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Evaluation of mRNA-LNP and adjuvanted
protein SARS-CoV-2 vaccines in a
maternal antibody mouse model
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Maternal antibodies (matAbs) protect against a myriad of pathogens early in life; however, these
antibodies can also inhibit de novo immune responses against some vaccine platforms. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) matAbs are efficiently transferred during
pregnancy and protect infants against subsequent SARS-CoV-2 infections. It is unknown if matAbs
inhibit immune responses elicited by different types of SARS-CoV-2 vaccines. Here, we established a
mouse model to determine if SARS-CoV-2 spike-specific matAbs inhibit immune responses elicited
by recombinant protein and nucleoside-modifiedmRNA-lipid nanoparticle (mRNA-LNP) vaccines.We
found that SARS-CoV-2 mRNA-LNP vaccines elicited robust de novo antibody responses in mouse
pups in the presence of matAbs. Recombinant protein vaccines were also able to circumvent the
inhibitory effects ofmatAbswhenadjuvantswere co-administered.While additional studiesneed tobe
completed inhumans, our studies raise thepossibility thatmRNA-LNP-basedandadjuvantedprotein-
based SARS-CoV-2 vaccines have the potential to be effective when delivered very early in life.

Since late 2019, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused a global pandemic that has prompted the rapid devel-
opment of multiple vaccines, including vaccines that employ the mRNA-
lipid nanoparticle (mRNA-LNP)-based platform. These vaccines have been
shown to be efficacious and safe in adults1,2 and children3–5 and have been
authorized for use in persons 6 months and older in the United States.
Because no SARS-CoV-2 vaccines are authorized for use in infants less than
6monthsof age, this age group relies onaggregatepopulation immunity and
circulatingmaternal antibodies (matAbs) for protection from SARS-CoV-2
infection.

Few available vaccines induce protective antibody (Ab) responses in
the first weeks to months of life6. Globally, birth remains the most reliable
point of contact with the healthcare system and thus development of vac-
cines that are effective in the first days of life is crucial to improving child
health7. The major factor currently identified as impairing the effectiveness
of vaccines in the newborn period is the phenotypically immature fetal-
newborn immune system,whichexhibits decreasedTh1-type cytokines (e.g,
TNF, IFN-γ), marked impairment of antigen (Ag)-presentation by antigen
presenting cells, impairedAbaffinitymaturation, and relatively highplasma

concentrations of adenosine8. A second factor negatively impacting vaccine
efficacy in newborns is interference from placentally transferred antigen-
specific maternal antibodies (matAbs)9.

MatAbs provide early life protection against a variety of pathogens,
supporting recommendations for vaccination of pregnant individuals to
provide early-life protection to their infants10,11. However, matAbs also can
interfere with seroconversion in response to infections and vaccines9,12,
including live-attenuated vaccines (e.g., measles, mumps), acellular and
whole cell bacterial (e.g., pertussis), inactivated viral vaccines (e.g., IPV,
influenza virus), and recombinant protein subunit vaccines (e.g., hepatitis B
virus). MatAb interference of vaccine-elicited responses can negatively
impact efficacy of early life vaccination programs and potentially expose
infants to a window of opportunity for infection while awaiting effective
vaccination and consequent de novo IgG responses. Our mechanistic
understanding of matAb interference remains incomplete; available evi-
dence suggests thatmatAbs canmask antigen and inhibit infant naїve B cell
activation via FCγRIIB binding9,13–15.

In humans, SARS-CoV-2 matAbs are efficiently transferred in
utero16,17 and remain detectable at 6 months of age in over 50 percent of
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infants born to mothers vaccinated during pregnancy18. This suggests that
any efforts at vaccinating infants younger than 6 months of age might be
limited by matAb interference. It is unknown if matAbs inhibit de novo
immune responses elicited by SARS-CoV-2 mRNA-LNP vaccines. Our
group previously demonstrated that mRNA-LNP-based influenza vaccines
partially overcomematAb interference inmice19, which raises the possibility
that SARS-CoV-2 mRNA-LNP vaccines may remain effective in the pre-
sence of SARS-CoV-2-specificmatAbs.Here,we established a SARS-CoV-2
matAb mouse model to evaluate if SARS-CoV-2 mRNA-LNP and
recombinant protein vaccines are inhibited by matAbs.

Results
mRNA-LNP vaccines and adjuvanted recombinant protein vac-
cines elicit SARS-CoV-2 IgG responses in mouse pups
We first evaluated antibody responses to multiple SARS-CoV-2 vaccines in
weanlingmice in the absenceofmaternal antibodies.WevaccinatedmatAb-

negative C57BL/6 mouse pups at weaning (~21 days of life) with SARS-
CoV-2 mRNA-LNP (1 µg, 5 µg, or 10 µg dose), recombinant spike protein
(RP) diluted in PBS (RP-PBS; 5 µg protein), RP adjuvantedwith empty LNP
(RP-LNP, 5 µg dose), or RP adjuvanted with the MF59-like adjuvant
AddavaxTM (RP-Ad; 5 µg protein). We obtained serum samples and mea-
suredSARS-CoV-2 full-length spikeprotein-specific IgMand IgGbyELISA
over time (Fig. 1a). Vaccine immunogens in our study consisted of full-
length spike protein from the ancestralWuhanHu-1 strain of SARS-CoV-2,
with diproline substitution to maintain pre-fusion conformation.

The RP vaccine was not immunogenic in mice without co-
administering adjuvant (Fig. 1b, c). In mice receiving RP-PBS, spike-
specific IgGwasnotdetected in anymice at 1weekpost-vaccinationandwas
detected in only a single mouse at 4 and 8 weeks post-vaccination (Fig. 1b).
Both adjuvanted RP vaccines (RP-Ad and RP-LNP) as well as mRNA-LNP
vaccines (at all three doses) elicited spike-specific IgG responses inweanling
mice (Fig. 1b, d, respectively). In mice receiving RP-Ad, spike-specific IgG

Fig. 1 | mRNA-LNP vaccines and adjuvanted protein subunit vaccines elicit
SARS-CoV-2 IgG responses in mouse pups. a The experimental design is shown;
Mouse pups were inoculated at weaning with 5 µg SARS-CoV-2 recombinant protein
(RP) vaccine b, c adjuvanted with PBS (RP-PBS), AddavaxTM (RP-Ad), or LNP (RP-
LNP) or SARS-CoV-2 mRNA-LNP vaccine d, e at 1 µg, 5 µg, or 10 µg. b–e Sera were
collected from mouse pups at indicated time points after weaning/vaccination and
SARS-CoV-2 full length Spike (S) protein-specific IgG concentrations b, d and IgM
concentrations c, eweremeasuredbyELISA.Eachpoint represents the geometricmean
with error bars indicating 95% confidence interval (CI) of the geometric mean. Mouse

groupsweren = 5 (RP vaccinated groups) orn = 6 (mRNAvaccinated groups). Sample
IgG and IgM concentrations were plotted to a standard curve of known concentrations
of a S-specific IgG monoclonal antibody and are reported as arbitrary units (AU)/mL.
Data are shown as geometric mean concentrations with 95% confidence intervals. All
panels show results of one experiment that is representative of two independent bio-
logical replicates.Groupgeometricmean IgGconcentrationswere comparedat 4weeks
and 8weeks post-vaccination to correspondingwithin-group 1week concentrations by
repeated measures (RM) one-way ANOVA with Tukey’s post hoc test (* indicates
p < 0.05, ** indicates p < 0.01). Schematic for a created with Biorender.

https://doi.org/10.1038/s41541-024-00901-4 Article

npj Vaccines |           (2024) 9:110 2



was detected in most mice at 1 week post-vaccination and increased sig-
nificantly compared to this 1week baseline in allmice at 4 and 8weeks post-
vaccination (Fig. 1b). In mice receiving RP-LNP, spike-specific IgG was
detected inmostmice at 1weekpost-vaccination and increased significantly
in all mice at 4 and 8 weeks post-vaccination (Fig. 1b). In groups receiving

mRNA-LNP, spike-specific IgG was detectable at 1 week and increased
significantly compared to each respective baseline at 4 and 8 weeks post
vaccination (Fig. 1d).

In mice receiving RP-PBS or RP-Ad, spike-specific IgM was not
detected at 1, 4, or 8weeks post-vaccination (Fig. 1c). Inmostmice receiving
RP-LNP, spike-specific IgM was detectable at 1 week post-vaccination
before waning below the threshold of detection at 4 and 8 weeks post-
vaccination (Fig. 1c). Spike-specific IgM was detected at 1 week post-
vaccination in most mice receiving 1 µg and 5 µg mRNA-LNP and was
detectable in all mice receiving 10 µg mRNA-LNP before waning to unde-
tectable levels at 4 and 8 weeks post-vaccination (Fig. 1e).

These experiments show that all SARS-CoV-2 mRNA-LNP vaccines
and adjuvanted recombinant protein vaccines elicit antibody responses in
weanling mouse pups. For ongoing experiments, 1 µg mRNA-LNP was
used for vaccination of weanling pups as it was the lowest dose of mRNA-
LNP eliciting comparable spike-specific IgM and IgG responses compared
to adjuvanted RP vaccines.

Establishment of a SARS-CoV-2 matAbs mouse model
We next established a mouse model of SARS-CoV-2 matAb transfer. We
determined the transfer efficiency and longevity of SARS-CoV-2 spike-
specific matAbs following maternal vaccination. For these experiments, we
vaccinated adult pregnant female C57BL/6 mice with SAR-CoV-2 spike
mRNA-LNP at varying doses (0.1-5 µg) 5 days after introducing unvacci-
nated male breeding partners. All dams were vaccinated 5 days after
introduction with a male without checking plugs, with vaccination of dams
occurring up to 5 days gestation. These dams were then allowed to deliver
pups. Because matAbs are transferred to mouse offspring both in utero and
viamilk9, we collected serum frompups at weaning (~ 21 days of life) and at
intervals over 9weeks post-weaning andmeasured SARS-CoV-2 full-length
spike protein-specific IgG by enzyme-linked immunosorbent assay (Fig.
2a). Vaccinated dams transferred SARS-CoV-2 spike-specific matAbs to
pups in a dose-dependent manner. All pups born to vaccinated dams had
detectable spike-specific IgG and these spike-specific matAbs waned to
undetectable levels over time in the 0.1 µg, 1 µg, and 5 µg vaccine dose
groups (Fig. 2b, 0.1 µg AUC 25.00AU, 95%CI 23.03 - 26.97AU; 1 µg AUC
156.4 AU, 95% CI 124.1 - 188.8 AU; 5 µg AUC 382.6 AU, 95% CI 306.3 -
458.8 AU). MatAb half-life was similar in all groups (Fig. 2b). On day of
weaning, dams (50.41 AU/mL, 95% CI 19.09–133.1 AU/mL) had higher
spike-specific IgG levels than pups (21.94 AU/mL, 95% CI 20.06 –
28.56 AU/mL,Fig. 2c).Offspring:dampairs hadplacental IgG transfer ratios
of ~ 0.57 (mean 0.57, range 0.20 to 1.53). These experiments demonstrate
that SARS-CoV-2 spike-specificmaternal antibodies are transferred to pups
and wane over time.

SARS-CoV-2 mRNA-LNP vaccine and adjuvanted protein sub-
unit vaccine IgG responses are not inhibited by SARS-CoV-2-
specific matAbs
We tested different SARS-CoV-2 vaccines in our newly established SARS-
CoV-2 matAb mouse model. We vaccinated matAb-positive and matAb-
negative C57BL/6 mouse pups at weaning (~21 days of life) with SARS-
CoV-2 mRNA-LNP (1 µg dose), RP adjuvanted with LNP (RP-LNP; 5 µg
protein), RP adjuvanted with the MF59-like adjuvant AddavaxTM (RP-Ad;
5 µg protein), or PBS and measured SARS-CoV-2 full-length spike-specific
IgG by ELISA over time (Fig. 3a). We did not test RP without adjuvant in
these experiments since we previously found that the unadjuvanted RP
vaccinewas poorly immunogenic even in the absence ofmatAbs (Fig. 1b, c).

In the matAb-negative (matAb-) group vaccinated with PBS, spike-
specific IgG was not detected at any time point. In the matAb-positive
(matAb+ ) group vaccinated with PBS, spike-specific IgG waned to near
the threshold of detection at 18 weeks (126 days) post-weaning (Fig. 3b),
consistent with the matAb decay rates that we observed in earlier experi-
ments (Fig. 2). InmatAb+mice prior to vaccination, spike-specific IgGwas
detected on day 0 (at weaning) in all mice and was significantly elevated
compared to within-groupmatAb-mice, none of which had detectable IgG

Fig. 2 | MatAbs against SARS-CoV-2 are transferred to mouse pups and wane
over time. a The experimental design is shown; Female mice were mated with males
and then were inoculated at day 5 after introduction of males with SARS-CoV-2
mRNA-LNP vaccine at 0.1 µg, 1 µg, or 5 µg. b, c. b Sera were collected from mouse
pups at indicated time points after weaning/vaccination and SARS-CoV-2 full length
Spike (S) protein-specific IgG concentrations were measured by ELISA. One phase-
decay was fitted to IgG data (R2 > 0.90 for all groups) with each point representing a
single mouse pup and each line representing the decay curve for one dose group
(0.1 µg n = 2; 1 µg n = 12; 5 µg n = 7). cDamswere vaccinated with 5 µgmRNA-LNP
and serum was collected from dams (n = 6) and pups (n = 48) at day of weaning.
Each point represents the geometricmeanwith error bars indicating 95% confidence
interval (CI) of the geometric mean. Sample IgG concentrations were plotted to a
standard curve of known concentrations of a S-specific IgG monoclonal antibody
and are reported as arbitrary units (AU)/mL. Data are shown as geometric mean
concentrations with 95% confidence intervals (* indicates p < 0.05 by unpaired two-
tailed Student’s T test). Schematic for Figure a created with Biorender.
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on day 0 (Fig. 3c–e). At 7 days post-vaccination, matAb- mice receiving
SARS-CoV-2 mRNA-LNP vaccines developed detectable IgG antibodies at
concentrations similar to matAb+ mice (Fig. 3c) and these remained
detectable at similar levels until the last point of sampling at 126 days post-
vaccination (Fig. 3c).Mice vaccinatedwith adjuvanted recombinant protein
SARS-CoV-2 vaccines exhibited similar trends albeit with antibody

concentrations rising to similar levels betweenmatAb+ andmatAb- groups
occurring at 28 days post-vaccination. At 28 days post-vaccination, matAb-
mice receiving either SARS-CoV-2 RP-LNP or SARS-CoV-2 RP-Ad vac-
cines developed detectable IgG antibodies at concentrations similar to
matAb+ mice (Fig. 3e, d) and these remained detectable at similar levels
until the last point of sampling at 126 days post- vacation (Fig. 3e, d).

https://doi.org/10.1038/s41541-024-00901-4 Article

npj Vaccines |           (2024) 9:110 4



At 18 weeks (126 days) post-vaccination, spike-specific IgG con-
centrations in all vaccinated mouse groups were significantly higher than
PBS control in both matAb+ and matAb- arms (Fig. 3, g, respectively).
Comparing between matAb- groups, spike-specific IgG concentrations
were not significantly different betweenmRNA-LNP, RP-Ad, andRP-LNP.
Similarly, in matAb+ groups, spike-specific IgG concentrations were not
significantly different between mRNA-LNP, RP-Ad, and RP-LNP.

To determine the neutralization efficiency of vaccine-elicited spike-
specific IgG, sera from pups at 4 weeks post-vaccination were analyzed by
focus reduction neutralization tests (FRNTs) using SARS-CoV-2 pseudo-
typed VSVΔG-RFP virus (Fig. 4). Neutralization titers (expressed as
FRNT50) were significantly higher for mRNA-LNP vaccinated pups than
for pups receiving PBS, RP-Ad, or RP-LNP in the absence (Fig. 4a) or
presence (Fig. 4b) of SARS-CoV-2-specific matAbs. Comparison within
vaccine conditions of matAb+ andmatAb- pups demonstrated that serum
from matAb+ pups did not have lower neutralization titers than serum
from the corresponding matAb- pups (Fig. 4c).

Together,these experiments demonstrate that mRNA-LNP and adju-
vanted recombinant SARS-CoV-2 vaccines elicit robust IgG responses in
weanling mouse pups in the presence of SARS-CoV-2 spike-specific
matAbs at the time of vaccination, and that SARS-CoV-2 mRNA-LNP
vaccines elicit higher overall neutralizing antibody titers relative to adju-
vanted recombinant vaccines.

Discussion
MatAb interference has long been an obstacle to effective immunization of
newborns and young infants using conventional vaccines9,12. Thus far, data
suggest that severe SARS-CoV-2 infections are less common in newborns
and young infants, with lower morbidity andmortality than other common
pediatric respiratory viruses (e.g., influenza, respiratory syncytial virus)20,
which has lessened the urgency to test SARS-CoV-2 vaccines in infants less
than 6months of age.However, rapid emergence of SARS-CoV-2variants of
concern and the ever-present possibility of a newly emerging pandemic
coronavirus, either of which could potentially have higher impact in infants,
raise the question of whether this age group can be successfully vaccinated
against SARS-CoV-2 in the presence ofmatAbs. In this study,we established
amousemodel of SARS-CoV-2-specificmatAb transfer and found that both
SARS-CoV-2 mRNA-LNP vaccines and adjuvanted RP spike vaccines are
effective at eliciting de novo antibody responses in the presence of spike-
specific matAbs.

The American College of Obstetrics and Gynecology (ACOG) and the
Society for Maternal-Fetal Medicine (SMFM) both recommend that
incompletely vaccinated pregnant women receive intragestational vaccina-
tion with an approved SARS-CoV-2 vaccine10,11. Given these recommen-
dations, we developed a mouse model involving SARS-CoV-2 matAb
transfer following intragestational vaccination.We found that vaccination of
pregnant dams resulted in a dose-responsive transfer ofmatAbs to pups that
waned over timewith a half-life of ~4-6 days. Efficiency ofmatAb transfer to
pups, measured as dam:offspring IgG ratio, was ~ 0.57, which is similar to
placental transfer ratios of SARS-CoV-2 matAbs in human mother-infant

pairs in which the mother received a single dose of SARS-CoV-2 mRNA
vaccine < 30 days prior to delivery21. Notably in humans, SARS-CoV-2
matAb levels have been shown to be higher after maternal vaccination
compared to after maternal infection but maternal vaccination leads to
slightly lower placental transfer ratios21. Our results extend this body of
literature showing that vaccination of mothers leads to high SARS-CoV-2-
specific antibody titers in offspring, highlighting the importance of vacci-
nation of pregnant individuals to allow for adequate antibody transfer and
subsequent protection of the infant in the first weeks to months of life.
Further studies should evaluate ifmatAbs elicited bySARS-CoV-2 infections
versus vaccinations have different inhibitory capacities in mouse models.

Nucleoside-modified mRNA-LNP vaccine technology is a safe, ver-
satile, scalable platform that has the potential to overcome challenges of
conventional vaccine technologies, and prior work from our laboratory
showed that mRNA-LNP influenza vaccines (encoding influenza virus
hemagglutinin) were able to partially overcome matAb interference
observed with conventional split inactivated influenza vaccines19. Extra-
polating from these findings, we hypothesized that SARS-CoV-2 mRNA
vaccines would remain effective in mice in the presence of SARS-CoV-2-
specific matAbs. Consistent with this, we observed that SARS-CoV-2
mRNA-LNP vaccines evoked de novo IgG responses that were similar
between mice with and without SARS-CoV-2 spike-specific matAbs, with
neither binding nor neutralization antibodies inhibited by matAbs. Since
our previous experiments demonstrated that matAbs inhibit de novo
responses elicited by adjuvanted influenza vaccines in mice19, we were
surprised to observe that adjuvanted SARS-CoV-2 recombinant protein
vaccines were effective at eliciting de novo IgG in the presence of SARS-
CoV-2-specific matAbs, although RP-elicited antibodies in pups were
overall less neutralizing than antibodies elicited by mRNA-LNP vaccines.
While unlikely, it is possible that intrinsic properties of the SARS-CoV-2
spike protein (rather than a property of the specific vaccine platform and
adjuvants) allows it to be immunogenic in the presence ofmatAbs. Further
studies should explore how different adjuvants and vaccine platformsmay
be able to overcome the inhibitory effects of matAbs using a variety of
different immunogens. Additional studies should address why SARS-
CoV-2 mRNA-LNP vaccines appear to elicit a higher neutralizing anti-
body/IgG binding antibody ratio compared to adjuvanted recombinant
protein vaccines. It is possible that the recombinant proteins used in our
studies were unstable and that conformationally dependent neutralizing
epitopes were disrupted in these proteins.

It remains mechanistically unclear how mRNA-LNP vaccines over-
come the inhibitory effects of matAbs. Our previous studies with influenza
vaccines suggest that long-lived germinal centers induced by mRNA-LNP
vaccines likely contribute to overcoming matAb interference19. Recent data
suggest the empty LNP has potent adjuvant effects when combined with
protein subunit vaccines and these adjuvant effects likely substantially
contribute to the impressive immunogenicity of the mRNA-LNP vaccine
platform22. Our results in the current study suggest that novel lipid-based
adjuvants, including empty LNP and MF-59-like adjuvants, may increase
the effectiveness of protein subunit vaccines in the presence of maternal

Fig. 3 | SARS-CoV-2 mRNA-LNP vaccines and adjuvanted protein subunit
vaccine-elicited IgG responses are not inhibited by SARS-CoV-2-specific
matAbs. a The experimental design is shown; Female mice were mated with males
and then were inoculated at day 5 after introduction of males with SARS-CoV-2
mRNA-LNP vaccine (5 µg) or PBS and pups were vaccinated at weaning with PBS,
SARS-CoV-2 recombinant protein (RP) with Addavax (RP-Ad) or empty lipid
nanoparticle (RP-LNP), or SARS-CoV-2 mRNA vaccine (mRNA-LNP). b–e Sera
were collected from mouse pups at indicated time points after weaning/vaccination
and SARS-CoV-2 full length Spike (S) protein-specific IgG concentrations were
measured by ELISA. For each vaccine condition (b, PBS; c, mRNA-LNP; d, RP-Ad;
e RP-LNP; n = 4-6 mice per group) at each time point, geometric mean IgG con-
centrations were compared between the matAb+ and matAb- groups by one-way
ANOVA with post hoc Šidák test. Each point represents the geometric mean with
95% confidence intervals. f, g Column graphs depict SARS-CoV-2 IgG concentra-
tions formatAb- f andmatAb+ gmice at 18weeks post-vaccination for each vaccine

condition, with each point representing a singlemouse and central bars representing
geometric mean concentration and 95% CI. Group geometric mean IgG con-
centrations were compared by one-way ANOVA with Tukey’s post hoc test with
significance level of group comparison indicated by nested brackets. For all panels,
sample IgG concentrations were plotted to a standard curve of known concentra-
tions of a SARS-CoV-2 IgGmonoclonal antibody and are reported as arbitrary units
(AU)/mL with samples for which IgG was below the threshold of detection (TOD,
represented by horizontal dotted lines) imputed to half the TOD (represented by the
x axis). Central points/bars and error bars for all panels represent geometric mean
concentrations with 95% confidence intervals. Significance levels for statistical
hypothesis testing are indicated (* indicates p < 0.05, ** indicates p < 0.01, ns
indicates p ≥ 0.05). All panels show results of one experiment that is representative of
two independent biological replicates. Schematic for a created with Biorender.
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antibodies. This raises the possibility that the adjuvant properties of LNP
contribute to mRNA-LNP vaccine effectiveness in the presence of matAbs.

There is not yet an approved SARS-CoV-2 vaccine for infants under
6 months of age and thus the only current means of immunity for this age
group is passive protection from transferred matAbs, a process that has
historically limited active immunization of young infants via matAb
interference with vaccine antigen. Our results suggest that SARS-CoV-2
mRNA-LNP vaccines currently in use are likely to be effective in infants
despite the presence of SARS-CoV-2-specific matAbs and add to a body of
literature suggesting thatnucleoside-modifiedmRNA-LNPvaccinesmaybe
an overall solution to problems associated with matAb interference.

Methods
Study design
The study objectives were to determine the ability of SARS-CoV-2mRNA-
LNPandprotein subunit vaccines to elicit denovo antibody responses in the
presence of SARS-CoV-2 spike-specific matAbs. Mouse pups with and
without SARS-CoV-2 spike-specific matAbs were vaccinated with SARS-
CoV-2 spike mRNA-LNP or adjuvanted recombinant protein subunit
vaccine and antibody responses were quantitated over time. The number of
pups in each experiment varied due to differences in litter size. Both male
and female pups were used in all experiments. Nomice were excluded from
experiments and outliers were included in all analyses. Investigators were

not blinded. Two biological replicates were performed for each experiment
unless otherwise noted.

Mouse model
C57BL/6 mice were purchased from Charles River Laboratories (Wil-
mington,MA)andbred in-house.Femalemice (ages 6-8weeks)weremated
in triowithmales of the same strain. Ondayfive after introduction ofmales,
males were removed and female mice received intramuscular (i.m.) vacci-
nation with SARS-CoV-2 spike mRNA-LNP (0.1 µg, 1 µg, 5 µg, or 10 µg in
50 µL PBS) or vehicle. Plugswere not checked as part of this protocol and all
females were vaccinated on day five regardless of the day on which suc-
cessful mating occurred. After separation from males, pregnant females
were singly housed and allowed to have pups. Pupswereweanedat ~21days
of age (range, 19–22 days) and vaccinated at the time of weaning. Vacci-
nations were performed under isoflurane anesthesia (4–5% in oxygen for
induction, 1–2% in oxygen for maintenance). The experimental endpoint
for dams was the date of weaning. The experimental endpoint for male
breeders was one year of age. The experimental endpoint for pups was the
date of the last blood sampling for the corresponding experimental group
(60–65 days post-weaning for experiments reported in Figs. 1–2; 18 weeks
post-weaning for experiments reported in Figs. 3–4). After reaching end-
points, mice were euthanized by carbon dioxide inhalation with death fol-
lowing euthanasia ensured by confirmation of loss of vital signs and absence

Fig. 4 | Neutralization efficiency of SARS-CoV-2 mRNA-LNP vaccines and
adjuvanted protein subunit vaccine-elicited antibodies in the presence of absence
of SARS-CoV-2-specific matAbs. Female mice were mated with males and then
were inoculated at day 5 after introduction of males with SARS-CoV-2 mRNA-LNP
vaccine (5 µg) or PBS and pups were vaccinated at weaning with PBS, SARS-CoV-2
recombinant protein (RP) with Addavax (RP-Ad) or empty lipid nanoparticle (RP-
LNP), or SARS-CoV-2 mRNA vaccine (mRNA-LNP). Sera were collected from
mouse pups at 4 weeks after weaning/vaccination and neutralization efficacy mea-
sured by focus reduction neutralization test (FRNT) of pseudotyped vesicular sto-
matitis virus (VSV) expressing SARS-CoV-2 D614G spike glycoprotein. Column

graphs depict FRNT50 formatAb- a andmatAb+ bmice for each vaccine condition,
with each point representing a singlemouse and central bars representing geometric
mean concentration and 95% CI. c Presents all groups on a single column graph for
ease of depiction of within-vaccine condition comparisons of matAb- and matAb-
mice. Group geometric mean IgG concentrations were compared by one-way
ANOVA with Tukey’s post hoc test with significance level of group comparison
indicated by nested brackets. Samples forwhich noneutralizationwas detected at the
lowest dilution were imputed to half the TOD (dotted line). Significance levels for
statistical hypothesis testing are indicated (* indicates p < 0.05, ** indicates p < 0.01,
ns indicates p ≥ 0.05).
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of corneal reflex. All mouse experiments were approved by the Institutional
AnimalCare andUseCommittees of theWistar Institute and theUniversity
of Pennsylvania. All animal experiments were performed in compliance
with all relevant ethical regulations. Sample size for each experiment was
determined based on similar previous experiments.

Serum collection
Blood was collected at indicated time points by submandibular puncture
into 1.1mL Z-Gel tubes (Sarstedt, Numbrecht, Germany) using 5–5.5 mm
lancets (MEDIpoint,Mineola, NY). Sera were isolated and stored at−80 °C
prior to thawing for analysis and thereafter stored at 4 °C.

Vaccinations
mRNA-LNP vaccines were diluted at indicated RNA amounts (0.1–10 µg)
in PBS. Recombinant spike protein subunit vaccines were prepared by
diluting 5 µg recombinant spike protein in 50 µL diluent; diluent for
AddavaxTM-adjuvanted vaccines consisting of 25 µL PBS and 25 µL
AddavaxTM (Invivogen, San Diego, CA) and diluent for lipid nanoparticle-
adjuvanted vaccines consisted of a concentration of LNP corresponding to
the mRNA-LNP vaccine brought to a total volume of 50 µL with PBS. All
vaccines were stored on ice after dilution and prior to administration.
Vaccines (50 µL) were administered by intramuscular (i.m.) injection into
the upper hind leg. Vaccinations were performed under isoflurane anes-
thesia (4 – 5% in oxygen for induction, 1–2% in oxygen for maintenance).

mRNA-LNP production
Nucleoside-modified (with m1Ψ) mRNAs encoding codon-optimized,
diproline-modified spikeprotein fromthe SARS-CoV-2Wuhan-Hu-1 strain
were produced as previously described23,24 with m1Ψ-5-triphosphate
(TriLink) instead of UTP and capped cotranscriptionally using the trinu-
cleotide cap1 analog, CleanCap (TriLink), then cellulose purified as pre-
viously described25. m1Ψ-containing mRNAs were encapsulated in lipid
nanoparticles (LNP) (proprietary to Acuitas Therapeutics) using a self-
assembly process as previously described26.

Protein expression
SARS-CoV-2Wuhan Hu-1 full length spike (FL-S) protein was purified by
Ni-NTA resin from 293 F cells transfected with a plasmid that encodes the
FL-S (A gift from Florian Krammer, Icahn School of Medicine at Mt. Sinai,
New York City, NY)27.

ELISA
Immulon 4HBX plates (Thermo Fisher Scientific) were coated with SARS-
CoV-2 Wuhan Hu-1 full length spike protein (0.5 µg/mL) diluted in PBS
overnight at 4 °C. Plates were blocked with 3% non-fat dry milk powder
(Dot Scientific Inc) in PBS for 1 hour at room temperature and thenwashed
with PBS-T (Phosphate buffered saline [Sigma-Aldrich] with 0.1% Tween-
20 [Fisher Bioreagents]). Sera, or monoclonal anti-SARS-Related Cor-
onavirus 2 spike RBD-mFc fusion protein (NR-53796; produced in vitro,
BEI Resources, NIAID, NIH), was diluted in 1% drymilk powder in PBS-T
and incubated for 2 hours at room temperature. Plates were washed with
PBS-T and secondary antibody diluted in 1%drymilk powder inPBS-Twas
incubated in the plates for 1 h at room temperature. For IgG quantitation,
goat anti-mouse IgG HRP-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, 115-035-071) was diluted 1:1000 in 1%dry
milk powder in PBS-T; for IgM quantitation, goat anti-mouse IgM HRP-
conjugated secondary antibody (Jackson ImmunoResearch Laboratories,
115-035-075) was diluted 1:5000 in 1% dry milk powder in PBS-T. Plates
were washed and developedwith SureBlueTM TMB1-componentmicrowell
peroxidase substrate (KPL, SeraCare, Milford, MA) for 5minutes at room
temperature and read on a SpectraMAX 190 (Molecular Devices). Data are
reported as arbitrary units per milliliter (AU/mL) corresponding to
absorbance-matched concentrations to a standard curve of SARS-CoV-2
monoclonal antibody (NR-53796) absorbance. Log transformed values of
0 AU/mL were imputed to half of the threshold of detection (TOD).

Production of SARS-CoV-2 pseudotyped VSVΔG-RFP
SARS-CoV-2 pseudotyped VSVΔG-RFP was produced as previously
described28. 293 T cells (seeded 5 × 106 cells per 10 cm dish and incubated
24 h) were transfected with 25 µg pCG1 SARS-CoV-2 S D614GΔ18,
encoding codon optimized D614G S gene with 18 amino acid truncation of
the cytoplasmic tail, with supplementation of media with 5mM sodium
butyrate 12 h after transfection. 24 hours after transfection, the cells were
infected with vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped
VSVΔG-RFP (redfluorescent protein) atmultiplicity of infection (MOI)−1
to 3, with virus-containing media removed and replaced with fresh serum-
free media after 2 h. Supernatants containing SARS-CoV-2 pseudotyped
VSVΔG-RFP were collected 28–30 h after infection of cells, clarified by
centrifigution at 6000 g, aliquoted, and stored at−80 °C.

Focus reduction neutralization test
Neutralizing antibodies were measured using the focus reduction neu-
tralization test (FRNT) as previously described28. Vero E6 cells expressing
TMPRSS2 were seeded into 96-well flat-bottom collagen-coated culture
plates (2.5 × 104 cells per well, 100 µLmedia per well) inDulbecco’smodified
Eagles medium (DMEM) with 10% fetal bovine serum (FBS). One day later,
sera frommice were two-fold serially diluted starting at a dilution of 1:20 to a
final dilution of 1:2560 in DMEM (10% FBS) containing mouse anti-VSV
Indiana G antibody (1E9F9, Absolute Antibody, Ab01402-2.0) 600 ng/mL.
Diluted sera weremixed with SARS-CoV-2 pseudotypedVSVΔG-RFP virus
(175–300 focus forming units, FFU, per well) and incubated at 37 °C for 1 h.
After 1 h, media for the Vero E6 TMPRSS2 cells was replaced with the
prepared serum/virus-containingmedia and incubated at 37 °C.After 21 h of
incubation, cells were washedwith PBS and fixedwith 4%paraformaldehyde
for 10minutes prior to visualization and counting of infected foci using an S6
FluorospotAnalyzer (CellularTechnology). For each sample, focus reduction
neutralization titer 50% (FRNT50)was calculated as the inverse of the highest
serumdilutionwith a focus count less than 50%of the average of control cells
infectedwith SARS-CoV-2pseudotypedVSVΔG-RFPvirus in the absence of
mouse serum (viral input control). Samples with no wells < 50% of input
controls were imputed to FRNT50 of 10 (half the threshold of detection).

Statistics
Statistical analyses were completed using GraphPad Prism 9. Normal or
lognormal distribution of data was confirmed using the Shapiro-Wilk test.
Antibody concentrations with skewed distributions were log transformed
prior to statistical hypothesis testing. Statistical significance for group
comparisons were determined using one-way analysis of variance
(ANOVA) with the significance of pairwise comparisons determined by
Tukey test (if all possible pairwise comparisons were tested) or Šidák test (if
selected pairwise comparisons were tested). All p-values < 0.05 were con-
sidered statistically significant. Data are reported as means ± standard
deviation (SD) or geometric means with 95% confidence intervals, unless
otherwise noted.

Data availability
The data that support the findings of this study are included in the manu-
script. All materials used in this manuscript are available from the authors
upon reasonable request.
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