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The global emergence of many severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

variants jeopardizes the protective antiviral immunity induced following infection or vaccination. 

To address the public health threat caused by the increasing SARS-CoV-2 genomic diversity, 

the National Institute of Allergy and Infectious Diseases (NIAID) within the National Institutes 

of Health (NIH) established the SARS-CoV-2 Assessment of Viral Evolution (SAVE) program. 

This effort was designed to provide a real-time risk assessment of SARS-CoV-2 variants 

potentially impacting transmission, virulence, and resistance to convalescent and vaccine-induced 

immunity. The SAVE program serves as a critical data-generating component of the United States 

Government SARS-CoV-2 Interagency Group to assess implications of SARS-CoV-2 variants 

on diagnostics, vaccines, and therapeutics and for communicating public health risk. Here we 

describe the coordinated approach used to identify and curate data about emerging variants, 

their impact on immunity, and effects on vaccine protection using animal models. We report 

the development of reagents, methodologies, models, and pivotal findings facilitated by this 

collaborative approach and identify future challenges. This program serves as a template for the 

response against rapidly evolving pandemic pathogens by monitoring viral evolution in the human 

population to identify variants that could erode the effectiveness of countermeasures.

Introduction

SARS-CoV-2, the etiologic agent of coronavirus disease 2019 (COVID-19), has caused 

a devastating pandemic resulting in more than 5 million deaths worldwide (https://

covid19.who.int). With continuous transmission cycles occurring around the world, SARS-

CoV-2 variants have arisen with mutations throughout its genome, including the spike 

protein gene, the principal antigenic target of all SARS-CoV-2 vaccines currently in use1,2. 

The rapid emergence of variants—the latest being Omicron in November 2021— has raised 

concerns about how new mutations impact virus replication, infectivity, transmission, and 

infection- and vaccine-induced immunity. This rapid genetic evolution of SARS-CoV-2 

created an immediate need to monitor and characterize variants for potential resistance to 

medical countermeasures.

The U.S. Department of Health and Human Services established the SARS-CoV-2 

Interagency Group (SIG) to maximize coordination between the Centers for Disease Control 

and Prevention, NIH, Food and Drug Administration, Biomedical Advanced Research and 

Development Authority, and Department of Defense for the U.S. public health response to 

the COVID-19 pandemic3. The NIAID formed the SAVE consortium in January 2021 as 

a critical data-generating component for the SIG and to facilitate rapid data-sharing with 

global partners and the scientific community (Figure 1). The SAVE program provides a 

comprehensive real-time risk assessment of emerging mutations in SARS-CoV-2 strains that 

could impact transmissibility, virulence, and infection- or vaccine-induced immunity. SAVE 

is constructed as a rational, structured, and iterative risk-assessment pipeline with a goal 

of providing critical data to support SIG actions and ensure countermeasure effectiveness 

against emerging variants.

The SAVE program is composed of an international team of scientists with expertise in 

virology, immunology, vaccinology, structural biology, bioinformatics, viral genetics, and 
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evolution. Each team member is responsible for key contributions ranging from curation of 

viral mutations, bioinformatics analysis, development of novel reagents, assay development 

and testing, in vitro characterization, and in vivo model development and countermeasure 

testing. The SAVE program is divided into three working groups: (1) Early Detection and 

Analysis group; (2) In Vitro group; and (3) In Vivo group. The Early Detection group 

uses public databases and analysis tools to curate and prioritize emerging SARS-CoV-2 

variants. The In Vitro group evaluates the impact of SARS-CoV-2 variants on humoral and 

cell-mediated immune responses using in vitro assays. The In Vivo group uses small and 

large animal models to test vaccine efficacy, transmission, and define immune mechanisms 

and correlates of protection. A common theme across these subgroups is the integration of 

orthogonal experimental and computational approaches to validate findings and strengthen 

the evidence for recommendations. Collaborative efforts between the Early Detection 

geneticists and evolutionary biologists, and the In Vitro group virologists/immunologists 

allow for rapid determination of relationships between viral evolution and neutralization 

sensitivity. In turn, these results enable the In Vivo team to assess and evaluate vaccine 

protection in animal studies. The SAVE program has regularly scheduled, usually weekly, 

meetings that include individual subgroup meetings and an all-hands meeting, which serves 

as an opportunity to share key information across groups and align priorities for the 

most urgent experimental questions. NIAID program staff and intramural and extramural 

scientists share leadership responsibilities. Collaboration within and across these groups has 

accelerated research and discovery due to immediate and open sharing of ideas, reagents, 

protocols, and data4–12. The SAVE group routinely invites scientists from international sites 

to present a real-time assessment of SARS-CoV-2 variants and infections within their region. 

The SAVE group coordinates with Biodefense and Emerging Infections (BEI) Research 

Resources Repository, the World Reference Center for Emerging Viruses and Arboviruses 

(WRCEVA) and the World Health Organization (WHO) to distribute SARS-CoV-2 isolates, 

proteins, and plasmids. The SAVE group also has an open-face sharing policy where 

findings are quickly disseminated through pre-print servers while manuscripts undergo 

formal peer-review. The head-to-head comparison, review, and discussion of unpublished 

data has yielded real-time peer review that would otherwise take months to achieve.

Early Detection and Analysis group

SARS-CoV-2 genome sequencing data have been shared in public databases. As of 

December 2021, GISAID, the most widely used database for SARS-CoV-2, has more than 

6.5 million sequences deposited with more than 150,000 sequences added weekly. This 

depth and rate of growth of genetic information for an emerging virus are unprecedented, 

providing a unique resource to track virus evolution. From late 2020, the emergence 

of variants of concern (VOC) with increased risk to global public health, prompted 

scientists to establish variant detection and tracking pipelines (e.g., Outbreak.info13; CDC 

SARS-CoV-2 Variant Classifications and Definitions14; BV-BRC SARS-CoV-2 Real-time 

Tracking and Early Warning System for Variants and Lineages of Concern (https://www.bv-

brc.org)). The Early Detection and Analysis group was assembled to establish a systematic 

approach to identify and predict SARS-CoV-2 variants that might increase virus replication, 

transmission, and/or escape from immunity. The team’s main goal is to select and prioritize 
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variants for development of key experimental reagents (e.g., spike proteins for binding 

assays and pseudoviruses (PSV) for neutralization assays) and viruses for challenge studies, 

as well as to inform the In Vitro and In Vivo groups about predicted variant properties 

to guide their experiments. The initial and primary focus has been on variants with 

mutations in the spike protein that might lead to antibody escape, with subsequent analyses 

considering T cell escape, infectivity, and transmission. Other important characteristics—

such as replication fitness and virulence— and genomic regions outside of the spike gene 

are also evaluated. The process is collaborative and iterative, with seven teams using 

independent models and methodologies to prioritize mutations and lineages as well as 

rank importance for downstream testing. While the focus is on human infections, the Early 

Detection group also monitors variants circulating in animal populations, such as mink and 

deer, since they represent a potential reservoir source.

Methodology

Genomic surveillance consists of weekly downloads of SARS-CoV-2 genomes from 

GISAID/GENBANK, quality filtering, alignment, and the identification of variant or co-

variant substitutions. The main focus has been on potential antibody escape to identify 

mutations in key epitopes in the receptor binding domain (RBD) and the N-terminal domain 

(NTD) supersite, but regions proximal to the furin cleavage site or experiencing convergent/

parallel evolution are also considered. The dynamics of these spike substitutions, as a 

function of time and geographic spread, are evaluated considering sequence prevalence and 

viral population growth rate, including comparative analyses to other variants co-circulating 

in a given geographical location (Figure 2A). One example of recurrent substitutions with 

phenotypic relevance are those near the furin cleavage site, which result in enhanced spike 

cleavage and infectivity15,16. These mutations have been identified in different variants 

and in newly expanding lineages. Some teams take into account vaccine coverage when 

prioritizing an emerging lineage for analysis.

The rankings are split into two broadly distinct methodologies, each with slight variations: 

one is based on convergent evolution as the main signal for selection and functional impact 

of mutations (i.e., Cambridge and Walter Reed Army Institute of Research (WRAIR) 

teams); whereas the other is anchored on prevalence and growth patterns of mutations 

and defined lineages (i.e., Los Alamos National Lab (LANL), Icahn School of Medicine 

at Mount Sinai (ISMMS), J. Craig Venter Institute/Bacterial Viral Bioinformatic Resource 

Center (JCVI/BV-BRC), UC-Riverside, and Broad Institute teams) (Figure 2B).

Functional impact of mutations.

Cambridge prioritizes substitutions likely to cause immune escape, by looking at both 

experimentally determined escape from polyclonal sera and the impact of mutations on 

spike protein structure. Substitutions are given higher priority if they appear to be emerging 

and if they are in a different Barnes class17 from previously observed substitutions, and 

lower priority if they have already been tested experimentally. The WRAIR team tracks the 

prevalence of substitutions at a set of sites selected based on the strength of the interaction 

with known SARS-CoV-2 antibodies (using complex structures in the PDB Protein Data 
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Bank; https://www.rcsb.org) as well as structural information or knowledge from deep 

mutational scanning or mutagenesis studies. Weight scores for ranking are also given for 

various characteristics, such as fold increase in detection over time and geographic spread or 

population growth in the context of high vaccination coverage.

Prevalence and growth patterns.

The ISMMS team has a similar approach where variants are ranked based on an aggregate 

score for sequence prevalence increase and genetic changes of concern in sites of importance 

associated with functional changes (ACE2 binding, antibody escape, etc.) but also assigns 

weight to mutations in active sites of viral enzymes. Moreover, data from surveillance 

cohorts in the New York City metropolitan area are used to assess lineages associated with 

local outbreaks and breakthrough infections after vaccination. LANL identifies emergent 

mutational patterns within the spike, RBD, and NTD supersite to determine global and 

regional sampling frequencies. Variant dynamics and global spread are tracked at multiple 

geographic levels using a suite of tools (available at cov.lanl.gov)5. The JCVI/BV-BRC 

team uses an algorithm combining sequence prevalence dynamics with functional impact 

predictions to rank emerging variants. Each mutation is given a sequence prevalence score, 

reflecting geographically localized prevalence changes, and a functional impact score, based 

on location within important spike protein regions and whether studies have demonstrated 

significant changes in either antibody or ACE2 receptor binding18–21. UC-Riverside uses 

relative growth in the prevalence of specific substitutions and deletions/insertions to identify 

the fastest growing variants and mutation combinations (https://coronavirus3d.org). For the 

final variant and subvariant ranking, additional criteria are included such as their potential 

impact on protein structure (by modeling) and the re-emergence of individual mutations 

in novel combinations in new variants. Finally, the team from the Broad Institute, like 

the UC-Riverside team, examines the accelerated growth of a variant relative to its peers, 

across multiple geographic regions, but fits a binomial logistic regression to each lineage’s 

proportion over time. Additionally, they fit hierarchical multinomial logistic regression 

models across geographic regions22.

Challenges (Early Detection and Analysis group)

The Early Detection and Analysis group has faced six main challenges in identifying 

emerging variants for functional testing: (a) the newest data are the most subject to bias 

and the least representative because of small numbers. The longer one waits, the more 

accurate the data, but the greater the delay in identification of newly emergent variants 

for evaluation; (b) disentanglement of epidemiological from evolutionary effects. A variant 

might show increased sequence prevalence within a geographic region due to founder 

effects, or increased incidence could be conferred by epidemiological factors rather than 

an evolutionary fitness advantage. An example of a founder effect is Delta AY.25 that is 

very common in North America but not increasing in frequency over time (Figure 2A), 

versus AY.4.2, which was first sampled well after Delta was increasing in the UK and 

that was constantly increasing in frequency in 27 countries where it was found, and, 

furthermore, it never significantly decreased relative to other Deltas once it emerged, 

suggesting positive selection; (c) selective pressures on the virus are in flux, and mutations 
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may be transient due to a balance with requirements for retention of fitness. Pressures are 

exerted by the host at the level of transmission, epidemiological interventions, and immune 

evasion; (d) underrepresentation of variant spread and evolution in countries with limited 

sampling and sequencing capacity. Although some parts of the world have an abundance of 

sequence data (e.g. UK, US), others are underrepresented (e.g. African continent, China). 

There is an urgent need to increase sampling and sequencing capacity in resource-poor 

countries; (e) variability in data quality. The submission of consensus assemblies without 

underlying raw read-level data means that quality cannot be independently evaluated. 

Erroneous genome sequences due to technical artifacts, low coverage, or bioinformatic 

strategies that default to ancestral bases in regions without sequence coverage can impact 

the accuracy of variant amino acid calls23; and (f) the database curation quality control 

steps can filter based on criteria that do not apply uniformly across lineages. The B.1.621 

(Mu) lineage had an unexpected stop codon in ORF3a that caused B.1.621 sequences 

to be flagged during automated uploads to the GISAID database, which initially led Mu 

to be undercounted. This can lead to a false understanding of the dynamics of a given 

variant lineage globally. Despite these challenges, our prioritization methods continue to 

evolve as more information becomes available. These efforts have allowed for the rapid 

generation of reagents for multiple variants before they have spread extensively in the 

United States and have been critical for guiding the In Vitro and In Vivo groups. A list of 

regularly updated prioritized variants is available at https://docs.google.com/spreadsheets/d/

167uJP9LfJN07410sWaMSKU1Se-4XX687j8IgVX4MV_w/edit?usp=sharing.

In Vitro group

The In Vitro group performs antibody binding, neutralization, Fc effector, and T cell 

stimulation assays to understand how SARS-CoV-2 variants impact vaccine- and infection-

induced immunity. The In Vitro group serves as a critical intermediary between the Early 

Detection and Analysis and In Vivo groups by providing valuable data to confirm variant 

lineage prioritization, and ranking viruses for prioritized in vivo challenge studies. The 

In Vitro Group was initially tasked with developing key reagents (e.g., spike and RBD 

antigens, and plasmids for generation of PSV) and procuring biospecimens (e.g., authentic 

viruses and sera/plasma from infected and vaccinated individuals). At the beginning of 

2021, reagents for generating data, including variant virus isolates, recombinant infectious 

clones, recombinant variant spike proteins for antibody binding assays, variant-specific 

expression plasmids for PSV particle entry inhibition assays, and variant-specific sera were 

not widely available (Figure 3A). A key lesson from this process is that the streamlining of 

administrative procedures for reagent sharing facilitates data generation that directly informs 

urgent policy- and decision-making. A major and ongoing challenge requiring numerous 

administrative steps is to obtain authentic virus isolates from domestic and international 

sources. To expedite this process, we developed a pipeline between SAVE investigators to 

isolate, propagate, and sequence novel emerging viruses. This effort led to cataloging and 

isolating hundreds of SARS-CoV-2 variants representing over 40 lineages. For more difficult 

to obtain SARS-CoV-2, additional efforts have been made to generate infectious clones24–26. 

Furthermore, the Early Detection group prioritized viral variants and curated sequences to 

accelerate the production of recombinant variant spike proteins and expression plasmids.
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At the start of the pandemic, the correlates of immune protection were unknown for 

COVID-19. Multiple teams within the In Vitro group conducted assessments of vaccine-

induced serum neutralization using parallel but independent methods across laboratories. 

Studies with clinical samples show neutralizing antibody titers are a strong predictor of 

protection against severe disease27. As such, a major undertaking of the In Vitro group 

has been to use neutralization assays to assess the impact of spike mutations on the 

inhibitory activity of clinically-approved monoclonal antibodies and serum/plasma from 

vaccinated or infected individuals. One of the strengths of the In Vitro group is the use 

of orthogonal SARS-CoV-2 neutralization assays based on authentic live viruses, PSV, 

and chimeric viruses. An initial task of this group was to compare neutralization assay 

platforms across 12 independent laboratories using a defined serum panel from both Pfizer 

and Moderna vaccinated individuals. Using either the ancestral wild-type virus (Wuhan-1) 

or more recent variants (e.g., Beta variant shown in Figure 3B), team members performed 

neutralization assays that varied based on live virus assay readouts (foci, plaques, cytopathic 

effect, luciferase, fluorescence), target cells, and expression of ACE2 and/or TMPRSS2 on 

target cells28–35. This type of performance testing has highlighted differences between assay 

platforms, cell targets, and readouts that can impact neutralization potency. Nonetheless, in 

most cases, there was remarkable congruence across platforms. Another area of emphasis 

is using variant-infected serum\plasma samples to visualize the antigenic evolution of spike 

through a process called antigenic cartography (Figure 3C)36,37. This two-dimensional map 

provides a landscape of how spike mutations drive loss in neutralizing activity.

For many viruses, the affinity and magnitude of antibody binding to viral glycoproteins 

associates with virus neutralizing activity, and a strong correlation has been shown for 

SARS-CoV-238–41. Investigating the correlation between neutralizing and binding activity 

of vaccine-induced antibodies showed that spike mutations alter this slope, and virus 

neutralization is often more affected than antibody binding42,43. This has been confirmed 

through different platforms to measure changes in binding to either native spike proteins or 

the receptor binding domain, including ELISA44 and multiplexed spike antigen detection 

platforms7. One potential explanation for this is that many more binding than neutralizing 

epitopes exist on the spike protein. Some antibodies that have neutralizing activity against 

the wild-type virus may lose activity to variants, yet overall binding is still maintained – a 

phenomenon observed for other viruses (e.g., influenza virus45).

Binding antibodies can still have considerable protective effect, irrespective of neutralizing 

activity due to Fc effector functions, as seen with influenza virus or Ebola virus46–48. The 

humoral immune response restricts microbes via the coordinated effort of the Fab (antigen-

binding) and Fc (constant) domains49. Following infection or vaccination, polyclonal 

antibodies are induced that target pathogens at multiple sites via their Fab domains. 

Fab domains that directly or indirectly hinder virus entry are neutralizing; however, the 

remaining “non-neutralizing” antibodies, can bind and opsonize the pathogen to form 

immune complexes, or bind spike proteins on the surface of infected cells. Once complexed, 

the Fc-domains act as molecular beacons that draw in immune cells via Fc-gamma receptors 

(FcγRs), providing instructions on how the immune system should destroy the antibody-

opsonized material. Fc-effector functions of antibodies are linked to natural resolution 

of COVID-1950–53, correlate with vaccine mediated protection from infection in animal 
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models54–56, and are associated with protection following passive convalescent serum or 

monoclonal antibody transfer57–60. While emerging variants of SARS-CoV-2 can escape 

from neutralizing antibodies, their substitutions alter a limited fraction of the overall 

humoral immune response to the SARS-CoV-2 spike56,61. Thus, Fc-effector functions have 

more resilience in the face of variation across the spike, for both mRNA and the adenoviral 

26 (Ad26) vaccines, offering mechanisms by which antibodies may continue to confer 

protection despite escape from neutralization.

Growing evidence from animal models and human studies indicate that CD4+ and CD8+ 

T cells have protective roles in preventing severe disease and death from SARS-CoV-2 

infection6,62–64. T cells are an attractive target for intervention as they are less susceptible 

to viral escape than antibodies6,65. This is largely for two reasons: (1) in convalescent 

individuals, T cells can target peptides derived from the entire proteome, not just surface-

exposed epitopes, and (2) HLA-restriction and diversity creates interpersonal variation in 

the repertoire of targets, limiting the immunological pressure on any one epitope. Given 

the presumed role of T cells in limiting severe disease and their potential for sustaining 

protection against variant mutation, the SAVE In Vitro group included assessment of T cell 

responses. The goal was to determine empirical drift from vaccination and infection-induced 

immunity, and to develop tools to predict the impact of variant-associated mutations on 

immunodominant T cell responses.

The T cell investigations follow two parallel approaches to assess the impact of variant 

mutations on T cell reactivity and a broad range of different variants (Figure 3D). The 

first entails measuring overall reactivity against the entire spike protein (in the case of 

vaccination) or the entire proteome (in the case of infection) and expressing the results 

as fold difference relative to ancestral sequences. A parallel approach characterizes the 

mutational impact on specific single epitopes, and monitors if individuals with decreased 

T cell reactivity have responses that selectively recognize certain epitopes in the context 

of particular HLA types. Regarding the first approach, at the general population level, 

the results thus far have detected limited impact of mutations within the spike after 

natural infection or mRNA vaccination6 against the most concerning variants at the time 

the study was performed (B.1.1.7, B.1.351, P.1, and B.1.427/429). These findings were 

corroborated66 and expanded to adenoviral vector-based vaccination67. However, in a 

minority of individuals, 2-3-fold decreases in the CD8+ T cell responses against B.1.351 

(Beta) and B.1.427/429 (Epsilon) variants were noted6. These findings suggest that a 

more in-depth characterization at the single-epitope level is required to understand the 

mechanisms behind the reduced CD8+ T cell response in specific subjects. Additionally, it is 

critical to monitor and predict the effect of emerging circulating variants on T cell reactivity, 

particularly regarding to-date the most concerning B.1.617.2 (Delta) variant (including 

AY.* sub-lineages) and B.1.1.529 (Omicron) variant. The experimental data will be used 

to confirm and improve the bioinformatics analysis and infer the impact of current and 

upcoming variants on SARS-CoV-2 specific T cell responses.

Advanced computational tools for assessment of SARS-CoV-2 genome mutations on HLA 

binding have enabled prediction of the effect of mutations within a VOC on T-cell reactivity. 

Due to the broad diversity of HLA genotypes, T-cell escape on a population level is not 
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likely, as demonstrated for multiple VOC6. However, previous work on HIV and influenza 

virus has identified associations between specific HLA class I alleles, disease severity68,69 

and vaccine efficacy70. We anticipate that as SARS-CoV-2 continues to spread globally, 

T cell immunity will eventually drive viral evolution. In these situations, specific HLA 

alleles may become associated with reduced ability to mount responses against dominant 

T cell epitopes, which may affect clinical outcomes. The T cell subgroup has developed a 

computational pipeline to assess the effects of specific mutations on HLA binding by also 

ranking all individual mutations on a T cell escape score, based on experimentally verified 

and predicted T cell responses (Figure 3D). This ranking will provide early identification 

of specific mutations associated with T cell escape, particularly CD8+ T cells, and testable 

hypotheses for T cell experiments. In our preliminary analyses of VOCs, the B.1.617.2 

variant was identified as the first in which mutations were associated with reduced HLA 

binding at a population level. These data suggest that T cell cross-reactivity to B.1.617.2 

may be reduced in some individuals. Due to the extensive number of SARS-CoV-2 viral 

genomes, and large-scale clinical cohorts that are being studied, the T cell SAVE group 

plans to assemble a database linking HLA genotypes with clinical outcome and viral 

genomes, which may provide a unique opportunity to study HLA associations with clinical 

disease and viral evolution at a resolution never attempted previously.

Challenges (In Vitro group)

Work by the In Vitro group has focused mostly on characterizing neutralizing antibody 

responses to the spike protein with some analysis of the impact of variants on T-cell 

responses as well. With the recent surge of Omicron infections in vaccinated and 

unvaccinated individuals, a challenge moving forward will be to disentangle vaccine- and 

infection-induced immunity, breakthrough infections, waning immunity and other covariates 

associated with increased risk of symptomatic infection (immunocompromised, age, obesity, 

diabetes, etc.). Many other key aspects of SARS-CoV-2 and its variants remain unexplored. 

While neutralizing antibodies correlate with protection from SARS-CoV-2, neutralization is 

not the only function of antibodies. In fact, non-neutralizing antibodies can afford substantial 

protection against influenza virus46,71–73 and similar mechanisms remain to be explored 

for SARS-CoV-2. In addition, differences between wild-type and variant viruses in ACE2 

binding, fusion, impact of mutations on spike processing by proteases, and potentially fusion 

at the cell membrane and cell-to-cell fusion, remain poorly understood15. Furthermore, the 

spike protein is just one of many SARS-CoV-2 proteins. The impact of mutations in non-

spike proteins on immunity and viral fitness, including transmission, virus-host interaction, 

and polymerase fidelity has not yet been assessed. The use of reverse genetics systems and 

PSV can be leveraged to understand the contribution of individual mutations on viral fitness 

and evasion of antibody responses24–26,74. We acknowledge that differences between the 

ancestral and variant viruses also may impact neutralization assays in different cell lines. 

While we have seen some of these cell-line specific effects in in vitro neutralization, we 

do not yet understand their underlying mechanisms. Further, we need to increase the use 

of reference standards in binding and neutralization assays, such as the WHO International 

Standard and International Reference Panel for anti-SARS-CoV-2 immunoglobulin75, to 

calibrate assays and provide a means to compare serological findings. Rare and volume-
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limited variant-specific sera/plasma are difficult to obtain and share across borders, and\or 

between academic institutions, and the process is often slowed by administrative hurdles. 

On occasion, SARS-CoV-2 variant sample sharing has not been possible within the needed 

timeframe, impeding the research response to this public health emergency. While access to 

virus isolates outside the United States and variant-specific human sera remains limited, the 

In Vitro group has created an extensive network of collaborations to overcome these hurdles. 

Finally, much remains to be explored for both antibody and T cell responses about emerging 

variants like B.1.617.2, B.1.617.2 subvariants, B.1.1.529 and other new VOC/VOI.

In Vivo group

SARS-CoV-2 animal models have been critical for the development and testing of vaccines 

and antiviral therapeutics76–84. Initial countermeasures targeted the spike protein from the 

SARS-CoV-2 strain circulating during the early phase of the pandemic in 2020 and focused 

on efficacy testing against homologous strains. However, the emergence of variants and 

their possible effects on transmission, pathogenesis, and infection- or vaccine-mediated 

immunity required rapid adaptation of animal models to confirm vaccine efficacy against 

VOC. The In Vivo group was assembled to develop animal models, standardize reagents 

and assays, and examine the impact of SARS-CoV-2 variants on protection elicited by 

vaccine- or infection-induced immunity and transmission. The identification of variants for 

investigation by the Early Detection and Analysis group that are validated in the In Vitro 
group are then forwarded to the In Vivo group. The In Vivo group studies protection against 

SARS-CoV-2 variants using an array of animal models, including mice, hamsters, and 

non-human primates (NHPs). This has led to a collaborative process in which transmission, 

pathogenesis, and protection data are shared to develop consensus on the impact of emerging 

variants on protective immunity.

Animal model development

One of the first tasks of the In Vivo group was to standardize viral challenge stocks, 

routes and doses of infection, and vaccination strategies across each of the animal models. 

To minimize variability and adventitious mutations associated with virus propagation in 

different cell types, Vero-TMPRSS2 cells were used to generate challenge stocks and 

distributed among team members85. As new variants emerge, viruses are tested in small 

animal models to determine infectivity and pathogenicity. For vaccination studies, the 

group focused on evaluating both approved (including Emergency Use Authorization 

(EUA)) vaccines and those undergoing advanced clinical testing in humans, including 

mRNA vaccines (Pfizer BNT162b and Moderna mRNA-1273), protein-based vaccines 

(Novavax NVX-CoV2373) and virus-vectored vaccines (J&J Ad26.COV2.S). For these 

studies, vaccine doses were optimized to model magnitude and durability of vaccine-induced 

immunity across the animal models. For each vaccination experiment, many parameters are 

studied including neutralizing antibody potency and kinetics, pathogenesis of ancestral and 

variant viruses, as well as levels of virus in various respiratory tract tissues.
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Mouse models

The ancestral SARS-CoV-2 strain does not replicate in conventional laboratory mice as the 

spike protein inefficiently binds to murine ACE286,87. To overcome this obstacle, several 

mouse models were developed, including human ACE2 (hACE2) transgenic mice (e.g., 

K18-hACE288, originally developed for studies of SARS-CoV88) and mice that express 

hACE2 transiently after transduction with viral vectors (e.g., Adenovirus)89,90. The K18-

hACE2 transgenic mice are highly permissive for most SARS-CoV-2 strains and variants, 

and infection typically results in weight loss, nasal turbinate and lung infection, pneumonia, 

and death60,91,92. Lungs from SARS-CoV-2 infected mice show denuding bronchiolitis, 

mixed inflammatory infiltrate, alveolar edema, and alveolitis92–94. Some mice, especially 

young K18-hACE2 mice, develop infection in the brain and encephalitis, which may 

confound interpretation of clinical disease95. The spike mutation at position N501Y, which 

is found in mouse-adapted strains and several emerging variants (Alpha, Beta, Gamma, 

Mu and Omicron variants), increases the affinity of SARS-CoV-2 spike protein for the 

murine ACE2 receptor and allows for direct infection of inbred mice86. Thus, in addition 

to the K18-hACE2 mouse model, challenge of conventional laboratory mice with mouse-

adapted virus or SARS-CoV-2 variants containing an N501Y substitution within the spike 

protein cause pneumonia in BALB/c, 129S2, and C57BL/6 mice in an age-dependent 

manner89,96–98. The initial characterization of each variant in a variety of mouse strains 

at different doses allowed for vaccination studies to be conducted with validated stocks 

and consistent phenotypes. The In Vivo Group has utilized both inbred mouse strains (e.g., 
BALB/c, C57BL/6, 129S1, 129S2) and K18-hACE2 transgenic mice for iterative infection 

and vaccination studies.

As part of the experimental design, the In Vivo team uses a ‘high’ and ‘low’ vaccine 

dose strategy with Ad26.COV2.S, NVX-CoV2373, BNT162b, and mRNA-1273 to study 

the impact of variant mutations on protection. Mice inoculated with a high vaccine dose 

are useful for evaluating antibody-mediated protection of the upper and lower respiratory 

tract after challenge. Mice inoculated with the lower vaccine dose serve as a model 

for suboptimal immunity (as might be seen in the elderly or immunocompromised) and 

breakthrough infection. Through this effort, the group has demonstrated that low doses of 

mRNA vaccines (BNT162b and mRNA-1273), or protein vaccine (NVX-CoV2373) show 

reduced protection as compared to high vaccine doses (Figure 4) against B.1.351 and 

B.1.617.2 variants99. These experiments are being extended to study additional variants and 

a range of vaccination doses.

Another goal of the SAVE team is to assess the ability of prior infection to protect against 

secondary challenge with SARS-CoV-2. To model this, middle aged C57BL/6 mice are 

inoculated with SARS-CoV-2 (B.1.1.7 (Alpha), B.1.351 (Beta) or P.1 (Gamma) variants) 

followed by a homologous or heterologous challenge up to 120 days later with either 

variants or mouse-adapted SARS-CoV-2. Mice infected with any of the three variants remain 

asymptomatic but develop a neutralizing antibody response that is measurable at 21 days 

post infection. However, neutralizing antibody cannot be detected in most mice at 3 months 

post infection, yet mice are still partly protected from variant virus challenge or from a dose 

of mouse-adapted SARS-CoV-2 that is lethal to mice without pre-existing immunity. Part of 
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the goal of this project is to measure T and B cell memory responses to understand why the 

mice remain protected.

Hamster models

Syrian golden hamsters are highly susceptible to SARS-CoV-2 infection and disease without 

any species-specific adaptation of the virus, and have a disease phenotype that resembles 

mild disease observed in human COVID-19 cases. Loss of 10%–20% of the initial body 

weight is seen at 6–7 days after infection depending on the age and sex of the animal 

and the variant and dose of the virus100–102. Virus replication is confined to the upper and 

lower respiratory tract, which peaks at 3 days post infection and then wanes to undetectable 

amounts by 10 days after infection. Imaging of the lungs of infected hamsters shows 

abnormalities during the course of infection that do not directly resolve even after virus 

clearance100.

Pathological changes in the lungs of the hamsters are comparable to those in some 

humans and are characterized by widespread, moderate to severe broncho-interstitial 

pneumonia100,103. Lung lesions are comprised of focal extensive areas of pulmonary edema 

and consolidation with evidence of interstitial pneumonia. Histopathological lesions include 

fibrin deposits and edema in alveolar spaces, influx of neutrophils and macrophages into 

alveolar spaces, presence of syncytial cells and prominent type II pneumocyte hyperplasia. 

Secondary bacterial infections are often detected in the lungs. Despite a robust infection, 

SARS-CoV-2 is not lethal in healthy hamsters and infected animals recover.

Since the utility of the hamster model for SARS-CoV-2 infection was established using 

an early isolate of SARS-CoV-2, infection studies have been performed with several 

variants. Hamsters are largely agnostic to the variants, demonstrating little differences in 

viral replication and shedding kinetics between different variants including D614G, B.1.1.7 

and B.1.351104. While competition infections are more sensitive to revealing small effects 

of SARS-CoV-2 mutations on fitness for airway infection and transmission25,105, recent 

studies indicate that B.1.1.529 (Omicron) is attenuated in hamsters with less infection in the 

lung106.

Given their general susceptibility to SARS-CoV-2, hamsters are an excellent model to 

study vaccine-induced immunity against variants. Although immunological reagents are less 

widely available for hamsters, antibody responses induced by vaccination can be measured 

in neutralization assays and ELISAs by using hamster-specific IgG, IgA, and IgM secondary 

antibodies. Cohorts of animals receive two immunizations with either the Pfizer BNT162b2 

and Moderna mRNA-1273 vaccine given three and four weeks apart, respectively. The 

vaccine dose in these studies has generally been one-third of the dose given to humans (i.e., 

10 μg of the Pfizer vaccine or 35 μg of the Moderna vaccine), and an additional freeze-thaw 

of the Pfizer and Janssen vaccines does not decrease immunogenicity. IgG antibody titers 

against the SARS-CoV-2 spike can be detected after the first vaccination but are more robust 

three weeks after the second vaccination, similar to data in human studies. Since long-term 

vaccine immunity is a key question in SARS-CoV-2 research, vaccinated animals are held 

for extended periods of time before challenge with new emerging variants.
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Transmission studies are well established in hamsters, as SARS-CoV-2 can transmit 

efficiently through the aerosol route from an infected to naive hamster. Increase in 

transmission potential of the D614G and the B.1.1.7 variants have been observed compared 

to other isolates of SARS-CoV-2. Using a direct contact transmission model, intramuscular 

or intranasal vaccinated ChadOx1/AZD1222 hamsters were protected from disease but not 

upper respiratory tract infection107,108. This suggests the hamster transmission model is a 

useful tool to study vaccine efficacy in the context of natural exposure.

Non-human primate model

Vaccinated non-human primates (NHP) are an important experimental model for 

demonstrating immunogenicity and protective efficacy against SARS-CoV-230,109–112. 

NHPs have several advantages for clinical translation. First, NHP are outbred, and their 

innate immune responses and B and T cell repertoires have greater similarity to humans 

than those of rodents. Because of the diversity in class I and II MHC, NHPs also support 

study of the breadth of T cell responses induced by vaccines. Second, NHP allows use 

of clinically relevant vaccine doses and are an excellent model to study the durability 

of immune responses. Third, following intranasal and intratracheal administration, viral 

replication occurs rapidly in the upper and lower airways, respectively, with similar 

kinetics to humans109,110. For most SARS-CoV-2 strains, infection is cleared by 7–10 

days post-challenge. Inflammation and pathology in the lung are consistent with mild 

infection as described in humans. The NHP model has been used to show immunogenicity 

and protection following vaccination with mRNA77, ChAdOx-178, Ad26-Spike84, protein/

adjuvant79 or inactivated whole virus,113,114 which have all been approved for use in 

humans. The NHP model also has been used to understand immune correlates and 

mechanisms of protection. The SAVE investigators are currently studying homologous and 

heterologous prime/boost vaccinations using EUA or approved vaccines for their ability to 

induce humoral and cellular immunity, longevity of immune responses and the mechanisms 

associated with induction of long-lived immunity and protection in the upper and lower 

airway.

Challenges (In Vivo group)

SARS-CoV-2 animal models provide an opportunity to understand mechanisms of infection, 

inflammation, pathogenesis, and transmission across species and against different vaccine 

platforms. Similar to the concerns raised with the In Vitro group, an initial challenge for 

the In Vivo group was obtaining authentic viruses without cell culture-adaptive mutations 

for challenge studies. To overcome this hurdle, a parallel pipeline for propagating and 

sequencing challenge stocks was developed, not only to ensure presence of lineage-defining 

mutations but also absence of mutations associated with propagation in tissue culture, and 

which included standardizing virus dose and routes of inoculation and distributing the same 

stocks to all team members. SARS-CoV-2 strains are constantly evolving, which challenges 

the decision as to which strains are most relevant for in vivo study. Each animal model 

has unique opportunities and limitations that are considered when evaluating protective 

immunity against a variant. Mice are a tractable system with an array of immunological 

tools, assays, and genetic knockout strains that allow for experimental rigor and mechanistic 
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analysis However, inbred mouse strains are limited to SARS-CoV-2 variants that possess an 

N501Y mutation in the spike protein, and the genetic background (e.g., BALB/c, 129S2, 

C57BL/6) can impact virus replication and pulmonary pathology. Most variants appear 

to infect hamsters at similar levels with comparable lung inflammation and pathology, 

with the apparent exception of B.1.1.529106. However, infection in hamsters causes a 

mild to moderate disease and there are limited immunological reagents to probe the 

response to infection and vaccination. The transmission models are exquisitely sensitive 

and further studies are needed to understand experimental parameters (e.g., airflow, contact 

time, relative humidity, temperature) that modulate transmission efficiency and standardize 

experimental systems. The NHP model has been used in conjunction with the small animal 

models using the same viral stocks to provide a more comprehensive analysis across species 

for how the vaccines are mediating protection. As NHP are more limited in their availability, 

the rodent models can inform the best use of this model. As the SARS-CoV-2 pandemic 

continues, animal models will need to be adapted to reflect the immune status of the 

population (e.g., natural infection, vaccination, and booster shots). These large and small 

animal models will be essential for further testing of next-generation vaccines, boosters 

formulated with variant spikes, and immunological imprinting.

Summary

Collaborative science and open sharing of results in near real-time have defined the SAVE 

program. This cross-fertilization has allowed for efficient and rapid analysis of the impact 

of emerging variants on infection and vaccine-induced immunity. The emergence of the 

B.1.1.529 (Omicron) variant, which contains more than 30 mutations in the spike protein, 

threatens clinically approved monoclonal antibodies and infection- and vaccine-induced 

immunity. The SAVE group rapidly responded by generating plasmids and spike protein, 

isolating, propagating, and distributing authentic Omicron viral stocks, submitting reagents 

to public repositories, performing binding and neutralization assays and evaluating virus 

infection across different animal models106,115–122. The data from these studies were rapidly 

shared with government agencies and submitted as manuscripts on pre-print servers.

Over the past two decades, we have witnessed the emergence\re-emergence of several 

RNA viruses, including West Nile virus, H1N1 influenza virus, Chikungunya virus, Zika 

virus, SARS-CoV-1, MERS-CoV, and Ebola virus, that have threatened global public 

health. Developing collaborative programs between academic, industry and commercial 

partners is essential to respond to rapidly evolving viruses. This progressive approach 

combined with open communication and coordination by NIAID/NIH has facilitated rapid 

prioritization, reagent development, testing, and assessment of SARS-CoV-2 variants. The 

mutual relationship between the SAVE group and the SIG has provided feed-forward and 

feedback loops to aid with key decision matters involving risk assessment, SARS-CoV-2 

countermeasures, diagnostics and public health policy. In addition to the SAVE group, 

other national\international networks have been developed for assessing the risk of SARS-

CoV-2 mutations on immunity. This includes the ‘G2P-UK’ National Virology Consortium, 

the Genotype to Phenotype (G2P)-Japan Consortium, the NIH Accelerating COVID-19 

therapeutic interventions and vaccines (ACTIV) Tracking resistance and coronavirus 

evolution (Trace) consortium, the World Health Organization R&D Blueprint, and the 
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National Cancer Institute Serological Sciences Network (SeroNet). These partnerships must 

continue to increasingly include scientists across the world to ensure that variants are rapidly 

identified and characterized to determine their impact on transmission, infection, replication, 

and immune evasion. This SAVE program serves as a template to develop reagents, models, 

assays, and diagnostics and test therapeutics and vaccines in pre-clinical models against 

rapidly evolving pathogens.
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Figure 1. Overview of the SAVE program.
The SAVE program is divided into three working groups to provide real-time risk 

assessment of SARS-CoV-2 variants on infection and vaccine-induced immunity. The Early 

Detection and Analysis group curates and prioritizes emerging SARS-CoV-2 variants. 

The In Vitro group evaluates the impact of SARS-CoV-2 variants on humoral and cell-

mediated immune responses. The In Vivo group uses animal models to test vaccine 

efficacy, transmission, and define immune mechanisms/correlates of protection. These 

data are fed into the SARS-CoV-2 Interagency Group (SIG), which coordinates between 

different U.S. government agencies to assess the impact of variants on critical SARS-CoV-2 

countermeasures, including vaccines, therapeutics, and diagnostics. This iterative approach 

allows for information flow between the SAVE program and the SIG to continue prioritizing 

and testing SARS-CoV-2 variants. Created in part with BioRender.com
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Figure 2. Prioritization of variants by the Early Detection and Analysis group.
(a) The trajectory of SARS-CoV-2 variant sequence prevalence over a one-year period, 

Jan. 01, 2021 to Dec 31, 2021, tracking frequencies of weekly counts based on PANGO 

lineage designations. The data in the graphs was based on the 4.8 million SARS-CoV-2 

sequences sampled in 2021 and made available through the GISAID Initiative. Updated 

graphs can be found at cov.lanl.gov (the tracking tool is called Embers). Top. A global 

summary and status on five continents is provided. Europe and North America remain the 

most highly sampled regions of the world, biasing the global sampling. (b) Tangle plots 

for comparative prioritization of circulating variants across subgroups. The list of variants 

to prioritize is collectively built by the whole group and prioritized by individual teams to 

arrive at a consensus list. Each column graph refers to the prioritization order made by each 
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sub-team for circulating variants in December 2021 (top-highest, bottom- lowest priority): 

A. Cambridge University, B. LANL; C. ISMMS; D. JCVI/BV-BRC; E. UCR SOM; F. Broad 

Institute; G. WRAIR. The final consensus ranking of the 43 variants is produced by ordering 

the lineages by their mean rank across the different teams, who also have the option to defer 

from ranking a lineage, or to assign multiple lineages a tied ranking, and after discussion 

with the group to determine priority categories. The dashed arrow indicates the order of 

priority, top being highest priority variants for analysis, bottom means lowest priority. Colors 

refer to each PANGO lineage tracked but multiple blocks of the same color can also refer 

to different variants within a PANGO lineage. For example, besides the colored Delta AY.* 

sublineages indicated, Delta has 26 subvariants (purple) with different combinations of 

mutations that are being prioritized for analysis.
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Figure 3- In Vitro group.
(a) Live virus- nasal swabs in viral transport media or seed stocks are obtained followed 

by plaque purification and deep-sequencing. Pseudotyped virus- plasmids encoding the 

variant spike sequence are synthesized to generate pseudotyped lentivirus stocks. Vesicular 

Stomatitis virus (VSV) chimeric virus- the glycoprotein gene (G) is replaced with the spike 

protein of SARS-CoV-2 (VSV-eGFP-SARS-CoV-2) and a GFP reporter gene33. (b) The 

In Vitro group conducted performance testing between 12 neutralization assays involving 

live authentic virus consisting of focus-reduction neutralization test (FRNT-1), recombinant 

SARS-CoV-2 reporter virus FRNT (FRNT-2), plaque reduction neutralization test (PRNT), 
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recombinant SARS-CoV-2 expressing nano-luc (Nano-luc), cytopathic effect assay (CPE), 

microneutralization assay (MNA), and focus-reduction neutralization assay (FRNA) and 

lentivirus and VSV pseudotyped neutralization assays, and VSV chimeric assays. Example 

dataset between wild-type (WT) and Beta virus is presented. (c) Antigenic cartography. 

ID50 neutralization titers in a lentivirus-based pseudovirus assay were determined against a 

panel of SARS-CoV-2 variants and serum from Moderna vaccinated or infected individuals. 

Distance between serum to an antigen corresponds to the titer of that serum for the 

antigen37. Grid lines represent 2-fold dilution of antiserum. Vertical and horizontal axes 

represent antigenic distance. Antigens- circle; Sera-squares. (d) SARS-CoV-2 variant T 

cell responses. Sequence data are curated for coding mutations (pink boxes). Curated 

mutations are tested on convalescent T cell responses using functional assays (Activation 

Induced Marker- AIM assays; green boxes). Immune Epitope Database (IEDB) and the 

Immunocode Multiplex Identification of T cell Receptor Antigen Specificity dataset (MIRA) 

are analyzed to generate curated peptide sets of immunodominant epitopes (blue boxes). 

Data are integrated to produce a ranked score list of variant epitope changes weighted by 

their likelihood to disrupt epitope binding and the relative size of the affected population 

(gray boxes). Created in part with BioRender.com.
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Figure 4- In Vivo group.
(a) Animal model development. After selection of variants to analysis by the Early 

Detection and In Vitro Analysis Group, isolates are grown, validated by next-generation 

sequencing, and analyzed in each animal model at different doses to determine 

pathogenicity, viral kinetics and transmission (in hamsters). Weight loss, lung titer and 

lung pathology as assessed to have benchmarks for vaccine studies. (b) Vaccine Challenge. 

Each animal model is immunized with selected vaccines. Animal serum is examined after 

vaccination for neutralizing antibody levels and across a systems serology analysis before 

viral challenge with the chosen variants. Protection against infection and disease in each 

model is analyzed to determine the protective capability of each vaccine and variant. Data 

on protection of each animal model with each vaccine platform and challenged with variant 

viruses is shared with the SAVE consortium and SIG. Created with BioRender.com
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