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Current COVID-19 mRNA vaccines delivered intramuscularly administered intramuscularly (IM) as a prime/boost regimen. How-
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(IM) induce effective systemic immunity, but with suboptimal
immunity at mucosal sites, limiting their ability to impart ster-
ilizing immunity. There is strong interest in rerouting immune
responses induced in the periphery by parenteral vaccination to
the portal entry site of respiratory viruses, such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), by
mucosal vaccination. We previously demonstrated the combi-
nation adjuvant, NE/IVT, consisting of a nanoemulsion (NE)
and an RNA-based RIG-I agonist (IVT) induces potent sys-
temic and mucosal immune responses in protein-based
SARS-CoV-2 vaccines administered intranasally (IN). Herein,
we demonstrate priming IM with mRNA followed by heterolo-
gous IN boosting with NE/IVT adjuvanted recombinant anti-
gen induces strong mucosal and systemic antibody responses
and enhances antigen-specific T cell responses in mucosa-
draining lymph nodes compared to IM/IM and IN/IN prime/
boost regimens. While all regimens induced cross-neutralizing
antibodies against divergent variants and sterilizing immunity
in the lungs of challenged mice, mucosal vaccination, either as
homologous prime/boost or heterologous IN boost after IM
mRNA prime, was required to impart sterilizing immunity in
the upper respiratory tract. Our data demonstrate the benefit
of hybrid regimens whereby strong immune responses primed
via IM vaccination are rerouted by IN vaccination to mucosal
sites to provide optimal protection against SARS-CoV-2.

INTRODUCTION
Multiple effective coronavirus disease 2019 (COVID-19) vaccines
have been developed, which have played a pivotal role in overcoming
the acute phase of the pandemic. Some of the most efficacious
COVID-19 vaccines have been mRNA vaccines, which were initially
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ever, waning antibody titers and the emergence of antigenically
drifted versions of the virus (i.e., Omicron variants) with mutations
in the viral spike (S) protein that facilitate immune escape, have
limited the duration of vaccine-induced protective immunity.1–4

Frequent booster immunizations along with introduction of updated
vaccines containing mRNAs encoding for the S proteins of Omicron
BA.4/5 and XBB1.5 have been deployed to address this waning immu-
nity.5–8 These booster vaccines are also given IM and have been
shown to enhance circulating B/T cell responses and improve protec-
tion from severe disease.2,9,10 However, even with these current
vaccines and booster regimens, breakthrough infections and viral
transmission continue to occur in fully vaccinated individuals,
demonstrating that these vaccines do not confer sterilizing immunity.

For respiratory viruses such as severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2), the importance of inducing protective
mucosal immune responses, including secretory antibodies and tis-
sue-resident T cells, lies in the potential to block initial infection
and viral dissemination to the lower respiratory tract (LRT). More-
over, mucosal immune responses in the respiratory tract play a critical
role in preventing viral shedding and transmission and can thereby
thor(s).
ne and Cell Therapy.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ymthe.2024.10.016
mailto:ptw@umich.edu
mailto:michael.schotsaert@mssm.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2024.10.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
limit pandemic spread. As such, there has been marked interest in
developing improved vaccines that induce robust cross-protective
mucosal immunity in addition to systemic immunity. While vaccines
against respiratory viruses given via the IM route poorly induce
mucosal immune responses, mucosal vaccine delivery and natural
infection have both been shown to induce robust mucosal immu-
nity.11 Furthermore, hybrid immunity against SARS-CoV-2, the
result of vaccine-induced immunity boosted by infection, has been
suggested to provide superior protection from re-infection, even
with antigenically drifted viruses.12,13 This is potentially mediated
in part through re-routing and boosting vaccine-induced B and
T cell responses to mucosal sites. Using this paradigm, a similar
prime/pull strategy can be employed by utilizing mucosal vaccination
to mimic events occurring during natural infection, to boost and re-
route existing mRNA vaccine-induced immunity to the respiratory
tract. While natural infection results in robust activation of local
innate mucosal immune responses, achieving such responses through
intranasal (IN) immunization with subunit antigens alone is chal-
lenging. However, by using rationally designed adjuvants to target im-
mune receptor pathways activated by viral infection in the mucosa,
more tailored immune responses can be induced to potentially confer
similar or better outcomes as hybrid immunity.

We previously described a potent adjuvant, NE/IVT, for the mucosal
delivery of vaccines.14–16 NE/IVT is a combination of an oil-in-water
nanoemulsion (NE) and a RIG-I based agonist based on an in vitro
transcribed RNA derived from Sendai virus (strain Cantell) defective
interfering RNA (IVT).17 NE has established phase 1 clinical safety
profiles as an IN adjuvant (NCT01354379, NCT04148118).18 The
NE adjuvant induces mucosal and systemic immune responses medi-
ated at least in part, through Toll-like receptor (TLR)2 and TLR4 acti-
vation and through NLRP3 activation via induction of immunogenic
apoptosis.19–21 IVT is a selective RIG-I agonist and potent inducer of
type I interferons (IFN-Is).17 As a combined agonist, NE/IVT can
thus activate all three major innate receptor classes (TLRs, RLRs,
and NLRs) necessary for induction of antiviral immune responses.14

The NE/IVT adjuvant platform has shown a good safety profile in
preclinical models, is compatible with whole virus as well as recombi-
nant protein vaccines, and induces potent systemic and mucosal im-
mune responses when used for IN vaccination.

We report herein that IN recombinant SARS-CoV-2 S protein adju-
vanted with NE/IVT can boost and induce (“pull”) mucosal SARS-
CoV-2 spike protein-specific immune responses primed by IM
mRNA vaccination with the BNT162b2 vaccine. The heterologous
regimen of IM mRNA priming followed by IN NE/IVT/S boost re-
sulted in mucosal IgA responses similar to homologous IN NE/
IVT/S prime/boost vaccination, but also induced markedly enhanced
T helper type 1 (Th1) polarized T cell responses in the upper respira-
tory tract (URT) draining lymph nodes (LNs) compared to homolo-
gous IM mRNA prime/boost and IN NE/IVT/S prime/boost. The
strong mucosal antibody and T cell responses that resulted from
this heterologous prime/pull vaccination strategy correlated with
optimal cross-protection against various divergent variants of
concern (VoCs), as reflected in protection from morbidity as well
as robust viral control in both the upper and LRTs of mice challenged
with divergent variants of SARS-CoV-2. In contrast, IM mRNA
prime/boost could not impart sterilizing immunity in the URT. These
results highlight the potential of heterologous IN boosting in harness-
ing the strong systemic immunity imparted by mRNA vaccines to
drive potent mucosal immune responses in previously vaccinated
individuals.

RESULTS
NE/IVT-adjuvanted S protein vaccination as homologous IN

prime/boost or heterologous IN boost after IM mRNA prime

results in strong serum and mucosal IgG as well as mucosal IgA

responses

To profile differences in immune responses induced by homologous
versus heterologous prime/boost strategies, C57Bl/6 mice were given
two immunizations 4 weeks apart (Figure 1A). Mice were primed IM
either with BNT162b2 mRNA or PBS, or IN with wild-type (WT) S
protein adjuvanted with NE (NE/S) or NE/IVT (NE/IVT/S). Two
weeks after the prime (wk2), antibody responses were measured
against full-length WT S protein and the receptor-binding domain
(RBD), as RBD is the major target for virus-neutralizing antibodies.
Priming with IM mRNA induced robust S protein-specific total IgG
titers that were higher than those induced by priming with IN NE/
S (by 0.5 log) or IN NE/IVT/S (by 1 log) (Figure 1B). However,
RBD-specific total IgG titers were equivalent between the primed
groups (Figure 1C). Mice primed with IM mRNA were then boosted
either IM with mRNA, or IN with PBS, S protein alone, NE/S, or NE/
IVT/S as indicated in Figure 1A. Additionally, mice primed with IN
NE/S were boosted with IN NE/S, and those primed with IN NE/
IVT/S were boosted with IN NE/IVT/S as homologous IN/IN
prime/boost comparison groups. Finally, to examine the effect of a
single IN immunization at the boost time point, mice primed with
PBS were immunized with IN NE/S or NE/IVT/S. Two weeks post-
boost (wk6), serum S- and RBD-specific total IgG titers increased
for all groups and were highest in animals receiving IM mRNA
prime/boost and for those which received IM mRNA prime followed
by IN NE/S or IN NE/IVT/S boost, which resulted in equivalently
high IgG titers (geometric mean titer [GMT] 2.8 � 106, 2.0 � 106,
2.8 � 106 against S protein, respectively). S-specific IgG titers for
each of these groups increased by at least two logs after the boost,
demonstrating the ability of IN NE/S and NE/IVT/S to boost systemic
antibody responses induced by IMmRNA priming as effectively as an
additional IM mRNA immunization (Figure 1D). In contrast, IM
mRNA prime followed by unadjuvanted IN S protein boost only
modestly increased S-specific IgG titers relative to levels induced by
IMmRNA prime alone. Mice receiving two homologous IN immuni-
zations with NE/IVT/S mounted comparable serum S-specific IgG ti-
ters as the IM mRNA prime/boost group, illustrating the ability to
induce strong circulating antibody responses by IN immunization
with NE/IVT/S. The inclusion of IVT with NE enhanced the magni-
tude of the induced S-specific IgG response compared to the singly
adjuvanted NE/S group for the homologous IN prime/boost groups,
confirming the synergistic activity of the combined NE/IVT adjuvant
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Figure 1. Heterologous IM/IN prime-boost

immunization induces robust S protein-specific IgG

and enhances mucosal IgA production compared to

homologous mRNA IM/IM prime-boost

(A) C57Bl/6 mice were given two immunizations 4-weeks

apart. Mice were primed either IM with 0.4 mg of

BNT162b2 mRNA or PBS, or IN with 15 mg full-length S

protein with either NE or NE/IVT. Mice were then

boosted IM with 0.4 mg of BNT162b2 mRNA or PBS, or

IN with PBS or S protein in PBS, NE or NE/IVT as

indicated. Serum antigen-specific total IgG titers against

(B) WT S protein and (C) WT RBD as measured by

ELISA 2 weeks after the prime immunization, and (D, E)

2 weeks after the boost immunization (wk6). (F–H)

Subclass profiles for S-specific serum antibodies

measured at wk6. BALF S-specific (I) IgA and (J) IgG

measured at wk6. (n = 5/group; *p < 0.05, **p < 0.01,

****p < 0.0001 by Mann-Whitney U test shown only for

select groups (full statistical analysis is shown in Table S1).
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observed in our previous studies.14–16 All singly immunized groups
(IM mRNA; IN PBS, IM PBS; IN NE/S, IM PBS; IN NE/IVT/S)
induced equivalent S-specific IgG titers. While RBD-specific IgG ti-
ters were lower by approximately 1 log for all groups compared to
the S-specific IgG titers, the same relative pattern between treatment
groups was maintained (Figure 1E).

IgG subclass skewing was dependent on the vaccination regimen. IM
mRNA prime/boost, heterologous IM mRNA prime followed by IN
NE/S or NE/IVT/S boost, as well as IN NE/IVT/S prime/boost, all re-
sulted in high and similar antigen-specific IgG1 and IgG2b titers, with
the IN NE/IVT/S prime/boost inducing slightly higher levels of IgG1
(Figures 1F and 1G). The presence of IVT in the IN NE/IVT/S prime/
boost group enhanced IgG2b relative to the IN NE/S prime/boost
group, consistent with the Th1 skewing properties of IVT previously
observed.14–16 mRNA vaccination, either as homologous prime/boost
4450 Molecular Therapy Vol. 32 No 12 December 2024
or as prime followed by IN NE/S or NE/IVT/S
boost was required to induce the strongest
IgG2c antibody responses, inducing equally
high titers (GMT 6� 105) in these groups, which
was enhanced by approximately 1 log relative to
the group given NE/IVT/S prime/boost via the
IN route only (Figure 1H).

While the serum antigen-specific antibody levels
and subclass profiles were similar between the
homologous IM mRNA prime/boost, and the
heterologous IM mRNA; IN NE/S and IM
mRNA; IN NE/IVT/S groups, induction of
mucosal IgA responses in bronchoalveolar
lavage fluid (BALF) was exclusive to groups
receiving IN vaccination with NE/S or NE/
IVT/S, either as a boost immunization in IM
mRNA primed mice, or as a homologous IN prime/boost regimen
(Figure 1I). No BALF S-specific IgA was detectable in the IM
mRNA prime/boost group. Moreover, no S-specific IgA was observed
for mice given IM mRNA; IN S alone, highlighting the role of the NE
and NE/IVT adjuvants in driving the mucosal response after IN
administration. Interestingly, while a single IN NE/S or NE/IVT/S
immunization induced low or no IgA, immunization with IM
mRNA; IN NE/IVT/S resulted in equivalent IgA titers as homologous
IN NE/IVT/S prime/boost. These results demonstrate the ability of
the adjuvanted IN "pull" immunization to harness parenterally
primed immune responses for driving robust mucosal immune re-
sponses. While dimeric IgA plays the predominant role in first-line
defense in the mucosa of the URT, mucosal IgG also contributes to
protection through transudation from the blood into the lung.22

Indeed, in contrast to the pattern observed for IgA, BALF IgG
correlated with serum IgG titers, with IM mRNA prime/boost



Figure 2. Heterologous IM/IN prime-boost

immunization induces robust cross-neutralizing

antibody responses against multiple variant viruses

Serum neutralizing antibody titers from immunized C57Bl/

6 mice at week 6 after both prime/boost immunizations

with the indicated adjuvant/antigen regimens were

measured using pseudoviruses for the (A) WT, (B)

B.1.617.2, (C) B.1.351, and (D) B.1.1.529 (BA.1) variants.

(n = 5/group; *p < 0.05, **p < 0.01 byMann-Whitney U test

shown only for select groups (full statistical analysis is

shown in Table S1).
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immunization inducing robust BALF antigen-specific IgG titers
similar to the IM mRNA; IN NE/S and IM mRNA; IN NE/IVT/S
treatment groups, as well as the IN NE/IVT/S prime/boost group
(Figure 1J).

Cross-reactive serum neutralizing antibody titers reflect serum

S-specific IgG binding antibody titers

We next quantified cross-reactive neutralizing antibody (nAb) titers
induced in immunized C57Bl/6 mice using pseudotyped viruses car-
rying the S proteins of SARS-CoV-2 VoCs. In general, vaccination reg-
imens that resulted in the highest IgG binding titers (IMmRNAprime/
boost, IN NE/S and NE/IVT/S prime/boost or heterologous IM
mRNA; IN NE/S or IM mRNA; IN NE/IVT/S) not only resulted in
the highest nAb titers against vaccine matched ancestral virus
(Figure 2A) but also against the antigenically more distant B.1.617.2
(Delta) (Figure 2B), and B.1.351 (Beta) (Figure 2C) variants. These
Molecular Therapy Vol. 32 No 12 December 2024 4451
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treatment groups induced similar levels of cross-
neutralizing nAbs against each variant examined,
with homologous IMmRNA and homologous IN
NE/IVT/S prime/boost inducing similar nAb ti-
ters as heterologous IMmRNA;IN NE/IVT/S im-
munization. In contrast, IMmRNA-primed mice
boosted IN with unadjuvanted S alone induced
the lowest nAb titers, giving similar or lower titers
as the single IM mRNA immunization group
against all variants tested. Neutralization poten-
tial was reduced across all vaccination groups
by a similar degree (approximately 2 log) towards
the more antigenically distant B.1.1.529 (Omi-
cron BA.1) variant, maintaining the same relative
pattern of nAb response magnitude observed be-
tween immunization groups as against the WT
virus (Figure 2D).

Heterologous IM mRNA prime followed by

IN NE/IVT/S boost markedly enhances Th1

and Th17 polarized antigen recall responses

in spleen and cervical LNs

To evaluate T cell antigen recall responses,
2 weeks after the boost immunization, spleno-
cytes and cervical LN (cLN) isolates were har-
vested from immunized mice and restimulated
ex vivo with S protein (Figure 3). Heterologous
boosting of IM mRNA primed mice with IN NE/S or NE/IVT/S re-
sulted in a marked enhancement of Th1-polarized responses
compared to homologous IM mRNA, IN NE/S, or IN NE/IVT/S
prime/boost groups. High levels of S-specific IFN-g were induced
in splenocytes by IM mRNA vaccination boosted with either IM
mRNA or IN NE/S or NE/IVT/S, with the heterologous IN-boosted
groups inducing equivalent (or higher) levels of IFN-g than the IM
mRNA prime/boost group (Figure 3A). The heterologous IM
mRNA; IN NE/S and IM mRNA; IN NE/IVT/S groups also demon-
strated enhanced levels of IFN-g compared to the homologous IN
NE/S and IN NE/IVT/S prime/boost groups. As seen previously, in-
clusion of IVT in the IN NE/IVT/S prime/boost significantly
enhanced the IFN-g response relative to IN NE/S. Similar patterns
were observed for antigen-specific IL-2 responses, with enhanced
cytokine levels in animals primed with IM mRNA and boosted
with IN NE/S or NE/IVT/S compared to those given two doses o
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Figure 3. Antigen recall responses assessed in

splenocytes and cervical lymph node isolates from

IM/IN immunized mice demonstrate enhanced Th1/

Th17 profiles

Splenocytes (A–F) and cLN cellular isolates (G–L) were

prepared frommice given prime/boost immunizations with

the indicated adjuvant/antigen regimens two weeks after

the final immunization (week 6). Cells were stimulated

ex vivo with 5 mg S protein for 72 h, and levels of secreted

(A, G) IFN-g, (B, H) IL-2, (C, I) TNF-a, (D, J) IL-6, (E, K) IL-

17A, and (F, L) IL-10weremeasured from splenocytes and

cLN respectively, by multiplex immunoassay relative to

unstimulated cells. (n = 4–5/group; *p < 0.05, **p < 0.01

by Mann-Whitney U test shown only for select groups-

(full statistical analysis is shown in Table S1).
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IM mRNA, IN NE/S, or IN NE/IVT/S (Figure 3B). No significant
differences were observed between vaccination groups for TNF-a
in stimulated splenocytes, with all immunized groups inducing
similar levels of TNF-a, with the singly immunized IN NE/S and
NE/IVT/S groups exhibiting slightly reduced levels compared to
their respective prime/boost groups (Figure 3C). While significant
variation was observed for IP-10, IM mRNA primed animals
boosted with IN NE/S or NE/IVT/S induced similar levels of IP-
10 in splenocytes as the IM mRNA prime/boost group, with the
exception of one mouse in each of the heterologous groups showing
much higher IP-10 (5- to 10-fold relative to the IM mRNA prime/
boost) (Figure S2A).

Homologous IM mRNA administration induced significant Th2 re-
sponses in splenocytes as measured by IL-5 (Figure S2C) and IL-13
4452 Molecular Therapy Vol. 32 No 12 December 2024
(Figure S2B) in comparison to homologous IN
NE/S or IN NE/IVT/S, which did not induce
detectable levels of these cytokines. Heterolo-
gous boosting of IM mRNA primed animals
with IN NE/S or NE/IVT/S did not enhance
these Th2 cytokines and appeared to reduce
IL-5 levels compared to the groups given one
or two doses of IM mRNA. While IM mRNA
prime/boost induced substantial IL-6 in the
spleen (greater than IN NE/S or NE/IVT/S
prime/boost), priming with IM mRNA followed
by boosting with IN NE/S or NE/IVT/S resulted
in significantly increased IL-6 production,
especially with the NE/IVT/S mucosal boost
(Figure 3D).

We have established through multiple studies
the robust induction of IL-17A production by
IN administration of the NE adjuvant, which is
further enhanced by the inclusion of IVT.14–16

This induced Th17 response is exclusive to the
mucosal route of administration of these adju-
vants. Indeed, we observed high levels of IL-
17A induction in splenocytes for the IN NE/S
prime/boost group, which was further enhanced approximately
2-fold in the IN NE/IVT/S prime/boost group (Figure 3E). In
contrast, no IL-17A was observed for the IM mRNA prime/boost
group. Interestingly, however, while the single IN immunization
groups (IM PBS; IN NE/S, IM PBS; IN NE/IVT/S) induced only
low levels of IL-17A (approximately 10-fold lower than the corre-
sponding prime/boost groups), boosting IM mRNA primed animals
with IN NE/S or NE/IVT/S induced high levels of IL-17A, demon-
strating the ability of the IN adjuvants to boost and shape immune re-
sponses primed by the initial IM mRNA vaccination, promoting a
shift in IM mRNA-primed T cell responses towards Th17. Notably,
IM mRNA boosted with IN S alone did not induce significant IL-
17A production. These results are significant, as Th17 responses
have been shown to be a critical component of host defense at
mucosal sites.23–25 All prime/boost immunization groups with an
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IM mRNA prime induced similarly high levels of IL-10 in the spleen,
which was enhanced relative to the single or two dose IN NE/S or IN
NE/IVT/S regimens (Figure 3F).

cLNs drain the URT and, therefore, are relevant for the assessment of
local protective immunity near the portal entry sites of pulmonary
pathogens and for evaluating mucosal T cell responses induced by
IN immunization. IN administration of vaccines as part of a boost
regimen enhanced S protein-specific cytokine responses within the
cLNs, confirming effective pulling of antigen-specific immune re-
sponses to mucosal sites (Figures 3G–3L). In general, cytokine profiles
in the cLN reflected the recall responses measured in spleen, but were
heavily skewed by the IN vaccination regimens, resulting in greater
magnification of the Th1/ Th17 polarization locally. Boosting with
IN NE/IVT/S after IM mRNA prime induced markedly high anti-
gen-specific IFN-g levels within the cLN compared to homologous
prime/boost with IM mRNA, IN NE/S, or IN NE/IVT/S (Figure 3G).
Furthermore, administration of IN NE or IN NE/IVT formulations,
either as a homologous prime/boost regimen or as part of a heterolo-
gous boost regimen after IM mRNA priming, also significantly
enhanced antigen-specific IL-2 and IP-10 responses within the cLN
compared to two doses of IM mRNA, with the highest levels observed
with heterologous IM mRNA; IN NE/IVT/S vaccination (Figures 3H
and S2D). Notably, IM mRNA prime/boost induced only low levels
of these cytokines in the cLN. Finally, enhancement in TNF-a was
also observed in the cLN for the IM mRNA; IN NE/IVT/S group as
compared to the IM mRNA and IN NE/IVT/S prime/boost groups
(Figure 3I). These results are of significance, as the co-production of
IFN-g, IL-2, and TNF-a has been established as a strong mediator of
optimal control of viral infection and a major correlate of vaccine pro-
tection. Furthermore, these results clearly demonstrate the ability of the
INNE/IVT/S boost to drive enhanced Th1 polarized T cell responses in
the local mucosal lymphoid tissue through the pulling of responses sys-
temically primed by the IM mRNA.

Similar to the Th2 cytokine pattern in the spleen, two doses of IM
mRNA induced the highest levels of IL-5 and IL-13 in the cLN, while
two doses of IN NE/S or IN NE/IVT/S induced only low levels of IL-5
and no detectable IL-13 (Figures S2E and S2F). While heterologous
boosting of IM mRNA primed animals with IN NE/S or NE/IVT/S
resulted in higher levels of IL-5 than the homologous IN NE/S and
IN NE/IVT/S prime/boost groups, the levels remained similar to or
lower than those induced in the IM mRNA prime/boost group, and
no significant IL-13 was detected in the heterologous prime/boost
groups. These results confirm the lack of Th2 response enhancement
with the adjuvanted heterologous pull immunizations. Minimal levels
of S-specific IL-6 were induced in the cLNs (Figure 3J) as compared to
splenocytes (Figure 3D) for all vaccination groups (two orders of
magnitude lower), with the highest levels induced in animals
receiving IN NE/IVT/S as part of their vaccine regimen.

The enhancement in IL-17A production seen in the splenocytes was
even more pronounced in the cLN for the heterologous IM mRNA;
IN NE/IVT/S group (Figure 3K). The combination of IM mRNA
prime with INNE/IVT/S boost resulted in similarly strong IL-17A re-
sponses as homologous IN NE/IVT/S prime/boost immunization. In
contrast, IM mRNA prime/boost did not induce detectable IL-17A.
Heterologous boost with IN NE/S was also able to enhance IL-17A
in the IM mRNA primed mice; however, the inclusion of IVT in
the IN boost was critical to driving maximal Th17 responses in the
cLN. While IL-17A induction has been associated with immune pa-
thology in certain contexts, it has been shown to be non-pathogenic
in the context of IL-10 co-production.26,27 Indeed, IL-10 production
in the cLN followed the same pattern as IL-17A, with the IN adju-
vanted groups inducing the highest levels of IL-10 (Figure 3L). The
lack of immune pathology was confirmed in our prior studies and
the challenge studies discussed below. Overall, IMmRNA vaccination
resulted in priming events that, when boosted IN with NE/IVT/S, re-
sulted in a unique antigen-specific cytokine profile in both the spleen
and in the local mucosal-draining LNs. These results demonstrate
that employing an IN pull with an NE/IVT-adjuvanted vaccine after
IM mRNA priming can not only drive more robust T cell responses
toward SARS-CoV-2 but also tailor these responses through
enhancing the Th1/ Th17 polarization.

IM mRNA prime IN NE adjuvanted boost regimens enhance CD4

responses within the lung and draining LNs

The induction of high IgG2a, IgG2c, and IgA antibody titers requires
efficient class switching in germinal center reactions, which require
strong CD4+ T cell responses. Moreover, CD4+ T cells provide critical
help to CD8+ T cell anti-viral responses, which are key mediators of
protection against SARS-CoV-2 infection.28,29 Therefore, we further
characterized vaccine induced CD4+ and CD8+ T cell responses in
the spleen, cLNs, and lungs of immunized animals. To better observe
differences between vaccine regimens, C57Bl/6 mice were given the
same prime/boost regimens but at higher doses of mRNA (3 mg) and
S protein (20 mg). To help distinguish circulating vs. tissue-resident
T cells, mice were administered a AF488-a-CD45 antibody intrave-
nously (i.v.) before sacrifice to label circulating cells.30 At this high
mRNA dose, IM mRNA prime/boost immunization resulted in
low, but significant, induction of S major histocompatibility complex
(MHC) class I (VNFNFNGL) tetramer-specific CD8+ tissue-resident
memory T cells (TRM) (CD69+CD103+ class I Tetramer+CD44+

IV�CD3+CD8+) cells in the lungs of vaccinated mice (Figure 4A).
Apart from one mouse that showed notable levels of enhancement,
IM mRNA-primed animals boosted IN with NE/IVT/S did not show
significant induction of tetramer+CD8+TRM’s in the lungs. In contrast,
while IM mRNA prime/boost immunization did not induce S protein
MHC class II-restricted (VTWFHAIHVSGTNGT) tetramer-specific
CD4+ TRM’s (CD69+CD103+class II Tetramer+CD44+IV� CD3+

CD4+) within the lungs, IN NE/IVT/S boosting of IM mRNA primed
animals resulted in a marked increase in the percentage of antigen-spe-
cific CD4+TRMs in the lungs of vaccinated mice (Figure 4B). When
examining the spleen (Figures 4C and 4D) and cervical draining LNs
(Figures 4E and 4F), IM mRNA prime/boost immunization induced
the highest levels of S-specific CD8+ effector memory T cells (CD69+

CD62L� class I tetramer+CD44+CD3+CD8+) compared to the het-
erologous prime/boost groups which showed only low induction
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Figure 4. IM mRNA vaccination is important for generating robust levels of

spike-specific CD8+ T cells while IN boosting enhances the frequency of

spike-specific CD4+ T cells in the lung and draining LNs

Mice were given 3 mg mRNA IM, 20mg of S protein IN in NE/IVT, or PBS. Cells

isolated from the lungs, spleen, and cLNs of mice given prime/boost immunizations

with the indicated adjuvant/antigen regimens were incubated with MHC class I

(VNFNFNGL) or MHC class II (VTWFHAIHVSGTNGT) tetramers, stained for surface

markers, and analyzed by FACS. Frequencies of CD44+IV� Tet+CD69+CD103+

expressing CD8+ (A) or CD4+ (B) TRMs in the lung were quantified. (n = 3–5/group

with data represented as mean ± SEM; *p < 0.05, **p < 0.01, by Mann-Whitney U

test). Frequencies of Tet+CD44+CD69+CD62L� TEMs were similarly quantified in the

spleen (C and D) and cLNs (E and F). (n = 3–5/group with data represented as

mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA

with Tukey post hoc test shown only for select groups (full statistical analysis is

shown in Table S1).
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frequencies (Figures 4C and 4E). Upon examining class II Tet+CD4+

effector memory T cells (CD69+CD62L� class II tetramer+CD44+

CD3+CD4+) in the spleen, we found that, while homologous IM
mRNA prime/boost induced slightly higher antigen-specific CD4+

T cells, heterologous prime/boosting with IM mRNA followed by IN
boost with S alone or adjuvanted with NE or NE/IVT also induced sig-
nificant levels (Figure 4D). However, the impact of the adjuvanted
4454 Molecular Therapy Vol. 32 No 12 December 2024
mucosal boost was most notable in the mucosal draining LNs, in which
the IM mRNA prime followed by IN boost with NE/S or NE/IVT/S
markedly enhanced the induction of S-tetramer specific CD4+ T cells
compared to the IMmRNA prime/boost group, as well as to the group
given IM mRNA prime followed by unadjuvanted IN S boost (Fig-
ure 4F). These results demonstrate the importance of the NE and
NE/IVT adjuvants in the mucosal boost vaccinations in driving local
mucosal immune responses. Moreover, the enhancement in antigen-
specific CD4+ T cells but not CD8+ T cells in the mucosal draining
LNs with the adjuvanted mucosal boosts are consistent with the differ-
ences observed in the frequencies of induced CD8+ vs. CD4+ TRM’s
within the lung for the different vaccine administration regimens.

We next assessed the cytokine response of the S-specific CD4+ and
CD8+ T cells generated by these vaccine regimens. In accordance
with the tetramer data, IM mRNA prime/boost induced the highest
frequency of IFN-g+-expressing CD8+ T cells in the spleen upon
ex vivo stimulation with S protein (Figure S5A). IN boosting of IM
mRNA primed animals with IN S or NE/IVT/S also induced signifi-
cant numbers of IFN-g+ CD8+ T cells, although the frequency was
slightly lower than that induced by the IM mRNA prime/boost im-
munization. In contrast, in the cLNs, the frequency of CD8+ T cells
expressing IFN-g+ were highest in the IM mRNA primed mice
receiving heterologous IN boost with NE or NE/IVT adjuvanted an-
tigen (Figure S5E). Cytokine expressing CD8+ T cells were low within
the lungs for all vaccine regimens, even the IM mRNA prime/boost
group despite the high frequency of S-tetramer specific CD8+

T cells observed for this treatment group (Figures S5I–S5K). The fre-
quency of polyfunctional (IFN-g+ IL-2+ TNF-a+) CD8+ T cells was
also low within the spleen, cLNs, and lung (Figures S5D, S5H, and
S5L). Upon analyzing CD4+ T cell cytokine responses in the spleen,
we found that mice receiving IM mRNA prime/boost induced the
highest frequencies of IFN-g+, IL-2+, and TNF-a+ CD4+ T cells
(Figures 5A–5C), as well as polyfunctional CD4+ T cells upon stimu-
lation with S protein (Figure 5D). IN boost with S, NE/S, or NE/IVT/S
after mRNA priming induced similar and significant frequencies of
IFN-g+, IL-2+, and TNF-a+CD4+ T cells, as well as polyfunctional
CD4+ T cells, although these levels were lower than those induced
by two doses of IM mRNA. Interestingly, a comparison of CD4+

IFN-g+ responses by mean fluorescence intensity (MFI) rather than
by frequency, showed equivalent MFIs for the IM mRNA prime
with IN S, NE/S, or NE/IVT/S boost groups as the IM mRNA
prime/boost group, demonstrating that even though the frequency
of IFN-g+ cells was slightly lower for the IM/IN groups, these cells
produced high levels of IFN-g (Figure S6). In the cLN, however,
IM mRNA groups receiving IN NE/S or NE/IVT/S boost immuniza-
tions developed the strongest antigen-specific CD4+ T cell responses,
with significant enhancement in the frequency of polyfunctional cells
compared to groups that received a second IM mRNA dose or unad-
juvanted IN S (Figures 5E–5H). While IN NE/S or NE/IVT/S in a
prime/boost regimen induced IL-2- and TNF-a-expressing CD4+

T cells, IM mRNA priming was necessary to induce optimal IFN-g
expressing CD4+ T cells in the cLN, demonstrating the importance
of the initial IM prime immunization in driving optimal local mucosal



Figure 5. IN administration of antigen with NE adjuvants after IM mRNA priming effectively pulls antigen-specific immunity to mucosal sites

Single cell suspension were isolated from the spleen (A–D), cLNs (E–H), and lungs (I–L) of mice given prime/boost immunizations with the indicated adjuvant/antigen

regimens. Mice were given 3 mg mRNA IM, and 20 mg of S protein IN in either PBS, NE, or NE/IVT. Cells were stimulated with 25 mg/mL of S protein, and antigen-specific

cytokine responses were quantified in CD4+ T cells by intracellular cytokine staining and FACS analysis. (n = 4–5/group with data represented as mean ± SEM; *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA with Tukey post hoc test shown only for select groups (full statistical analysis is shown in Table S1).
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responses after a mucosal boost. Furthermore, while IN S boost of IM
mRNA primedmice showed enhanced polyfunctional CD4+ T cell re-
sponses in the spleen comparable to the INNE/S and NE/IVT/S boost
groups, the unadjuvanted boost group showedminimal levels of poly-
functional CD4+ T cells in the cLNs, highlighting the critical role of
the NE-based adjuvants in driving robust local mucosal cellular re-
sponses. Similar to the cLNs, in the lungs, groups heterologously
primed with IM mRNA and then boosted IN with S, NE/S, or NE/
IVT/S had similar levels of IFN-g-expressing CD4+ T cells, which
were enhanced compared to the other vaccination regimens,
including IM mRNA prime/boost (Figures 5I–5L). These groups
also displayed enhanced polyfunctional CD4+ T cells in the lung
compared to the other vaccination regimens. Interestingly, boosting
with IN S after IM mRNA priming induced higher frequencies of
polyfunctional CD4+ T cells in the lung compared to boosting with
IN NE/IVT/S, which was the reverse pattern observed in the cLNs,
potentially suggesting differences in trafficking and kinetics at this
time point between the free antigen vs. NE-formulated NE/IVT adju-
vanted S protein. Finally, in accordance with the cytokine secretion
data, mucosal boost of IM mRNA primed animals displayed higher
frequencies of IL-17A+CD4+ T cells in the lung than the IM mRNA
prime/boost group, which had no detectable response (Figure S7).
However, the highest frequencies of IL-17A+CD4+ T cells were
induced in the IN NE/S and IN NE/IVT/S homologous prime/boost
groups. Taken together, the differences in induction of antigen-spe-
cific CD4+ vs. CD8+ responses observed in the tetramer and cytokine
analyses results underscore the distinct mechanisms of the vaccina-
tion approaches, with the heterologous IM mRNA prime followed
by an adjuvanted mucosal boost most effectively driving enhanced
CD4+ T cell responses, especially locally within the tissue and drain-
ing LNs. These results demonstrate that this adjuvanted mucosal
boost strategy represents an effective strategy to pull systemic im-
mune responses induced by mRNA vaccination to mucosal sites.

Heterologous IM/IN prime-boost immunization induces robust

virus-neutralizing antibody titers in 129S1 and K18-hACE2 mice

and results in more optimal protection in the upper respiratory

tract

To examine the effects of genetic background on induced immune
responses, we next repeated vaccination with the heterologous
Molecular Therapy Vol. 32 No 12 December 2024 4455
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Figure 6. Heterologous IM/IN prime-boost

immunization induces robust virus-neutralizing

antibody titers in 129S1 and K18-hACE mice

129S1 and K18-hACE2 mice were vaccinated twice

4 weeks apart. Mice were primed either IM with 0.4 mg of

BNT162b2 mRNA or PBS, or IN with 15 mg full-length S

protein with either NE or NE/IVT. Mice were then boosted

4 weeks later IM with 0.4 mg of BNT162b2 mRNA, or IN

with 15 mg S with PBS, NE or NE/IVT as indicated.

Groups receiving two immunizations with IM Advx/S or

PBS were included for comparison. Serum (A) IgG titers

against WT S-protein, and nAb titers against (B) WT,

(C) B.1.351, (D) B.1.1.529 (BA.1), and (E) BA.4/5

variant PSVs were measured 2 weeks after the boost

immunization (wk6). K18-hACE2 transgenic mice were

similarly primed either IM with 0.4 mg of BNT162b2

mRNA, or PBS, or IN with 15 mg S with either NE or NE/

IVT. Mice were boosted 4 weeks later IM with 0.4 mg of

BNT162b2 mRNA or PBS, or IN with 15 mg S with

PBS, NE or NE/IVT as indicated. Groups receiving two

immunizations with IM Advx/S or IN PBS were included

for comparison. Serum (F) IgG titers against WT

S-protein, and nAb titers against (G) WT, (H) B.1.351, (I)

B.1.1.529 (BA.1), and (J) BA.4/5 variant PSVs were

measured 2 weeks after the boost immunization (wk6).

(n = 4–5/group; *p < 0.05, **p < 0.01 by Mann-Whitney

U test shown only for select groups (full statistical

analysis is shown in Table S1).
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prime/boost regimens in 129S1 and K18-hACE2 mice. The 129S1
strain was selected for vaccination/challenge studies as they are WT
mice that have shown to be more susceptible to morbidity after exper-
imental infection with SARS-CoV-2 viruses with the N501Y muta-
tion, such as B.1.351.31 In contrast, SARS-CoV-2 Omicron lineages
do not efficiently infect WT mice but can replicate in the respiratory
tract of transgenic K18-hACE2 mice, which overexpress human
ACE2 receptor in the epithelia. Thus, we used this transgenic model
for protective efficacy studies with Omicron BA.5 challenge. Prime
immunization with IM mRNA, IN NE/S, IN NE/IVT/S induced
equivalent S-specific serum IgG in 129S1 mice, giving similar titers
as primed C57Bl/6 and K18-hACE2 mice (Figures 1B and S1). Boost-
ing of IM mRNA primed animals with IM mRNA, IN NE/S, or IN
NE/IVT/S resulted in high serum total binding IgG againstWT S pro-
tein in both genetic backgrounds (Figures 6A and 6F). In both 129S1
and K18-hACE2 mice, comparable induction of high S-specific IgG
4456 Molecular Therapy Vol. 32 No 12 December 2024
titers with the IM mRNA prime/boost was
observed as for the heterologous IM mRNA
prime with IN NE/S or NE/IVT/S boost, with
these titers being enhanced compared to the
IN NE/S and IN NE/IVT/S prime/boost, and
IM mRNA; IN S groups. Overall, an identical
pattern for S-specific IgG titers between immu-
nization groups was observed for the 129S1,
K18-hACE2, and C57Bl/6 mice. Furthermore,
for comparison we assessed whether prime/
boost immunization with S protein adjuvanted
with the MF59-equivalent IM adjuvant, Addavax (Advx), would
induce similar immune responses. IM Advx/S prime/boost resulted
in similar S-specific IgG as the IM mRNA prime/boost group in
both 129S1 and K18-hACE2 strains (Figures 6A and 6F). Interest-
ingly, while the IM mRNA; IN NE/S and IM mRNA; IN NE/IVT/S
groups induced similarly robust neutralization titers as the IM
mRNA prime/boost groups in 129S1, K18-hACE2, and C57Bl/6
mice against ancestral virus, a more distinct enhancement in the
breadth of viral neutralization with these heterologous IM/IN groups
was observed in the 129S1 mice compared to the other two strains
when measured against B.1.351, BA.1, and especially against BA.4/5
(Figures 6B–6E and 6G–6J). For example in the 129S1 mice, IM
mRNA; IN NE/IVT/S treatment resulted in a 1 log enhancement in
B.1.351 and BA.1 neutralization compared to the IM mRNA prime/
boost group. In 129S1 mice, all vaccine groups that included a
prime/boost had detectable BA.4/5-specific nAbs with the exception



Figure 7. Heterologous IM/IN prime/pull and IN/IN

immunization strategies provide sterilizing

immunity upon heterologous challenge in both the

upper and lower respiratory tracts in contrast to

IM/IM immunization with BNT162b2 mRNA or

Addavax/S

129S1 mice were primed either IM with 0.4 mg of mRNA or

PBS, or IN with 15 mg S with either NE or NE/IVT. Mice

were boosted 4 weeks later IM with 0.4 mg mRNA, or IN

with 15 mg S with PBS, NE or NE/IVT as indicated.

Groups receiving two immunizations with IM Advx/S or

IN PBS were included for comparison. 3 weeks post-

boost, mice were challenged IN with 104 PFU B.1.351,

and viral titers were measured at 4 d.p.i. in the

(A) lungs and (B) nasal turbinates. K18-hACE2 mice

were similarly vaccinated and then challenged IN with

104 pfu BA.5. Viral titers were measured at 4 d.p.i. in the

(C) lungs and (D) nasal turbinates. Each data point

represents the average of replicate counts for each

animal (n = 4–5/group; *p < 0.05, **p < 0.01 by Mann-

Whitney U test). Cytokine and chemokine levels in lung

homogenate were also measured at 4 d.p.i. by multiplex

immunoassay from the immunized (E) 129S1 mice

challenged with B.1.351, and the (F) K18-hACE2 mice

challenged with BA.5. Individual cytokine/chemokine

levels were normalized to the cytokine/chemokine range

and then normalized based on multiplication with log2

fold changes to normalize expression changes. Heatmap

shows expression changes for the mean of each group.

Individual cytokine levels and statistical analyses are

provided in Figures S7 and S8.
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of the IM mRNA prime/boost group in which half of the mice failed
to show detectable neutralization (Figure 6E). In K18-hACE2 mice,
the same vaccination regimens resulted in less efficient induction of
BA.4/5-specific nAb titers, with only the group that was primed
with IM mRNA followed by IN NE/IVT/S boost inducing significant
Molecula
nAb titers in all of the animals within the immu-
nization group (Figure 6J). Thus, while the gen-
eral trends are the same among the three mouse
strains, there are nuanced differences that high-
light the importance of comparing responses in
the context of different genetic backgrounds.
Finally, while IM Advx/S prime/boost induced
similar total binding S-specific IgG titers as
IM mRNA prime/boost, IN NE/IVT prime/
boost, and IM mRNA prime with IN NE/S
or NE/IVT/S boost, the IM Advx/S group dis-
played lower viral neutralization titers overall
compared to these treatment groups. For
example, in K18-hACE2 mice, the majority of
IM Advx/S prime/boost mice showed no detect-
able neutralization of BA.4/5, pointing to the
reduced breath of the antibody response (Fig-
ure 6J). To evaluate protection against cross-
variant viral challenge, we then infected 129S1
mice with 104 plaque-forming units (PFU) of
B.1.351 (Figures 7A and 7B) and K18-hACE2 mice with 104 PFU of
BA.5 (Figures 7C and 7D) SARS-CoV-2. Lungs as well as nasal turbi-
nates (NTs) were harvested at 4 days post-infection (d.p.i.) for viral
load determination by plaque assay. B.1.351 contains the N501Y mu-
tation, which allows it to replicate in WT 129S1 mice, causing up to
r Therapy Vol. 32 No 12 December 2024 4457

http://www.moleculartherapy.org


Molecular Therapy
10% body weight loss.31 In contrast, while SARS-CoV-2 Omicron
variants, including BA.5, can replicate in the respiratory tract of trans-
genic K18-hACE2 mice, infection is mainly characterized by the
absence of overt morbidity.32 Nonetheless, it provides a useful model
for evaluating the breadth of immune protection with virus titer
reduction as a surrogate of protection. In B.1.351 challenged 129S1
mice, IM mRNA prime/boost resulted in complete protection in
the lungs (LRT) with the absence of replicating virus (Figure 7A).
However, the IM mRNA prime/boost vaccination failed to prevent
viral replication in the nasal turbinates (URT) (Figure 7B). In
contrast, IM mRNA prime with IN adjuvanted S booster vaccination
(NE/S, NE/IVT/S) demonstrated effective viral control in both the
LRT and URT, with undetectable replicating virus in both the lungs
and NTs of challenged mice. The IN NE/IVT/S prime/boost regimen
also conferred complete protection in both the LRT and URT, high-
lighting the critical role of mucosal immunization in promoting URT
protection. IN NE/S prime/boost immunization also blocked viral
replication in the NTs and conferred significant protection in the
lungs, with most mice showing no detectable viral replication in the
lungs. However, two out of five mice in this treatment group exhibited
modest breakthrough viral replication just above the limit of detec-
tion, supporting the advantage of the NE/IVT combined adjuvant.
Similar to other studies studying the prime/pull approach with IM
mRNA prime followed by unadjuvanted IN S protein boost, we
also observed significant protection with this vaccine regimen; how-
ever, one of the five mice in this group displayed detectable viral titers
in both the lungs and NTs.33 While IM Advx/S prime/boost offered a
significant degree of protection as compared to the unvaccinated PBS
control group, the Advx group showed the highest viral load in the
lungs compared to all the other groups receiving two immunizations.
Moreover, all mice in the Advx group demonstrated high viral titers
in the NTs that were not significantly different from the unvaccinated
control. These results further support the role of IN vaccination in
promoting sterilizing immune responses in the URT. Notably, a sin-
gle immunization with IN NE/S or NE/IVT/S did not confer signifi-
cant protection in the lungs, yielding similar viral titers as the unvac-
cinated PBS group. However, a few animals in these groups did show
a lack of viral replication in the NTs, while the others had similar titers
as the unvaccinated control. Thus, the more complete protective ef-
fects observed in the URT for the heterologous immunization groups
is attributable to the combined effects of both the IM mRNA prime
and NE-based IN pull components.

Similar effective viral control was observed for the IM mRNA prime,
IN NE/S or IN NE/IVT/S boosted K18-hACE2 mice challenged with
BA.5, with no viral replication detected in the lungs or NTs
(Figures 7C and 7D). Consistent with the results from the B.1.351
challenge in 129S1 mice, IM mRNA prime/boost also showed strong
protection in the lungs after BA.5 challenge in vaccinated K18-
hACE2 mice, as only one of the five mice had detectable viral titers
just above the detection limit. These mice also displayed higher levels
of viral replication in the NTs compared to the IM mRNA prime, IN-
adjuvanted S boosted groups showing low, but detectable viral titers
in two of the five mice. IM Advx/S prime/boost also provided some
4458 Molecular Therapy Vol. 32 No 12 December 2024
degree of protection in the lungs of BA.5 challenged K18-hACE2
mice but had two of the five mice with viral titers that were close those
of unvaccinated controls. Moreover, no protection against BA.5 chal-
lenge in the NTs was observed in this group compared to unvacci-
nated controls. Notably, overall viral titers were lower for the BA.5
challenged K18-hACE2 mice even for the unimmunized control
group as compared to B.1.351-challenged 129S1 mice, reflecting the
poor infectivity of the Omicron variants in mouse models as we
and others have previously observed.34,35 As with the B.1.351 chal-
lenge model, IMmRNA prime, IN S only boost also provided effective
protection, with no virus detectable in either the LRT or the URT for
the BA.5 challenge model, which has reduced replication efficiency in
mice. Thus, while the IM mRNA, IN-adjuvanted S groups showed
the most complete cross-variant sterilizing immune responses
throughout the respiratory tract, such hybrid immunization ap-
proaches show a benefit in promoting protective mucosal immune re-
sponses, even with unadjuvanted antigen alone delivered IN. Host
immune responses upon infection reflect disease course and patho-
genesis, or lack thereof, due to vaccine-mediated protection. Thus,
we measured cytokine levels in lung homogenates at 4 d.p.i. for the
vaccinated and challenged 129S1 and K18-hACE2 mice (Figures 7E
and 7F; individual cytokine data are provided in Figures S8 and
S9). In 129S1 mice, pro-inflammatory innate cytokines/chemokines
MIP-1a, MIP-1b, IP-10, MIP-2a, MCP-1, MCP-3, RANTES, GRO-
a, IL-6, and TNFa were elevated in mice that showed breakthrough
infection after receiving single vaccinations with either IN NE/S or
IN NE/IVT/S, as well as with IM prime/boost with Advx/S or in
the negative control group that received IN PBS twice (Figure 7E).
The T cell cytokines IFN-g, IL-18, IL-22, and IL-10 were also
increased in these groups, suggesting strong immune activation to
control viral infection. Similarly, IM mRNA-primed mice boosted
INwith S alone or with NE/S had elevated innate cytokine/chemokine
responses, although with reduced adaptive immune cytokines. In
contrast, 129S1 mice given homologous IM mRNA or IN NE/IVT/
S prime/boost immunizations, as well as mice given heterologous
IM mRNA prime followed by IN NE/IVT/S boost had very low levels
of both innate and adaptive chemokines/cytokines in the lungs after
challenge, consistent with the effective viral control observed in these
groups. Furthermore, 129S1 mice that received IM Advx/S showed
elevated Th2 cytokines IL-4, IL-5, IL-13, and eotaxin, which seemed
to be higher than the unvaccinated group, reflecting the Th2 bias of
the adjuvant. Unlike B.1.351 infection in 129S1 mice, which resulted
in strong host immune responses, BA.5 infection resulted in overall
lower immune responses in K18-hACE2 mice, reflecting the better
replication efficiency and pathogenesis of B.1.351 compared to
BA.5 (Figure 7F). In K18-hACE2 mice, breakthrough infection in
mice singly vaccinated with IM mRNA resulted in the strongest in-
duction of the innate pro-inflammatory cytokines/chemokines,
MIP-1a, MIP-1b, IP-10, MCP-1, MCP-3, and IL-6, along with the cy-
tokines TNF-a, IFN-g, and IL-18. In contrast, similar to the 129S1
mice, groups primed with IM mRNA, boosted either IM with
mRNA or IN with NE/S or NE/IVT/S, showed minimal induction
of these inflammatory chemokines and cytokines, reflecting the effec-
tive viral control in these groups. Interestingly, IM mRNA prime



Figure 8. Passive serum transfer provides some but

not complete protection against cross-variant

challenge

129S1 mice were immunized with IM mRNA prime/boost,

IN NE/IVT/S prime/boost, or with IMmRNA prime followed

by IN boost with S alone or adjuvanted with NE/IVT at a

4-week interval. Vaccine doses consisted of 0.4mg of

mRNA and 15 mg S protein. At 2 weeks post-boost,

150 mL of sera pooled from each treatment group was

passively transferred to naive mice, which were

subsequently IN challenged with 104 pfu of B.1.351.

Viral titers in the (A) lungs and (B) nasal turbinates were

measured at 4 d.p.i. by plaque assay. (n = 4–5/group;

*p < 0.05, **p < 0.01 by Mann-Whitney U test.
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followed by IN S alone showed a similar pro-inflammatory chemo-
kine/cytokine profile as the single IM mRNA immunization group,
albeit slightly reduced, highlighting the importance of the IN NE
and NE/IVT adjuvants in mediating optimal protection. Overall,
cytokine/chemokine profiles are elevated in groups for which repli-
cating virus could be detected in lungs or NTs at 4 d.p.i., and chemo-
kine/cytokine responses are skewed both by adjuvant type and vacci-
nation routes.

Virus-neutralizing serum antibodies induced through

heterologous vaccination provides partial protection both in the

lower and upper respiratory tracts, but is insufficient for

complete viral control

To obtain additional mechanistic insights into the key components
contributing to the protective efficacy of the different vaccine regi-
mens, we examined the role of serum antibodies in mediating viral
control for select treatment groups. The 129S1 donor mice were
immunized with the same vaccine dosages and intervals as in Figure 7,
with IM mRNA prime/boost or IN NE/IVT/S prime/boost, and
compared to groups immunized with an IM mRNA prime followed
by boost with IN S alone or adjuvanted with NE/IVT (Figures 8
and S10). Two weeks post boost, 150 mL serum pooled according to
vaccination group was passively transferred IP to naive donor mice.
24 h after the transfer, mice were challenged IN with 104 B.1.351,
and viral loads in the lungs and NTs were quantified at 4 d.p.i.
Compared to mice given serum from unvaccinated PBS controls,
mice receiving serum from all vaccination groups tested showed re-
ductions in viral titers in the lungs. Groups receiving serum from
the IM mRNA prime/boost and IM mRNA; IN NE/IVT/S groups
showed the largest and equivalent reductions in viral load (approxi-
mately 1 log reduction) (Figure 8A). Groups receiving serum from
the IM mRNA; IN S and IN NE/IVT/S prime/boost groups also
showed some reductions in viral titers in the lung compared to the
PBS control, however, these differences were not statistically signifi-
Molecula
cant. Upon examining viral titers in the NTs,
interestingly, mice receiving serum from the het-
erologous IMmRNA prime with IN S or IN NE/
IVT/S boost groups showed the lowest viral ti-
ters (approximately 1 log reduction), and there-
fore allowed control of virus replication, while serum from the IM
mRNA prime/boost group did not appear to provide significant re-
ductions compared to the PBS control (Figure 8B). The IN NE/
IVT/S prime/boost group also demonstrated notable decreases in
viral load in the NTs of some receiver mice; however, these changes
were not statistically significant from the PBS control. These results
suggest that the protection conferred through the heterologous IM
mRNA; IN NE/IVT/S vaccination strategy is not mediated through
serum antibody responses alone, and requires the additional presence
of other cellular factors, including T cells and other immune effector
cells activated by these primed T cell responses, as well as local
mucosal immune responses to provide the robust viral control
observed in both the upper and lower respiratory tracts, particularly
against divergent variants capable of evading antibody neutralization.

DISCUSSION
Currently licensed IM-administered mRNA vaccines are efficient in-
ducers of systemic nAbs and circulating T cell responses, but are poor
inducers of protective mucosal immune responses. However, evi-
dence has suggested that “hybrid immunity” acquired through IM
vaccination followed by natural respiratory infection provides more
complete protection both systemically and at mucosal sites.34–36 In
an effort to emulate this hybrid immunity, we assessed whether boost-
ing IM mRNA-primed animals via the IN route with NE/IVT-adju-
vanted S protein could confer robust immunity through driving
more optimal humoral and cellular immune responses, in both the
periphery and at mucosal sites.

Humoral responses in serum were compared between various heter-
ologous IM/IN and homologous IM/IM and IN/IN immunization
regimens. In C57Bl/6 mice, priming with IM mRNA induced higher
antigen-specific IgG than the IN NE or NE/IVT/S. However, after
boost vaccination IMmRNA prime/boost, IN NE/IVT/S prime/boost
and IM mRNA prime followed by heterologous boost with IN NE/S
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or NE/IVT/S resulted in equally robust S- and RBD-specific IgG ti-
ters. In contrast, minimal increase in S-specific IgG was observed in
IM mRNA primed animals boosted IN with unadjuvanted S alone,
demonstrating the role of the NE adjuvants in driving an optimal
boost effect for IN immunization. Similar effects were observed in
mice of different genetic backgrounds. Furthermore, heterologous
boosting with IN NE/S or NE/IVT/S induced robust cross-nAb re-
sponses across WT, B.1.617.2, B.1.351, and B.1.1.529 variants, which
were enhanced compared to those induced by IM mRNA; IN S alone
in IM mRNA-primed C57Bl/6 and K18-hACE2 mice, confirming the
effectiveness of the NE adjuvants in IN booster vaccines. The same
relative patterns for nAbs were maintained in 129S1 mice; however,
the IM mRNA; IN NE/IVT/S immunization showed more distinct
enhancement in viral cross-neutralizing antibodies compared to IM
mRNA prime/boost. Such nuanced differences in the 129S1 mice
may reflect the comparatively lower levels of IFN-a production
observed by others in C57Bl/6 and K18-hACE2 mice.37,38 Taken
together, these results may support the ability of the IN adjuvants
to improve the breadth of the humoral immune response compared
to homologous mRNA prime/boost regimens.

We previously showed that the combination of NE and IVT results in
a more Th1-polarized host immune response compared to the
balanced Th1/Th2 response induced with NE alone, which is reflected
in the antigen-specific IgG2b/IgG1 and IgG2c/IgG1 ratios in serum.14

Induction of IgG2c is significant due to its role in Fc-mediated
effector functions, including antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and
complement activation, which have shown to be key contributors
to SARS-CoV-2 immunity.39 IN NE/IVT/S prime/boost induced
higher IgG2b and IgG2c titers compared to IN NE/S prime/boost,
confirming the Th1 skewing properties of the IVT. However, IM
mRNA prime followed by IM mRNA boost or IN boost with NE/S
or NE/IVT/S resulted in similar IgG2b and significantly greater
IgG2c levels relative to INNE/IVT/S prime/boost immunization, sug-
gesting that priming with IM mRNA can enhance the Th1 polariza-
tion induced by IN NE/IVT. Indeed, T cell antigen-recall assessment
in splenocytes and cLN isolates from vaccinated mice revealed dra-
matic enhancement of Th1 cytokine production by the heterologous
IM mRNA; IN NE/IVT/S vaccination regimen compared to IM
mRNA prime/boost, with high levels of secreted antigen-specific
IFN-g, IL-2, TNF-a, and IP-10 observed in response to S protein
stimulation. Levels of these cytokines were especially enhanced in
the local mucosal draining LNs. For example, IM mRNA; IN NE/
IVT/S resulted in a nearly 20-fold enhancement in antigen-specific
IFN-g production in the cLN compared to IM mRNA prime/boost,
demonstrating the crosstalk between immune responses primed in
the periphery by the mRNA and those triggered within the mucosa
by the NE/IVT-adjuvanted boost. Notably, IN boosting of IM
mRNA-primed T cell responses with NE/S or NE/IVT/S induced
significantly higher percentages of S-specific polyfunctional IFN-
g+IL-2+TNF-a+CD4+ T cells in the cLN compared to homologous
IM mRNA, IN NE/S, or IN NE/IVT/S prime/boost regimens. This
is significant, as polyfunctional IFN-g+IL-2+TNF-a+T cells have
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been shown to be a strong predictive indicator of potent antiviral
T cell responses. In contrast with the Th1 cytokines, heterologous
boosting of IM mRNA-primed animals with IN NE/S or NE/IVT/S
did not enhance Th2 cytokine responses relative to the IM mRNA
prime/boost group. CD4+ T cells in secondary lymphoid tissues are
required for class switching to result in the production of IgG and
IgA. Therefore, the optimal induction of CD4+ T cell responses in
cLNs is expected to promote class switching events in mucosal asso-
ciated lymphoid tissues like the cLNs, which correlates with the
higher levels of IgA observed in heterologously boosted groups. Inter-
estingly, while all three IM mRNA prime, IN boost groups (S alone,
NE/S, and NE/IVT/S) induced higher frequencies of polyfunctional
CD4+ T cells in the lung compared to IM mRNA prime/boost, the
IN S alone boost did not significantly enhance these cells within the
cLNs, which required the NE or NE/IVT adjuvants for optimal
enhancement. These results highlight the enhanced mucosal cellular
responses induced by this mucosal booster strategy and underscore
the role of the NE adjuvants in potentiating these responses. Interest-
ingly, IN boosting of IM mRNA-primed T cell responses with NE/
IVT/S induced significantly higher percentages of S-specific
CD4+TRMs within the lung compared to IM mRNA prime/boost, as
well as CD4+TEMs in the cLNs, but induced lower CD8+TRMs in
the lung and lower CD8+TEMs in the cLNs, pointing to potential
key mechanistic differences between the protection conferred
through heterologous IM/IN vs. homologous IM/IM (or IN/IN)
vaccination strategies.

Th17 cells in the context of IL-10 have been shown to be critical in
promoting high and sustained levels of IgA production at mucosal
sites, particularly the lung, and in the establishment of resident mem-
ory T cells.25 Induction of IL-17A is exclusive to the IN route of NE or
NE/IVT administration and is a key component of NE/IVT-mediated
immunity. Interestingly, boosting IM mRNA primed mice with IN
NE/IVT/S resulted in equivalent levels of IL-17A (and IL-10) produc-
tion in the cLN as two immunizations with IN NE/IVT/S, which was
higher than that of mice given only one IN NE/IVT/S immunization.
Accordingly, we found that the IN NE/S or NE/IVT/S boost of IM
mRNA primed mice resulted in increased frequencies of IL-17A-
secreting CD4T cells in the lung. These findings highlight the ability
to use parenteral prime immunizations to set the stage for induction
of more robust local mucosal responses upon mucosal pull
immunization.

Consistent with IL-17A production, when induction of mucosal
S-specific IgA in BALF was considered, we found that IN immuniza-
tion, either as a homologous prime/boost or as part of a heterologous
IM prime/IN boost regimen, was required to obtain detectable
S-specific IgA. IM mRNA prime/boost did not induce detectable
S-specific IgA, while IN NE/S and IN NE/IVT/S prime/boost resulted
in robust IgA responses. Interestingly, while single INNE/S or INNE/
IVT/S immunizations induced only low levels of mucosal IgA, equiv-
alently high antigen-specific IgA was induced upon boosting IM
mRNA-primed animals with IN NE/IVT/S to similar levels as those
induced by two immunizations with IN NE/IVT/S. These results
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further show the potential of the NE/IVT adjuvanted pull approach to
drive improved mucosal immune responses initially primed by IM
mRNA vaccination. It is well described that IgG can exudate from
the blood into the lung and indeed, groups with highest serum
S-binding titers also had the highest S-specific binding IgG titers in
BALF. This suggests that deep lung antibody-mediated protection
during infection may also be provided by IgG and not only sIgA,
although aside from their shared ability to mediate viral neutraliza-
tion, they can provide protection via different mechanisms. IgA-
mediated protection can involve removal of immune complexes
through immune exclusion, as well as triggering FcaR1-mediated im-
mune mechanisms like respiratory burst from neutrophils.40 IgG-
mediated protection can also occur through activation of ADCCs
and ADCPs through Fcg receptor-mediated mechanisms.41 Thus,
protection in the respiratory tract provided by IgA and IgG likely oc-
curs through a combination of mechanisms, including direct virus
neutralization, opsonization, and the activation of Fc receptor-depen-
dent mechanisms.

As the N501Y mutation of B.1.351 allows it to infect WT mice, we
used this variant to challenge 129S1 mice for evaluation of the impact
of different vaccination strategies on viral replication and virus-host
responses. Complete viral control in the lungs was only observed
for IM mRNA prime/boost mice and IM mRNA primed mice
receiving a boost immunization through the IN route. These results
demonstrate that induction of potent antibody responses through
IM, IN or a combination of both can effectively prevent viral replica-
tion in the lungs. Prime/boost with IM Advx/S did not impart steril-
izing immunity in the lung, despite having similar nAb titers against
the B.1.351 variant as the IM mRNA; IN S group and similar serum
S-specific serum IgG titers against the ancestral S protein as groups,
which did demonstrate full viral control. Thus, additional compo-
nents besides serum nAbs are key contributors to sterilizing immu-
nity in the LRT. When viral replication in the URT (nasal turbinates)
was examined, we found that a mucosal boost vaccination was
required to prevent viral replication. Despite full control of viral repli-
cation in the LRT for the IM mRNA prime/boost group, viral titers
were still detectable in the URT. Moreover, replicating virus was de-
tected in the URT of all mice vaccinated with IMAdvx/S prime/boost.
Full control of viral replication in the URT thus correlated with induc-
tion of mucosal IgA and local cellular responses by the mucosal
booster strategies. Indeed, passive serum transfer from IM mRNA;
IN NE/IVT/S-vaccinated mice into naive receiver mice provided
only a modest degree of protection from heterologous viral challenge
both in the LRT and URT. Thus, complete viral control mediated by
the IM/IN vaccination regimen requires the additional presence other
immune effector cells and likely mucosal antibody responses, espe-
cially for protection against a divergent variant. As real-world studies
have demonstrated, robust circulating and tissue-resident cellular im-
mune effectors become increasingly important as viral evolution con-
tinues to facilitate escape from antibody neutralization.42

We observed that host immune responses to infection are influenced
by the type of adjuvanted vaccination, even if complete viral control
was observed. Heterologous boosting of IM mRNA primed mice IN
with NE/S or NE/IVT/S in 129S1 mice markedly suppressed induc-
tion of major inflammatory markers associated with severe disease
upon challenge with B.1.351, particularly in the IN NE/IVT/S-
boosted group. These findings confirm the protection afforded by
these vaccination strategies. Similarly, homologous IM mRNA and
IN NE/IVT/S prime/boost groups showed a similar cytokine/chemo-
kine profile after infection in the lung, with effective prevention of vir-
ally induced inflammatory responses typically associated with more
severe disease.37 Boosting IM mRNA-primed mice with IN/S alone
or homologous IN prime/boosting with NE/S also reduced inflamma-
tory responses to infection compared to singly vaccinated animals
and PBS control mice; however, in accordance with the incomplete
protection observed in these groups as assessed by viral titers, this
suppression was only partial. Increases in cytokines associated with
type II polarization (IL-4, IL-5, and IL-13) in lungs after infection
were seen in mice that received IM Advx-adjuvanted vaccine. Promo-
tion of Th2-driven vaccine responses thus seem to translate to type II
host immune responses in the lungs of infected mice. This is an obser-
vation that we also have reported recently for mouse experiments per-
formed with Advx-adjuvanted licensed influenza vaccines and influ-
enza virus challenge.43

There is currently no optimal animal model for studying infection
with Omicron SARS-CoV-2 variants, as they give attenuated pathol-
ogy even in transgenic K18-hACE2 mice.32 Nevertheless, the K18-
hACE2 infection model provides a good representation of mild
Omicron SARS-CoV-2 infection for testing vaccine effectiveness
when virus titers are considered in the URT and LRT. Similar to ob-
servations with B.1.351 infection in 129S1 mice, a mucosal boost
vaccination of IM mRNA-primed animals was required to obtain
sterilizing immunity in both the URT and LRT in BA.5-challenged
K18-hACE2 mice. In contrast, IM mRNA given once or as a prime/
boost as well as IM Advx/S prime/boost were insufficient. In the
K18-hACE2 model, mice that received only a single IM mRNA im-
munization showed a typical macrophage inflammatory profile
upon BA.5 infection, whereas groups receiving heterologous IM
mRNA prime, IN NE/S, or NE/IVT/S boost effectively prevented in-
duction of this inflammatory profile, consistent with the complete
viral control offered by these groups. If vaccination can prevent repli-
cation of virus in the NTs, this is seen as a first step in efficient inter-
ference with virus transmission. Taken together, these results strongly
demonstrate that heterologous IN boost vaccination is able to induce
optimal mucosal immunity that together with systemic immunity
effectively controls viral replication in the URT. Our ongoing exper-
iments in hamster transmission models will be important for vali-
dating this prime/pull vaccination strategy also blocks viral transmis-
sion. While it is difficult to make direct comparisons with other
studies that have shown the potential of mucosal boosting with spike
protein alone in the context of SARS-CoV-2 mRNA vaccine priming,
our results show significant enhancement in humoral and cellular im-
mune correlates with the addition of our NE/IVT adjuvant system
compared to unadjuvanted S protein alone in IN boost immuniza-
tions.33 The NE/IVT adjuvant was necessary for driving robust local
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responses in themucosal lymphoid tissue and the lung and was essen-
tial for optimally polarizing these local cellular immune responses.
Furthermore, while these studies demonstrated reductions in viral
titer in the lungs and NTs with the unadjuvanted mucosal boost
against the vaccine-matched challenge variant, vaccination was still
infection permissive, consistent with what we observed for the unad-
juvanted IN boost. In contrast, the NE/IVT adjuvanted IN boost im-
parted complete viral control in both the LRT andURT against signif-
icantly divergent challenge variants. Additionally, other mucosal
immunization strategies with adenovirus (Ad)-based vaccines have
also shown promising efficacy in mouse models and non-human pri-
mates.44–46 However, a recent clinical study examining the ChAdOx-
1 vector in an IN prime/boost vaccine or as an IN boost for IM
mRNA-immunized subjects showed discouraging responses system-
ically and mucosally, likely due to poor infectivity of the ChAdOx1
vector in the human respiratory epithelium.47 While other Ad-based
vectors are being explored as IN boosts, vector-based immunity may
present an additional hurdle for additional IN boost immunizations.

The ability to induce cross-variant sterilizing immunity within the
respiratory tract is critical both for limiting viral transmission and dis-
ease progression, particularly as new SARS-CoV-2 variants continue
to emerge. We herein demonstrated that an IM mRNA-based prime
followed by a mucosal pull with a rationally designed adjuvant and
recombinant protein is an effective strategy for inducing robust,
tailored, and cross-sterilizing antibody and T cell responses both sys-
temically and locally within the mucosa of the upper and lower respi-
ratory tracts. Given the relatively rapid waning of immunity now
widely observed with the IM mRNA vaccines, and the durable im-
mune responses induced by the IN NE/IVT adjuvant, heterologous
boosting with IN NE/IVT/S may also improve the immune response
longevity of current vaccines.16 Finally, we expect that the mucosal re-
sponses observed herein will be further enhanced and strengthened
with additional mucosal booster vaccinations, given that at least
two mucosal immunizations are required for optimal immune re-
sponses with NE/IVT as a homologous vaccine regimen and that pro-
longed antigen exposure in the mucosa has been shown to drive
optimal resident-memory T cell responses. This, as well as the effects
of prior infection on the prime/pull approach, will be important ques-
tions to explore in future studies, especially given that the majority of
the population has now acquired a degree of immunity through a
combination of IM vaccinations and respiratory infections with
COVID-19.12 In conclusion, as annual booster vaccinations continue
to be required for COVID-19, our work underscores the value of a
mucosal boost vaccination and highlights the promising potential
of the IN NE/IVT adjuvant for inducing more complete hybrid im-
mune responses in previously vaccinated subjects.

MATERIALS AND METHODS
Adjuvants and antigen

NE was produced by emulsifying cetylpyridinium chloride and
Tween 80 at a 1:6 (w/w) ratio, with ethanol (200 proof), super refined
soybean oil (Croda) and water using a high-speed homogenizer as
previously described.48,49 The sequence and synthesis of IVT RNA
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has previously been described in detail.17 Briefly, IVT was in vitro
transcribed using a HiScribe T7 High Yield RNA synthesis kit
(New England Biolabs) followed by DNAse I clean-up with a
TURBO DNA-free kit (Thermo Fisher Scientific), and purification
with an RNeasy purification kit (Qiagen). Recombinant WT SARS-
CoV-2 full-length S protein and RBD (aa319-545) (derived from
Wuhan-Hu-1) with C-terminal His tags were produced in Expi293F
or ExpiCHO cells, respectively, and purified by the University of
Michigan Center for Structural Biology as previously described.50 Ad-
davax (MF59 similar) was obtained from Invivogen, and the
BNT162b2 mRNA vaccine (Pfizer) was obtained through the Na-
tional Institutes of Health (NIH) SAVE program.

Cell lines

Vero E6 cells (ATCC) were maintained in DMEM supplemented with
10% heat inactivated fetal bovine serum (HI FBS) and 1� non-essen-
tial amino acids (NEAAs). HEK293T cells expressing hACE2 (293T-
hACE2) were obtained from BEI resources and maintained in
HEK293T medium (DMEM with 4 mM L-glutamine, 4,500 mg/L
L-glucose, 1 mM sodium pyruvate, and 1,500 mg/L sodium bicarbon-
ate, 10%HI FBS and 100 IU penicillin, and 100 mg/mL streptomycin).

Viruses

SARS-CoV-2 clinical isolate USA-WA1/2020 (BEI resources; NR-
52281), and B.1.351 and BA.5 variant viruses were propagated in
Vero E6 cells or Vero-TMPRSS2. All viral stocks were verified by
deep sequencing. All work with authentic SARS-CoV-2 viruses
were performed in certified BSL3 or ABSL3 facilities in accordance
with institutional safety and biosecurity procedures.

Lentivirus pseudotyped virus

Generation of pseudotyped lentiviruses (PSVs) expressing the SARS-
CoV-2 S proteins from WT, B.1.351, B.1.617.2, and B.1.1.529 (BA.1),
and BA.4/5 variants harboring GFP and luciferase reporter genes was
performed as previously described for the WT PSV.51 Plasmids car-
rying the full-length SARS-CoV-2 S protein from each variant con-
taining a C-terminal 19 amino acid deletion to remove the ER reten-
tion signal were used for pseudotyping (Invivogen). Viral titers (TU/
mL) across variants were determined by measuring PSV transduction
of GFP in 293T-hACE2 cells.

Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committees at the University of Michigan and Icahn
School of Medicine atMount Sinai and were carried out in accordance
with these guidelines. The 6- to 8-week-old female C57Bl/6, 129S1
(Jackson Laboratory), or K18-hACE2 mice (bred in-house) were
housed in specific pathogen-free conditions. Mice were acclimated
for 2 weeks before initiation of each study. For challenge studies,
mice were transferred to ABSL3 facilities 1 week before viral challenge.

Immunization

Mice were anesthetized using isoflurane in a IMPAC6 precision
vaporizer. For IN immunization, mice were given 12 mL (6 mL/nare)
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of each vaccine formulation (which ensures retention within the nasal
cavity), and for IM immunization, the vaccine was delivered in a 50-
mL volume into the thigh muscle of the hind limbs. Each group
received prime and boost immunizations at a 4-week interval. For
C57Bl/6 mice, mice were primed IM with 0.4 mg BNT162b2 mRNA
(Pfizer/BioNTech). Mice were boosted either through the IM route
with the same dose of mRNA, or through the IN route with PBS or
15 mg of WT S protein in PBS, 20% NE (w/v) (NE/S), or 20% NE
with 0.5 mg IVT (NE/IVT/S). Immune responses were compared to
mice given homologous prime/boost immunizations with IN NE/S,
IN NE/IVT/S, or IM 50% Advx/S with the same amount of S protein.
Comparison groups primed with IM PBS and boosted with IN NE/S
or NE/IVT/S were also included. Select immunization regimens using
the same adjuvant/antigen doses were chosen for evaluation in 129S1
and K18-hACE2 mice.

Serum was obtained by saphenous vein bleeding 2 and 4 weeks after
the prime, and by cardiac puncture at the end of the experiment at
week 8. BALF was obtained by lung lavage with 0.8 mL PBS contain-
ing protease inhibitors at week 8.

ELISA

Immunograde 96-well ELISA plates (Midsci) were coated with 100 ng
S protein or RBD in 50 mL PBS/well overnight at 4�C, and then
blocked in 5% non-fat dry milk/PBS for 1 h at 37�C. Sera (or BAL)
from immunized mice were serially diluted in PBSB (PBS/0.1%
BSA). Blocking buffer was removed, and serum dilutions were added
and incubated for 2 h at 37�C followed by overnight incubation at
4�C. Plates were washed with PBST (0.05% Tween 20), and alkaline
phosphatase conjugated secondary antibodies diluted in PBSB were
added (goat-anti-mouse IgG, IgG1, IgG2b, and IgG2c from Jackson
Immuno Research Laboratories; goat-anti-mouse IgA [Catalog: 62–
6722] from Thermo Fisher Scientific), and incubated 1h at 37�C.
Plates were washed with PBST, and developed by incubation with
p-nitrophenyl phosphate substrate in diethanolamine (Thermo
Fisher Scientific) at room temperature (RT). Absorbance was
measured at 405 nm, and titers were determined using a cutoff
defined by the sum of the average absorbance at the lowest dilution
of naive serum and two times the standard deviation.

Pseudovirus microneutralization assays

Pseudovirus (PSV) microneutralization assays were performed as
previously described.16 Briefly, 1.25 � 104 HEK293T-hACE2 cells/
well were seeded overnight on 96-well tissue culture plates. Sera
from immunized mice were serially diluted by a factor of three, start-
ing at a dilution of 1:30 in HEK293T medium. 50 mL of the diluted
sera was then added to 50 mL of PSVs (40,000 TU/mL) and incubated
for 1 h at 37�C. The PSV titer used across variant PSVs was selected
based on the titer of WT PSV giving >100,000 RLUs above back-
ground. The virus/serum mixture was then added to the cells and
incubated for 3 d at 37�C. Infectionmedia was removed, and lumines-
cence was measured by addition of 25 mL BrightGlo in 25 mL PBS.
Neutralization titers were determined as the dilution at which the
luminescence remained below the luminescence of the (virus only
control-uninfected control)/2. Samples with undetectable neutraliza-
tion were designated as having a titer of 10�. Neutralization assays
with these PSVs have been demonstrated by us and numerous groups
to be representative of authentic virus neutralization assays.15,52

Tissue isolation and single cell suspension preparation

Two weeks post-boost (week 8), mice were i.v. injected through the
tail vein with 3 mg of a-CD45-AF488 antibody (Biolegend) 3 months
before sacrifice to discriminate resident from circulating T cells.30 The
left lung lobe was harvested, and single-cell suspensions were pre-
pared by mincing with surgical scissors, followed by incubation in
3 mL of digestion media (RPMI, 10% HI FBS, 2 mM L-glutamine,
1% NEAA, 1 mM sodium pyruvate, 50 mM 2-mercaptoethanol, 100
IU penicillin, 100 mg/mL streptomycin with 1 mg/mL collagenase A
[Roche], 20 U/mL of DNAse-I [Roche]) followed by incubation at
37�C for 1 h with shaking. Tissue dissociation was continued by pas-
sages through an 18G needle and filtering through a cell strainer. Cells
were incubated in ACK lysis buffer for 5 minutes at RT and washed
with PBS. Methods for splenocyte and cLN lymphocyte preparation
have previously been described.16 All cells were resuspended in
T cell media (DMEM, 5% HI FBS, 2 mM L-glutamine, 1% NEAA,
1 mM sodium pyruvate, 10 mM MOPS, 50 mM 2-mercaptoethanol,
100 IU penicillin, 100 mg/mL streptomycin) for further downstream
analysis.

Antigen recall response

T cell antigen recall response was assessed by cytokine release in cell
isolates from the spleen and cLN of immunized mice 2 weeks post-
boost (week 8). For antigen recall, isolated cells were plated at
8 � 105 cells/well and stimulated with 5 mg (25 mg/mL) S protein
(WT) in T cell media for 72 h at 37�C. Secreted cytokines (IFN-g,
IL-2, IP-10, IL-5, IL-6, IL-13, IL-10, IL-17A, and TNF-a) were
measured relative to unstimulated cells in supernatants using a Milli-
plex MAP Magnetic Mouse Cytokine/Chemokine multiplex immu-
noassay (EMD Millipore).

Flow cytometry

For analysis of S protein-specific CD8+ T cells, 2 � 106 cells isolated
from the lungs or 1 � 106 cells from the spleen or cLNs were stained
with LIVE/DEAD Fixable Yellow (Thermo Fisher Scientific) in PBS/
2mM EDTA for 20 m at 4�C, washed, and then incubated with Fc
block (Biolegend) in FACS buffer (PBS, 1% FBS, 2mM EDTA) for
30 m at 4�C. Cells were stained with the H2kb-VNFNFNGL-PE
tetramer (obtained from the NIH Tetramer Core Facility) and surface
marker antibodies for 1 h at 4�C, and then washed and fixed in IC fix-
ation buffer (Thermo Fisher Scientific). For analysis of S-specific
CD4+ T cells, 1 � 106 cells isolated from the lung, spleen, or
cLNs were pre-incubated with Fc block (Biolegend) in T cell
media for 30 m at 37�C and then incubated with the I-Ab

-VTWFHAIHVSGTNGT-PE tetramer (obtained from the NIH
Tetramer Core Facility) for 1 h at 37�C. Cells were then washed
and stained for surface markers in FACS buffer for 30 m at 4�C, fol-
lowed by staining with LIVE/DEAD Fixable Aqua for 20 m at 4�C
before fixation. For T cell intracellular cytokine analysis, 1� 106 cells
Molecular Therapy Vol. 32 No 12 December 2024 4463

http://www.moleculartherapy.org


Molecular Therapy
isolated from the lungs, spleen, or cLNs were stimulated with
25 mg/mL S protein (WT) in T cell media for 24 h at 37�C, with bre-
feldin A (Biolegend) added during the last 6 h. Cells were stained with
LIVE/DEAD Fixable Yellow or Aqua in PBS/2 mM EDTA for 20 m at
4�C, washed, and then incubated with Fc block for 10 m at 4�C before
staining for surface T cell makers (CD3, CD4, and CD8) for 30 mi-
nutes at 4�C. Cells were washed, fixed in IC fixation buffer 30 m at
RT and permeabilized 30 m at 4�C before staining with antibodies
for intracellular cytokines in permeabilization buffer for 30 minutes
at 4�C. Cells were washed with permeabilization buffer and resus-
pended in PBS/2 mM EDTA. Antibody details and specific staining
conditions are provided in Table S2. FACS was performed on a No-
vocyte3000 flow cytometer and analyzed using FlowJo software.

Viral challenge

Immunized mice were challenged 3 weeks post-boost (week 7). We
challenged 129S1 mice IN with 104 PFU B.1.351, and K18-hACE2
mice were challenged IN with 104 PFU BA.5 delivered in 30 mL
PBS. Mice were sacrificed 4 d.p.i.. Lungs were harvested in 500 mL
of PBS, andNTs were collected. Homogenates were prepared for virus
titration by plaque assay as previously described, and cytokine
profiling post-challenge was performed on homogenate using a Milli-
plex MAP Magnetic Mouse Cytokine/Chemokine multiplex immu-
noassay (EMD Millipore).53

Passive transfer

Serum was collected from vaccinated mice 2 weeks post-boost and
pooled for each group. Naive 129S1 receiver mice were IP injected
with 150 mL serum. Efficient serum transfer was confirmed 24 h later
by submandibular bleeding and measuring S-specific IgG in the
serum. Mice were then challenged IN with 104 PFU of B.1.351 as
described above. Lung and NT viral titers were evaluated at 4 d.p.i.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 9
(GraphPad Software). Comparisons were performed by Mann-
Whitney U test or one-way ANOVA with Tukey post hoc test as
indicated.
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