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Combined immunization with SARS-CoV-
2 spike and SARS-CoV nucleocapsid
protects K18-hACE2 mice but increases

lung pathology
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Vaccines against SARS-CoV-2 have targeted the spike protein and have been successful at
preventing disease. However, with the emergence of variants, spike-specific vaccines become less
effective. The nucleocapsid protein is relatively conserved among variants of SARS-CoV-2 and is a
candidate for addition to spike in next generation vaccines for the induction of T cell protection.
Previous studies on SARS-CoV have suggested that the induction of an immune response to
nucleocapsid could result in enhanced disease. Using the K18-hACE2 mouse model we investigated
immunization with a variant nucleocapsid, from SARS CoV (N1) alone or in combination with spike
from SARS-CoV-2 and compared this to nucleocapsid from SARS-CoV-2 (N2). The spike-
nucleocapsid-based vaccines conferred protection against SARS-CoV-2 in lungs and brain and
decreased lung pathology compared to control mice. However, higher T and B cellimmune responses
were observed in N1-immunized mice prior to challenge, whether delivered alone or with spike, and
immunization with N1 resulted in increased lung pathology compared to immunization with spike or
N2. These findings suggest that spike-nucleocapsid-based vaccines are safe and effective, even with
variant nucleocapsid sequences, but that viral control in this mouse model may be associated with
higher lung pathology, compared to spike immunization alone, due to the immunogenic qualities of the

nucleocapsid antigen.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
infected more than 770 million people, with over 7 million deaths worldwide
as of December 20247, Vaccines targeting the spike (S) protein have been
highly successful at preventing hospitalization and severe disease’. How-
ever, the S protein mutates over time, with variants of concern emerging at
intervals with the potential to evade the immune responses induced by
current vaccines””. The induction of broader and more enduring immune
responses by vaccination is critical to preventing further outbreaks. Cor-
onaviruses (CoV) encode four main structural proteins, S, membrane,
envelope and nucleocapsid (N)’. The primary function of the N protein is to
package the viral RNA genome and interact with the membrane proteins for
virion assembly’’. The N protein is highly immunogenic'"'’, more con-
served than S and represents a useful candidate as an additional target for
inclusion in future next-generation vaccines”’. The N protein is not

presented on the virion surface, although it has been shown to be expressed
on the surface of infected cells", and the main mechanism of N-mediated
protective immunity would be through the engagement of innate immune
cells or targeting of infected cells through the induction of T cells. CD8+
cytotoxic T cells are pivotal in recognizing viral peptides presented on
infected cells and executing their elimination. The orchestration of this
response involves the release of cytokines, such as interferon-gamma (IFN-
y), tumor necrosis factor-alpha (TNF-a), and interleukins, which collec-
tively amplify the immune reaction and contribute to antiviral defenses.
T cells have been shown to be induced during SARS-CoV-2 infection and
vaccination with S"”°. A recent publication demonstrated antibody-
independent protection against SARS-CoV-2 from T cell immunity to the S
antigen in mouse models™, further emphasizing the role that T cells can play
in protection from SARS-CoV-2 infections. Several studies have been
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performed testing N either alone or in combination with other proteins,
including S, in preclinical models for COVID-19 vaccines” . Recently it
was shown that N combined with S for immunization of mice had a
synergistic effect on protection from virus challenge and dissemination of
the virus to the brain**. However, the use of the N antigen in vaccines
presents concerns as previous studies on SARS-CoV suggested that the
induction of an immune response to N could result in enhanced disease
following infection with the virus®. In addition, despite the relative sequence
conservation of the N protein among CoV isolates, adaptive mutations have
been shown to arise”**. The advantage of adding a T cell-based vaccination
strategy is that T cell epitope escape in one individual will not necessarily
result in T cell escape in another individual with a different MHC haplotype.
However, a mismatch of the N protein used for vaccination with the cir-
culating virus could lead to a sub-optimal response which could result in
enhanced disease following exposure to SARS-CoV-2. In this study, we have
explored the use of a mismatched N protein in protection and disease
enhancement in the K-18-hACE2 transgenic mouse model using adeno-
virus vectors expressing the N protein of SARS CoV (Ad-N1) and of SARS
CoV-2 (Ad-N2) delivered either alone or in combination with adenovirus
expressing the SARS CoV-2 S antigen. We chose to use the N protein from
the 2004 SARS-CoV instead of a sequence from a SARS-CoV-2 variant in
part due to the previous reports of enhanced disease in mouse models with
this antigen™, but also to study a more diverse antigenic sequence. Thus far,
SARS-CoV-2 variants have exhibited only low-level diversity in the N
protein (0-1.9%) (Supplementary Table 1). The use of the SARS-CoV N
sequence with a 9.8% difference from the SARS-CoV-2 N protein (Sup-
plementary Table 1) represents a worst-case scenario for immunization with
a nucleocapsid-containing vaccine that does not match the infecting virus.
In the absence of neutralizing antibody, we observed lower mortality and
reduced lung pathology in Ad-N1 and Ad-N2 immunized mice following
intranasal challenge with SARS-CoV-2, combined with better virus control,
compared to control mice. The addition of Ad-S for immunization
improved protection with reduced lung pathology, lower virus titers in lungs
and brains of challenged mice and 100% survival. However, we observed
increased lung pathology in mice immunized with Ad-N1 or Ad-N1 plus
Ad-S compared to those immunized with Ad-N2 plus Ad-S or Ad-S alone.
Overall, our data indicate that the inclusion of N in a vaccine can result in
protection from SARS-CoV-2 infection even when the N antigen sequence
is not homologous with the infecting virus, but this protection may be
associated with higher inflammatory cell infiltration in the lungs.

Results

Ad-N1 and Ad-N2 induce SARS-CoV-2 specific immune
responses in K18-hACE2 mice

Immunogenicity of adenovirus constructs expressing the N protein of
SARS-CoV (Ad-N1) or SARS-CoV-2 (Ad-N2) were tested in a prime-boost
regimen with intramuscular inoculations on days 0 and 28 (Fig. 1a). Sera
and spleens were collected 2 weeks after the second dose and analyzed for
antibodies and T cell responses. Mice immunized with either Ad-N1 or Ad-
N2 developed SARS-CoV-2 N binding antibodies (>4 log10 end point titer)
(Fig. 1b), while no signal above background was observed in mice immu-
nized with an Ad5 vector lacking a transgene (Ad-Null).

An IEN-y ELIspot assay using overlapping peptide pools spanning the
SARS-CoV-2 N sequence and a single N220 peptide previously shown to be
a CD8+ T cell epitope in C57BL/6 mice”, demonstrated the induction of T
cell responses in the Ad-N1 and Ad-N2 immunized mice (Fig. 1c). The
dominant T cell response was to the peptide pool containing the N220
peptide and is consistent with the conservation of this epitope sequence in
both the Ad-N1 (from SARS-CoV) and Ad-N2 (from SARS-CoV-2) con-
structs (Supplementary Fig. 1). Interestingly, we observed significantly
higher IFN-y ELIspot responses in the Ad-N1 immunized mice compared
with the Ad-N2 immunized mice using peptide pools. Responses were also
higher against the N220 peptide, but these did not reach significance
compared to the Ad-N2 immunized mice. N220-specific CD8+ T-cells
were detected in both groups using a N220 dextramer (Fig. 1d), the levels of

dextramer-positive CD8+ T cells in the Ad-N1 group were significantly
higher than those observed for the Ad-N2 group.

Higher CD8+ T cell responses are induced by Ad-N1 and higher
CD4-+ T cell responses are induced by Ad-N2

Using flow cytometry analysis N-specific CD4+- and CD8+4- T cell responses
were detected in the Ad-N1 and Ad-N2 immunized mice (Fig. 2a-d and
Supplementary Fig. 2). CD8 + IFN-y-producing cells were detected in both
immunized groups using the same SARS-CoV-2 peptide pools used for the
ELIspot analysis (Fig. 2a). As observed in the ELIspot studies, a significantly
higher frequency of IFN-y-positive CD8+ cells was detected in the Ad-N1
group compared with the Ad-N2 group following stimulation with peptide
pools and a higher level was observed following stimulation with the N220
peptide alone (Fig. 2a). CD8+ T cells producing both IFN-y and TNF-a
(Fig. 2b) and granzyme-B and perforin (Fig. 2c) were also induced in both
immunized groups of mice, with significantly higher levels observed in the
Ad-N1 immunized group.

We were able to detect CD4+ T cells by flow cytometry in both
immunized groups of mice, though at a lower frequency than seen for
CD8+ cells (Fig. 2d). In the case of CD4 + IFN-y-producing cells, we
observed a significantly higher frequency in the Ad-N2 immunized mice,
compared with the Ad-N1 group (Fig. 2d), while low levels of CD4+- cells
producing I14 were detected in all groups (Supplementary Fig. 3), indicating
the induction of a Th1-type response in immunized mice.

Ad-N1 and Ad-N2 provide low-level protection in SARS-CoV-2
challenged mice
To assess the protective effect of immune responses induced against Ad-N1
or Ad-N2, K18-hACE2 mice were challenged 6 weeks after the 2" dose of
vaccine with 5x10* PFU SARS-CoV-2 (Washington strain, WA1/2020
(614D)) (Fig. la). This virus expresses N antigen homologous to the N
protein encoded by the Ad-N2 recombinant. Ad-N1 and Ad-N2 immu-
nized mice showed slightly better survival compared to Ad-Null immunized
mice (Fig. 3a), although this was not found to be significant. Viral sub-
genomic RNA (sgRNA) titers in the lung, brain and nasal turbinate were
assessed on days 2, 4, 7 and 14 post challenge. We observed significantly
lower levels of sgRNA in the lungs of both Ad-N1 and Ad-N2 immunized
mice at days 2 and 4 post challenge (Fig. 3b) compared with Ad-Null
immunized mice. We also observed a lower level of sgRNA in Ad-N2
immunized mice at day 7 post-challenge. By day 14 post-challenge there was
no detectable sgRNA in the lungs of any challenged mice (Fig. 3b). In
contrast, we observed no significant differences in the levels of sgRNA in the
brains (Fig. 3c) and only at day 7 in the nasal turbinates (Fig. 3d) for the
immunized groups post-challenge compared to the Ad-Null group.
Inflammation and pathology scores were assessed in hematoxylin and
eosin (H&E)-stained lung tissue sections obtained from challenged mice at
days 2, 4, 7, and 14 (Fig. 4a). Significantly lower levels of inflammatory
infiltration were observed in the Ad-N1 and Ad-N2 immunized groups
throughout the follow-up period compared to the Ad-Null group (Fig. 4a).
However, we observed elevated inflammatory infiltration in the Ad-N1
immunized mice compared to the Ad-N2 immunized mice at days 2
through 14 (Fig. 4a—c). Mild perivasculitis and bronchitis were observed in
the Ad-N1 and Ad-N2 immunized groups, while Ad-Null mice exhibited
intermediate symptoms (Fig. 4b, c and Supplementary Fig. 4). Starting from
day 2, Ad-Null mice exhibited increased cellularity (hyperplasia/hyper-
trophy), whereas the Ad-N1 and Ad-N2 groups showed minimal symp-
toms. The progression of lung damage, including type 2 pneumocyte
hypertrophy and interstitial pneumonia, was observed to increase in the Ad-
Null group while these manifestations were barely detectable in the Ad-N1
and Ad-N2 groups (Fig. 4b, c and Supplementary Fig. 4). We performed
immunohistochemistry staining of lung tissues from day 7 post-challenge
for T cells, B cells, neutrophils and macrophages. We observed increased T
and B cell infiltration in the lungs of Ad-Null mice compared to the
N-immunized groups (Fig. 4d) and increased clusters of T and B cells in Ad-
N2 immunized mice compared to Ad-N1 immunized mice (Fig. 4d).
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Fig. 1 | Immunization scheme and immunogenicity of Ad-N1 and Ad-N2.

a Schedule of vaccination, virus challenge, and harvesting of analytes.

b Nucleocapsid binding antibody endpoint titers in K18-hACE2 mice 2 weeks
post boost. Titers falling below the lowest dilution of 1:100, as indicated by the
dashed line, were assigned a value of 50. ¢ Frequencies of IFN-y expressing
splenocytes after stimulation with overlapping peptides representing the N
protein, N220 peptide, or a pool of Ebola virus peptides (EBOVp2) were

T
Ad-N1 Ad-N2 Ad-Null

assessed using ELIspot. d Frequencies of SARS-CoV-2 N220-specific CD8

T cells in freshly isolated splenocytes assessed using a dextramer. Error bars
represent SEM. Each dot represents an individual mouse. Statistical analysis
was conducted using one-way ANOVA with Tukey’s Multiple Comparisons.
Significance levels are indicated as follows: *p < 0.05, **p <0.01, ***p < 0.001,
*HKEp < 0.0001. For clarity, comparisons that were not significant are

not shown.

Although quantification of cell numbers in tissue sections did not show
significant increases in total numbers of T or B cells in any group (Fig. 4e),
we observed 1.5-2-fold higher levels of T cells in the Ad-N2 and Ad-Null
groups compared with the Ad-N1 group. We observed high levels of neu-
trophil infiltrates in all three groups of challenged mice (Fig. 4d, e) and
similar levels of macrophages (Fig. 4d, e).

Addition of N impacts S immune responses in combined
immunization
Our observations using Ad-N1 to immunize mice challenged with SARS-
CoV-2 suggested that immune responses to heterologous N antigen still
results in low level protection with reduced pathology compared to control
challenged mice. We next assessed immune responses, challenge outcome
and lung pathology following immunization with Ad-N1 or Ad-N2 in
combination with an adenovirus construct expressing S (Ad-S). Results
were compared with mice immunized with Ad-S alone or Ad-Null.
Binding assays showed that antibody responses specific to the test
antigen were induced in all groups of immunized mice (Fig. 5a, b). No
N-specific antibodies were detected in the Ad-S immunized group (Fig. 5a).
Results for mice immunized with Ad-N1 and Ad-N2 alone are included to

demonstrate that there is no cross-reactivity of N antibodies in combined
immunizations (Fig. 5b and c). We observed significantly higher levels of S
and N binding antibodies in the Ad-N1+Ad-S groups compared with the
Ad-N2+4Ad-S and Ad-S immunized mice (Fig. 5a, b) although we found
significantly lower levels of neutralizing antibodies in the Ad-N+Ad-S
immunized mice, whether with Ad-N1 or Ad-N2 compared with S alone
(Fig. 5¢).

ELIspot analysis of IFN-y production in cells stimulated with SARS-
CoV-2 N or SARS-CoV-2 S peptide pools also showed specific responses in
all immunized groups (Fig. 5d, ). Similar to that seen for the Ad-N1 and
Ad-N2 alone (Fig. 1), there was a higher frequency of IFN-y producing cells
in the Ad-N1 + Ad-S immunized mice following N peptide stimulation
compared with the Ad-N2 + Ad-S immunized mice (Fig. 5d). Splenocytes
from all mice immunized with Ad-S, whether alone or in combination with
Ad-N, produced IFN-y following stimulation with S peptide pools (Fig. 5e),
with higher levels being observed in the combined immunization groups
compared to Ad-S alone.

Using flow cytometry analysis N- and S-specific CD8+ T cell responses
were detected in all immunized mice following peptide stimulation (Fig. 6
and Supplementary Fig. 5). As observed in the T cell studies using Ad-N1
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Fig. 2 | Flow cytometry analysis of splenocytes from Ad-N1, Ad-N2, Ad-Null
immunized mice. Spleens were collected at 2 weeks post boost and analyzed by flow
cytometry following in vitro stimulation with overlapping peptides of the SARS-
CoV-2 N or a pool of Ebola virus antigen (EBOVp2). a Frequencies of CD8+- cells
expressing IFN-y following SARS CoV-2 N peptide stimulation. b Frequencies of
CD8+ cells expressing both IFN-y and TNF-a following SARS CoV-2 N peptide
stimulation ¢ Frequencies of CD8+- cells expressing both Granzyme B and Perforin

1 2 3 4 EBOVp2

L
SARS CoV-2 N peptide pool

following SARS CoV-2 N peptide stimulation. d Frequencies of CD4+ cells
expressing IFN-y SARS CoV-2 N peptide stimulation. Representative flow cyto-
metry dot plots from one mouse per group are shown in Supplementary Fig. 2. Error
bars represent SEM. Each dot represents an individual mouse. Statistical analysis was
conducted using two-way ANOVA with Tukey’s Multiple Comparisons. Sig-
nificance levels are indicated as follows: *p < 0.05, **p < 0.01. For clarity, compar-
isons that were not significant are not shown.

and Ad-N2 alone, when cells were stimulated with N peptide pools a higher
frequency of CD8+ cells producing IFN-y (Fig. 6a), IFN-y and TNF-a (Fig.
6b) and cells producing granzyme B and perforin (Fig. 6¢) were observed in
the mice immunized with Ad-N1+Ad-S compared with the mice immu-
nized with Ad-N2+Ad-S, although the differences did not reach statistical
significance. When splenocytes were stimulated with S peptide pools, CD8+
cells producing IFN-y (Fig. 6a), IFN-y and TNF-a (Fig. 6b) and granzyme B
and perforin (Fig. 6¢) were detectable in all Ad-S immunized groups. The
levels in the Ad-N1+4Ad-S and Ad-N2+Ad-S were consistently higher than
the levels observed for the Ad-S only group. There was no specific detection
of CD4+- cells producing IFN-y for any of the immunized groups (Fig. 6d).

Combined Ad-N and Ad-S immunization results in survival but
increased lung pathology compared to Ad-S immunization

We next assessed the protective effect of S plus N immunization compared
with S immunization alone in challenged mice. As for the studies using N
alone, K18-hACE2 mice were challenged 6 weeks after the 2nd dose of
vaccine with 5x10* PFU SARS-CoV-2 (Washington strain, WA1/2020
(614D)) expressing N and S antigens homologous to the proteins encoded by
the Ad-N2 and Ad-S recombinants (Fig. 1a). We observed 100% survival in
animals that received Ad-S, whether alone or in combination with Ad-N1 or
Ad-N2 (Fig. 7a). We were unable to detect sgRNA in the lungs of immunized
mice except for two mice in the Ad-N1+Ad-S group on day 7 (Fig. 7b). For

all immunized groups lung, nasal turbinate and brain sgRNA titers were
lower than in the control Ad-Null group post-challenge (Fig. 7b-d) and at
most time points were undetectable in the immunized mice.

Inflammation and pathological scores were also assessed in H&E-
stained lung tissue (Fig. 8a). The Ad-S immunized group exhibited very mild
pathology progression, including a low degree of perivasculitis and bron-
chitis throughout, with minimal type 2 pneumocyte hypertrophy and
interstitial pneumonia observed only at day 14 (Fig. 8b, ¢). The addition of
Ad-N2 to Ad-S did not impact pathology scores, however, the inclusion of
Ad-N1 with Ad-S resulted in increased pathology scores (Fig. 8a) and
perivasculitis and bronchitis on all days post-challenge compared to the Ad-
N2+Ad-S and Ad-S only groups (Fig. 8b, ¢ and Supplementary Fig. 6). The
Ad-N1+Ad-S group exhibited increased cellularity (hyperplasia/hyper-
trophy) and pneumonia progression, although the degree of cellularity
increase and pneumonia progression was lower than that in the Ad-Null
group (Fig. 8b, c). Of interest, the pathology observed following Ad-
N1+Ad-S immunization was higher than that observed for Ad-N1 alone
(Fig. 4). Immunohistochemistry staining of lung tissues on day 7 showed
fewer T and B cell clusters in all groups compared to the Ad-Null group
(Fig. 8d), as seen for animals immunized with N alone (Fig. 4), although we
observed an overall higher frequency of T cells in the lungs of immunized
mice (Fig. 8e) compared with the levels observed for the mice immunized
with N alone (Fig. 4¢). We also observed slightly higher total B cell numbers
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in the scanned tissue sections from the immunized mice (Fig. 8e). In contrast
to the mice immunized with N antigen alone (Fig. 4), we observed lower
levels of neutrophil infiltration in the lung tissues of immunized mice
compared to the control mice (Fig. 8d, e) while observing similar low levels
of macrophages in all groups (Fig. 8d, e).

Discussion

In this study, we evaluated the immunogenicity and protective efficacy of
adenovirus constructs expressing the nucleocapsid (N) of SARS-CoV (Ad-
N1) or SARS-CoV-2 (Ad-N2) either alone, i.e. in the absence of a neu-
tralizing antibody response, or in combination with an adenovirus construct
expressing the SARS-CoV-2 spike (S) protein (Ad-S) using K18-hACE2
mice. T cells have been shown to play important roles in protection from
many viral infections. A recent publication emphasized the potential for
S-specific T cells to play a role in antibody-independent protection®. The
inclusion of a more conserved antigen such as N can address the issue of S
antigen variation while at the same time providing added T cell protection.
However, previous publications have shown enhanced lung pathology fol-
lowing challenge in mice immunized with the N and S antigens of SARS-
CoV**. In addition, there have been case reports of enhanced lung pathology
in COVID-19 patients treated with convalescent plasma™'. Although
convalescent plasma transfusions have been safely used for treatment in
many COVID-19 patients without enhanced disease’>”, these individual
cases underscore the importance of understanding immune system reac-
tions that can lead to adverse outcomes. Although enhanced disease out-
comes in animal models have been associated with a Th2 type response for
SARS-CoV-2***, there remain concerns regarding the safety of combined
immunization, particularly in cases where there is a mismatch between the
immunizing antigen and the infecting virus. We assessed this potential of T
cell responses to provide protective immune responses against variant

viruses by inducing N-specific T cell responses to SARS-CoV and SARS-
CoV-2 followed by challenge with SARS-CoV-2 in K18-hACE2 mice and
the impact of including the S antigen in the immunization regimen.

The immunized mice developed robust humoral and cellular
immune responses against all antigens, characterized by high titers of
SARS-CoV-2 N and S binding antibodies, the induction of antigen-
specific T cell responses, and the induction of neutralizing antibodies in
mice immunized with Ad-S. When administered alone, Ad-N1 and Ad-
N2 induced immune responses that provided low-level protection against
SARS-CoV-2 challenge, with slightly improved survival rates and sig-
nificantly reduced viral sgRNA titers and pathology in the lungs compared
to the control immunized group (Figs. 3 and 4). We used sgRNA to assess
active replication of SARS-CoV-2 in tissues, this has been shown to be a
reliable indicator of replicating virus*. The low-level protection that we
observed in N immunized mice is consistent with previous studies
showing that N can induce protective immunity in preclinical models™ .
There were no differences in sgRNA titers in the brain and nasal turbinates
of any mice post challenge following immunization with N antigen alone
(Fig. 3). This low-level control of virus replication is consistent with the
absence of neutralizing antibodies, which are necessary to prevent viral
infection. The K18-hACE2 model is useful for studying vaccine effec-
tiveness and pathology following SARS-CoV-2 infection, but the virus can
spread to the brain, resulting in encephalitis and poor survival, hence the
detection of sgRNA in the brains of challenged mice”** (Fig. 3). Despite
significantly lower levels of sgRNA in the lungs of both Ad-N1and Ad-N2
immunized mice early during infection (days 2 and 4 post challenge)
(Fig. 3), at day 7 sgRNA titers in the lungs of mice immunized with Ad-N1
were not lower than those in the Ad-Null group and higher than those in
the Ad-N2 group (Fig. 3). This suggests that the control of viral replication
in the Ad-N1 immunized mice was less effective than the control in the
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Fig. 4 | Histopathology analysis of Ad-N1 and Ad-N2 immunized mice following
SARS-CoV-2 challenge. Hematoxylin and eosin (H&E) staining was performed on
paraffin-embedded lung tissues of mice in each group on specified days post-
challenge. a Mean total pathology score for individual groups. The combined scores
of six parameters for lung pathology are presented. b Mean inflammatory scores for
each of six lung pathology parameters for individual groups. ¢ Heatmap showing
inflammatory levels in immunized mice post-challenge. d Immunohistochemistry
staining for T cells, B cells, neutrophils and macrophages in lungs of immunized

mice at 7 days post-challenge. Images are shown at low (2x) and high (20x) mag-
nification. The box in the low-magnification image represents the area shown in the
high-magnification image. e Percentage of positive T cells, B cells, neutrophils and
macrophages in total scanned lung tissues. Error bars represent SEM, each dot
represents an individual mouse. Statistical analysis was conducted using two-way
ANOVA (a) or one-way ANOVA (e) with Tukey’s Multiple Comparisons. Sig-
nificance levels are indicated as follows: ***p < 0.001, ****p < 0.0001. For clarity,
comparisons that were not significant are not shown.
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Fig. 5 | Inmune responses against SARS-CoV-2 S and N antigens after immu-
nization with Ad-N1 or Ad-N2 combined with Ad-S or Ad-S alone. N antigen (a)
and S antigen (b) binding antibody endpoint titers in K18-hACE2 mice two weeks
post-boost. Titers falling below the lowest dilution of 1:100, as indicated by the
dashed line, were assigned a value of 50. ¢ Neutralization titers of sera collected two
weeks post-boost using SARSpp-WA1 pseudotyped virus. A titer of 100 was
assigned to samples that did not show 50% inhibition at the lowest dilution of 1:200.
d Frequencies of IFN-y expressing splenocytes after stimulation with overlapping

peptides representing the SARS-CoV-2 N protein or EBOVp2 peptide pool were
assessed using ELISpot assay. e Frequencies of IFN-y expressing splenocytes after
stimulation with overlapping peptides representing the SARS-CoV-2 S protein or
EBOVp2 peptide pool were assessed using ELISpot assay. Error bars represent SEM,
and each dot represents an individual mouse. Statistical analysis was conducted
using one-way ANOVA with Tukey’s Multiple Comparisons. Significance levels are
indicated as follows: **p < 0.01, ***p < 0.001, ****p < 0.0001. For clarity, com-
parisons that were not significant are not shown.

Ad-N2 group. Notably, lung pathology assessments revealed a consider-
able decrease in inflammatory infiltration, perivasculitis, and bronchitis in
the N immunized groups compared to the control group (Fig. 3). The
milder pulmonary pathology progression observed in the N-immunized
groups indicated that the induced T cells functioned in lungs effectively to
control viral replication resulting in a mitigation of lung damage and
supporting the protective role of N-specific immune responses in SARS-
CoV-2 infection. However, consistent with the slightly reduced control of
virus replication post challenge in the Ad-N1 group compared to the Ad-
N2 group, we observed slightly increased pathology, although not statis-
tically significant, in the Ad-N1 group (Fig. 4) compared to the Ad-N2
group post challenge. This may be associated with the detection of higher
levels of CD8+ T cells expressing the cytokines IFN-y, TNF-a and
cytotoxicity markers (granzyme B and perforin) in the Ad-N1 immunized
mice following stimulation of spleen cells with peptides corresponding to
the SARS-CoV-2 N antigen (Figs. 1 and 2). The reason for the higher T cell
responses in the Ad-N1 immunized mice is not clear. This could be due to
better processing of the N1 antigen due to the amino acid differences in the
sequence, which lead to enhanced presentation of the antigenic epitopes to
the immune cells. Additional studies would be required to fully

understand this outcome. Upon infection with virus CD8+ T cells kill
infected cells and produce cytokines and inflammatory molecules, which
can result in the recruitment of additional immune cells to the site of viral
replication. We observed some very high responders in the T cell studies in
the Ad-N1 group (Fig. 2a-c). When data from these animals were
removed from the analysis, significance was maintained for some com-
parisons. When significance was not maintained, the mean responses for
the Ad-N1 immunized group remained higher than those in the Ad-N2
immunized group, supporting the conclusion that immunization with
Ad-N1 resulted in higher T cell responses in the K18 mice. One expla-
nation for our observations of increased pathology in the N1 immunized
mice is that the stronger T cell immune responses induce by N1, evidenced
from the in vitro studies, resulted in increased T cell activation following
challenge with SARS-CoV-2, leading to increased production of cytokines
and inflammatory molecules, which in turn led to increased pathology
compared to the N2 immunized mice. Interestingly, the in vitro CD4+
response was found to be significantly higher in the Ad-N2 group com-
pared with the Ad-N1 group (Fig. 2), which could have resulted in a better
T helper response post-challenge in the Ad-N2 immunized mice leading
to better control of virus replication.
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Combining immunization against N1 or N2 with immunization
against the S antigen of SARS-CoV-2 successfully induced immune
responses to both antigens (Fig. 5, 6). The CD8+ T cell responses to S in
the Ad-N1+4Ad-S and Ad-N2+4-Ad-S groups were consistently higher
than in the Ad-S alone group, suggesting a stimulatory effect of the N
immunization for T cell responses against S. The N antigen immunization
may increase the recruitment of antigen-presenting cells, higher cytokine
production or increased T helper activity which in turn could enhance the
T cellimmune response to the S antigen. We also observed higher levels of
S antigen-binding antibodies in the combined groups compared to the S
alone immunized group (Fig. 5), although the opposite was the case for
neutralizing antibody titers, with significantly lower titers detected in the
groups with combined immunization. This suggests an impact of the N
antigen on the presentation of the S antigen to the immune system or
interference from the anti-N antibodies in the neutralization reaction.
Further studies on epitope recognition and possible interference from
N-specific antibodies on S neutralizing antibodies would be interesting
and important for assessing future combination vaccines. Despite the
reduced levels of neutralizing antibodies in the N + S groups, all animals
immunized with Ad-S exhibited 100% survival, significantly lower lung
viral titers, and milder pathology compared to the control group. How-
ever, the addition of Ad-N1 to Ad-S resulted in increased pathology
compared to the groups immunized with Ad-N2+Ad-S or Ad-S alone,
albeit at a lower level than the Ad-Null group (Fig. 8). This is consistent
with our observations in N-only immunized mice following challenge
(Fig. 4) and could also be explained by the higher T cell responses in the
mice receiving Ad-N1 in combinations with Ad-S resulting in increased T
cell activation following challenge.

The higher levels of T cells detected ex vivo in the Ad-N1 immunized
mice did not correlate with higher T cell infiltration in the lungs post
challenge (Figs. 4, 8). However, the inclusion of S antigen in the vaccine
resulted in higher T and B cell infiltration and lower neutrophil infiltration
compared with N immunization alone. This is consistent with the role of
neutrophils in innate immunity such that there is a higher level of recruit-
ment of these cells to the lungs in the absence of neutralizing antibodies in
the N-only immunized mice and a more effective adaptive immune
response from the combined immunization.

Previously, Dangi et al.** showed that the addition of N antigen to S
for immunization of K18-hACE2 mice was necessary to improve control
of SARS-CoV-2 infection in the brain. We did not find this to be the case.
In contrast, we found that inclusion of the S antigen for immunization was
required to prevent dissemination of the virus to the brain. Viral titers in
the lungs and brains of challenged mice that were immunized with S
antigen, either alone or in combination with N, were below the limit of
detection for all immunized groups, with the exception of individual
samples from certain time points for mice immunized with Ad-N1+Ad-S.
Our data suggest a slight inhibitory effect of N1 on S immune responses.
Our studies and those of Dangi et al. used adenovirus recombinants for
immunization. The differences in outcomes could be due to the specific
sequences used, the use of a prime/boost regimen in our studies or the
specific virus used for challenge.

Overall, our findings suggest that nucleocapsid antigen induces strong
immune responses and that even a mismatched antigen confers a degree of
protection against SARS-CoV-2 challenge in K18-hACE2 mice. The com-
bination of N and S antigens did not compromise the protective effects but
there appeared to be a mildly negative impact of N on neutralizing antibody
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dashed line, were set as half of the LOD. Error bars represent SEM, each dot
represents an individual mouse. Statistical analysis was conducted using two-way
ANOVA with Tukey’s Multiple Comparisons. Significance levels are indicated as
follows: **p < 0.01, ***p < 0.001, ****p < 0.0001. For clarity, comparisons that were
not significant are not shown.

responses induced by S and an increase in inflammatory responses in mice
co-immunized with N1 compared to S alone. It should be noted that these
observations have been made in the K18-hACE2 transgenic mouse model
and the increased pathology with the N antigen from SARS-CoV may not
occur in human infections, although increased T cell immunity arising from
combined S and N immunization could feasibly lead to increased cytokine
production and inflammation associated with protection in humans. These
outcomes may also be specific to the N antigen from SARS-CoV and var-
iants of SARS-CoV-2 may not result in enhanced pathology. However, even
if this were to be the case for any other N antigen variant, such outcomes
may be acceptable if the combination of N and S in a vaccine results in
increased breadth of protection in the population.

Methods

Adenovirus SARS-CoV and SARS-CoV-2 recombinants
Recombinant nonreplicating adenovirus vectors expressing the nucleo-
capsid of SARS-CoV Urbani isolate (GenBank Accession number
MKO062184.1) (Ad-N1), the nucleocapsid of SARS-CoV-2 (Ad-N2) or the
spike protein of SARS-CoV-2 (SARS-CoV-2/human/USA/WA2/2020
(GenBank Accession number MT152824) (Ad-S) were constructed using
the AdEasy XL Adenoviral vector system according to the manufacturer’s
instructions (Agilent, CA).

SARS-CoV-2 pseudotyped viruses (SARSpp)

neutralization assay

Lentivirus-based SARS-CoV-2 S pseudotyped viruses were prepared as
previously described™"’. The neutralization assay was performed according
to the protocol described previously”’ using the 293T-ACE2/TMPRSS2 cell
line" Results for each well were obtained as RLU, and 50% inhibitory

dilution (ID50) neutralization titers were calculated using the Reed and
Muench method. Titers were expressed as a reciprocal of the dilution cal-
culated to neutralize 50% of the RLU signal. A titer of 100 was assigned to
samples when <50% inhibition was obtained at 1:200 dilution.

Animals, immunization, and challenge

Animal experiments were performed using 6-8-week-old K18-Tg hACE2
(K18-hACE2) mice (#034860, Jackson Labs). All immunizations, tissue
harvests and blood draws were performed in accordance with an animal
protocol approved by the FDA White Oak Consolidated Animal Program
(Protocol #2020-09). Blood draws (50 pl) were performed via the sub-
mandibular route, spleens were collected from mice euthanized by CO,
overdose followed by cervical dislocation. For all infection and immuniza-
tion studies mice were anesthetized by 3-5% isoflurane inhalation. Intra-
muscular inoculations into the hind quadriceps muscle of 1 x 10° pfu of
adenovirus recombinants diluted in PBS (50 pl) were performed at 0 and
28 days (Fig. la). For infection studies mice were inoculated intranasally
using 5 x 10* PFU SARS-CoV-2 (USA/WA1/2020) (25 pl) 70 days after the
primary inoculation. Lung, brain, and nasal turbinate tissues for histo-
pathologic evaluation and virus-titer analysis were collected from eutha-
nized mice upon morbidity or on days 2,4, 7 and 14 post-challenge (Fig. 1a).
Mice were euthanized by CO, overdose followed by cervical dislocation.

RNA isolation from tissues and RT-PCR assay of SARS-CoV-2
subgenomic RNA

RNA was extracted from tissues using Trizol (15-596-018, Fisher Scientific)
according to the manufacturer’s instructions and resuspended in 50 uL of
DEPC-treated water. Quantification of SARS-CoV-2 subgenomic and
genomic RNA was performed as described previously'®.
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Fig. 8 | Histopathology analysis of Ad-N1 + Ad-S and Ad-N2 + Ad-S immunized
mice following SARS-CoV-2 challenge. H&E staining was performed on formalin-
fixed paraffin-embedded lung tissues of mice in each group on specified days after
challenge. a Mean total pathology score for individual groups. The combined scores
of six parameters for lung pathology are presented b Mean inflammatory scores for
each of six lung pathology parameters for individual groups. ¢ Heatmap showing

inflammatory levels in immunized mice post-challenge. d Immunohistochemistry
staining for T cells, B cells, neutrophils and macrophages in lungs of immunized

mice at 7 days post-challenge. Images are shown at low (2x) and high (20x) mag-
nification. The box in the low-magnification image represents the area shown in the
high-magnification image. e Percentage of positive T cells, B cells, neutrophils and
macrophages in total scanned lung tissues. Error bars represent SEM. Statistical
analysis was conducted using two-way ANOVA (a) or one-way ANOVA (e) with
Tukey’s Multiple Comparisons. Significance levels are indicated as follows:

**p < 0.01, ¥**p < 0.001, ¥***p < 0.0001. For clarity, comparisons that were not
significant are not shown.
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Lung Histopathology and inflammation scores,immunochemical
staining

Formalin-fixed paraffin-embedded lung tissues of mice were hematoxylin
and eosin (H&E) or immunohistochemically (IHC) stained by Histoserv,
Inc (Germantown, MD, 394 USA). Slides were scanned using an Aperio
ImageScope. Histopathological scores were assigned using the following
characteristics: perivasculitis, bronchitis, bronchiolar mucosal hyperplasia,
vascular endothelial hypertrophy, interstitial pneumonia, and type 2
pneumocyte hypertrophy®. The following antibodies were used for THC
staining: goat anti-NKp46/NCR1 antibody (NK cells) (AF2225, R&D),
rabbit anti-CD68 (macrophages) (#125212, Abcam), rabbit anti-MPO
(neutrophils)(AF3667, R&D), rat anti-CD45R/B220 (B cells) (#14-0452-82
ThermoFisher), rabbit anti-CD3e (78588, Cell Signaling Technology). The
open-source software QuPath” was utilized for bioimage analysis to
determine the percentage of positive cells in IHC-stained lung sections.

Enzyme-linked immunosorbent assay (ELISA)

To detect binding antibodies to SARS-CoV2 nucleocapsid or spike protein
in sera, plates were coated overnight at 4°C with recombinant nucleocapsid
protein or spike protein (1 ug/mL) as previously described”’. Serum samples
were serially diluted 2-fold starting at a 1:100 dilution. Endpoint titers were
determined using a positive to negative (P/N) OD405 ratio less than 2. To
calculate the P/N ratio, naive mouse serum was diluted in parallel with the
test samples. All samples were tested in duplicate. The mean OD signals for
negative controls and test samples were calculated at each dilutionand a P/N
ratio was determined by dividing the test sample OD value by the OD value
for the negative control. A P/N value>2 was considered positive. All
samples with a P/N value less than 2 were considered negative.

Splenocytes isolation and IFN-y ELISpot assay

Spleen cells were isolated two weeks post boost and the IFN-y production
upon in vitro stimulation was analyzed using mouse IFN-y ELISpot kits
(catalog number 3321-2H, Mabtech) according to the manufacturer’s
instructions using overlapping peptide pools (2 pg/mL per peptide) peptide
from a peptide array corresponding to the full length SARS-CoV-2 nucleo-
capsid protein (BEI Resources NR-52404) or the full length SARS-CoV-2
spike protein (BEI Resources NR-52402). Single nucleocapsid peptide N220
was used at a final concentration of 5 pg/ml, Concanavalin A (ConA) was used
as a positive control (2 pg/ml), and a pool of Ebola virus glycoprotein peptides
was used as negative control (2 ug/mL per peptide). Plates were incubated at
37°C, 5% CO, for 40 to 44 h. Spots were revealed using biotinylated detection
Ab (R4-6A2), Strepta-HRP Ab, and TMB ELISpot substrate and counted
using an ImmunoSpot plate analyzer (Cellular Technology Limited).

Flow cytometry analysis

Splenocytes (5x10° cells) were seeded in round bottom 96 well plates and
stimulated by addition of SARS-CoV-2 nucleocapsid or spike peptide pools
(2 pg/ml each peptide), N220 peptide (5 ug/mL), positive control (ConA,
2 pg/ml), or a pool of Ebola virus glycoprotein peptides as a negative control
(2 ug/mL per peptide). Cells were stimulated for total of 24 h. Brefeldin A
(5 ug/mL) and monensin (2 uM) were added to block cytokine secretion
4 hours before collection. Stimulated cells were stained for surface antigens
then permeabilized with Fix/Perm buffer (BD Bioscience). Cellular events
were acquired on a BD FACS Fortessa multi-parameter flow cytometer
(BD). The following antibodies were used: CD44 (#103059), CD4
(#100430), Perforin (#154304), IL-4 (#504109), Granzyme B (#372216), IL-
2 (#503808) TNF-a (#506324), CD19 (#115540), IFN-y (#505836), CD3e
(#100222) (Biolegend, San Diego, CA), CD8a (#566409) (BD Biosciences,
San Jose, CA), fixable live-dead near IR (ThermoFisher, Grand Island, NY).
The gating strategy used for analysis is shown in Supplementary Fig. 7.

Data and statistical analysis

Flow cytometry data were analyzed with Flow]Jo software (10.4) (Tree Star,
OR). Statistical analyses were performed by using a one-way or two-way
analysis of variance (ANOVA) in Graphpad software to compare means.

When a statistically significant difference between the means was deter-
mined using one-way ANOVA a post hoc analysis was used to assess dif-
ferences between the means of each group. A p value of < 0.05 was
considered significant. Significance levels are indicated as follows: *p < 0.05,
*p < 0.01, ¥**p < 0.001, ****p < 0.0001. For clarity, comparisons that were
not significant are not shown.

Data availability

This study does not contain any datasets and the study did not generate any
new sequence data. Recombinant viral vectors were generated from existing
sequences, the Genbank Accession numbers are MKO062184.1 and
MT152824. The data generated during this study are available from the
corresponding author on reasonable request.
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