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Abstract: The COVID-19 pandemic led to the rapid and worldwide development of highly effective
vaccines against SARS-CoV-2. However, there is significant individual-to-individual variation in
vaccine efficacy due to factors including viral variants, host age, immune status, environmental
and host genetic factors. Understanding those determinants driving this variation may inform the
development of more broadly protective vaccine strategies. While host genetic factors are known to
impact vaccine efficacy for respiratory pathogens such as influenza and tuberculosis, the impact of
host genetic variation on vaccine efficacy against COVID-19 is not well understood. To model the
impact of host genetic variation on SARS-CoV-2 vaccine efficacy, while controlling for the impact
of non-genetic factors, we used the Diversity Outbred (DO) mouse model. We found that DO mice
immunized against SARS-CoV-2 exhibited high levels of variation in vaccine-induced neutralizing
antibody responses. While the majority of the vaccinated mice were protected from virus-induced
disease, similar to human populations, we observed vaccine breakthrough in a subset of mice.
Importantly, we found that this variation in neutralizing antibody, virus-induced disease, and viral
titer is heritable, indicating that the DO serves as a useful model system for studying the contribution
of genetic variation of both vaccines and disease outcomes.

Keywords: Diversity Outbred; host genetic diversity; SARS-CoV-2; vaccination

1. Introduction

The emergence of SARS-CoV-2 has caused nearly 7 million deaths globally, including
more than 1 million deaths in the United States, and it is estimated that the global pandemic
will cost the world economy over 12 trillion dollars by 2024 [1,2]. Due to the extraordinary
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public health threat posed by SARS-CoV-2, there has been an unprecedented effort devoted
to the development, testing, and deployment of a variety of SARS-CoV-2 vaccines. These
vaccine platforms, which include mRNA, vectored, recombinant protein, virus like particles
(VLPs), and inactivated whole virus (iCoV) vaccines, have been proven to safely elicit
protective immunity against SARS-CoV-2 [3–6]. However, even within a given vaccine
modality, there is significant variation in SARS-CoV-2 vaccine efficacy across the population.
This variation has been driven in part by the rapid emergence of viral variants of concern
(VOC), but also individual-to-individual variation in vaccine response [7,8]. Understanding
the factors that influence this individual-to-individual variation in vaccine performance
has important implications both for ongoing efforts to control SARS-CoV-2, as well as other
disease threats such as influenza A virus or other future pandemic threats.

Prior research has shown that factors such as advanced age, compromised immune
function, or prior antigen exposure can affect an individual’s ability to mount protective
vaccine-induced immune responses [9–11]. In addition to these factors, there is a growing
body of evidence suggesting that host genetic variation can influence an individual’s re-
sponse to vaccination. The efficacy of several vaccines, including vaccines against influenza
virus, the measles mumps and rubella vaccine (MMR), as well as the hepatitis B vaccine
has been shown to be impacted by polymorphic host genes [12–16]. More recently, some
targeted associations between SARS-CoV-2 susceptibility alleles and vaccine responses
have been shown in a cohort of human vaccinees from Italy, where various polymorphisms
were identified as affecting IgG levels and neutralizing antibody response [17]. However,
our understanding of how variation in host genes affects SARS-CoV-2 vaccine-induced
immunity is still incomplete.

Given the multitude of environmental, genetic, and demographic factors that can
impact vaccine efficacy in humans, it can be difficult to deconvolute their influence on
vaccine outcomes in human studies. Mouse models have been a crucial model system for
the preclinical evaluation of SARS-CoV-2 vaccines as they allow investigators to control
a variety of potentially confounding factors, including diet, prior pathogen exposure,
or genetics [18,19]. However, this experimental strength can also be thought of as a
limitation, as any given inbred mouse strain (e.g., BALB/c) does not recapitulate the
genetic diversity observed in outbred human populations. These strains are limited in their
utility for analyzing the impact of host genetic variation on vaccine performance or other
aspects of host immunity [20–22]. There are several experimental mouse models which
incorporate characterizable genetic variation, which can be used to assess host genetic
effects while controlling other factors. One of these, the Diversity Outbred (DO) mouse,
is an outbred mouse population derived from eight founder strains, composed of five
traditional laboratory strains (A/J, C57BL/6J, 129/S1/SvImJ, NOD/ShiLtJ, NZO/HILtJ)
and three inbred, wild-derived strains (PWK/PhJ, CAST/EiJ, and WSB/EiJ) [23]. While
the DO is derived from the same founder strains as the Collaborative Cross (CC), each
mouse is genetically unique and heterozygous at the majority of loci, better representing
outbred genetics observed in human populations [24]. The genetic diversity within the DO
population has already proven useful for studying the role of host genetics in infection and
vaccine responses against pathogens such as tuberculosis and influenza [25–28]. Therefore,
the DO serves a relevant model that can recapitulate the heterogeneity of vaccine and
disease phenotypes in a human population and determine the role of host genetics.

To assess the impact of host genetic variation on vaccine induced immunity, we
designed a case–control study with a population of DO mice. Mice were immunized with
an S2P protein subunit vaccine in combination with the experimental RIBI adjuvant or
mock vaccinated. Following vaccination, DO mice were challenged with a mouse-adapted
MA10 strain of SARS-CoV-2. We found that the development of neutralizing antibodies
had a strong genetic component, consistent with human studies [17]. Furthermore, we
found that while vaccination protected most mice from SARS-CoV-2 challenge, a subset of
vaccinated mice remained susceptible SARS-CoV-2-induced disease. We found that where
there was vaccine failure in mice, viral titers remained high despite the presence of virus
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neutralizing antibodies. We also found viral titers present within a subset of mice that did
not experience weight loss. These results indicate that host genetic diversity can impact
vaccine efficacy and indicated that the DO and related mouse genetic reference populations
are useful resources for studying how host genetic polymorphisms impact vaccine efficacy.

2. Materials and Methods
2.1. Virus Stocks

Mouse-adapted SARS-CoV-2 MA10 was prepared as previously described [29,30].

2.2. Mice

The mouse studies were performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
All of the mouse studies were performed at UNC using protocols approved by the UNC
Institutional Animal Care and Use Committee (IACUC). Male Diversity Outbred mice were
obtained from Jackson Laboratory (Cat: 009376) at 4–5 weeks of age, and tail-clipped for
genotyping. Males were singly housed for 10 months prior to immunization. The mice
were kept on standard mouse chow, with ad libitum access to water, and a 12:12 light:
dark cycle.

2.3. Genotyping

Whole genomic DNA from tail snips was extracted using QiaGen DNEasy Blood and
Tissue kits. We sent 1.5 µg of DNA per sample, in a minimum volume of 20 µL in 96-well
plates, to Neogen (Lincoln, NE, USA) for genotyping on the MiniMUGA array [31].

2.4. Genetic Clustering

We took our MiniMUGA genotypes, and filtered down from the 10,656 genomic
markers present on the autosomes and X-chromosome to only those that were informative
amongst the founders of the DO population [31]. We further filtered these markers to a set
of 874, which were diagnostic for a given founder in the context of the DO (Supplementary
Materials, Data S1 and Data S2). We then utilized this marker set to determine the relative
relatedness between each pair of DO mice in our population.

For each pair of animals, we assessed relatedness by scoring their sharing of minor
alleles. Pairs of mice were scored as follows at each marker:

Major allele homozygous/major allele homozygous = 0;
Major allele homozygous/heterozygous = 0;
Major allele homozygous/minor allele homozygous = 0;
Heterozygous/heterozygous t = 1.2;
Het/Minor allele homozygous = 1;
Minor allele homozygous/minor allele homozygous = 2.
The final scores were subtracted from the maximum of 1748 (a score of ‘2′ at each

of the 874 SNPs). In other words, we determined relatedness by assessing the likelihood
of sharing rare (known) genotypes. Orthogonally, we categorized each animal based on
their mitochondrial and Y-chromosome haplotypes. We defined families as groups of mice
which: (a) shared mitochondrial and Y-chromosome haplotypes, and (b) had a marker score
of <500.

2.5. Vaccination

Diversity Outbred mice were immunized intramuscularly in the quadriceps, 25 µL per
leg, with 5 µg in 50 µL of total PBS volume. The vaccine was composed of the SARS-CoV-2
spike protein and the RIBI Sigma adjuvant system (Sigma), and was prepared according
to the manufacturer’s instructions. After 3 weeks of primary vaccination, DO mice again
received the same vaccine described above. Three weeks after receiving a boost dose, blood
was collected through submandibular bleeds. The collected blood was spun in serum
separator tubes to obtain serum.



Vaccines 2024, 12, 103 4 of 16

2.6. Virus Challenge

The mouse challenges were conducted under biosafety level 3 conditions (BSL-3)
according to standard protocols at the University of North Carolina at Chapel Hill. Mice
were sedated with 50 mg/kg of ketamine + 5 mg/kg of xylazine per mouse with Ke-
tamine/Xylazine/PBS, which was administered through intraperitoneal injection. The
mice were inoculated with 10,000 pfu of SARS-CoV-2 MA10 virus intranasally in a 50 µL
total volume of PBS (Gibco) post-vaccination. Weight measurements were taken on days 0,
1, 2, 3 and 4. The mice were sacrificed on day 4 and the lungs were harvested for viral titer
measurement.

2.7. Neutralizing Antibody

Serum was obtained from previously vaccinated Diversity Outbred mice against the
SARS-CoV-2 spike protein to evaluate antibody neutralizing activity against SARS-CoV-2,
as was previously established [32]. The mouse sera was inactivated at 56 ◦C for 30 min and
serially diluted in DMEM supplemented with 10% FBS and 1% pen-strep in a 96-well plate.
SARS-CoV-2-nLUC was diluted and approximately 900 PFU/well was added to the diluted
sera. The antibody and virus complexes were incubated at 37 ◦C for an hour. Vero-E6
C1008 cells were maintained in Dulbecco’s modified eagle’s medium (DMEM, Gibco, Life
Technologies, Grand Island, NY, USA), 10% fetal bovine serum (FBS, Atlanta Biologicals,
R&D Systems, Flowery Branch, GA, USA), and 5% L-glutamine (Gibco, ThermoFisher
Scientific, Paisley, United Kingdom). Vero-E6 C1008 cells were plated the previous day in a
clear-bottomed, black 96-well plate at a concentration of 2 × 104 cells per well in DMEM
with 10% FBS and 1% Pen/Strep and incubated overnight. Once the complexes finished
incubating for one hour, they were added to the Vero E6-C1008 cells plated the day before
and incubated for 24 h. After 24 h, the Nano-Glo luciferase assay system (Promega) was
prepared according to the manufacturer’s recommendations. The cells were lysed, and
luciferase activity was measured with the Nano-Glo luciferase assay system. We defined
SARS-CoV-2 neutralization at the dilution where a reduction in 50% and 80% of relative
light units (RLUs) was observed when compared to the average RLUs present in the virus-
positive control wells: 50% or 80% reciprocal inhibitory concentration (IC50, IC80). When
correcting for background, an IC50 above 50 indicates positive neutralization activity.

2.8. Viral Plaque Assays

The lung viral titers were quantified by plaque assay. The lungs were homogenized in
DMEM supplemented with 10% FBS. USAMRIID Vero-E6 cells were plated one day prior
to use (2 × 105 cells/well) so as to be 90–95% confluent on the day of the assay. USAMRIID
Vero E6 cell monolayers were infected in duplicate with 10-fold serial dilutions of lung
homogenates. The plates were rocked every 15 min to ensure the inoculum covered the
monolayer evenly. The cells were overlayed with 1.25% carboxymethylcellulose (CMC,
Sigma, Saint Louis, MO, USA) and 1× alpha-mem (Corning, Mediatech Inc., Manassas, VA,
USA) containing L-glutamine, 5% FBS, 1% HEPES (Gibco Life Technologies, Grand Island,
NY, USA), and 1% Penicillin-Streptomycin. The cells were incubated for four days at 37 ◦C
with 5% CO2. At 4 days post-infection, infected cell monolayers were fixed overnight with
2% PFA. Post-fixation, the overlay/PFA mixture was removed, and the plates rinsed with
water to remove residual CMC. Fixed and washed monolayers were stained with 0.25%
crystal violet. Following removal of extra dye and a water rinse, the plaques were counted.

2.9. Statistical Analysis

Broad-sense heritability estimates were calculated using Box–Cox transformed values
for normality to fit the following linear model:

Phenotype ~ Vaccine Treatment + ε (1)
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We then obtained heritability estimates by calculating the following from the linear
regression model, where SS is the sum of squares of the phenotype being measured:

(SSPhen)/(SSPhen + Residulas) (2)

A Kolmogorov–Smirnov test was performed for mice in both vaccine categories. The
test was performed using the stats package, version 4.1.1 in the R programming software.

Power calculations and correlations were performed using the stats package. Cohen’s
coefficient was determined between the PBS and vaccinated groups. Correlations were
determined through Pearson’s correlation test.

3. Results
3.1. Case–Control Design in an Outbred Mouse Population

To study the effect of genetic variation on SARS-CoV-2 vaccine-induced immunity,
we used the Diversity Outbred (DO) mouse population to model genetic diversity within
the human population. We obtained 126 male DO mice whose age spanned 10–11 months
at the time of vaccination. Based on the sharing of minor alleles (see methods) using
the MiniMUGA genotyping array, we determined the relatedness between these animals
(Figure 1) [30]. We used this allele sharing, as well as Y- and mitochondrial haplotypes
(see methods), to group mice into 35 clusters (hereafter families) with an average of
3 mice/family (range 2–6). In addition, there were 21 mice that could not be grouped
with the other mice based on these criteria and were treated as unrelated individuals.
The mice were split into two arms: animals were either immunized against SARS-CoV-2
or PBS immunized. Within each family, we assigned members to pairs with the goal of
maximizing genetic similarity within each pair (who were then explicitly split between
the two immunization arms), across all pairs in a family. Odd-numbered family members
and the 21 mice that could not be grouped into families were split evenly between the two
immunization arms.
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into different families based on autosomal distance to determine how closely related they are to one
another. Each color represents a distinct family of DO mice. The large cluster of green represents
mice where no family member could be matched.
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3.2. Variable Vaccination and Disease Response across This DO Population

The DO mice were vaccinated with 5 µg of the SARS-CoV-2 spike protein (S2P)
with RIBI adjuvant, or were sham-vaccinated with PBS. All mice were immunized in a
prime/boost strategy (with three weeks between injections). To examine correlates of
protection in vaccinated DO mice, we measured serum neutralizing antibody titers on day
24 post-boost, prior to virus challenge. Overall, S2P-vaccinated mice exhibited robust, but
variable vaccine responses with neutralizing antibody titers ranging from 103 to 105 IC50
(50% reciprocal inhibitory concentration) except for one mouse that had neutralization
titers below the limit of detection. The majority of the PBS-immunized mice (63.5%) did
not have a detectable neutralizing antibody, but a subset of mice had neutralizing antibody
titers, with 23 mice having an IC50 above 102, and 4 of these mice having an IC50 between
103 and 104, likely reflecting variation in nonspecific background, cross-reactive antibody
levels (Figure 2A).
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Figure 2. Vaccination response in Diversity Outbred mice is variable, but mostly protective following
SARS-CoV-2 challenge. (A) Neutralizing antibody titers against MA10 in DO mice from post-
boost sera between controls and S2P-vaccinated mice. Neutralization was measured using a virus
expressing nanoluciferase and presenting 50% reciprocal inhibitory concentration (IC50). An IC50
above 50 indicates positive neutralization activity. (B) Lung viral titers after MA10 challenge in DO
mice mock-vaccinated with PBS or spike protein vaccine with Sigma adjuvant (RIBI). Viral titers
were measured through plaque assay quantified as PFU/lung lobe. (C) Weight loss in PBS mock-
vaccinated or spike protein-vaccinated with Sigma adjuvant-RIBI DO mice after MA10 challenge,
measured over the course of 4 days. Weight loss percentage was determined based on starting
weights prior to infection. (D) Distributions of weight loss at day four in DO mice vaccinated
with PBS mock vaccination or the spike protein vaccine with Sigma adjuvant-RIBI. Frequency in
distributions indicates number of mice for each corresponding weight loss percent. The Kolmogorov–
Smirnov test was used to differentiate between control and S2P groups, control: p < 2.2−16, S2P:
p < 2.2−16.
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Given the variation in neutralizing antibody responses seen in the DO mice, we next
tested whether this variation had any impact on protection from SARS-CoV-2 replication
or disease. The mice were challenged with 104 plaque-forming units (pfu) of the mouse-
adapted strain of SARS-CoV-2 (SARS-CoV-2 MA10) between 1 and 6 weeks post-boost [28,29],
and monitored for virus-induced disease and weight loss through 4 days post-infection
(DPI, Figure 2C,D), at which point the mice were sacrificed and lungs collected to assess
viral loads. Consistent with prior studies with SARS-CoV and SARS-CoV-2 in the related
CC and pre-CC populations [33–35], unvaccinated DO mice showed significant variation
both in susceptibility to virus-induced weight loss, as well as viral replication within the
lungs. Sham-vaccinated mice showed weight loss by 4DPI that ranged from severe disease
(11–25% weight loss, 24 mice) to mild disease (5–10% weight loss, 5 mice) to no disease
(0–5% weight loss, 15 mice). We also observed significant virus-induced mortality in the
sham-vaccinated group with 19 mice (33% of the cohort) succumbing to infection prior to
the 4DPI endpoint. Viral loads were also variable in the surviving sham-vaccinated group
at day 4 post-infection, with titers ranging from 101 pfu (the assay limit of detection) to
greater than 106 pfu/lung lobe (Figure 2B), and there was a moderate correlation between
weight loss and titer in these animals (r = −0.52, p = 0.0003221).

S2P vaccination resulted in significant protection from virus-induced weight loss
compared to the sham controls. Across the S2P-immunized mice, we observed no mortality.
Additionally, 46 S2P-vaccinated mice showed no disease (0–5% weight loss), 4 mice showed
mild weight loss (5–10% weight loss), while only 11 mice had severe disease (11–25%
weight loss) at 4DPI (Figure 2C,D). The distributions of weight loss between the sham-
and S2P-vaccinated groups were significantly different (Kolmogorov–Smirnov test, D = 1,
p < 2.2−16), showing the robust protection provided by S2P vaccination. Furthermore, in
this arm we had 61 mice that reached day 4 for weight loss analysis and 59/61 mice have
available titer data. The majority of S2P-vaccinated mice (44/59 mice) did not have viral
titers above the limit of detection, with only a subset of 15 mice having viral titers >101

(101–106 pfu/lung lobe, Figure 2D). Additionally, 9 of these 15 mice also experienced severe
weight loss, demonstrating that a significant subset of vaccinated animals was susceptible
to breakthrough infection (~25%) and/or disease (~15%).

3.3. Genetic Diversity Contributes to Vaccination Outcomes

To understand the relative genetic contribution amongst DO mice to vaccine-induced
neutralizing antibody responses and protection from virus-induced disease, as well as
overall susceptibility to SARS-CoV-2-induced disease, we assessed the concordance of
each vaccine- or virus-induced phenotype within families. We first analyzed neutralizing
antibody titers in the post-boost serum of 29 mice across 13 families, for which we had
at least two animals who had received S2P vaccination. The within-family variation
in neutralization titers ranged from 0.044 to 0.999 logs IC50 (median 0.357 logs IC50).
In contrast, there was up to a 1.33 log difference between some families in IC50 with
the median difference between most families being 0.52 logs (Figure 3A). Family was
a significant predictor of IC50 titers (p = 0.00198). Similar results were found for the
more rigorous IC80 titers among the families (Supplementary Figure S1). Given that
family was a significant predictor of neutralization titers, we estimated heritability, the
percentage of the variance attributed to genetics. We found that family grouping explained
approximately 80.6% of the variation in neutralization titers (Table 1), indicating a strong
genetic contribution to vaccine success.

Table 1. Phenotypic heritability of neutralizing antibody titers for S2P-vaccinated DO families.

Treatment IC50 Heritability IC80 Heritability

Vaccinated 80.6% 74.3%
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Figure 3. Genetic diversity contributes to vaccination and virus induced disease phenotypes.
(A) Neutralizing antibody titers measured from serum harvested three weeks post-boost vacci-
nation titers. Neutralization at 50% reciprocal inhibitory concentration (IC50) plotted by family
grouping. (B) Weight loss across PBS-vaccinated DO mice families measured four days post-MA10
challenge. (C) Lung viral titer by family measured from S2P-vaccinated mice challenged with MA10
4 days post-infection. Each color and shape indicates a different family.

Previous studies have identified that responses to SARS and SARS-CoV-2-induced
disease are heritable, with genetic variants having been identified that affect disease sus-
ceptibility in both mice [22,33–36], as well as SARS-CoV-2 disease susceptibility in hu-
mans [37–40]. Therefore, we wanted to assess the relative contribution of genetic variation
in SARS-CoV-2 disease in the DO, and how this was affected by vaccine status. We therefore
analyzed our PBS-immunized mice for both weight loss at 4DPI as well as viral titers in
24 mice across 11 families, for which there were at least 2 mice in a family. Within-family
variability in weight loss was between 0.11% and 14.79% (median 6.91%). In contrast, the
differences between families spanned from 0.57 to 20.7% weight loss (median 5.56%) at
4 DPI, and family was a significant predictor of weight loss (p = 0.04504) (Figure 3B). For
the lung viral titer, within-family variability was between 0.11 and 4.81 logs of pfu/lung
lobe (median within-family range, 1.87 logs pfu/lung lobe). Differences between families
ranged from 0.06 to 2.83 logs (median 1.01 logs pfu/lung lobe), and this difference was not
significant (p = 0.6793) (Figure 3C). Heritability analysis found that family could explain
68% of the variation in weight loss at day 4 and 41.2% of the variation in lung viral titers
(Table 2).

Table 2. Phenotypic heritability of day 4 weight loss and lung viral titer for PBS-vaccinated DO families.

Treatment Day 4 Percent Weight
Loss Heritability

Vaccinated Lung Viral
Titer Heritability

PBS 68.0% 41.2%
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3.4. Relationship of Infectious Responses among Vaccine Treatments and Families

We were able to broadly show that, in our population, S2P vaccination strongly
skewed the disease responses across this outbred population away from severe disease,
and that there was some genetic control of neutralizing antibody titers. However, given
the underlying variability in genetic susceptibility to the SARS-CoV-2 disease itself, it is
challenging to directly estimate the true protective effects of the vaccine across this outbred
and phenotypically variable population. We therefore took advantage of highly related
pairs of relatives in our DO population to attempt a better estimation of the protective
effects of the vaccine. In total, we identified 46 pairs of mice (across 34 families) which were
highly related, infected within the same experimental batch, and were exposed to different
vaccine treatments. We calculated the difference in weight loss between the PBS- and S2P-
immunized mouse of each pair. Eleven out of these 45 pairs (24%) had the sham-immunized
mouse succumb to infection by day 4, while none of the vaccinated mice showed mortality,
a highly significant skewing (p = 0.005278). For the surviving pairs, PBS-immunized mice in
each pair lost on average 10% more weight than the S2P-immunized mouse, although there
was considerable range in these weight loss differences (0–22%, Figure 4A). Finally, eight
pairs (17%) had the S2P-immunized mouse lose more weight than their sham-immunized
partner, ranging from a 1 to 11% weight loss difference.
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either PBS (control) vaccination or S2P + RIBI. (B) Differences in lung viral load measured in pfu/mL
between genetic pairs of mice vaccinated with PBS (control) or S2P + RIBI. Pairs were challenged
with MA10 at the same time to measure the degree of protection in mice.

We conducted a similar analysis on viral loads. Here we could only assess the 34 pairs
where both animals survived until harvest. The average reduction in titer was 4 logs, with a
range of a 2–4 log reduction between the pairs (Figure 4B). There was one pair where there
was no difference in titer and only one pair of mice where lung viral titers were higher in
S2P mice than PBS mice, and that difference was 2 logs. All told, our results indicate that
immunization with the S2P vaccine is highly protective. However, there do appear to be
some genetic backgrounds where efficacy is more muted, and most provocatively, there
may be genetic backgrounds where vaccination in fact exacerbates disease outcomes.

4. Discussion

While the rapid development and deployment of SARS-CoV-2 vaccines played a
major role in reducing morbidity and mortality, there is significant individual-to-individual
variation in vaccine responses and this impacts overall population-wide efficacy. This
variation in vaccine efficacy is likely driven by a variety of factors. There is a growing body
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of evidence suggesting that host genetic variation can have a major impact on immune
function, including vaccine-induced immunity [12,14,41,42]. Studying the impact of genetic
variation on vaccine response and protection is often challenging in humans because it is
difficult to control for confounding non-genetic factors, such as prior pathogen exposure,
pre-existing immunity, and many other factors influencing immune response. While
standard inbred mouse strains have been useful for controlling these environmental factors,
these strains do not capture the genetic variation seen in humans. Therefore, we used DO
mice to model the genetic variation observed in the human population and understand
how genetic variation affects vaccination response outcomes. Our analyses found high
levels of variation both in vaccine induced neutralizing antibody responses, and also in
vaccine mediated protection from virus-induced disease. Furthermore, our case–control
experimental design provided evidence that host genetic factors can modulate vaccine-
induced anti-SARS-CoV-2 immunity.

There is growing recognition of the value of mouse genetic reference populations
(GRPs), such as the DO or CC, in studying the impact of host genetic diversity on the
response to virus-induced disease or vaccination. While standard inbred strains, such as
BALB/cJ or C57BL/6J mice, have long been used to test the safety and efficacy of experi-
mental vaccines, including SARS-CoV-2 vaccines, these strains do not accurately model the
genetic and phenotypic diversity seen in human populations [20,43–45]. Importantly, all
the SARS-CoV-2 vaccines currently in use within humans show variation in their efficacy
within human populations, even against homologous virus challenge [46–50]. However,
early preclinical studies with these vaccines using inbred mouse strains generally showed
uniform immunogenicity and protection against SARS-CoV-2 infection [18,44,51–53]. Al-
though variation is observed in lower vaccine doses (<1 µg), mouse studies analyzing
neutralizing response in inbred strains with protein vaccination and similar adjuvants
have little variation in neutralizing antibody titers [54–56].Therefore, one of our goals
was to determine whether the DO mice would more accurately reflect the variation in
vaccine immunogenicity and efficacy seen in human populations. This was borne out
in our studies, where the DO mice showed over 100-fold variation in the magnitude of
vaccine-induced neutralizing antibody responses. Furthermore, we observed a significant
fraction of vaccinated mice showing signs of vaccine breakthrough as indicated by 11 mice
with severe virus-induced weight loss, 15 mice with residual viral titers in the lungs, and
9/59 mice with both. This analysis suggests that host genetic variation impacts SARS-CoV2
vaccine performance, and that DO mice, or related populations such as the CC, could be
used as a complement to existing inbred mouse models to evaluate the impact of host
genetic variation on vaccine efficacy or safety before moving on to testing in more advanced
models such as ferrets or non-human primates.

Several human GWAS studies have identified host genes and genetic loci associated
with variation in SARS-CoV-2 disease severity and long-COVID [37–39,57–62]. Analysis
of the impact of host genetic variation on SARS-CoV-2 vaccine-induced immunity has
found associations between variant HLA alleles and variation in vaccine-induced antibody
responses, vaccine breakthrough and vaccine side effects [63,64]. Small-scale pilot studies
have also identified loci associated with variation in antibody responses following vac-
cination with an inactivated vaccine [65]. Our results, showing a significantly heritable
response to both vaccine efficacy and reduced disease post challenge, suggest that the DO
and related mouse populations can be used to complement human studies to understand
the role of genetic variation in regulating vaccine responses. DO mice can also serve as a
valuable resource in future work to understand the variation across vaccine platforms in
humans and variation specific to protein subunit vaccines. It would further help untangle
whether variation in immune response is due to the vaccine antigen or adjuvants. To our
knowledge, this is the first time that DO mice have been used to study the contribution of
host genetic variation to SARS-CoV-2 vaccine-induced immunity. Further, prior studies
with CC mice have shown good concordance with human GWAS studies that identified
genetic regulators of severe SARS-CoV-2-induced disease suggesting further work in as-
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sessing host genetic drivers of vaccine efficacy will be translatable between mouse and
human [36,66].

Neutralizing antibody levels are known to be a reliable and robust correlate of pro-
tection for human COVID-19 vaccine efficacy [67,68]. However, a strong neutralizing
antibody response may not always prevent breakthrough disease from occurring. Sus-
ceptibility loci to SARS-CoV and SARS-CoV-2 have been identified in CC mice and can
impair immune function and worsen disease phenotypes [34,36]. These susceptibility loci
can impact vaccine-induced immune cell response and result in poor vaccine performance.
This potentially allows breakthrough infections to occur as a robust antibody response
may not overcome effects of susceptibility loci. Similarly, human studies with COVID-19
have shown vaccinated individuals produced robust neutralizing antibody to SARS-CoV-2
and VOCs prior to infection, but still experienced breakthrough disease [69–72]. There-
fore, relying on neutralizing antibody alone may not be the best way to assess potential
vaccine protection since it has long been recognized that correlates of protection are multi-
faceted, especially across large populations. Consistent with these observations, in this
study, despite robust neutralizing titer levels in our DO mice, a significant portion of mice
showed mild to severe weight loss (25%) and/or viral titers (30%). In addition, recent work
on mycobacterium tuberculosis vaccination showed that despite robust protection across
various CC strains, there were no common correlates of protection in this study [73]. Taken
together, such results suggest that outbred populations, such as the DO, may be critical for
modeling more nuanced protective features of vaccines.

As discussed above, the DO mice and related resources represent powerful tools for
understanding the impact of host genetic variation on a wide range of host responses, and
these systems could be used to identify the specific polymorphic host genes associated with
this variation. However, there are a number of other important questions in coronavirus
vaccinology, and vaccinology in general, where these types of resources might be useful.
While our analysis focused on neutralizing antibody responses, there is a growing body
of evidence suggesting that T cells and/or non-neutralizing, virus specific antibodies
may contribute to heterologous vaccine-mediated protection [74,75]. It will be important
to evaluate whether host genetic variation contributes to differences in these responses
and how that affects protection against heterologous coronavirus challenge. Furthermore,
previous human studies have found that disease severity and inflammatory cytokine
profiles are lower in vaccinated than unvaccinated individuals, but are influenced by
various risk factors [76,77]. While SNPs have been identified in association with lower
inflammatory cytokine levels in vaccinated populations affecting vaccine protection, the
impact of genetic variation in disease severity after vaccination remains poorly defined [78].
Therefore, the DO may be a particularly useful resource for modeling how host genetic
variation affects these responses in vaccinated or unvaccinated individuals. The variation
in vaccine efficacy seen in the DO mice also creates an opportunity to use this resource as a
platform for testing different adjuvants or adjuvant systems for their ability to overcome
vaccine failure and elicit protection even in individuals or family groups that are genetically
predisposed to vaccine failure.

Understanding the specific polymorphic host genetic factors that drive the variation
in vaccine efficacy would enhance our ability to develop vaccination strategies that are
more effective. While our group sizes were not sufficiently powered to perform genetic
mapping studies, these results provide the support necessary to conduct large-scale studies
on DO mice or the related CC population. With a large-scale mapping study, it would
be possible to identify SARS-CoV-2 susceptibility loci that influence vaccination efficacy
across the population. Our work suggests future studies would require a case–control
design to detect loci directly impacting vaccine efficacy and virus induced disease, while
avoiding confounding underlying susceptibility loci. The size of such an experiment would
depend on many factors, including the genetic architecture of both the primary infection
and vaccine responses such as neutralizing antibody, viral load, and virus-induced weight
loss. Our data, and assumptions of one or a few loci of moderately large effect, suggest
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that such a study would require approximately 420 DO animals in each vaccine group to
identify a locus for weight loss in mice. However, approximately 120 mice in each group
would be necessary to detect a locus for neutralizing antibody or viral load. Although,
we note that there are a variety of other mapping populations that could be generated to
address these questions [33,79].

Our results demonstrate that DO mice can be used to reproduce the variation in
vaccine outcomes seen in human populations, and that heritable genetic variation plays
a major role in determining vaccine efficacy. Vaccines are designed to protect as many
individuals as possible from developing disease symptoms or severe disease, yet existing
preclinical model systems do not account for the impact of host genetic variation on vaccine
immunogenicity or efficacy. Therefore, the use of preclinical models such as the DO would
allow investigators to rapidly and inexpensively test vaccine performance in the face of
host genetic diversity prior to moving into more advanced models. Furthermore, under-
standing the specific polymorphic host genes/pathways that affect vaccine performance
may inform the development of vaccines and/or adjuvant combinations that are capable of
eliciting robust responses across genetic backgrounds. Therefore, using genetically complex
mouse populations in combination with human populations to identify the role of poly-
morphic host genes in regulating vaccine-induced immunity may provide new avenues for
improving vaccine performance in humans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines12010103/s1, Figure S1: IC80 Neutralizing Antibody
Titers; Data S1: DO Sorted Autosomes; Data S2: DO MT_Y sorted.

Author Contributions: Conceptualization, M.T.F. and M.T.H.; methodology, F.P.-M.d.V., M.T.H., and
M.T.F.; formal analysis, M.C.C.C.; investigation, M.C.C.C., E.J.A., B.K.H., B.P., S.S., S.T.-B., T.A.B., M.B.,
J.A.D., P.H., E.A.M., and V.K.B.; resources, A.W., K.H.D.III, S.R.L., G.D.S., R.S.B., F.P.-M.d.V., M.T.F.,
and M.T.H.; writing—original draft preparation, M.C.C.C., M.T.H., and M.T.F.; writing—review and
editing, M.C.C.C., M.T.H., and M.T.F.; visualization, M.C.C.C.; supervision, M.T.H. and M.T.F.; project
administration, M.T.H. and M.T.F.; funding acquisition, F.P.-M.d.V., M.T.F., R.S.B., and M.T.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH grants U19 AI100625, U01 AI149644, and R01 AI157253.
Funding for acquisition and genotyping of the DO mice was provided by NIH grants R01ES029925
and U42OD010924 (F.P.M.V). M.C.C.C. was supported by NIH grants 5T32 GM007092, 1T32GM135128,
and the Burroughs Wellcome Fund Graduate Diversity Enrichment Program. E.A.M., J.A.D., and
K.H.D.III. received support from T32AI007419. V.K.B was supported by NIH grant K01OD026529.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee at the University of North Carolina at Chapel Hill. (Original
protocol 18-287, continuation protocol 21-239 approved on 1 November 2021).

Data Availability Statement: The data presented in this study are available within the document
and Supplementary File.

Acknowledgments: We would like to thank everyone who contributed to experiments and data
processing.

Conflicts of Interest: The authors declare no conflicts of interest related to this work.

References
1. COVID-19 Map. Available online: https://coronavirus.jhu.edu/map.html (accessed on 18 December 2023).
2. Yeyati, E.L.; Filippini, F. Social and Economic Impact of COVID-19. Brookings Institution. Available online: https://www.

brookings.edu/articles/social-and-economic-impact-of-covid-19/ (accessed on 18 December 2023).
3. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.

Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]
4. Heath, P.T.; Galiza, E.P.; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, F.; Chadwick, D.R.; Clark, R.; Cosgrove, C.; Galloway, J.; et al.

Safety and Efficacy of NVX-CoV2373 COVID-19 Vaccine. N. Engl. J. Med. 2021, 385, 1172–1183. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/vaccines12010103/s1
https://www.mdpi.com/article/10.3390/vaccines12010103/s1
https://coronavirus.jhu.edu/map.html
https://www.brookings.edu/articles/social-and-economic-impact-of-covid-19/
https://www.brookings.edu/articles/social-and-economic-impact-of-covid-19/
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2107659
https://www.ncbi.nlm.nih.gov/pubmed/34192426


Vaccines 2024, 12, 103 13 of 16

5. Wu, Z.; Hu, Y.; Xu, M.; Chen, Z.; Yang, W.; Jiang, Z.; Li, M.; Jin, H.; Cui, G.; Chen, P.; et al. Safety, Tolerability, and Immunogenicity
of an Inactivated SARS-CoV-2 Vaccine (CoronaVac) in Healthy Adults Aged 60 Years and Older: A Randomised, Double-Blind,
Placebo-Controlled, Phase 1/2 Clinical Trial. Lancet Infect. Diseases 2021, 21, 803–812. [CrossRef] [PubMed]

6. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef] [PubMed]

7. Nasreen, S.; Chung, H.; He, S.; Brown, K.A.; Gubbay, J.B.; Buchan, S.A.; Fell, D.B.; Austin, P.C.; Schwartz, K.L.; Sundaram, M.E.;
et al. Effectiveness of COVID-19 Vaccines against Symptomatic SARS-CoV-2 Infection and Severe Outcomes with Variants of
Concern in Ontario. Nat. Microbiol. 2022, 7, 379–385. [CrossRef] [PubMed]

8. Andrews, N.; Stowe, J.; Kirsebom, F.; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M.; et al.
COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 2022, 386, 1532–1546. [CrossRef]

9. Dejnirattisai, W.; Huo, J.; Zhou, D.; Zahradník, J.; Supasa, P.; Liu, C.; Duyvesteyn, H.M.E.; Ginn, H.M.; Mentzer, A.J.; Tuekprakhon,
A.; et al. SARS-CoV-2 Omicron-B.1.1.529 Leads to Widespread Escape from Neutralizing Antibody Responses. Cell 2022, 185,
467–484.e15. [CrossRef]

10. Willett, B.J.; Grove, J.; MacLean, O.A.; Wilkie, C.; De Lorenzo, G.; Furnon, W.; Cantoni, D.; Scott, S.; Logan, N.; Ashraf, S.; et al.
SARS-CoV-2 Omicron Is an Immune Escape Variant with an Altered Cell Entry Pathway. Nat. Microbiol. 2022, 7, 1161–1179.
[CrossRef]

11. Davis, C.; Logan, N.; Tyson, G.; Orton, R.; Harvey, W.T.; Perkins, J.S.; Mollett, G.; Blacow, R.M.; COVID-19 Genomics UK
(COG-UK) Consortium; Peacock, T.P.; et al. Reduced Neutralisation of the Delta (B.1.617.2) SARS-CoV-2 Variant of Concern
Following Vaccination. PLoS Pathog. 2021, 17, e1010022. [CrossRef]

12. Ovsyannikova, I.G.; Salk, H.M.; Kennedy, R.B.; Haralambieva, I.H.; Zimmermann, M.T.; Grill, D.E.; Oberg, A.L.; Poland, G.A.
Gene Signatures Associated with Adaptive Humoral Immunity Following Seasonal Influenza A/H1N1 Vaccination. Genes.
Immun. 2016, 17, 371–379. [CrossRef]

13. Tsang, T.K.; Wang, C.; Tsang, N.N.Y.; Fang, V.J.; Perera, R.A.P.M.; Malik Peiris, J.S.; Leung, G.M.; Cowling, B.J.; Ip, D.K.M. Impact
of Host Genetic Polymorphisms on Response to Inactivated Influenza Vaccine in Children. Npj Vaccines 2023, 8, 21. [CrossRef]
[PubMed]

14. Poland, G.A.; Ovsyannikova, I.G.; Jacobson, R.M.; Vierkant, R.A.; Jacobsen, S.J.; Pankratz, V.S.; Schaid, D.J. Identification of an
Association between HLA Class II Alleles and Low Antibody Levels after Measles Immunization. Vaccine 2001, 20, 430–438.
[CrossRef]

15. Jacobson, R.M.; Poland, G.A.; Vierkant, R.A.; Pankratz, V.S.; Schaid, D.J.; Jacobsen, S.J.; Sauver, J.S.; Moore, S.B. The Association of
Class I HLA Alleles and Antibody Levels after a Single Dose of Measles Vaccine. Hum. Immunol. 2003, 64, 103–109. [CrossRef]
[PubMed]

16. Hennig, B.J.; Fielding, K.; Broxholme, J.; Diatta, M.; Mendy, M.; Moore, C.; Pollard, A.J.; Rayco-Solon, P.; Sirugo, G.; van der
Sande, M.A.; et al. Host Genetic Factors and Vaccine-Induced Immunity to Hepatitis B Virus Infection. PLoS ONE 2008, 3, e1898.
[CrossRef] [PubMed]

17. Gemmati, D.; Longo, G.; Gallo, I.; Silva, J.A.; Secchiero, P.; Zauli, G.; Hanau, S.; Passaro, A.; Pellegatti, P.; Pizzicotti, S.; et al. Host
Genetics Impact on SARS-CoV-2 Vaccine-Induced Immunoglobulin Levels and Dynamics: The Role of TP53, ABO, APOE, ACE2,
HLA-A, and CRP Genes. Front. Genet. 2022, 13, 1028081. [CrossRef] [PubMed]

18. Corbett, K.S.; Edwards, D.K.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schäfer, A.; Ziwawo,
C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA Vaccine Design Enabled by Prototype Pathogen Preparedness. Nature 2020, 586,
567–571. [CrossRef] [PubMed]

19. Muñoz-Fontela, C.; Widerspick, L.; Albrecht, R.A.; Beer, M.; Carroll, M.W.; de Wit, E.; Diamond, M.S.; Dowling, W.E.; Funnell,
S.G.P.; García-Sastre, A.; et al. Advances and Gaps in SARS-CoV-2 Infection Models. PLOS Pathog. 2022, 18, e1010161. [CrossRef]

20. Zeng, M.; Nourishirazi, E.; Guinet, E.; Nouri-Shirazi, M. The Genetic Background Influences the Cellular and Humoral Immune
Responses to Vaccines. Clin. Exp. Immunol. 2016, 186, 190–204. [CrossRef]

21. Kuipers, K.; van Selm, S.; van Opzeeland, F.; Langereis, J.D.; Verhagen, L.M.; Diavatopoulos, D.A.; de Jonge, M.I. Genetic
Background Impacts Vaccine-Induced Reduction of Pneumococcal Colonization. Vaccine 2017, 35, 5235–5241. [CrossRef]

22. Trammell, R.A.; Liberati, T.A.; Toth, L.A. Host Genetic Background and the Innate Inflammatory Response of Lung to Influenza
Virus. Microbes Infect. 2012, 14, 50–58. [CrossRef]

23. Churchill, G.A.; Gatti, D.M.; Munger, S.C.; Svenson, K.L. The Diversity Outbred Mouse Population. Mamm. Genome Off. J. Int.
Mamm. Genome Soc. 2012, 23, 713–718. [CrossRef] [PubMed]

24. Threadgill, D.W.; Miller, D.R.; Churchill, G.A.; de Villena, F.P.-M. The Collaborative Cross: A Recombinant Inbred Mouse
Population for the Systems Genetic Era. ILAR J. 2011, 52, 24–31. [CrossRef] [PubMed]

25. Smith, C.M.; Proulx, M.K.; Olive, A.J.; Laddy, D.; Mishra, B.B.; Moss, C.; Gutierrez, N.M.; Bellerose, M.M.; Barreira-Silva, P.;
Phuah, J.Y.; et al. Tuberculosis Susceptibility and Vaccine Protection Are Independently Controlled by Host Genotype. mBio 2016,
7, e01516-16. [CrossRef] [PubMed]

26. Kurtz, S.L.; Rossi, A.P.; Beamer, G.L.; Gatti, D.M.; Kramnik, I.; Elkins, K.L. The Diversity Outbred Mouse Population Is an
Improved Animal Model of Vaccination against Tuberculosis That Reflects Heterogeneity of Protection. mSphere 2020. [CrossRef]

https://doi.org/10.1016/S1473-3099(20)30987-7
https://www.ncbi.nlm.nih.gov/pubmed/33548194
https://doi.org/10.1056/NEJMoa2034577
https://www.ncbi.nlm.nih.gov/pubmed/33301246
https://doi.org/10.1038/s41564-021-01053-0
https://www.ncbi.nlm.nih.gov/pubmed/35132198
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1371/journal.ppat.1010022
https://doi.org/10.1038/gene.2016.34
https://doi.org/10.1038/s41541-023-00621-1
https://www.ncbi.nlm.nih.gov/pubmed/36804941
https://doi.org/10.1016/S0264-410X(01)00346-2
https://doi.org/10.1016/S0198-8859(02)00741-3
https://www.ncbi.nlm.nih.gov/pubmed/12507820
https://doi.org/10.1371/journal.pone.0001898
https://www.ncbi.nlm.nih.gov/pubmed/18365030
https://doi.org/10.3389/fgene.2022.1028081
https://www.ncbi.nlm.nih.gov/pubmed/36531241
https://doi.org/10.1038/s41586-020-2622-0
https://www.ncbi.nlm.nih.gov/pubmed/32756549
https://doi.org/10.1371/journal.ppat.1010161
https://doi.org/10.1111/cei.12841
https://doi.org/10.1016/j.vaccine.2017.08.023
https://doi.org/10.1016/j.micinf.2011.08.008
https://doi.org/10.1007/s00335-012-9414-2
https://www.ncbi.nlm.nih.gov/pubmed/22892839
https://doi.org/10.1093/ilar.52.1.24
https://www.ncbi.nlm.nih.gov/pubmed/21411855
https://doi.org/10.1128/mBio.01516-16
https://www.ncbi.nlm.nih.gov/pubmed/27651361
https://doi.org/10.1128/mSphere.00097-20


Vaccines 2024, 12, 103 14 of 16

27. Kurtz, S.L.; Mittereder, L.R.; Lehman, C.C.; Khan, H.; Gould, V.A.; Elkins, K.L. Intravenous BCG Vaccination of Diversity Outbred
Mice Results in Moderately Enhanced Protection against Challenge with Mycobacterium Tuberculosis Compared to Intradermal
Vaccination. Infect. Immun. 2023, 91, e00168-23. [CrossRef] [PubMed]

28. McHugh, K.J.; Mandalapu, S.; Kolls, J.K.; Ross, T.M.; Alcorn, J.F. A Novel Outbred Mouse Model of 2009 Pandemic Influenza and
Bacterial Co-Infection Severity. PLoS ONE 2013, 8, e82865. [CrossRef]

29. Dinnon, K.H.; Leist, S.R.; Schäfer, A.; Edwards, C.E.; Martinez, D.R.; Montgomery, S.A.; West, A.; Yount, B.L.; Hou, Y.J.; Adams,
L.E.; et al. A Mouse-Adapted Model of SARS-CoV-2 to Test COVID-19 Countermeasures. Nature 2020, 586, 560–566. [CrossRef]

30. 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. A
Mouse-Adapted SARS-CoV-2 Induces Acute Lung Injury and Mortality in Standard Laboratory Mice. Cell 2020, 183, 1070–1085.e12.
[CrossRef]

31. Sigmon, J.S.; Blanchard, M.W.; Baric, R.S.; Bell, T.A.; Brennan, J.; Brockmann, G.A.; Burks, A.W.; Calabrese, J.M.; Caron, K.M.;
Cheney, R.E.; et al. Content and Performance of the MiniMUGA Genotyping Array: A New Tool to Improve Rigor and
Reproducibility in Mouse Research. Genetics 2020, 216, 905–930. [CrossRef]

32. Martinez, D.R.; Schaefer, A.; Gobeil, S.; Li, D.; De la Cruz, G.; Parks, R.; Lu, X.; Barr, M.; Manne, K.; Mansouri, K.; et al. A Broadly
Neutralizing Antibody Protects against SARS-CoV, Pre-Emergent Bat CoVs, and SARS-CoV-2 Variants in Mice. BioRxiv Prepr.
Serv. Biol. 2021. [CrossRef]

33. Gralinski, L.E.; Ferris, M.T.; Aylor, D.L.; Whitmore, A.C.; Green, R.; Frieman, M.B.; Deming, D.; Menachery, V.D.; Miller, D.R.;
Buus, R.J.; et al. Genome Wide Identification of SARS-CoV Susceptibility Loci Using the Collaborative Cross. PLoS Genet. 2015,
11, e1005504. [CrossRef] [PubMed]

34. Gralinski, L.E.; Menachery, V.D.; Morgan, A.P.; Totura, A.L.; Beall, A.; Kocher, J.; Plante, J.; Harrison-Shostak, D.C.; Schäfer,
A.; Pardo-Manuel de Villena, F.; et al. Allelic Variation in the Toll-Like Receptor Adaptor Protein Ticam2 Contributes to
SARS-Coronavirus Pathogenesis in Mice. G3 GenesGenomesGenetics 2017, 7, 1653–1663. [CrossRef] [PubMed]

35. Graham, J.B.; Swarts, J.L.; Leist, S.R.; Schäfer, A.; Menachery, V.D.; Gralinski, L.E.; Jeng, S.; Miller, D.R.; Mooney, M.A.; McWeeney,
S.K.; et al. Baseline T Cell Immune Phenotypes Predict Virologic and Disease Control upon SARS-CoV Infection in Collaborative
Cross Mice. PLoS Pathog. 2021, 17, e1009287. [CrossRef] [PubMed]

36. Schäfer, A.; Leist, S.R.; Gralinski, L.E.; Martinez, D.R.; Winkler, E.S.; Okuda, K.; Hawkins, P.E.; Gully, K.L.; Graham, R.L.; Scobey,
D.T.; et al. A Multitrait Locus Regulates Sarbecovirus Pathogenesis. mBio 2022, 13, e0145422. [CrossRef] [PubMed]

37. Velavan, T.P.; Pallerla, S.R.; Rüter, J.; Augustin, Y.; Kremsner, P.G.; Krishna, S.; Meyer, C.G. Host Genetic Factors Determining
COVID-19 Susceptibility and Severity. EBioMedicine 2021, 72, 103629. [CrossRef]

38. Shelton, J.F.; Shastri, A.J.; Ye, C.; Weldon, C.H.; Filshtein-Sonmez, T.; Coker, D.; Symons, A.; Esparza-Gordillo, J.; 23andMe
COVID-19 Team; Aslibekyan, S.; et al. Trans-Ancestry Analysis Reveals Genetic and Nongenetic Associations with COVID-19
Susceptibility and Severity. Nat. Genet. 2021, 53, 801–808. [CrossRef]

39. Pairo-Castineira, E.; Clohisey, S.; Klaric, L.; Bretherick, A.D.; Rawlik, K.; Pasko, D.; Walker, S.; Parkinson, N.; Fourman, M.H.;
Russell, C.D.; et al. Genetic Mechanisms of Critical Illness in COVID-19. Nature 2021, 591, 92–98. [CrossRef]

40. Li, P.; Ke, Y.; Shen, W.; Shi, S.; Wang, Y.; Lin, K.; Guo, X.; Wang, C.; Zhang, Y.; Zhao, Z. Targeted Screening of Genetic Associations
with COVID-19 Susceptibility and Severity. Front. Genet. 2022, 13. [CrossRef]

41. Schaid, D.J.; Haralambieva, I.H.; Larrabee, B.R.; Ovsyannikova, I.G.; Kennedy, R.B.; Poland, G.A. Heritability of Vaccine-Induced
Measles Neutralizing Antibody Titers. Vaccine 2017, 35, 1390–1394. [CrossRef]

42. Ovsyannikova, I.G.; Kennedy, R.B.; O’Byrne, M.; Jacobson, R.M.; Pankratz, V.S.; Poland, G.A. Genome-Wide Association Study of
Antibody Response to Smallpox Vaccine. Vaccine 2012, 30, 4182–4189. [CrossRef]

43. Vogel, A.B.; Kanevsky, I.; Che, Y.; Swanson, K.A.; Muik, A.; Vormehr, M.; Kranz, L.M.; Walzer, K.C.; Hein, S.; Güler, A.; et al.
BNT162b Vaccines Protect Rhesus Macaques from SARS-CoV-2. Nature 2021, 592, 283–289. [CrossRef] [PubMed]

44. Scheaffer, S.M.; Lee, D.; Whitener, B.; Ying, B.; Wu, K.; Liang, C.-Y.; Jani, H.; Martin, P.; Amato, N.J.; Avena, L.E.; et al. Bivalent
SARS-CoV-2 mRNA Vaccines Increase Breadth of Neutralization and Protect against the BA.5 Omicron Variant in Mice. Nat. Med.
2023, 29, 247–257. [CrossRef] [PubMed]

45. Saravanan, U.B.; Namachivayam, M.; Jeewon, R.; Huang, J.-D.; Durairajan, S.S.K. Animal Models for SARS-CoV-2 and SARS-
CoV-1 Pathogenesis, Transmission and Therapeutic Evaluation. World J. Virol. 2022, 11, 40–56. [CrossRef] [PubMed]

46. Zheng, C.; Shao, W.; Chen, X.; Zhang, B.; Wang, G.; Zhang, W. Real-World Effectiveness of COVID-19 Vaccines: A Literature
Review and Meta-Analysis. Int. J. Infect. Dis. 2022, 114, 252–260. [CrossRef] [PubMed]

47. Feikin, D.R.; Higdon, M.M.; Abu-Raddad, L.J.; Andrews, N.; Araos, R.; Goldberg, Y.; Groome, M.J.; Huppert, A.; O’Brien, K.L.;
Smith, P.G.; et al. Duration of Effectiveness of Vaccines against SARS-CoV-2 Infection and COVID-19 Disease: Results of a
Systematic Review and Meta-Regression. Lancet Lond. Engl. 2022, 399, 924–944. [CrossRef] [PubMed]

48. Stowe, J.; Andrews, N.; Kirsebom, F.; Ramsay, M.; Bernal, J.L. Effectiveness of COVID-19 Vaccines against Omicron and Delta
Hospitalisation, a Test Negative Case-Control Study. Nat. Commun. 2022, 13, 5736. [CrossRef] [PubMed]

49. Tan, C.S.; Collier, A.Y.; Yu, J.; Liu, J.; Chandrashekar, A.; McMahan, K.; Jacob-Dolan, C.; He, X.; Roy, V.; Hauser, B.M.; et al.
Durability of Heterologous and Homologous COVID-19 Vaccine Boosts. JAMA Netw. Open 2022, 5, e2226335. [CrossRef]

50. Atmar, R.L.; Lyke, K.E.; Deming, M.E.; Jackson, L.A.; Branche, A.R.; El Sahly, H.M.; Rostad, C.A.; Martin, J.M.; Johnston, C.; Rupp,
R.E.; et al. Homologous and Heterologous COVID-19 Booster Vaccinations. N. Engl. J. Med. 2022, 386, 1046–1057. [CrossRef]

https://doi.org/10.1128/iai.00168-23
https://www.ncbi.nlm.nih.gov/pubmed/37338410
https://doi.org/10.1371/journal.pone.0082865
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1016/j.cell.2020.09.050
https://doi.org/10.1534/genetics.120.303596
https://doi.org/10.1101/2021.04.27.441655
https://doi.org/10.1371/journal.pgen.1005504
https://www.ncbi.nlm.nih.gov/pubmed/26452100
https://doi.org/10.1534/g3.117.041434
https://www.ncbi.nlm.nih.gov/pubmed/28592648
https://doi.org/10.1371/journal.ppat.1009287
https://www.ncbi.nlm.nih.gov/pubmed/33513210
https://doi.org/10.1128/mbio.01454-22
https://www.ncbi.nlm.nih.gov/pubmed/35862771
https://doi.org/10.1016/j.ebiom.2021.103629
https://doi.org/10.1038/s41588-021-00854-7
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.3389/fgene.2022.1073880
https://doi.org/10.1016/j.vaccine.2017.01.078
https://doi.org/10.1016/j.vaccine.2012.04.055
https://doi.org/10.1038/s41586-021-03275-y
https://www.ncbi.nlm.nih.gov/pubmed/33524990
https://doi.org/10.1038/s41591-022-02092-8
https://www.ncbi.nlm.nih.gov/pubmed/36265510
https://doi.org/10.5501/wjv.v11.i1.40
https://www.ncbi.nlm.nih.gov/pubmed/35117970
https://doi.org/10.1016/j.ijid.2021.11.009
https://www.ncbi.nlm.nih.gov/pubmed/34800687
https://doi.org/10.1016/S0140-6736(22)00152-0
https://www.ncbi.nlm.nih.gov/pubmed/35202601
https://doi.org/10.1038/s41467-022-33378-7
https://www.ncbi.nlm.nih.gov/pubmed/36180428
https://doi.org/10.1001/jamanetworkopen.2022.26335
https://doi.org/10.1056/NEJMoa2116414


Vaccines 2024, 12, 103 15 of 16

51. Wu, K.; Choi, A.; Koch, M.; Elbashir, S.; Ma, L.; Lee, D.; Woods, A.; Henry, C.; Palandjian, C.; Hill, A.; et al. Variant SARS-CoV-2
mRNA Vaccines Confer Broad Neutralization as Primary or Booster Series in Mice. Vaccine 2021, 39, 7394–7400. [CrossRef]

52. Liu, J.; Budylowski, P.; Samson, R.; Griffin, B.D.; Babuadze, G.; Rathod, B.; Colwill, K.; Abioye, J.A.; Schwartz, J.A.; Law, R.; et al.
Preclinical Evaluation of a SARS-CoV-2 mRNA Vaccine PTX-COVID19-B. Sci. Adv. 2022, 8, eabj9815. [CrossRef]

53. Tian, J.-H.; Patel, N.; Haupt, R.; Zhou, H.; Weston, S.; Hammond, H.; Logue, J.; Portnoff, A.D.; Norton, J.; Guebre-Xabier, M.; et al.
SARS-CoV-2 Spike Glycoprotein Vaccine Candidate NVX-CoV2373 Immunogenicity in Baboons and Protection in Mice. Nat.
Commun. 2021, 12, 372. [CrossRef]

54. Wørzner, K.; Sheward, D.J.; Schmidt, S.T.; Hanke, L.; Zimmermann, J.; McInerney, G.; Hedestam, G.B.K.; Murrell, B.; Christensen,
D.; Pedersen, G.K. Adjuvanted SARS-CoV-2 Spike Protein Elicits Neutralizing Antibodies and CD4 T Cell Responses after a
Single Immunization in Mice. EBioMedicine 2021, 63, 103197. [CrossRef] [PubMed]

55. Seephetdee, C.; Buasri, N.; Bhukhai, K.; Srisanga, K.; Manopwisedjaroen, S.; Lertjintanakit, S.; Phueakphud, N.; Pakiranay, C.;
Kangwanrangsan, N.; Srichatrapimuk, S.; et al. Mice Immunized with the Vaccine Candidate HexaPro Spike Produce Neutralizing
Antibodies against SARS-CoV-2. Vaccines 2021, 9, 498. [CrossRef] [PubMed]

56. Ma, Q.; Li, R.; Guo, J.; Li, M.; Ma, L.; Dai, J.; Shi, Y.; Dai, J.; Huang, Y.; Dai, C.; et al. Immunization with a Prefusion SARS-CoV-2
Spike Protein Vaccine (RBMRNA-176) Protects against Viral Challenge in Mice and Nonhuman Primates. Vaccines 2022, 10, 1698.
[CrossRef] [PubMed]

57. Pairo-Castineira, E.; Rawlik, K.; Bretherick, A.D.; Qi, T.; Wu, Y.; Nassiri, I.; McConkey, G.A.; Zechner, M.; Klaric, L.; Griffiths,
F.; et al. GWAS and Meta-Analysis Identifies 49 Genetic Variants Underlying Critical COVID-19. Nature 2023, 617, 764–768.
[CrossRef] [PubMed]

58. Taylor, K.; Pearson, M.; Das, S.; Sardell, J.; Chocian, K.; Gardner, S. Genetic Risk Factors for Severe and Fatigue Dominant Long
COVID and Commonalities with ME/CFS Identified by Combinatorial Analysis. J. Transl. Med. 2023, 21, 775. [CrossRef]

59. Lammi, V.; Nakanishi, T.; Jones, S.E.; Andrews, S.J.; Karjalainen, J.; Cortés, B.; O’Brien, H.E.; Fulton-Howard, B.E.; Haapaniemi,
H.H.; Schmidt, A.; et al. Genome-Wide Association Study of Long COVID 2023. Available online: https://www.medrxiv.org/
content/10.1101/2023.06.29.23292056v1 (accessed on 16 November 2023).

60. COVID-19 Host Genetics Initiative Mapping the Human Genetic Architecture of COVID-19. Nature 2021, 600, 472–477. [CrossRef]
61. Severe COVID-19 GWAS Group; Ellinghaus, D.; Degenhardt, F.; Bujanda, L.; Buti, M.; Albillos, A.; Invernizzi, P.; Fernández, J.;

Prati, D.; Baselli, G.; et al. Genomewide Association Study of Severe COVID-19 with Respiratory Failure. N. Engl. J. Med. 2020,
383, 1522–1534. [CrossRef]

62. Zecevic, M.; Kotur, N.; Ristivojevic, B.; Gasic, V.; Skodric-Trifunovic, V.; Stjepanovic, M.; Stevanovic, G.; Lavadinovic, L.; Zukic, B.;
Pavlovic, S.; et al. Genome-Wide Association Study of COVID-19 Outcomes Reveals Novel Host Genetic Risk Loci in the Serbian
Population. Front. Genet. 2022, 13, 911010. [CrossRef]

63. Mentzer, A.J.; O’Connor, D.; Bibi, S.; Chelysheva, I.; Clutterbuck, E.A.; Demissie, T.; Dinesh, T.; Edwards, N.J.; Felle, S.; Feng, S.;
et al. Human Leukocyte Antigen Alleles Associate with COVID-19 Vaccine Immunogenicity and Risk of Breakthrough Infection.
Nat. Med. 2023, 29, 147–157. [CrossRef]

64. Bolze, A.; Neveux, I.; Schiabor Barrett, K.M.; White, S.; Isaksson, M.; Dabe, S.; Lee, W.; Grzymski, J.J.; Washington, N.L.; Cirulli,
E.T. HLA-A∗03:01 Is Associated with Increased Risk of Fever, Chills, and Stronger Side Effects from Pfizer-BioNTech COVID-19
Vaccination. Hum. Genet. Genom. Adv. 2022, 3, 100084. [CrossRef] [PubMed]

65. Li, P.; Shi, D.; Shen, W.; Shi, S.; Guo, X.; Li, J.; Xu, S.; Zhang, Y.; Zhao, Z. Pilot Genome-Wide Association Study of Antibody
Response to Inactivated SARS-CoV-2 Vaccines. Front. Immunol. 2022, 13, 1054147. [CrossRef] [PubMed]

66. Robertson, S.J.; Bedard, O.; McNally, K.L.; Shaia, C.; Clancy, C.S.; Lewis, M.; Broeckel, R.M.; Chiramel, A.I.; Shannon, J.G.;
Sturdevant, G.L.; et al. Genetically Diverse Mouse Models of SARS-CoV-2 Infection Reproduce Clinical Variation in Type I
Interferon and Cytokine Responses in COVID-19. Nat. Commun. 2023, 14, 4481. [CrossRef] [PubMed]

67. Gilbert, P.B.; Montefiori, D.C.; McDermott, A.B.; Fong, Y.; Benkeser, D.; Deng, W.; Zhou, H.; Houchens, C.R.; Martins, K.;
Jayashankar, L.; et al. Immune Correlates Analysis of the mRNA-1273 COVID-19 Vaccine Efficacy Clinical Trial. Science 2022, 375,
43–50. [CrossRef] [PubMed]

68. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,
M.P. Neutralizing Antibody Levels Are Highly Predictive of Immune Protection from Symptomatic SARS-CoV-2 Infection. Nat.
Med. 2021, 27, 1205–1211. [CrossRef]

69. Bergwerk, M.; Gonen, T.; Lustig, Y.; Amit, S.; Lipsitch, M.; Cohen, C.; Mandelboim, M.; Gal Levin, E.; Rubin, C.; Indenbaum, V.;
et al. COVID-19 Breakthrough Infections in Vaccinated Health Care Workers. N. Engl. J. Med. 2021, 385, 1629–1630. [CrossRef]

70. Yamamoto, S.; Matsuda, K.; Maeda, K.; Horii, K.; Okudera, K.; Oshiro, Y.; Inamura, N.; Takeuchi, J.S.; Konishi, M.; Ozeki, M.;
et al. Neutralizing Antibodies after Three Doses of the BNT162b2 Vaccine, Breakthrough Infection, and Symptoms during the
Omicron-Predominant Wave. Int. J. Infect. Dis. 2023, 128, 347–354. [CrossRef]

71. Yamamoto, S.; Matsuda, K.; Maeda, K.; Horii, K.; Okudera, K.; Oshiro, Y.; Inamura, N.; Nemoto, T.; Takeuchi, J.S.; Li, Y.; et al.
Preinfection Neutralizing Antibodies, Omicron BA.5 Breakthrough Infection, and Long COVID: A Propensity Score-Matched
Analysis. J. Infect. Dis. 2023, 228, 1652–1661. [CrossRef]

72. Servellita, V.; Syed, A.M.; Morris, M.K.; Brazer, N.; Saldhi, P.; Garcia-Knight, M.; Sreekumar, B.; Khalid, M.M.; Ciling, A.; Chen,
P.-Y.; et al. Neutralizing Immunity in Vaccine Breakthrough Infections from the SARS-CoV-2 Omicron and Delta Variants. Cell
2022, 185, 1539–1548.e5. [CrossRef]

https://doi.org/10.1016/j.vaccine.2021.11.001
https://doi.org/10.1126/sciadv.abj9815
https://doi.org/10.1038/s41467-020-20653-8
https://doi.org/10.1016/j.ebiom.2020.103197
https://www.ncbi.nlm.nih.gov/pubmed/33422991
https://doi.org/10.3390/vaccines9050498
https://www.ncbi.nlm.nih.gov/pubmed/34066016
https://doi.org/10.3390/vaccines10101698
https://www.ncbi.nlm.nih.gov/pubmed/36298563
https://doi.org/10.1038/s41586-023-06034-3
https://www.ncbi.nlm.nih.gov/pubmed/37198478
https://doi.org/10.1186/s12967-023-04588-4
https://www.medrxiv.org/content/10.1101/2023.06.29.23292056v1
https://www.medrxiv.org/content/10.1101/2023.06.29.23292056v1
https://doi.org/10.1038/s41586-021-03767-x
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.3389/fgene.2022.911010
https://doi.org/10.1038/s41591-022-02078-6
https://doi.org/10.1016/j.xhgg.2021.100084
https://www.ncbi.nlm.nih.gov/pubmed/35005651
https://doi.org/10.3389/fimmu.2022.1054147
https://www.ncbi.nlm.nih.gov/pubmed/36451823
https://doi.org/10.1038/s41467-023-40076-5
https://www.ncbi.nlm.nih.gov/pubmed/37491352
https://doi.org/10.1126/science.abm3425
https://www.ncbi.nlm.nih.gov/pubmed/34812653
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1056/NEJMoa2109072
https://doi.org/10.1016/j.ijid.2023.01.023
https://doi.org/10.1093/infdis/jiad317
https://doi.org/10.1016/j.cell.2022.03.019


Vaccines 2024, 12, 103 16 of 16

73. Lai, R.; Gong, D.N.; Williams, T.; Ogunsola, A.F.; Cavallo, K.; Arlehamn, C.S.L.; Acolatse, S.; Beamer, G.L.; Ferris, M.T.; Sassetti,
C.M.; et al. Host Genetic Background Is a Barrier to Broadly Effective Vaccine–Mediated Protection against Tuberculosis. J. Clin.
Investig. 2023, 133, e167762. [CrossRef]

74. Nelde, A.; Bilich, T.; Heitmann, J.S.; Maringer, Y.; Salih, H.R.; Roerden, M.; Lübke, M.; Bauer, J.; Rieth, J.; Wacker, M.; et al.
SARS-CoV-2-Derived Peptides Define Heterologous and COVID-19-Induced T Cell Recognition. Nat. Immunol. 2021, 22, 74–85.
[CrossRef] [PubMed]

75. Kaplonek, P.; Fischinger, S.; Cizmeci, D.; Bartsch, Y.C.; Kang, J.; Burke, J.S.; Shin, S.A.; Dayal, D.; Martin, P.; Mann, C.; et al.
mRNA-1273 Vaccine-Induced Antibodies Maintain Fc Effector Functions across SARS-CoV-2 Variants of Concern. Immunity 2022,
55, 355–365.e4. [CrossRef] [PubMed]

76. Antonelli, M.; Penfold, R.S.; Merino, J.; Sudre, C.H.; Molteni, E.; Berry, S.; Canas, L.S.; Graham, M.S.; Klaser, K.; Modat, M.; et al.
Risk Factors and Disease Profile of Post-Vaccination SARS-CoV-2 Infection in UK Users of the COVID Symptom Study App: A
Prospective, Community-Based, Nested, Case-Control Study. Lancet Infect. Dis. 2022, 22, 43–55. [CrossRef] [PubMed]

77. Zhu, X.; Gebo, K.A.; Abraham, A.G.; Habtehyimer, F.; Patel, E.U.; Laeyendecker, O.; Gniadek, T.J.; Fernandez, R.E.; Baker, O.R.;
Ram, M.; et al. Dynamics of Inflammatory Responses after SARS-CoV-2 Infection by Vaccination Status in the USA: A Prospective
Cohort Study. Lancet Microbe 2023, 4, e692–e703. [CrossRef]

78. Scola, L.; Ferraro, D.; Sanfilippo, G.L.; De Grazia, S.; Lio, D.; Giammanco, G.M. Age and Cytokine Gene Variants Modulate the
Immunogenicity and Protective Effect of SARS-CoV-2 mRNA-Based Vaccination. Vaccines 2023, 11, 413. [CrossRef]

79. Mosedale, M.; Cai, Y.; Eaddy, J.S.; Kirby, P.J.; Wolenski, F.S.; Dragan, Y.; Valdar, W. Human-Relevant Mechanisms and Risk Factors
for TAK-875-Induced Liver Injury Identified via a Gene Pathway-Based Approach in Collaborative Cross Mice. Toxicology 2021,
461, 152902. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1172/JCI167762
https://doi.org/10.1038/s41590-020-00808-x
https://www.ncbi.nlm.nih.gov/pubmed/32999467
https://doi.org/10.1016/j.immuni.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35090580
https://doi.org/10.1016/S1473-3099(21)00460-6
https://www.ncbi.nlm.nih.gov/pubmed/34480857
https://doi.org/10.1016/S2666-5247(23)00171-4
https://doi.org/10.3390/vaccines11020413
https://doi.org/10.1016/j.tox.2021.152902

	Introduction 
	Materials and Methods 
	Virus Stocks 
	Mice 
	Genotyping 
	Genetic Clustering 
	Vaccination 
	Virus Challenge 
	Neutralizing Antibody 
	Viral Plaque Assays 
	Statistical Analysis 

	Results 
	Case–Control Design in an Outbred Mouse Population 
	Variable Vaccination and Disease Response across This DO Population 
	Genetic Diversity Contributes to Vaccination Outcomes 
	Relationship of Infectious Responses among Vaccine Treatments and Families 

	Discussion 
	References

