhuman primates (NHPs) in which we 

compared the immunogenicity and protective efficacy of the receptor binding domain 

(RBD)–I53–50 nanoparticle immunogen formulated with five different adjuvants (6). 

Administering the RBD-I53–50 vaccination with AS03, an oil-in-water emulsion containing 

α-tocopherol, elicited the most potent and broad neutralizing antibody (nAb) response, as 

well as substantial T cell responses, and conferred protection against severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) challenge in the upper and lower airways. 

Furthermore, vaccine-induced nAbs persisted for at least 6 months after vaccination. In 

addition, AS03-adjuvanted RBD-I53–50 vaccination elicited potent nAb response in humans 

in a phase 1/2 clinical trial (7). Recently, the AS03-adjuvanted RBD-I53–50 met its primary 

end point in the phase 3 clinical trial and was approved by the Korean Ministry of Food 

and Drug Safety for use in individuals 18 years or older. In the present study, we evaluated 

the durability of immune protection after a booster immunization with RBD-Wu or RBD-β 
against the immune-evasive Omicron BA.1 variant.

RESULTS

AS03-adjuvanted RBD-I53–50 vaccination elicits robust and durable antibody responses

The study involved four groups of male rhesus macaques. The first group of five animals 

were immunized thrice with RBD-Wu + AS03, at days 0 and 21, followed by a final 

booster about 6 months later (group RBD-Wu/RBD-Wu/RBD-Wu; Fig. 1A). The second 

and third groups were from our previous study (6) in which one group of five animals 

received two doses of RBD-Wu, and the other group comprising six animals received two 

doses of HexaPro (HexaPro Spike protein of the ancestral Wu strain displayed on I53–50 

nanoparticle). Both immunogens were administered with the AS03 adjuvant on days 0 and 

21 using a prime-boost regimen during the previous study. In the current phase of the study, 

all 11 animals from both groups were boosted with an I53–50 nanoparticle immunogen 

displaying RBD-β stabilized with the Rpk9 mutations (8) about a year after the first 

immunization series (groups RBD-Wu/RBD-Wu/ RBD-β and HexaPro/HexaPro/RBD-β; 

Fig. 1A). The Beta variant was selected because it was the prevalent SARS-CoV-2 strain at 

the time. Thus, after a prolonged interval after immunization with RBD-β, we had planned 

to challenge these animals with the Beta variant to assess the durability of protection against 

this variant. However, the emergence of Omicron as the dominant strain while the study was 

ongoing prompted us to challenge the animals with Omicron instead to assess heterologous 

protection against this variant. The fourth group of five animals were unvaccinated controls. 

To assess the immunogenicity, the antibody responses in the RBD-Wu/RBD-Wu/ RBD-Wu 

animals were followed longitudinally from the day of the first immunization, whereas the 

two groups from the previous study were followed from the day of the final booster (Fig. 

1A). To assess protective efficacy, we challenged the animals with 2 × 106 plaque-forming 
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units (PFU) of SARS-CoV-2 Omicron BA.1 virus. We challenged the first group at 6 weeks 

after the final booster and the other two groups at about 6 months after the final booster 

to assess protection at the peak of immune responses versus when immune responses were 

waning.

Vaccination with RBD-Wu + AS03 (RBD-Wu/RBD-Wu/RBD-Wu group) elicited binding 

immunoglobulin G (IgG) titers against the Spike protein of the ancestral strain, as well as 

Omicron and Beta variants, that was detectable on day 21. The titers increased greater than 

10-fold after the first booster immunization [geometric mean titers (GMT) of 495,012 and 

52,821 arbitrary units (AU)/ml against the ancestral and Omicron strains, respectively; Fig. 

1, B and C (left), and fig. S1A] and declined to prebooster magnitude by 6 months. The 

final booster (third) immunization increased the titers by 2.5- and 4-fold against the ancestral 

(GMT of 1,270,391) and Omicron (GMT of 216,319) strains, respectively, relative to the 

titers at the peak of the second immunization (Fig. 1, B and C). We also observed detectable 

nAb response against the ancestral strain after one immunization, which increased 23-fold 

(GMT of 7620) after the second immunization, and the titer was maintained substantially 

(GMT of 1299) until the booster dose 6 months later (Fig. 1B, middle). In contrast, there 

was low nAb response against the Omicron variant (Fig. 1C, middle). The final booster 

immunization at 6 months increased the titers against the ancestral strain (GMT of 67,087) 

and against the Omicron (GMT of 7077) and Beta variants [GMT of 38,888; Fig. 1, B and 

C (middle), and fig. S1B (left)]. Consistent with the pseudovirus nAb response, vaccination 

also induced live virus nAb titers against the ancestral (GMT of 3626) and Beta (GMT of 

377) strains comparable to the responses seen in our previous study (6) but not Omicron 

after two immunizations [Fig. 1, B and C (right), and fig. S1B (right)]. The titers against 

ancestral strain decreased about fivefold by 6 months (GMT of 726) when the booster 

immunization was administered, which enhanced the responses against all three strains 

reaching peak GMTs of 8074, 1076, and 4527 against the ancestral strain, Omicron variant, 

and Beta variant, respectively [Fig. 1, B and C (right), and fig. S1B (right)].

In the two groups that were boosted with RBD-β at about a year after the two-dose primary 

immunization series (Fig. 1A), the booster vaccination elicited binding IgG responses 

against ancestral, Omicron, and Beta strains comparable to the titers in the RBD-Wu/ 

RBD-Wu/RBD-Wu group. The responses were maintained durably through the 5-month 

follow-up period [Fig. 1, D and E (left), and fig. S1C]. Because we observed no difference 

in antibody titers between the RBD-Wu and HexaPro groups before or after the booster 

immunization, the GMTs indicated in the text below and the figures represent the geometric 

mean of all 11 animals combined from both groups. Consistent with the binding IgG 

response, the pseudovirus (GMT of 1978) and live virus (GMT of 1331) nAb titers against 

the ancestral strain, after the two-dose primary vaccine series, were still detectable about 1 

year later before the final booster immunization (Fig. 1D, middle and right). The RBD-β 
booster immunization enhanced the titers against the ancestral strain, Omicron, and Beta 

variants. The GMTs against the ancestral strain reached as high as 71,244 and 12,172 in 

the pseudovirus and live virus neutralization assays, respectively. Although the pseudovirus 

nAb titers decreased only by about fivefold against all three strains, the live virus nAb titers 

decreased by 2.5- and 7-fold against the ancestral and Omicron strains, respectively, over 

the 5-month follow-up period [Fig. 1, D and E (middle and right), and fig. S1D]. Boosting 
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with RBD-Wu or RBD-β elicited comparable titers in both groups against each of the three 

viral strains measured (fig. S1E). In addition, we assessed binding and live virus nAb titers 

in serum samples collected on day 21 after the second vaccination (represented as day −318 

in the figures, relative to the final booster dose) to compare the magnitude and durability 

after the second and third doses. Although the nAb response against Omicron was low to 

undetectable after the second dose (consistent with the responses in the RBD-Wu/RBD-Wu/ 

RBD-Wu group), the live virus nAb titers against the ancestral strain reduced less than 

10-fold within the 1 year before the final booster vaccination (Fig. 1D, right). Last, we 

examined the reduction in nAb titers against Omicron in comparison with the ancestral 

strain. Consistent with several recent studies (5, 9–17), the antibody titers were about 

fivefold lower to the Omicron variant than was elicited against the ancestral strain (Fig. 

1F). Although the magnitude of nAbs measured using the pseudovirus assay was 10-fold 

higher than the live virus neutralization assays, the titers correlated with each other and 

with binding antibodies (fig. S1F). Last, we also observed pseudovirus nAb titers against 

the Omicron BA.2 subvariant in all three groups, four- to fivefold lower than that of the 

ancestral strain (fig. S1G).

Next, we estimated the half-life of binding and nAb titers using exponential decay and 

power law decay models. The exponential decay model assumes a constant decay rate over 

time, whereas the power law decay model assumes that decay rates decrease over time 

and may more accurately reflect the true nature of the kinetics of antibody response in 

vivo. Consistent with this hypothesis, the power law model fitted the data better than the 

exponential decay model after the second vaccine dose for both binding (ΔBICc = 41.2) and 

neutralizing (ΔBICc = 15.17) antibody titers. Therefore, we used the power law model to 

calculate half-lives after the second and third were 99 days [95% Confidence Interval (CI), 

93 to 107] and 266 days (95% CI, 159 to 569), respectively, after the second immunization 

(Fig. 1, G and H). After the final booster immunization, the estimated half-lives were 134 

days (95% CI, 98 to 171) and 135 days (95% CI, 103 to 151) for binding and nAb titers, 

respectively (Fig. 1, G and H). Comparison of half-lives using data from three equivalent 

time points after the second (days 21, 98, and 180) and third (days 21, 90, and 120 to 

160) immunizations showed that the half-life of binding titers increased twofold, whereas 

the half-life of neutralizing titers decreased from 188 to 135 days (indicated in green font 

in Fig. 1, G and H). Collectively, these data demonstrate that the RBD-I53–50 immunogen 

adjuvanted with AS03 stimulates robust and durable nAb response against multiple SARS-

CoV-2 variants, including Omicron BA.1 and BA.2 subvariants. In addition, there was no 

difference in the antibody responses elicited by RBD-Wu or RBD-β booster immunizations, 

consistent with recent studies assessing variant booster vaccination (18, 19).

Booster immunization 6 to 12 months after a two-dose primary series promotes broadly 
neutralizing antibodies against sarbecoviruses

The increased half-life of nAbs in comparison to the binding antibodies after the second 

vaccination suggested continuing evolution of the memory B cell repertoire, which can 

result in broadly cross-reactive nAb response after the final booster (20). This prompted 

us to examine whether the final booster vaccination elicited antibodies that neutralize 

other sarbecoviruses and the Merbecovirus, MERS-CoV (Middle East respiratory syndrome 
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coronavirus). Binding antibody responses were detected in all three groups against SARS-

CoV but not MERS-CoV Spike protein, consistent with the knowledge that the RBD region 

of MERS-CoV is structurally distinct from that of SARS-CoV and SARS-CoV-2 (Fig. 

2A). Furthermore, the final booster notably increased the magnitude of nAb response to 

a pseudoviral panel of sarbecoviruses including SARS-CoV (Fig. 2B), but there was no 

neutralization capacity against MERS-CoV in a live virus neutralization assay (fig. S2). 

The magnitude of binding and nAb responses did not differ between groups and was 

highest against SARS-CoV-2 followed by Pangolin-GX, SHC014, BtKY72, WIV1, and 

SARS-CoV. Although the nAb titers were 15-fold lower against SARS-CoV in comparison 

with SARS-CoV-2, the half maximal inhibitory concentration (IC50) GMT was 684. Thus, 

the AS03-adjuvanted RBD-I53–50 platform elicits potent nAb response not only against 

SARS-CoV-2 variants but also against other sarbecoviruses.

AS03-adjuvanted RBD-I53–50 vaccination elicits mucosal antibody responses

Antibody responses at the mucosa are critical to developing protective immunity against 

SARS-CoV-2. To assess whether this vaccine regimen elicits antibody responses at the 

mucosa, we measured binding antibody titers in the bronchoalveolar lavage (BAL) fluid 

and nasal swabs collected longitudinally from vaccinated animals using the Meso Scale 

platform. Consistent with the serum antibody responses, RBD-Wu + AS03 immunization 

(RBD-Wu/RBD-Wu/ RBD-Wu group) resulted in induction of antibodies that bound to the 

ancestral (GMT of 108 and 150 AU/μg total IgG in BAL fluid and nasal swab, respectively) 

and Omicron (GMT of 15 and 12 AU/μg in BAL fluid and nasal swab, respectively) Spike 

proteins after two doses (Fig. 3, A and B, left and middle). The final dose boosted the 

titers to 233 and 1463 AU/μg against the ancestral strain in BAL fluid and nasal swab, 

respectively. There was also a substantial increase in Omicron- and Beta-binding antibodies 

after the third dose (Fig. 3, A and B, middle and right). Similarly, the animals in the other 

two groups that were boosted with RBD-β elicited titers comparable to that of the RBD-Wu/

RBD-Wu/RBD-Wu group and maintained durably up to 4 to 5 months after vaccination with 

only a fourfold reduction in titers (Fig. 3, A and B). The binding antibody titers in BAL fluid 

and nasal swab correlated with serum binding antibody titers (Fig. 3, C and D).

RBD-I53–50 immunization with AS03 elicits CD4 T cell responses

We measured T cell responses using intracellular cytokine staining (ICS) assay after a 

6-hour stimulation of peripheral blood mononuclear cells (PBMCs) with overlapping peptide 

pools spanning the Spike proteins of the ancestral, Omicron, and Beta variants (21). 

Consistent with our previous study (6), RBD-Wu + AS03 vaccination (RBD-Wu/RBD-Wu/

RBD-Wu group) elicited CD4 T cell responses, both T helper 1 (TH1) and TH2 types, after 

two doses (Fig. 4, A and B). The responses subsided to near baseline frequencies by 6 

months, which were boosted by the final booster immunization (Fig. 4, A and B, and fig. 

S3A). Similarly, the final booster immunization with RBD-β in the other two groups also 

increased antigen-specific CD4 T cell responses (TH1 and TH2; Fig. 4, C and D, and fig. 

S3, B and C). The responses decreased considerably by 4 to 5 months after final booster 

immunization but were still detectable. Antigen-specific CD8 T cell responses could not 

be detected after two or three vaccinations (fig. S3D). The polyfunctional profile of Spike 

protein–specific CD4 T cells after two doses was comparable to our previous study (6), with 
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the majority (about 70%) of the cells expressing interleukin-2 (IL-2) with or without tumor 

necrosis factor (TNF) and a balanced TH1/TH2 profile expressing interferon-γ (IFN-γ) or 

IL-4 (Fig. 4E). The profile after the third dose was similar; however, the cells expressing 

IL-2 or TNF without IFN-γ or IL-4 were reduced marginally (40 to 60% in contrast to 

70%; Fig. 4E). The CD4 T cell response to Omicron was reduced only modestly (15%), 

albeit significantly (P = 0.006), in comparison to responses to the ancestral strain (Fig. 

4F), consistent with studies in humans (21–23). In addition to TH1 and TH2 cytokines, 

vaccination also promoted follicular T helper responses, with low but detectable IL-21 and 

high CD154-expressing CD4 T cell frequencies in response to vaccination (Fig. 4G). In 

summary, the booster immunization with RBD-Wu or RBD-β elicited considerable CD4 

T cell responses with only a marginal reduction in Omicron- or Beta-specific cellular 

immunity.

AS03-adjuvanted RBD-I53–50 immunization elicits polyreactive memory B cell responses

Next, we assessed Spike protein– specific memory B cells by flow cytometry analysis of 

PBMCs labeled with fluorescent-tagged Spike protein of the ancestral, Omicron, and Beta 

variants (Fig. 5A and fig. S4A). Immunization with RBD-Wu + AS03 elicited robust Spike 

protein–specific memory B cells (up to 1%) 21 days after the second immunization, more 

than 50% of which bound to all three probes (Fig. 5, B and C). The memory B cells 

consisted of 0.021 and 0.011% of all CD20+ B cells 6 months and 1 year after two doses, 

respectively (Fig. 5B). The third dose, either with RBD-Wu or RBD-β, boosted the memory 

B cell frequencies by 10-fold with a phenotype transition from resting (CD21+/CD27+) 

to activated (CD21−/CD27+) memory (Fig. 5, A and B, and fig. S4B) and an increased 

proportion of memory B cells binding to all three probes (Fig. 5C). The frequency of 

total Spike protein–specific memory B cells decreased gradually and reached a magnitude 

close to the prebooster time point by 4 to 5 months (Fig. 5B). Together, these data show 

that two doses of immunization elicit a durable memory B cell response, and the booster 

immunization with RBD-Wu or RBD-β further broadens the cross-reactivity of memory B 

cells to SARS-CoV-2.

AS03-adjuvanted RBD-I53–50 immunization results in durable protection against Omicron 
BA.1 infection

Omicron is characterized by high resistance to vaccine-induced and therapeutic monoclonal 

nAbs (5, 24), which results in a notable decline in vaccine efficacy (25). Booster vaccination 

has been recommended to improve effectiveness (26); however, the efficacy against 

symptomatic infection remains at about 65% at 2 to 4 weeks after a booster vaccination 

with BNT162b2 or mRNA-1273 (25, 27). These findings prompted us to examine protection 

at the peak time point in our study in addition to evaluating protection at 6 months when 

the vaccine-induced immunity is waning. Therefore, we challenged the animals receiving 

RBD-Wu/RBD-Wu/RBD-Wu at 6 weeks after final booster with the Omicron BA.1 variant. 

Given that the immune responses in the animals belonging to the other two groups (RBD-

Wu/RBD-Wu/RBD-β and HexaPro/HexaPro/RBD-β) were comparable, we challenged all 

11 animals at 6 months after final booster (Fig. 1A). All the animals were challenged with 2 

× 106 PFU by the intranasal (1 × 106 PFU) and intratracheal (1 × 106 PFU) routes.
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Two days after challenge, four of the five unvaccinated animals had a subgenomic viral load 

of 28,000 to 150,000 copies/ml (N gene) in the BAL fluid. The viral load persisted until 

day 7 and reduced to detection limit by day 14. In contrast, the animals challenged at the 

peak of immune responses (RBD-Wu/RBD-Wu/RBD-Wu group) demonstrated undetectable 

viral load in the lung, with none of the five animals showing a detectable viral load at 

any time point in the BAL fluid (Fig. 6A). Of the 11 animals challenged at 6 months 

after final booster vaccination, there was incomplete but significant (P < 0.05) protection 

in the lung compartment. Seven of the 11 animals showed an undetectable viral load, 

whereas the remaining 4 animals (2 animals from each vaccination group consistent with the 

equivalent immunogenicity in these groups) had a peak viral load of 1135, 3114, 4195, and 

33845 copies/ml, in contrast to a median viral load of 59,260 copies/ml in the unvaccinated 

controls. Of the four animals showing a viral load in BAL fluid, there was rapid viral 

control, with only one animal showing detectable viral load by day 7 (Fig. 6A).

To assess protection in the upper airways, we assessed viral loads in nasal swabs using N 
and E gene subgenomic polymerase chain reaction (PCR). Four of the five control animals 

showed detectable virus in nares. It was notable that the animal with undetectable viral load 

in nares was productively infected with a peak viral load of 28,063 copies in the BAL fluid. 

The median peak viral load was 1.36 × 107 copies/ml of the N gene, which was maintained 

up to day 7 in all four animals [Fig. 6, B and C (left)]. In contrast, although all vaccinated 

animals showed detectable viral loads irrespective of whether they were challenged at peak 

or 6 months later, the viral burden was rapidly suppressed. The peak median viral loads were 

7567 and 64,366 copies/ml in the animals challenged at peak and 6 months, respectively, 

and viral loads were reduced to detection limit by day 7 (Fig. 6, B and C). Comparing peak 

viral loads revealed a statistically significant (P ≤ 0.02) difference in the BAL fluid between 

each of the three vaccinated groups compared to unvaccinated controls, and viral loads in the 

nasal compartment were substantially reduced (Fig. 6, D and E).

The magnitude of serum IgG titers correlated negatively with peak viral load in the BAL 

fluid (Fig. 6F) and the nasal IgG response correlated with peak viral load in the nasal 

swab (fig. S5A). Concurrent with the infection of control animals, there was an induction 

of Omicron nAbs in serum (fig. S5B) and an inflammatory cytokine response in the BAL 

fluid (fig. S5C) but no clinical symptoms of severity (fig. S6), as has been seen in the 

macaque model. Collectively, these data demonstrate that the RBD-I53–50 nanoparticle 

vaccine adjuvanted with AS03 confers protection against Omicron even at 6 months after the 

final booster immunization.

DISCUSSION

Waning immunity, especially against Omicron, represents a major challenge in managing 

the ongoing pandemic. The efficacy against symptomatic infection of the Pfizer-BioNTech 

mRNA vaccine, one of the most efficacious vaccines against SARS-CoV-2, declined from 

greater than 90% to 67% against Omicron 2 to 4 weeks after the second booster (third 

inoculation) vaccination. The efficacy further declined to 45% in the following 10 weeks, 

demonstrating the effect of rapidly waning immunity (25). We show here that the AS03-

adjuvanted RBD-I53–50 nanoparticle vaccine confers protection against Omicron infection 
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in the lung at 6 weeks after final booster and about 65% protection even at 6 months after 

final booster immunization. Recent studies in NHPs vaccinated with the Moderna mRNA 

platform (28) or a homologous or a heterologous prime-boost regimen with the Ad26 and 

BNT162b2 vaccine platforms (29) evaluated protection only at the peak (1 month) of the 

vaccine- induced immunity. We also observed protection in the lung and rapid control of 

virus in the nares. Our study provides data demonstrating protection at 6 months after final 

booster. Whether similar protection is observed in humans remains to be seen.

A second key finding of our study is the durability of binding and nAb titers elicited by 

this vaccine platform. After an initial decline in the first 2 months (10,497 at peak and 

2234 at about 2 months), the neutralizing titers remained high over the 10-month period 

until the day of the final booster, with an estimated half-life of 266 days, which is among 

the highest of all half-life estimates reported for COVID-19 vaccines in humans (30, 31). 

Furthermore, comparison of live virus nAb titers measured using the same assay by the 

same laboratory (13, 32) shows that the peak response after two doses of mRNA-1273 [live 

virus nAb titer GMT: 5560 (28)] and the RBD-I53–50 + AS03 (GMT of 6697) vaccines 

were comparable; however, the live virus neutralizing GMTs were 330 (28) and 1964 at 

the time of the final booster at 10 to 11 months after the second dose of mRNA-1273 

and RBD-I53–50 + AS03, respectively, suggesting that the nAb titers were relatively more 

durable after vaccination with this adjuvanted nanoparticle platform. However, the assays 

were not performed simultaneously to allow for an ideal head-to-head comparison.

In addition to the durability of the antibody responses, our data show that the final 

booster immunization elicits a high magnitude of binding and nAb responses to Omicron 

BA.1 and BA.2 subvariants, as well as other sarbecoviruses, including SARS-CoV against 

which there was no response after the primary two-immunization series as reported in 

Fig. 1 (for Omicron) and our previous work (33). These data are consistent with there 

being continuing somatic hypermutation and affinity maturation of memory B cells long 

after the second immunization, leading to selection of B cell clones producing broad 

and qualitatively superior nAbs. Moreover, the frequencies of antigen-specific memory B 

cells with polyreactive specificities against the ancestral, Beta, or Omicron Spike protein 

variants were similar in animals boosted with RBD-Wu or RBD-β, suggesting that there are 

conserved epitopes targeted by B cells that elicit potent and broad neutralization.

The RBD-I53–50 + AS03 vaccination results in substantial memory T and B cell responses. 

Vaccination stimulates substantial TH1- and TH2-type CD4 T cell responses but little CD8 

T cell responses. We observed no evidence of vaccine-associated enhanced respiratory 

disease in vaccinated animals as measured by positron emission tomography with computed 

tomography in our previous study (6) and the induction of inflammatory cytokines in BAL 

fluid in both studies. Despite the lack of CD8 T cell immunity, the protection observed in 

these animals was comparable to vaccine modalities that elicit CD8 T cells, such as the 

Ad26 platform (29).

The landscape of the COVID-19 pandemic continues to evolve rapidly. The animals 

challenged at the peak time point received the final booster vaccination with the ancestral 

vaccine strain, but the animals challenged 6 months after the final booster vaccination were 
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boosted with the Beta variant and not the ancestral strain. Although we demonstrated that 

the immune responses did not differ between boosting with the ancestral or the Beta strain, 

we could not examine whether the durable protection was also true after boosting with 

the ancestral vaccine, which is the clinical vaccine. Since the completion of the study, 

the landscape further changed and Omicron BA.1 was replaced by BA.2, which was then 

replaced by BA.4 and BA.5. The Omicron subvariant BA.5 is the dominant circulating 

virus as we write this paper currently. Our challenge data have been with the Omicron 

BA.1 variant. It is conceivable that BA.2, BA.4, BA.5, and other emerging subvariants may 

differ in their sensitivity to vaccine-elicited immune responses, although our data currently 

indicate that it is not the case (16, 17). Last, we acknowledge that the magnitude of immune 

responses, particularly nAb responses, is generally higher in NHPs than in humans. The 

magnitude, durability, and protective capacity of this vaccine platform remain to be tested in 

humans. In summary, our study demonstrates potent, broad, and durable immunity elicited 

by the AS03-adjuvanted RBD-I53–50 vaccine platform, which confers protection against 

Omicron at least until 6 months after vaccination. These results have important implications 

for the vaccine, which recently met the study end points in a phase 3 clinical trials.

MATERIALS AND METHODS

Study design

The study involved four groups of male rhesus macaques (Macaca mulatta). The first group 

of five animals were immunized thrice with RBD-Wu + AS03, at days 0 and 21, followed 

by a final booster about 6 months later. The second and third groups were from our previous 

study (6) in which one group of the five animals received two doses of RBD-Wu and 

the other group comprising six animals received two doses of HexaPro (HexaPro Spike 

protein from the ancestral strain displayed on I53–50 nanoparticles). Both immunogens 

were administered with the AS03 adjuvant on days 0 and 21 using a prime-boost regimen. 

In the current phase of the study, all 11 animals from both groups were boosted with an 

I53–50 nanoparticle immunogen displaying RBD-β stabilized with the Rpk9 mutations (8) 

about a year after the first immunization series. The fourth group of five animals were 

unvaccinated controls. The number of animals in each group was determined to identify 

large differences between groups based on our previous experience. We did not do a power 

calculation to determine the sample size. The animals were randomly distributed between 

groups, considering body weight and age as the critical variables. The experiments were 

performed in an unblinded fashion through the immunogenicity phase of the study at New 

Iberia Research Center (NIRC). The baseline samples (indicated as day 0 in the figures 

for clarity) at primary and tertiary vaccinations were collected 7 days before vaccination. 

The animals were transported to Tulane National Primate Research Center (TNPRC) for the 

challenge phase when the investigators were blinded to the experimental groups. To assess 

immunogenicity, the RBD-Wu/RBD-Wu/RBD-Wu animals were followed longitudinally 

from the day of the first immunization, whereas the two groups from the previous study 

were followed from the day of the final booster. To assess protective efficacy, we challenged 

the animals with 2 × 106 PFU of SARS-CoV-2 Omicron BA.1 virus at 6 weeks or 6 months 

after the final booster vaccination.
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Animal subjects

Twenty-one male rhesus macaques of Indian origin, aged 5 to 15 years, including 11 animals 

from the previous study (6) were housed and maintained as per National Institutes of Health 

(NIH) guidelines at the NIRC of the University of Louisiana at Lafayette in accordance 

with the rules and regulations of the Committee on the Care and Use of Laboratory Animal 

Resources. The entire study (protocol 2020–8808-015) was reviewed and approved by 

the University of Louisiana at Lafayette Institutional Animal Care and Use Committee 

(IACUC). All animals were negative for simian immunodeficiency virus, simian T cell 

leukemia virus, and simian retrovirus. For the challenge, the animals were transferred to the 

regional biosafety level 3 (BSL-3) facility at the TNPRC, where the study was reviewed and 

approved by the Tulane University IACUC (protocol 3930).

RBD-I53–50 nanoparticle immunogen production, adjuvant formulation, and immunization

Nanoparticle immunogen components and nanoparticles were produced as previously 

described in detail (34), with the exception that the RBD-Wu was in a buffer containing 50 

mM tris (pH 8), 150 mM NaCl, 100 mM L-arginine, and 5% (w/v) sucrose and the RBD-β 
was in a buffer containing 50 mM tris (pH 8), 150 mM NaCl, 100 mM L-arginine, and 5% 

(v/v) glycerol. AS03 is an oil-in-water emulsion that contains 11.86 mg of α-tocopherol, 

10.69 mg of squalene, and 4.86 mg of polysorbate 80 (Tween 80) in phosphate-buffered 

saline (PBS). For each dose, the nanoparticle immunogens were diluted to 50 μg ml−1 

(SARS-CoV-2 antigen component) in 250 μl of tris-buffered saline and mixed with an equal 

volume of AS03. The dose of AS03 was 50% (v/v; equivalent of one human dose). All 

immunizations were administered by the intramuscular route in right forelimbs. The volume 

of each dose was 0.5 ml.

Extraction of antibodies from nasal swabs

Nasal swabs (two swabs per animal) were collected using Merocel sponges and were stored 

in a 5-ml polypropylene tube at −80°C. The samples were thawed on ice. One sponge 

head was cut and inserted into the upper chamber of a QIAshredder (QIAGEN, catalog no. 

79656). The samples were centrifuged at 12,000 rpm for 5 min at 4°C. Elution buffer (0.2 

ml) was added into the upper chamber, incubated on ice for 15 min, and centrifuged at 

12,000 rpm for 10 min at 4°C. The same protocol was then used for the second sponge head. 

In total, mucosal secretions were extracted in 400 μl of PBS buffer containing 5% (v/v) 

IGEPAL (Sigma, catalog no. I8896–50ML) and 1× protease inhibitor (Clontech, catalog no. 

635673).

Anti–Spike protein electrochemiluminescence binding enzyme-linked immunosorbent 
assay

Anti–Spike protein IgG titers were measured using V-PLEX COVID-19 panel 23 from 

Meso Scale Discovery (MSD; catalog no. K15567U) or coronavirus panel 3 (MSD, catalog 

no. K15399U). The assay was performed as per the manufacturer’s instructions. Briefly, 

the multispot 96-well plates were blocked in 0.15 ml of blocking solution with shaking 

at 700 rpm at room temperature. After 30 min of incubation, 50 μl of serum, BAL 

fluid, or nasal wash samples was diluted in antibody diluent solution, and serially diluted 
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calibrator solution was added to each plate in the designated wells and incubated at room 

temperature for 2 hours with shaking. After 2 hours of incubation, the plates were washed 

and 50 μl of Sulfo-tag–conjugated anti-IgG was added, and the plates were incubated at 

room temperature for 1 hour. After incubation, the plates were washed, and 0.15 ml of 

MSD GOLD Read buffer was added. The plates were immediately read using the MSD 

instrument. The unknown concentrations were extrapolated using a standard curve drawn 

using the calibrators in each plate and presented as relative MSD AU/ml. For BAL fluid 

and nasal swab samples, the total IgG was measured using the MSD Isotyping panel (NHP/

Human kit, catalog no. K15203D) using the manufacturer’s recommendations, and the 

response was normalized and presented per microgram of total IgG.

Pseudovirus production and neutralization assay

Vesicular stomatitis virus (VSV)–based green fluorescent protein (GFP)/nanoluciferase-

expressing SARS-CoV-2 pseudoviruses were produced as described previously (12). VSV-

ΔG-GFP/nanoluciferase and plasmids encoding Spike proteins of SARS-CoV-2 Wuhan 

(SΔ19), Beta (B.1.351), and Omicron (B.1.529) were provided by G. S. Tan (J. Craig Venter 

Institute). To perform neutralization assay, VeroE6-TMPRSS2-T2A-ACE2 cells [Biodefense 

and Emerging Infections Research Resources, National Institute of Allergy and Infectious 

Diseases (NIAID), NR-54970] were seeded at a density of 1 × 104 per well in half-area 

96-well black opaque plates (Greiner Bio-One) and were grown overnight at 37°C in a 5% 

CO2 atmosphere. Serum samples were fivefold serially diluted using the infection medium 

[Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2% fetal bovine serum 

(FBS) and penicillin-streptomycin (100 U/ml)] in duplicates. Diluted serum samples were 

then mixed with an equal volume of Wuhan, Beta, or Omicron pseudoviruses and diluted 

in infection medium at an amount of 200 to 400 focus-forming units/ml per well, followed 

by incubation at 37°C for 1 hour. Subsequently, immune complexes were added onto the 

monolayers of PBS-washed VeroE6-TMPRSS2-T2A-ACE2 cells and incubated at 37°C. 

At 18 hours after incubation, supernatants were removed, cells were washed once with 

PBS, and nanoluciferase enzymatic activities were measured using the Nano-Glo Luciferase 

Assay System (Promega, #N1120) and a SpectraMax iD3 multimode microplate reader. 

Percent inhibition values were calculated by subtracting the percent infection from 100. 

Nonlinear curves and IC50 values were determined using GraphPad Prism.

Viruses and cells for focus reduction neutralization test

VeroE6-TMPRSS2 cells were described previously and cultured in complete DMEM 

(DMEM with 10% FBS + penicillin-streptomycin) in the presence of Gibco puromycin (10 

mg/ml; #A11138–03). nCoV/USA_WA1/2020 (WA/1) was propagated from an infectious 

SARS-CoV-2 clone as previously described (35). icSARS-CoV-2 was passaged once to 

generate a working stock. The hCoV-19/USA/ MD- HP01542/2021 (B.1.351) was provided 

by A. Pekosz (Johns Hopkins University) and was propagated in Vero-TMPRSS2 cells 

(36). hCoV19/EHC_C19_2811C (referred to as the B.1.1.529 variant) was derived from 

a mid-turbinate nasal swab collected in December 2021. This SARS-CoV-2 genome is 

available under Global Initiative on Sharing Avian Influenza Data accession number EPI_ 

ISL_7171744. All viruses used in the focus reduction neutralization test (FRNT) assay were 

deep-sequenced and confirmed as previously described (32).
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FRNT assays were performed as previously described (13, 32, 37). Briefly, samples were 

diluted threefold in eight serial dilutions using DMEM in duplicates with an initial dilution 

of 1:10 in a total volume of 60 μl. Serially diluted samples were incubated with an equal 

volume of WA1, B.1.351, or B.1.1.529 (100 to 200 foci per well based on the target 

cell) at 37°C for 45 min in a round-bottomed 96-well culture plate. The antibody-virus 

mixture was then added to VeroE6-TMPRSS2 cells and incubated at 37°C for 1 hour. 

After incubation, the antibody-virus mixture was removed, and 100 μl of prewarmed 0.85% 

methylcellulose (Sigma-Aldrich, #M0512–250G) overlay was added to each well. Plates 

were incubated at 37°C for either 18 hours (WA1 or B.1.351) or 40 hours (B.1.1.529), and 

the methylcellulose overlay was removed and washed six times with PBS. Cells were fixed 

with 2% paraformaldehyde in PBS for 30 min. After fixation, plates were washed twice 

with PBS and permeabilization buffer (0.1% bovine serum albumin and 0.1% saponin in 

PBS) was added to permeabilized cells for at least 20 min. Cells were incubated with an 

anti–SARS-CoV Spike protein primary antibody directly conjugated to Alexa Fluor 647 

(CR3022-AF647) for 4 hours at room temperature or overnight at 4°C. Cells were washed 

three times in PBS, and foci were visualized on an ELISpot reader. Antibody neutralization 

was quantified by counting the number of foci for each sample using the Viridot program 

(38). The neutralization titers were calculated as follows: 1 − (ratio of the mean number of 

foci in the presence of serum and foci at the highest dilution of respective serum sample). 

Each specimen was tested in duplicate. The FRNT-50 titers were interpolated using a 

four-parameter nonlinear regression in GraphPad Prism 9.2.0. Samples that do not neutralize 

at the limit of detection at 50% are plotted at 10 and were used for geometric mean and fold 

change calculations.

Antibody half-life calculations

Mixed-effects models implemented in MonolixSuite 2021R1 (Lixoft) were used to estimate 

the corresponding half-lives of antigen-specific antibodies. The equations dAb/dt = −k × 

Ab (for the exponential decay model) and dAb/dt = −k/t × Ab (for the power law decay 

model) were fitted to the longitudinal data starting from day 21 after the second or third 

vaccine doses, where Ab is the antibody concentration and k is the exponential or power law 

decay rates, respectively. The corresponding half-lives were calculated as t1/2 = ln(2)/k for 

the exponential decay model or t1/2 (estimated from a given time T) = T(21/k − 1) for the 

power law decay model. For the power law model, the half-lives were estimated at day T 
= 100 days after the second or third vaccine doses. Longitudinal data from the comparable 

three time points were used to estimate the decay rates after the second dose (days 21, 98, 

and 180) and the third dose (days 21, 90, and 120 to 160). The individual-level parameters 

were lognormally distributed for the initial antibody concentration (at day 21) and normally 

distributed for the decay rate k with an assumption of no correlations between the random 

effects. We assumed multiplicative independent lognormal observation error. The estimation 

of the population parameters was performed using the stochastic approximation expectation-

maximization algorithm.

Pseudovirus neutralization assay for breadth

The pseudovirus neutralizing titers against ancestral (D614G Spike protein), Omicron BA.2 

Spike protein, Pangolin-Guangxi Spike protein (QIA48623.1), SARS-CoV Spike protein 

Arunachalam et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2023 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(YP 009825051.1), WIV1 Spike protein, SHC-014 spike protein, and BtKY72-K493Y-

T498W Spike protein (39) were measured using a protocol adapted from our previous study 

(15, 24). Briefly, human embryonic kidney (HEK) 293T cells in DMEM supplemented with 

10% FBS and 1% penicillin-streptomycin seeded in 10-cm dishes were transfected with 

the plasmid encoding for the corresponding Spike glycoprotein using Lipofectamine 2000 

(Life Technologies) following the manufacturer’s instructions. One day after transfection, 

cells were infected with VSV (G*ΔG-luciferase) and, after 2 hours, were washed five times 

with DMEM before adding medium supplemented with anti–VSV-G antibody (I1-mouse 

hybridoma supernatant; CRL- 2700, American Type Culture Collection). Virus pseudotypes 

were harvested 18 to 24 hours after inoculation, clarified by centrifugation at 2500g for 

5 min, filtered through a 0.45-μm cutoff membrane, concentrated 10 times with a 30-kDa 

cutoff membrane, aliquoted, and stored at −80°C.

VeroE6-TMPRSS cells (40) used for ancestral and Omicron BA.2 (fig. S1G) neutralization 

were cultured in DMEM with 10% FBS (HyClone), 1% penicillin-streptomycin, and 

puromycin (8 μg/ml; to ensure retention of TMPRSS2) with 5% CO2 in a 37°C incubator 

(Thermo Fisher Scientific). HEK-ACE2 cells were used for the sarbecovirus panel (G614, 

SARS-CoV-1, WIV1, Pangolin-GX, SHC014, and BtKY72 in Fig. 2) and were cultured in 

DMEM with 10% FBS (HyClone) and 1% penicillin-streptomycin. Cells were trypsinized 

using 0.05% trypsin and plated to 40,000 cells per well in a white 96-well plate. The 

following day, cells were checked to be at 80% confluence. In an empty half-area 96-well 

plate, a 1:3 serial dilution of serum was made in DMEM and diluted pseudovirus was 

then added and incubated at room temperature for 30 to 60 min before addition of the 

serum-virus mixture to the cells at 37°C. Two hours later, 40 μl of DMEM containing 20% 

FBS and 2% penicillin-streptomycin was added to each well. After 17 to 20 hours, 40 μl 

per well of ONE-Glo EX substrate (Promega) was added to the cells and incubated in the 

dark for 5 to 10 min before reading on a BioTek plate reader. Measurements were done at 

least in duplicate using distinct batches of pseudoviruses, and one representative experiment 

is shown. Relative luciferase units were plotted and normalized in Prism (GraphPad). The 

nonlinear regression of log (inhibitor) versus normalized response was used to determine 

IC50 values from curve fits.

MERS-CoV neutralization assay

NHP serum samples were diluted 1:80 in VeroE6 cell growth media and further diluted 

in a twofold series for 12 wells. MERS-CoV-Jordan was incubated with serum for 30 min 

at room temperature. Mock-infected NHP serum and MERS-CoV-Jordan VeroE6 medium 

served as negative and positive controls, respectively. The inhibitory capacity of each serum 

dilution was assessed for cytopathic effect, and the serum dilution at which MERS-CoV-

Jordan was not inhibited was recorded as the Neut99.

ICS assay

Antigen-specific T cell responses were measured using the ICS assay. Live frozen PBMCs 

were revived, counted, and resuspended at a density of 2 × 106 live cells/ml in complete 

RPMI 1640 (RPMI 1640 supplemented with 10% FBS and penicillin-streptomycin). The 

cells were rested overnight at 37°C in a CO2 incubator. The next morning, the cells were 
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counted again and resuspended at a density of 12 × 106/ml in complete RPMI 1640, and 

100 μl of cell suspension containing 1.2 × 106 cells was added to each well of a 96-well 

round- bottomed tissue culture plate. Each sample was treated with three or four conditions 

depending on cell numbers: no stimulation or a peptide pool spanning the Spike protein 

of the ancestral Wu strain, Omicron BA.1 variant, or Beta variant (where cell numbers 

permitted) in the presence of anti-CD28 (1 μg ml−1; clone CD28.2, BD Biosciences) and 

anti-CD49d (clone 9F10, BD Biosciences), as well as anti-CXCR3 and anti-CXCR5. The 

details of peptide synthesis and purity are described previously (21). Briefly, the peptide 

pools were 15-nucleotide oligomer peptides with 10-nucleotide oligomer overlaps spanning 

the entire Spike protein sequence of each variant. The amino acids in the variant peptide 

pools that vary from the ancestral Spike protein sequence are provided in table S3 of 

(21). Each peptide was dissolved at a concentration of 20 mg/ml in dimethyl sulfoxide 

(DMSO), and individual peptides were pooled to prepare each variant-specific peptide pool 

after sequential lyophilization, as previously reported (21). Each peptide pool contained 

253 peptides and was resuspended in DMSO at a concentration of 1 mg/ml. PBMCs were 

stimulated at a final concentration of 1 μg/ml of each peptide in the final reaction with 

an equimolar amount of DMSO [0.5% (v/v) in 0.2-ml total reaction volume] as negative 

control. The samples were incubated at 37°C in CO2 incubators for 2 hours before addition 

of brefeldin A (10 μg ml−1). The cells were incubated for an additional 4 hours. The cells 

were washed with PBS and stained with Zombie ultraviolet (UV) fixable viability dye 

(BioLegend). The cells were washed with PBS containing 5% FBS before the addition 

of surface antibody cocktail (table S1). The cells were stained for 20 min at 4°C in 

100-μl volume. Subsequently, the cells were washed, fixed, and permeabilized with Cytofix/

Cytoperm buffer (BD Biosciences, #555028) for 20 min. The permeabilized cells were 

stained with ICS antibodies for 20 min at room temperature in 1× Perm/Wash buffer (BD 

Biosciences, #555028). The details of antibodies used in the assay are provided in table S1. 

Cells were then washed twice with Perm/Wash buffer and once with staining buffer before 

acquisition using the BD FACSymphony flow cytometer and the associated BD FACSDiva 

software. All flow cytometry data were analyzed using FlowJo software v10 (TreeStar Inc.).

Spike protein–specific memory B cell staining

Cryopreserved PBMCs were thawed and washed twice with 10 ml of fluorescence-

activated cell sorting (FACS) buffer (1× PBS containing 2% FBS and 1 mM EDTA) and 

resuspended in 100 μl of PBS containing Zombie UV LIVE/DEAD dye at 1:200 dilution 

(BioLegend, #423108) and incubated at room temperature for 15 min. After washing, cells 

were incubated with an antibody cocktail for 1 hour protected from light on ice. The 

following antibodies were used: IgD phycoerythrin (PE; Southern Biotech, #2030–09), IgM 

peridinin chlorophyll protein–Cy5.5 (BioLegend, #314512), CD20 allophycocyanin-H7 (BD 

Biosciences, #560734), CD27 PE-Cy7 (BioLegend, #302838), CD14 brilliant violet (BV) 

650 (BioLegend, #301836), CD16 BV650 (BioLegend, #302042), IgG brilliant UV 395 

(BD Biosciences, #564229), CD3 BV650 (BD Biosciences, #563916), CD21 PE-CF594 

(BD Biosciences, #563474), Alexa Fluor 488–labeled Beta Spike protein (antibodies-online, 

#ABIN6963740), Alexa Fluor 647– labeled Omicron Spike protein (Sino Biological, 

#40589-V08H26), and BV421-l abeled Wuhan Spike protein (Sino Biological, #40589-

V27B-B). All antibodies were used as per the manufacturer’s instruction, and the final 
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concentration of each probe was 0.1 μg/ml. Cells were washed twice in FACS buffer and 

immediately acquired on a BD FACSAria III. FlowJo software v10 (TreeStar Inc.) was used 

for data analysis.

Viral challenge

The animals were challenged in three cohorts. Cohorts 1, 2, and 3 contained 5, 10, and 

6 animals, respectively. Each cohort contained unvaccinated and vaccinated animals. All 

the animals were housed at the NIRC for the vaccination phase and moved to TNPRC 

for challenge at least 3 weeks before challenge. The animals were housed in the BSL-3 

facility for 7 to 10 days before challenge for acclimatization. The animals were inoculated 

by the intratracheal and intranasal routes with a total of 2 × 106 PFU of SARS-CoV-2 

Omicron. The inoculum was divided into two equal parts, and 1 × 106 PFU was inoculated 

intratracheally and 0.5 × 106 PFUs was inoculated into each nostril in 0.5-ml volume.

The details of the Omicron challenge stock and the sequencing confirmation have been 

described previously (13, 28). We used the same challenge stock. Briefly, the Omicron 

BA.1 variant virus (B.1.1.529) was derived from a mid-turbinate nasal swab collected in 

December 2021. The virus was plaque-purified using VeroE6-TMPRSS cells from the nasal 

swab and propagated once to expand, and a working stock was generated. The virus was 

deep-sequenced and confirmed.

Sampling of nares

The monkeys were anesthetized using Telazol and placed in dorsal recumbency or a chair 

designed to maintain an upright posture. Sterile swabs were gently inserted into the nares. 

Once inserted, the sponge or swab was rotated several times within the cavity or region and 

immediately withdrawn.

BAL fluid collection and processing after challenge

The animals were anesthetized using Telazol and placed in a chair designed specifically for 

the proper positioning for BAL procedures. A local anesthetic (2% lidocaine) was applied 

to the larynx at the discretion of the veterinarian. A laryngoscope was used to visualize the 

epiglottis and larynx. A feeding tube was carefully introduced into the trachea after which 

the stylet was removed. The tube was advanced further into the trachea until slight resistance 

was encountered. The tube was slightly retracted, and the syringe was attached. Aliquots of 

warmed normal saline were instilled into the bronchus. The saline was aspirated between 

each lavage before a new aliquot was instilled. When the procedure was complete, the 

monkey was placed in right lateral recumbency. The monkey was carefully monitored, with 

observation of the heart rate, respiratory rate and effort, and mucous membrane color. An 

oxygen facemask may be used after the procedure at the discretion of the veterinarian. The 

monkey was returned to its cage, positioned on the cage floor in right lateral recumbency, 

and monitored closely until recovery was complete. The BAL fluid samples were filtered 

twice using 100-μl strainers and collected in 50-ml centrifuge tubes. The samples were 

centrifuged at 300g for 10 min at 4°C. The supernatant was transferred into new tubes, 

aliquoted, and stored at −80°C until downstream processing.
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Viral load

Quantitative reverse transcription PCR (qRT-PCR) for the subgenomic RNA encoding 

the N protein was performed using the primers, probes, and conditions described 

recently (28). The E gene subgenomic PCR was performed as described previously (6, 

41). Primers and probes for the N subgenomic qRT-PCR were as follows: forward, 5′-

CGATCTCTTGTAGATCTGTTCTC-3′; reverse, 5′-GGTGAAC-CAAGACGCAGTAT-3′; 

and probe, 5′-FAM-CGATCAAAAC-AACGTCGGCCCC-BHQ1–3′. Both PCRs were run 

in a 20-μl volume containing 5 μl of sample, 900 nM primers, 250 nM probe with TaqPath 1-

Step RT-qPCR Master Mix, CG (Thermo Fisher Scientific, #A15300). The PCR conditions 

were 2 min at 25°C for uracil N-glycosylase incubation, 15 min at 50°C for RT, and 2 min at 

95°C (Taq activation), followed by 40 cycles of 95°C for 3 s (denaturation) and 60°C for 30 

s (annealing and elongation).

Plaque reduction microneutralization test after challenge

Plaque reduction microneutralization test assays were conducted essentially as described 

(42), with modifications. Briefly, serially diluted serum (starting with 1:10 and followed by 

threefold dilutions) were mixed 1:1 with a 10,000 tissue culture infectious dose (TCID50)/ 

ml solution of SARS-CoV-2 B.1.1.529 (Omicron), and 100 μl of the mixture was overlaid 

on Vero-TMPRSS2 cells and incubated for 48 hours in DMEM with 2% FBS. Cells were 

fixed and labeled using a mouse anti–SARS-CoV nucleoprotein monoclonal antibody (clone 

MM08, Sino Biological) followed by a horseradish peroxidase– conjugated goat anti-mouse 

secondary antibody. Infection was quantified by measuring the absorbance at 490 nm. 

Neutralization titer was calculated as the reciprocal of the serum dilution that caused a 50% 

reduction of infection.

Meso Scale assessment of cytokine response in BAL fluid

V-PLEX MSD Multi-Spot Assay System kits were used to measure concentrations of 

various protein targets: chemokine panel 1 [eotaxin, macrophage inflammatory protein 

1β (MIP-1β), eotaxin-3, thymus and activation-regulated chemokine, IFN-γ–induced 

protein-10, MIP-1α, IL-8, monocyte chemoattractant protein–1 (MCP-1), macrophage-

derived chemokine, and MCP-4], cytokine panel 1 (granulocyte-macrophage colony-

stimulating actor, IL-1α, IL-5, IL-7, IL-12/IL-23p40, IL-15, IL-16, IL-17A, TNF-β, and 

vascular endothelial growth factor–A), and proinflammatory panel 1 (IFN-γ, IL-1β, IL-2, 

IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF) (Meso Scale Diagnostics). Assays were 

performed on frozen BAL supernatants following the manufacturer’s instructions with an 

extended incubation of samples overnight at 4°C to improve sensitivity. Kits were brought to 

room temperature, and samples were thawed in a room temperature water bath. Plates were 

washed three times, followed by the addition of prepared samples and calibrator standards. 

Plates were then sealed and incubated at room temperature on a shaker for 2 hours. Plates 

were immediately transferred to 4°C overnight. The next day, detection antibody cocktails 

were added after washing the plates three times. The plates were then sealed and incubated 

at room temperature on a shaker for 2 hours. Last, the plates were washed three times, and 

MSD read buffer T was added and immediately read on an MESO QuickPlex SQ 120MM 

instrument (Meso Scale Diagnostics). The concentration of each analyte was determined on 
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the basis of the standard curve plotted between the known concentrations of calibrators and 

their respective signals.

Statistical analysis

Individual-level data for all the figures are presented in data file S1. The difference 

between any two groups at a time point was measured using a two-tailed nonparametric 

Mann-Whitney unpaired rank-sum test. The difference between time points within a group 

was measured using a Wilcoxon matched-pairs signed rank test. All correlations were 

Spearman’s correlations based on ranks. All statistical analyses were performed using 

GraphPad Prism v.9.0.0 or R version 3.6.1. All the figures were made in GraphPad Prism or 

R and organized in Adobe Illustrator.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. AS03-adjuvanted RBD-I53–50 immunization elicits potent and durable serum antibody 
responses.
(A) Schematic of the study design is shown. (B and C) Anti–Spike protein binding IgG, 

pseudovirus, and live virus nAb titers were measured against ancestral (B), and Omicron 

(C) strains in the RBD-Wu/RBD-Wu/RBD-Wu group (n = 5). (D and E) Binding IgG, 

pseudovirus, and live virus nAb titers were measured against ancestral (D) and Omicron 

(E) strains in the RBD-Wu/RBD-Wu/RBD-β (blue, n = 5) and HexaPro/HexaPro/RBD-β 
(red, n = 6) groups. The numbers within the graphs show GMTs. (F) Antibody titers against 
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ancestral and Omicron strains are shown at the time points (n = 16 and 11 on day 21 and 

days 120 to 160, respectively) indicated on top. The numbers indicate fold change between 

ancestral and Omicron titers. Horizontal bars indicate median. (G and H) Binding (G) and 

pseudovirus nAb (H) titers were measured against the ancestral strain in serum collected 

at indicated time points (n = 11; n = 9 or 10 on day −318, 21 days after the second 

vaccination). The purple (calculated using four data points) and green (calculated using three 

data points) lines show the fit using the power law model to calculate decay rates. The data 

in (F) to (H) contain a portion of the data from (B) to (E). The statistical differences between 

time points were determined using Wilcoxon matched-pairs signed rank test. Horizontal 

dashed lines throughout indicate the lower limit of quantitation.
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Fig. 2. A second booster immunization with RBD-Wu + AS03 or RBD-β + AS03 promotes 
broadly nAb responses.
(A) Binding IgG responses are shown against Spike protein from viruses indicated on 

the x axis. (B) Pseudovirus nAb responses against viruses indicated on X-axis are shown. 

Each symbol represents an animal [RBD-Wu/RBD-Wu/RBD-Wu (black; n = 5), RBD-Wu/

RBD-Wu/RBD-β (blue; n = 5), and HexaPro/HexaPro/RBD-β (red; n = 6)], and paired 

samples are connected with a dashed line. The numbers within the graphs show GMTs. 

The statistical differences between viruses in were calculated using Friedman test for paired 

samples (*P < 0.05, **P < 0.01, and ****P < 0.0001). The horizontal dashed lines indicate 

the lower limit of quantitation.

Arunachalam et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2023 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Mucosal antibody responses are induced by AS03-adjuvanted RBD- nanoparticle 
vaccination.
(A and B) Spike protein–binding IgG titers against the ancestral strain (left panel), Omicron 

(middle panel) and Beta (right panel) variants were measured in the BAL fluid (A) and nasal 

swabs (B) of animals in the RBD-Wu/RBD-Wu/RBD-Wu (top, n = 5) group, as well as the 

RBD-Wu/ RBD-Wu/RBD-β (blue, n = 5) and HexaPro/HexaPro/RBD-β (red, n = 6) groups 

(bottom). The numbers within the graphs show GMTs. The statistical differences between 

time points were determined using Wilcoxon matched-pairs signed rank test combining 11 
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animals from the RBD-Wu/RBD-Wu/RBD-β and HexaPro/HexaPro/RBD-β groups. (C and 

D) Spearman’s correlation between binding IgG measured at 21 days after final booster in 

serum versus BAL fluid (C) and nasal swabs (D) is shown.
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Fig. 4. AS03-adjuvanted RBD-I53–50 immunization elicits Spike protein–specific CD4 T cell 
responses.
(A and B) Frequency of Spike protein–specific CD4 T cells against ancestral (left) and 

Omicron (right) strains are shown for PBMC samples from the RBD-Wu/RBD-Wu/RBD-

Wu group. (C and D) Frequency of Spike protein–specific CD4 T cells against ancestral 

(left) and Omicron (right) strains is shown for PBMC samples from the RBD-Wu/RBD-Wu/

RBD-β (blue) and HexaPro/HexaPro/RBD-β (red) groups. CD4 T cells secreting IL-2, 

IFN-γ, or TNF are plotted as TH1-type responses (A and C), and IL-4–producing CD4 

T cells are shown as TH2-type responses (B and D). The statistical differences between 

time points were determined using Wilcoxon matched-pairs signed rank test. (E) Pie charts 

representing the proportions of Spike protein–specific CD4 T cells expressing one, two, or 

three cytokines are shown. (F) Comparison of CD4 T cell frequencies between ancestral and 

Omicron viral strains measured on day 7 after final booster immunization is shown. The 

statistical difference was determined using Wilcoxon matched-pairs signed rank test. The 

percent value on top of Omicron represents the proportion of Omicron-specific responses 

relative to responses against the ancestral strain. The horizontal bars indicate median. (G) 

Spike protein–specific IL-21+, CD154+, and CD154+IL-21+ CD4 T cell responses were 

measured in samples collected on day 7 after final immunization. The horizontal dashed 
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line indicates the lower limit of detection. In all plots, each circle represents an animal. 

In (F) and (G), black, blue, and red colors indicate RBD-Wu/RBD-Wu/RBD-Wu, RBD-Wu/

RBD-Wu/RBD-β, and HexaPro/HexaPro/RBD-β groups, respectively.
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Fig. 5. Memory B cell responses are induced by AS03-adjuvanted RBD-nanoparticle vaccination.
(A) Representative flow cytometry profile shows ancestral Spike protein–specific B cell 

frequencies gated as live, CD20+ IgD− IgM− Spike+ cells. The insets show proportion of 

Wu Spike+ cells that bind to Omicron versus Beta probes. A higher number of events 

is shown in the insets to improve visibility. SSC-A, Side Scatter-Area. (B) Frequency of 

Spike protein–specific memory B cells relative to CD20+ B cells is shown for samples 

from the RBD-Wu/RBD-Wu/RBD-Wu (top), RBD-Wu/RBD-Wu/RBD-β (blue, bottom), 

and HexaPro/HexaPro/RBD-β groups (red, bottom) groups. (C) Donut charts showing 
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proportion of Spike protein–specific memory B cells bound to ancestral (WT), Omicron, 

and Beta probes, as indicated in the legend.
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Fig. 6. AS03-adjuvanted RBD-nanoparticle vaccination confers protection against SARS-CoV-2 
Omicron challenge.
(A) SARS-CoV-2 Omicron viral load in BAL fluid was measured using N gene subgenomic 

PCR. (B and C) SARS-CoV-2 Omicron viral load in nasal swabs was measured using N 
(B) and E (C) gene subgenomic PCR. (D and E) Peak N gene viral load in the BAL 

fluid (D) and nasal swabs (E) was measured. Data are presented as box plots in which 

the boxes show median and 25th to 75th percentiles and the whiskers show the range. 

The statistical differences between groups were determined using Mann-Whitney test. The 
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dashed horizontal lines indicate the lower limit of quantitation. (F) Spearman’s correlation 

between serum IgG response measured before challenge (the time point closest to the 

challenge) and peak BAL fluid viral load is shown.
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