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Coronavirus disease 2019 (COVID-19) mRNA vaccines that
have contributed to controlling the SARS-CoV-2 pandemic
induce specific serum antibodies, which correlate with protec-
tion. However, the neutralizing capacity of antibodies for
emerging SARS-CoV-2 variants is altered. Suboptimal anti-
body responses are observed in patients with humoral immu-
nodeficiency diseases, ongoing B cell depletion therapy, and ag-
ing. Common experimental mouse models with altered B cell
compartments, such as B cell depletion or deficiency, do not
fully recapitulate scenarios of declining or suboptimal antibody
levels as observed in humans. We report on SARS-CoV-2 im-
munity in a transgenic mouse model with restricted virus-spe-
cific antibodies. Vaccination of C57BL/6-Tg(IghelMD4)4Ccg/J
mice with unmodified or N1mJ-modified mRNA encoding
for ancestral spike (S) protein and subsequent challenge with
mouse-adapted SARS-CoV-2 provided insights into antibody-
independent immunity and the impact of antibody titers on
mucosal immunity. Protection against fatal disease was inde-
pendent of seroconversion following mRNA vaccination, sug-
gesting that virus-specific T cells can compensate for subopti-
mal antibody levels. In contrast, mRNA-induced IgG in the
nasal conchae limited the local viral load and disease progres-
sion. Our results indicate that parenteral mRNA immunization
can elicit nasal IgG antibodies that effectively suppress local
viral replication, highlighting the potential of vaccines in con-
trolling SARS-CoV-2 transmission and epidemiology.

INTRODUCTION
mRNA interventions are gaining importance, and comprehensive in-
sights into mRNA-induced immunity are crucial. Antibodies induced
by mRNA vaccination correlate with protection against COVID-19,
yet their role in limiting viral transmission remains elusive.1,2 A
role of T cells in vaccine-induced protection has been suggested by
COVID-19 outcomes in patients with declining antibody titers or
with humoral immunodeficiencies,3–7 and more recently by a media-
tion analysis for correlates of protection against newly emerging var-
iants.8 Experimental models entirely lacking lymphocytes or anti-
bodies inaccurately reflect the spectrum of human antibody
levels.9,10 Here, we utilized C57BL/6-Tg(IghelMD4)4Ccg/J mice,
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with few B cells expressing endogenous V genes,11 to model host re-
sponses to mRNA immunization in individuals with limited capabil-
ities to produce virus-specific antibodies.12,13 In IghelMD4 mice, 95%
of splenic B cells carry the IghelMD4 transgene that recognizes hen
egg lysozyme.11 The spleen architecture and frequencies of CD4+

T cells are unchanged, whereas CD8+ T and B cells are fewer than
in wild-type (WT) littermates. In this model, subunit vaccines trigger
effective cellular immune responses with partially reduced CD8
immunity,14 while limited levels of pathogen-specific antibodies are
elicited upon immunization.12,13

Here, we challenged these animals with the mouse-adapted strain
SARS-CoV-2 MA20,15,16 included males and females, and vaccinated
with mRNA to evaluate the impact of sex and vaccine features on
immunogenicity and protection against SARS-CoV-2. We previously
described T cell responses in mice vaccinated with unmodified
mRNA.17 For comparison, we used unmodified (male-only) mRNA
alongside N1mJ-modified mRNA, widely applied in humans. The
study demonstrates the ability of T cells to protect against lethal disease
by indicating that virus-specific antibodies are redundant for survival
in mice. Antibody titers correlated with viral clearance in nasal tissue
and limited disease severity. mRNA vaccination induced nasal anti-
spike IgG antibodies necessary for local clearance of SARS-CoV-2.
RESULTS
mRNA-vaccinated WT and IghelMD4 mice develop comparable

virus-specific T cell responses

To investigate the role of T cells in the context of limited antibody
production, we vaccinated male and female IghelMD4 or WT
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littermate controls twice with modified N1mJ-mRNA or unmodi-
fied mRNA encoding for the spike (S) protein of ancestral SARS-
CoV-2. Subsequently, we challenged them with a mouse-adapted
SARS-CoV-2 (Figure 1A; Table S1), which causes pulmonary disease
and viral replication in the upper respiratory tract.16 We first evalu-
ated tissue-residing T cells upon immunization using intravenous de-
livery of a CD45 antibody (Figure S1A).18 Vaccine-induced CD45IV

�

T cell responses were more pronounced for CD8+ than CD4+ T cells
(Figures 1B–1H, S1B–S1G, and S2) as described previously.17 Activa-
tion and homing of CD45IV

� CD8+ T cells from mice of both geno-
types were primarily detectable in the lung compared with spleen af-
ter mRNA vaccination, as demonstrated by the increased expression
of CD69, PD-1, and CXCR3 (Figures 1B–1G and S1B–S1G). We
observed an increase in CD8+ T effector memory cells (Tem:
CD45IV

�, CD44hi, CD62L�) while total T cell numbers in the lungs
and spleen remained similar to those observed in Sham-vaccinated
animals (Figures 1H and S2). S peptide-specific T cell responses
were measured by evaluating IFN-g and granzyme B (Figure S3A).
Robust SARS-CoV-2-specific T cell responses were detectable in
both mouse strains without significant differences between the geno-
types and vaccine constructs (Figures 1I, 1J, and S3B–S3E). No sex
differences in T cell populations were observed (Figure S2). Thus,
T cell responses appeared similar between WT and IghelMD4 mice
after mRNA vaccination.

mRNA-vaccinated WT and IghelMD4 mice show distinct levels

of neutralizing antibodies

We evaluated vaccine-induced humoral responses by assessing sero-
conversion over time. All WT mRNA-vaccinated mice elicited high
anti-RBD serum antibodies (Figures 2A–2C) with high neutralizing
capacity (Figures 2D–2F) as early as d28 (pre-boost). Fifteen out of
34 N1mJ-mRNA- and 5/15 mRNA-vaccinated IghelMD4 mice se-
roconverted by day 56 (Figures 2D–2F). Most vaccinated IghelMD4
mice developed significantly lower antibody levels (Figures 2B
and 2C) and neutralizing capacity (Figures 2D–2F) than WT coun-
terparts. Based on the SARS-CoV-2 antibody spectrum, we divided
the IghelMD4 mice into seroconverters and non-seroconverters to
better understand the role of humoral immunity in disease protec-
tion. The abundance of RBD-specific antibodies correlated with
neutralization titers (rs = 0.883, p = 7.318 � 10�55), demonstrating
that high antibody titers reflect neutralizing capacity in this model
(Figure S4A). Thus, WT and IghelMD4 mice elicited significantly
different levels of neutralizing serum antibodies, irrespective of the
Figure 1. WT and IghelMD4 mice exhibit similar SARS-CoV-2-specific T cell re

(A) Study design: female (\) and male (_) WT and IghelMD4 mice (n = 162) were prime

unmodified mRNA vaccines encoding the S protein of SARS-CoV-2. On day 56, 128

independent experiments. Mice were analyzed for anti-SARS-CoV-2 antibodies in nasa

challenge. Survival, weight changes, and viral loads weremonitored up to 12 DPI or upon

residing (CD45IV
�) T cells from the lungs of mice were analyzed for CD69 (B and E), PD-1

T cells (H). (I and J) Single-cell suspensions obtained from the lungs of mice were res

granzyme B (I) or IFN-g (J) in the lungs (day 56) is depicted. The values were obtained by

Each data point represents one animal. n = 5 per vaccine and mouse group. n = 6 for

displayed. p values were determined by nonparametric one-way ANOVA and Dunn’s m
type of mRNA vaccine (Figures 2B and 2C) and the sex of the an-
imals (Figure S4B).

Virus-specific serum antibodies define disease progression

without affecting survival

We performed an initial experiment to determine whether IghelMD4
mice have a similar dose-dependent susceptibility to SARS-CoV-2
MA20 as WT mice (Figures S5A and S5C). Application of 104.45

TCID50 led to a 50%–70% survival rate and a similar course of infec-
tion in mice of both genotypes (Figures S5B and S5C). Of note, only
1/13 IghelMD4 but 9/9 unvaccinated WT mice seroconverted (Fig-
ure S5D) by 10 DPI, reflecting the restricted B cell receptor repertoire
of IghelMD4 mice.11 Next, we investigated the susceptibility of vacci-
nated IghelMD4 mice to SARS-CoV-2 MA20 challenge. Both mRNA
vaccines effectively protected all mice from lethal diseases (Figure 3A).
The vaccine-conferred protection was independent of seroconversion
(Figure 3B) and sex (Figures S6A and S6B). We determined disease
progression by monitoring individual changes in body weight (Fig-
ure S7). In contrast to unvaccinated WT mice, IghelMD4 mice ex-
hibited delayed weight recovery, and mRNA-vaccinated IghelMD4
mice showed a detectable but insignificant early weight loss
(Figure 3C). For both N1mJ-mRNA- and mRNA-vaccinated
IghelMD4 mice, only seronegative (d56) mice showed a significant
weight loss within the first 6 DPI (Figure 3D), with no sex differences
(Figures S6C and S6D). This suggests that virus-specific antibodies
induced by mRNA vaccination can prevent disease progression,
such as weight loss, but are not necessary to prevent lethal outcomes.

Antibody and T cell responses differ betweenmRNA-vaccinated

WT and IghelMD4 mice upon SARS-CoV-2 infection

To evaluate the impact of T cell responses on disease fatality, T cell
responses in the lung (Figures 4A–4C, S8A–S8C, and S9A–S9F)
and spleen (Figures 4D–4F, S8D–S8F, and S9G–S9L) in IghelMD4
mice with low serum anti-SARS-CoV-2 antibodies and WT mice
were monitored after viral challenge. CD8+ Tem cell frequencies of
both genotypes were similarly elevated at 12 DPI, mainly in vacci-
nated mice and predominantly in the spleen (Figures S9F and S9L).
WT and IghelMD4 mice elicited comparable S-specific IFN-g and
granzyme B production by lung and spleen T cells (Figures S10A–
S10F). The abundance of S peptide-specific IFN-g-producing lung
CD8+ T cells did not correlate (rs = 0.076, p = 0.6901) with weight
at 12 DPI in IghelMD4mice (Figure S10G). Regardless of vaccination
status, IghelMD4 mice had elevated frequencies of activated lung
sponses

d (day 0) and boosted (day 28) with NaCl (Sham), 8.0 mg N1mJ-mRNA, or 8.0 mg

mice (n = 128) were challenged with >104 TCID50 of SARS-CoV-2 MA20 in three

l tissue and serum and T cell responses in the lungs and spleen before and after the

reaching the humane endpoint criteria. Created with BioRender.com. (B–H) Tissue-

(C and F), CXCR3 (D and G) expression, and frequencies of CD8+ effector memory

timulated in vitro with S peptides. The percentage of CD8+ T cells that expressed

subtracting percentage (unstimulated) from percentage (S peptide stimulated). (B–J)

Sham WT and N1mJ-mRNA IghelMD4. The median with the interquartile range is

ultiple comparison test.
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Figure 2. WT and IghelMD4 mice elicit distinct levels of neutralizing antibodies upon mRNA vaccination

(A) RBD ELISA of serum from Sham- or mRNA-vaccinated mice pre-challenge. Number of animals per time point: n = 33 for ShamWT, n = 30 for Sham IghelMD4, n = 35 for

N1mJ-mRNA WT, n = 34 for N1mJ-mRNA IghelMD4, n = 15 for mRNA WT and IghelMD4. The dotted line (.) represents the cutoff for seroconversion (OD = 0.3). The

median with the interquartile range is displayed. p values were determined by nonparametric one-way ANOVA and Dunn’s multiple comparison test. (B and C) Statistical

analysis of matched RBD ELISA samples. Number of animals per time point: n = 35 for N1mJ-mRNA WT, n = 34 for N1mJ-mRNA IghelMD4, n = 15 for mRNA WT and

IghelMD4. p values were determined by two-way ANOVA and �Sı́dák’s multiple comparisons test. (D–F) Surrogate virus neutralization test (sVNT) at days 28 and 56 for Sham

(D), N1mJ-mRNA (E), and unmodified mRNA (F). Number of animals per time point: n = 34 for ShamWT, n = 30 for Sham IghelMD4, n = 35 for N1mJ-mRNAWT, n = 34 for

N1mJ-mRNA IghelMD4, n = 15 for mRNA WT and IghelMD4. Error bars represent the min to max range. p values were determined by two-way ANOVA with �Sı́dák’s

multiple comparisons test. The dotted line (.) represents the cutoff for sVNT positivity (30% inhibition) according to the manufacturer’s manual. (A–F) Each data point

represents one animal.
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Figure 3. mRNA vaccine-induced serum antibody

levels determine disease progression without

impacting survival

(A and B) Survival analysis for Sham, N1mJ-mRNA, or

mRNA vaccinated WT and IghelMD4 mice (A) and

IghelMD4 mice vaccinated with N1mJ-mRNA or mRNA

divided by seroconversion status (B) after infection with

SARS-CoV-2 MA20 up to 12 DPI. p values were

determined by direct curve comparison (Kaplan-Meier)

using log rank (Mantel-Cox) test. (A) Number of animals:

n = 24 for Sham WT, n = 20 for Sham IghelMD4, n = 23

for N1mJ-mRNA WT, n = 24 for N1mJ-mRNA

IghelMD4, n = 10 for mRNA WT and IghelMD4. (B)

Number of animals: n = 15 for N1mJ-mRNA no

seroconversion, n = 9 N1mJ-mRNA seroconversion,

n = 7 for mRNA no seroconversion, n = 3 for mRNA

seroconversion. (C and D) Weight changes of mice

infected with SARS-CoV-2 MA20 until 12 DPI for Sham,

N1mJ-mRNA, or mRNA vaccinated WT and IghelMD4

mice (C) and IghelMD4 mice vaccinated with

N1mJ-mRNA or mRNA divided by seroconversion status

(D). The dataset passed the D’Agostino-Pearson

normality test (a = 0.05). Each data point represents the

mean with SEM. p values were determined by two-way

ANOVA (mixed effects analysis). (C) Number of animals:

n = 28 for Sham WT, n = 24 for Sham IghelMD4, n = 27

for N1mJ-mRNA WT, n = 28 for N1mJ-mRNA

IghelMD4, n = 10 for mRNA WT and IghelMD4. (D)

Number of animals: n = 17 for N1mJ-mRNA no

seroconversion, n = 11 N1mJ-mRNA seroconversion,

n = 7 for mRNA no seroconversion, n = 3 for mRNA

seroconversion. (A–D) Exclusion of animals that reached

the predetermined study endpoint at 3 DPI (n = 4 per

group for Sham and N1mJ-mRNA) from survival analysis

caused differences in the number of animals in survival

(A and B) andweight change plots (C and D) for each group.
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CD69+CD8+ and spleen PD-1+CD8+ T cells post-infection, whereas
frequencies of CXCR3 expressing cells remained similar to WT litter-
mates (Figures 4A–4F and S8A–S8F). We monitored the abundance
Molecular Th
of serum anti-RBD antibodies post-challenge,
which increased by 12 DPI in IghelMD4 mice
compared with pre-challenge (Figure 4G). How-
ever, neutralization capacity was significantly
reduced compared with WT mice (Figure 4H).
Thus, increased T cell activation upon infection
in IghelMD4 mice with limited antibody levels
may contribute to the prevention of fatal
outcomes.

mRNA-induced mucosal IgGs confer nasal

clearance of SARS-CoV-2

Next, we investigated viral loads in WT and
IghelMD4 mice. Viral RNA was not detected in
the lungs of vaccinated WT mice at 1–6 DPI,
whereas it was present in IghelMD4 mice and
Sham-vaccinated controls (Figure S11A). After
12 DPI, almost all surviving mice cleared the virus from the lungs,
regardless of genotype and immunization status (Figure S11B). In
the conchae, early post-challenge, vaccinated WT mice and
erapy: Nucleic Acids Vol. 35 December 2024 5
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IghelMD4 mice showed significantly lower viral RNA levels than
Sham-vaccinated control groups (Figure S11C). Later, vaccination
with N1mJ-mRNA or unmodifiedmRNA restricted nasal viral loads
in WT, but not in IghelMD4 mice (Figure 5A), irrespective of the sex
(Figures S11D and S11E). Serum anti-RBD antibodies from all groups
and genotypes negatively correlated (rs = �0.751, p = 3.98 � 10�24)
with viral RNA loads in the conchae (Figures 5A and 5B). In
Sham-vaccinated animals, viral loads in the conchae correlated with
disease severity at 12 DPI (Figure 5C). A weak negative correlation
(rs = �0.507, p = 0.0042) of S peptide-specific CD8+ IFN-g+ lung
T cells with viral loads in conchae was observed (Figure 5D). Since
anti-RBD antibodies correlated with viral clearance in the nasal
conchae, we monitored local S-specific IgG1 and IgG2c in vaccinated
mice in this compartment. Despite elevated levels of anti-RBD serum
antibodies, SARS-CoV-2 infection alone did not induce local IgG re-
sponses within 12 DPI (see Sham animals in Figures 5E–5H). Vacci-
nation with either N1mJ-mRNA (Figures 5E–5H) or unmodified
mRNA (Figures 5G and 5H) induced IgG1 and IgG2c in the conchae
of WT mice but not in IghelMD4 mice during the first week
(Figures 5E and 5F) and by 12 DPI (Figures 5G and 5H). Although
several IghelMD4 mice developed anti-RBD and neutralizing anti-
bodies in the serum during infection (Figures 4G and 4H), these could
not limit nasal viral RNA load in the absence of local IgG. Only mice
with detectable IgG in the conchae cleared the virus from this
compartment (Figures 5A–5H). Thus, mRNA vaccination contrib-
utes to mucosal clearance of SARS-CoV-2 by induction of nasal IgGs.

DISCUSSION
Insights into immunity in individuals with impaired humoral re-
sponses upon mRNA vaccination are limited, and current models
fail to reflect the broad spectrum of antibody levels in the human pop-
ulation. Using the IghelMD4 mouse model, we, in line with others,
found that mRNA vaccination-induced virus-specific T cell responses
can compensate for limited antibody titers to protect against a lethal
SARS-CoV-2 challenge.9,19,20 Viral loads were only detected in the
lungs of Sham-vaccinated mice and IghelMD4 mice early after infec-
tion, strongly suggesting that immunization can induce virus-specific
antibodies that effectively prevent the virus from spreading to the
lower respiratory tract. The correlation of disease severity and nega-
tive correlation of serum anti-RBD antibodies with conchae viral
loads supports a critical role of virus-specific antibodies in viral clear-
ance from the nose and disease progression, consistent with previous
studies.21 T cells are likely to have a minor contribution to SARS-
Figure 4. WT and IghelMD4 mice display distinguishing antibody and T cell res

(A–F) Tissue-residing (CD45IV
�) T cells from the lungs (A–C) and spleen (D–F) of mice w

expression. Number of animals: n = 10 per vaccine and mouse group, n = 9 for Sham W

ELISA of serum samples from Sham-, N1mJ-mRNA-, or mRNA-vaccinated mice at 1–6

n = 9 (1–6 DPI) and n = 15 (12 DPI) for Sham IghelMD4, n = 4 (1–6 DPI) and n = 23 (12

IghelMD4, n = 10 (12 DPI) for mRNA WT and IghelMD4. The dotted line (.) represe

nonparametric one-way ANOVA and Dunn’s multiple comparison test. (H) Surrogate

vaccinated WT and IghelMD4mice. Number of animals: n = 28 for ShamWT, n = 27 for

n = 10 for mRNA WT and IghelMD4. Error bars represent the min to max range. p value

dotted line (.) represents the cutoff for sVNT positivity (30% inhibition). (A–H) Each da
CoV-2 nasal clearance after mRNA vaccination since only a weak
negative correlation of virus-specific lung T cells with viral loads in
conchae was observed. However, we did not measure T cell responses
in the nasal compartment and cannot exclude a possible contribution
to mucosal viral clearance, as recently reported.8,22,23 SARS-CoV2-
specific CD4+ and CD8+ tissue-resident memory T cells (Trm) have
been identified in the human upper airways.24 Our results suggest
that parenterally delivered mRNA vaccines may help to develop
mucosal immunity against SARS-CoV-2 in the nose by inducing local
IgGs. These results are consistent with recently published studies re-
porting the induction of mucosal IgGs following mRNA vaccination
in humans,25–32 which may contribute to the inhibition of human-to-
human transmission.27,28 However, as nasal antibody measurements
were performed post-challenge, we cannot conclude on the stimula-
tion of mucosal IgG by mRNA vaccination alone. Further, the poten-
tial of the IghelMD4 mice to clear the virus in the conchae beyond 12
DPI remains unknown.

We did not observe statistically significant differences in T cell re-
sponses betweenWT and IghelMD4mice after vaccination. However,
there may be variability in T cell responses after infection, which has
also been observed in the IghelMD4model by others.14 The variations
in T cell activation between WT and IghelMD4 mice following infec-
tion suggest a potential role in protecting against fatal disease in an-
imals with limited antibody responses. This protection may develop
independently from vaccine-induced protection mediated by anti-
bodies, as similar differences were present in Sham-vaccinated WT
and IghelMD4 mice. Depleting T cells in mice with restricted anti-
body levels would confirm their role in protecting against SARS-
CoV-2 lethality. We did not measure T cells in nasal conchae, and
depletion of tissue-residing T cells may be cumbersome in this
compartment. Total ablation of mucosal residing subsets would
permit concluding on their roles during infection. Finally, we did
not compare mRNA vaccines with other vaccine platforms, such as
viral vector vaccines and routes of administration (e.g., intranasal),
to explore the effectiveness of triggering mucosal antibodies for
SARS-CoV-2 clearance. Yet, our experimental animal model data
support the mucosal benefits of parenteral mRNA vaccines.

Using amouse model with a reduced ability to mount antigen-specific
antibody responses after immunization, we found that immunity
mediated by virus-specific antibodies can limit disease progression.
Virus clearance in the nasal mucosa was only achieved with mucosal
ponses following SARS-CoV-2 MA20 infection

ere analyzed at 12 DPI for CD69 (A and D), PD-1 (B and E), and CXCR3 (C and F)

T (lungs). The median with the interquartile range is displayed. (G) Analysis of RBD

and 12 DPI. Number of animals: n = 10 (1–6 DPI) and n = 17 (12 DPI) for ShamWT,

DPI) for N1mJ-mRNA WT, n = 6 (1–6 DPI), and n = 22 (12 DPI) for N1mJ-mRNA

nts the cutoff for seroconversion (OD = 0.3). (A–G) p values were determined by

virus-neutralization test (sVNT) at 1–12 DPI for Sham-, N1mJ-mRNA-, or mRNA-

Sham IghhelMD4, n = 27 for N1mJ-mRNAWT, n = 28 for N1mJ-mRNA IghelMD4,

s were determined by two-way ANOVA with �Sı́dák’s multiple comparisons test. The

ta point represents one animal.
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spike-specific IgG antibody responses, indicating the importance of
local immunity in limiting virus replication. Induction of mucosal
IgG after infection was abundant in mRNA-vaccinated animals, sup-
porting a critical role for mRNA vaccines in limiting virus transmis-
sibility. These mucosal effects triggered by mRNA vaccination may
provide benefits beyond SARS-CoV-2 vaccination.
MATERIALS AND METHODS
Ethics, biosafety, and virus preparation

The animal experiments were evaluated and approved by the ethics
committee of the State Office of Agriculture, Food safety, and
Fishery in Mecklenburg-Western Pomerania (LALLF M-V: 7221.
3-1-055/20). All procedures using SARS-CoV-2 were carried out in
approved biosafety level 3 facilities. Virus stocks were generated as
described previously.16 SARS-CoV-2 MA20 stocks were produced
by one-time passaging using Vero E6 cells.
Animal housing

WT littermates (C57BL/6) and IghelMD4 transgenic (C57BL/6-
Tg(IghelMD4)4Ccg/J) female and male mice were purchased from
Charles River Laboratories (Sulzfeld, Germany) at age 6–8 weeks,
kept in groups of up to five animals and provided with unlimited
access to water and food. Infected mice were housed in indi-
vidually ventilated cages upon challenge. Animals were housed at
20�C–24�C temperature, 45%–65% humidity, and 12 h dark/light
cycle with 30 min of dawn.
Immunization

Mice (n = 162) received 20 mL of either 8.0 mg modified CV2CoV, un-
modified CV2CoV, or 0.9% NaCl (Sham) intramuscularly into
M. tibialis using a BD Micro-Fine 0.5 mL insulin syringe with a
30 G � 8 mm needle Vaccination was performed in four individual
experiments. Both vaccines encoded for the SARS-CoV-2 S protein
(NCBI reference sequence: NC_045512.2, GenBank accession num-
ber: YP_009724390.1), including K986P and V987P mutations. Vac-
cines were delivered in lipid nanoparticles from Acuitas Therapeutics
(Vancouver, Canada), consisting of ionizable aminolipid, phospho-
lipid, cholesterol, and a PEGylated lipid. Modified CV2CoV
(N1mJ-mRNA) contained N1-methylpseudouridine (N1mJ)
modified mRNA, while unmodified CV2CoV (mRNA) did not
include chemically modified nucleosides as described previ-
Figure 5. Mucosal IgG is required to clear SARS-CoV-2 from the conchae of ex

(A) Viral loads in the conchae of SARS-CoV-2 MA20-infected mice on 12 DPI. The dete

Number of animals: n= 17 for ShamWT, n= 15 for Sham IghelMD4, n= 23 forN1mJ-mR

Linear regression and correlation analysis of conchae viral loads with RBDELISA absorban

S peptide-specific CD8+ IFN-g+ T cells for IghelMD4 mice at 12 DPI (D). (E–H) IgG1 (E and

(E and F) and 12 DPI (G and H). (E and F) Number of animals: n = 10 for Sham WT, n = 9

(G and H) Number of animals: n = 17 for ShamWT, n = 11 for Sham IghelMD4, n = 20 for

mRNA IghelMD4. (A and E–H) Each data point represents one animal. Themedianwith the

ANOVA and Dunn’s multiple comparison test. (B) Number of animals: n = 27 for ShamW

IghelMD4, n = 10 for mRNA WT and IghelMD4. (C) Number of animals: n = 27 for WT,

Spearman rank correlation was performed with R (version 4.3.2) in R studio (2023.12.1 bu

linear model (lm) method within the ggplot2 visualization package. The gray area represe
ously.17,33,34 A total of 34 mice were used to analyze pre-challenge im-
mune responses.

Challenge infection

Mice (n = 127) were challenged in three independent experiments
intranasally under short-term isoflurane inhalation anesthesia with
104.46, 104.27, and 104.46 TCID50 SARS-CoV-2 MA20. In a prior
dose-finding experiment, mice were infected with 102.62 (n = 12) or
104.45 TCID50 (n = 15) SARS-CoV-2 MA20. Body weight and clinical
score were monitored daily. Animals reaching the human endpoint
criteria were euthanized. Few animals receiving NaCl (Sham) or
N1mJ-mRNA (n = 4 for each mouse genotype) reached a predeter-
mined study endpoint at 3 DPI and were consequently excluded from
survival analysis. One WT mouse vaccinated with N1mJ-mRNA
suffered an infection-unrelated death during challenge infection
due to anesthesia procedures and was excluded from the analysis.
All remaining mice were euthanized at 12 DPI.

Sampling and tissue processing

Blood was collected into Z-clot activator microtubes (Sarstedt, Nüm-
brecht, Germany) and sera were stored at �20�C. For sera inactiva-
tion, lung, spleen, and conchae were harvested as described
previously.35

Cell isolation and flow cytometry

Cells from lung and spleen tissue were isolated and stained for flow
cytometry as described previously.17,35 Specific monoclonal anti-
bodies were used to identify different types of immune cell subsets
(Table S2). Samples were acquired using the BD LSR Fortessa Cell
Analyzer from Becton Dickinson (Franklin Lakes, NJ). Data were
analyzed using BD FACSDiva and FlowJo (version 10.5.3).

In vitro restimulation

Cells were restimulated in vitrowith SARS-CoV-2 spike peptides, and
lymphocyte cytokine release was measured using flow cytometry as
described previously.35

Detection of RBD-specific antibody levels

Anti-RBD (ancestral SARS-CoV-2) antibodies were detected using
the previously described protocol for enzyme-linked immunoassay
assay.36
perimentally infected mice

ction limit was set at 103 viral RNA copies per mL, represented by a dotted line (.).

NAWT, n = 22 forN1mJ-mRNA IghelMD4, n = 10 formRNAWTand IghelMD4. (B–D)

ce (day of death) (B), weight on the day of death for Sham-vaccinated animals (C), and

G) and IgG2c (F and H) ELISA of conchae homogenized tissue supernatants on 1–6

for Sham IghelMD4, n = 4 for N1mJ-mRNA WT, n = 6 for N1mJ-mRNA IghelMD4.

N1mJ-mRNAWT, n = 17 for N1mJ-mRNA IghelMD4, n = 5 for mRNAWT, n = 9 for

interquartile range is displayed. p values were determined by nonparametric one-way

T, n = 24 for Sham IghelMD4, n = 27 for N1mJ-mRNAWT, n = 28 for N1mJ-mRNA

n = 24 for IghelMD4. (D) Number of animals: n = 10 per condition. (B–D) Two-tailed

ild 402) using cor.test(). The regression line was added using geom_smooth() and the

nts the 95% confidence interval.
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Surrogate virus neutralization test

The surrogate virus neutralization test (sVNT) was performed using
the cPass SARS-CoV-2 Neutralization Antibody Detection Kit from
GeneScript Biotech (Nanjing City, China) following the manufac-
turer’s instructions. Absorbance was measured using the Tecan Infin-
ite 200 Pro (Tecan Group AG, Männedorf, Switzerland).

RNA extraction for RT-qPCR

Sample processing was performed using established protocols.33

RNA from organ samples was extracted using the NuceloMag
VET Kit (Macherey-Nagel, Düren, Germany) and the Biosprint
96 platform (QIAGEN, Hilden, Germany). Real-time RT-qPCR
quantified viral RNA with the CFX96 detection system (Bio-Rad
Laboratories, Hercules) targeting the viral RNA-dependent RNA
polymerase.

Detection of spike-specific IgG1 and IgG2c antibodies

Nunc MaxiSorp ELISA plates (BioLegend, Koblenz, Germany) were
coated with 1.5 mg/mL SARS-CoV-2 spike protein (S1+S2) ECD His
tag (cat. no. 40589-V08B1; Sino Biological Europe, Düsseldorf, Ger-
many) in PBS overnight at 4�C. After washing with wash buffer
(0.05% Tween 20 in PBS), plates were blocked for 3 h 30 min at
room temperature (RT) with blocking buffer (5% skim milk powder
in PBS). Samples were diluted at 1:80 for IgG1 and 1:10 for IgG2c
ELISA in a serum-free medium. Fifty microliters was added into
the wells and incubated for 2 h at RT. After washing, 50 mL of Biotin
anti-mouse IgG1 (BioLegend; cat. no. 406603) or IgG2a/c
(BioLegend; cat. no. 407103) antibodies diluted 1:300 in blocking
buffer were added and incubated for 1 h at RT. Following washing,
wells were incubated for 30 min at RT with NeutrAvidin-HRP
(Thermo Fisher Scientific, Waltham, MA; 1:10,000 in 1� PBS/
0.05% Tween 20), followed by another washing step. Fifty microli-
ters of 1-step-Ultra-TMB-ElISA substrate (Thermo Fisher Scientific)
was added and incubated for 5 min at RT before stopping with
50 mL 20% H2SO4. Absorbance was measured at 450 and 570 nm
(reference wavelength) using Tecan Infinite 200 Pro (Tecan Group,
Männedorf, Switzerland). Antibody levels were normalized by total
protein abundance in samples, which was determined with the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) following
the manufacturer’s protocol.

Statistical analysis

Calculations were performed using GraphPad prism version 10.2.0
(GraphPad Software, San Diego, CA) for Windows. Two-tailed
Spearman correlation analysis was performed with R (version
4.3.2) in R studio (2023.12.1 build 402) using cor.test(). Details
are provided within the figure legends. Data were tested for normal
distribution using the D’Agostino-Pearson normality test (a =
0.05). Results with p values less than 0.05 were considered
significant.

DATA AND CODE AVAILABILITY
The data supporting this study’s findings are available from the corresponding author
upon reasonable request.
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