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mRNA Vaccine Mitigates SARS-CoV-2 Infections and COVID-19
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aDepartment of Infectious Diseases, St. Jude Children’s Research Hospital, Memphis, Tennessee, USA
bSt. Jude Children’s Research Hospital Graduate School of Biomedical Sciences, Memphis, Tennessee, USA
cGreenLight Biosciences, Woburn, Massachusetts, USA
dDepartment of Medicine, Washington University School of Medicine, St. Louis, Missouri, USA
eMolecular Microbiology, Washington University School of Medicine, St. Louis, Missouri, USA
fPathology and Immunology, Washington University School of Medicine, St. Louis, Missouri, USA

ABSTRACT The novel coronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was identified in December of 2019 and is responsible for millions of
infections and deaths across the globe. Vaccination against SARS-CoV-2 has proven
effective to contain the spread of the virus and reduce disease. The production and
distribution of these vaccines occurred at a remarkable pace, largely through the
employment of the novel mRNA platform. However, interruptions in supply chain and
high demand for clinical grade reagents have impeded the manufacture and distribu-
tion of mRNA vaccines at a time when accelerated vaccine deployment is crucial.
Furthermore, the emergence of SARS-CoV-2 variants across the globe continues to
threaten the efficacy of vaccines encoding the ancestral virus spike protein. Here, we
report results from preclinical studies on mRNA vaccines developed using a proprie-
tary mRNA production process developed by GreenLight Biosciences. Two mRNA vac-
cines encoding the full-length, nonstabilized SARS-CoV-2 spike protein, GLB-COV2-042
and GLB-COV2-043, containing uridine and pseudouridine, respectively, were evaluated
in rodents for their immunogenicity and protection from SARS-CoV-2 challenge with
the ancestral strain and the Alpha (B.1.1.7) and Beta (B.1.351) variants. In mice and
hamsters, both vaccines induced robust spike-specific binding and neutralizing anti-
bodies, and in mice, vaccines induced significant T cell responses with a clear Th1
bias. In hamsters, both vaccines conferred significant protection following challenge
with SARS-CoV-2 as assessed by weight loss, viral load, and virus replication in the
lungs and nasopharynx. These results support the development of GLB-COV2-042 and
GLB-COV2-043 for clinical use.

IMPORTANCE SARS-CoV-2 continues to disrupt everyday life and cause excess
morbidity and mortality worldwide. Vaccination has been key to quelling the
impact of this respiratory pathogen, and mRNA vaccines have led the charge on
this front. However, the emergence of SARS-CoV-2 variants has sparked fears
regarding vaccine efficacy. Furthermore, SARS-CoV-2 vaccines continue to be
unevenly distributed across the globe. For these reasons and despite the suc-
cess of emergency authorized and licensed SARS-CoV-2 vaccines, additional vac-
cines are needed to meet public health demands. The studies presented here
are significant as they demonstrate robust protective efficacy of mRNA vaccines
developed by GreenLight Biosciences against not only wild-type SARS-CoV-2,
but also Alpha and Beta variants. These results support the progression of
GreenLight Biosciences SARS-CoV-2 mRNA vaccines to clinical trials as another
defense against SARS-CoV-2.
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In December of 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, China, and quickly spread to the rest of the globe, prompting

the World Health Organization (WHO) to declare SARS-CoV-2 a pandemic virus by
March 2020. At the time of writing, SARS-CoV-2 has caused over 601 million infections
and over 6.4 million deaths worldwide (1, 2). Due to limited treatment options for coro-
navirus disease 2019 (COVID-19), physical measures have been employed, including
social distancing and the use of facial masks. However, to effectively quell the SARS-
CoV-2 pandemic, vaccines are urgently needed. This has prompted a surge of research
into SARS-CoV-2 vaccine development and testing, resulting in several candidate vac-
cines receiving FDA Emergency Use Authorization and, in some cases, licensure (3–5).

Two of these vaccines, produced by BioNTech/Pfizer and Moderna, use mRNA tran-
scripts encoding the ancestral SARS-CoV-2 spike protein with a 2 proline prefusion stabi-
lization (S-2P); these vaccines have been shown to be .90% effective in preventing
symptomatic COVID-19 caused by the ancestral strain of the virus (6, 7). However, chal-
lenges in manufacture due to reagent shortages and supply chain disruptions coupled
with the need to vaccinate billions of people have resulted in a vaccine supply that has
struggled to meet global demand (8). Furthermore, this slow global distribution contin-
ues to provide SARS-CoV-2 a window within which to evolve, resulting in the emergence
of variant viruses. While early studies assessing the efficacy of the BioNTech/Pfizer vac-
cine, COMIRNATY, estimated ;75% efficacy against Beta infection in a cohort in Qatar,
clinical and real-world cases in Israel and the United States showed a vaccine effective-
ness of ;55% against the Beta variant (9). A California cohort assessing the efficacy of
the Moderna vaccine, Spikevax, found a vaccine effectiveness of 98.4% against Alpha
infection in individuals who received two doses of the vaccine though this effectiveness
declined over time (10).

mRNA vaccines can be designed and produced rapidly, requiring only the nucleotide
sequence of the target antigen, and can be customized to enhance immunogenicity and
stability (11, 12). Animal studies have demonstrated the ability of mRNA vaccines to pro-
tect from a variety of pathogens, including influenza virus (13, 14), Zika virus (15, 16), ra-
bies virus (17, 18), and HIV-1 (19), and the successes of the BioNTech/Pfizer and Moderna
vaccines have begun to answer the outstanding questions of vaccine safety and efficacy
in humans. Though the manufacture of these vaccines is reasonably scalable, high-yield
production remains a hurdle as some reagents are not readily available in the appropri-
ate grade for clinical use (12).

Here, we present data on mRNA vaccines produced using Greenlight Biosciences’s
production process. Two constructs, GLB-COV2-042 (2042) and GLB-COV2-043 (2043),
containing unmodified and modified nucleotides, respectively, encoding the SARS-
CoV-2 full-length ancestral spike protein and encased in lipid nanoparticle (LNP) car-
riers were assessed. Both vaccines elicited potent neutralizing spike-specific antibody
responses, induced spike-specific T cell responses with a Th1-bias, and conferred signif-
icant protection against the ancestral, Alpha, and Beta strains of SARS-CoV-2 in the
hamster model, reducing both morbidity and viral replication in the lungs and naso-
pharynx. The results encourage advancement of GLB-COV2 mRNA vaccines to clinical
trials.

RESULTS
In vitro expression of GLB-COV2 mRNA. Spike protein expression was analyzed by

Western blot following mRNA transfection in 293 T cells. 2042 and 2043 produced by
GreenLight Biosciences and with a commercially available IVT kit were transfected;
recombinant S1 protein was used as a positive control. The full-length spike protein is
detected at a molecular weight of ;180 kDa with some variations in size due to glyco-
sylation. At 48-h posttransfection, bands of the appropriate size could be visualized in
all 2042 and 2043 lanes with no obvious differences in expression between GLB-RNA
and IVT-RNA, indicating GLB-COV2 mRNA vaccines resulted in expression of the full-
length spike protein (Fig. S1a).
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Spike protein expression was further analyzed by enzyme-linked immunosorbent assay
(ELISA). Again, GLB-RNA and IVT-RNA 2042 and 2043 mRNAs were transfected in 293
T cells; three negative controls were included in the experiment: mock-transfected cells, a
firefly luciferase mRNA, and an EGFP mRNA. Protein expression was evaluated 24-h post-
transfection. GLB-COV2 mRNA vaccines scored significantly above assay background as
determined by the negative controls, indicating positive spike protein expression (Fig.
S1b). Overall, 2042 and 2043, exhibited expression of the SARS-CoV-2 full-length spike
protein with very similar potency regardless of whether they were generated by commer-
cially available IVT kit or GLB RNA synthesis.

Vaccine immunogenicity in mice. (i) SARS-CoV-2-specific antibodies. The immu-
nogenicity of 2042 and 2043 mRNA constructs was first assessed by immunizing 8-
week-old female C57BL/6 mice on days 0 and 21 with vaccine doses of 100mg, 30mg, or
5 mg. These doses were chosen to be consistent with the Spikevax and COMIRNATY
adult dosing guidelines of two administrations of 100 and 30 mg, respectively, as well as
evaluate the effectiveness of GLB-COV2 mRNA vaccines below these concentrations (6,
7). The neutralizing activity of vaccine induced antibodies against the homologous virus
SARS-CoV-2 USA-WA1/2020 (WA-1) was determined using a focus reduction neutraliza-
tion test (FRNT) at days 21, 28, and 42 postinitial immunization (Fig. 1a to c). On day 21,
no difference in neutralizing antibody (Nab) titers were detected between 2042 and
2043 at the 100 mg dose (geometric mean titers [GMT] of 8,852.35 and 15,574.5, respec-
tively, P = 0.08921); however, Nab titers following immunization with 30 mg and 5 mg of
2043 (GMTs of 13,130.2 and 8,187.63, respectively) were significantly higher compared

FIG 1 Immunogenicity in mice following GLB-SARS-CoV mRNA vaccination. 8-week-old female C57BL/6 mice were immunized with 100 mg (n = 5), 30 mg
(n = 5), or 5 mg (n = 5) of GLB-COV2-042 or GLB-COV2-043 mRNA on days 0 and 21. Blood was collected on days 0, 28, and 42 for serum antibody
analysis. Spleens for T cell analysis were collected ;3 months postinitial immunization. (a) Postprime neutralizing antibody titers on day 21 (b) Postboost
neutralizing antibody titers on day 28. (c) Postboost neutralizing antibody titers on day 42. (d) Cytokine secretion of restimulated splenocytes. (e) Percent
of CD41 T cells secreting Th1/2 cytokines. (f) Percent of CD81 T cells secreting Th1/2 cytokines. Means and standard deviations are shown. Data from
controls were combined for statistical analyses. Statistical analyses were performed using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison
tests. Statistical signifiers above bars represent significance between that group and controls. *, P , 0.05; ***, P , 0.005; ****, P , 0.001.
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to the corresponding doses of 2042 (GMTs of 4,575.74 and 1,337.93, respectively, p ,

0.05) (Fig. 1a). At this time2042 resulted in induction of significantly higher Nab titers at
the 100 mg dose compared to the 30 and 5 mg doses, while mice that received 2043
exhibited no dose effects (Fig. 1a). One-week postboost (day 28), both GLB-COV2 mRNA
vaccines induced high neutralizing antibody titers (GMTs of 152592.2, 177241, and
89796.03 for 100, 30, and 5 mg of 2042, respectively, and 143789.4, 101657, and
87065.93 for 100, 30, and 5 mg of 2043) at all doses compared to control animals with
no difference in Nab titer between vaccine or doses detected (Fig. 1b). At 3-weeks post-
boost (days 42), GLB-COV2 mRNA vaccine Nab titers remained high (GMTs of 217,653,
134,073, and 116,439 for 100, 30, and 5 mg of 2042, respectively, and 236,012, 246,715,
and 83,448.9 for 100, 30, and 5 mg of 2043) at all doses compared to control animals. At
this time point, Nab titers in the 30 and 5 mg groups of 2042 and 2043 rose from day
28, increasing the statistical significance of these groups from P , 0.01 to P , 0.0001
compared to control groups (Fig. 1c). No difference in Nab titer between vaccines or
doses were detected (Fig. 1c).

(ii) T cell stimulation and cytokine production. For analyses of virus-specific T cell
responses, immunized and naive age-matched control C57BL/6 mice were sacrificed
;2 months after the second vaccination for spleen collection. Two different cytokine
analyses were performed. One assay evaluated cytokine production in the supernatant
after stimulation of 1� 106 T cells in vitro overnight. Cells were stimulated with a pool of
253 unique 15-mer peptides, overlapping by 10 amino acids and covering the entire
SARS-CoV-2 spike protein. Bead based multiplex assays were used to measure the con-
centration of pro-Th1 and pro-Th2 cytokines in the supernatant 18 h after peptide
restimulation. In addition to assays of cell supernatants, intracellular cytokine (ICC) assays
were used to measure cytokine production in CD41 and CD81 T cell populations taken 5
h to 6 h after peptide restimulation. Biases toward Th1 or Th2 cytokine profiles were
examined (20). Secreted cytokines, including IL-2, IFN-g , TNF-a, IL-4, and IL-5, are shown
in Fig. 1d. In all cases, peptide-specific responses were robust, and cells displayed a pref-
erence for expression of Th1 cytokines, IL-2 and IFN-g , compared to Th2 cytokines, IL-4
and IL-5.

For ICC assays, cells were stained for surface markers CD3 (BV711-labeled antibodies),
CD4 (APC-labeled antibodies), and CD8 (APC Cy7-labeled antibodies) and for the pres-
ence of intracellular cytokines with antibodies against IFN-g (FITC-labeled antibodies),
TNF-a (PE Dazzle 594-labeled antibodies), IL-2 (PE-labeled antibodies), IL-4 (BV605-labled
antibodies), and IL-5 (BV421-labeled antibodies). Lymphoid cells were gated, after which
the percentages of cytokine-positive cells were determined among CD41 T cells
(CD31CD41) and CD81 T cells (CD31CD81; see Fig. S2 for sample profiles). A dose effect
was observed in that the average percentage of IFN-g positive CD41 cells was 1.64%,
0.97%, and 0.51% in animals vaccinated with 100, 30, and 5 mg of 2042, respectively,
and 1.84%, 1.44%, and 0.44% in animals vaccinated with 100, 30, and 5 mg of 2043
(Fig. 1e and f). There was a bias toward expression of Th1 cytokines IFN-g and TNF-a,
and responses were similar between the two vaccines. More than 5% of CD81 T cells on
average produced IFN-g in response to restimulation with spike peptide pools for both
vaccine constructs at all doses tested (Fig. 1f). These results showed induction of CD41

and CD81 T cell mediated immunity with a Th1-bias in mice vaccinated with GLB-COV2
mRNA vaccines.

Immunogenicity in hamsters and protection from challenge with SARS-CoV-2
USA-WA1/2020. (i) SARS-CoV-2-specific antibodies. Immunogenicity and protection
from SARS-CoV-2 challenge was next evaluated in the golden Syrian hamster model.
Four male and four female hamsters per vaccine dose group were vaccinated with two
doses of 100, 30, or 5 mg of 2042 or 2043 21 days apart. Serum Nab titers against the
WA-1 strain of SARS-CoV-2 were quantified by FRNT (Fig. 2a and b). Immunization with
one or two doses of 5, 30 or 100 mg of 2042 or 2043 significantly (P , 0.001)
increased the serum neutralization GMT compared to mock-vaccinated or control ani-
mals that received LNP alone (Fig. 2a and b). At day 21, hamsters that received 100 or
30 mg of 2042 had significantly higher (P , 0.05 and 0.005, respectively) Nab titers
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(GMTs of 3,110.16 and 1,050.54, respectively) than those that received 5 mg (GMT of
183.871) and these titers were also significantly higher than titers of the equivalent
doses of 2043 (GMTs of 288.581, 303.593, and 151.986 for 100 mg, 30 mg, and 5 mg,
respectively) (Fig. 2a). 18 days after the second dose of 2042, the Nab GMTs increased
at all doses. The GMT after two doses of 100 mg 2042 was significantly higher than the
GMT of 30 mg (P , 0.05), but not 5 mg (P = 0.3518). Similarly, immunization with a sec-
ond dose of 100, 30, and 5 mg of 2043 increased the serum neutralizing GMTs to
20,576.22, 9,933.23, and 4,936.41, respectively. The GMT after two doses of 100 mg2043
was significantly higher than the GMT of 5 mg (P , 0.05), but not 30 mg (P = 0.3669). No
significant differences in GMT between 2042 and 2043 were observed after two doses
of the vaccine (Fig. 2b). These data demonstrated that both GLB-COV2 mRNA vaccines
induced high titers of neutralizing anti-SARS-CoV-2 antibodies.

(ii) Protection against homologous SARS-CoV-2 challenge. Hamsters immunized
twice with GLB-COV2-042 and 2043 mRNA vaccines were challenged intranasally with
5.6 � 103 PFU of WA-1 in 100 mL 21 days after the second immunization to evaluate
the ability of GLB-COV2 mRNA vaccines to protect from homologous viral challenge.
Mock and LNP immunized animals lost on average up to 10% of initial bodyweight by
day 7 postchallenge before regaining weight. Two doses of 2042 and 2043 protected
the hamsters from severe weight loss. Interestingly, no differences in weight loss were
observed between hamsters that received two doses of 5, 30 or 100 mg mRNA vaccine.
(Fig. 2c). 2043 immunized animals gained weight more rapidly than 2042 immunized
animals, but all animals recovered their baseline bodyweight by day 9 postchallenge.

Next, we evaluated the effects of mRNA vaccination on infectious virus titers and viral
RNA levels in the lungs and nasopharynx 2- and 4-days postchallenge. Viral RNA levels
were quantified by RT-qPCR detecting the number of nucleocapsid (N) gene copies per
gram of tissue. Infectious virus titers were determined by median tissue culture infectious
dose (TCID50) assay and reported as TCID50/gram of tissue. The amount of viral RNA in the
lungs of mock-vaccinated and LNP control vaccinated animals was 1� 1012 and 5� 1011

copies of N gene per gram of tissue 2 and 4 dpi (Fig. 3a to d). Immunization with two
doses of 5, 30, and 100 mg of 2042 reduced the number of N gene copies more than
1,000-fold at 2 dpi (Fig. 3a). No significant differences in the amount of viral RNA were
observed between the three doses. Similar trends were seen in 2043 immunized animals
with reductions of over 1,000-fold at 2 dpi in all groups (Fig. 3a). No significant differences
in N gene copies were found between equivalent doses of 2042 and 2043. These trends
persisted at 4 dpi wherein N gene copy number remained 1,000-fold lower in all vacci-
nated animals than mock and LNP vaccinated animals with no significant differences
between the three doses or 2042 and2043 (Fig. 3b). Similarly, when viral replication was

FIG 2 Immunogenicity in hamsters and protection from challenge with SARS-CoV-2 USA-WA1/2020. Golden Syrian Hamsters (n = 4 male and n = 4 female)
were vaccinated with 100, 30, or 5 mg of GLB-COV2-042 or GLB-COV2-043 on days 0 and 21. (a and b) FRNT results on days 21 and 39. Means and
standard deviations are shown. (c) Percent body weight change of each vaccination group over 14 days postinfection. Data from controls were combined
for statistical analyses. Statistical analyses were performed using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison tests. Statistical signifiers
above bars represent significance between that group and controls. *, P , 0.05; ***, P , 0.005; ****, P , 0.001.
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assessed at 2 and 4 dpi, TCID50 values of 2042 and 2043 vaccinated animals were over
1,000-fold lower than mock and LNP vaccinated animals (Fig. 3c). No differences between
the three doses of each vaccine, or between equivalent doses of 2042 and 2043 were
observed. By 4 dpi, viral titers in all2042 and2043 vaccinated animals had declined to at
or near the limit of detection, while lung viral titers of mock and LNP controls remained at
1� 108 (Fig. 3d). Together, these results demonstrated that GLB-COV2 vaccines effectively
reduced viral replication in the lung of SARS-CoV-2 infected animals.

FIG 3 Quantification of SARS-CoV-2 in lungs of GLB-COV2 mRNA-vaccinated hamsters following SARS-CoV-2 challenge. Golden Syrian Hamsters (n = 4 male
and n = 4 female) were vaccinated with 100, 30, or 5 mg of GLB-COV2-042 or GLB-COV2-043 on days 0 and 21 and challenges on day 42. (a and b)
Detection of SARS-CoV-2 nucleocapsid via RT-qPCR at days 2 and 4 postchallenge. (c and d) Detection of active viral particles via TCID50 at days 2 and 4
postchallenge. Means and standard deviations are shown. Data from controls were combined for statistical analysis. Statistical analyses were performed
using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison tests. Statistical signifiers above bars represent significance between that group and
controls. *, P , 0.05; ***, P , 0.005; ****, P , 0.001.
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Results from the nasopharynx with the same two assays are shown in Fig. 4a to d.
Unlike the trend seen in the lung, there was no significant reduction in viral RNA levels
in nasal washes at day 2 postchallenge (Fig. 4a). By day 4, the differences between vac-
cine and control groups reached significance, but RNA levels remained high in all
groups (Fig. 4b). In contrast, significant reductions in infectious titers in nasal washes
were seen in immunized animals compared to control groups at both days 2 and 4
postchallenge (Fig. 4c and d). Differences between vaccines and vaccine doses were

FIG 4 Quantification of SARS-CoV-2 in the nasopharynx of GLB-COV2 mRNA-vaccinated hamsters following viral challenge. Golden Syrian Hamsters (n = 4
male and n = 4 female) were vaccinated with 100, 30, or 5 mg of GLB-COV2-042 or GLB-COV2-043 on days 0 and 21 and challenged on day 42. (a and b)
Detection of SARS-CoV-2 nucleocapsid via qPCR at days 2 and 4 postchallenge. (c and d) Detection of active viral particles via TCID50 at days 2 and 4
postchallenge. Means and standard deviations are shown. Data from controls were combined for statistical analysis. Statistical analyses were performed
using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison tests. Statistical signifiers above bars represent significance between that group and
controls. *, P , 0.05; ***, P , 0.005; ****, P , 0.001.
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minimal although within group variation was high, especially at day 4 postchallenge.
Therefore, not only do GLB-COV2 vaccines limit viral replication in the lungs, but they
are also effective at reducing SARS-CoV-2 replication in the nasopharynx.

To further evaluate the usefulness of GLB-CoV-2 vaccines in preventing or minimiz-
ing tissue damage from SARS-CoV-2 infection, lungs were taken from hamsters at days
2 and 4 postchallenge for histopathological analyses, as shown by Fig. S3 and Tables
S1 and S2. At day 2 postchallenge, both GLB-COV2 vaccines demonstrated a lower inci-
dence and severity of SARS-CoV-2 related findings in the lung in all groups compared
to the LNP and saline control groups and no apparent differences between vaccines or
doses were observed (Fig. S3, Table S1). At day 4 postchallenge, both 2043 and 2042
demonstrated a lower incidence and severity of SARS-CoV-2 related findings in the
lung in all groups compared to the Saline and LNP control groups (Fig. S3; Table S2).
Although both vaccines (mRNA Vaccine 1 and 2) had a similar decrease in severity and
incidence of findings, 2042 had an overall lower incidence and severity of findings
compared to 2043 at the 5 mg dose (Fig. S3; Table S2). At both time points vaccinated
animals exhibited no to mild histological findings in the lung while all controls animals
were found to have mild to severe tissue damage (Tables S1 and S2). Therefore, GLB-
COV2 vaccines were able to successfully limit injury to the lung following SARS-CoV-2
challenge.

GLB-COV2-043 protection from challenge with SARS-CoV-2 variants in ham-
sters. After demonstrating that the vaccines were protective against a homologous WA-1
challenge, we evaluated the ability of two doses of 30 mg of GLB-COV2-043 mRNA vac-
cine to protect against challenge with 106 TCID50/mL of Alpha (B.1.1.7) and Beta (B.1.351)
variants of SARS-CoV-2 in 100 mL (21). A homologous challenge with WA-1 was included
as a control. Postboost antibody titers against each challenge virus were quantified using
the microneutralization assay. When postboost titers against each virus were compared,
vaccination with 2043 induced Nab titers against Beta that were significantly lower than
WA-1 and Alpha with GMTs of 65.4706, 309.299, and 1181.03 against Beta, WA-1, and
Alpha, respectively. Interestingly, Nab titers against Alpha were significantly higher than
those against homologous WA-1 (Fig. 5). Regardless, immunization with 2043 resulted in
robust titers against all challenge viruses, including Alpha and Beta variants, that were sig-
nificantly higher than their respective controls when each virus was assayed (Fig. 5).

When weight loss was assessed, unvaccinated age-matched control animals dis-
played variant-specific weight loss trends with Alpha animals losing the most weight
(average 14% maximum weight loss) followed by WA-1 (average 7.2% maximum
weight loss) then Beta (average 5.4% maximum weight loss) infected animals (Fig. 6a
to c). Vaccinated animals lost less weight than their corresponding control groups with
maximum average weight losses of 3.1%, 4.3%, and 3.4% in the Alpha, WA-1, and Beta
challenge groups, respectively.

We next evaluated the effect of 2043 vaccination on viral replication in the upper
and lower respiratory tracts of challenge animals. Nasal washes were taken on days 2,
4, 6, 8, and 10 postchallenge and lung and tracheal samples were harvested on day 2
postchallenge. TCID50 was performed to quantify infectious virus particles and results
are shown in Fig. 7a to c. For all three viruses, viral loads in nasal washes and tissue
samples were reduced postchallenge in vaccinated animals compared to unvaccinated.
Following challenge with WA-1, unvaccinated and vaccinated animals had average
maximum TCID50 values of 200,932.698 and 117.573 per mL of nasal wash, respectively
(Fig. 7a). At 2 dpi, 8/8 unvaccinated animals were found to shed virus while only 4/8
vaccinated animals shed infectious virus particles. At 4 dpi infectious viral particles
were detected by TCID50 in 2/4 unvaccinated and 1/4 remaining vaccinated animals. By
6 dpi no viral shedding was detected in any group. In the Alpha challenge group, aver-
age maximum TCID50 values of 77,316.02 and 750 per mL of nasal wash were found in
the unvaccinated and vaccinated control groups, respectively (Fig. 7b). Notably, vacci-
nated animals shed no detectable virus by 4 dpi while unvaccinated animals continued
to shed until 8 dpi. Differences in the number of infectious animals were also apparent
at 2 dpi with 8/8 unvaccinated and 3/8 vaccinated animals positive for active viral

mRNA Vaccine Protects against SARS-CoV-2 Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.04240-22 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

28
 F

eb
ru

ar
y 

20
23

 b
y 

12
8.

25
2.

21
0.

3.

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04240-22


replication by TCID50. Likewise, animals challenged with Beta had average maximum
TCID50 values of 139,151.813 and 259 per mL of nasal wash in the unvaccinated and
vaccinated groups, respectively (Fig. 7c). Animals infected with Beta shed virus until
8 dpi in both unvaccinated and vaccinated groups, though differences in the number
of animals with infectious viral particles in the nasal wash were found at 2 (8/8 and 1/8
unvaccinated and vaccinated, respectively) and 4 (3/4 and 2/4 unvaccinated and vacci-
nated, respectively) dpi. Significant differences were observed in the nasal washes of
vaccinated and unvaccinated animals challenged with WA-1 and Beta when under the
curve analysis was performed (Fig. 7d and f). Strikingly, there were no infectious viral
particles detected in the lungs or trachea of vaccinated animals in any of the virus

FIG 5 Neutralizing antibody response to WA-1 and variant SARS-CoV-2 viruses. Golden Syrian Hamsters
(n = 8/group) were vaccinated with 30 mg of GLB-COV2-043 on days 0 and 21. Day 39 microneutralization
titers in vaccinated and unvaccinated animals against each challenge virus are shown. Statistical analyses
were performed using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison tests. Statistical
signifiers above bars represent significance between that group and controls. *, P , 0.05; ***, P , 0.005;
****, P , 0.001.

FIG 6 Morbidity in hamsters vaccinated with GLB-COV2 mRNA vaccines following SARS-CoV-2 variant challenge. Golden Syrian Hamsters (n = 8) were
vaccinated with 30 mg of GLB-COV2-043 on days 0 and 21 and challenged on day 42. Percent body weight change of each vaccination group over 14 days
postinfection.
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FIG 7 Viral titers in hamsters vaccinated with GLB-COV2 mRNA vaccines following SARS-CoV-2 variant challenge. Golden Syrian Hamsters (n = 8) were
vaccinated with 30 mg of GLB-COV2-043 on days 0 and 21 and challenged on day 42. (a to c) Nasal wash TCID50 values over the course of infection. (d to f)

(Continued on next page)
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challenge groups, and this reduction was statistically significant between vaccinated
and unvaccinated animals challenged with Beta (Fig. 7g to l). These results demon-
strated the protective effects of 2043 in reducing viral burden caused by SARS-CoV-2
variants.

DISCUSSION

This study is the first to evaluate GreenLight Biosciences’ mRNA vaccine for protec-
tion against SARS-CoV-2. GreenLight Biosciences previously developed a proprietary
method for rapid and cost-effective RNA production. In this study, we have demon-
strated that both GLB-COV2 mRNA vaccine constructs, 2042 and 2043, induce robust
humoral and cellular responses against SARS-CoV-2 S1 antigens in the mouse model.
Vaccination with 2042 and 2043 induced spike-specific neutralizing titers and elicited
antigen-specific CD41 and CD81 T cell responses. Both candidates induced a clear Th1-
skewed response, with preferential production and secretion of IFN-g , TNF-a and IL-2
compared to the Th2-type cytokines, IL-4 and IL-5. Vaccine-associated enhanced respi-
ratory disease has been described in some animal models following vaccination with
whole-inactivated SARS-CoV (22), a response which was not observed in our animals.
Following challenge with a virulent SARS-CoV-2 strain, hamsters vaccinated with 2042
and 2043 displayed significantly less weight loss than negative controls. Vaccination
with 2042 and 2043 resulted in significantly reduced levels of viral RNA compared to
controls at all stages of the disease model in both the nasopharynx and lung.

As mRNA vaccines enter the clinic, ensuring their safety and efficacy in humans is crit-
ical. Inclusion of modified nucleosides, namely, pseudouridine, in mRNA vaccines has
been well-documented to increase translational efficiency of these constructs by reduc-
ing innate immune signaling and suppressing recognition of foreign dsRNA (23–28).
Additionally, by dampening the innate immune response, the reactogenic profile of
mRNA vaccines can be tempered; this strategy has been employed by both Moderna
and Pfizer in the generation of their SARS-Cov-2 mRNA vaccines. Though both GLB-
COV2 mRNA vaccines were comparable in immunogenicity and protection from viral
challenge in both the mouse and hamster models, to ensure acceptable reactogenicity
and efficacy, we chose to pursue candidate2043 in subsequent studies.

As SARS-CoV-2 continues to evolve with the emergence of new variants, vaccine
breadth of protection must be investigated. Therefore, we assessed the utility of2043 in
preventing or reducing disease caused by the Alpha and Beta variants. Studies evaluat-
ing animal and human convalescent and postimmunization sera support the notion that
monoclonal and polyclonal antibodies to the original ancestral spike protein exert
reduced neutralizing activity against these variants (29–31). Our findings show that
2043 is effective in reducing morbidity caused by Alpha and Beta infection, as well as
limiting viral replication in the respiratory tract as indicated by reduced viral titers in
nasal wash and loss of detectable viral particles in the lung and trachea of vaccinated
animals. However, this does not answer the question of effectiveness against variants
that have emerged since the completion of these studies, such as Omicron. Antibodies
isolated from convalescent and vaccinated individuals have demonstrated significantly
reduced neutralizing activity against the Omicron variant, even those that were boosted
with mRNA-based vaccines (32). Similarly, a study by Garcia-Beltran, et al. found sera
from mRNA-vaccinated individuals exhibited low to undetectable levels of neutralization
against Omicron. However, individuals that had been boosted did exhibit neutralizing
activity against Omicron, albeit 4- to 6-fold lower than neutralization of wild-type SARS-
CoV-2, suggesting additional mRNA vaccine doses enable cross-neutralization (33). More
recently, evaluation of vaccine efficacy against the Omicron variant in England found

FIG 7 Legend (Continued)
Area under the curve analysis of nasal wash TCID50 values. (g-i) Lung TCID50 values 2 days postchallenge (n = 4). (j to l) Trachea TCID50 values 2 days
postchallenge (n = 4). Means and standard deviations are shown. Data from controls were combined for statistical analysis. Statistical analyses were
performed using rank-based Mann-Whitney and Holm-Šid�ak multiple-comparison tests. Statistical signifiers above bars represent significance between that
group and controls. *, P , 0.05; ***, P , 0.005; ****, P , 0.001.
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two doses of COMIRNATY had an efficacy of 65.5% that drastically declined over time,
reaching only 8.8% at 25 or more weeks. Administration of a booster dose of COMIRNATY
increased efficacy to 67.2% before declining to 45.7% after 10 or more weeks (34). Further
studies are needed to assess the protective efficacy of GLB-COV2-043 against these var-
iants, as well as to determine their cross-neutralization capability and longevity, particularly
after two versus three doses. Of note, all mRNA vaccines administered to date have
encoded the original ancestral spike protein. It is unclear if the use of variant spike proteins
for booster doses enhances antibody cross-neutralization.

Conclusions. GreenLight Biosciences’ vaccine candidates, GLB-COV2-042 and GLB-
COV2-043, induced measurable neutralizing antibodies in two animal species. Antigen-
specific cell-mediated immunity (CMI) with a mixed CD41 and CD81 response skewing
toward a Th1 response were observed in mice. Lastly, hamsters developed measurable
specific immune responses following vaccination, and showed protection from body-
weight loss and PCR recovery of virus following intranasal challenge with a virulent
SARS-CoV-2 clinical isolate as well as Alpha and Beta variants. The results demonstrate
the effectiveness of GreenLight Biosciences’ SARS-CoV-2 mRNA vaccines in preclinical
models and encourage rapid advancement of GLB-COV2-043 to clinical trials.

MATERIALS ANDMETHODS
GLB-COV2 mRNA transfection. To prepare for Western blot, 293 T cells (ATCC) were seeded at 3 �

105 cells/well in 24-well plates in Opti-MEM (Thermo Fisher Scientific 51985091), 10% fetal calf serum,
1% Antibiotic-Antimycotic containing penicillin (used at 100 units/mL), streptomycin (used at 100 mg/
mL), Amphotericin B (used at 0.25 mg/mL) Gibco Cat. #15240-062). Cells were incubated overnight to
�80% confluence. Cells were then transfected with two different mRNA quantities (500 ng or 1,500 ng)
using Lipofectamine MessengerMax reagent (Thermo Fisher LMRNA001) following the manufacturer’s
recommendations. At 48-h posttransfection, supernatants were removed and cell monolayers disrupted
with 100 mL of 1� passive lysis buffer (Promega E194A). Insoluble debris was pelleted by centrifugation.

For ELISA, 293 T cells were seeded at 2 � 104 cells/well in 96-well plates for overnight incubation,
resulting in ;80% to 90% confluence. Transfection reagents and conditions were again as for the
Lipofectamine MessengerMax reagent per manufacturer’s recommendations, but with 100 ng per well
of RNA generated by GreenLight Biosciences or with commercially available in vitro transcription reac-
tions. After overnight incubation, cell monolayers were used as targets in an ELISA.

Western blot. Western blot gels were run using the NuPAGE MES kit (Thermo Fisher Scientific
NP0060). A total of 15mL of insoluble debris posttransfection was resolved by SDS-PAGE under reducing
conditions. Recombinant his-tagged SARS-CoV-2 spike S1 domain (cat. 40591-V08H, SinoBio) was loaded
as a positive control. Proteins were blotted to nitrocellulose, blocked (Li-Cor 927–60001), and probed
with a rabbit primary antibody that binds to SARS-CoV2 spike receptor binding domain (RBD) (1:2,000,
SinoBio, cat. 40592-T62) followed by incubation with a secondary antibody (goat anti-rabbit horseradish
peroxidase [HRP] 1:15,000, Jackson, Cat.# 111035003) before visualization.

ELISA. Following transfection, cell monolayers were used as targets in ELISA. Cells were prepared for
ELISA by fixation with 100 mL acetone/PBS (80/20) for 1 min. Wells were air-dried, rehydrated with 200 mL
PBS, and then blocked with 1% BSA in PBS for 30 min at 37°C. To perform ELISAs, monoclonal anti-spike
antibody (SINO Biologicals, Cat. #40150-D001) was added for 30 min at 37°C, followed by washes and the
addition of goat anti-human IgG H1L conjugated to horseradish peroxidase (Southern Biologicals, Cat.
#2010-05) for 30 min, 37°C. Plates were developed with TMB substrate (KPL 5120-0047) and reactions were
stopped with 1M phosphoric acid. Readings were at OD 450 nm. Three negative controls were included in
the experiment: mock-transfected cells, a firefly luciferase mRNA, and an EGFP mRNA.

SARS-CoV-2 virus propagation. SARS-CoV-2 USA-WA1/2020 (GISAID: EPI_ISL_404895) challenge
stock was prepared by propagating a seed stock in Vero E6 cells (ATCC CRL-1586). To prepare Alpha
(GISAID: EPI_ISL_751801) and Beta (GISAID: EPI_ISL_678570) challenge stock, Vero E6 TMPRSS2 cells were
seeded in a T75 tissue culture flask in growth media (DMEM Sigma D6429 4.5g/L glucose, L-glutamine, so-
dium bicarbonate, supplemented with 10% FCS and 1% Antibiotic-Antimycotic containing penicillin (used
at 100 units/mL), streptomycin (used at 100 mg/mL), Amphotericin B (used at 0.25 mg/mL) Gibco Cat.
#15240-062) to be ;90% confluent for infection. To infect, cells were washed 1� with PBS and inoculated
with 100 mL of virus in 5 mL of infection media (DMEM Sigma D6429, supplemented with 2% FCS and 1%
Antibiotic-Antimycotic Gibco 15240-062). The cells and virus were incubated for 30 min at 37°C and 5%
CO2 after which an additional 15 mL of infection media was added to the cells. Cells were returned to the
incubator until 90% cytopathic effect (CPE) was observed at which time the supernatant was collected. All
viral stocks were tested for sterility using blood agar plates and aliquots were stored at –80°C. Viral titer
was determined by TCID50. Viruses were sequence confirmed before use.

Mouse models. Eight-week-old female C57BL/6 mice were immunized with different doses of the
GLB-COV2-042 and GLB-COV2-043 mRNA vaccines. Animals received a prime-boost series of two intra-
muscular injections, at days 0 and 21, containing 5, 30, or 100 mg in a volume of 50 mL per hind limb.
Control animals received 50mL of saline or LNP control in the hind limb at days 0 and 21. Serum samples
were collected longitudinally to quantify spike protein-specific binding antibodies (by ELISA) and virus
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neutralizing antibody (NAb) titers (focus reduction neutralization test; FRNT). Approximately 3 months
after the priming dose, animals were euthanized, spleens removed, and cellular immune responses char-
acterized by restimulation of splenocyte cultures with SARS-CoV-2 spike peptides.

Hamster models. Six- to 8-week-old male and female hamsters were immunized with different
doses of the GLB-COV2-042 and GLB-COV2-043 mRNA vaccines. Homologous challenge animals received
a prime-boost series of two intramuscular injections, at days 0 and 21, containing 5, 30, or 100 mg in a
volume of 50 mL per hind limb. Twenty-one days after receiving an initial vaccination with the 5 mg
dose of 2043, two cohoused female hamsters were found dead; however, necropsy of these animals
found the deaths were unrelated to vaccination. This group subsequently had six animals. Control ani-
mals received 50 mL of saline or LNP control in the hind limb at days 0 and 21. Serum samples were col-
lected longitudinally to quantify NAb titers. SARS-CoV-2 USA-WA1/2020 was administered intranasally to
ketamine/xylazine-anesthetized animals (5.6 � 103 PFU/100 mL). Dosing and blood sampling were per-
formed under isoflurane anesthesia. Following challenge, hamsters were weighed daily. On days 44 and
46 postinitial immunization, animals were euthanized for lung and nasopharyngeal tissue collection and
terminal bleed. For the variant challenges, vaccinated groups received 30 mg of GLB-COV2-043 on days
0 and 21. Unvaccinated animals served as the control group. 100 mL of virus at 106 TCID50/mL was deliv-
ered intranasally, 50 mL per nostril, following isoflurane anesthesia on day 42 postimmunization. Mock
challenged animals received 50 mL of sterile PBS per nostril. Hamsters were monitored for recovery.
Nasal wash samples were collected on days 0, 2, 4, 6, 8, and 10 postinfection. Hamsters were anesthe-
tized with 100 mg/kg ketamine hydrochloride delivered intraperitoneal (IP). 0.5 mL of sterile PBS was
delivered intranasally using a 1 mL syringe fitted with an 18 gauge � 1.16 in. catheter, with a slow con-
tinuous drip into the left nostril and collected from the right nostril by gravity into a 4 oz specimen cup.
The cups were centrifuged at 1,000 g for 2 min and the sample was transferred to a 1.8-mL Sarstedt
tube and frozen at –80°C until titration. Day 2 postinfection, four animals from each group were necrop-
sied for tissue sample. To collect lung and trachea, hamsters were anesthetized with continuous isoflur-
ane through a nose cone during euthanasia. Each was euthanized with a barbiturate overdose using
500 mL Euthasol (100 mg/mL) administered intracardially. The following tissues were collected: ;1cm
length of trachea, 0.5 cm3 from the lower left lung lobe, ;2cm length of small intestine, and 1 kidney,
and placed into a 2.0 mL Safelock tube containing 500mL of PBS and stored at –80°C until titration.

Focus reduction neutralizing test (FRNT). Approximately 24 h after plating Vero E6 cells, heat-inacti-
vated sera (30 min at 56°C) was serially diluted at 1:5 for day 21 mouse and hamster sera, 1:3 for day 28
mouse sera, and 1:10 for day 39 hamster and day 42 mouse sera. One-hundred focus forming units (ffu) in
50 mL were added to each well and incubated at 37°C for 1 h. Tissue culture media were aspirated, 100 mL
of “serum1virus” were added to each well, and plates incubated for 1 h at 37°C. After incubation, cells were
washed with PBS, overlaid with 100mL of 2% methylcellulose, and plates incubated for 24 h to 30 h at 37°C.
After incubation, cells were fixed with 4% formalin for 20 to 30 min at room temperature, washed twice
with PBS and then permeabilized (PBS with 0.5% Saponin and 2% FBS) for 15 to 30 min at room tempera-
ture. An anti-S monoclonal antibody (1C02, generously provided by Dr. Ali Ellebedy, Washington University)
in permeabilization buffer was added (50 to 100 mL of 1:2,000 to 1:4,000 dilutions) to PBS washed cells and
incubated for 1 h at room temperature with occasional rocking. The plates were washed 3 times with 0.05%
Tween 20/PBS and a secondary detection antibody (anti-human IgG conjugated to HRP; 50 to 100 mL of
1:1,000 dilution) was added and incubated for 1 h at room temperature. Following three washes with 0.05%
Tween 20/PBS, 3,39,5,59-tetramethylbenzidine (TMB) substrate (SK-4400 from Vector Laboratories) was
added to develop spots, plates washed with water to stop the reaction, and foci counted.

Microneutralization. Five-fold serial dilutions were performed on heat-inactivated sera (1 h at 56°C)
in infection media, starting at a 1:10 dilution. A standardized amount of infectious SARS-CoV-2 virus (250
TCID50), diluted in infection media, was added to the diluted serum at a 1:1 ratio and incubated for 1 h
at 37°C. A total of 100 mL of the sera-virus mixture was added to VeroE6/TMPRSS2 cells seeded in 96-
well plates the previous day and incubated for 1 h at 37°C and 5% CO2. Subsequently, an additional
100 mL of infection media was added and the cells incubated for a further 24 h to 48 h. Following incu-
bation, cells were fixed with 4% formaldehyde (Polysciences Cat. #18814-20) for 30 min, washed with
PBS three times, and then incubated with a block/permeabilization buffer (PBS supplemented with 3%
Bovine Serum Albumin [BSA; Sigma-Aldrich Cat. #A8327-500 ml] and 0.2% Triton X-100 [Thermo Fisher
Scientific Surfact-Amps-X-100, 10% Solution Cat. #28314]) for 30 min. Rabbit anti-SARS CoV-2 NP MAb
(Sinobiologicals Cat. #40143-R040) at a 1:2,000 dilution was added for 1 h. Cells were washed three times
with PBS 1 0.5% Tween before incubation with a secondary goat anti-rabbit IgG–HRP conjugated anti-
body (Cell Signaling Cat. #7074S) at a 1:3,000 dilution for 1 h. After washing the cells 3 times with PBST,
100 mL of TMB (Thermo Fisher Scientific Cat. #N301) was added and color developed for 10 min before
1N sulfuric acid (Thermo Fisher Scientific Cat. #SA212-1) was added to stop the reaction. The optical den-
sity was measured at 450 nm on a Biotek Synergy plate microplate reader and the neutralization titers
were calculated as the reciprocal serum dilution (IC50) causing 50% reduction of relative light units.

T cell analyses. Five mice from each vaccine dose group (100, 30, or 5 mg) including 2042 and 2043
vaccinated groups, three saline controls, and four LNP controls were sacrificed approximately 3 months
postpriming vaccine. Spleens were removed and single cell suspensions were prepared. Red blood cells
were lysed, and white blood cells were purified by centrifugation on ficoll gradients. Cells were counted,
adjusted to 1 � 106 cells/well and cultured in a 96-well plate in RPMI media supplemented with 5% fetal
calf serum (FCS), glutamine, gentamicin (0.5 mg/mL) and 5 � 1025 M 2-mercaptoethanol. Cells were stimu-
lated with approximately 0.5 mg/mL of a pool of 253 unique, overlapping 15 mer peptides, representing
the SARS-CoV-2 spike protein (peptides were from Mimotopes, Mulgrave, Victoria, Australia). Splenocytes
were plated separately for (i) analyses of secreted cytokines, and (ii) intracellular cytokine (ICC) assays.
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For tests of secreted cytokines, cells were plated in round-bottomed plates and supernatants were
collected after overnight incubation. The supernatants were assayed using a Multiplex kit (Millipore MAP
Kit) with a Luminex 200 Multiplexing Instrument and xPonent software. Results from wells with unstimu-
lated cells were subtracted from test results.

For ICC assays, splenocytes were plated in flat bottomed plates, treated with Brefeldin A and incu-
bated for 6 h. After incubation, cells were washed and blocked with anti-CD16/32 (FcBlock). Cells were
then stained for surface markers CD3 (BV711-labeled antibodies), CD4 (APC-labeled antibodies), and
CD8 (APC Cy7-labeled antibodies). Cells were next fixed and permeabilized, after which they were
stained for the presence of intracellular cytokines with antibodies specific for IFN-g (FITC-labeled anti-
bodies), TNF-a (PE Dazzle 594-labeled antibodies), IL-2 (PE-labeled antibodies), IL-4 (BV605-labled anti-
bodies), and IL-5 (BV421-labeled antibodies). Cells were washed and prepared for analysis on a Fortessa
LSR flow cytometer (BD Biosciences). Data were analyzed using FCS Express software.

Nucleocapsid qPCR. Viral RNA copy numbers were determined using a RT-qPCR assay. Viral RNA
was extracted from nasal wash using the Qiagen MinElute virus spin kit (cat. no. 57704). RNA from tis-
sues were extracted with RNA-STAT 60 (Tel-test “B”)/chloroform, precipitated and resuspended in
RNase-free water. Controls were generated by isolating RNA from the applicable SARS-CoV-2 stock using
the same procedure. The amount of RNA was determined from an OD reading at 260 and the number of
copies was then calculated and a final dilution of 108 copies/3 mL was stored at –80°C until needed. The
master mix was prepared with 2.5 mL of 2� buffer containing Taq-polymerase, 50mL of the reverse tran-
scriptase and 100 mL of RNase inhibitor (TaqMan RT-PCR kit; Bioline Cat.#BIO-78005), 1.5 mL of the 2 mM
primer pair, 0.5 mL of water and 350 mL of the 2 mM probe. For the reactions, 45 mL of the master mix
and 5 mL of the sample RNA was added to a 96-well plate and all samples run in triplicate. A standard
curve was prepared using the control RNA to provide a range of 1 to 107 RNA copies/reaction and run in
duplicate. The plate was placed in an Applied Biosystems 7500 Sequence detector and amplified using
the following program: 48°C for 30 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 s, and 1
min at 55°C. The number of copies of RNA per mL was calculated by extrapolation from the standard
curve and multiplying by the reciprocal of 0.2 mL extraction volume.

Primers/probe sequences:
2019-nCoV_N1-F: 59-GAC CCC AAA ATC AGC GAA AT-39
2019-nCoV_N1-R: 59-TCT GGT TAC TGC CAG TTG AAT CTG-39
2019-nCoV_N1-P: 59-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-39
TCID50 of SARS-CoV-2. To assay lung and nasopharynx samples following homologous SARS-CoV-2

challenge, Vero E6 cells (ATCC Cat. #CRL-1586) were plated in 96-well flat-bottom plates in DMEM
(Thermo Fisher Scientific, Cat. #10566-016) with 10% FBS1gentamicin (gentamicin concentration of
1 mg/mL; Quality Biological Cat. #120-099-661) and incubated overnight at 37°C at 5% CO2 until 80% to
100% confluent. Media was aspirated and replaced with 180mL of DMEM1 2% FBS1gentamicin (genta-
micin concentration of 0.2 mg/mL). A total of 20 mL of each test sample was added to the first row of
wells in quadruplicate to create 1:10 dilutions and log10 dilutions were performed across each plate.
After 4 days, the cells were visually inspected for CPE and TCID50 were calculated using the Reed-
Muench formula (35). To assay nasal wash, lung, and trachea following variant challenge, Vero E6
TMPRSS2 cells were plated in 96-well flatbottom tissue culture plates, to be near 80% confluence the fol-
lowing day. Samples were titrated eight logs starting at a 1:10 dilution in infection media. Cells were
washed with infection media and sample dilutions were added in triplicate and plates incubated at
37°C, 5% CO2. After 72 h, the supernatant was removed, and cells were fixed and stained with 0.1% crys-
tal violet in 10% formaldehyde for 20 min. Plates were scored for infectivity and the TCID50 was calcu-
lated by the method described in Reed and Muench (35).

Histopathology. Animals from each vaccine and control group that were selected for necropsy
were submitted on days 2 and 4 postchallenge. Lungs were collected and transferred directly to formalin
and sent to Charles River Laboratories Inc., Frederick, MD where they were trimmed, processed routinely,
embedded in paraffin, and stained with H&E. Light microscopic evaluation was conducted by the Study
Pathologist, a board-certified veterinary pathologist on lungs.

Statistical tests. Statistical tests were performed with GraphPad Prism Software. OD450 values were
plotted in using nonlinear regression to determine binding antibody endpoint; nonlinear regression was
also used to calculate IC50 values of neutralizing antibodies. Rank-based Mann-Whitney was performed
with Holm-Šid�ak correction to account for multiple comparisons.
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