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In brief

Ishii et al. show neutralization-
independent SARS-CoV-2 control
associated with vaccine-induced CD8*
T cell responses, indicating that virus-
specific CD8"* T cell induction by
intranasal vaccination can result in SARS-
CoV-2 control. Results highlight the
potential of vaccine-induced CD8* T cell
responses to contribute to the control of
SARS-CoV-2 variants.
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SUMMARY

Effective vaccines are essential for the control of the coronavirus disease 2019 (COVID-19) pandemic. Currently
developed vaccines inducing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)-anti-
gen-specific neutralizing antibodies (NAbs) are effective, but the appearance of NAb-resistant S variant viruses
is of great concern. A vaccine inducing S-independent or NAb-independent SARS-CoV-2 control may
contribute to containment of these variants. Here, we investigate the efficacy of an intranasal vaccine express-
ing viral non-S antigens against intranasal SARS-CoV-2 challenge in cynomolgus macaques. Seven vaccinated
macaques exhibit significantly reduced viral load in nasopharyngeal swabs on day 2 post-challenge compared
with nine unvaccinated controls. The viral control in the absence of SARS-CoV-2-specific NAbs is significantly
correlated with vaccine-induced, viral-antigen-specific CD8* T cell responses. Our results indicate that CD8*
T cellinduction by intranasal vaccination can result in NAb-independent control of SARS-CoV-2 infection, high-

lighting a potential of vaccine-induced CD8" T cell responses to contribute to COVID-19 containment.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly
spread, resulting in a pandemic. SARS-CoV-2 transmission
that can occur from asymptomatic infected individuals is difficult
to control." Development of an effective vaccine is key for the
control of the COVID-19 pandemic. Several effective vaccines
using mMRNAs or viral vectors have been rapidly developed and
are currently in clinical use.>® Intramuscular administration of
these vaccines elicits effective anti-SARS-CoV-2 neutralizing
antibodies (NAbs), showing protective efficacy against COVID-
19 onset and progression. Antibodies targeting the receptor-
binding domain of the spike (S) antigen play a central role in virus
neutralization.®”

However, reports on SARS-CoV-2 variants have recently
accumulated, and the appearance of NAb-resistant S variant vi-
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ruses is of great concern.®'° For example, B.1.351 (B variant), a
variant of concern (VOC), has shown reduced sensitivity to
neutralization not only by convalescent plasma of COVID-19 pa-
tients but also by plasma from vaccinated individuals.’'~"®
Hence, there is a demand for the development of a vaccine
inducing effective immune responses against these NAb-resis-
tant variants.'*"°

While possible cross-reactivity of vaccine-induced NAb re-
sponses to variants has been indicated, '®' induction of virus-
specific T cell responses may be an alternative vaccine strategy
to control VOC epidemics. Involvement of virus-specific T cell re-
sponses in the control of SARS-CoV-2 infection has been sug-
gested.”®?! Early induction of functional virus-specific CD8*
T cell responses has been observed in convalescent COVID-19
individuals, implying contribution of CD8* T cells in SARS-
CoV-2 control.?”> Whereas CD8" depletion in rhesus macaques
did not solely lead to viral control failure or severe disease
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progression in SARS-CoV-2 infection,”>?* CD8* depletion prior
to SARS-CoV-2 re-infection in rhesus macaques resulted in par-
tial abrogation of protection, suggesting the potential of CD8"
T cells to augment antibody-mediated viral control.?® Induction
of SARS-CoV-2-specific T cell responses, including those reac-
tive to VOCs, has been shown in several vaccines,”* 9?52
while these vaccines were not S antigen free and also induced
S-specific antibodies. Thus, T cell responses may play a role in
vaccine efficacy, but the potential of vaccine-induced T cell re-
sponses to prevent SARS-CoV-2 infection in the absence of S-
specific antibodies remains unclear.

In the present study, we investigated the protective efficacy of
an intranasal S-free vaccine inducing T cell responses against
SARS-CoV-2 challenge in cynomolgus macaques. Our results
revealed significant association of viral suppression with vac-
cine-induced CD8* T cell responses, indicating that CD8*
T cell induction by intranasal vaccination can result in S-indepen-
dent or NAb-independent control of SARS-CoV-2 infection.

RESULTS

Induction of T cell responses targeting SARS-CoV-2 N,
M, and E antigens by vaccination

We constructed plasmid DNAs expressing nucleocapsid (N),
membrane (M), and envelope (E) antigens (pcDNA-N, pcDNA-
M, and pcDNA-E, respectively) and a replication-incompetent
F-deleted Sendai virus vector®® expressing N, M, and E (SeV-
NME) for vaccination. We attempted two vaccine protocols in
this study (Table S1). Three cynomolgus macaques (V11, V12,
and V13) received intramuscular vaccination (prime) with
pcDNA-N, pcDNA-M, and pcDNA-E twice on days 0 and 4 and
intranasal vaccination (boost) with SeV-NME at week 5. The
other four cynomolgus macaques (V14, V15, V16, and V17)
received intranasal SeV-NME vaccination twice with a 5-week
interval.

Vaccine-induced SARS-CoV-2 N-, M-, and E-specific T cell re-
sponses were measured by flow cytometric analysis of inter-
feron-y (IFN-v) induction after specific stimulation using panels
of overlapping peptides spanning the N, M, and E amino acid se-
quences, respectively (Figures S1A and S1B). We confirmed that
these T cell responses were undetectable before vaccination in
the vaccinated macaques (Figure S1C). These T cell responses
were also undetectable before challenge in the unvaccinated ma-
caques that were used in the SARS-CoV-2 challenge experiment
described in the next section (Figure S1D). The sum of N-specific,
M-specific, and E-specific T cell frequencies is shown as NME-
specific T cell responses (Figure 1). Analysis using peripheral
blood mononuclear cells (PBMCs) 2 weeks after the last vaccina-
tion confirmed that NME-specific T cell responses were elicited in
all seven immunized macaques, although efficiently in some an-
imals, but not in others. In macaques V11, V12, and V13, NME-
specific T cell responses were undetectable after the DNA prime
(Figure S1E) but induced after the SeV-NME boost. It has been
indicated that such heterologous prime-boost mostly can be
more immunogenic than homologous prime-boost,®' and ma-
caques V11 and V12 efficiently induced NME-specific CD4*
T cell and CD8" T cell responses, whereas NME-specific CD4*
T cell responses were lower and CD8* T cell responses were un-
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detectable in macaque V13. In four macaques (V14, V15, V16,
and V17) receiving SeV-NME twice, NME-specific CD4* T cell
and CD8" T cell responses were detectable in three macaques
except for V17, which showed only marginal NME-specific
CD4* T cell responses. SeV-specific CD4* T cell and CD8*
T cell responses were efficiently induced in all of the vaccinated
macaques (Figure S2A). By enzyme-linked immunosorbent
assay (ELISA), anti-SARS-CoV-2 N antibodies were detected in
post-vaccination plasma of all the vaccinated macaques (Fig-
ure S2B), whereas anti-M and anti-E antibodies were detectable
only in macaque V16 (Figure S2C) and in macaques V16 and V17
(Figure S2D), respectively.

Reduction in viral loads in the vaccinated macaques
compared with the unvaccinated controls after SARS-
CoV-2 challenge

These vaccinated macaques were intranasally challenged with
10° 50% tissue culture infective doses (TCIDsg) of SARS-CoV-
2 wk-521 (2019-nCoV/Japan/TY/WK-521/2020)°* at week 6 af-
ter the last vaccination. NME-specific CD4* T cell and CD8"
T cell responses were detectable just before challenge in five
and three macaques, respectively (Figure 1). None of these
vaccinated macaques induced anti-SARS-CoV-2 NAb re-
sponses before SARS-CoV-2 challenge (Table S2). Four unvac-
cinated cynomolgus macaques (N031, N032, NO41, and N042)
were also intranasally challenged with 10° TCIDs, of SARS-
CoV-2. Data on additional five cynomolgus macaques intrana-
sally infected with 10° TCIDsg of the same SARS-CoV-2 stock
in our previous study?® were used as historical unvaccinated
controls (Table S1).

In the unvaccinated controls (n = 9), the geometric mean of
viral RNA levels in nasopharyngeal swabs on day 2 post-chal-
lenge was 1.1 x 108 copies/swab (Figure 2A). One macaque
NO032 showed 5.6 x 10° copies/swab, but the remaining eight
macaques had 6.9 x 10-1.1 x 10° copies/swab. In contrast,
six of the seven vaccinated macaques showed less than 8.7 x
10° copies/swab of viral RNAs (Figure 2A). Comparison revealed
significantly lower viral RNA levels in nasopharyngeal swabs on
day 2 post-challenge in the vaccinated than the unvaccinated
macaques (p = 0.0311 by Mann-Whitney U test; Figure 2B). Viral
subgenomic RNAs (sgRNAs) in nasopharyngeal swabs were de-
tected on day 2 post-challenge in eight of the nine unvaccinated
controls but undetectable in six of the seven vaccinated ma-
caques (Figure 2C), exhibiting significant reduction in the viral
sgRNA levels in the vaccinated macaques compared with the
unvaccinated controls (p = 0.0039 by Mann-Whitney U test; Fig-
ure 2D). Virus recovery from the nasopharyngeal swabs was
consistent with viral RNA levels described above (Figure 2E),
and a significant reduction in viral titers on day 2 post-challenge
was observed in the vaccinated macaques compared with the
unvaccinated (p = 0.0240 by Mann-Whitney U test; Figure 2F).
These results indicate protective efficacy of the vaccination
against intranasal SARS-CoV-2 challenge.

Correlation between viral control and vaccine-induced,
NME-specific CD8* T cell responses

We then investigated immune correlates for this protective effi-
cacy in the seven vaccinated macaques. Remarkably, analysis
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Figure 1. SARS-CoV-2 NME-specific T cell responses after vaccination

SARS-CoV-2 N-, M-, and E-antigen-specific CD4" T cell and CD8" T cell responses were examined using PBMCs obtained 2 weeks after the last vaccination
(post-v) and just before SARS-CoV-2 challenge (pre-c: 6 weeks after the last vaccination). N-, M-, and E-specific T cell frequencies were calculated by subtracting
nonspecific IFN-y* T cell frequencies from those after stimulation with overlapping peptides spanning the SARS-CoV-2 N, M, and E amino acid sequences,
respectively. The sums of N-, M-, and E-specific CD4* T cell and CD8* T cell frequencies above the cutoff value (0.02%) are shown as NME-specific CD4* T cell
(open box) and CD8™ T cell (closed box) responses, respectively. Macaques V11, V12, and V13 shown in upper panels received pcDNA-N/M/E prime followed by
SeV-NME boost. Macaques V14, V15, V16, and V17 shown in lower panels received SeV-NME vaccination twice. See also Figure S1.

revealed a significant inverse correlation between viral RNA
levels in nasopharyngeal swabs on day 2 post-challenge and
NME-specific CD8" T cell responses 2 weeks after the last vacci-
nation (p = 0.0040; r = —0.9550 by Spearman’s test; Figure 3A). In
contrast, no correlation was observed between the viral RNA
levels and vaccine-induced, NME-specific CD4* T cell re-
sponses. Further analysis showed significant inverse correlation
between viral RNA levels in nasopharyngeal swabs on day 2
post-challenge and vaccine-induced, N-antigen-specific CD8*
T cell responses that were predominant in vaccine-induced,
NME-specific CD8"* T cell responses (p = 0.0254; r = —0.8365

by Spearman’s test; Figure S3A). We confirmed no significant
correlation between the viral RNA levels and vaccine-induced,
SeV-specific CD4* T cell or CD8" T cell responses (Figure S3B).
No significant correlation was observed between viral RNA levels
in nasopharyngeal swabs on day 2 post-challenge and vaccine-
induced anti-N antibody levels (Figure S3C), although significant
correlation between the anti-N antibody levels and vaccine-
induced N-antigen-specific CD8" T cell responses was indicated
(Figure S3D). Anti-M and anti-E antibodies post-vaccination
were detectable in only one or two vaccinated macaques but un-
detectable in macaques V11 and V12 that showed the top two
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Figure 2. Viral loads in nasopharyngeal swabs after intranasal SARS-CoV-2 challenge

(A) Changes in viral RNA levels in nasopharyngeal swabs after SARS-CoV-2 challenge in the nine unvaccinated controls (U; black; left panel) and the seven
vaccinated macaques (V; red; right panel). Data on three macaques (V11, V12, and V13) vaccinated with pcDNA-N/M/E prime/SeV-NME boost are indicated by
open symbols. Data on day 0 are those just before challenge. Viral RNA levels less than 3 x 10° copies/swab were undetectable.

(B) Comparison of viral RNA levels on day 2 post-challenge between unvaccinated (U) and vaccinated (V) macaques. Vaccinated macaques showed significantly
lower viral RNA levels compared with the unvaccinated controls (by Mann-Whitney U test).

(C) Changes in viral sgRNA levels in nasopharyngeal swabs in U and V. Viral sgRNA levels less than 3 x 10° copies/swab were undetectable.

(D) Comparison of viral sgRNA levels on day 2 between U and V. Vaccinated macaques showed significantly lower viral sgRNA levels compared with the un-
vaccinated controls (by Mann-Whitney U test).

(E) Changes in viral titers in nasopharyngeal swabs in U and V. Swab samples with virus titers greater than 1 x 102 TCIDso/swab were considered positive.
(F) Comparison of viral titers on day 2 between U and V. Vaccinated macaques showed significantly lower viral titers compared with the unvaccinated controls (by
Mann-Whitney U test). Data on historical unvaccinated controls NO12, N013, N022, D024, and D025 were described before.”®
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lowest viral RNA levels in nasopharyngeal swabs on day 2 post-
challenge (Figures S2C and S2D). Significant inverse correlation
was observed between NME-specific CD8* T cell responses
2 weeks after the last vaccination and viral RNA levels in
nasopharyngeal swabs on day 5 (p = 0.0044; r = —0.9455 by
Spearman’s test), but not on day 7 (p = 0.0508; r = —0.7748 by
Spearman’s test) post-challenge (Figures S3E and S3F).

Viral titers in nasopharyngeal swabs on day 2 post-challenge
were also inversely correlated with the vaccine-induced, NME-
specific CD8" T cell responses (p = 0.0071; r = —0.9346 by
Spearman’s test; Figure 3B). The three vaccinated macaques
(V11, V12, and V16) that exhibited the top three highest fre-
quencies of vaccine-induced, NME-specific CD8" T cells
showed no virus recovery post-challenge (Figure 2E).

Analysis of tissues obtained at necropsy on day 7 or 9 post-
challenge detected viral sgRNA in the pharyngeal mucosa and/
or retropharyngeal lymph nodes (RPLNSs) of the four unvacci-
nated controls (Table S3). It should be noted that sgRNA in the
pharyngeal mucosa was detected even in macaque NO032,
despite low viral RNA levels in nasopharyngeal swabs. In
contrast, viral sgRNA was undetectable in the pharyngeal mu-
cosa and RPLNs in the three vaccinated macaques (V11, V12,
and V16) that exhibited the top three highest frequencies of vac-
cine-induced NME-specific CD8* T cells. Viral RNA levels in
nasopharyngeal swabs on day 7 post-challenge were greater
than 10° copies/swab in all of the unvaccinated macaques but

T cell responses in five of the seven vacci-
nated macaques (Figure 4A). In contrast,
analysis using lymphocytes derived from
the submandibular lymph nodes (SMLNs)
obtained at necropsy on day 7 or 9 post-challenge detected
NME-specific CD8* T cell responses in all of the seven vacci-
nated macaques (Figure 4B). The NME-specific CD8* T cell fre-
quencies in SMLNs in the vaccinated were significantly higher
than the four unvaccinated macaques (N031, N032, N041, and
N042; p = 0.0394 by Mann-Whitney U test). NME-specific
CD8"* T cell responses in the lung were detected in six vacci-
nated macaques except for V13, showing the highest viral RNA
level in the nasopharyngeal swab on day 2 (Figure 4C).

DISCUSSION

This study is the first to show a significant association between
SARS-CoV-2 control and vaccine-induced CD8" T cell re-
sponses in the absence of NAbs, indicating that induction of
SARS-CoV-2-specific CD8* T cell responses by intranasal
vaccination can contribute to the control of SARS-CoV-2 infec-
tion. We recognize that induction of T cell responses by our vac-
cine is not consistently efficient and two vaccine protocols were
attempted in the present study, but thereby, the vaccination re-
sulted in various levels of T cell responses and viral protection,
which enabled us to determine the importantimmune correlates.
Further optimization of an intranasal vaccine protocol using more
immunogenic delivery systems would lead to efficient and dura-
ble SARS-CoV-2-specific CD8" T cell induction, possibly result-
ing in enhanced protection, which could bring SARS-CoV-2
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Figure 4. NME-specific T cell responses after SARS-CoV-2 challenge

NME-specific CD4* T cell (open box) and CD8* T cell (closed box) frequencies in PBMCs, the submandibular lymph nodes (SMLNSs), and the lung post-challenge
in the four unvaccinated (U) and the seven vaccinated (V) macaques. Data on the five historical unvaccinated controls were unavailable.

(A) NME-specific CD4* T cell and CD8" T cell frequencies in PBMCs on day 7 post-challenge. Comparison of NME-specific CD8" T cell frequencies in PBMCs

between U and V is shown in the right panel.

(B) NME-specific CD4* T cell and CD8* T cell frequencies in SMLNs obtained at necropsy on day 7 or 9 post-challenge. Comparison of NME-specific CD8" T cell
frequencies in SMLNs between U and V is shown in the right panel. Vaccinated macaques showed significantly higher CD8" T cell frequencies compared with the

unvaccinated controls (by Mann-Whitney U test).

(C) NME-specific CD4* T cell and CD8* T cell frequencies in the lung obtained at necropsy. Comparison of NME-specific CD8* T cell frequencies in the lung

between U and V is shown in the right panel.

variants under control. Furthermore, our results might support a
notion that CD8" T cell responses induced by currently devel-
oped S-expressing vaccines may contribute to variant control.
The present study showed significant inverse correlation of
viral RNA levels in nasopharyngeal swabs on day 2 post-chal-
lenge with vaccine-induced, NME-specific CD8* T cell, but not

6 Cell Reports Medicine 3, 100520, February 15, 2022

CD4* T cell responses, indicating the association of viral control
with vaccine-induced, NME-specific CD8" T cell responses (Fig-
ure 3). Viral control was not associated with vaccine-induced an-
tibodies nor SeV-specific T cell responses, which might reflect
vaccine-induced nonspecific immune responses (Figures S3B
and S3C). Significant inverse correlation was observed between
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vaccine-induced, NME-specific CD8* T cell responses and viral
RNA levels in nasopharyngeal swabs on day 5 (p = 0.0044 in Fig-
ure S3E), but not on day 7 (p = 0.0508; Figure S3F). It may reflect
the following two points. First, the three vaccinated macaques
(V11, V12, and V16) that exhibited the top three highest vac-
cine-induced CD8* T cell responses efficiently controlled
SARS-CoV-2 replication, indicating the impact of vaccine-
induced CD8* T cell responses on viral control. Second, in the
other four macaques with inefficient vaccine-induced CD8*
T cell responses and inefficient suppression of viral replication
post-challenge, viral replication 1 week post-infection could be
affected also by vaccine-independent immune responses
induced post-infection.

Vaccine-induced, NME-specific CD8* T cell responses de-
tected in PBMCs may not directly work for the rapid viral control
after the intranasal SARS-CoV-2 challenge. However, our finding
of the immuno-correlate might imply direct contribution of
vaccine-induced mucosal CD8* T cell responses around the
pharyngeal mucosa to rapid viral control. It is speculated that
vaccine-induced peripheral NME-specific CD8" T cell responses
around the peak (rather than just before challenge) are indicative
of efficient mucosal NME-specific CD8" T cell responses around
the pharyngeal mucosa. Indeed, our previous study showed the
potential of intranasal immunization with an SeV vector express-
ing simian immunodeficiency virus Gag to induce Gag-specific
T cell responses in the tonsil, nasal mucosa, and its primary
lymph nodes (RPLN and SMLN).33%

In our cynomolgus model of SARS-CoV-2 infection, kinetics of
viral sgRNA levels in nasopharyngeal swabs (geometric mean on
day 2: 4.3 x 10° copies/swab) in unvaccinated controls were
similar to those for evaluation of NAb-inducing vaccine efficacy
in other groups.”®?” Thus, our results of undetectable viral
sgRNAs in nasopharyngeal swabs from six of the seven vacci-
nated macaques suggest that the reduction in nasopharyngeal
viral load by efficient NME-specific CD8" T cell responses is
comparable with that by effective NAb-inducing vaccines.®*’

In addition to the data on viral load in nasopharyngeal swabs,
we had data on viral sgRNA in the pharyngeal mucosa, RPLN,
and the lung obtained at necropsy (Table S3). Viral sgRNA in
the lung was undetectable in all the unvaccinated and vacci-
nated macaques, while bronchoalveolar lavage (BAL) was unex-
amined. Viral sgRNA in RPLN was detectable in three of the four
unvaccinated macaques but undetectable in all the seven vacci-
nated. Viral sgRNA in the pharyngeal mucosa was detected in
the four vaccinated macaques (V13, V14, V15, and V17) with
inefficient vaccine-induced, NME-specific CD8*" T cell re-
sponses but undetectable in the three vaccinated macaques
(V11, V12, and V16) that exhibited the top three highest
frequencies of vaccine-induced, NME-specific CD8* T cells,
supporting our conclusion of association of viral control with
vaccine-induced CD8" T cell responses. These three vaccinated
macaques with efficient vaccine-induced, NME-specific CD8*
T cell responses controlled SARS-CoV-2 replication without
detectable virus recovery from nasopharyngeal swabs or
sgRNAs in the pharyngeal mucosa. Although complete protec-
tion may be difficult, the rapid reduction in nasopharyngeal viral
load that was shown in the present study would be important for
inhibition of SARS-CoV-2 transmission from vaccinated but in-
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fected individuals, which could be a key for the control of
COVID-19 pandemic.

Viral sgRNAs were undetectable in the lung for all animals,
regardless of vaccination status, as described above (Table
S38). However, histopathological analysis of the lung obtained
at necropsy on days 7 or 9 post-challenge confirmed lesions in
multiple lobes in all of the seven vaccinated and the four unvac-
cinated macaques (Figure S4). Epithelial degeneration and/or
infiltration of macrophages, neutrophils, eosinophils, or mononu-
clear cells were detected, whereas no severe bronchiolitis or in-
testinal pulmonary inflammation was observed. It is speculated
that even the vaccinated macaques efficiently inducing NME-
specific CD8* T cell responses allowed SARS-CoV-2 infection
in the lung but rapidly exerted immune responses, resulting in
prompt control of viral replication. However, we should be care-
ful about a possibility that virus-specific T cell induction by vacci-
nation can result in aberrant pulmonary inflammation post-virus
exposure, which could be a next subject to be addressed.

In summary, this pre-clinical study presents evidence indi-
cating that induction of SARS-CoV-2-specific CD8* T cell re-
sponses by intranasal vaccination can result in the control of
SARS-CoV-2 infection in the absence of NAbs. A rapid reduction
in nasopharyngeal viral load could greatly contribute to the con-
trol of SARS-CoV-2 transmission. Although careful assessment
of possible vaccine effect on pulmonary inflammation may be
required, the present study highlights the potential of vaccine-
induced T cell responses to contribute to the control of SARS-
CoV-2 variants, providing a rationale of facilitating studies on
vaccines inducing T cells in addition to NAbs for COVID-19
containment.

Limitations of the study

This study showed a significant association between SARS-
CoV-2 control and vaccine-induced CD8* T cell responses.
However, the vaccine-induced, NME-specific CD8* T cell re-
sponses detected in PBMCs may not directly work for the rapid
viral control after the intranasal SARS-CoV-2 challenge. Contri-
bution of vaccine-induced mucosal CD8* T cell responses
around the pharyngeal mucosa to rapid viral control is specu-
lated, but we had no data on mucosal CD8" T cell responses
just before challenge in the present study. It is difficult to obtain
sufficient lymphocytes around the pharyngeal mucosa by biopsy
just before challenge for T cell analysis. Analysis of samples ob-
tained from the pharyngeal mucosa by necropsy before chal-
lenge and/or BAL-derived lymphocytes that may be useful to
investigate T cell responses in the lung could be the next issue.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CD4 (clone M-T477) FITC BD Cat# 556615; RRID: AB_396487
Human CD8 (clone SK1) PerCP BD Cati# 347314; RRID: AB_400280
Human CD3 (clone SP34-2) APCCy7 BD Cat# 557757; RRID: AB_396863
Human IFN-g (clone 4S.B3) PE Biolegend Cat# 502510; RRID: AB_315235
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen Cati# L34957

HRP-conjugated anti-monkey 1gG

Bethyl Laboratories

Cat# A140-102P; RRID: AB_67118

Bacterial and virus strains

SARS-CoV-2 (strain wk-521)

Matsuyama et al., 2020

GenBank Accession # LC522975

F-deleted Sendai virus expressing This manuscript N/A
N, M, and E (SeV-NME)

Biological samples

Blood, swab, and tissue samples This manuscript N/A

from cynomolgus macaques

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM)
Phosphate Buffered Salts (PBS)
Penicillin/Streptomycin

Fetal bovine serum

Ficoll-Paque PLUS

GolgiStop (monensin)

Tween-20

Bovine serum albumin (BSA)

TMB substrate solution

Overlapping peptides spanning the
SARS-CoV-2 N

Overlapping peptides spanning the
SARS-CoV-2 M

Overlapping peptides spanning the
SARS-CoV-2 E

recombinant SARS-CoV-2 M protein
recombinant SARS-CoV-2 E protein

GIBCO

GIBCO

GIBCO

Cytiva

Cytiva

BD

SIGMA

SIGMA

Thermo Fisher Scientific

JPT Peptide Technologies

RayBiotech
AcroBiosystems

Cat# 11965-118

Cat# 10010-049

Cat# 15140122

Cat# SH30396.03

Cat# 17144002

Cat# 554724

Cat# P1379

Cat# A8412

Cat# 34028

Cat# PM-WCPV-NCAP-1

Cat# PM-WCPV-VME-1

Cat# PM-WCPV-VEMP-1

Cat# 230-01124
Cat# ENN-C5128

Critical commercial assays

QlAamp Viral RNA Minikit QIAGEN Cat# 52906
QuantiTect Probe RT-PCR Kit QIAGEN Cat# 204443
CytofixCytoperm kit BD Cat# 554714
TRIzol Plus RNA Purification Kit Thermo Fisher Scientific Cat# 12183555
Expi293 expression system Thermo Fisher Scientific Cat# A29133
TALON resin affinity chromatography Clontech Cat# 635503
Experimental models: Cell lines

African green monkey (Chlorocebus Matsuyama et al., 2020 N/A
sabaeus): Vero, VeroE6/TMPRSS2 cells

Autologous herpesvirus papio-immortalized This manuscript N/A
B-lymphoblastoid cell lines (B-LCLs)

Expi293F Thermo Fisher Scientific Cat# A14527
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Macaca fascicularis (cynomolgus macaque) Hamri Co., Ltd. N/A

Oligonucleotides

SARS2-LeaderF60: CGATCTCTT Nagata et al., 2021 N/A

GTAGATCTGTTCTCT Nomura et al., 2021

SARS2-N28354R: TCTGAGGGT

CCACCAAACGT

SARS2-N28313Fam: TCAGCGAAAT

GCACCCCGCA

Recombinant DNA

Plasmid: pcDNA-N This manuscript N/A

Plasmid: pcDNA-M This manuscript N/A

Plasmid: pcDNA-E This manuscript N/A

Software and algorithms

GraphPad Prism v8 Graphpad https://www.graphpad.com/scientific-
software/prism/

FlowdJo v9.2 FlowJo LLC https://www.flowjo.com

FACS Diva v8.0.1 BD http://www.bdbiosciences.com/instruments/
software/facsdiva/index.jsp

Other

96-well high-binding, half-area plates Corning Cat# 3690

RESOURCE AVAILABILITY

Lead contact
Requests for additional information and resources should be directed to the lead contact, Tetsuro Matano (tmatano@nih.go.jp).

Materials availability
All resources generated in this study are available from the lead contact upon request with a completed Materials Transfer
Agreement.

Data and code availability
All data supporting the conclusion in this study are included in the main text and figures with supplemental information, and additional
information will be available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Animal experiments using cynomolgus macaques (Macaca fascicularis, 3-7 years old) were performed at the National Institute of In-
fectious Diseases (NIID) after approval by the Committee on the Ethics of Animal Experiments in NIID (permission number: 520001)
under the guidelines for animal experiments in accordance with the Guidelines for Proper Conduct of Animal Experiments established
by the Science Council of Japan (http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-20-k16-2e.pdf). Gender and age of animals used in
this study are described in Table S1. Blood and nasopharyngeal swab collection, vaccination, and virus inoculation were performed
under ketamine anesthesia. Macaques were euthanized by whole blood collection under deep anesthesia and subjected to necropsy
on day 7 or 9 post-infection.

Cell lines

Vero and VeroE6/TMPRSS2 cells (Matsuyama et al., 2020) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO)
supplemented with 10% heat-inactivated fetal bovine serum (Cytiva) and 50 U/mL penicillin/streptomycin (Thermo Fisher Scientific)
at 37°C supplied with 5% CO2. Expi293F cells (Thermo Fisher Scientific) were maintained in Expi293 expression medium (Thermo
Fisher Scientific).
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METHOD DETAILS

Animal experiments

For vaccination, we constructed pcDNA-N, pcDNA-M, and pcDNA-E plasmid DNAs by introducing cDNAs encoding nucleocapsid
(N), membrane (M), and envelope (E) proteins of the SARS-CoV-2 wk-521 strain (2019-nCoV/Japan/TY/WK-521/2020, GenBank
Accession LC522975), respectively, into pcDNAS3.1 (Invitrogen). We also constructed a replication-incompetent F-deleted Sendai vi-
rus (SeV) vector®**° expressing N, M, and E (SeV-NME). We used two vaccine protocols in this study (Table S1). The first group of
three cynomolgus macaques (V11, V12, and V13) received intramuscular vaccination with pcDNA-N (4 mg), pcDNA-M (2 mg), and
pcDNA-E (2 mg) twice on days 0 and 4 and intranasal vaccination with SeV-NME (5 x 10° cell infectious unit [CIU]) at week 5 after the
first vaccination. The second group of four cynomolgus macaques (V14, V15, V16, and V17) received intranasal SeV-NME vaccina-
tion twice with a 5-week interval.

SARS-CoV-2 wk-521 was expanded in Vero E6/TMPRSS2 cells®* and harvested to prepare a virus challenge stock. Virus infec-
tivity was assessed by detection of cytopathic effect (CPE) on Vero E6/TMPRSS2 cells and determination of endpoint titers. Virus
challenge experiments 1 and 2 were performed separately because of the limitation of cage numbers in the facility. All of the challenge
experiments were performed using the same SARS-CoV-2 stock. Vaccinated cynomolgus macaques were intranasally challenged
with 10° (exactly 7.5 x 10% TCIDso of SARS-CoV-2 at week 6 after the last vaccination. Four unvaccinated cynomolgus macaques
(N031, N032, N041, and N042) were also intranasally challenged with 10° TCIDs of SARS-CoV-2. Macaques were euthanized and
subjected to necropsy on day 7 (V12, V14, V15, V17, N032, and N041) or 9 (V11, V13, V16, N031, and N042) post-infection. Data on
additional five cynomolgus macaques (N012, N013, N022, D024, and D025) intranasally infected with 10° TCIDs, of the same SARS-
CoV-2 stock in our previous study?® were used as historical unvaccinated controls (Table S1).

Analysis of antigen-specific T-cell responses

Viral antigen-specific T-cell frequencies were measured by flow cytometric analysis of interferon-y (IFN-vy) induction after specific stim-
ulation as described previously.?**® PBMCs were prepared from whole blood by density gradient centrifugation using Ficoll-Paque
PLUS (Cytiva). Lymph node-derived lymphocytes were prepared from minced lymph nodes by density gradient centrifugation using Fi-
coll-Paque PLUS. For analysis of SARS-CoV-2 N-, M-, and E-specific T-cell responses, autologous herpesvirus papio-immortalized B-
lymphoblastoid cell lines (B-LCLs) were pulsed with peptide pools (at a final concentration of more than 0.1 uM for each peptide) using
panels of overlapping peptides spanning the SARS-CoV-2 N, M, and E amino acid sequences (PM-WCPV-NCAP-1, PM-WCPV-VME-1,
and PM-WCPV-VEMP-1; JPT Peptide Technologies). For analysis of SeV-specific T-cell responses, autologous B-LCLs were infected
with SeV. PBMCs or lymph node-derived lymphocytes were cocultured with these B-LCLs in the presence of GolgiStop (monensin, BD)
for 6 hours. Intracellular IFN-y staining was performed using a CytofixCytoperm kit (BD) with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(Invitrogen), anti-CD3 APC-Cy7 (SP34-2; BD), anti-CD4 FITC (M-T477; BD), anti-CD8 PerCP (SK1; BD), and anti-IFN-y PE (4S.B3; Bio-
Legend). Stained cells were analyzed by BD FACS Canto Il with FACS Diva v8.0.1 (BD) and FlowdJo v9.2 (FlowJo LLC). Specific T-cell
frequencies were calculated by subtracting nonspecific IFN-y* T-cell frequencies from those after peptide-specific stimulation. Specific
T-cell frequencies more than 0.02% of CD4* or CD8" T cells were considered positive.

Detection of SARS-CoV-2 RNAs

Swab RNAs were extracted from 0.2 ml of swab solutions (1ml of DMEM with 2% fetal bovine serum [Cytiva]) using QlAamp Viral RNA
Minikit (QIAGEN) and subjected to real-time RT-PCR for viral RNA quantitation®” using QuantiTect Probe RT-PCR Kit (Qiagen) and
QuantStudio 5 (Thermo Fisher Scientific). Swab RNAs were also subjected to real-time RT-PCR for measurement of viral subgenomic
RNA (sgRNA) levels®® using the following primers: SARS2-LeaderF60 (5’-CGATCTCTTGTAGATCTGTTCTCT-3’), SARS2-N28354R
(5’-TCTGAGGGTCCACCAAACGT-3’), and SARS2-N28313Fam (FAM-TCAGCGAAATGCACCCCGCA-TAMRA). Viral RNA or sgRNA
levels less than 3 x 10° copies/swab were undetectable. Tissue RNAs were extracted from homogenized tissues by using TRIzol Plus
RNA Purification Kit (Thermo Fisher Scientific) with phenol-chloroform extraction and subjected to real-time RT-PCR for detection of
viral RNAs.

Virus recovery from swabs

Vero E6/TMPRSS2 cells in 96-well plates were added with 10-fold serially diluted swab solutions and cultured for 4 days without me-
dium change. Virus recovery was assessed by detection of CPE and determination of endpoint titers. Swab samples with virus titers
greater than 1 x 102 TCIDso/swab were considered positive.

Analysis of SARS-CoV-2-specific NAb responses

Endpoint plasma titers for inhibiting 20 TCIDso of SARS-CoV-2 infection on Vero cells were measured as described previously.
Plasma samples were heat inactivated for 30 min at 56°C. Serial two-fold dilutions of heat-inactivated plasma were tested in quadru-
plicate. In each mixture for quadruplicate testing, 40 pl of diluted plasma were incubated with 40 pl of 80 TCIDso SARS-CoV-2 wk-
521. After incubation for 45 min at room temperature, 20 pl of the mixture was added to each of four wells (1 x 10* Vero cells/well) in a
96-well plate. Three days later, virus infectivity was assessed by detection of CPE to determine the endpoint titers. The lower limit of
detection was 1:10.

23,39
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Analysis of SARS-CoV-2 N-, M-, and E-specific binding antibody responses

For preparation of a recombinant N antigen, the synthesized human codon-optimized nucleotide sequence encoding the N protein of
the SARS-CoV-2 (GenBank Accession MN994467) was obtained from Eurofins Genomics. The cDNA encoding N protein (amino
acids 1-419) along with the signal peptide (amino acids 1-24; MPMGSLQPLATLYLLGMLVASCLG), a histidine-tag (HHHHHHHHH),
and an avi-tag (GLNDIFEAQKIEWHE) was cloned into a CMV promoter-driven expression plasmid, and the plasmid was transfected
into Expi293F cells (Thermo Fisher Scientific). The culture supernatant was harvested on day 5 post-transfection and subjected to
purification of the recombinant N protein using a TALON resin affinity chromatography (Clontech). SARS-CoV-2 N-, M-, and E-spe-
cific binding antibody responses in plasma were measured by ELISA using the recombinant N protein described above, a recombi-
nant SARS-CoV-2 M protein (RayBiotech), and a recombinant SARS-CoV-2 E protein (AcroBiosystems). The 96-well high-binding,
half-area plates (Corning) were coated with the recombinant proteins (N: 1 ug/ml; M: 1 pg/ml; E: 0.2 pg/ml) at 4°C overnight. The
plates were washed in PBS containing 0.05% Tween-20 and blocked with PBS containing 3% bovine serum albumin (BSA; Sigma)
at 37°C for 1 hour. The antigen-coated plates were incubated with plasma diluted by 100 for N, 500 for M, and 1,000 for E, respec-
tively, at 37°C for 1 hour. Antibodies bound to antigens were detected by OD4s5q after treatment with horseradish peroxidase (HRP)-
conjugated anti-monkey IgG (Bethyl Laboratories) followed by TMB substrate solution (Thermo Fisher Scientific). A cut-off value was
determined by the “Mean + 3 x SD” value, where Mean is the mean and SD is the standard deviation of negative control (without
plasma) samples.

Histopathological analysis of the lung tissue obtained at necropsy

Hematoxylin and eosin (H&E)-stained samples were obtained from individual lobes (right upper, middle, lower, and accessory lobes
and left upper [upper-middle], middle, and lower lobes). The number of lobes exhibiting lesions (epithelial degeneration with cell
debris, slight peri-bronchial inflammatory cell infiltration, macrophage accumulation with alveolar wall thickening, interstitial infiltra-
tion of neutrophils, eosinophils, or mononuclear cells with airspace macrophages, and/or lymphoid cell aggregation in bronchial
associated lymphoid tissue [BALT] or around blood vessels) was counted (Figure S4). No severe bronchiolitis or intestinal pulmonary
inflammation was observed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software (GraphPad Software, Inc.) with significance set at p values of <0.05. Com-
parisons were performed by Mann-Whitney U test. Correlation analyses were performed by Spearman’s test.
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