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SUMMARY
Group 2B b-coronaviruses (sarbecoviruses) have caused regional and global epidemics in modern history.
Here, we evaluate themechanisms of cross-sarbecovirus protective immunity, currently less clear yet impor-
tant for pan-sarbecovirus vaccine development, using a panel of alphavirus-vectored vaccines covering bat
to human strains. While vaccination does not prevent virus replication, it protects against lethal heterologous
disease outcomes in both severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and clade 2 bat
sarbecovirus challenge models. The spike vaccines tested primarily elicit a highly S1-specific homologous
neutralizing antibody response with no detectable cross-virus neutralization. Rather, non-neutralizing anti-
body functions, mechanistically linked to FcgR4 and spike S2, mediate cross-protection in wild-type mice.
Protection is lost in FcR knockout mice, further supporting a model for non-neutralizing, protective anti-
bodies. These data highlight the importance of FcR-mediated cross-protective immune responses in univer-
sal pan-sarbecovirus vaccine designs.
INTRODUCTION

b-Coronaviruses (b-CoVs) have caused epidemic and pandemic

disease in human populations in the twenty-first century. The

2002 severe acute respiratory coronavirus (SARS-CoV) and the

2019 SARS-CoV-2 represent prototype clade 1a and clade 1b

group 2B b-CoV strains, belonging to subgenus sarbecovirus.

SARS-CoV and SARS-CoV-2 likely emerged from bat reservoirs

either through intermediate host transmission events or through

direct spread into human populations.1,2 The subgenus includes

other highly heterogeneous epidemic, pandemic, and zoonotic

strains poised for emergence, such as SHC014 and WIV1, which

replicate efficiently in primary human cells and humanACE2 trans-

genic mice.3–11 The accelerated approval of SARS-CoV-2 vac-

cines is the result of decades of basic and applied research.12

However, current SARS-CoV-2 spike-based vaccines provide

limited protection against heterologous bat sarbecoviruses, as

well as recently emerged SARS-CoV-2 variants of concern

(VOCs).13 The complex immunologic mechanisms regulating
This is an open access article under the CC BY-N
cross-protection against closely related and distant strains is crit-

ical for pan-CoV vaccine design and public health preparedness.

The sarbecovirus spike glycoprotein is a trimeric class I viral

fusion protein of roughly 1,300 amino acids. Spike is divided

into an amino-terminal S1 subunit and a carboxy-terminal S2

subunit that drives membrane fusion. The S1 subunit is further

subdivided into a highly variable N-terminal domain (NTD) and

a receptor-binding domain (RBD), which engages the ACE2 re-

ceptor. Subtle molecular communication networks across do-

mains are thought to influence epitope presentation and likely

vaccine cross-protection.14,15 Recent work characterizing im-

munity against distinct spike proteins following homologous or

heterologous vaccination identified broadly conserved epitopes

across SARS-CoV-2 and divergent CoVs.16–19 However, the role

of these epitopes in protective immunity remains under investi-

gation.17,20,21 After SARS-CoV-2 natural infection or vaccination,

the spike RBD, NTD, and S2 domains stimulate neutralizing and

non-neutralizing antibody responses. Among sarbecoviruses,

broadly protective neutralizing antibodies primarily target
Cell Reports 42, 112326, April 25, 2023 ª 2023 The Authors. 1
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specific epitopes of the spike glycoprotein,18,22–27 typically in the

RBD.28,29 However, neutralizing antibody potency in vitro and

protective function do not always correlate in vivo.29 Further,

several studies have shown that antibody FcR-mediated effector

functions are critical in protective immunity.30–34 Fc receptors

have high affinity for immunoglobulin (Ig) G subtypes and are

cell surface receptors onmonocytes, macrophages, neutrophils,

and other immune cells; FcR recognition of the antibody Fc re-

gion stimulates effector cell function such as NK cell-mediated

lysis, neutrophil degranulation, and antibody-dependent cellular

phagocytosis (ADCP).35 Thus, FcR effector function may be a

key protective correlate for next-generation vaccine develop-

ment and improvement.

Here, we used a Venezuelan equine encephalitis virus 3526

replicon particle (VRP3526)36 to evaluate mechanisms of

cross-protection after pandemic and pre-emergent CoV spike

glycoprotein vaccination in mice, followed by lethal CoV chal-

lenge.37–39 Here, contemporary human CoV spikes elicited no

protection, and SARS-CoV-2 spike vaccines protected against

weight loss, lethal disease, and virus replication after SARS-

CoV-2 challenge. In contrast, heterologous VRP sarbecovirus

spike vaccines conferred cross-protection against weight loss

and death but provided limited but significant reductions in virus

replication in young and aged animals. Homologous protection

correlated with potent neutralizing antibody responses that

principally targeted the S1 subdomains, but few if any cross-

neutralizing antibodies were detected against the heterologous

sarbecovirus strains after low vaccine dose. Rather, systems

serology,40 in vitro studies, and passive antibody transfer exper-

iments in wild-type and Fc-receptor-deficient mice implicated an

FcR-driven mechanism targeting S2, such as ADCP. These re-

sults build support for universal sarbecovirus vaccine designs

that couple FcR-mediated cross-protection, with potent cross-

neutralizing antibody responses.

RESULTS

Sarbecovirus VRP3526 spike vaccine designs
VRP3526 replicon particles, which are non-select agent, replica-

tion-deficient vaccine vectors derived from a live attenuated

strain, were assembled as previously described36 (Figure 1A).

We generated VRPs expressing spike proteins from a- and

b-CoVs, including three common-cold CoVs, OC43, NL63, and

HKU1 (Figure 1B, green), as well as epidemic and/or pandemic

(SARS-CoV, SARS-CoV-2) and pre-emergent sarbecoviruses

circulating in animal reservoirs (RaTG13, HKU3, WIV1,

SHC014) (Figure 1B, red). The sarbecovirus spike glycoproteins

were separated into three groups based on amino acid similarity:

clade 1a (SARS-CoV, SHC014, WIV1), 2 (HKU3), and 1b (SARS-

CoV-2, RaTG13) (Figure 1A).41 The clade 1b virus RaTG13 spike

protein is 97.4% identical to the SARS-CoV-2 spike protein,

while the clade 2 virus HKU3 and clade 1a virus spike proteins

share 75.6%–78.6% identity to the SARS-CoV-2 spike protein.

Clade 2 HKU3 spike protein shares 78.1%–78.8% identity to

the clade 1a spike proteins (Figure 1D). All VRP titers exceeded

2 3 106 IU/mL (Figure 1C).36 S2 immunofluorescent staining for

the highly conserved spike S2 domain verified spike expression

in mammalian cells infected by VRPs (Figure 1D).
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VRP-vectored spike proteins protect against severe
SARS-CoV-2 disease in young mice
To test the VRP3526 platform’s ability to elicit cross-protection,

we employed a lethal mouse model for SARS-CoV-2 disease.

Groups (n = 8–10) of 8- to 10-week-old female BALB/cAnNHsd

(BALB/c) mice were vaccinated with a dose of 2 3 104 IU VRP

encoding each of the different spike vaccines by footpad injec-

tion, as this route induces robust mucosal immunity,36 then

boosted on day 21 with the homologous spike VRP. As shown

previously42 and in Figure 2, relatively low doses of VRP spike

vaccines will elicit complete homologous protection while

providing an expanded phenotypic window to examine cross-

protection. At 21 days post-boost (now aged 14–16 weeks),

mice were challenged with 104 plaque-forming units (PFUs)

SARS-CoV-2 MA10 (MA10)42 intranasally. Virus titer in the lungs

after challenge is a sensitive measure of vaccine perfor-

mance,12,43 and only the VRP SARS-CoV-2 spike vaccine eli-

cited nearly complete protection from homologous virus lung

replication. In contrast, the clade 1b VRPRaTG13 spike vaccina-

tion caused slight but significant reductions in virus titers on day

2 (1-log) and 5 (3-log) post-infection, compared with the GFP-

vaccinated controls. In clade 2 VRP HKU3 spike-vaccinated an-

imals, MA10 titers were also significantly reduced by about 1.5

and 3 logs on days 2 and 5 post-infection. The most heteroge-

neous clade 1a vaccines (SARS-CoV, WIV1, and SHC014)

were least effective and reduced titers by �2 logs on day 5

post-infection (Figure 2A).

Bronchoconstriction and airway resistance in the lungs of

challenged mice, measured by whole-body plethysmography,

mirrors some human disease phenotypes.44 Calculating area un-

der the curve (AUC), we found that clade 1b and clade 2 vaccines

effectively protected against bronchoconstriction (Rpef) and

airway resistance (PenH) after SARS-CoV-2 MA10 challenge

(Figure 2B), accordant with reduced clinical disease. In contrast,

clade 1a vaccinated animals had significantly increased respira-

tory dysfunction and clinical disease, indicative of reduced lung

function. In parallel, wemonitoredweight loss and assessed lung

pathology by scoring gross discoloration (GLD), diffuse alveolar

damage (DAD), and acute lung injury (ALI) following MA10 chal-

lenge. Homologous challenge in VRP SARS-CoV-2 spike-vacci-

nated animals resulted in minimal weight loss (Figure 2C) and

GLD (Figure 2F), reflecting protection from significant SARS-

CoV-2 disease. In contrast, the zoonotic and pandemic CoV

spike vaccines partially protected from clinical disease. For

example, the clade 1b CoV spike vaccines protected against se-

vere SARS-CoV-2 disease, resulting in little (�10% RaTG13) to

no measurable weight loss (SARS-CoV-2) and minimal GLD at

the time of tissue harvest (Figures 2C and 2F). Under identical

conditions, clade 1a spike (SARS-CoV, WIV1, and SHC014) vac-

cines elicited low-level intermediate protection after MA10 chal-

lenge, resulting in 10%–15% body weight lost and notable

increases in GLD (Figures 2E and 2F). Despite being as distant

as the clade 1aCoV spikes from the SARS-CoV-2 spike and con-

taining deletions in the NTD and RBD (Figures 1 and S1), the

clade 2 HKU3 spike vaccine elicited near-full protection against

disease with�5%weight loss and minimal GLD (Figures 2D and

2F). Thus, the protection elicited by VRP HKU3 spike after MA10

heterologous challenge is particularly noteworthy. Within spike



Figure 1. Venezuelan equine encephalitis virus replicon particle VRP3526 for high-titer vaccinations

(A) Venezuelan equine encephalitis (VEE) RNA-based assembly scheme of VRP3526 particles.

(B) Phylogenetic relationship of the spike protein amino acid sequences from CoVs that were used in this study, including common cold CoVs (green) and

prepandemic/epidemic CoVs (blue). Of the b-CoVs, we generated spike proteins for both group 2A (HKU1) and 2B viruses. Of the group 2B viruses, we generated

spike proteins for clade 1a (SARS-CoV, SHC014,WIV1), 2 (HKU3), and 1b (SARS-CoV-2, RaTG13) viruses. Tree generated from an amino acidmultiple sequence

alignment using maximum likelihood in Geneious Prime.

(C) VRP3526 titers obtained in this study. Dashed line denotes minimum titer required for vaccination at 2 3 104 VRPs in a 10-mL footpad inoculation.

(D) Amino acid percentage similarity (left in cell) and patristic phylogenetic distance (right in cell) of the main sarbecovirus spike proteins used in this study.

(E) Immunofluorescent staining at 403 magnification for VEE non-structural proteins (top) and SARS-CoV-2 spike S2 domain (middle) in Vero E6 cells infected

with VRPs expressing the spike proteins used in this study. White scale bar, 50 mm.
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Figure 2. VRP sarbecovirus spike vaccines elicit a cross-protective immune response against SARS-CoV-2

(A) SARS-CoV-2 lung titer calculated via plaque assay on days 2 and 5 post-infection. Samples that fell below the limit of detection (dotted line) were set to 25

PFU/mL.

(B) Area under the curve (AUC) of lung function metrics of airflow resistance (PenH, right) and bronchoconstriction (Rpef, left). Lung function was measured by

BUXCO whole-body plethysmography (WBP) systems one each experimental day; AUC calculated for time course of each mouse.

(C–E) Body weights calculated after infection of 104 PFU SARS-CoV-2 intranasally through the duration of the experiment on animals vaccinatedwith clade 1b I, 2

(D), and I (E) sarbecovirus spike proteins. Data were pooled from three independent studies. n = 4 mice followed to study endpoint for body weights (C) and lung

function (B) from each vaccine group for each experiment, resulting in n = 4 reported for spike vaccines and n = 8 reported for VRP GFP (comprising two

(legend continued on next page)
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vaccine groups where mice were partially protected from dis-

ease by weight loss and GLD (e.g., WIV1, SHC014), outcomes

ranged from mild to severe, suggesting that this protective

mechanism is subject to strain-specific spike variation. Using

the data from the pooled studies, we calculated Pearson prod-

uct-moment correlation coefficients between each metric to

measure the linear associations between the data. Using this

analysis, we calculated a robust and significant negative correla-

tion coefficient (�0.76, p < 0.0001) between GLD and body

weight maintenance weight as well as a strong, significant pos-

itive correlation (0.72, p < 0.0001) between virus titers on day 2

and day 5 post-infection (Figure S2G). Moreover, a significant

negative correlation coefficient (�0.68, p < 0.0001) between viral

titer 2 days post infection (DPI) and body weight maintenance

suggested virus titer may be predictive of disease severity in

our model.

Consistent with prior studies,42 histological examination

(Figures 2G and 2H) at day 5 post-infection identified severe dis-

ease signs in infected control animals, including infiltration of

neutrophils in the interstitial and alveolar spaces, alveolar septal

thickening, cell sloughing and proteinaceous debris in the air-

spaces, and hyaline membrane formation consistent with DAD

and ALI phenotypes42 (Figure 2I, red, blue, black). In contrast,

mice vaccinated with the homologous spike demonstrated sig-

nificant protection from SARS-CoV-2-induced lung pathology,

with baseline-equivalent DAD and ALI scores (41) (Figures 2G–

2I). Heterologous vaccines that were associated with greater

GLD scores and thus only partial protection (e.g., WIV1) demon-

strated elevated DAD and ALI scores compared with the SARS-

CoV-2 vaccine group, although they were significantly reduced

compared with infected control animals. Vaccines that were

more protective (e.g., HKU3) resulted in significantly lower

DAD and ALI scores, comparable with the SARS-CoV-2 spike-

vaccinated group.

We also used the MA10 challenge model to evaluate whether

vaccination with VRPs expressing spikes of contemporary com-

mon cold human b-CoV, which share conserved S2 epitopes

with epidemic and pre-emergent b-CoV,45,46 would protect

against SARS-CoV-2 disease. We found that single exposures

(single component, two doses) of contemporary human CoV

spike vaccines did not protect against severe SARS-CoV-2 dis-

ease and mortality in young mice (Figures S2A and S2C), nor did

these vaccines reduce viral replication efficiency (Figure S2B). In

contrast to the Group 2B CoV-vaccinated mice, a large percent-

age (>50% in most cases) of common cold spike-vaccinated

mice died or lost >20% body weight and were euthanized

compared with those vaccinated with VRP SARS-CoV-2 spike

(Figure S2C).
experiments). n = 4–10 were evaluated for GLD (F), DAD (G), and ALI (H) score.

percentage of starting weight. Horizontal line indicates 20% body weight lost an

(F–H) (F) Semi-quantitative gross lung discoloration (GLD) scoring, (G) Diffuse alve

harvest at day 5 post-infection (5 DPI).

(I) Hematoxylin and eosin-stained sections of lungs from vaccinated mice harvest

infiltrate; red arrow, proteinaceous debris. Top: 1003 magnification; black scale

points, arithmetic mean; error bars, standard error from the mean. Significance

mixed-effects analysis; virus titer, one-way ANOVA; GLD and lung damage scori

test corrected by Dunn’s multiple comparisons; all other corrections, Dunnett’s,
Evaluating the potential for aberrant immunity after vaccination

is especially important as killed/inactivated CoV vaccines have

been reported to induce a pro-inflammatory and Th2 skewed im-

mune response commonly associated with immune pathol-

ogy.43,47 Using a BioPlex cytokine immunoassay, we measured

the cytokine responses after challenge in vaccinated mice on

days 2 and 5 post-infection. We did not detect elevated T helper

(Th) 2 cell cytokine signatures (interleukin [IL]-4, IL-5, IL-13) in

vaccinated mice on day 2 or 5, but a strong Th1 signature (signif-

icant increases in IL-12, tumor necrosis factor [TNF]-a, interferon

[IFN]-g) was commonly associated with a protective immune

response.36 In contrast to the groups vaccinated with the homol-

ogous SARS-CoV-2 spike, groups vaccinated with the heterolo-

gous sarbecovirus VRP spikes also demonstrated elevated

pro-inflammatory cytokine responses in the lung 2 days post-

MA10 challenge (IL-1b, IFN-g, TNF-a, IL-6) (Figure S3). Altogether,

this suggests the VRP sarbecovirus spike vaccines elicited a pro-

tective immune response against SARS-CoV-2 infection.

VRP-vectored spike proteins protect against severe
SARS-CoV-2 disease in aged mice
To evaluate the potential for cross-protection in an aging popu-

lation, we utilized the MA10 lethal challenge model in aged (1

year old) mice. Mice were immunized and 3 weeks post-boost

were challenged with 103 PFUs (�1 median lethal dose [LD50],

typically >20% weight loss) MA10 intranasally (Figures 3A–3F).

In our homologous vaccinated, aged mouse model, mice chal-

lenged with MA10 experienced �5% weight loss before recov-

ery (Figure 3A). Importantly, VRP SARS-CoV-2 spike-vaccinated

animals were also significantly protected from GLD (Figure 3D)

and virus titers on day 2 and 5, respectively (Figure 3E). In addi-

tion, clade 1b VRP RaTG13 and clade 2 VRP HKU3 spike-vacci-

nated animals showed limited weight loss (�8%–10%) and GLD

on days 2 and 5 post-infection (Figures 3A and 3D). Clade 2 VRP

HKU3 spike-vaccinated animals also displayed significant re-

ductions in virus titer on days 2 and 5 post-infection. However,

the aged mice vaccinated with VRP RaTG13 or VRP HKU3

were less protected than similarly vaccinated young mice by

both weight loss (Figures 3A, 3B, 2C, and 2D) and GLD

(Figures 3D and 2F), which is consistent with the enhanced sus-

ceptibility and reduced vaccine efficacy seen during sarbecovi-

rus challenge of aged mice.42,47 Clade 1a VRP spike vaccines

elicited variable levels of protection in the aged mouse model af-

ter MA10 challenge (Figures 3B and 3D). Clade 1a VRP vaccines

were the least protective against weight loss and GLD

(Figures 3C and 3D), and VRPs WIV1 and SHC013 did not pre-

vent virus replication. Reductions in respiratory function gener-

ally correlated with overall disease severity, as measured by
n = 8–10 mice evaluated at day 2 post-infection for virus titer (A). Reported as

d animal care humane endpoint.

olar damage (DAD) scoring, and (H) acute lung injury (ALI) scoring upon tissue

ed day 5 post-infection. Black arrow, hyaline membrane; blue arrow, neutrophil

bar, 100 mm. Bottom: 4003 magnification, black scale bar, 50 mm. Mean data

calculations: weight loss, two-way ANOVA; weight loss in cases of mortality,

ng, Brown-Forsythe and Welch’s ANOVA; lung function (WBP), Kruskal-Wallis

T3 when total samples <50. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. VRP spike protects from lethal infection in vulnerable agedmice. Old mice (12 months) were challenged with 103 PFU SARS-CoV-2

MA10 intranasally unless otherwise noted

(A–C) Body weights calculated through the duration of the experiment on animals vaccinated with clade 1b (A), 2 (B), and 1a (C) sarbecovirus spike proteins.

Reported as percentage of starting weight. Horizontal line indicates 20% body weight lost and animal care humane endpoint.

(D) GLD scoring upon tissue harvest.

(E) SARS-CoV-2 lung titer calculated via plaque assay. Samples that fell below the limit of detection (dotted line) were set to 25 PFU/mL.

(F) AUC of lung functionmetrics of airflow resistance (PenH, right) and bronchoconstriction (Rpef, left). Lung function wasmeasured by BUXCOWBP systems one

each experimental day, AUC calculated for time course of each mouse.

(G) Survival of vaccinated animals when challenged with 104 PFU SARS-CoV-2 MA10 intranasally. Data are representative of one study, with n = 4 mice reported

for each harvest day and n = 4 mice followed to study endpoint. Mean data points, arithmetic mean; error bars, standard error from the mean. Significance

calculations: weight loss, two-way ANOVA; weight loss in cases of mortality, mixed-effects analysis; virus titer, one-way ANOVA; GLD scoring, Brown-Forsythe

andWelch’s ANOVA; lung function (WBP), Kruskal-Wallis test corrected by Dunn’s multiple comparisons; all other corrections, Dunnett’s, T3 when total samples

<50. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Article
ll

OPEN ACCESS
weight loss and GLD (Figure 3F). Compared with young mice,

MA10 replicated to higher titers in the lungs of the old mice

with more breakthrough replication in the homologous vacci-

nated mice (Figure 3E), reflecting the age-associated reduction

in vaccine efficacy seen in this model.42,47

As aged animals are significantly more vulnerable to higher

MA10 challenge doses,42 we next determined whether the VRP

sarbecovirus spike vaccine panel could protect against a

10-fold higher, 104 challenge dose, which typically results in

85% mortality. Mice vaccinated with VRP SARS-CoV-2 spike

were fully protected from severe disease and mortality through
6 Cell Reports 42, 112326, April 25, 2023
day 5 post-infection. In contrast, mice vaccinated with other

clade 1a, 1b, or clade 2 heterologous VRP spike vaccines expe-

rienced equivalent weight loss to mock-vaccinated controls

(Figures S2D–S2F) and highmortalities of 25%–75% (Figure 3G),

indicating the cross-protection in our model has dramatic poten-

tial to vary in an aging population.

VRP SARS-CoV-2 spike protects against disease in
heterologous sarbecovirus infection
Recent studies suggest that some clade 2 strains can use bat

ACE2 molecules for entry if isolated from their natural bat host



Figure 4. VRP SARS-CoV-2 spike vaccination protects against heterologous challenge

Young mice (16–18 weeks) were challenged with 105 PFU HKU3/SRBD MA intranasally.

(A) Body weights calculated through the duration of the experiment on animals vaccinated with SARS-CoV-2 or HKU3 spike proteins, or vectored GFP.

(B) Semi-quantitative macroscopic lung discoloration scoring upon tissue harvest.

(C) HKU3 lung titer calculated via plaque assay. Body weights reported as percentage of starting weight where horizontal line indicates 20%body weight lost and

animal care humane endpoint. Titer samples that fell below the limit of detection (dotted line) were set to 25 PFU/mL. Data are representative of one study, with n =

4 mice reported for each harvest day and n = 4 mice followed to study endpoint. Mean data points, arithmetic mean; error bars, standard error from the mean.

Significance calculations: weight loss, two-way ANOVA; weight loss in cases of mortality, mixed-effects analysis; virus titer, one-way ANOVA; GLD scoring,

Brown-Forsythe and Welch’s ANOVA; all corrections, Dunnett’s, T3 when total samples <50. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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species,11,48 which suggests clade 2 sarbecoviruses may

threaten global health. Importantly, the antigenically distant

HKU3 spike (Figure 1) vaccine protected against MA10 disease

(Figure 2). As HKU3 could emerge by mutation or RNA recombi-

nation, we next evaluated whether the VRP SARS-CoV-2 spike

vaccine would protect against clade 2 heterologous challenge.

Eight- to 10-week-old mice were vaccinated and boosted with

VRP HKU3 spike, VRP SARS-CoV-2 spike, and VRP GFP vac-

cines as previously described. Vaccinated mice were then in-

fected intranasally with themouse-adapted clade 2 bat sarbeco-

virus designated HKU3-SRBD MA, which causes disease in

mice.11,49 The homologous HKU3 spike-vaccinated animals

were fully protected fromweight loss andGLDand showed a sig-

nificant 4-log reduction in titer after HKU3-SRBD challenge

(Figures 4A–4C). In contrast, the heterologous VRP SARS-

CoV-2 spike vaccine attenuated HKU3-SRBD disease severity,

as shown by�15% body weight loss (Figure 4A) and modest re-

ductions in GLD (Figure 4B). Modest but significant �5- and

10-fold reductions in virus titer were also noted on days 2 and

5 post-infection, respectively, in VRP SARS-CoV-2 spike-vacci-

nated mice (Figure 4C). The cross-protective phenotype medi-

ated by VRP spike vaccines in two unique challenge models

prompted further mechanistic investigation.

VRP spike vaccinations induce non-neutralizing, cross-
reactive antibodies
To evaluate the antibody response elicited by the VRP vac-

cines in young animals, we measured total spike binding

and neutralizing antibody response in vaccine sera prior to

challenge with SARS-CoV-2 (Figure 2). Each VRP spike vac-

cine elicited a potent serologic (cross-reactive) IgG response

against the SARS-CoV-2 spike protein (Figure 5A, left). We
observed total IgG titers of 104 as well as a potent IgG

response against the SARS-CoV-2 receptor-binding domain

(RBD; Figure 5A, middle). Mice vaccinated with VRP

RaTG13 did not produce significant IgG against the SARS-

CoV-2 RBD, despite inducing notable IgG against the SARS-

CoV-2 N-terminal domain, comparable with the homologous

VRP SARS-CoV-2 vaccine (NTD; Figure 5A, right). Supporting

this result, NTD is well conserved between SARS-CoV-2 and

RaTG13 (98.3% amino acid identity), while the RBD is more

diverged (89.3%). We detected a strong IgG2a skew in VRP

spike antigen-vaccinated mice (Figure 5B), further suggesting

that vaccination induced a protective Th1 response.50 We also

observed a marked vaccine antigen-specific grouping in the

ratio of IgG2a to IgG1, and further analyses demonstrated

high reactivity toward full-length spike with little to no prefer-

ence for IgG2a recognition of S1 or S2 (Figure 5C).

Via a series of live-virus assays, we characterized the neutral-

izing antibody response. At our vaccine dose, we detected

neutralizing antibodies in mice vaccinated with VRP SARS-

CoV-2 with a half maximal inhibitory concentration (IC50) of

�1:700 but did not detect potent cross-neutralizing antibody re-

sponses in mice vaccinated with heterologous VRP spikes to-

ward luciferase reporter SARS-CoV-2 (Figure 5D). Further, VRP

SHC014 sera neutralized reporter virus SHC014 with an IC50 of

�1:800 (Figure 5F), but there was also no detectable neutraliza-

tion of the SHC014 virus by VRPSARS-CoV-2 sera. Using a lucif-

erase reporter system to detect spike NTD, RBD, and S1

domain-specific neutralizing antibodies,13,29 we determined

that the majority of VRP SARS-CoV-2 spike-neutralizing anti-

bodies targeted the RBD (amino acids 332–528) and theC-termi-

nal segment of S1 (RBD+, amino acids 332–685). Additionally,

the VRP SARS-CoV-2 spike vaccines failed to elicit measurable
Cell Reports 42, 112326, April 25, 2023 7



Figure 5. Characterizing the antibody response through systems serology and functional assays

(A) SARS-CoV-2 spike (left), receptor binding domain (middle), and N-terminal domain (right) binding IgG quantified by ELISA. Titers calculated via AUC.

(B) SARS-CoV-2 spike binding IgG2a titers plotted against IgG1 titers. Titer calculated by geometric mean fluorescence intensity (gMFI).

(C) SARS-CoV-2 spike (left), S1 (middle), and S2 (right) binding IgG2a titer calculated by gMFI via Luminex bead assay.

(D) SARS-CoV-2 neutralization IC50 values calculated as the serum dilution that achieved 50% neutralization in a live-virus neutralization assay.

(E) Domain-specific IC50 values measured by live-virus neutralization assay against different SARS-CoV-2 spike domains on a heterologous virus backbone

(SHC014).

(F) SHC014 neutralization IC50 values of serum from vaccinated animals.

(G) Domain-specific IC50 values measured by live-virus neutralization assay against different SARS-CoV-2 spike domains on the SHC014 backbone. IC50 for

samples that fell below the limit of detection (dotted line) were set to 10.

(legend continued on next page)
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neutralizing antibodies against the SARS-CoV-2 NTD or S2 (Fig-

ure 5E). Using this assay, we also found that VRP SHC014 spike-

elicited neutralizing antibodies preferentially targeted the NTD

andRBD+ regions, as shown by a complete loss of neutralization

when either the RBD+ or NTD-RBD (amino acids 13–528) (Fig-

ure 5G) were exchanged. Together, neutralizing antibody re-

sponses elicited by VRP spike vaccines are highly type and

domain specific, supporting the hypothesis that cross-neutral-

izing antibodies do not drive VRP cross-protection between

sarbecoviruses.

Given the lack of cross-neutralizing antibodies despite clear

cross-protection, we further employed systems serology to

characterize the overall humoral architecture in response to

our VRP candidates32,40,51 (Figure S4). An initial multivariate

discriminate analysis (partial least squares discriminant anal-

ysis [PLS-DA]) evaluated whether the serological characteris-

tics could differentiate between baseline and post-boost

groups as well as predict the minimal distinguishing features

that could differentiate between groups. Features were

selected via least absolute shrinkage and selection operator

(LASSO) as previously described,51 classified using a fold-spe-

cific support vector machine (SVM), and variables were identi-

fied and classified via PLS-DA visualization. To obtain optimal

resolution on feature identification and validate our findings,

we ran two models that included functional assays with (1) Ig

subclass (Figure 5H) and (2) FcR affinity (Figure 5J). Validations

via randomization confirmed that the LASSO/SVM could signif-

icantly differentiate selected features from randomly selected

features and permutations (Figure S5). The PLS-DA demon-

strated a strong clustering of challenged animals away from

baseline for both Ig subclass (Figure 5H) and FcR-binding (Fig-

ure 5J) antibodies. Through calculating the variable importance

in protection (VIP) scores for both Fab and FcR binding pro-

files,51 we found that IgG2a binding to both full-length spike

and S2 subdomains (Figure 5I) as well as FcgR4-binding anti-

bodies toward full-length spike and the S1 domain (Figure 5K)

most significantly separated the baseline from post-boost.

Interestingly, Fc-mediated, non-neutralizing functions such as

antibody-dependent complement deposition (ADCD) and

ADCP were also among the highest ranked in both models.

Similar to our previous analysis, PLS-DA identified that humoral

recognition of both S1 and S2 subregions was driving the

phenotype and not simply RBD-responsive antibodies, which

bear the majority of neutralizing activity.

To more closely delineate protective signatures stimulated by

the VRP spike vaccines, we performed a series of cross-correl-
(H) A scores plot representing the baseline (blue) and post-boost (red) vaccine imm

clustered via partial least squares discriminant analysis (PLSDA).

(I) VIP score of most influential features, representing the total distance from th

functional profiles.

(J) A scores plot representing the baseline (blue) and post-boost (red) vaccine Fc r

tested, clustered via PLSDA.

(K) VIP score ofmost influential features, representing the total distance from the c

functional profiles. Significance calculations: antibody titers, one-way ANOVA cor

Dunnett’s T3 test when total samples <50. *p < 0.05, **p < 0.01, ***p < 0.001, ****p

on GitHub (https://github.com/LoosC/systemsseRology). Machine learning too

contained pre-immune and post-vaccination sera, as well as PBS controls to ac
ative analyses (Figure S6). To summarize the correlation

matrices and identify trends, we highlighted associations with

strong, significant correlations (0.7–1, p < 0.05) from each VRP

spike vaccine, focusing on IgG2a, functional assays, and Fc-

gamma receptors FcgR3/R4 (Figure 6A). Strikingly, while

numerous S1 and S2 correlates were identified, there was little

overlap between the two. Recognition of S2 by various VRP

spike sera was tied to Fc-effector-mediated functions, while

S1 demonstrated strong correlations with FcgR4 but was not

statistically tied to effector functions (Figures 6A and 6B). Using

a peptide scanning array that spanned the majority of S2, we

identified that heptad repeat region 2 (HR2), the fusion peptide

(FP), and the stalk subregions drove much of the IgG2a recogni-

tion. Notably, we found that full spike, S2, and S2 subdomain-

specific IgG2a correlated with the phagocytic functional assays

(antibody-dependent neutrophil phagocytosis [ADNP]/ADCP) in

the more distant heterologous VRP spike vaccines (HKU3,

SARS-CoV, WIV1, SHC014). We also found that the VRP

SARS-CoV-2 and the more protective spike vaccines (HKU3,

RaTG13) IgG2a correlated with ADCD (Figure 6A). Generally,

FcR affinity exhibited clade dependence. FcgR4 was most stim-

ulated by antibodies raised to the clade 1b and 2 VRP spike sera

(SARS-CoV-2, RaTG13, and HKU3), and less so by those raised

to clade 1a VRP spike sera (SARS, SHC014, and WIV1) (Fig-

ure 6B). Consequently, we evaluated the capacity for the VRP

spike serum to stimulate ADCP and ADNP against the SARS-

CoV-2 full spike as previously described.32,52 Overall, although

not clade dependent, we found notable and significant increases

in ADNP (Figure 6C), ADCP (Figure 6D), and ADCD (Figure 6E)

against the SARS-CoV-2 full spike in VRP spike vaccine sera.

Our data demonstrate that VRP spike-specific, non-neutral-

izing antibodies stimulate FcR effector functions that are mech-

anistically linked to FcgR4 binding IgG2a. Additional heatmap

analysis of the heterologous VRP spike sera (Figure S7) indicated

that not only did IgG2a cluster very well with itself but the heptad

repeat regions (HR1, HR2) and stalk subdomains of spike also

exhibited the greatest strength of binding (Figure S7A). When

evaluating subclass binding within S2, a peptide scanning array

also indicated that VRP vaccination induced IgG2a with strong

recognition of HR1, HR2, FP, and stalk subdomains of S2 relative

to controls (Figure S7B).

Since VRP HKU3 and RaTG13 spike vaccines induced high

protection against heterologous SARS-CoV-2 challenge, we

investigated a correlation between domain-specific antibody

binding and disease severity. The magnitude of VRP HKU3 spike

serum IgG2a binding the HR1 shared a strong, significant
unoglobulin and functional profile distribution for all vaccinated animals tested,

e center of the scores plot, as determined by PLSDA of immunoglobulin and

eceptor stimulation and functional profile distribution for all vaccinated animals

enter of the scores plot, as determined by PLSDAof Fc receptor stimulation and

rected for multiple comparisons using Dunnett’smultiple comparisons test, and

< 0.0001. PLSDA was done on R using the systemsseRology pipeline available

ls (for the analysis of systems serology data) are also available. Each assay

count for batch effects.
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Figure 6. Correlation between FcR function

and antibody cross-simulation

(A) Pearson’s correlation matrices were con-

structed of the systems serology assays for each

VRP vaccination group (supplemental data). VRP

vaccine groups with strong correlations (0.7–1)

between two assay results are listed in the table.

(B) FcgR4 stimulation against the SARS-2 spike

(left), S1 (middle), and S2 (right).

(C) Phagocytic score of antibody-dependent

neutrophil phagocytosis (ADNP).

(D and E) (D) Phagocytic score of antibody-

dependent cellular phagocytosis (ADCP) and

(E) antibody-dependent complement deposition

(ADCD) score (gMFI). Correlations between Fab,

FcR, and functional assays were done using

GraphPad Prism using Spearman’s coefficients.

Statistical significance, as defined by p < 0.05, was

corrected for multiple comparisons using

Benjamini-Hochberg correction. Each assay con-

tained pre-immune and post-vaccination sera, as

well as PBS controls to account for batch effects.

The univariate significance of antibody function (B–

E) was calculated via one-way ANOVA comparing

each spike-vaccinated groupwith the GFP control.

Testing was corrected for multiple comparisons

using Dunnett’s multiple comparisons test, and

Dunnett’s T3 test when total samples <50. Signif-

icance reported as *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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correlation (Pearson’s r = 0.92, p < 0.05, n = 4) with protection

from disease represented by body weight maintenance.

Likewise, VRP RaTG13 sera S2 binding also showed a very sig-

nificant correlation (Pearson’s r = 0.91, p < 0.05, n = 4) with pro-

tection. We found significant correlations between protection

and antibody binding in most S2 subdomains for WIV1 but, in

contrast to most other vaccine groups, failed to detect correla-

tions between protection and functional assays such as ADCD

and ADCP forWIV1.We also found that in vivo protection elicited

by other VRP spike vaccines was linked to S2 but not single do-

mains. Notably the SHC014 VRP spike vaccine was also closely

linked to the NTD (Figure S7C). These data suggest that the sum

of smaller fractions of cross-reactive antibody responses may
10 Cell Reports 42, 112326, April 25, 2023
also affect protection, in addition to the

capacity of the binding antibodies to stim-

ulate protective FcR effector responses.

Within S2, the HR2 subdomain is 100%

conserved between the sarbecovirus

spikes tested. The HR1 subdomain of

RaTG13 and HKU3 is also 100% and

98.7% identical to the SARS-CoV-2 HR1

subdomain, respectively. In contrast, the

HR1 subdomains of the clade 1a sarbe-

covirus spikes, which showed less pro-

tection, share 88.3%–89.6% identity

with the SARS-CoV-2 spike HR1 (Fig-

ure S7D). Sequence conservation in linear

epitopes of S2, especially HR1, in addi-

tion to cellular functional stimulation likely
drove the cross-protective, non-neutralizing antibody response

elicited by VRP-vectored sarbecovirus spikes.

VRP spike vaccinations induce antibody-mediated
protection via Fc effector mechanism
Given indications of non-neutralizing, antibody-dependent cellular

function by serological assays, prophylactic passive transfer ex-

periments were used to evaluate the role of antiserum in cross-

protection from clinical disease. Serum from VRP spike (SARS-

CoV-2, SARS-CoV, HKU3, and GFP)-vaccinated mice was

pooled for each group and administered intraperitoneally into

naive mice. Twenty-four hours later, the mice were challenged

with a lethal 104 PFU MA10 dose. Importantly, SARS-CoV-2 and



Figure 7. Non-neutralizing antibodies mediate protection in vivo through Fc function

(A–C) (A) Body weights, (B) GLD scores day 5 post-infection, and (C) SARS-2 lung titer in naive mice after passive transfer of serum from vaccinated animals

followed by intranasal infection of 104 PFU SARS-2.

(H–J) (H) Body weights, (I) GLD scores day 5 post-infection, and (J) SARS-2 lung titer of young Fc receptor knockout BALB/c mice that were vaccinated with a

sarbecovirus spike protein prior to infection with 104 PFU SARS-2 intranasally.

(D–F) (D) Body weights, (E) GLD scores day 5 post-infection, and (F) SARS-CoV-2 lung titer of young Fc receptor knockout BALB/c mice that received pro-

phylactic administration of serum from vaccinated wild-type BALB/c mice prior to infection with 103 PFU SARS-CoV-2 intranasally. All FcR knockout mice were

obtained from Taconic (n = 5–6 per sacrifice day). Wild-type mice were tested from both Envigo (consistent with previous reported work) and Taconic (strain-

specific match) to account for strain-specific differences. Taconic n = 5 per day reported. Body weights reported as percentage of starting weight where hor-

izontal line indicates 20% body weight lost and animal care humane endpoint. Titer samples that fell below the limit of detection (dotted line) were set to 25 PFU/

mL. Mean data points, arithmeticmean; error bars, standard error from themean. Significance calculations: weight loss, two-way ANOVA; weight loss in cases of

mortality, mixed-effects analysis; virus titer, one-way ANOVA; GLD scoring, Brown-Forsythe and Welch’s ANOVA; all corrections, Dunnett’s, T3 when total

samples <50. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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HKU3 VRP serum recipients experienced significant reductions in

weight loss by day 5 post-infection, while the SARS-CoV VRP

serum recipients developed more severe weight loss that was

not significantly reduced (Figure 7A). We also observed significant

reductions in GLD in all groups, demonstrating that passive trans-

fer of antibodies mitigated severe/lethal disease (Figure 7B). This

was in contrast with viral loads, which were exclusively mitigated
by the VRP SARS-CoV-2 spike vaccine serum (Figure 7C),

providing further support to the hypothesis that neutralizing anti-

bodies play a substantial role in limiting viral replication and dis-

ease, whereas non-neutralizing antibodies primarily mitigate dis-

ease pathology. Collectively, these data suggest that there is a

clear role for non-neutralizing antibodies in vaccine cross-protec-

tion against SARS-CoV-2.
Cell Reports 42, 112326, April 25, 2023 11
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To further probe the mechanism of VRP spike cross-protec-

tion, we vaccinated FcR-deficient BALB/c mice before lethal

challenge with MA10. We found that, when Fc effector function

was effectively eliminated, protection against SARS-CoV-2 dis-

ease by vaccination with VRP HKU3 spike was lost

(Figures 7D–7F). Both rapid/sustained weight loss (Figure 7D)

and GLD (Figure 7E) were evident in the FcR KOmice immunized

with VRP HKU3 spike and, unlike WT mice, were statistically

indistinguishable from GFP-vaccinated mice. However, FcR-

deficient mice vaccinated with VRP SARS-CoV-2 spike were still

protected from clinical disease and virus replication, again

consistent with a strong homologous neutralizing antibody

response (Figure 7F). This indicates that cross-protection is

mechanistically linked to FcR-mediated responses despite a

potent homologous protective profile. We then conducted a pro-

phylactic passive transfer experiment in FcR-deficient BALB/c

mice prior to lethal challenge with MA10. VRP SARS-CoV-2

spike homologous sera still protected against severe disease

in the absence of FcR effector function, as shown by weight

loss (Figure 7G) and GLD scores (Figure 7H). Animals that

received VRP SARS-CoV-2 spike sera also significantly sup-

pressed virus replication, again supporting a strongly protective

role for homologous neutralizing antibody response (Figure 7I).

However, the heterologous SARS-CoV and HKU3 spike VRP

sera failed to protect in FcR-deficient mice (Figures 7G–7I).

Compared with wild-type mice, weight loss and GLD increased

in FcR-deficient mice, with no decrease in virus titer. FcR-defi-

cient mice that received heterologous VRP spike sera also sur-

passed 20%weight loss, indicative of lethal disease. Thus, while

strain-specific antibodies capable of neutralization can protect

from disease, cross-protection is mechanistically linked to

non-neutralizing, FcR-mediated responses.

DISCUSSION

The COVID-19 pandemic resulted in massive human suffering

and global economic upheavals. The continued spread of

SARS-CoV-2 VOC coupled with large numbers of zoonotic

reservoir strains poised for cross-species movement indicate

that robust countermeasures that elicit broad, cross-protective

immune responses offer a strategic approach for controlling sar-

becovirus epidemics. Although potent neutralizing antibodies

are a benchmark for COVID-19 vaccine efficacy, recent work

found that SARS-CoV-2 S2P mRNA vaccines elicited limited

cross-neutralizing antibody titers against heterologous sarbeco-

viruses, including the SARS-CoV-2 Omicron VOC.13,53,54 More-

over, several studies have suggested non-neutralizing

antibodies function in protection against SARS-CoV-2 disease,

both long and short term,30,31,34,55,56 highlighting a critical

need for identification of pan-sarbecovirus protective immune

correlates. As alphavirus replicons that induce mucosal, humor-

al, and cellular immune responses against respiratory patho-

gens,57,58 they provide innovative models for understanding

cross-immune mechanisms.59–61 In the present study, we found

that non-neutralizing antibodies can contribute to broad cross-

vaccine protective immunity across clade 1a, 1b, and clade 2

sarbecoviruses, with as little as 75% amino acid identity be-

tween spike protein sequences. These studies highlight an
12 Cell Reports 42, 112326, April 25, 2023
important protective role for non-neutralizing antibodies, espe-

cially in cases of heterologous virus infection across distant sar-

becoviruses, via antibody interactions with FcR effector func-

tions as a driver of protective immunity.31

Highly potent mRNA vaccines target neutralizing antibody re-

sponses to the S1 RBD domain62,63 and potent neutralizing an-

tibodies targeting one or more epitopes in the RBD,23 NTD,64

or S265,66 have been identified in spike. Consistent with estab-

lished work, we identified a neutralizing antibody response stim-

ulated by the VRP platform but failed to detect protective levels

of cross-neutralizing antibodies even though conserved regions

of the spike have been identified.23,29,62 Our data also suggest

that different sarbecoviruses may focus neutralizing antibody

responses to different sites within S1, potentially complicating

universal vaccine platforms focused exclusively on the RBD,

especially when applied to outbred populations such as the

human population.67,68

Similar cross-protective phenotypes identified in our study

have previously been identified but mediated by CoV nucleo-

capsid-based vaccines that stimulate T cells following SARS-

CoV and MERS-CoV challenge.69 Our data do not explicitly

rule out a contribution of T cells in mediating protection after

VRP vaccination. However, this study implicates non-neutral-

izing antibody functions as strong drivers of cross-protection.

We also found no evidence of antibody-dependent enhance-

ment by the non-neutralizing antibodies. Virus replication was

never significantly higher than the negative control vaccine

groups in vivo, nor did we detect enhanced replication in our

in vitro neutralization assays. Further, disease was not enhanced

by prophylactic antibody transfers in either wild-type or FcR-

deficient mice, indicating that, in the absence of FcR function,

the non-neutralizing antibodies will not enhance disease.

In this model, cross-protection was highly clade dependent,

suggesting that specific domain conservation rather than overall

sequence homology drives the development of protective anti-

bodies in our model. Additionally, we found that VRP SARS-

CoV-2 spike vaccination protected from severe disease after

heterologous challenge, aligning with current data regarding

spike-based vaccine efficacy against SARS-CoV-2 variants in

the human population where currently approved vaccines may

not prevent variant infection in all cases but significantly reduce

disease severity and death.70–73 However, contemporary human

CoV spike vaccines did not protect against SARS-CoV-2. Con-

trary to some earlier correlative studies,17,74–77 these differences

may reflect repeat group 1A/2B human b-CoV infections, which

might result in more cross-protective humoral responses, high-

lighting an area of future investigation.

Both homologous and heterologous protection were less

robust in aged animals.37,47 Notably, age-related waning of

FcR effector functions is thought to affect both vaccine efficacy

and infection response,78–80 including dysregulated neutrophil

responses after pulmonary infection80 and impaired overall

effector cell function.78,79,81,82 Thus, as a function of increasing

virus challenge dose in aged animals, increased VRP sarbecovi-

rus spike vaccine failure is consistent with reduced FcR-medi-

ated protection, a prospect that will need to be carefully

investigated in future vaccine studies focused on more vulner-

able elderly populations.



Article
ll

OPEN ACCESS
Not only are VRPs a valuable experimental platform for study-

ing cross-protective CoV immunity, especially regarding non-

neutralizing antibody responses, they also highlight many areas

for further investigation. The same susceptibility loci appear to

regulate sarbecovirus pathogenesis in mice and humans,49

and the mouse model reproduces key aspects of acute and

chronic SARS-CoV-2-induced disease.39,42 Furthermore,

mousemodels of SARS-CoV-2 disease have proven to be robust

platforms for predicting SARS-CoV-2 vaccine performance in

humans,49,83–85 and the alphavirus replicon strategy has shown

utility as a vaccine platform.86–89 Systems serology responses

following alphavirus vaccination in humans have not been re-

ported, including any reporting on non-neutralizing antibody

functional activity. This study has clearly implicated FcR-medi-

ated protection following alphavirus VRP vaccination in mice

as well as directly correlated the FcR mechanism of cross-pro-

tection to disease outcome. However, our data were drawn

from a limited sample size for correlation to disease, prompting

a need for further mechanistic investigation into the immune

cell types that modulate interclade sarbecovirus non-neutral-

izing antibody and FcR-mediated cross-protection. Still, detailed

systems serology studies have also suggested a robust correla-

tive role for FcR-mediated protection after vaccination and the

durability of protection compared with prior infection in SARS-

CoV-2, human immunodeficiency virus, influenza virus, and

dengue virus vaccination and prior infection.40,90,91 Our work in-

dicates that FcRmechanisms are primary drivers of protection in

this model, and further antibody manipulations, including anal-

ysis of F(ab)2 fragments or LALAPG mutations that disrupt FcR

and complement mediated antibody effector functions,92 may

further define the cell types involved.

The results identified heremay be relevant to understanding the

mechanisms that promote vaccine-induced SARS-CoV-2 immu-

nity in humans. However, most vaccine designs have not been

tailored to maximize protective FcR effector functions despite

clear animal model results demonstrating that activation of

distinct FcgR-mediated pathways significantly improves anti-

body-mediated protection and sustains robust immune re-

sponses.34,91,93,94 Although these studies implicate S2, but not

RBD, as a major target of antibody responses, the exact anti-

bodies and epitopes that contribute to cross-protection via FcR-

mediated activities remain unclear. This information would guide

development of future pan-CoV therapeutics and vaccines. This

is especially relevant in VRP HKU3 cross-protection, where iden-

tification of novel spike epitopes may supplement broad cross-

protection through FcR effector responses. It will also be essential

to determine whether these results extend beyond standard

inbred mouse strains by testing their impact in outbred popula-

tions, such as the Collaborative Cross,95,96 or other models of

SARS-CoV-2-induced disease such as non-human primates.

As SARS-CoV-2 is the second sarbecovirus to emerge in the

twenty-first century, other CoVs will likely arise in the future,

including those with similar or different spike sequences to

those examined in this study (e.g., SHC014 and WIV1)4 and

others (e.g., swine acute diarrhea syndrome [SADS] CoV).97

Therefore, the inclusion of non-neutralizing, cross-protective

epitopes informed by the results of our and future studies

may shift vaccine development toward a more comprehensive,
cross-protective formulation that prevents life-threatening sar-

becovirus disease and provide new insights for vaccine design

against other highly heterogeneous RNA virus families,

including Coronaviridae.

Limitations of the study
Our study was composed primarily of in vivo challenge studies

and the characterization of the immune response outcomes in

BALB/c mice. While the MA10 model has been useful for evalu-

ating the efficacy of SARS-CoV-2 vaccines and therapeu-

tics,12,43,98,99 and recent pre-publication work details

complementary data of FcR-dependent CoV protection to our

model,100 the Fc receptor functions and functional cellularmech-

anisms of immune protection differ betweenmice and humans in

addition to the affinity of those cells and receptors for antibody

subclasses.35 Moving forward, analyses in rodent genetic refer-

ence models of outbred populations49,96 and humanized FcR

mice would enable refined conclusions regarding the role of

FcR function in cross-sarbecovirus protection, and serological

studies from human donors may provide more context to the

cross-protective mechanisms in the human population. We

recognize the possibility that differences in host immune cell

types may also contribute to non-neutralizing FcR-mediated

pan-sarbecovirus protection, requiring additional experimenta-

tion. Importantly, our approach can be applied to multiple vac-

cine designs and microbial pathogens, leading to improvements

in universal vaccines.
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38. Leist, S.R., Dinnon, K.H., Schäfer, A., Tse, L.V., Okuda, K., Hou, Y.J.,

West, A., Edwards, C.E., Sanders, W., Fritch, E.J., et al. (2020). A

mouse-adapted SARS-CoV-2 induces acute lung injury (ALI) and mortal-

ity in standard laboratory mice. Cell 183, 1070–1085.e12. https://doi.org/

10.1016/j.cell.2020.09.050.
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KEY RESOURCES TABLE
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Antibodies

Anti-mouse IgG1-PE Southern Biotech 1144–09; RRID:AB_2794641

Anti-mouse IgG2a-PE Southern Biotech 1155-09L; RRID:AB_2794651

Anti-mouse IgG2b-PE Southern Biotech 1186-09L; RRID:AB_2794690

Anti-mouse IgG3-PE Southern Biotech 1191-09L; RRID:AB_2794697

Anti-mouse IgM-PE Southern Biotech 1021–09; RRID:AB_2794243

Anti-CD66b Pac Blue BioLegend 305112

Anti-CD3 BD Biosciences 558117; RRID:AB_397038

Anti-CD16 BD Biosciences 557758; RRID:AB_396864

Anti-CCL4 BD Biosciences 550078

Anti-C3b MP Biomed 855385

Anti-mouse IgG Invitrogen A16072; RRID:AB_2534745

Mouse anti-VEE polyclonal sera Internally generated N/A

SARS-CoV-2 Spike S2 polyclonal antibody Invitrogen PA5-114534; RRID:AB_2890594

Bacterial and virus strains

SARS-CoV-2 MA10 Leist et al.38 GenBank: MT952602

icSARS-CoV-2 nLuc Dinnon et al.39 GenBank: MT844089

icHKU3 SRBD MA Becker et al.11 GenBank: FJ211860

icSHC014-based viruses Martinez et al.13 N/A

NEB� 5-alpha Competent E. coli New England Biolabs C2987

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 WT Spike Sino Biological 40589-V08H4

SARS-CoV-2 D614G Spike Sino Biological 40589-V08H8

SARS-CoV-2 WT S1 Domain Sino Biological 40591-V08H

SARS-CoV-2 WT Receptor

Binding Domain (RBD)

Sino Biological 40592-V08H

SARS-CoV-2 WT S2 Domain Sino Biological 40590-V08B

SARS-CoV-2 WT N-terminal Domain Sino Biological 40591-V49H

SARS-CoV-2 Alpha Variant S Sino Biological 40589-V08B6

SARS-CoV-2 Beta Variant S Sino Biological 40589-V08B7

SARS-CoV-2 Delta Variant S Sino Biological 40589-V08B16

SARS-CoV-2 Omicron Variant S Sino Biological 40589-V08H26

Human Coronavirus OC43 S Sino Biological 40607-V08B

Human CoV HKU1 S (isolate N5) Sino Biological 40606-V08B

Human Cytomegalovirus

(HCMV) Glycoprotein B (gB)

Sino Biological 10202-V08H1

Human Coronavirus 229E Spike Sino Biological 40605-V08B

SARS-CoV-1 Spike Sino Biological 40634-V08B

PE-Streptavidin Agilent Technologies PB32-10

Guinea Pig Complement Cedarlane CL4051

Protein Transport Inhibitor BD Biosciences 554724

Brefeldin A Sigma B7651

3,30,5,50-Tetramethylbenzidine

(TMB) Liquid Substrate

Sigma-Aldrich T0440

Non-Animal Protein-BLOCKERTM in TBS G-Biosciences 786-190T
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TRIzol Reagent ThermoFischer 15596026

Critical commercial assays

Bio-Plex Pro Mouse

Cytokine 23-Plex Immunoassay

Bio-Rad M60009RDPD

Nano-Glo Luciferase Assay System Promega N1110

Experimental models: Cell lines

Vero E6 (C1008) American Type Culture Collection CRL-1586

BHK21 American Type Culture Collection CCL-10

Experimental models: Organisms/strains

Female BALB/cAnNHsd mice Envigo Strain 047

Female FcR Knockout

BALB/cAnNTac mice

Taconic Model 584

Female BALB/cAnNTac mice Taconic Model BALB

Oligonucleotides

SARS-CoV-2 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: MT020880.1

RaTG13 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: MN996532.2

SARS-CoV Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: AY278741

SHC014 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: KC881005.1

WIV1 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: KC881007.1

HKU3 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: FJ211859.1

NL63 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: AY567487.2

OC43 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: UDM84911.1

229E Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: KY621348.1

HKU1 Sequence obtained from NCBI,

ordered custom gBlock from IDT

GenBank: HM034837.1

Recombinant DNA

pVR21 replicon constructs Internally generated using

nucleotides listed above

N/A

Software and algorithms

GraphPad PRISM 9 GraphPad Software, LLC Site license

R Studio V 1.4.1103 RStudio, PBC Open Source

FlowJo V. 10.8 FlowJo, LLC www.flowjo.com/solutions/flowjo/downloads

systemsseRology pipeline Github https://github.com/LoosC/systemsseRology

Other

NHS-Sulfo-LC-LC Kit ThermoFisher 21435

Zebra-Spin Desalting and

Chromatography Columns

ThermoFisher 89882

Fix & Perm Cell Permeabilization Kit ThermoFisher GAS002S-100

iQue Forecyt Sartorius 60028

iQue Screener Plus Intellicyt/Sartorius 11811

384-well HydroSpeed Plate Washer Tecan 30190112

MagPlex Microspheres Luminex MFG MC12001-01
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Green Fluorescent Neutravidin Microspheres ThermoFisher F8776

Red Fluorescent Neutravidin Microspheres ThermoFisher F8775

T7 mMessage mMachine Invitrogen AM1344

SpectraMax ABS Plus Absorbance

ELISA Microplate Reader

Molecular Devices https://www.moleculardevices.com/

products/microplate-readers/

absorbance-readers

Whole body plethysmography (BUXCO) DSI Buxco Respiratory Solutions, INC https://www.datasci.com/products/

buxco-respiratory-products/

finepointe-whole-body-plethysmography

MAGPIX Luminex https://www.luminexcorp.com/

magpix-system/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lily Adams

(ladams@med.unc.edu), or corresponding author Ralph Baric (rbaric@email.unc.edu) upon material transfer agreement.

Materials availability
Unless stated, VRP spike vaccines and coronaviruses included in this study are available upon request, with satisfaction of biosafety

requirements, and completion of material transfer agreement. SARS-CoV-2 MA10 is commercially available from BEI resources un-

der item number NR-55329.

Data and code availability
Animal challenge and in vitro raw data is available from the lead contact upon request.

Code used in this study is available on the GitHub code repository under https://github.com/LoosC/systemsseRology. Code spe-

cific for the analyses in this study have also been included as a supplemental file and are available under https://doi.org/10.5281/

zenodo.7621099.

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

Biosafety and institutional approval
All experiments were conducted after approval from the UNC Chapel Hill Institutional Biosafety Committee and Institutional Animal

Care and Use Committee according to guidelines outlined by the Association for the Assessment and Accreditation of Laboratory

Animal Care and the US Department of Agriculture. All vaccinations were performed at ABSL2 while all infections and downstream

assays were performed at ABSL3 in accordance with Environmental Health and Safety. All work was performed with approved stan-

dard operating procedures and safety conditions for SARS-CoV-2. Our institutional ABSL3 facilities have been designed to conform

to the safety requirements recommended by Biosafety in Microbiological and Biomedical Laboratories (BMBL), the US Department

of Health and Human Services, the Public Health Service, the Centers for Disease Control and Prevention (CDC), and the National

Institutes of Health (NIH). Laboratory safety plans have been submitted, and the facility has been approved for use by the UNC

Department of Environmental Health and Safety (EHS) and the CDC.

Cell lines
Vero E6 cells used in this study were obtained from the American Type Culture Collection (ATCC) and have been maintained in our

laboratory. Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 5% FBS and anti/anti. Vero

E6 cells were used to recover and propagate virus as well as in vitro assays. Baby Hamster Kidney (BHK21) cells were obtained from

ATCC and maintained in our laboratory. Cells were maintained in a -MEM supplemented with 10% fetal bovine serum, L-glutamine,

and 10% tryptose phosphate broth. BHK21 cells were used to build VRP vaccines. All cells were maintained at 37C under 5% CO2.

Cells were not authenticated prior to use. Cells were confirmed mycoplasma-free prior to use.

Animal models
Female BALB/cmice were used in this study, obtained from both Envigo and Taconic for substrain purposes detailed further. Female

mice show consistent coronavirus disease phenotypes and are the gender used in standard models like those described in this
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manuscript. Mice were randomly assigned to cages in groups of 3–5 mice per cage, fed a standard rodent laboratory diet, and

housed under standard temperature and environmental conditions. Female BALB/cAnNHsd were obtained from Envigo (strain

047) and delivered at either 8–10 weeks (young) or 11–12 months (old). Female FcR-knockout mice were obtained from Taconic

(Model 584), on a BALB/cAnNTac background delivered at 6–10 weeks old due to strain availability. Age-matched strain specific

counterparts (Female BALB/cAnNTac) were also obtained from Taconic.

Viruses
All viruseswere confirmedmycoplasma-free prior to use, and all viruseswere subjected to next-generation sequencing prior to use to

confirm sequence identity. Mouse adapted SARS-CoV-2MA1042 and SARS-CoV-2 nanoLuciferase reporter viruses were developed

based on the SARS-CoV-2 WA1 reference strain101 and propagated from a cDNA molecular clone as previously described. Mouse

adapted bat virus HKU3 was generated from a cDNA molecular clone11,49 and mutations were inserted that cause pathogenesis in

mice. To generate the SARS-CoV-2 spike domain panel, the backbone sequence from bat virus SHC0144 was used. SHC014 spike

sequences were replacedwith corresponding fragments of the sequence encoding SARS-CoV-2 spike segments (RBD, RBD+, NTD,

RBD-NTD, S1) and viruses were generated from the cDNA clone.

METHOD DETAILS

VEE VRP3526 vaccine preparation
The sequence encoding CoV spike proteins (below) were cloned into the pVR21 vector containing Venezuelan equine encephalitis

virus strain 3526 non-structural proteins. RNA from template pVR21 constructs and VEE 3526 helper constructs encoding glycopro-

tein and capsid proteins was transcribed using Invitrogen T7mMessagemMachinein vitro transcription kit. Purified RNAwas electro-

porated into BHK21 cells in the ratio of 2:1:1 pVR21 construct: VEE 3526 glycoprotein: capsid. Supernatant was harvested and pu-

rified 24 h post-electroporation and ultracentrifuge concentrated through sucrose cushion. VRP titers were determined through

immunofluorescent staining to detect VEE-associated proteins. All VRPs were confirmed to not cause cytopathic effect in cell culture

before administration to mice.

Mice, vaccination, and infection
Prior work indicates that group sizes of five to ten mice is sufficient to evaluate significance within a half-log.39,42 Mice were vacci-

nated with 2 3 104 VRP in a 10 mL phosphate-buffered saline footpad inoculation and boosted with the same dose 3 weeks post-

prime. Baseline, pre-boost, and pre-challenge serum was collected via submandibular bleed. Four weeks post-boost, mice were

infected with 103 or 104 (where specified) PFU SARS-CoV-2 MA10 or 105 PFU HKU3 MA-SRBD in 50 mL PBS intranasally under ke-

tamine-xylasine anesthesia. The challenge doses were at least one log higher than the suspect infectious dose in humans.102 For

adoptive and passive transfer experiments, 200 mL serum from vaccinated mice was transferred to naive mice via intraperitoneal in-

jection 24 h prior to challenge. Mice were weighed daily through the course of infection, and a subset’s respiratory function was

tracked daily using whole body plethysmography.44 Mice were euthanized at 2 and 5 days post infection via isoflurane overdose.

The relevant infectious challenge dose for FcR knockout mice was determined to be 103 PFU SARS-CoV-2MA10 due to strain-spec-

ificities, and mice were infected and monitored as described above.

Mouse tissue collection and analysis
After euthanasia, blood was collected into phase separation tubes by cardiocentesis or severing the vena cava and allowed to clot

before centrifugation to separate serum. Lungs were scored for gross discoloration, indicating congestion and/or hemorrhage,

based on a semi-quantitative scale of mild to severe discoloration covering 0 to 100% of the lung surface. The left lung was collected

and injected with 10% neutral buffered formalin to expand airways before storage in fixative for 7 days before histopathological pro-

cessing. Of the right lung lobes, the inferior lobe was collected in �1 mL TRIzol reagent with glass beads and the superior lobe was

collected in�1 mL phosphate buffered saline with glass beads. Both inferior and superior lobes were homogenized in a MagnaLyser

and debris was pelleted. Virus in the lungs was quantified from the superior lobe via plaque assay. Briefly, virus was serial diluted and

inoculated onto confluent monolayers of Vero E6 cells, followed by agarose overlay. Plaques were visualized on day 2 post infection

via staining with neutral red dye. Lung cytokines were quantified from the superior lobe using the Bio-Plex Pro Mouse Cytokine

23-Plex Immunoassay. RNA from the inferior lobe was reserved for additional downstream assays.

Neutralization assays
A serial dilution (1:20 initially, followed by a 3-fold dilution) of pre-challenge serum was incubated in a 1:1 ratio with SARS-CoV-2-

nLuc101 to result in 800 PFU virus per well. Serum-virus complexes were incubated at 37Cwith 5%CO2 for 1 h. Following incubation,

serum-virus complexes were added to a confluent monolayer of Vero E6 cells and incubated for 48 h at 37C with 5% CO2. After in-

cubation, luciferase activity was measured with the Nano-Glo Luciferase Assay System (Promega) according to the manufacturer

specifications. Neutralization titers (ID50) were defined as the dilution at which a 50% reduction in RLU was observed relative to

the virus (no antibody) control.
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Systems serology
SARS-CoV-2 and other sarbecovirus and control antigens were resuspended in water to a final concentration of 0.5 mg/mL and

linked to magnetic Luminex beads (Luminex Corp, TX, USA) through carbodiimide NHS ester linkages. Specific antigens were

coupled to individual bead regions. Biotinylation of antigens were done using the NHS-Sulfo-LC-LC kit, and excess biotin was

removed using Zebra-Spin desalting and size exclusion columns. Antigen coupled beads were then incubated with serum at various

dilutions (1:100 for IgG2a, IgG2b, IgG3, IgM, 1:200 for IgG1, and 1:750 for Fcg-receptor binding) in a 384-well plate (Greiner, Ger-

many) overnight at 4�C. Unbound material was washed and detection of isotypes and subclasses were done using PE-conjugated

anti-IgG1, -IgG2a, -IgG2b, -IgG3, -IgM. PE-Streptavidin (Agilent Technologies, CA, USA) was coupled to recombinant and bio-

tinylated mouse FcgR2b, FcgR3, and FcgR4A at a 1:1000 dilution. Secondary detection was done at room temperature for 1 h,

and unbound material was removed by washing. Relative binding per antigen was determined on an IQue Screener PLUS cytometer

(IntelliCyt).

Antibody-dependent cellular phagocytosis (ADCP) and neutrophil phagocytosis (ADNP) assays were done as previously

described.103 Mouse serumwas incubated with culturedmonocytes or primary neutrophils at a concentration of 1:100 on preformed

immune complexes on fluorescent neutravidin microspheres. Cells were fixed with 4% paraformaldehyde (PFA) and identified by

gating on microsphere-positive cells. Phagocytic score was quantified by the (percentage of microsphere-positive cells) x (MFI of

microsphere-positive cells) divided by 100000. Antibody-dependent complement deposition (ADCD) was done as previously

described.104 Relative complement deposition was quantified through flow cytometry, as measured by fluorescein-conjugated

goat IgG that targets the guinea pig complement C3b.

Enzyme-linked immunosorbent assay
All serum samples tested by ELISA assay were heat-inactivated at 56�C for 30 min to reduce risk from possible residual virus in

serum. ELISA binding titer for full-length spike protein was measured as described before.105 Full-length spike protein at 2 mg/mL

in Tris-Buffered Saline (TBS) pH 7.4 was coated in the 96-well microtiter plate for 1 h at 37�C. The wells were blocked with 3%

milk in TBS containing 0.05% Tween 20 (TBST) for 1 h, then serially diluted serum samples were added (1:100–1:24,300) to the wells

and incubated for an additional hour at 37�C. The plate was washed three times using wash buffer (TBS containing 0.2% Tween 20),

then goat anti-mouse IgG (Catalog # A16072) was added at 1:2000 and incubated for 1 h at 37�C. The plate was washed three times

using wash buffer, then 3,30,5,50-Tetramethylbenzidine (TMB) Liquid Substrate (Sigma-Aldrich) was added to the plate, and absor-

bance was measured at 450 nm using a plate reader (Molecular Devices SpectraMax ABS Plus Absorbance ELISA Microplate

Reader) after stopping the reaction with 1 N HCl. ELISA binding titer for Spike RBD or NTD was measured as described above

with minor modifications. 96-well microtiter plate was coated with Streptavidin (Invitrogen) at 4 mg/mL in TBS pH 7.4 for 1 h at

37�C. The wells were blocked with 1:1 Non-Animal Protein-BLOCKER (G-Biosciences) in TBS for 1 h. Biotinylated spike RBD or

NTD antigen (1 mg/mL) was captured onto the streptavidin-coated wells, then serially diluted serum samples (1:100–1:24,300)

were added to the wells and incubated for 1 h at 37�C. The plate was washed three times using wash buffer (TBS containing

0.2% Tween 20), then goat anti-mouse IgG (Catalog # A16072) was added at 1:2000 and incubated for 1 h at 37�C. The plate

was washed three times using wash buffer, then 3,30,5,50-Tetramethylbenzidine (TMB) Liquid Substrate (Sigma-Aldrich) was added

to the plate, and absorbance was measured at 450 nm using a plate reader (Molecular Devices SpectraMax ABS Plus Absorbance

ELISA Microplate Reader) after stopping the reaction with 1 N HCl.

QUANTIFICATION AND STATISTICAL ANALYSIS

Systems serology
An initial multivariate discriminate analysis (partial least squares discriminant analysis, or PLS-DA) was conducted to evaluate

whether the serological characteristics can differentiate between baseline and post-boost groups as well as predict the minimal dis-

tinguishing features that can differentiate between groups. Features were selected via least absolute shrinkage and selection oper-

ator (LASSO) as previously described,51 classified using a fold-specific support vector machine (SVM) classifier, and the PLS-DAwas

used to visualize the variables identified and classified. To obtain optimal resolution on feature identification and validate our findings,

we ran two models that included (1) Ig subclass and functional assays and (2) FcR affinity and functional assays. We also ran vali-

dations via randomization to confirm that the LASSO/SVM could significantly differentiate selected features from randomly selected

features and permutations. Correlations between Fab, FcR, and functional assays were done using GraphPad Prism using Spear-

man’s coefficients. Statistical significance, as defined by p < 0.05, was corrected for multiple comparisons using Benjamini-

Hochberg correction. Other analyses such as PLS-DA were done on R using the systemsseRology pipeline available on GitHub

(https://github.com/LoosC/systemsseRology) Machine learning tools (for the analysis of systems serology data) are also available.

Each assay contained pre-immune and post-vaccination sera, as well as PBS controls to account for batch effects. All other calcu-

lations are described below.

Other statistical testing
All statistical analyses were conducted in GraphPad PRISM 9. Exact group numbers (n) of mice, experimental replicates, and tech-

nical replicates are noted and described in each figure legend. To assess the statistical significance of weight loss, significance was
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calculated by two-way ANOVA comparing each spike vaccinated group to the GFP control. In cases where mortality was observed,

significance was calculated via Mixed-effects analysis The significance of virus and antibody titers was calculated via one-way

ANOVA comparing each spike vaccinated group to the GFP control. To assess the significance of lung discoloration and histopath-

ological lung damage scoring, significance was calculated via Brown-Forsythe and Welch’s ANOVA. To assess the significance of

lung function (whole body plethysmography), significance between groups was calculated by Kruskal-Wallis and corrected by

Dunn’s multiple comparisons test. In all other cases, testing was corrected for multiple comparisons using Dunnett’s multiple com-

parisons test, Dunnett’s T3 test when total samples <50. Significance reported as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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