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SUMMARY

Next-generation SARS-CoV-2 vaccines are needed that induce systemic and mucosal immunity. Murine
pneumonia virus (MPV), a murine homolog of respiratory syncytial virus, is attenuated by host-range re-
striction in nonhuman primates and has a tropism for the respiratory tract. We generated MPV vectors
expressing the wild-type SARS-CoV-2 spike protein (MPV/S) or its prefusion-stabilized form (MPV/S-
2P). Both vectors replicated similarly in cell culture and stably expressed S. However, only S-2P was asso-
ciated with MPV particles. After intranasal/intratracheal immunization of rhesus macaques, MPV/S and
MPV/S-2P replicated to low levels in the airways. Despite its low-level replication, MPV/S-2P induced
high levels of mucosal and serum IgG and IgA to SARS-CoV-2 S or its receptor-binding domain. Serum an-
tibodies from MPV/S-2P-immunized animals efficiently inhibited ACE2 receptor binding to S proteins of
variants of concern. Based on its attenuation and immunogenicity in macaques, MPV/S-2P will be further
evaluated as a live-attenuated vaccine for intranasal immunization against SARS-CoV-2.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019 and has been a worldwide public health burden since

early 2020.1,2 SARS-CoV-2 is the causative agent of coronavirus infectious disease (COVID-19), which predominantly causes disease of the

respiratory tract, though other symptoms can also occur.3,4

mRNA-based COVID-19 vaccines became available under emergency use authorization (EUA) in late 2020, and a non-replicating adeno-

virus-vector-based vaccine as well as a protein subunit vaccine were authorized under EUA shortly thereafter.5–9 These COVID-19 vaccines

were effective in reducing the burden of severe COVID-19 and COVID-19mortality.10 However, these injectable vaccines do not directly stim-

ulate immunity in the respiratory mucosa, and booster immunizations are required to maintain protection. Furthermore, current COVID-19

vaccines are not highly effective in preventing infection and replication of SARS-CoV-2 at the respiratory mucosal entry sites; transmission

rates remain high, allowing for the continued emergence of new variants. SARS-CoV-2 vaccines are needed that induce a robust mucosal

immune response.11,12

Here, we used murine pneumonia virus (MPV) as a viral vector to express the SARS-CoV-2 spike (S) protein. MPV is the murine homolog of

respiratory syncytial virus (RSV) and there is no or minimal pre-existing immunity to MPV in humans.13 Our group previously evaluatedMPV as

a vector to express the RSV fusion (F) protein. We found that MPV was suitable for stable expression of a foreign gene.14 Furthermore, MPV

replication in non-human primates (NHPs) was highly restricted, presumably due to a strong host-range restriction,13,14 but MPV vectors ex-

pressing RSV F still induced strong serum RSV-neutralizing antibody responses that were comparable to those induced by wild-type RSV.14

These features along with its tropism for epithelial cells in the respiratory tract identify MPV as an attractive candidate for mucosal vaccination

via the respiratory route. The live-attenuated MPV vector vaccine candidates of the present study were designed for intranasal immunization

to directly induce mucosal immunity to SARS-CoV-2 in the respiratory tract, in addition to stimulating systemic immunity.

Most of the current injectable COVID-19 vaccines are based on prefusion-stabilized versions of the SARS-CoV-2 S protein, the major

neutralization and protective antigen of SARS-CoV-2.15,16 Prefusion-stabilization by introduction of proline substitutions prevents this antigen
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from forming a post-fusion conformation and keeps the protective epitopes of the receptor binding domain (RBD) exposed. Indeed, in pre-

vious studies, the prefusion-stabilized versions of S were shown to be more physically stable and immunogenic than wild-type S.17,18

In the present report, we constructed MPV vectors expressing the native or prefusion-stabilized version of the SARS-CoV-2 S protein, per-

formed in vitro comparisons, and evaluated the two vectors for safety and immunogenicity in rhesus macaques.

RESULTS

Generation of MPV/S and MPV/S-2P and characterization in cell culture

We previously generated an MPV vaccine vector based on a recombinant version of MPV strain 15.14 Because of concerns of possible over-

attenuation due to the addition of a supernumerary gene into the MPV vector, we partially codon-pair optimized the L open reading frame

(ORF) encoding the MPV polymerase14. To generate a version of MPV expressing the SARS-CoV-2 S protein, the ORF encoding the S protein

(aa 1-1,273) of the ancestral SARS-CoV-2 S protein (GenBankMN908947) was codon-optimized for expression in humans. A second version of

this optimized S ORF incorporated two proline substitutions ([K986P] and [V987P]), which stabilized S in the prefusion conformation, and the

S1/S2 furin cleavage site was ablated (S-2P16) (Figure 1A), rendering the S protein non-functional for virus entry. To generateMPV/S andMPV/

S-2P, the S and S-2P ORFs were placed under control of MPV transcription signals and inserted, using cDNAs of the MPV antigenome (a pos-

itive-sense copy of the genome), at the third genome position in theMPV genome, between theMPV nonstructural protein 2 (NS2) and nucle-

oprotein (N) genes (Figure 1A). This genome position had previously been determined to provide strong and stable expression of foreign

genes.14 MPV/S and MPV/S-2P as well as the empty-vector control MPV were readily rescued by reverse genetics and amplified in Vero cells.

Virus stocks were prepared andwhole-genome sequencing of each stock confirmed the absence of adventitiousmutations.We evaluated the

stability of S expression by titration and dual-staining immunoplaque assays of each virus stock using a rabbit hyperimmune serum against

MPV (14, immunostaining visualized in red) and a monoclonal antibody targeting the S protein (CR3022, visualized in green), revealing that

100% of the MPV/S and MPV/S-2P plaques expressed S (Figure 1B, yellow).

We evaluated multicycle replication of the MPV vectors in Vero cells, which are a suitable substrate for vaccine manufacture and lack a

functional type 1 IFN response, and A549 cells, which represent human airway epithelial cells (Figures 1C and 1D). Following infection at a

multiplicity of infection (MOI) of 0.1, MPV/S and MPV/S-2P replicated similarly to MPV in both cell lines (Figure 1C), indicating that the pres-

ence of the additional gene did not affect replication. All viruses replicated to high titers in Vero cells, while replication in A549 cells was much

less efficient. In both cell lines, S or S-2P expression remained stable over 10 days of replication (Figure 1D).

To characterize viral protein expression, we infected Vero and A549 cells with MPV, MPV/S, or MPV/S-2P at an MOI of 2 (2 independent

experiments, with duplicate wells in each experiment). Fifty-six hours after infection, we prepared cell lysates for analysis of viral protein

expression by SDS-PAGE under denaturing and reducing conditions, followed by western blotting. Quantitative imaging of infrared immu-

nostaining showed that the S protein had accumulated to about 1.1- to 1.6-fold higher levels in MPV/S-2P-infected Vero cells than in MPV/S

infected Vero cells (Figure 2A, left and right panels). Smaller bands consistent with cleaved S1 and S2 subunits were present inMPV/S-infected

cells, but not inMPV/S-2P infected cells, confirming the absence of proteolytic cleavage of S-2P. No difference in the accumulation of theMPV

nucleoprotein N was detected between MPV, MPV/S, and MPV/S-2P infected Vero cells over time, but a 3-fold decrease in expression of the

MPV phosphoprotein P in MPV/S-infected cells compared toMPV- andMPV/S-2P infected cells, respectively, was noted. Finally, we detected

a significant 4-fold lower level of expression of the MPV attachment protein G in MPV/S- and MV/S-2P-infected Vero cells compared to MPV-

infected cells (Figure 2A), suggesting that S glycoprotein expression might be associated with a reduction in expression or processing of the

heavily glycosylated MPV attachment protein G.

We also evaluated the protein content of purified virus particles (Figure 2B). Aliquots from each virus stock were purified by ultracentrifu-

gation through 30%/60% sucrose cushions, followed by SDS-PAGE andwestern blotting or silver staining (Figure 2B). No protein band consis-

tent with S was detectable in purifiedMPV orMPV/S preparations, but we identified a strong band consistent with S0 protein in purifiedMPV/

S-2P particles, suggesting that the S protein was associated with MPV/S-2P, but not with MPV/S virus particles. No apparent differences in

MPV N and P content were detected between the purified virus preparations, but we detected weaker bands of MPV G in MPV/S-2P and

MVP/S preparations compared to the MPV control by western blot. Electron microscopy of purified MPV/S-2P and MPV particles showed

that MPV formed long viral filaments typical of pneumoviruses. Since we had detected S0 specific signals by western blot in purified MPV/

S-2P, we further evaluated MPV/S-2P particles by immunogold labeling to confirm that the S protein was associated with virions. Indeed,

S-specific immunogold labeling was abundant on the MPV/S-2P virions, but not on MPV particles, confirming the presence of S on the

MPV/S-2P particles (Figure 2C).

MPV and derivatives replicate to low levels and are safe in macaques

To compare the replication, safety, and immunogenicity of the MPV/S and MPV/S-2P vaccine candidates, we immunized rhesus ma-

caques (n = 4 per group) intranasally and intratracheally (IN/IT) with 6.3 log10 plaque-forming units (PFU) of MPV (empty vector control),

MPV/S or MPV/S-2P (see Figure 3A for study design and sample collection). Nasopharyngeal swabs (NSs) and tracheal lavages (TLs)

were collected over 15 days post-immunization (pi) to evaluate vaccine virus shedding in the upper airways (UAs) and lower air-

ways (LAs).

We detected shedding ofMPV and derivatives in the UA in all animals, but only sporadically and at low levels (%2 log10 PFU/ml, Figure 3B,

left panel). In the LA, shedding of MPV and derivatives was also low and sporadic, with MPV replicating the most efficiently (geometric mean

peak titers [GMT] of 2.5 log10 PFU/ml on day 6 pi); MPV/S2-P was detectable in the LA of all animals, albeit one animal (#2) only had virus
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detectable on a single day (day 6) at the level of detection. All macaques cleared MPV and derivatives from the UA and LA by day 8 and 12

post-immunization (pi), respectively. Thus, following IN/IT immunization, MPV replication was highly restricted in rhesus macaques, as shown

previously.13,14 No changes in vital signs were observed following immunization of macaques with MPV or derivatives (Figure S1), indicating

that MPV is safe in macaques.

MPV/S-2P induced a stronger mucosal anti-S antibody response than MPV/S

Nasal wash (NW)was collected before immunization and on days 15, 21, and 28 after immunization to determine themucosal antibody response

(Figure 4). Despite its low level of replication,MPV/S-2P inducedanti-S andanti-RBD IgG (Figure 4A) and IgA (Figure 4B) responses in theUAof all

four animals. GMTs of anti-S and anti-RBD IgG and IgA inMPV/S-2P-immunized animals peaked at 21 days pi (Figures 4A and 4B). Compared to

Figure 1. Genome organization of MPV and derivatives; characterization in cell culture

(A) Schematic representation of theMPV genome (gray) and two versions of the inserted SARS-CoV-2 S ORFs, namely S (green) and S-2P (blue) inserted between

theNS2 andN genes. S is the full-length wild-type SORF (aa 1-1,273) of the ancestral SARS-CoV-2 (Wuhan-1), codon-optimized for optimal expression in humans.

The S1 and S2 subunits are indicated. S-2P is a version of the S ORF with two proline substitutions ([K986P] and [V987P]), introduced to stabilize S in the prefusion

form, and with the furin cleavage site ‘‘RRAR’’ replaced by ‘‘GSAS’’ residues, indicated by arrows.16 Reverse genetics was used to recover the MPV/S, MPV/S-2P,

and empty MPV vector.

(B) Plaque phenotype in Vero cells. MPV proteins were detected using an MPV-specific rabbit hyperimmune serum, and SARS-CoV-2 S was detected using the

human anti-S monoclonal antibody CR3022. Infrared fluorophore-labeled secondary antibodies were used to visualize MPV and S in red and green, respectively,

with double-positive plaques appearing yellow.

(C) Multicycle growth kinetics in vitro. Duplicate monolayers of Vero and A549 cells were infected at an MOI of 0.1 with MPV, MPV/S, or MPV/S-2P and incubated

at 32�C. At indicated time points, cells were scraped into the supernatants. Supernatants were clarified by centrifugation, and titers were determined by dual-

staining immunoplaque assay. Mean titers, standard deviation (not visible due to low deviation) and limit of detection (dotted line; 10 plaque-forming units (PFU)/

mL) are shown.

(D) Stability of S protein expression by MPV/S and MPV/S-2P, measured by dual-staining immunoplaque assay, and expressed as the percentage of S-positive

plaques out of total plaques at the indicated time point.
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MPV/S-2P,mucosal antibody responses induced byMPV/Sweremore variable and lower (p = 0.0047 and p = 0.0013 for anti-RBD IgG and IgA at

day 21). As expected, no anti-S mucosal antibodies were detected in animals immunized with the MPV control (Figures 4A and 4B).

Mucosal immunization with MPV/S-2P induced high serum anti-S antibody titers

IN/IT immunization also induced high levels of serum anti-S and anti-RBD IgG and IgA as early as day 15 pi (Figures 5A and 5B). The serum

IgG titers to S and RBD in MPV/S-2P immunized animals (GMTs of 4.8 and 5.5 log10, respectively, detected on day 28 pi; Figure 5A) were 5-

and 32-fold higher, respectively, than those in plasma from 23 SARS-CoV-2 convalescent human donors (Figure 5A, red symbols). Serum

antibodies from three MPV/S- and two MPV/S-2P-immunized macaques neutralized the vaccine-matched WA1/2020 strain, but the

neutralizing activity was relatively low (Figure 5C, left panel). As expected, no anti-S serum antibodies were induced by the empty vector

control (Figure 5). MPV and derivatives also induced strong serum neutralizing antibodies against the MPV vector itself (Figure 5C, right

panel).

As a surrogate to additional BSL-3 neutralization assays, we evaluated the ability of serum antibodies to inhibit binding of soluble ACE2

receptor to purified S proteins of SARS-CoV-2 variants. We incubated serum samples on plates coated with purified S proteins from 18 SARS-

CoV-2 variants and determined the percentage of ACE2 binding inhibition by serum antibodies (Figures 5 and S2). The strongest ACE2 bind-

ing inhibition by serum antibodies was detected for the vaccine-matched S protein derived from strain WA1/2020, with peak median inhibi-

tion rates of 94% and 97% for sera fromMPV/S andMPV/S-2P immunized animals, respectively, on day 21 post-immunization (Figure 5D). We

Figure 2. Viral proteins in lysates of infected Vero cells and purified virus particles

(A) Viral protein expression in lysates of infected Vero cells. Vero cell monolayers were infected at anMOI of 2 PFU/cell withMPV or derivatives. After incubation at

32�C for 56 h, cell lysates were prepared, subjected to SDS-PAGE under denaturing and reducing conditions, and analyzed by western blot using a rabbit anti-

MPV hyperimmune serum that detects MPVG, N, and P proteins, and a goat anti-S-2P hyperimmune serum that detects the uncleaved form of S as well as S1 and

S2 subunits.18 A mouse anti-tubulin monoclonal antibody was used to detect tubulin, serving as a loading control. Blots were further incubated with infrared

fluorophore-labeled secondary antibodies. Infrared fluorescence was scanned using an Odyssey CLX, analyzed using Image Studio software, normalized to

tubulin, and expressed as relative fluorescence intensity compared to MPV (N, P, G proteins) or MPV/S (S protein). Representative blots with protein bands

indicated are shown in the left panel, and data from n = 4 different wells from 2 independent experiments (with wells from the same experiment represented

by the same symbol) are shown in the right panel. Individual values and medians are shown (*p < 0.05, **p < 0.005, ***p < 0.001; two-way ANOVA for N, P,

and G proteins with Tukey post-test).

(B) Sucrose-purified virions (1 mg/lane) were analyzed by western blotting (as described under A) and silver staining. Molecular weight markers are indicated on

the left, and the identities of the protein bands are shown on the right.

(C) Electron micrographs with S-specific immunogold labeling of MPV and MPV/S-2P particles to confirm the incorporation of S protein into MPV/S2-P particles.

Sucrose-purifiedMPV andMPV/S-2P virus stocks were incubatedwith goat anti-S serum and immunogold-labeled secondary antibody. Representative images of

filamentous MPV andMPV/S-2P particles are shown with scale bars indicating 500 nm. The blue arrows indicate clusters of gold beads associated with MPV/S-2P

particles, indicative of the presence of S, with two areas enlarged for visualization.
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also detected serum ACE2 binding inhibition against S proteins of the alpha, beta, delta, and French variants with median inhibition rates on

day 21 ranging from 43% to 83% forMPV/S and 62% to 92% forMPV/S-2P (Figures 5D and S2).We also evaluated ACE2 binding inhibition for S

proteins from 13 different Omicron variants. The inhibition rates were low, with medians ranging from 0% to 23% for sera collected on day 21

following immunization with MPV/S or MPV/S-2P, only slightly higher than the background in empty-vector control immunized animals

(median 0% to 16%) (Figures 5D and S2). Overall, these results confirmed that MPV/S-2P expressing the prefusion-stabilized S-2P antigen

was more immunogenic than MPV/S expressing the native S protein.

DISCUSSION

In the present study, we used the non-human virus MPV as a live-attenuated viral vector for mucosal delivery to the respiratory tract, designed

to express a prefusion-stabilized version of SARS-CoV-2 S, and evaluated its safety and immunogenicity in rhesus macaques. In previous NHP

studies, MPV was highly immunogenic, yet strongly attenuated following administration by the IN/IT route. Even though these vector vaccine

candidates will be delivered intranasally by nasal sprayer in future clinical studies, we chose for this study the IN/IT route because it reduces

animal-to-animal variability in vaccine ‘‘take’’, and is expected to provide for the most stringent evaluation of vaccine safety in NHPs.

Pneumoviruses typically are restricted in their replication to the superficial epithelial cells of the respiratory tract, and not likely to spread

and replicate in non-respiratory tissues, increasing the safety of MPV as a vector. The attenuation of MPV in primates relies on host range

restriction; a strong host range restriction typically resides in multiple genes and is refractory to de-attenuation.21,22 Another important factor

Figure 3. Replication of MPV and derivatives in rhesus macaques

(A) Timeline of the macaque study to evaluate safety, replication, and immunogenicity of MPV/S and MPV/S-2P. Three groups of four macaques each were

immunized by the IN/IT route with 6.3 log10 PFU of MPV, MPV/S, and MPV/S-2P. Macaques were monitored daily (Figure S1) and nasopharyngeal swab (NS),

tracheal lavage (TL), nasal wash (NW), and serum were collected at the indicated day post-immunization (pi).

(B) Replication of MPV and derivatives in the upper and lower airways of macaques. Vaccine titers were evaluated by plaque assay on Vero cells from NS and TL

collected at the indicated day pi and expressed in log10 PFU/ml. The limits of detection (0.7 log10 for NS; 1 log10 for TL) are indicated by a dotted line. The

medians, min and max values, 25th and 75th quartiles, and individual values are shown, with each animal represented by a different symbol. The p value for

the significant difference in TL results on day 6 is indicated (two-way ANOVA with Tukey post-test; p < 0.05). The number of macaques in each group with

replicating virus is indicated in each graph.

See also Figure S1.
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in our choice of MPV as a vector was the general absence of pre-existing immunity to MPV in humans, obviating concerns of immune restric-

tion of the immunizing vector.

Similarly to previous studies that evaluatedMPV or anMPV-based vector in NHPs,13,14 replication of MPV, MPV/S, andMPV/S-2P in the UA

of macaques was very low and sporadic, peaking at approximately 2 log10 PFU/ml. These results predict that MPV vectors will be highly atten-

uated and restricted in replication and shedding in humans. Previous experience in humans with attenuated strains of influenza, human para-

influenza (HPIV) and RSVs as vaccines or vaccine candidates has shown that intranasal administration of an attenuated respiratory virus typi-

cally results in reduced infection and replication compared to the wild-type virus; in case of an attenuated virus, infection typically requires a

higher-titer inoculum, and virus shedding is low and reduced in duration. The possibility of transmission is greatly reduced because a low titer

of shed attenuated virus typically is inefficient at initiating infection and replication. For example, the transmissibility of the live-attenuated

influenza virus vaccine FluMist was studied in a child-care setting.23 The study included 98 vaccine recipients, with a single incident of

confirmed transmission to a single placebo recipient. FluMist titers recovered in nasal secretions of pediatric vaccinees typically are in the

range of up to 4 log10 per mL, orders of magnitudes higher than those expected for MPV/S-2P. Transmissibility of another live-attenuated

intranasal pediatric vaccine candidate, HPIV3 rcp45, also was evaluated in a child-care setting.24 Following immunization, HPIV3 rcp45 shed-

ding was detectable in 21 of 24 vaccinees, with a median duration of shedding of 14 days and median peak titers in nasal washes of 3.4 log10

PFU/mL. In this study, definite transmission was not detected in 26 placebo children, close contacts that were susceptible to HPIV3 infection

and exposed to infected vaccinees in playgroups or household settings on a daily basis.24 Since the infectivity and replication of MPV is orders

of magnitude lower than for these influenza and HPIV3 examples, its transmissibility should be much lower. It also should be noted that MPV

has been known for almost 85 years, and appears to be widespread globally, but there have not been any reports of direct detection ofMPV in

humans, whether by classic virologic methods or, in recent years, by molecular diagnostics through widespread use of high-throughput

sequencing. Initial reports of MPV-specific antibodies in humans likely involved natural antibodies that had not been induced by infection.13

These observations predict that transmission of MPV in humans would be highly inefficient, highly restricted, and non-pathogenic.

Regarding the risk of transmission to other animals, this potentially would involve mainly rodents. In the past, serological evidence of MPV

infection was frequent in rodent colonies. The pathogenicity of MPV for inbred laboratory strains of mice varies substantially between mouse

strains.25 Due to infection control and surveillance measures, MPV now has been largely eliminated from laboratory animal colonies,26–28 but

outside of laboratory colonies, serological evidence of MPV can still be detected in rodents.29 Natural MPV infections in rodents are subclin-

ical and recognizedmainly by serological evidence;30 despite the widespread presence of MPV in nature, morbidity, or mortality attributable

to natural MPV infections in wild or outbred mice has not been documented.31,32 Overall, MPV is thought to be less readily transmitted in

rodents than Sendai virus,30 another respiratory pathogen of mice that is being developed as a vaccine vector.33

We readily recovered MPV/S and MPV/S-2P vaccine candidates expressing the wt S and the prefusion-stabilized S-2P, respectively. The

preparation of vaccine material based on MPV is straight-forward because the vector remains fully replication-competent. Delivery is topical.

Importantly for vaccine efficacy andmanufacture, S expression by bothMPV vectors remained stable over 10 days in cell culture, meaning that

approximately 100% of viral infectious units retained expression of the S protein. S expression by theMPV vector was associated with reduced

Figure 4. MPV/S-2P induces stronger mucosal anti-S antibody response than MPV/S

Nasal wash samples (NW) were collected on the indicated day pi, and the levels of mucosal IgG (A) and IgA (B) specific to SARS-CoV-2 S protein (A and B, left

panels) or its receptor binding domain (RBD; A and B, right panels) in NWwere determined using an immunoassay that measures IgG and IgA in sequential reads

(see STARMethods). Plates were coated with SARS-CoV-2 S protein (left panels) or RBD (right panels), and incubated with serially diluted NW. (A) Bound IgG was

detected by ELISA using a horseradish peroxidase (HRP) conjugated secondary antibody and an HRP electrochemiluminescence substrate (first read). (B)

Subsequently, bound IgA on each plate was detected using a biotinylated secondary antibody to the IgA alpha chain in a streptavidin-Europium based

dissociation-enhanced lanthanide fluorescence assay (DELFIA; second read). While the IgA specific secondary antibody does not discern between

monomeric or polymeric or secretory isoforms, in mucosal secretions, about 80% of total IgA typically is polymeric or secretory IgA derived from mucosal

IgA-secreting B cells.19,20 The limit of detection (1.6 log10) is indicated by a dotted line. The medians, min and max values, 25th and 75th quartiles, and

individual values are shown, with each animal represented by a different symbol. Adjusted p values are indicated (p < 0.05, two-way ANOVA with Tukey

post-test). The number of macaques in each group with detectable mucosal antibodies is indicated in each graph.
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Figure 5. MPV/S-2P induced stronger systemic anti-S antibody response than MPV/S

Rhesus sera were collected on the indicated day pi, and the levels of serum IgG (A) and IgA (B) specific to SARS-CoV-2 S protein (A and B, left panels) or its

receptor binding domain (RBD, A and B, right panels) were determined using an immunoassay that measures IgG (A) and IgA (B) in sequential reads (see

STAR Methods). Plates were coated with SARS-CoV-2 S protein (A, B; left panels) or RBD (A, B; right panels), and incubated with serially diluted serum

samples. (A) Bound serum IgG was detected by ELISA using a horseradish peroxidase (HRP) conjugated secondary antibody and an HRP

electrochemiluminescence substrate (first read).

(B) Subsequently, bound serum IgA was detected using a biotinylated secondary antibody to the IgA alpha chain in a streptavidin-Europium based dissociation-

enhanced lanthanide fluorescence assay (DELFIA; second read). While the IgA specific secondary antibody does not discern between monomeric or polymeric

isoforms, serum IgA is primarily monomeric and originates from bone marrow.19,20 Levels of anti-S and anti-RBD IgG antibodies in the plasma of 23 SARS-CoV-2

convalescent individuals (red) were determined for comparison. The limit of detection (3 log10) is indicated by a dotted line.

(C) Serum neutralizing antibodies. The serum 50% neutralization titer (ND50) against the vaccine-match SARS-CoV-2 WA1/2020 strain and the 60% plaque

reduction neutralization titer (PRNT60) against the vaccine vector MPV were determined. (A–C) The lower limit of detection is 0.8 log10 ND50 or PRNT60, while

the upper limit of detection for MPV neutralizing antibodies is 4.01 log10 PRNT60. (A–C) The number of macaques in each group with detectable binding or

neutralizing serum antibodies is indicated.

(D) Inhibition of binding of soluble, tagged ACE2 to the indicated purified S proteins by sera collected at the indicated day pi. Inhibition of ACE2 binding is

expressed as % inhibition relative to a no-serum control. Binding inhibition to S proteins from other VoCs is shown in Figure S2. (A–D) The medians, min and

max values, 25th and 75th quartile, and individual value are shown, with each animal represented by a different symbol. *p < 0.05, **p < 0.01, ***p < 0.005,

****p < 0.0001; two-way ANOVA with Tukey post-test.

See also Figure S2.
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expression of theMPV attachment glycoprotein G but there were no apparent effects on viral replication in vitro. The lack of restriction due to

the insert presumably accounts for its genetic stability, since there would be little selective advantage for mutations silencing expression.

Creating further versions of this vaccine expressing S protein from other SARS-CoV-2 variants would be simple and rapid.

In cell culture, expression of S-2P by the MPV vector was higher than wt S, and S-2P was associated with the MPV virus particles. In other

studies using a different negative-sense RNA virus vector for pediatric immunization, namely a live-attenuated chimeric bovine/human para-

influenza type-3 (B/HPIV3) vector,18 we similarly found that prefusion-stabilization of SARS-CoV-2 S protein was associated with increased

expression by the viral vector as well as increased incorporation in vector particles, suggesting that expression and incorporation of S into

the envelopes of viral vectors may be facilitated by its stable conformation. Stabilization of the S protein in prefusion form has previously

been shown to increase the induction of virus-neutralizing antibodies.16,18 For another viral antigen, namely the RSV fusion glycoprotein F,

we showed that incorporation of RSV F into the envelope of PIV1 and PIV3 vectors increases the response of virus-neutralizing antibody titers

following intranasal immunization.34–36 Several factors may contribute to the increased immunogenicity of antigen packaged into virions

compared to strictly cell-associated antigen, including presentation in an ordered concentrated array, improved uptake of particles,

improved uptake due to being in infectious virions, more rapid release compared to necrosis, and increased physical stability.37

A single IN/IT immunization of macaques with MPV/S-2P induced robust levels of mucosal anti-S and anti-RBD IgA and IgG, as well as

serum anti-S and anti-RBD IgG. In serum, peak IgA and IgG titers ranged between 4 and 5 log10, while those in nasal washes did not exceed

3 log10. Using a classic neutralization assay to determine the 50% neutralization dose (ND50) titer, we also detected SARS-CoV-2 virus neutral-

izing antibodies in serum but given the low sensitivity and dynamic range of this assay, we did not evaluate nasal wash specimens in an ND50

assay. Instead, we tried the more sensitive ACE2 binding inhibition assay. This assay serves as a surrogate for SARS-CoV-2 neutralization as-

says and measures the ability of antibodies in a sample to inhibit binding of soluble ACE2 receptor to purified S proteins of SARS-CoV-2

variants. However, while we were able to reproducibly detect ACE2 binding inhibiting antibodies in serum samples, we were unable to reli-

ably detect binding inhibiting antibodies in samples from the UA (not shown), suggesting that nasal wash specimens are too dilute to detect

antibodies in functional assays.

In the present study, we evaluated anti-S and RBD IgG and IgA in serum and nasal wash specimens using an IgG/IgA immunoassay. The

strength of this assay is that the IgG and IgA antibody levels are determined in the same assay by sequential readings. However, the detection

of IgA in this immunoassay relied on a secondary antibody that does not discern between IgA subclasses, nor between monomeric IgA (the pri-

mary form of IgA present in serum) and polymeric or secretory IgA (the primary forms present in nasal secretions). That said, serum IgA is pre-

dominantlymonomeric and originates frombonemarrow,while in airway secretions, polymeric and secretory IgA are predominant, representing

about 80% of total IgA present in secretions,19,20 and resulting from active transcytosis of IgA generated by mucosal IgA-secreting B cells.38

Overall, MPV/S-2P seemedmore suitable to advance to further studies thanMPV/S.While only the difference in induction of mucosal anti-

RBD IgA and IgG reached significance, the overall results suggested that MPV/S-2P induces slightly higher levels of SARS-CoV-2 S and RBD

specific serum antibodies. Serum anti-S IgG and IgA titers induced by MPV/S-2P were comparable to or higher than levels measured in the

plasma of COVID-19 convalescent individuals. Thus, MPV/S-2P is emerging as the candidate of choice for additional studies. Since MPV vec-

tors are highly immunogenic albeit being highly restricted in replication, there is a possibility that the immunogenicity of MPV vectors does

not strongly depend on replication of the vaccine vector. If anti-vector immunity is not a huge factor in restricting the immunogenicity of MPV

vectors, a second dose of MPV/S-2P might further improve the magnitude and duration of the S-specific immune responses. In addition, it

would be of interest to evaluate the efficacy against SARS-CoV-2 replication and shedding of the intranasal vaccine candidate MPV/S-2P in a

heterologous prime/boost study that includes a licensed injectable vaccine. This will be evaluated in future studies.

Limitations of the study

Firstly, this is a proof-of-concept study with the MPV vector expressing an S antigen derived from the ancestral version of SARS-CoV-2. While

we were able to show considerable breadth of antibody reactivity in an ACE2 binding inhibition assay that included S proteins from 18

different SARS-CoV-2 variants and sub-variants, the S antigen expressed by the MPV vector will need to be updated prior to advancement

to a clinical study. Secondly, in a BSL3 neutralization assay relying on live SARS-CoV-2, serum virus-neutralizing antibody titers were variable

amongMPV/S-2P-immunizedmacaques, likely due to lowMPV vector replication following intranasal immunization. Thirdly, due to the small

size of the NHP study and unavailability of female animals at the time of study, it was not possible to evaluate the association of sex or gender

with study results. In this study, we were not able to show pre-clinical efficacy of the MPV-vectored vaccine candidates by evaluating the pro-

tection of macaques against SARS-CoV-2 challenge. The results of the present study suggest that the mucosal immunity in particular peaks

about 3 weeks after mucosal immunization; a second dose of vaccine may be useful to expand the magnitude, breadth, and duration of the

immune response. A two-dose study would also evaluate if the MPV vector itself will be affected by the strong anti-vector immunity that we

detected following a single dose.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-monkey IgG(H+L)-HRP Thermo Fisher Cat #PA1-84631; RRID: AB_933605

Anti-monkey IgA (alpha chain)-biotin Alpha Diagnostic International Cat #70049

Goat anti-human IgG(H+L)-HRP Invitrogen Cat #31410; RRID: AB_228269

Rabbit hyperimmune serum

against MPV virions

RNA Viruses Section, LID, NIAID N/A

Rabbit hyperimmune serum against

MVA expressing MPV G

Krempl et al.39 N/A

Goat hyperimmune serum against

SARS-CoV-2 S-2P

Liu et al., 18 N/A

Anti-rabbit IRDye 680RD IgG Li-Cor Cat #926-68073; RRID: AB_10954442

Anti-goat IRDye 800CW IgG Li-Cor Cat #926-32214; RRID: AB_621846

Anti-human IRDye 800CW IgG Li-Cor Cat #926-32232; RRID: AB_10806644

Anti-rabbit Alexa Fluor 647 IgG (H+L) ThermoFisher Cat #A21245; RRID: AB_2535813

Donkey anti-goat IgG (H&L) conjugated

to 6 nm gold beads

Aurion Cat # 806.333

Bacterial and virus strains

SARS-CoV-2 USA-WA1/2020 isolate Natalie Thornburg et al., CDC GenBank MN985325; GISAID: EPI_ISL_404895

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 S-2P Liu et al.18 N/A

SARS-CoV-2 S RBD Liu et al.18 N/A

SARS-CoV-2 S-2P-Avi This paper Avi-tagged S-2P

SARS-CoV-2 S RBD-Avi-His This paper Avi-tagged RBD

Aurion acetylated BSA (BSA-c) EMS Cat #25557

Critical commercial assays

DELFIA time resolved fluorescence

immunoassay

Perkin Elmer N/A

Streptavidin-Europium Perkin Elmer Cat #1244-360

DELFIA Enhancement Solution Perkin Elmer Cat #4001-0010

ECL Substrate Thermo Fisher Cat #32106

V-PLEX SARS-CoV-2 Panel 25 (ACE2) MSD Cat #K15586U

V-PLEX SARS-CoV-2 Panel 32 (ACE2) MSD Cat #K15671U

QuikChange Lightning Multi

Site-directed mutagenesis kit

Agilent Cat # 210514

QIAamp Viral RNA Mini Kit Qiagen Cat #52904

Pierce Silver Stain Kit Thermo Fisher Cat #24612

1-Step Ultra TMB-ELISA Thermo Scientific Cat # 34028

Experimental models: Cell lines

BSR T7/5 Buchholz et al. 40 N/A

A549 ATCC Cat #CCL-185

Vero ATCC Cat #CCL-81

Vero E6 ATCC Cat #CRL-1586

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

� Requests for resources, reagents and further information regarding thismanuscript should be addressed andwill be fulfilled by the lead

contact, Ursula Buchholz (ubuchholz@niaid.nih.gov).

Materials availability

� Plasmids and viruses newly generated in this study are available under material transfer request upon request to the lead contact.

Data and code availability

� All data are included in the manuscript.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Baby hamster kidney cells expressing T7 RNA polymerase (BSR T7/5; 40) were used to recover MPV and derivatives and were grown in Glas-

gow minimum essential medium (MEM) (Thermo Fisher Scientific) supplemented with 10% Fetal bovine serum (FBS), 2 mM L-glutamine

(Thermo Fisher Scientific), and 2% MEM Amino Acids (Thermo Fisher Scientific). African green monkey kidney Vero (ATCC CCL-81) and

Vero E6 (ATCC CRL-1586) cells were grown in OptiMEM (Thermo Fisher) supplemented with 5% FBS. Human lung epithelial A549 cells

(ATCC CCL-185) were grown in F12-K medium (ATCC) supplemented with 10% FBS. Vero and A549 cells were used for the characterization

of theMPV vaccine candidates. Vero E6 cells were used for SARS-CoV-2 neutralization assays and titrations, whereas SARS-CoV-2 virus stocks

were expanded using Vero E6 cells that express high levels of ACE241,42 or Vero E6 cells that stably express human TMPRSS2.18

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Vero E6 expressing human TMPRSS2 Liu et al.18 N/A

Experimental models: Organisms/strains

Rhesus macaques (Macaca mulatta) This paper Young adult animals, 4-7 years of age,

male. Animal study protocol approved

by NIAID ACUC

Human plasma from SARS-CoV-2

convalescent donors, de-identified

Dr. Jeffrey I. Cohen,

NIAID, NIH

Exempt from IRB review

Recombinant DNA

MPV Krempl et al.39 N/A

MPV/S This paper N/A

MPV/S-2P This paper N/A

MPV N, P, M2-1, and

L helper plasmids

Krempl et al.39 N/A

SARS-CoV-2 S Liu et al.18 GenBank MN908947

SARS-CoV-2 S-2P Wrapp et al.16 N/A

SARS-CoV-2 S-6P Generated as described in15 N/A

SARS-CoV-2 S RBD Wrapp et al.16 N/A

Software and algorithms

FlowJo v10 BD https://www.flowjo.com

Prism v9 GraphPad Software, LLC https://www.graphpad.com/scientificsoftware/prism/

ImageStudioLite 5.2.5 Li-Cor https://www.licor.com/bio/image-studio-lite/resources#isl5

BioTek Gen 5 BioTek https://www.biotek.com/products/

software-robotics-software/gen5-

microplate-reader-and-imager-software/
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SARS-CoV-2 virus stocks

The SARS-CoV-2 USA-WA1/2020 challenge virus (lineage A; GenBank MN985325 and GISAID accession ID: EPI_ISL_404895; obtained from

Natalie Thornburg, Sue Gerber, and Sue Tong, Centers for Disease Control and Prevention [CDC], Atlanta, GA) was passaged twice on Vero

E6 cells. The USA/CA_CDC_5574/2020 isolate (lineage B.1.1.7, GISAID: EPI_ISL_751801; sequence deposited by the CDC; isolate obtained

from the CDC) and the USA/MD-HP01542/2021 isolate (lineage B.1.351, GISAID: EPI_ISL_890360; sequence deposited by Christopher Paul

Morris, ChunHuai Luo, Adannaya Amadi, Matthew Schwartz, Nicholas Gallagher, and Heba H.Mostafa, The Johns Hopkins University; isolate

obtained from Andrew Pekosz, The Johns Hopkins University, Baltimore, MD) were passaged on Vero E6 cells stably expressing TMPRSS2.

Titration of SARS-CoV-2 stocks was performed by determination of 50% of the tissue culture infectious dose (TCID50) in Vero E6 cells. All ex-

periments with SARS-CoV-2 were conducted in Biosafety Level-3 containment laboratories approved for use by the US Department of Agri-

culture and CDC.

Animals

This animal study was approved by the NIAID Animal Care and Use Committee. Twelve juvenile and young adult male Indian-origin rhesus

macaques (Macacamulatta) were confirmed by SARS-CoV-2 S ELISA to be seronegative for SARS-CoV-2 prior to immunization. Animals were

also confirmed to be negative for MPV neutralizing serum antibodies prior to immunization. Three groups of four macaques each were immu-

nized intranasally (0.5 ml per nostril) and intratracheally (1 ml) with a total dose of 6.3 log10 PFU of MPV empty vector, MPV/S, or MPV/S-2P.

Animals were monitored daily from day -3 through the end of the study. Each time they were sedated, macaques were checked for weight,

rectal temperature, heart rate, respiratory rate, and blood oxygen levels.

The timelines and sampling schedules are diagrammed in Figure 3A. Nasopharyngeal swabs (NS) were performed on days -3, 0 to 10, 12,

and 15 to evaluate vaccine virus replication in the UA. NS were collected using cotton-tipped applicators, placed in 2 ml Leibovitz (L-15) me-

dium with 1x sucrose phosphate (SP) used as a stabilizer and vortexed for 10 seconds. Then aliquots were snap frozen in dry ice and stored at

-80�C. Tracheal lavages (TL) were collected after each dose on days -3, 2, 4, 6, 8, 10, 12 and 15 to quantify vaccine virus replication in the LA. TLs

were mixed 1:1 with L-15 medium containing 2x SP and aliquots were snap frozen on dry ice and stored at �80�C. Nasal washes (NW) for

analysis of mucosal antibodies in the UA were performed on days -3, 15, 21, and 28 using 1 ml of Lactated Ringer’s solution per nostril.

NW samples were aliquoted, snap frozen on dry ice, and stored at -80�C. Blood was collected on days 0, 15, 21, and 28 pi for analysis of serum

antibodies.

METHOD DETAILS

Generation of MPV and derivatives

The recombinant MPV vector backbone used in this study was based on a previously-described MPV reverse genetics system39 derived from

the MPV strain 15 cDNA cloned in a pBluescript vector under control of a T7 promoter.13 In addition, the downstream 67% of the L ORF were

codon-pair optimized for efficient expression in humans.14 For MPV/S, the full-length 1,273 amino acid (aa) S protein ORF of Wuhan-Hu-1

(GenBank MN908947) was codon optimized for human expression (Genscript) and synthesized commercially (BioBasic). To generate MPV/

S-2P, two proline substitutions (aa 986 and 987) were introduced to stabilize S in the prefusion conformation, and four aa mutations (RRAR

to GSAS, aa 682-685) were inserted to ablate the furin cleavage site between S1 and S2.16 S and S-2P inserts were designed so that the

ORF was flanked by MPV gene start and gene end transcription signals to enable transcription of S, and the Kozak consensus sequence

GCCGCCACC was placed immediately upstream of the S AUG start codon to provide efficient context for translation initiation as previously

described.13 S and S-2P genes were inserted at the third gene position between the MPV NS2 and N genes using XmaI and KpnI restriction

sites.

MPV and derivatives were recovered from cDNA as previously described.13 All in vitro tissue culture experiments were done at 32�C unless

otherwise noted. In brief, BHK BSR-T7/5 cells that constitutively express the T7 RNA polymerase were transfected using Lipofectamine 3000

with the MPV antigenome plasmid and support plasmids expressing MPV N, P, M2-1, and L proteins. After an overnight incubation at 37�C,
the cells were scraped into the media to generate a cell suspension that was co-cultured with a sub-confluent Vero cell monolayer for approx-

imately 2 weeks to generate passage 1 (P1) viral stocks. Virus stocks of MPV and MPV/S were propagated on Vero cells using an MOIR 0.01

PFU to generate working virus stocks. Viruses were harvested about 2 weeks post-infection, when cytopathic effects typical for MPV infection

disrupted the monolayer. Viruses were further passaged once (MPV) or twice (MPV/S-2P) on Vero cells using an MOIR0.01 PFU to generate

working stocks. Viral RNA was isolated from working stocks using the QIAamp Viral RNA kit (Qiagen), and the genomic sequences were

confirmed by Sanger sequencing of overlapping RT-PCR amplicons that covered the whole viral genome with the exception of the regions

complementary to the genome-end specific primers (covering 24 and 27 nt of the leader and trailer ends, respectively).

Dual-staining immunoplaque assay

Virus titers were determined by dual-staining immunoplaque assay on Vero cells under a 0.8%methyl cellulose overlay. In brief, tenfold serial

dilutions were incubated in duplicate wells on Vero cells under methyl cellulose overlay. After an 11 day incubation at 32�C, monolayers were

fixed using 80% methanol, MPV was detected using a rabbit hyperimmune MPV antiserum, and SARS CoV-2 S and S-2P proteins were de-

tected using the human monoclonal antibody CR3022. Anti-rabbit IRDye680 and anti-human IRDye800 infrared fluorophore-labeled
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secondary antibodies were used to visualize MPV and S, pseudocolored in red and green, respectively, with double-positive plaques appear-

ing yellow/green.

Multicycle kinetics of MPV and derivatives in cell culture

Sub-confluent monolayers of Vero or A549 cells in 12-well plates were infected in duplicate with an MOI of 0.1 PFU/cell of MPV, MPV/S, or

MPV/S-2P and incubated at 32�C for 10 days. Vero-grown virus was harvested daily for 10 days, and A549-grown virus was harvested on

days 1, 2, 3, 6, 8, and 10 pi. At time of harvest, cells were scraped into the media, vortexed three times for 10 sec each, and centrifuged

for 5 min at 850 x g. Clarified supernatants were aliquoted and snap-frozen in dry ice prior to storage at -80�C. The virus titer of each sample

was determined by dual-staining immunoplaque assay.

SDS-page and Western blotting

Sub-confluent monolayers of Vero or A549 cells in 12-well plates were infected with an MOI of 2 PFU/cell of MPV, MPV/S, or MPV/S-2P and

incubated at 32�C. At 56 hours post infection (hpi), supernatants were removed, and cells were gently washed with 1X PBS before being lysed

with 200 ml SDS-PAGE lysis buffer containingprotease inhibitors. Cell lysates were clarified using aQiashredder column (Qiagen) following the

manufacturer recommendations and snap-frozen at -80�C until use. NuPAGE Sample Reducing Agent (Thermo Fisher) was added to cell ly-

sates, and proteins were denatured and reduced at 90�C for 10 minutes prior to loading onto 4-15% TGX gels (BioRad). After electrophoresis,

proteins were transferred to polyvinylidene difluoride (PVDF) membranes that were next blocked with LiCor blocking buffer for 1 h at room

temperature (RT). Then, membranes were incubated at 4�C overnight with 1:25,000 rabbit polyclonal MPV hyperimmune antisera, 1:10,000

mouse polyclonal tubulin antibody (Abcam) and 1:5,000 goat hyperimmune antiserum N25-154, raised against recombinantly-expressed

amino acids 1-1208 of the SARS-CoV-2 S-2P protein.18 After washing five times with PBS supplemented with 0.1% Tween 20, membranes

were incubated with infrared-dye labelled secondary antibodies (1:10,000 of donkey anti-rabbit IgG IRDye 680, donkey anti-goat IgG IRDye

800, and donkey anti-mouse IRDye 800, LiCor) at RT for 45 minutes. After incubation, membranes were washed five times with PBS supple-

mentedwith 0.1% Tween 20, followed by three washes with PBS before imaging on theOdyssey CLX. Protein bands were quantified using the

Image Studio software (LiCor) and normalized to tubulin. Lysates were collected and analyzed in two independent experiments. In each

experiment, two wells of a 12-well plate were lysed and analyzed separately.

Sucrose purification of MPV virus stock and derivatives

Aliquots of Vero cell-grown viruses were purified by ultracentrifugation using 30/60% discontinuous sucrose gradients at 134,000 x g for 2

hours at 4�C. Virus particles collected at the 30/60% sucrose interface were diluted in OptiMEMmedia to decrease the sucrose concentration,

snap frozen and stored at -80�C. Prior to analysis, viruses were thawed and centrifuged at 20,000 x g for 2 hours to pellet the virus. Media were

removed and virus pellets were resuspended in Tris-EDTA-NaCl (TEN) buffer for measurement of protein content. Protein concentrations

were determined using a BCA assay (Pierce Rapid Gold BCA Protein Assay Kit, Thermo Fisher) prior to SDS-PAGE and Western blotting

or silver staining (Pierce Silver Stain Kit, Thermo Fisher) using 1 mg of protein per well.

Electron microscopy of sucrose-purified MPV preparations

Two ml of Vero-grown MPV and MPV/S-2P were incubated with 1:100 goat anti-S hyperimmune serum for 40 min at RT with rotation. After

incubation, the virus-antibodymixture was transferred to a 30/60% sucrose gradient in 5mL tubes and centrifugated at 160,000 x g at 4�C for 2

h. Purified virus bands at the 30/60% interface were collected and fixed with a final concentration of 2% paraformaldehyde in PBS. Immuno-

gold staining to detect SARS-CoV-2 S was done as previously described.43 Briefly, 10 ml of purified virus with bound primary antibodies were

adsorbed for 30 min to freshly glow-discharged 200 mesh Formvar/carbon-coated Ni grids in saturated humid chambers at RT. Then, grids

were washed with PBS, blocked with 2% bovine serum albumin (BSA) in PBS followed by 0.1% acetylated BSA (BSA-c, Aurion) in PBS. All sam-

ples were labeled with a donkey anti-goat secondary antibody conjugated to 6 nm gold beads (Aurion) previously diluted 1:50 in 0.1% BSA-c

in PBS according to the manufacturer’s instructions. Labeled grids were sequentially washed with 0.1% BSA-c in PBS, PBS, and then in water

followed by negative-staining with methylamine vanadate and electron microscopy observation.

Replication of MPV and derivatives in the upper and lower airways of macaques

MPV,MPV/S, andMPV/S-2P shedding in the upper and lower airways ofmacaqueswas evaluated by dual-staining immunoplaque assay of NS

and TL samples collected at the indicated time post-immunization (pi).

Dual IgG and IgA assay to detect anti-S or anti-RBD antibodies

Levels of serum and mucosal IgG and IgA specific to SARS-CoV-2 S protein or its receptor binding domain (RBD) were determined using an

IgG/IgA assay designed for detection of antigen-specific IgG by electrochemiluminescence (ECL) ELISA, and antigen-specific IgA, deter-

mined in the same assay by a subsequent reading of dissociation-enhanced lanthanide fluorescent (DELFIA) time resolved fluorescence

(TRF). In brief, serum and NW samples were heated at 56�C for 30 min to inactivate complement and infectivity. The treated samples

were immediately used or stored at -80�C for later use. Black ninety-six–well plates (MaxiSorp, Thermo Fisher Scientific, cat #437111) were

coated with 100 ml/well of SARS-CoV-2 S-2P or S-6P (1 mg/ml) or RBD (2 mg/ml)15,16 in 50 mM carbonate coating buffer [generated by mixing
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3.7 g sodium bicarbonate with 0.64 g sodium carbonate (Sigma) in 1 L molecular biology grade water]. After overnight incubation at 4�C,
plates were washed three times with washing buffer [PBS (Gibco, cat# 14190-144) containing 0.1% IGEPAL CA-630] using a BioTek 405 mi-

cro-plate washer and blocked with 250 ml of blocking buffer [1x DPBS containing 5% dry milk (W/V) (Nestle, Carnation nonfat dry milk)]. After

overnight incubation at 4�C, plates were washed one additional time with washing buffer.

Serum or mucosal samples were serially diluted in 96-well plates with a starting dilution at 1:1000 for serum and 1:40 for NW samples, fol-

lowed by ten 3-fold serial dilutions using sample dilution buffer (PBS+ 5% dry milk+ 0.2% IGEPAL CA-630), leaving column 12 as a blank con-

trol. Then, 100 ml of diluted samples were transferred from the dilution plates to the antigen-coated assay plates in duplicate. After incubating

for 1 hour at RT on a rotating shaker, plates were washed 3 times with 250 ml washing buffer, and incubated on a rotating shaker for another

20 min. 100 ml per well containing a mix of secondary goat anti-monkey IgG(H+L)-horseradish peroxidase (HRP) conjugated antibody

(ThermoFisher, cat# PA1-84631) at 1:10,000 dilution and goat anti-monkey IgA-alpha chain specific Biotin (Alpha Diagnostic International,

cat# 70049) at 1:5,000 dilution in dilution buffer, was added, and plates were incubated for 1 h. After incubation with the secondary antibody

mix, plates were washed three times and 100 ml per well of Streptavidin-Europium (PerkinElmer, cat# 1244-360) diluted at 1:2,000 in PBS+

0.2% IGEPAL CA-630 was added. Plates were incubated for 1 h and then washed three times. Then, 50 ml of Pierce ECL HRP substrate

(ThermoFisher, cat# 32106) per well was added and after 10 min incubation, plates were read on the Synergy neo (BioTek) plate reader

and luminescence data for the IgG detection were collected. After collecting the first set of data, plates were washed three times, and

100 ml per well of pre-warmed DELFIA enhancement solution (PerkinElmer: 4001-0010) was added. Plates were further incubated for

20 min while rocking. After incubation, plates were read again on the Synergy neo (BioTek) plate reader using a program for time-resolved

fluorescence (TRF) (using excitation 360/40 and emission 620/40 parameters) and fluorescence data to detect IgA was collected. To measure

antigen specific IgG in human plasma samples, a goat anti-human IgG(H+L)-HRP secondary antibody was used at a 1:15,000 dilution in a TMB

ELISA.

Finally, data were processed as follows: (i) the average reading for each sample from duplicate wells was calculated, (ii), the average

reading from the blank samples was subtracted from the average reading for each sample, (iv) the cut off value was set to the blank average

plus three standard deviations of blank readings. Then, the IgG and IgA titers of each sample were determined by interpolating the sigmoid

standard curve generated using Prism 9.0.

Serum neutralization assay of SARS-CoV-2 and MPV

Neutralization assays to determine serum antibody titers against SARS-CoV-2 WA1/2020 of immunized macaques were done in a BSL3 lab-

oratory. Sera were heat inactivated at 56�C for 30 min and two-fold serially diluted in Opti-MEM prior to incubation 1:1 with 100 TCID50 of

SARS-CoV-2 for 1 h at 37�C. Mixtures were added to quadruplicate wells of Vero E6 cells in 96-well plates and incubated for four days.

The 50% neutralizing dose (ND50) was the highest dilution of serum that prevented cytopathic effect in 50% of the wells. Serum neutralizing

antibody titers against the MPV vector were also quantified on Vero cells using 60% plaque reduction neutralization tests (PRNT60).

ACE2 binding inhibition assays

As a complement to the neutralization assay, we evaluated the ability of heat inactivated serum from immunizedmacaques to inhibit the bind-

ing of ACE2 to soluble SARS-CoV-2 spikes (Meso Scale Diagnostics, cat# K15586U, K15609U, and K15671U). Serum samples were diluted 1:20

using the diluent supplied with the kit. Each sample was evaluated in duplicate, and plates were prepared and analyzed as previously

described.44 Briefly, plates in which each well was coated with 10 different soluble spike proteins were blocked for 1h using MSD blocker

A buffer followed by a wash with MSD washing buffer. Then, diluted sera were added, and plates were further incubated for 2h on a plate

shaker at RT. Sulfo-Tag labelled soluble ACE2 was then added and after 1h incubation, plates were washed. The MSD GOLD electrochemi-

luminescence read buffer B was next added, and chemiluminescence of bound ACE2-Sulfo-Tag was acquired on a Meso 1300 Quickplex

reader. The average electrochemiluminescence signals in duplicate wells for each sample were determined, as well as the maximum electro-

chemiluminescence signals of ACE2/S protein binding in no-sample control wells. The activity of each serum in blocking ACE2 binding is

shown as percent inhibition relative to no-sample controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Data sets were analyzed for significance using One-way ANOVA with Sidak post-test or two-way ANOVA with Tukey post-test on GraphPad

Prism version 9.3. A log10 transformation was applied to data sets when necessary to obtain comparable standard deviation among groups of

values which is a necessary requirement for these tests. Data sets were only considered significantly different at p % 0.05.
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