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The continuing evolution of SARS-CoV-2 variants challenges the durability of existing spike (S)-based
COVID-19 vaccines. We hypothesized that vaccines composed of both S and nucleocapsid (N)
antigens would increase the durability of protection by strengthening and broadening cellular
immunity compared with S-based vaccines. To test this, we examined the immunogenicity and
efficacyofwild-typeSARS-CoV-2S- andN-basedDNAvaccinesadministered individually or together
to K18-hACE2 mice. S, N, and S+N vaccines all elicited polyfunctional CD4+ and CD8+ T cell
responses and provided short-term cross-protection against Beta and Omicron BA.2 variants, but
only co-immunization with S+N vaccines provided long-term protection against Omicron BA.2.
Depletion of CD4+ and CD8+ T cells reduced the long-term efficacy, demonstrating a crucial role for
T cells in the durability of protection. These findings underscore the potential to enhance long-lived
protection against SARS-CoV-2 variants by combiningSandNantigens in next-generationCOVID-19
vaccines.

In response to the alarming transmissibility of SARS-CoV-2 virus and
the resulting COVID-19 pandemic, more than 13 billion doses of
COVID-19 vaccines have been administered in the past 3 years1. These
vaccines, based on various platforms, have been shown to reduce SARS-
CoV-2 disease severity and death; nevertheless, they still face two major
challenges that adversely affect their effectiveness: the emergence of
mutated variants of concern (VOCs) that evade vaccine-induced
immunity2,3, and the rapidity with which vaccine-induced immunity
wanes, as supported by studies showing loss of 20%–50% humoral
immunity within 4 to 5 months after vaccination4–7. These two factors
have driven recommendations for booster doses to maintain vaccine
cross-protection against SARS-CoV-2 VOCs and are the main reasons

that COVID-19 remains a threat to public health worldwide. Thus, there
remains a pressing need to develop vaccines that elicit broader andmore
durable protective immunity against SARS-CoV-2.

All currently licensedCOVID-19 vaccines target the SARS-CoV-2 spike
(S) protein with the goal of eliciting neutralizing Abs (nAbs), although they
also activate aTcell response8,9.KeyVOCmutations are concentrated in theS
protein and have been shown to limit the vaccine-induced nAb response10.
Several studies suggest that a SARS-CoV-2-specific T cell response could
provide broad and durable protection against COVID-1911–16, even in the
absence of nAbs17,18, because T cell responses that target multiple viral pro-
teins and conserved epitopes could potentially compensate for the waning
nAb response15,19,20. Another study demonstrated that protection elicited by
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mRNA vaccination against VOCs relied on contributions from both
humoral and cellular immunity21. These studies support a vaccine develop-
ment strategy in which the antigens elicit robust T cell responses in addition
to nAbs.

The SARS-CoV-2 nucleocapsid (N) protein, which plays a role in viral
RNAgenome packaging and assembly into particles, is abundant andmuch
more conserved than S protein across SARS-CoV-2 VOCs22. Antigenically,
N protein triggers both Ab and T cell responses23,24 that correlate with
control of SARS-CoV-2 infection in humans and K18-hACE2 mouse
model17,25,26. Longitudinal studies of SARS-CoV-1–infected patients have
shown that N-specific memory T cells are sustained for up to 1127 to 17
years28, suggesting that N-specific cellular immunity against the related
SARS-CoV-2 may also be durable. T cell responses to conserved antigens
such as the N protein are expected to provide broader cross-protection
against SARS-CoV-2 variants compared with responses to S protein alone,
and co-immunization with both S andN antigens was thus hypothesized as
a means to increase both the durability and breadth of vaccine-induced
protection29–37. Accordingly, combined (S+N) mRNA vaccines have been
shown to confer improved short-term efficacy against SARS-CoV-2 var-
iants compared with vaccines based on S protein alone38,39. However, these
studies have not addressed whether combination vaccines improve the
durability of vaccine-induced immunity.

In this study, we compared the efficacy of DNA vaccines encoding
wild-type SARS-CoV-2 (D614G) S and N proteins, administered sepa-
rately or in combination, in protecting against infection with Beta and
Omicron BA.2 variants in transgenic K18-hACE2 mice, which express
high levels of the human SARS-CoV-2 receptor angiotensin-converting
enzyme (ACE2) and are highly susceptible to SARS-CoV-2 infection40.
The durability of vaccine-induced cross-protection was evaluated over
the short and long term by challenging with virus at ~35 and ~140 days,
respectively, post-immunization. The S, N, and S+NDNA vaccination
protocols all elicited Ab responses against S andN proteins derived from
D614G, Beta, and Omicron BA.2 strains; however, only the S and S+N
vaccines induced nAbs against D614G and Beta, and none of the vac-
cines induced nAbs againstOmicronBA.2 orOmicronXBB1.5.Notably,
all three vaccines elicited polyfunctional and cytotoxic CD4+ and CD8+

T cell responses against the appropriate immunodominant S and/or N
protein epitopes. In the short-term protocol, vaccination with S, N, and
S+N protected against infection of the upper and/or lower respiratory
tract with Beta or Omicron BA.2 variants; but strikingly, only the S+N
vaccination protocol provided complete and sustained long-term (140-
day) protection of the lungs against Omicron BA.2, even though cross-
reactive anti-Omicron BA.2 nAbs were undetectable well before viral
infection. Cell depletion experiments showed that this long-term pro-
tection was mediated by T cells, at least in part, suggesting that vaccines
targeting both the N and S proteins can elicit T cell immunity that
increases the durability of vaccine-induced immunity, as we initially
hypothesized. Thus, our data support the development of combined S-
and N-based DNA vaccines to elicit more durable protective immunity
against SARS-CoV-2 compared with that induced by vaccines targeted
to a single protein.

Results
S, N, and S+N DNA vaccines elicit short-term S, N, and RBD
protein-binding IgG and nAb responses against homologous
and/or heterologous SARS-CoV-2 strains
To evaluate the immunogenicity and protective efficacy of SARS-CoV-2 S
and N DNA vaccines, two vaccines were constructed based on optimized
sequences encoding full-lengthSorNproteins fromwild-typeSARS-CoV-2
(USA/WA-CDC-WA1/2020) cloned into pVAX plasmid vector41. We first
assessed the humoral response by priming (day 0) and boosting (day 21)
K18-hACE2 transgenic mice with S or N vaccines intramuscularly (ipsi-
lateral quadriceps for prime and boost) or with both S and N vaccines
simultaneously (contralateral quadriceps for prime and boost), and col-
lecting blood before (day 20) or after (days 28 and 35) boosting (Fig. 1a).

SARS-CoV-2 N-, S- and RBD-binding IgG endpoint titers were then ana-
lyzed by ELISA, and production of S-specific nAbs was analyzed with the
pVNT assay, which uses recombinant replication-deficient VSV vectors
pseudotyped with S proteins from the SARS-CoV-2 variants.

Compared with the pVAX negative control, the N and S+N vaccines
elicited high levels of wild-type (D614G) SARS-CoV-2 N protein-binding
IgG, with titers that were similar on days 20 (pre-boost) and 28 (post-boost)
(Fig. 1b). S and S+N vaccines induced robust production of wild-type
SARS-CoV-2 S protein-binding IgGs thatwere cross-reactivewith S protein
fromBeta andOmicron BA.1 (Fig. 1c), although the anti-D614G S IgG titer
was slightly higher comparedwith the anti-Beta S and anti-Omicron BA.1 S
IgG titers. These S-binding IgG titers were only minimally increased post-
boost, suggesting that anear-maximal responsehadbeenelicitedbypriming
alone. The RBD-binding IgG response was also evaluated because RBD is
the dominant target for SARS-CoV-2 nAbs42,43. At 14 days post-boost, S-
and S+N-vaccinated mice had similar titers of anti-D614G and anti-
Omicron BA.1 RBD IgG titers, but with both vaccination protocols, the
response toD614GRBDwasmuchmore robust than that toOmicronBA.1
RBD (Fig. 1d).

To evaluate the neutralizing activity of vaccine-elicited anti-SARS-
CoV-2 Abs, sera collected at 14 days post-boost were subjected to a pVNT
assay. As expected, given that the assay is S protein-specific, neither the
pVAX control vaccine nor the N vaccine elicited nAbs (Fig. 1e). In contrast,
S and S+Nvaccination elicited high nAb titers against homologous SARS-
CoV-2 (D614G) andBeta, butonly low levels ofnAbs againstOmicronBA.2
were detectable in sera from 5 of the 11 S-vaccinated mice and 6 of the 11
S+N-vaccinated mice; furthermore, none of the S- or S+N-vaccinated
mice exhibited nAbs against Omicron XBB1.5 (Fig. 1e).

These data indicate that the S and S+N vaccination protocols elicited
comparable S protein-binding IgG responses against D614G, Beta, and
Omicron BA.1 SARS-CoV-2 strains, whereas both vaccination protocols
elicited higher titers of RBD-binding IgG and/or nAbs against the homo-
logous D614G strain than against either Beta or Omicron BA.1, BA.2, or
XBB1.5. Importantly, all of the Ab responses in the S+N co-vaccinated
mice were as robust or better than those observed in the N or S single-
vaccinated mice, indicating that co-administration of the N vaccine did not
impair the humoral immune response to the S protein, and vice versa.

S, N, and S+N DNA vaccines elicit antigen-specific polyfunc-
tional CD4+ and CD8+ T cell responses
To investigate T cell responses elicited by our S and/or N vaccines, we
quantified antigen-specific T cells in spleens and lungs harvested from
immunized K18-hACE2 mice at 7 days post-boost (Fig. 2a). Splenocytes
and lung leukocytes were stimulated in vitro with SARS-CoV-2 S or N
peptides that were previously identified as the immunodominant epitopes
for CD8+ and CD4+ T cells in C57BL/6 mice (the genetic background of
K18-hACE2 mice) (Table 1)44. Following in vitro stimulation, effector
memoryCD4+ andCD8+T cells were phenotyped by intracellular cytokine
staining (ICS). Representative flow cytometry plots are shown in Figure S1.

As expected, T cells from the pVAX-immunized control mice did not
respond to the S or N peptides. In contrast, spleens from N- and S+N-
vaccinatedmice contained elevated numbers of N-specific CD4+ andCD8+

effector memory T cells with polyfunctional cytokine-secreting (IFN-
γ+TNF-α+IL-2+) and cytotoxic (IFN-γ+CD107a+) activities (Fig. 2b, c top).
Similarly, spleens fromS and S+N-vaccinatedmice hadhighernumbers of
S-specific CD4+ andCD8+ effectormemory T cells with polyfunctional and
cytotoxic activities than did pVAX controlmice (Fig. 2b, c bottom).We also
evaluated theTcell response in the lungs, theprimary target of SARS-CoV-2
infection and pathogenesis. Lungs from S and S+N-vaccinated mice
exhibited increased numbers of antigen-specific CD4+ and CD8+ poly-
functional and cytotoxic T cells after stimulation with S or N peptides,
respectively, whereas more muted responses were observed in the lungs
fromN-vaccinatedmice (Fig. 2d, e). Thus, the S andS+Nvaccines, and to a
lesser extent, the N vaccine, elicited SARS-CoV-2 S and N-specific CD4+

andCD8+TcellswithTh1-biasedpolyfunctionality and cytotoxicity inboth
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Fig. 1 | S and/or N DNA vaccines induce SARS-CoV-2 S- and N-specific IgG and
nAb responses in K18-hACE2 mice. a Experimental protocol: On days 0 and 21,
K18-hACE2mice were inoculated with S and/or NDNA vaccines or pVAX negative
control (25 µg, IM), and blood was harvested 1 day pre-boost and 7- and 14-days
post-boost. Representation of the experiment timeline was Created with BioR-
ender.com. b–d ELISA assays of serum harvested on days 20 and 28 showing end-
point titers of IgG specific for N, S, or RBD proteins from the indicated SARS-CoV-2

strains. Data are from 3 independent experiments (n = 13–15 mice/group). e Serum
harvested on day 35 was subjected to pVNT50 nAb assay using pseudoviruses
harboring S proteins from the indicated SARS-CoV-2 strains. Data are from 2
independent experiments (n = 10–11 mice/group). b–e Serum samples were tested
in duplicate on the same plates. Groupmeans were compared by the non-parametric
Kruskal-Wallis test. *P < 0.05, **P < 0.01, ***P < 0.001. Circles, individual mice;
dashed lines, detection limit.
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Fig. 2 | S and/or N DNA vaccines induce antigen-specific polyfunctional T cell
responses in K18-hACE2 mice. a Experimental protocol: On days 0 and 21, K18-
hACE2 mice were inoculated with S and/or N DNA vaccines or pVAX control
(25 µg, IM), and tissues were harvested at 7 days post-boost. Representation of the
experiment timeline was Created with BioRender.com. b–e Splenocytes (b, c) and
lung leukocytes (d, e) were stimulated with the indicated SARS-CoV-2 S or N

peptides, and polyfunctional (IFN-γ+TNF-α+ or IFN-γ+TNF-α+IL-2+) or cytotoxic
(IFN-γ+CD107a+) CD4+ and CD8+ T cells within the population of live CD3+ cells
were quantified by ICS (representative gating strategy is shown in Figure S1). Data
are from 2 independent experiments (n = 7–9 mice/group). Group means were
compared using the non-parametric Kruskal-Wallis test. *P < 0.05, **P < 0.01,
***P < 0.001. Circles, individual mice.
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spleen and lung, with the S+N vaccine eliciting comparable or slightly
superior responses compared with the S or N vaccines.

S, N, and/or S+N DNA vaccines confer short-term cross-pro-
tection against SARS-CoV-2 Beta infection and elicit S- and
N-specific memory T cell responses
Having shown that the wild-type S, N, and S+N vaccines induce robust
IgG, nAb, and/or T cell responses in K18-hACE2mice (Figs. 1 and 2), we
next addressed the main goal of the study, which was to determine
whether these next-generation SARS-CoV-2 DNA vaccines can confer
protection against infection by heterologous SARS-CoV-2 strains. To
this end, vaccinated K18-hACE2mice were challenged intranasally with
SARS-CoV-2 Beta at 14 days post-boost, and tissues were analyzed
3 days later for subgenomic and genomic viral RNA load in nasal tur-
binate, lung, and brain tissues, as well as CD4+ and CD8+ T cell
responses in the spleen (Fig. 3a).

Table 1 | S and N peptide sequences from SARS-CoV-2
reference strain

Protein Peptide Sequence

Nucleoprotein (N) N109-123 YFYYLGTGPEAGLPY

N129-143 GIIWVATEGALNTPK

N219-227 LALLLLDRL

Spike (S) S62-76 VTWFHAIHVSGTNGT

S262-270 AAAYYVGYL

S263-277 AAYYVGYLQPRTFLL

S509-518 RVVVLSFELL

S539-549 VNFNFNGLTGT

S555-562 SNKKFLPF

S884-898 SGWTFGAGAALQIPF

S1013-1027 IRAAEIRASANLAAT

Fig. 3 | S and/or N DNA vaccines protect against SARS-CoV-2 Beta infection in
K18-hACE2 mice. a Experimental protocol: On days 0 and 21, K18-hACE2 mice
were inoculated with S and/or N DNA vaccines or pVAX control (25 µg, IM),
challenged at 2 weeks post-boost with SARS-CoV-2 Beta (B.1.351) variant (103 PFU,
IN), and tissues were harvested 3 days later. Representation of the experiment
timeline was Created with BioRender.com. b SARS-CoV-2 genomic and

subgenomic RNA levels were quantified by RT-qPCR. Dashed lines, detection limit.
c Splenocytes were stimulated with the indicated SARS-CoV-2 S or N peptides, and
polyfunctional and cytotoxic CD4+ and CD8+T cells within the population of CD3+

cells were quantified by ICS. b, cData are from 2 independent experiments (n = 7-8
mice/group). Group means were compared by the non-parametric Kruskal-Wallis
test. *P < 0.05, **P < 0.01, ***P < 0.001. Circles, individual mice.
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Immunization with S, N, or S+N vaccines successfully reduced
genomic and subgenomic SARS-CoV-2 Beta RNA levels in all three
tissues examined, albeit with differing effectiveness, compared with the
pVAX control vaccine (Fig. 3b). Notably, the S and/or S+N vaccines,
but not the N vaccine, significantly reduced levels of genomic and
subgenomic RNA in the nasal turbinates (S and S+N) and genomic

RNA in the brain (S+N), whereas all three vaccines virtually eliminated
genomic and subgenomic RNA from the lungs (Fig. 3b). Thus, all three
SARS-CoV-2 D614G DNA-based vaccines cross-protected against Beta
infection of the lungs; both S and S+Nvaccineswere cross-protective in
the upper respiratory tract; and only the S+N vaccine provided sig-
nificant protection of the brain.
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We next assessed CD4+ and CD8+ T cell responses from the immu-
nized and challenged mice by stimulating splenocytes in vitro with N or S
peptides, on day 3 post-infection, as indicated above (Table 1 and Fig. 3c).
Splenocytes from all three vaccinated/infected mouse groups contained
increased numbers of Th1-biased polyfunctional (IFN-γ+TNF-α+ and IFN-
γ+TNF-α+IL-2+) and cytotoxic (IFN-γ+CD107a+) T cells specific for mul-
tiple S andN epitopes comparedwith the cells frompVAX-immunized and
infected control mice (Fig. 3c). Note that the low response in the pVAX
group was expected because a primary T cell response is typically not
detected by day 3 post-infection. Interestingly, the S+N vaccine was
consistently more effective than the N vaccine in increasing the mean
number of N-specific CD4+ and CD8+ T cells, whereas the S and S+N
vaccines evoked comparable numbers of S-specific CD4+ and CD8+ T cell
responses (Fig. 3c). Taken together, these data indicate that D614G-based S,
N, and S+N vaccines elicit S- and N-specific polyfunctional T cell
responses in Beta-challenged mice, with S+N-vaccinated mice exhibiting
slightly superior responses. Moreover, the unique efficacy of the S+N
vaccine in preventing Beta infection of the brainmay suggest a potential role
for S+N vaccine-elicited T cell immunity in conferring brain protection.

S, N, and/or S+N DNA vaccines confer short-term cross-pro-
tectionagainstSARS-CoV-2OmicronBA.2 infection, reduce lung
damage, and elicit S- and N-specific memory T cell responses
We next performed similar experiments to evaluate the short-term
cross-protective capacity of the D614G-based vaccines against SARS-
CoV-2 Omicron BA.2, which harbors more mutations, particularly in S
protein, than Beta. K18-hACE2 mice were vaccinated, challenged with
Omicron BA.2 at day 14 post-boost, and tissues were collected 3 days
later for analysis (Fig. 4a). Vaccination with S or S+N significantly
reduced genomic and subgenomic Omicron BA.2 RNA in the nasal
turbinates and lungs of virtually all mice, when compared with the
pVAX-vaccinatedmice (Fig. 4b). However, N-vaccinatedmice had little
to no effect on genomic and subgenomic RNA levels in the lung and
nasal turbinates of Omicron BA.2-infected mice, which contrasts with
the N vaccine effect on Beta protection (compare Figs. 4b and 3b). To
determine whether S, N, or S+N vaccination could reduce Omicron
BA.2-induced lung disease, we performed histopathological analysis and
quantified the scores for several key features of SARS-CoV-2-induced
lung damage45. Compared with the pVAX control, S+N vaccination
significantly reduced 4 of the 5 parameters evaluated: necrosis of
bronchiolar epithelial cells (BEC), cellular debris in bronchioles, peri-
vascular lymphocytic cuffing and bronchointerstitial pneumonia;
whereas N vaccination significantly reduced perivascular lymphocytic
cuffing; and S vaccination did not significantly reduce any parameter
analyzed compared with the pVAX control (Fig. 4c). Representative
images of these findings are illustrated in Fig. 4d. Overall, mice immu-
nized with the S+N vaccine exhibited healthier lungs compared with
mice immunized with S alone, with significantly lower scores for
necrosis of BEC and inducible bronchus-associated lymphoid tissue
(iBALT) hyperplasia. Moreover, despite the relatively poor efficacy of N
vaccination in reducing Omicron BA.2 RNA levels in the respiratory

tract, there was a significant beneficial effect of vaccination in the his-
topathology lung scores in these mice.

We next assessed CD4+ and CD8+ T cell responses to S and N
peptides in splenocytes from vaccinated Omicron BA.2-challenged mice
(Fig. 4e) using the same protocol as described above (Fig. 3c). Splenocytes
from mice immunized with S+N vaccine contained higher numbers of
N-specific polyfunctional/Th1-biased CD4+ and CD8+ T cells than
splenocytes from N-vaccinated mice, whereas similar numbers of
S-specific CD4+ andCD8+T cells were observed among splenocytes from
S-vaccinated and S+N-vaccinated mice (Fig. 4e), as also observed in
Beta-challenged mice.

Of note, we also examined the efficacy of a single dose of the vaccines in
Omicron BA.2-challenged mice in preventing infection of the upper and
lower respiratory tract (Fig. 4f) and found similar results to the two-dose
vaccination protocol (Fig. 4g). Thus, our results indicate that the S+N
vaccine provides robust cross-protection against Omicron BA.2 in the
upper and lower respiratory tracts; reduces Omicron BA.2-induced lung
damage; and elicits similar or superior antigen-specific CD4+ and CD8+ T
cell responses compared with the single-protein vaccines following viral
challenge.

S, N, and S+N DNA vaccines elicit long-term S, N, and RBD
protein-binding IgG and nAb responses against homologous
and/or heterologous SARS-CoV-2 strains
In addition to providing broad protection against different variants, next-
generation SARS-CoV-2 vaccines need to confer long-lived protective
immunity compared with current vaccines. To evaluate the durability of the
Abresponses toourvaccines,K18-hACE2micewereprimedandboostedon
days 0 and21, respectively,with S,N, andS+Nvaccines, andblood samples
were collected at day 60, 115, and 140 ( ~ 5, 13, and 17 weeks) post-boost
(Fig. 5a). Endpoint titers ofN-, S- andRBD-specific IgGwere determined by
ELISA and neutralizing activities against D614G, Beta, Omicron BA.2, and
Omicron XBB1.5 S proteins were evaluated using pVNT assays.

Sera from mice immunized with N, S, or S+N vaccines contained
comparably high levels of N- and/or S-specific IgG at all three time
points evaluated (Fig. 5b, c), whereas the RBD-specific IgG response
against Omicron BA.1 protein was much weaker than that against the
homologous protein at all three time points (Fig. 5d). Notably, all of the
IgG responses evaluated were sustained for at least 17 weeks, demon-
strating highly durable Ab responses to all vaccine protocols. Exam-
ination of the neutralizing capacity of the S and S+N-elicited Ab
responses revealed strong responses against the homologous (D614G) S
protein that remained at relatively constant levels for 17 weeks post-
boost, and a weaker but cross-neutralizing response against Beta that
was also durable (Fig. 5e). However, only a weak and transient (day 60)
cross-neutralizing response against Omicron BA.2 was detected and no
cross-neutralizing activity against either Omicron BA.2 or Omicron
XBB1.5 was observed at day 140 (Fig. 5e). As expected, the N vaccine did
not elicit an S protein-specific nAb response.

These data indicate that SARS-CoV-2 D614G S and S+N vaccines
elicited IgG responses that cross-reacted with heterologous N, S, and/or

Fig. 4 | S and S+N DNA vaccines protect against SARS-CoV-2 Omicron BA.2
infection in K18-hACE2 mice. a Experimental protocol: On days 0 and 21, K18-
hACE2 mice were inoculated with S and/or N DNA vaccines or pVAX control
(25 µg, IM), challenged at 2 weeks post-boost with SARS-CoV-2 Omicron BA.2
variant (104 PFU, IN), and tissues were harvested 3 days later. Representation of the
experiment timeline was Created with BioRender.com. b SARS-CoV-2 genomic and
subgenomic RNA were quantified by RT-qPCR. Dashed lines, detection limit.
c Histopathology of SARS-CoV-2-induced lung disease. c Five histopathological
parameters (necrosis of bronchiolar epithelial cells [BEC], cellular debris in
bronchioles, inducible bronchus-associated lymphoid tissue [iBALT] hyperplasia,
perivascular lymphocytic cuffing, and bronchointerstitial pneumonia) were scored
from 0 (least severe) to 5 (most severe). d Representative bronchointerstitial
pneumonia images, H&E-stain. e Splenocytes were stimulated with the indicated

SARS-CoV-2 S or N peptides, and polyfunctional (IFN-γ+TNF-α+ or IFN-γ+TNF-
α+IL-2+) and cytotoxic (IFN-γ+CD107a+) CD4+ and CD8+ T cells within the
population of CD3+ cells were quantified by ICS. f Experimental protocol for one-
dose vaccination regimen: On day 0, K18-hACE2 mice were inoculated with S and/
or N DNA vaccines or pVAX control (25 µg, IM), challenged on day 35 with SARS-
CoV-2 Omicron BA.2 (104 PFU, IN), and tissues were harvested 3 days later.
Representation of the experiment timeline was Created with Biorender.com.
g SARS-CoV-2 genomic and subgenomic RNA quantified by RT-qPCR; dashed
lines, detection limit. b–d Data are from 2 independent experiments (n = 10–11
mice/group). f, g Data is from 1 experiment (n = 6 mice/group). Group means were
compared by the non-parametric Kruskal-Wallis test. *P < 0.05, **P < 0.01,
***P < 0.001. Circles, individual mice.
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Fig. 5 | S andNDNA vaccines elicit long-term IgG and nAb responses in a SARS-
CoV-2 variant-specific manner in K18-hACE2mice. a Experimental protocol: On
days 0 and 21, K18-hACE2 mice were inoculated with S and/or N DNA vaccines or
pVAX control (25 µg, IM) and blood was harvested on days 60, 115, and 140.
Representation of the experiment timeline was Created with BioRender.com.
b–d ELISA assays showing endpoint titers of IgG against N, S, or RBD proteins from
the indicated SARS-CoV-2 strains. Data are from 2 independent experiments

(n = 9–10 mice/group). e Neutralization assay (pVNT50) using pseudoviruses
harboring S proteins from the indicated SARS-CoV-2 strains. Data are from 2
independent experiments (n = 9-11 mice/group). b-e Serum samples were tested in
duplicate on the same plates. Group means were compared by the non-parametric
Kruskal-Wallis test. *P < 0.05, **P < 0.01, ***P < 0.001. Circles, individual mice;
dashed lines, detection limit.
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RBD proteins and were sustained for at least 140 days post-vaccination.
However, only the robust homologous anti-D614G nAb response and
weaker anti-Beta nAb response were sustained long-term, whereas the anti-
Omicron BA.2 nAb response was weak and transient, becoming unde-
tectable by day 140.

Only theS+NDNAvaccineconfers long-termprotectionagainst
SARS-CoV-2OmicronBA.2 infection in the lungsanddoesso ina
CD4+ and CD8+ T cell-dependent manner
Having shown that S and S+N vaccines elicit durable cross-reactive
IgG, but not nAb, responses against Omicron BA.2 (Fig. 5), we next
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determined whether the S, N, and S+N vaccines are able to induce
cross-reactive T cell responses or confer long-term protection against
Omicron BA.2 infection. Accordingly, mice were primed and boosted
at days 0 and 21, respectively; challenged with Omicron BA.2 at
~17 weeks post-boost, and tissues were collected 3 days later for
analysis of viral RNA load, lung pathology, and T cell responses
(Fig. 6a).

As noted in the short-term experiments, neither genomic nor sub-
genomic Omicron BA.2 RNA levels were reduced in the nasal turbinates
or lungs of mice immunized with the N vaccine compared with pVAX
control vaccine (Fig. 6b). In contrast, genomic Omicron BA.2 RNA was
significantly reduced in the nasal turbinates and lungs of both S- and
S+N-immunizedmice, whereas subgenomic RNAwas only significantly
decreased in the lungs of S+N-immunized mice; indeed, subgenomic
RNA was undetectable in all animals in this mouse group (Fig. 6b). Thus,
co-vaccination with S and N antigens elicited long-lived cross-protective
immunity against Omicron BA.2 infection of the upper and lower
respiratory tract (Fig. 6b) despite the absence of Omicron BA.2 nAbs
(Fig. 5e), suggesting that T cellsmay play a dominant role in the durability
of cross-protection.

Histopathological analysis of lung tissue from mice challenged with
OmicronBA.2onday140didnot reveal a clearprotective effect of anyof the
DNA vaccines in reducing lung damage (Fig. 6c, d), which contrasts with
our observations using the short-term challenge protocol (Fig. 4c, d).
Examinationof splenicCD4+ andCD8+Tcell responses to S andNpeptides
at day 143 (3 days post-challenge) revealed a generally similar pattern of
response by splenocytes to that observed in splenocytes frommice following
challenge on day 35 (compare Fig. 6e and Fig. 4e), irrespective of the
vaccination protocol. Thus, the S, N, and S+N vaccines elicited S- and
N-specific polyfunctional T cell responses that persist for at least 17 weeks
(Fig. 6e).

To directly test the contribution of T cells to the long-term protection
against Omicron BA.2 elicited by S+N vaccination, we repeated the
experiment with mice that had been treated with depleting anti-CD4 and
anti-CD8mAbs for 3 days prior to the Omicron BA.2 challenge on day 140
(Fig. 6f), and we verified the efficacy of T cell depletion by flow cytometry
(Figure S2). As expected, Omicron BA.2 genomic and subgenomic RNA
were reduced or undetectable, respectively, in the lungs of S+N-immu-
nized mice pretreated with isotype control mAb (Fig. 6g). However, geno-
mic and subgenomic RNA were readily detectable in the lungs of S+N-
immunized mice pretreated with T cell-depleting mAbs (Fig. 6g), demon-
strating a crucial role for long-lasting S+N-elicited T cell immunity in
controlling infection of the respiratory tract with the heterologousOmicron
BA.2 strain.

Collectively, these data indicate that although both S and S+N vac-
cinations elicited long-term protection against Omicron BA.2 in the upper
and lower respiratory tracts, only the S+N vaccine completely inhibited
viral replication in the lungs anddid so in amanner at least partly dependent
on long-lived vaccine-elicited T cell responses.

Discussion
While licensed COVID-19 vaccines have been successful in reducing the
incidence of serious illness and death following SARS-CoV-2 infection, they
have twomajor short-comings. First, the durability of the responses is poor,
even with booster doses, resulting from a sharp drop in Ab-induced
immunity at about 4 to 6 months after vaccination6,7,46. Second, the current
vaccines exhibit poor cross-reactivity to variants, allowing escape from
existing immunity. In this study, we explored the potential benefit of
combining SARS-CoV-2 S andN antigens in DNAvaccines as a strategy to
achieve long-lasting broadly cross-reactive immunity against SARS-CoV-2
variants. Our rationale for using DNA vaccines was that they can be
manufactured at low cost, are highly stable, have plasmid sequences that can
be easily modified, and they induce robust T cell responses. The main
finding of our study is that vaccination with wild-type SARS-CoV-2
(D614G) DNA vaccines can confer short-term protection against infection
of the respiratory tract by Beta (S, N, and S+N vaccines) and Omicron
BA.2 (S and S+N vaccines), but only S+N co-vaccination induces robust
long-term ( ≥ 4 months) cross-protection against Omicron BA.2 infection
of the lungs. In addition, we show that this durable cross-protection is T cell
dependent. To our knowledge, this is the first study to evaluate long-term
protection against Omicron infection using a vaccine strategy that com-
bined SARS-CoV-2 N and S antigens.

Other groups have investigated the combined immunogenicity of S
andNprotein vaccines against SARS-CoV-2. In one study, a self-amplifying
RNA vaccine encoding both S-RBD and N antigens also showed improved
control of Beta andOmicronBA.1 comparedwith single-protein vaccines39.
A second study showed that combined S+N mRNA vaccines provided
better control of Delta and Omicron variants in lungs and enhanced pro-
tection in the upper respiratory tract of hamsters compared with S mRNA
vaccine alone38. A third study showed that mice immunized with an
RBD+N protein subunit recombinant vaccine were highly protected
against Delta and Omicron in survival analysis36. Although other studies
have also shown protection with vaccines composed of both S and N
antigens, they lacked comparison with single S-based vaccines, making it
impossible to predict the potential advantages of adding N antigen to cur-
rent vaccines32,34,35. Most importantly, none of the cited studies conducted
long-term efficacy experiments, and thus did not examine the possible
benefit of S+Nvaccines in extending the durability of protection. Our data
demonstrate that co-vaccination with both S and N antigens is superior to
single-protein vaccination in promoting durable and cross-protective
immunity to Omicron BA.2.

SARS-CoV-2 S and N proteins are important targets of the humoral
immune response47,48. NeutralizingAbs against S protein, especially its RBD
domain, are the primary mechanism of vaccine-induced defense against
SARS-CoV-249,50. The RBD encompasses a large number of epitope targets
for SARS-CoV-2 neutralization51,52. Our S and S+Nvaccines induced anti-
S-binding IgG capable of recognizing the S proteins of SARS-CoV-2 Beta
and Omicron, but less able to recognize Omicron RBD, compared with
the D614G proteins, which might explain why we observed robust

Fig. 6 | Co-immunization with S and N DNA vaccines provides long-term pro-
tection against SARS-CoV-2 Omicron BA.2 infection in K18hACE2 mice.
aExperimental protocol: On days 0 and 21, K18-hACE2mice were inoculatedwith S
and/orNDNAvaccines or pVAXcontrol (25 µg, IM), challenged 17weeks later with
SARS-CoV-2 Omicron BA.2 (104 PFU, IN), and tissues were harvested at 3 days
post-challenge. Representation of the experiment timeline was Created with BioR-
ender.com. b SARS-CoV-2 genomic and subgenomic RNA were quantified by RT-
qPCR. Data are from 2 independent experiments (n = 9–10 mice/group).
c Histopathology of SARS-CoV-2-induced lung disease. Five histopathological
parameters (necrosis of bronchiolar epithelial cells [BEC], cellular debris in
bronchioles, inducible bronchus-associated lymphoid tissue [iBALT] hyperplasia,
perivascular lymphocytic cuffing, and bronchointerstitial pneumonia) were scored
from 0 (least severe) to 5 (most severe). Data are from 2 independent experiments
(n = 9–10 mice/group). d Representative bronchointerstitial pneumonia images,
H&E-stain. e Splenocytes were stimulated with the indicated SARS-CoV-2 S or N

peptides and polyfunctional (IFN-γ+TNF-α+ or IFN-γ+TNF-αIL-2+) and cytotoxic
(IFN-γ+CD107a+) CD4+ and CD8+T cells within the population of CD3+ cells were
quantified by ICS. Data are from 2 independent experiments (n = 8–10mice/group).
f In vivo T cell depletion protocol (Created with BioRender.com): On days 0 and 21,
K18-hACE2 mice were inoculated with S+N DNA vaccines or pVAX control
(25 µg, IM). On days 137, 138, and 139, mice were injected with anti-CD4 and anti-
CD8 or isotype control monoclonal Abs (250 µg each, IP), and then challenged on
day 140 with SARS-CoV-2 Omicron BA.2 (104 PFU, IN). Tissues were harvested
3 days later. Representation of the experiment timeline was Created with Bior-
ender.com. g SARS-CoV-2 genomic and subgenomic RNA were quantified by RT-
qPCR. Data are from 3 independent experiments (n = 8–9 mice/group).
b, e, gGroupmeans were compared by the non-parametric Kruskal-Wallis test (b, e)
or non-parametric Mann–Whitney test (g). *P < 0.05, **P < 0.01. ***P < 0.001.
Circles, individual mice; dashed lines (b, e), detection limit.
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neutralization ofD614GandBeta, but little or noneutralization ofOmicron
BA.2 and Omicron XBB1.5. Future experiments should assess neutralizing
activities against contemporaneous SARS-CoV-2 variants such as XEC,
KP.3.1.1, and MC.1.

Despite Omicron BA.2 nAbs being virtually undetectable at day 35 or
140 post-immunization, all S+N-vaccinated mice and all except one
S-vaccinatedmouse were fully protected against Omicron BA.2 infection in
the short-term experiments, with no detectable levels of viral replication in
the nasal turbinates or lungs. Our data are consistent with human cohort
studies showing that VOCs, including Beta, Delta and, in particular, Omi-
cron, are resistant to anti-S nAbs2,10,53, and some convalescent individuals
with low or no nAbs nevertheless resolve SARS-CoV-2 infection54,55. Thus,
ourdata and thesehumanstudies suggest a key role forT cell immunity and/
or effector functions of Abs other than neutralization in controlling SARS-
CoV-2 variant infection.

Several published studies point to the possible effector functions of
non-neutralizingAbs. In humans, COVID-19 vaccination induces Abs that
bind S protein on the surface of infected cells, leading to Ab-dependent
cellular cytotoxicity56,57. Indeed, in BNT162b2-vaccinated individuals,
despite the loss of Omicron anti-RBD Abs (with probable neutralizing
potential), anti-S Abs maintain their avidity in Fc-mediated effector
functions58. Further, one study in K18-hACE2 mice showed that an anti-N
monoclonal Ab protected against SARS-CoV-2 infection by Ab-dependent
cellular cytotoxicity, and passive immunization frommice immunizedwith
an N adenovirus vaccine reduced SARS-CoV-2 infection in lungs26.

In addition to Abs, COVID-19 vaccines elicit T cell responses that
appear to control viral spread at later stages of infection and generate
long-lasting, cross-reactive immunememory8,59. In fact, recent data has
shown that SARS-CoV-2 T cell immunity elicited after infection or
vaccination can compensate for the absence of Abs in B cell-deficient
patients, reducing the risk of severe COVID-19 outcomes60.Most virus-
specific T cells from wild-type SARS-CoV-2-infected and/or -vacci-
nated individuals cross-react with variants due to their ability to
recognize conserved epitopes8,61,62. Although both S and N proteins are
major targets of the T cell response to SARS-CoV-224,63, N-specific are
more likely than S-specific T cell responses to provide broader pro-
tection against variants, since theN protein is themore conserved of the
two. Indeed, several human studies point to the potential for N-specific
T cell immunity to improve vaccine durability and breadth. For
example, SARS-CoV-2 N-specific CD8+ T cells suppressed viral
replication of the original SARS-CoV-2 strain and multiple variants
in vitro for at least 6 months after infection64; N-specific CD4+ and
CD8+ T cells were shown to be associated with control of SARS-CoV-2
replication in the upper airways before seroconversion of patients with
mild COVID-19 disease17; and, in SARS-CoV-1–infected patients,
N-specific memory T cells are preserved for up to 1127 or 17 years28. In
line with these human studies, we showed that addition of theN antigen
improved the durability of the wild-type SARS-CoV-2 S DNA vaccine-
induced cross-protection against Omicron inmice. The S, N, and S+N
DNA vaccines induced epitope-specific CD4+ and CD8+ T cells with
polyfunctional, cytotoxic, and Th1-biased cytokine production phe-
notypes in the spleens and lungs of K18-hACE2 mice. These pheno-
types are relevant in the context of antiviral T cell responses in COVID-
19 vaccinated individuals65,66. Our in vivo T cell depletion experiment
suggests that vaccine-induced antigen-specific CD4+ and CD8+ T cells
play a major role in conferring long-term protection. Although our
experiment did not differentiate between contributions by CD4+ and
CD8+ subpopulations, two other studies examining short-term pro-
tection against SARS-CoV-2 showed that depletion of either CD4+ or
CD8+ T cells could reduce protection provided by an RBD+N protein
vaccine36, and depletion of CD8+ T cells reduced the ability of an N+ S
mRNA vaccine to control replication of variants in hamsters38. More-
over, there is evidence to support an important role for coronavirus-
cross-reactive T cell-mediated immunity in mitigating COVID-19
disease and improving vaccination response in humans67–69. T cell

epitopes have been identified that are highly conserved between SARS-
CoV-2 and other human endemic coronaviruses (HCoV-OC43,
HCoV-229E, HCoV-HKU1, and HCoV-NL63), including S and N
epitopes28,70–72. Thus, the broad and durable T cell response specific for
highly conserved epitopes induced by our S+N vaccine suggests that a
similar strategy might be effective for inducing pan-CoV protective
immunity in the future.

In conclusion, our study provides proof-of-concept for a vaccination
strategy that could increase both the durability and breadth of coverage of
the current SARS-CoV-2 vaccines by concomitantly immunizing with both
N and S antigens. Abs and T cells specific for S andN antigens offer a “one-
two punch” strategy against SARS-CoV-2 that should be taken into account
in the design and development of next-generation vaccines.

Methods
Study design
The goal of this study was to investigate the immunogenicity and efficacy of
S andNDNAvaccines (alone or combined) against SARS-CoV-2VOCs. In
vitro S and N antigen expression driven by S and N DNA vaccines was
confirmed in transfected cells. Immunogenicity and protection were
assessed in single- or co-vaccinated K18-hACE2 mice later infected with
Beta or Omicron BA.2 VOCs. Short- and long-term protocols were con-
ducted to assess durability. Similar numbers of male and female mice were
assigned to experimental groups (N = 3 to 6). Sample sizes for each mouse
group were estimated based on previous efficacy and viral challenge
experiments in our laboratory and in the literature, aiming to balance the
numbers required for statistical rigor while minimizing animal use. Each
animal experiment was conducted at least twice. Studies were not rando-
mized or blinded. The animal experiments were performed in strict
accordance with recommendations outlined in the National Institutes of
Health Guide for the Care andUse of Laboratory Animals and approved by
the InstitutionalAnimalCare andUseCommittee at theLa Jolla Institute for
Immunology ABSL2 and ABSL3 facilities (protocol number AP00001242).
Tissue samples were collected from immunized and/or infected mice to
evaluateAbandTcell immunity inaddition to SARS-CoV-2RNAlevels.All
in vitro assays (ELISA, pVNT50, qRT-PCR) included experimental samples
and controls in duplicate.

Mice
K18-hACE2 transgenicmicewereobtained fromThe JacksonLaboratoryor
bred at the La Jolla Institute for Immunology and maintained under
pathogen-free conditions. K18-hACE2 transgenic mice express human
ACE2 (primary cell receptor for SARS-CoV-2) under the control of the
human keratin-18 promoter. In K18-hACE2 mice, human ACE2 is
expressed in epithelial cells, including the mucosal epithelium lining the
airways; as a result, these mice are highly susceptible to SARS-CoV-2
infection40.

S and N DNA vaccines
S and N DNA vaccines41 were designed to express full-length wild-type
SARS-CoV-2 S and N proteins with sequences from SARS-CoV-2/human/
USA/WA-CDC-WA1/2020 (GenBank accession: MN985325.1). Coding
sequences were codon-optimized for human expression by GenScript and
cloned into pVAX1 plasmid vector (Thermo Fisher Scientific) under the
control of human cytomegalovirus immediate-early promoter. To enhance
translational initiation and performance, optimized DNA sequences were
preceded by Kozak and IgE leader sequences. In vitro antigen expression
driven by S and N DNA vaccines was confirmed as previously described41.

Immunization and tissue collection for immunogenicity
experiments
K18-hACE2 mice were immunized via the right or left quadriceps (see
below) with 25 µg of S and/or N DNA vaccines diluted in 50 µL of Tris-
EDTA pH 8.0 (Invitrogen, 15568025), followed by minimally invasive
electroporation73. The intramuscular (IM) injections used 30-gauge ultra-
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fine insulin syringes (BD Bioscience, BD-25150) and electroporation used
the BTX AgilePulse IM System (47-0500N) with a 4 x 4 x 5mm needle
array (47-0045). At 21 days post-priming, mice were boosted in the same
manner (boost omitted for the one-dose vaccination protocol). For single
immunization with either S or N vaccines, mice were primed in onemuscle
and boosted ipsilaterally. For co-immunization with both vaccines, mice
were primedwith S vaccine in the right hind limb andwithN vaccine in the
left hind limb, and then boosted in the contralateral limb. In all experiments,
control mice received commercial vector pVAX1.

For tissue collection, mice were either anesthetized with isoflurane or
euthanized with CO2. In short-term experiments, blood was collected on
days 20 (1 day before boost) and 28 (7 days post-boost) into serum-gel
collection tubes (Sarstedt, 41.1378.005) from the facial vein or via cardiac
puncture, and lungs and spleens were harvested on day 28 (7 days after the
boost) in sterile RPMI 1640 media (Gibco, 1187519) supplemented with
10% fetal bovine serum (FBS, Gibco, 1187519), 1% penicillin–streptomycin
(Gibco, 15140-122), 1% HEPES (Gibco, 15630130). In long-term experi-
ments, blood samples were collected on days 60, 115, and 140.

SARS-CoV-2 S and N IgG ELISA
SARS-CoV-2-binding Abs were detected by endpoint ELISA assays using
recombinant wild-type S, RBD, andN proteins, and commercial RBD from
the Omicron BA.1 (B.1.1.529.1) variant (Sino Biological, 40592-V08H121)
as coating antigens. Recombinant wild-type SARS-CoV-2 S, N, and RBD
proteins were generated from synthetic codon-optimized DNA ofWuhan-
Hu-1 isolate (GenBank accession MN908947.3) by sub-cloning into the
pHCMV3 expression vector. Site-directed mutagenesis was performed to
generate sequences of the Beta (B.1.351) and Omicron BA.1 (B.1.1.529.1)
variants, and positive clones were fully sequenced to ensure that no addi-
tional mutations were introduced. Protein purification was previously
described74.

High-binding flat-bottom plates (Corning, 9018) were coated
overnight (4 °C) with 0.1 µg/mL of S, RBD, or N proteins in phosphate
buffered saline (PBS, Corning, 21040). The following steps were carried
out at room temperature. Plates were washed 3 times with 1% BSA
(Sigma-Aldrich, A3059) in PBS (PBS/BSA), and blocked with 5% Blot-
ting Grade Blocker (Bio-Rad, 1706404) in PBS for 2 h. Serial dilutions of
mouse sera were prepared in PBS/BSA (5-fold dilutions; 1:50 to
1:156.250) and added to the plates for 1.5 h. After 3 washes, plates were
incubated with HRP-labeled anti-mouse IgG (Jackson ImmunoR-
esearch, 115-035-008) in PBS/BSA for 1.5 h, washed, developed in the
dark for 10 min with 1 Step TMB (Thermo Fisher Scientific, 34028), and
the reaction was then stopped by addition of an equal volume of 2 N
sulfuric acid (Fisher Chemical, A468-2). Control wells were treated
identically except without the serum incubation. Optical density was
immediately measured at 450 nm using the SpectraMax M2 microplate
reader (Molecular Devices). The universal cut-off value for all ELISA
assays was 0.2 (3 standard deviations above the mean of the control
wells). Endpoint titers were calculated based on the interpolation from
the cut-off value in a 4-parameter logistic curve fit of each test sample.

Pseudovirus neutralization (pVNT) assay
SARS-CoV-2-specific nAbs in mouse sera were measured using a pVNT
assay based on recombinant replication-deficient vesicular stomatitis virus
(VSV) vectors encoding GFP pseudotyped with SARS-CoV-2 S protein
derived from the Wuhan-Hu-1 isolate reference strain (GenBank:
MN908947.3), or the Beta (B.1.351), Omicron BA.2 (B.1.1.529.2), or
Omicron XBB1.5 variants generated by site-directed mutagenesis, as pre-
viously described in ref. 74. Briefly, Vero cells (ATCC CCL81) were seeded
(2.5 × 104 cells/well) in flat-bottom96-well black plates (Corning, CLS3603)
to achieve 80% to 90% confluence at the time of infection. Mouse sera
were heat-inactivated (30min, 56 °C), serially diluted in PBS (3-fold dilu-
tions; 1:25 to 1:54,675), incubated with pre-titrated amounts of rVSV-
SARS-CoV-2 (1.5 h, 5% CO2), and then added to confluent Vero mono-
layers for 16 to 18 h (37 °C, 5%CO2). After infection, cells werewashedwith

PBS, fixed with 4% paraformaldehyde (Electron Microscopy Science,
15700), stained in the dark with 1 µg/mL of Hoechst (Thermo Fisher Sci-
entific, 62249) in PBS for (30min, room temperature), and washed twice
withPBS. Pseudovirus titerswere quantified as the number of focus forming
units (FFU/mL) using aCell InsightCX5 imager (ThermoFisher Scientific).
Neutralizing Ab titers were computed using a 4-parameter logistic curve
fitting regression.

Intracellular cytokine staining (ICS) assay
Single-cell suspensions of leukocytes and splenocytes were prepared from
the lungs and spleens, respectively, and then seeded into 96-well round-
bottom plates (Corning, 38018) in complete RPMI media (2 × 106 cells/
well). Cells were stimulated with individual or pooled SARS-CoV-2 S- or
N-derived peptides (2 µg of each peptide/well, 5 h, 37 °C, 5%CO2; Table 1).
Prediction of peptide-MHC class I or II binding affinity was performed
using tools from the Immune Epitope Data Base website (www.iedb.org)
and selection of the “IEDB-recommended” method, as described
previously44. The selected peptides were identified as immunodominant in
previous INF-γ -ELISPOT assays (data not shown) for CD8+ and CD4+

T cells in C57BL/6 mice (the genetic background of K18-hACE2 mice).
After 1 h incubation, brefeldin A (BioLegend, 420601) and anti-CD107a PE
(clone eBio1D4B, eBioscience, 12-1071-83) were added and the incubation
was continued for 4 h. Positive and negative control cells were incubated
with a commercial stimulation cocktail containing PMA and ionomycin
(eBioscience, 00-4970-93) or RPMI 1640 medium alone, respectively.
Peptide-stimulated cells were then labeled with viability dye efluor 455 UV,
(eBioscience, 65-0868-18), blockedwithFcBlock (CD16/CD32mAb2.4G2;
BD Biosciences, 553142) and stained with fluorophore-conjugated Abs:
anti-CD3e PE-Cy7 (clone 145-2C11, eBioscience, 25-0031-82), anti-CD4
BUV395 (clone GK1.5, BD Bioscience, 565974), anti-CD8a BV510 (clone
53-6.7, BioLegend, 100751), anti-CD44 BV785 (clone IM7, BioLegend,
103041) and anti-CD62-L APC efluor 780 (cloneMEL-14, eBioscience, 47-
0621-82). Cells were then fixed, permeabilized with Cytofix/Cytoperm
commercial kit (BDBioscience, 554722), and stainedwith anti-IFN-γ FITC
(clone XMG1.2, Tonbo Bioscience, 35-7311-U100), anti-TNF-α APC
(clone MP6-XT22, eBioscience, 17-7321-82), and anti-IL-2 BV711 (clone
JES6-5H4, BioLegend, 503837). Data were acquired on an LSRFortessa flow
cytometer (BD Bioscience) and analyzed using FlowJo software v10.8.1
(Tree Star).

Viruses and in vivo challenge
Vaccine efficacy was assessed against SARS-CoV-2 Beta (hCoV-19/South
Africa/KRISP-K005325/2020, BEI NR-54009) and Omicron BA.2 (CoV-
19/Japan/UT-NCD1288-2N/2022, NCD1288), generously provided by
Ralph Baric (University of North Carolina) and Yoshihiro Kawaoka
(University of Wisconsin; viaMichael Diamond atWashington University
in St. Louis), respectively. The SARS-CoV-2 Beta strain was propagated in
Vero cells (ATCC, CCL81), and the Omicron BA.2 strain in Vero/
TMPRSS2 cells (kindly donated by Michael Diamond, Washington Uni-
versity) for 3 days in DMEM (Corning, 10-013-CV) supplemented with
10% FBS, 1% penicillin–streptomycin, 1% HEPES, and 1% non-essential
amino acids (Gibco, 11140050), and the supernatants were then harvested
and frozen. The genetic homogeneity of both virus stocks was confirmed by
deep-sequencing analysis (La Jolla Institute for Immunology Sequencing
Core). The viral stocks were titrated by plaque assay. Briefly, viral super-
natants were serially diluted 10-fold and added to confluent Vero E6 cells
(ATCC,CRL-1587) in 24-well plates for 1 h (8 × 104 cells/well); themedium
was then switched (DMEM, 1% carboxymethylcellulose, 2% FBS) and the
cells incubated for 3 days (all incubationswere at 37 °C, 5%CO2). Cells were
then fixed with 10% formaldehyde (1 h, room temperature), washed, and
stained with 0.1% crystal violet in methanol (20min, room temperature),
and plaque-forming units (PFU) per mL quantified. All SARS-CoV-2
propagation and titration were performed in a BSL-3 facility.

For the viral challenge protocol, immunized K18-hACE2 mice
were inoculated intranasally (IN, 15 µL per nostril, 30 µL total) with
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Beta (103 PFU) or Omicron BA.2 (104 PFU) variants on days 35 or 140
(14- or 119-days post-boost, respectively). At 3 days post-challenge,
mice were euthanized by CO2 inhalation. Lungs and nasal turbinates
were harvested in 1 mL RNA/DNA shield (ZYMO Research, R1100-
250) and spleens were harvested in complete RPMI medium for
isolation of splenocytes used in ICS assays. All SARS-CoV-2 infec-
tions and tissue harvesting were performed in an ABSL-3 facility.

In vivo T cell depletion and viral challenge
For in vivoTcell depletion, pVAXandS+N-immunizedK18-hACE2mice
were inoculated intraperitoneally (IP, 200 µL total) with 250 µg anti-CD4
(clone GK1.5, Bio X Cell, BE0003-1) and anti-CD8 (clone 2.43, Brand,
BE0061)monoclonal Abs or isotype control Abs on days 137, 138, and 139.
On day 140, mice were inoculated with Omicron BA.2 variant as described
above, and at 3 days post-challenge, lungs and nasal turbinates were
harvested.

To assess T cell depletion efficiency, mice were anesthetized with iso-
flurane inhalation and blood collected via the facial vein just before
viral challenge. Blood cells were labeled with viability dye efluor
455 UV (eBioscience, 65-0868-18), blocked with Fc Block (CD16/CD32
mAb 2.4G2; BD Biosciences, 553142), and stained with the following 3
fluorophore-conjugated Abs: anti-CD3e PE-Cy7 (clone 145-2C11,
eBioscience, 25-0031-82), anti-CD4 BUV395 (clone GK1.5, BD Bioscience,
565974), anti-CD8a BV510 (clone 53-6.7, BioLegend, 100751). Data were
acquired on an LSRFortessa flow cytometer (BD Bioscience) and analyzed
using FlowJo software v10.8.1 (Tree Star).

Lung histopathology
Histopathological analysis was conducted according to previous methods41.
Briefly, lungs from immunized/challengedmicewere harvested and fixed in
zinc formalin for 24–48 h at room temperature with gentle agitation. After
fixation, samples were transferred to 70% alcohol. Lung tissues were then
embedded inparaffinusing standardprocedures, sectioned into 4-μmslices,
stainedwithH&Eusing aLeica ST5020 autostainer, and imagedwith aZeiss
AxioScan Z1 (40 × 0.95 NA objective). Histopathological evaluation was
performed by a certified veterinary pathologist who was blinded to group
identities. Sections were scored on a scale of 0–5 based on 10 criteria for
SARS-CoV-2-induced lung pathology, as observed in hamsters, monkeys,
and COVID-19 patients45. Scores for 5 parameters are shown: necrosis of
bronchiolar epithelial cells (BEC), cellular debris in bronchioles, inducible
bronchus-associated lymphoid tissue (iBALT) hyperplasia, perivascular
lymphocytic cuffing, and bronchointerstitial pneumonia.

SARS-CoV-2 quantification in tissues
Lungs and nasal turbinates were harvested from immunized/challenged
mice into 1mLRNA/DNA shield (ZymoResearch, R1100-250), and SARS-
CoV-2 RNA was extracted using RNeasy Mini Kits (Qiagen, 52904) and
then stored at−80 °C. Total SARS-CoV-2 genomic and subgenomic RNA
copies were quantified using the qScript One-Step qRT-PCR Kit (Quanta
BioSciences, 76047-080). Genomic RNAwas quantified using the envelope
gene as a target and the following primer sets75: Fwd, 5′-ACAGGTACGT-
TAATAGTTAATAGCGT-3′; Rev, 5′-ATATTGCAGCAGTACGCA-
CACA-3′; and Probe, FAM-ACACTAGCCATCCTTACTGCGCTTCG-
BBQ. Subgenomic RNA copies were quantified using the Orf7a gene as a
target and the following primer sets76: Fwd, 5′-TCCCAGGTAA-
CAAACCAACCAACT-3′; Rev, 5′-AAATGGTGAATTGCCCTCGT-3′;
and Probe, FAM-CAGTACTTTTAAAAGAACCTTGCTCTTCTGG
AAC-Tamra-Q. Amplification for genomic and subgenomic RNA was
performed using the CFX Real-Time PCR System and the following pro-
gram: 48 °C for 30min, 95 °C for 10min, and then 40 cycles of 95 °C for 15 s
and 55 °C for 1min. Viral RNA concentration was calculated using a
standard curve composed of four 100-fold serial dilutions of in vitro-
transcribedRNAfromSARS-CoV-2 (RNA/human/USA/WA-CDC-WA1/
2020, ATCC NR-52347).

Statistical analysis
Statistical analyseswere performed usingGraphPad Prism v10.0.2 software.
Outliers were identified using GraphPad Prism outlier calculator. All data
are presented as the mean ± SEM. Differences between group means were
analyzed by the non-parametricKruskal-Wallis test formore than 2 groups,
or the non-parametric Mann–Whitney test for 2 groups; P < 0.05 was
considered significant.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files.
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