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35  Abstract:

36 The emergence of SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2)
37 variants and “anatomical escape” characteristics threaten the effectiveness of current
38  coronavirus disease (COVID-19) vaccines. There is an urgent need to understand the
39 immunological mechanism of broad-spectrum respiratory tract protection to guide
40  broader vaccines development. In this study, we investigated immune responses
41 induced by an NS1-deleted influenza virus vectored intranasal COVID-19 vaccine
42  (dNS1-RBD) which provides broad-spectrum protection against SARS-CoV-2
43 variants. Intranasal delivery of dNS1-RBD induced innate immunity, trained
44  immunity and tissue-resident memory T cells covering the upper and lower
45  respiratory tract. It restrained the inflammatory response by suppressing early phase
46  viral load post SARS-CoV-2 challenge and attenuating pro-inflammatory cytokine
47  (IL-6, IL-1B, and IFN-y) levels, thereby reducing excess immune-induced tissue
48  injury compared with the control group. By inducing local cellular immunity and
49  trained immunity, intranasal delivery of NS1-deleted influenza virus vectored vaccine
50 represents a broad-spectrum COVID-19 vaccine strategy to reduce disease burden.

51  Keywords:

52  SARS-CoV-2, COVID-19 vaccine, live attenuated influenza virus vector, NS1-deleted,
53 intranasal vaccine, innate immunity, trained immunity, tissue-resident memory T cells,

54  broad-spectrum, respiratory mucosal immunity.
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56  Introduction:

57 SARS-CoV-2 (severe acute respiratory syndrome-related coronavirus) has
58 infected over 580 million people, claimed over 6 million lives, and caused a dramatic
59  loss to human society as of July 2022. SARS-CoV-2 invades the host by binding to
60 angiotensin converting enzyme 2 (ACE2), a high-affinity receptor on respiratory
61  epithelial cell surfaces. Currently, 38 vaccines have been approved for use, most of
62  which are vaccinated by intramuscular injection. The protective effects are mainly
63 derived from the neutralizing antibody targeting spike antigen, and large-scale
64 vaccination has effectively reduced SARS-CoV-2 symptomatic infection,
65  hospitalization and death . Antibody levels in the respiratory tract are 200-500 times
66  lower than that in circulation * which leads to “anatomical escape” of SARS-CoV-2 in
67 the upper respiratory tract since it is difficult to completely block the infection,
68  especially after the peak vaccine-induced immune response period 7. Furthermore,
69  escape variants are emerging in an endless stream; for example, the Omicron mutant
70  strain has the most significant changes in antigenicity and the immunity conferred
71 after vaccinations and natural infection ®°. Finally, the virus is also hosted by several

72 animal reservoirs such as minks, cats, deer’s °%

. These realities portend that
73 coronavirus disease (COVID-19) will coexist with humans for many years and will
74  pose a continuing threat. Therefore, the development of broad-spectrum COVID-19
75  vaccines that rely on various immune mechanisms and different technical routes

76  should be encouraged.

77 Theoretically, local protective immune factors in the respiratory tract should
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78  respond to SARS-CoV-2 infection in a timelier manner than effectors present in the
79  peripheral lymph nodes and blood. Therefore, the development of COVID-19
80  vaccines via respiratory inoculation has become a hot pipeline shown positive effects
81 in preclinical animal experiments, including vaccines based on adenovirus vectors,
82  vesicular stomatitis virus vectors and other viral vectors ****. An Ad-vectored trivalent
83 COVID-19 vaccine expressing spike-1, nucleocapsid, and RNA-dependent RNA
84  polymerase (RdRP) antigens from Zhou Xing et al. shows a good broad-spectrum
85  protective effect against a variety of SARS-CoV-2 variant strains by intranasal

15

86  vaccination . In addition, trained immunity not dependent on specific antigen

87  epitope also plays an important role in the broad-spectrum efficacy of this respiratory

88  mucosal vaccine *°

. It would be difficult to achieve sterilizing immunity against
89 SARS-CoV-2 infection by vaccination as the emerging variants and “anatomical
90 escape" characteristics. Instead, inducing a local immune regulation mechanism that
91  preventing an excessive inflammatory response in the respiratory tract will achieve
92  broad-spectrum protection and reduce the COVID-19 disease burden. The
93  broad-spectrum protective effect of NS1-impaired influenza virus on heterologous
94 influenza virus challenge is independent of virus clearance and deserves attention *°.
95 Intranasal immunization with NS1-truncated virus (A/PR8/NS124) induces stronger
96 effector T-cells and certain immunoregulatory mechanisms compared with wild-type
97  HINL1 influenza strain (A/PR8/NSfull), which protects the organism against lethal

98 heterologous A/Aichi/2/68 (H3N2) influenza virus challenge through significant

99  attenuation of inflammation and pathology without inhibiting viral load *°. These
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100  studies suggest raise a novel/special hypothesis that the vaccine-induced protective
101  effect may be derived from immune regulation in the respiratory tract to prevent
102  excessive inflammation, but not limited to block viral infection or suppress viral
103  levels.

104 Modification of NS1 protein is a promising approach for the development of
105  live-attenuated influenza viral vectors *’. We previous developed an intranasal spray
106  vaccine based on the NS1-deleted HIN1 vector carrying the gene encoding
107 SARS-CoV-2-RBD (dNS1-RBD) *®'° which is currently undergoing Phase I
108  clinical trials in several countries [ChiCTR2100051391]. This vaccine prevents
109 COVID-19 induced by Prototype, Beta and Omicron of SARS-CoV-2 challenge in
110  hamster models in the absence of detectable neutralizing antibodies . The
111 immunological mechanisms that provide broad-spectrum protection remains unclear.
112 In this study, we investigated the protective immune response induced by
113 dNS1-RBD. The broad-spectrum protective immunity induced by this vaccine mainly
114 includes the following aspects: i), innate immunity, various cytokines and chemokines
115 containing antiviral functions or initiating local immune responses were detected in
116 lung tissue within 24 hours after vaccination; alveolar macrophages (AMs), dendritic
117 cells (DCs), and NK cells (NK) were also activated; ii), trained immunity that realizes
118 the memory response of innate immunity by reprogramming the chromatin
119  accessibility landscape which reshapes the immune response profile upon
120  SARS-CoV-2 infection, with attenuation of pro-inflammatory factors and pathways;

121 iii), striking local T cell responses covering the upper and lower respiratory tract.
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122 Tissue resident T cells were detected in the nasal-associated lymphoid tissue (NALT)
123 and the lung which supports the long-term protective effects. This intranasal vaccine
124  represents an effective broad-spectrum COVID-19 vaccine strategy by inducing
125  specific and non-specific protective immunity, particularly in the respiratory tract.

126 Results

127 dNS1-RBD immunization systemically activated antiviral innate immune
128  pathwaysinthelung.

129 The innate immune response elicited by dNS1-RBD was explored by collecting
130 15 samples of mouse lung tissue for RNA-seq analysis, including 12 samples from 1-,
131 7-, 14- and 28 days post-immunization (d.p.im), and three samples without treatment
132 as the control group (Fig 1A). Overall, gene expression levels were clustered in
133  principal component analysis (PCA) space along the PC1 and PC2 coordinates (Fig
134  1B). Many genes from the innate immune response and cytokine-related pathways
135  were rapidly upregulated on the first day after immunization and gradually returned to
136  a resting state over time (Fig 1C). Differentially expressed genes (DEGSs) extracted
137 from the dNS1-RBD group vs. the control group were taken as the key factors and
138  displayed in a heatmap; significant transcriptional changes were observed in the lung
139  during the early phase (Day 1- and Day 7 group) after vaccination and the effect
140  gradually decreased in the late phase (Day 14- and Day 28 group) (Fig 1D, left).
141 These genes were mostly activated through dynamic curves that peaked from 1 d.p.im
142 to 7 d.p.im which were further divided into four clusters (Fig 1D, middle). The genes

143  from the Cluster 1 to 4 were highly enriched in innate immune response-related


https://doi.org/10.1101/2022.10.03.510566
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510566; this version posted October 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

144  pathways such as cytokine production, chemokine signaling pathway, Nod-like
145  receptor signaling pathway and TNF signaling pathway based on Gene Ontology (GO)
146 and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Fig
147 1D, right). Significant elevation of interferon-related genes (Ifit2, Ifnal, 1fna2, 1fnbl)
148  and transcription factor Satl was detected at 1 d.p.im and returned to the resting state
149 at 7 d.p.im (Fig 1D, right). Our previous study showed that several lung tissue
150  cytokines (interferon alpha, IFN-a and Interferon gamma, IFN-y) are rapidly
151  upregulated by dNS1-RBD at 1 d.p.im and are significantly higher than those in
152 wild-type HIN1/CAO04 infected mice 8. These results may be associated with NS1
153  deletion, which acts as an antagonist of host type-I interferon responses . These results
154  suggest that dNS1-RBD systemically activates antiviral innate immune responses in
155  mice lungs which may support the rapid establishment of protective immunity after
166  vaccination.

157 dNS1-RBD immunization established a local innate immune barrier by
158  activating alveolar macrophages, DCs, NK cells, and virtual memory T cells
159  (Tym)

160 Immunization by dNS1-RBD and the empty vector (dNS1-Vector) control
161  provides a protective effect in the early stage (1 d.p.im) *®. The local innate immune
162  responses were characterized in the lungs at the cellular level by intranasal
163  immunization of C57BL/6 mice with a single dose of dNS1-RBD or dNS1-Vector.
164  Lung immune cells were harvested and analyzed at different time points by flow

165  cytometry (Fig S1A, B). Alveolar macrophages are the first-line immune cells in lung
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166  tissue exposed to pathogens, are critical for the early control of SARS-CoV-2 and are

167  considered to be the driver of cytokine storms %

. After prime immunization, the
168 number of AMs slightly decreased, but recovered on day 5 (Fig 2A). Major
169  histocompatibility-11 (MHC-I1) levels rapidly increased in the AMs persisted for over
170 5 days, which was comparable between dNS1-Vector group and dNS1-RBD group
171 (Fig 2B). The CD11b™®" population significantly increased in AMs at 3 d.p.im (P <
172 0.001) which may be related to the properties of HIN1 vector (Fig 2C-E) *%. CD11b
173 expression on the macrophage surface is upregulated after influenza A virus infection
174  which promotes macrophage migration to the niche of infection and helps reduce the
175  inflammatory pathological response ?“%. Plasmacytoid dendritic cells (pDCs) also
176  played an important role in the early antiviral process by producing large amounts of
177  antiviral cytokines; they were activated at 1 d.p.im and lasted for several days (Fig
178  2F). IFN-y-secreting NK cells were observed in the dNS1-RBD group after 3 d.p.im,
179  whereas they were observed at 5 d.p.im in the dNS1-Vector group (Fig 2G, H). As
180  expected, the IFN-y response was 20-fold higher in percentage in the lungs than that
181  inthe spleen (P < 0.01) (Fig S2C).

182 Previous reports indicated that virtual memory (VM) cells are capable of
183  mediating both antigen-specific and bystander protective immunity against infection
184 %, Memory CD8" T cells of VM phenotype have been reported to play a major role in
185  the response of aged mice to lung infections **. CD8" T cell infiltration in different
186  tissues was detected at 1 d.p.im (Fig 21). A large amount of CD8" T cells were

187  recruited into lung in dNS1-RBD group, and most of the infiltrated cells were virtual
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188  memory T cells (Tvym) showing a CD44'CD62L" phenotype with low CD49d
189  expression (Fig 2J-L), which were recently reported to promote early viral control 2.
190  The early infiltration of Tywm in the lung was significantly higher than that in NALT,
191 lymph nodes, spleen, and other tissues (P < 0.05, Fig 2M). Together, these data
192  suggest that ANS1-RBD and dNS1-Vector induce the activation and differentiation of
193  innate immune cells (AMs, pDCs, NK cells and Tywm) in lung tissue and form a local
194  innate immune barrier.

195  dNSI1-RBD immunization reprogrammed chromatin accessibility of alveolar

196  macrophages and maintained the trained immunity phenotype

197 In recent years, the memory effect of the innate immune response (trained
198  immunity) is thought to play an important role in broad-spectrum anti-infection
199 immunity %*?’. Trained AMs contribute to optimal protection against SARS-CoV-2
200 variants 2. High MHC 11 expression considered the trained phenotype of AMs %, In
201 this study, dNS1-RBD and dNS1-Vector significantly increased MHC Il expression in
202 mouse AMs, and no significant difference was found between the two groups (Fig
203  3A). Furthermore, upregulation of CD80 and CD86 expression was observed in AMs
204  indicating that AMs in the dNS1-RBD and dNS1-Vector groups were functionally
205 changed as a result of innate immune training and maintaining an immunoreactive
206  phenotype (Fig 3B, C). ATAC-seq analysis was used to identify the potential changes
207  that may occur in the chromatin accessibility of AMs induced by intranasal
208 immunization. KEGG and GO enrichment analyses showed that differential

209  ATAC-peaks were significantly enriched in pathways related to innate immune
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210  response and involved Toll-like- and retinoic acid inducible gene-1-like receptors
211 (RLRs) (Fig 3D). A total of 202 upregulated and 194 downregulated peaks were
212 detected in the dNS1-RBD group (Fig 3E). The dNS1-RBD group gained 810- and
213 lost 760 lost open chromatin regions (OCRs), respectively compared with the control
214  group 2 months after booster immunization in C57BL/6 mice (Fig 3F). Peaks that
215  were not present in the control group were induced in both the dNS1-RBD and
216 dNS1-Vector groups in the regulatory region of MHC Il genes (H2-Aaand H2-Ebl)
217  (Fig 3G). OCRs of several antiviral innate immune response genes including TRIM25
218  and IKBKB are involved in RIG-I mediated antiviral signaling ****. Toll-like receptors,
219  TLR3 and TLR1, were not detected in the control group compared to the dNS1-RBD
220  group (Fig 3G). AMs of dNS1-RBD hamsters gained and lost 913- and 1370 OCRs,
221 respectively compared with the control at two weeks post prime vaccination (Fig 3H).
222  The differential OCRs showed peaks in regulatory regions of glycolysis,
223  pro-inflammatory cytokines, antiviral response, and toll-like receptor genes in both
224  the dNS1-RBD and the dNS1-Vector group which were undetected in the control
225  group (Fig 3l).

226 These results suggest that NS1-impaired live attenuated influenza virus-induced
227 trained immunity exerts nonspecific protection, possibly through epigenetic
228  remodeling regulation and metabolic rewiring.

229 dNSI1-RBD immunization induced tissue-resident memory T cel responses
230 coveringtheupper and lower respiratory tract

231 The adaptive immune response is established within days or weeks. Specific-T
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232  cells are indispensable for viral clearance and long-term immune protection. C57BL/6
233  mice were intranasally immunized with a single dose of dNS1-RBD or dNS1-Vector.
234 Lung tissue mononuclear cells were harvested at 1-, 3-, 5- and 14 d.p.im to estimate
235 the specific T cell response level. Intracellular cytokine (IFN-y) expression was
236  analyzed by flow cytometry after ex vivo stimulation using a 15-mer spike-peptide
237 pool (Fig S2A). As expected, a specific T cell response was undetectable in the
238  dNS1-Vector group (Fig 4A-C). In contrast, a CD8" T cell response was detectable at
239  3d.p.im in the dNS1-RBD group, with significant increasing numbers of IFN-y*CD8"
240 T cells after 5 d.p.im (P < 0.01) (Fig 4A-C). The spleens were also analyzed to
241  compare local- and systemic antigen-specific CD8" T cell responses (Fig S2B); the
242  strength of the immune response (number and percentage of total immune cells) in
243  spleen-specific T cells were weaker than that in lung tissues (Fig S2C, D). This
244  correlated with enzyme-linked immunosorbent spot (ELISpot) assays of lymphocytes
245  at 7 d.p.im after ex vivo antigen-peptide stimulation; NS1-RBD induced a robust T
246  cell response in the lung tissue by producing 1974/SFC, which was 3.25 folds
247  (606/SFC) that of the spleen, and 16.18 folds (122/SFC, P < 0.0001) that of the
248  peripheral blood, respectively (Fig 4D, E). No specific T cell responses were
249  generated on the first day in any tissue.

250 Growing evidence supports a critical role for tissue-resident memory T cells
251 (Trwms) in coordinating effective defense against reinfection in the local tissue where
252  they reside **%. Single dose intranasal immunization using dNS1-RBD or

253  dNS1-Vector CD8" immediately activated T cells immediately and Tgrms Were
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254  generated at 7 d.p.im (Fig S2E, and S3A, B). Furthermore, potent induction of Trys in
255  the lung tissue was observed by immunization with a second dose of dNS1-RBD at
256  the subsequent time. However, boosting with the dNS1-Vector was less effective (Fig
257  4F, G, and S3C, D). Similar observations were found with CD44°CD8" T cells in the
258  lungs. NALT and the lung tissue were harvested 30 days after the last immunization to
259  verify the form of Tru;s in the upper respiratory tract. The frequency of CD44°CD8" in
260  the dNS1-Vector group was like that of the dNS1-RBD group. In contrast, AINS1-RBD
261 induced greater levels Trums compared with the dNS1-Vector, particularly in the lung
262  tissue (Fig 2H, | and S3E, F).

263 Overall, intranasal immunization with dNS1-RBD induced RBD-specific T cell
264  responses and tissue-resident memory T cell responses were concentrated in the
265  respiratory tract.

266 dNSI1-RBD immunization provided protection from SARS-CoV-2 challenge in
267 hamsters

268 Golden Syrian hamsters were challenged with beta SARS-CoV-2 variant by
269 contact transmission to mimic patients with severe pneumonia caused by
270  SARS-CoV-2 . Hamsters were sacrificed at 1-, 3-, 5 days post infection (dpi) for
271 gross lung observation (Fig 5A). Control hamsters showed continuous body weight
272 loss beginning at 1 dpi and exhibited weight loss of up to 11.97% at 5 dpi; in contrast,
273 weight loss was not obvious in animals of dNS1-RBD group (mean: +1.24%) (Fig
274  5B). Vaccinated hamsters showed a lower viral RNA load in nasal washings at 1 dpi

275  compared with the control hamsters. The significantly reduced viral RNA load (> 2.0
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276  log) in nasal washings, trachea and lung at 1 dpi (Fig 5C), suggesting that an early
277  innate immune response may be elicited in the respiratory tracts and thus restrict
278  SARS-CoV-2 replication. A relatively lower viral RNA load was observed at 3 dpi in
279 trachea (> 1.0 log) and lung (> 2.0 log), which indicated that the intranasal
280  vaccination inhibits the further infection of viruses from the upper to the lower
281  respiratory tract of hamsters (Fig 5C). The lung viral loads in vaccinated hamsters
282  were slightly lower than that of the control hamsters at 5 dpi although this was not
283  statistically significant (Fig 5C). Hematoxylin and eosin (H&E) staining of the lung
284  lobes of SARS-CoV-2-infected hamsters in the dNS1-RBD group showed significant
285 alleviation of the pathological changes. In contrast, control animals exhibited typical
286  features of severe pneumonia including increased lung lobe consolidation and alveolar
287  destruction, diffusive inflammation, hyaline membrane formation, and severe
288  pulmonary hemorrhage (Fig 5D). The apparent lesions in the dNS1-RBD group were
289  markedly diminished, and no obvious viral-infection-related lung damage was
290  observed in the gross lung images at 3- and 5 dpi compared with the control group
291  (Fig 5D). The pathological severity scores of vaccinated hamsters were significantly
292  lower than those of the control groups (Fig 5C). The reduced lung inflammation could
293  have been linked with the immediate anti-viral responses of hosts *.

294 Hamsters were intranasally immunized with dNS1-RBD or dNS1-vector to
295 validate whether a non-specific protective effect exist by infecting Beta variants
296  through cohoused exposure (Fig 5E). The protective efficacy induced by dNS1-vector

297  was comparable to that induced by the dNS1-RBD at early phase (1 and 2 dpi), but
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298 not later time point after infection (Fig 5F). Slightly enhanced protection was
299  observed in hamsters vaccinated with dNS1-RBD, as reflected by their body weight
300 change, with body weight change of +1.35% and -2.48% at 5 dpi respectively (Fig
301  5F). Altogether, hamsters from two vaccinated groups exhibited significantly
302 improved weight loss when compared with the control hamsters. These data revealed
303 that not only the dNS1-RBD but also the dNS1-vector confers protection independent
304 of SARS-CoV-2-specific antibody and T-cell responses, suggesting that this
305 NS1-deleted HIN1/CA4 vector-based intranasal vaccine could provide non-specific
306  protection against respiratory virus. The cross-protection effects of vaccine could be
307 achieved by trained immunity, with enhanced non-specific effector responses of
308 innate immune cells.

309 dNSI1-RBD reduced inflammatory signaling- and pro-inflammatory factor levels
310 post-challenge in hamsters

31 Distinct gene expression signatures visualized by PCA from hamster lung
312 samples of the eight groups (pre-challenge and 1-, 3-, 5 dpi in the control group and
313  the dNS1-RBD group) following SARS-CoV-2 infection showed tight clustering of
314  biological samples. Control group samples were clearly separated in principal
315  component 1 at 3 dpi and 5 dpi which contained 62.1% of the variation in the dataset.
316  Meanwhile, all dNS1-RBD group samples and control group samples at 0- and 1 dpi
317  were reflected in principal component 2 (6.8% of the variance). (Fig 6A). Gene
318  Ontology (GO) term analysis of the genes upregulated in control hamsters were

319  enriched for response to virus, cytokine production, and inflammatory response


https://doi.org/10.1101/2022.10.03.510566
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510566; this version posted October 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

320 regulation terms. Pro-inflammatory cytokines such as IL-6, IL-1B peaked at 3 dpi and
321 remained high until 5 dpi in control hamster lungs (Fig S4A). Excessive release of
322 cytokines and overactivated antiviral responses may be associated with
323 immunopathology upon infection. Notably, SARS-CoV-2 challenge did not
324  significantly alter the cytokine profiles for ANS1-RBD vaccinated hamsters indicating
325  that they were protected from over-activated inflammatory (Fig $4B). DEGs involved
326 in inflammatory cytokine production pathways such as IL-6, IL-1B and IFN-y were
327 elevated at 1 dpi, peaked at 3 dpi and remained high at 5 dpi in control hamsters based
328 on KEGG pathway analysis (Fig 6B). In contrast, the dynamics of transcription levels
329 inthe dNS1-RBD group changed to a much steadier state, with only mild elevation at
330 5 dpi (Fig 6B). The heatmap showed that pathways such as the IFN response, TNF
331 signaling and their downstream signaling pathway (for example, Jak-STAT and
332 NF-«B signaling) were upregulated in control group yet remained steady in the
333 dNS1-RBD group (Fig 6B). Consistent with the lung pathology, Cell Death and
334  Apoptosis pathway was clearly activated in control hamsters (Fig 6C). Together, these
335 cytokines and their related signaling pathways may play pathological roles in the
336 initiation- and immune cell hyperactivation stage, ultimately leading to organ
337  dysfunction in cytokine storms.

338 Dysregulation of cytokines and chemokines is closely associated with severe
339 inflammation, leading to tissue damage and destruction. After challenge, the
340  expression of II-1b, I1-6, Cxcl10 rapidly increased and remained high until 5 dpi in the

341  control group, which is consistent with the protein levels found in severe COVID-19
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342  patients. Meanwhile, their levels remained at a relatively low level in the dNS1-RBD
343  group (Fig 6D). Pro-inflammatory cytokines such as IFN-y and CCL3 showed a rapid
344  and progressed elevation after SARS-CoV-2 exposure in control hamsters. Conversely,
345  their expression levels remained at baseline levels in the dNS1-RBD group and did
346  not progress in the later response despite the presence of the virus (Fig 6D). In
347  addition, anti-inflammatory cytokines, such as transforming growth factor-g (TGF-5)
348 and IL-10 are two key immune homeostasis regulators which were relatively
349  unperturbed after SARS-CoV-2 challenge (Fig 6D). Taken together, distinct responses
350 to SARS-CoV-2 infection between the dNS1-RBD and control groups were identified
351 in transcriptome signatures. Prior vaccination with dNS1-RBD alleviated the
352  immunopathology caused by an over-activated inflammatory response. Overall, a
353 finely tuned immune response prevents excessive inflammation and restores the
354  homeostasis of the immune system and the organism.

355 Discussion

356 Although intramuscular COVID-19 vaccines are widely used, controlling of the
357 COVID-19 pandemic remains challenging. At the very beginning of the COVID-19
358  outbreak, our team began to develop an intranasal vaccine based on the NS1-deleted
359  H1N1 vector carrying the gene encoding SARS-CoV-2-RBD (dNS1-RBD) *®. To our
360 knowledge, this is the first intranasal spray COVID-19 vaccine that was entered into a
361 phase 3 clinical trial ** [ChiCTR2100051391]. In phases | and Il clinical trials, the
362 vaccine demonstrated good safety and a immunogenicity pattern that was highly

363  consistent with animal studies—a weak peripheral immune response. Nevertheless,
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364 the vaccine is considered a seed candidate with a high probability of performing well
365 in a phase Il efficacy trial, based on the surprisingly strong, rapid, sustained and
366  broad-spectrum protective results from animal studies, as well as the encouraging
367 precedents of FluMist's success *. dNS1-RBD is characterized by the effective
368 prevention of pathological changes caused by SARS-CoV-2 infection without
369 inducing significant neutralizing antibodies |, and dNS1-vector also showed
370  protective effects (Fig 5E, F). This approach differs from the protective mechanism of
371  traditional vaccines and is vastly different from the previous understanding of vaccine
372  immunity.

373 The protective immune mechanism induced by the vaccine includes at least the
374  following four aspects: (1) innate immunity (Fig 1 and Fig 2), (2) trained immunity
375  (Fig 3), (3) cellular immune responses covering the upper and lower respiratory tract
376  (Fig4), (4) antibody targeting RBD *.

377 The innate immune system plays an important role in early infection control. The
378  cellular signaling cascade can be activated through pattern recognition receptors of
379  immune cells to promote cytokine- and chemokine secretion. Among these, the type-I
380 interferon response is one of the first lines of defense against viral infections *. After
381 influenza A virus infection, its NS1 interacts with RIG-1 and inhibits IFN-f
382  production mediated by retinoic acid inducible gene-1(RIG-I), thereby allowing the
383 virus to replicate in vivo . Therefore, NS1 truncation increases the host immune

384  response, and includes the recruitment of innate immune cells and the production of

385 various interferon-stimulated genes (ISGs) and cytokines, thereby enhancing
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386 early-stage immune protection ¥’

. NS1 truncation promotes a stronger adaptive
387  immune response *. In our study, the innate immune response was observed in the
388 lung tissue 24 h after ANS1-RBD vaccination through the activation of immune cells,
389 multiple antivirals signaling pathways, and significant up-regulation of various
390 cytokines including the RIG-I related pathway and a type-I interferon response (Fig 1
391 and Fig 2). Our previous studies showed that the dNS1-RBD virus induced faster and
392  stronger cytokine production than that of the wild-type influenza virus *®. Furthermore,
393 there was a population of AMs called exudate lung macrophages with significantly
394  upregulated CD11b, which we have not previously focused on. This is a common
395  occurrence in post-infected lung tissue, wherein monocytes are recruited and rapidly
396 differentiate into macrophages, which play an important role in remodeling alveoli
397  and maintaining tissue homeostasis z. In addition, the virtual memory T cell (Tywm,
398 CD8'CD44" CD62L" CD49d"") response participated in the early immune response
399 to intranasal immunization (Fig 2J, K), which promotes early control of influenza
400  virus infection *. Tym population also plays a role in bridging innate and acquired
401  immune responses, which can differentiate into tissue resident-T cells. Rapid
402  responses of these innate immune factors provide good protection within 24 h after
403 dNS1-RBD vaccination; therefore, emergency vaccination in the early stage of the
404  outbreak in the endemic areas may reduce disease burden by rapidly interrupting the
405  spread of the virus.

406 RBD-specific cellular immune responses were induced in the NALT and the lung,

407 and the number of IFN-y spot-forming cells per million lymphocytes was
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408  approximately 16 times that in peripheral blood (Fig 3D). The response was generated
409  on the 5" day after vaccination and persisted for at least six months in the periphery *.
410  Earlier innate immune- and T cell responses are of great significance for
411 asymptomatic infection or mild disease after SARS-COV-2 infection ¥
412 Tissue-resident memory T cells (Trws) in the respiratory tract and lungs are critical for
413  controlling respiratory viral infections, and provide more timely-, and stronger
414  protective immunity than circulating T cells *. Lung tissue-resident T cells provide
415  durable and broad-spectrum immune protection %,

416 There is increasing evidence that innate immune cells can be modified by
417  epigenetics to produce immune protection against heterologous pathogens within a
418  certain period of time and exhibit trained immunity 2?"*, dNS1-RBD vaccination
419  can also alter the host response pattern to SARS-CoV-2 by inducing trained immunity
420  with (1) broad-spectrum antiviral and (2) anti-inflammatory effects. It can relieve
421  tissue inflammation and maintain tissue homeostasis, thereby providing pathological
422  protection. dNS1-RBD activated alveolar macrophages, myeloid dendritic cells, and
423 NK cells, and remodeled the chromatin openness of these cells. Genes related to
424 anti-infection immunity in these cells remained open for several months, allowing for
425 a faster and stronger response to SARS-CoV-2 challenge (Fig 2 and Fig 3).
426  SARS-CoV-2 rapidly spread after challenge in the control group and reached 6.6 logio
427  copies/mL on the first day. This was accompanied by an over-aggressive immune

428  response, and a variety of inflammation-related signaling pathways and factors were

429  significantly upregulated. In contrast, hamsters in the dNS1-RBD group inhibited the
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430  copy number of SARS-CoV-2 virus by approximately 155-fold, 84-fold, and 10-fold
431 on dayl, 3, and 5, respectively (Fig 5C). Although the inhibitory effect was not
432  prominent at day5, hamster lung tissue was healthy in the dNS1-RBD group, and
433  transcriptome sequencing showed no overstimulated inflammatory response.
434  Cytokines and chemokines are important for clearing viral infections; however,
435  excessive inflammation leads to pathological damage. TGF-B, IL-6, IL10 are related
436 to the occurrence of severe COVID-19 pneumonia. In addition,  both viruses
437  mainly infect upper respiratory tract epithelial cells and alveolar epithelial cells since
438  the target cells infected by the dNS1-RBD virus highly overlap with those infected by
439  SARS-CoV-2 ***  and widespread immune gene regulation in structural cells is
440 reported *®. These studies suggest that dNS1-RBD may reshape the anti-infection
441  response pattern by training immune cells and structural cells to attenuate
442  inflammation and protect the organism.

443 Intranasal immunization with the NS1-shortened counterpart (A/PR8/NS124)
444  provided good protection against lethal heterologous A/Aichi/2/68 (H3N2) influenza
445  virus challenge, even without inhibition of the viral load, but significantly attenuated
446 of inflammation and pathology °. Interestingly, intranasal immunization with bacteria
447  also showed some protection against the virus apart from the virus-against-virus
448  effects. Intranasal immunization with Autographa californica nuclear polyhedrosis
449  baculovirus (AcNPV) protected against lethal HIN1 A/PR/8/34 influenza virus
450  challenge. Immune protection is observed 24 hours after immunization and the empty

451  vector control also provide similar protection. This is very similar to our findings and
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452  indicates the importance of trained immunity in non-specific protection and its
453  advantage in response speed *. Intranasal immunization with attenuated Bordetella
454  pertussis (BPZE1) protected against two different influenza A virus subtypes: H3N2
455  (A/Aichi/2/68) and HIN1 (A/ PR/8/34) through viral clearance, and alleviation of

456  pathological symptoms by inhibiting the cytokine storm .

Limited adaptive
457  immunity in a BALB/c mouse model deficient in J segments (B cell KO) of the
458  immunoglobulin heavy-chain locus with depleted CD4" and CD8" T cells (T cell dep)
459  that was challenged with mouse-adapted virus (SARS-CoV-2 MAL10) still showed
460  immune protection suggesting that it is dependent on the trained immune function of
461  alveolar macrophages .

462 Based on the findings of this study and previous knowledge, we suggest that the
463  protective effects induced by intranasal vaccination could be not only dependent on
464  viral clearance, but also through training the immune cells and structural cells in the
465  respiratory tract, remodeling the immune microenvironment, and carrying out certain
466  immunoregulatory effects after the heterologous challenge. This maintains the balance
467  of the immune system and respiratory tissue and attenuates immune-induced tissue
468 injury. Since intramuscular vaccines have been administered on a large worldwide,
469  boosting with intranasal vaccines can establish more comprehensive immune
470  protection in the anatomical space. At the same time, local cellular immunity and
471  trained immunity in the respiratory tract are considered to be relatively

472  broad-spectrum, which is beneficial for coping with the challenges caused by

473  SARS-COV-2 variants.
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475 Materials and methods

476  Animal experiments

477 All animal experiments strictly followed the recommendations of the Guide for
478  the Care and Use of Laboratory Animals. The animal studies were approved by the
479 Institutional Animal Care and Use Committee (IACUC) of Xiamen University.

480 The hamster studies were performed in an animal biosafety level 3 (ABSL-3)
481  laboratory (State Key Laboratory of Emerging Infectious Diseases, The University of
482  Hong Kong)

483 C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co.,Ltd.
484  Golden Syrian hamsters were purchased from Beijing Vital River Laboratory Animal
485  Technology Co., Ltd.

486 B6 (Jax 664) was originally from originally from Jackson Laboratory. All B6 (Jax
487 664) mice were maintained under SPF conditions before experiment, with
488  experimental protocols approved by the Tsinghua Institutional Animal Care and Use
489  Committee.

490  Vaccineformulation

491 dNS1-RBD vaccine was prepared on a large scale at Beijing Wantai Biological
492  Pharmacy Enterprise Co., Ltd., Beijing, China.

493  Mouseimmunization

494 Experimental animals were anesthetized with isoflurane, then intranasally
495  immunized with 50 pL (1x10° PFU/mL) of dNS1-RBD, whereas the control group

496  was administered an equal volume of PBS. RNA-seq analysis involved intranasal
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497  immunization of C57BL/6 mice (three animals per group) with a single dose, and
498  collection of lung tissue on day 1, 7, 14, or 28 after vaccination.

499 Innate immune response analyses involved intranasal immunization of C57BL/6
500 mice (4 animals per group) with a single dose, and collection of pulmonary
501  lymphocytes on day 1, 3, and 5 after vaccination.

502 ELISpot analyses of peripheral blood mononuclear cells (PBMCs), splenic
503  lymphocytes, pulmonary lymphocytes, and lymph node cells involved intranasal
504 immunization of C57BL/6 mice with a single dose (10 animals per group), and
505 pulmonary lymphocytes were collected on day 1 and 7 after vaccination.

506 Intracellular cytokine staining (ICS) analyses of pulmonary lymphocytes involved
507 intranasal immunization of C57BL/6 mice with a single dose (four animals per group),
508 and collection of pulmonary lymphocytes on day 1, 3, 5, and 14 after vaccination.

509 Tissue-resident T cell analyses involved intranasal immunization of C57BL/6
510  mice (6 animals per group) with a single dose and pulmonary lymphocytes were
511  collected on day 7 and 14 after vaccination; another experiments schedule, intranasal
512  immunization with a double dose (0/14 day) involved harvesting pulmonary
513  lymphocytes on day 14 and 30 after boost vaccination.

514  Hamster immunization and infection

515 The experimental hamsters (male: female = 1:1) were anesthetized with
516  isoflurane and intranasally immunized with 100 pL of the vaccine (1x10° PFU/mL),
517  whereas the control group was administered with an equal volume of PBS. Two

518  months after the last vaccination, hamsters were further evaluated by direct contact
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519 challenge with SARS-CoV-2. The donor hamsters (carrying the virus) were
520 intranasally infected with 1x 10° PFU of SARS-CoV-2. Each donor was transferred to
521  anew cage and co-housed with the hamster of the dNS1-RBD group or control group
522  for one day. The donor was then isolated, and the other hamsters were observed.
523  Weight changes and typical symptoms (piloerection, hunched back, and abdominal
524  respiration) were recorded daily after virus inoculation or contact. Hamsters were
525  euthanized for tissue pathological and virological analyses and RNA-seq on day 1, 3,
526 and 5 after challenge. Virus challenge studies were performed in an animal biosafety
527  level 3 (ABSL-3) facility. The SARS-CoV-2 strain used in this study was B.1.351
528 variant  AP100  (hCoV-19/China/AP100/2021;  GISAID  accession  No.
529 EPI_ISL_2779638)

530 Organ-specific sample collection and or gan dissociation

531 Mice were euthanized by exsanguination, and IACUC guidance was approved.
532  Mice were transferred to a biosafety cabinet and their organs were carefully separated.
533  All cells were counted using CountStar software.

534 Lung

535 Lungs were cut into 0.5-cm pieces, placed in gentleMACS C tubes (Miltenyi)
536  containing collagenase type IV (Gibco) and DNase | (Roche) in PBS containing 2%
537 FBS, and dissociated using a gentleMACS Dissociator (Miltenyi; program
538 m_lung_01). A single cell suspension was obtained by digesting tissue through a 70
539  um cell strainer, and centrifugation at 300 g for 5 min at 4 °C. After centrifugation, 1

540  mL of cold red blood cell lysis buffer (Solarbio) was added for 2 min to lyse red blood
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541  cells. The reaction was stopped by adding 10 mL of cold PBS containing 2% FBS and
542  washed once to remove residual red blood cell lysis buffer. Lymphocytes were
543  obtained from the resulting cell suspensions using density gradient centrifugation
544  (Percoll, SIGMA-ALDRICH). Cells were recovered at the interface of the 80%
545  Percoll layer and the 40% Percoll layer, then washed with PBS + 2% BSA at 500 g for
546 5 min to remove excess Percoll.

547  Lymph nodes

548 Cervical lymph nodes were carefully pinched with tweezers and rinsed several
549  times with cold PBS containing 2% FBS. Lymph nodes were ground and passed
550 through a 70 pm cell strainer. Lymphocytes were washed once and resuspended in
551  PBS containing 2% FBS.

552  Spleen

553 Mice were euthanized and their spleen were carefully separated and rinsed
554  several times with cold PBS containing 2% FBS. Spleen were ground and passed
555  through a 70 um cell strainer and the cells were centrifuged at 300 g for 5 min at 4 °C.
556 10 ml of cold red blood cell lysis buffer (Solarbio) was added, and the samples were
557  incubated for 5 min at 4 °C. The reaction was stopped by adding 20 ml of cold PBS
558  containing 2% FBS and washed once to remove the residual buffer. Lymphocytes
559  were washed once and resuspended in PBS containing 2% FBS.

560 PBMCs

561 Mouse peripheral blood was transferred into a centrifuge tube containing sodium

562  heparin, then 4 mL PBS buffer was added and transferred to SepMate™ PBMC
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563 isolation tubes (STEMCELL). PBMCs used density gradient centrifugation at 1200 g
564  for 10 min at 25 °C (Ficoll-Paque PREMIUM, GE). PBMCs obtained from the middle
565 layer cells.

566 Nasal-associated lymphoid tissue (NALT)

567 The lower jaw of the mouse was removed, and a surgical knife was used to
568 carefully cut and excise the upper palate by following the inner contour of mouse
569 incisors and molar teeth. The tissue was digested at 37°C with collagenase type IV
570  (Gibco) and DNase | (Roche) in PBS containing 2% FBS. A single-cell suspension
571  was obtained from the digested tissue using a 70 um cell strainer.

572  Tissue-infiltrating lymphocytes

573 To distinguish tissue-infiltrating lymphocyte from cells associated with blood
574  vessel, mice were intravenously injected with 1.5ug of fluorochrome conjugated
575 anti-CD45.2 (clone 104) antibody 3 min before being sacrificed. The lung tissue was
576  enzymatically digested in RPMI medium containing deoxyribonuclease | (20 pg/ml;
577 Roche) and Liberase CI (40 ug/ml; Roche) at 37°C for 30 min. Lymphocyte was
578  further isolated from tissue digest through Percoll density-gradient centrifugation
579  (40/70%) at 1300g for 30 min. For flow cytometric analyses, lymphocytes prelabeled
580  with intravenously injected antibodies were excluded by gating and unlabeled cells
581  were termed ‘protected’.

582  Flow cytometry

583 The expression of phenotypic markers, activation markers, and cytokines was

584  evaluated. Briefly, cells were washed and blocked with antiCD16/CD32 (clone 2.4G2)
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585 in 0.5 % BSA-PBS for 30 min on ice, then stained with fluorochrome-labeled mAbs
586  for 30 min on ice. ICS assays involved stimulating each sample with pooled spike
587  peptides (1.0 pg/mL) in a U-bottom plate and incubating at 37 °C for 18 hours.
588  GolgiPlug (BD Biosciences) was added to the culture at a final concentration of
589  1:1,000 and cells were further incubated for 6 additional hours. After incubation, cells
500  were washed and stained with fluorochrome-labeled mAbs for 30 min on ice. The
591  stained cells were fixed and permeabilized with BD Cytofix/Cytoperm (BD
592  Biosciences, San Jose, CA, United States) according to the manufacturer’s
593 instructions. The cells were washed and intracellularly stained with
594  fluorochrome-labeled mAbs for 45 min on ice. The antibody reagents used in this
595  study include: CD4 [Clone GK1.5, FTIC], CD8a [Clone 53-6.7, PE/Cy7], NK1.1
596 [Clone PK136, PerCP/Cy5.5], CD64 [Clone X54-5/7.1, PE /Cy7], CD170 [Clone
597  S17007L, PE], CD11b [Clone M1/70, FITC], CD86 [Clone PO3, BV605], CD11c
598  [Clone N418, BV421], CD45.2 [Clone 104, APC/Cy7], CD4 [Clone GK1.5, APC],
599 CD8a [Clone 53-6.7, FITC], CD103 [Clone 2E7, PE], CD69 [Clone H1.2F3, BV421],
600 CD44 [Clone IM7, PE/Cy7], CD45.2 [Clone 104, PerCP/Cy5.5], CD80 [Clone
601  16-10Al, PE /Cy7], CD11b [Clone M1/70, PE], CD317 [Clone 927,BV421], Ly-6C
602 [Clone HK1.4, APC/Cy7], MHC class Il [clone M5/114.15.2, APC], CD11c [Clone
603 N418, APC]), cytokine expression (IFN-y [clone XMG1.2, APC]), and a
604 LIVE/DEAD® Fixable Aqua Dead cell stain kit was also used. Stained cells were
605 processed using a BD LSRFORTESSA X-20 (BD Biosciences) flow cytometry

606  system according to the manufacturer’s instructions. Data were analyzed using
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607  FlowJo X 10.0.7r2 and GraphPad Prism 8.

608 ELISpot assay

609 Dissociated PBMCs, splenic lymphocytes, pulmonary lymphocytes, and lymph
610  node cells were plated at 2.5x10° into each well of a mouse IFN-y ELISpot plate
611  (Dakewe Biotech). Samples were stimulated using pooled Spike peptides of
612 SARS-CoV-2 (Final concentration:1yg/mL, 15-mer peptide with 11 amino acids
613  covering the spike region, Genscript) and cultured at 37°C with 5% CO, for 20 h.
614  Spots were scanned, counted, and quantified using the CTL S6 Universal Analyzer
615  (Cellular Technology Limited) according to the manufacturer’s instructions.

616 SARS-CoV-2 and dNS1-RBD RNA quantification

617 Detection of viral RNA levels was performed in hamster lungs using quantitative
618 RT-PCR. Lung tissue was homogenized using TissueLyser Il (Qiagen, Hilden,
619  Germany) and RNA extraction was performed according to the manufacturer’s
620 instructions (QlAamp Viral RNA mini kit, Qiagen). Viral RNA quantification was
621  performed by measuring the copy number of the N gene using a SARS-CoV-2
622  RT-PCR kit (Wantai, Beijing, China), whereas CA4-dNS1-nCoV-RBD was quantified
623  using RBD-targeted primers and the NS gene.

624  Histopathology

625 Hamster lung tissues were fixed with 10% formalin for 48 h, embedded in
626  paraffin, sectioned, and subjected to hematoxylin and eosin (H&E) staining.
627  Whole-slide images of the lung sections were captured using a Leica Aperio Versa

628 200 microscope. Pathological lung lesions were scored based on i) Alveolar septum
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629 thickening and consolidation; ii) hemorrhage, exudation, pulmonary edema and
630  mucous; iii) recruitment and infiltration of inflammatory immune cells. For each lobe,
631 a score was determined based on the severity and percentage of injured areas. Four
632  independent lobes of the lung tissues were scored and average lung pathological score
633  of each individual hamster was used for pathological evaluation.

634  Bulk RNA sequencing.

635 The hamster lung lobe was removed, shredded into small pieces and stored in
636 RNA Later Solution (Thermo Fisher Scientific) for a maximum of 24 h at 4 °C. Lung
637  tissue was homogenized using TissueLyser Il (Qiagen, Hilden, Germany) and RNA
638  extraction was performed according to the manufacturer’s instructions (QlAamp Viral
639 RNA Mini Kit (Qiagen)). The RNA samples were sent to OE Biotech Co., Ltd.
640  (Shanghai, China) for RNA purification, cDNA library construction, and sequencing.
641  ATAC sequencing.

642 Hamster lungs were collected 2 months post-vaccination and sorted for
643  bronchoalveolar lavage AMs using a BD FACS Aria Fusion machine. One hundred
644  thousand sorted cells were centrifuged at 500 x g for 10 min at 4 °C per replicate.
645  Cells were lysed with lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM MgCl,, and 0.1%
646 IGEPAL CA-630). Libraries were prepared using the TruePrep DNA library prep kit
647 V2 for lllumina (Vazyme) according to the manufacturer’s instructions. Libraries were
648  cleaned up with AMPure XP beads (Beckman coulter) at a ratio of 0.7 and the quality
649 was assessed using the 2100 Bioanalyzer (Agilent Technologies). Libraries were

650 sequenced with 150 paired ends using a NovaSeq 6000 instrument (Illumina) for an
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651  average of 20 million reads per sample.

652  Analysisof bulk RNA-sequencing data.

653 cDNA libraries were sequenced on an Illumina HiSeq X Ten platform and 150 bp
654  paired-end reads were generated. Approximately 49.96 M raw reads were generated
655  for each sample. Raw data (raw reads) in fastq format were initially processed using
656  Trimmomatic and low-quality reads were removed to generate approximately 48.42
657 M clean reads for each sample for further analyses. The clean reads were mapped to
658 the mouse genome (GRCm39) and hamster genome (BCM_Maur_2.0) using hisat2
659  version 2.2.1, then sorted using samtools version 1.15 for differentially expressed
660  gene analysis. The raw count matrix was quantified using featureCounts version 2.0.1,
661 and the transcripts per kilobase million (TPM) of each gene were calculated.
662  Differential expression analysis was performed using R package DESeq2 version
663 1.34.0. AP value < 0.05, and foldchange > 2 was set as the threshold for significantly
664  different expression. Hierarchical cluster analysis of differentially expressed genes
665 (DEGs) was performed to determine the expression patterns in different groups and
666  samples.

667 The enrichment analysis of DEGs through Gene Ontology (GO), Kyoto
668  Encyclopedia of Genes and Genomes (KEGG) and gene-set enrichment analysis
669 (GSEA) were performed using R package clusterprofile version 4.2.0 and fgsea
670  version 1.20.0. Time-series analysis was performed using R package Mfuzz version
671  2.54.0. All visualizations related to RNA-seq analysis were made using R packages

672  ggplot2 version 3.3.5, ComplexHeatmap version 2.10.0, and enrichplot version
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673 1.14.1.

674  Pre-processing and analysis of bulk ATAC-seq data

675 Quality control of the original ATAC-seq read file was performed using fasqc
676  version 0.11.9 and multigc version 1.12 software, and the raw data were trimmed
677  using Trim_galore version 0.6.7 to remove the adaptors. The data were aligned to the
678 GRCm39 and BCM_Maur_2.0 genome separately using Bowtie2 version 2.4.5 with
679  the ‘--very-sensitive -X 2000’ parameter, followed by sorting using samtools version
680  1.15. Duplicated and unpaired reads were removed using the picard ‘MarkDuplicates’
681 command. Reads with mapping quality < 30, and reads aligned to the mitochondria
682  chromosome were also removed. All downstream analyses were performed on the
683 filtered reads. The bam file for all samples was converted to a bed file and then
684  callpeak using MACS2 version 2.2.7.1 with the ‘-nomodel --shift -100 --extsize 200’
685  parameter.

686 Differential peak analysis was processed using bedtools to merge the peak file
687 and featureCounts version 2.0.1 was used to construct the matrix; DESeq2 was then
688  used to identify the differential peaks.

689 Coverage files from filtered bam files were produced using deeptools version
690 3.5.1 bamCoverage command. Each position was normalized with ‘—normalizeUsing
691 RPGC,” followed by conversion to bigWig format and visualization using IGV
692  software.
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855  Figurelegends

856 Fig 1. Transcriptional dynamics show activated antiviral innate immune
857 responsesin thelung induced by dNS1-RBD

858  (A) Experimental Schema.

859  (B) Principal component analysis (PCA) of the data collected from the lung of
860 C57BL/6 mice at 1-, 7-, 14-, and 28-days post-immunization. n = 3 mice/group.

861  (C) Heatmap showing KEGG pathway-based enrichment analysis of DEGs.

862 (D) Heatmap showing the dynamic expression patterns of DEGs. Expression trends of
863  the genes in the four clusters are shown in the right part.

864 Fig 2. dNS1-RBD activates alveolar macrophages, DCs, NK cells, and virtual
865 memory T CellsintheLung

866  (A) Absolute number of AMs in the lung.

867 (B) gMFI of MHC-II expression on AMs.

868  (C-E) Frequency (C), absolute cell number (D), and gMFI (E) of CD11b™ AMs in the
869 lung.

870  (F) Absolute number of pDCs in the lung.

871  (G-H) Frequency (G) and absolute cell number (H) of IFN-y" NK1.1" cells in the
872  lung.

873  (I) Representative flow cytometry contour plots for Tyws in the lung.

874  (J-L) Frequency (J), absolute cell number (K), CD49d expression expressed as gMFI
875 (L) of Tys.

876 (M) Frequency of Tywsin different tissues (NALT/LNs/spleen/lung).
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877  Data are presented as mean + SEM. Statistical analysis for (A, B, C, D, E, F, G, and H)
878  were Kruskal-Wallis tests with Dunn’s multiple comparisons test. Statistical analysis
879 for (J, K, L, and M) were Mann-Whitney tests.

880  ns, non-significant. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3—4 mice/group.

881  AMs: alveolar macrophages; gMFI: Geometry Mean Fluorescence Intensity; MHC-II:
882  major histocompatibility-11; pDCs: plasmacytoid dendritic cells; NK cells: natural
883  killer cells; IFN-y: interferon-gamma; Tywms: Virtual memory T cells. NALT:
884  Nasal-associated lymphoid tissue; LNs: Lymph nodes.

885 Fig 3 Trained phenotype of alveolar macrophages induced by dNS1-RBD and
886  dNSI1-Vector

887  (A-C) Statistical analysis plots for gMFI of MHC 11 (A), CD80 (B) and CD86 (C) on
888 AMs in C57BL/6 mice. n =6 mice/group.

889 (D) KEGG and GO enrichment result of shared peaks, with color bar on —logio
890  (g-value) scale.

891  (E) Venn-diagram showing differential ATAC-seq peaks (annotated as promoters) for
892  dNS1-RBD or dNS1-Vector compared to the Control group.

893  (F) Scatter-plot of differentially detected ATAC-seq peaks (log,FC > 1.5, g-value <
894  0.05) of AMs (Lung) in the dNS1-RBD vaccination group compared to the control
895  group in C57BLY/6.

896 (G) IGV tracks showing differentially detected peaks related to host defense and
897  antiviral response in C57BL/6 mice from dNS1-RBD vaccination group, dNS1-Vector

898  vaccination group and control group. n = 2 mice/group.
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899  (H) Scatter-plot of differentially detected ATAC-seq peaks (log,FC > 1.5, g-value <
900 0.05) of AMs (BALF) in dNS1-RBD vaccination group compared to control group in
901  hamsters.

902 (I) IGV tracks showing differentially detected peaks related to host defense and
903 antiviral response in hamsters. n = 2 mice/group.

904  Data are presented as mean £ SEM. Statistical analysis for (A-C) were Kruskal-Wallis
905 tests with Dunn’s multiple comparisons test.

906  gMFI: Geometry Mean Fluorescence; AM: alveolar macrophages; Intensity, IGV:
907 Integrative genomics viewer; BALF: bronchoalveolar lavage fluid.

908 Fig 4 Intranasal immunization of dNS1-RBD and dNS1-Vector dlicit
909 tissue-resident memory T cellsin Lungs

910 (A) Representative flow cytometry contour plots for CD8" IFN-y" T cells staining.
911  (B-C) Statistical analysis plots for percentage (B) and cell number (C) of CD8a"
912 IFN=y" in the lung. n = 4 mice/group.

913 (D) Representative well images of the IFN-y ELISpot response of the control group
914  and dNS1-RBD group (1- and 7-days post-immunization).

915 (E) The numbers of IFN-y SFCs isolated from PBMCs, spleen, and lung were
916  quantified after stimulation of a peptide pool covering the entire spike protein. n = 10
917  mice/group.

918  (F-G) Bar graph depicting the frequency (F) and absolute number (G) of Trwvs in the
919 lungs at indicated time points after prime and booster immunization. n = 6

920  mice/group.
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921  (H) Bar graph showing the frequency of CD44" CD8'T cells in NALT and lung 30
922  days post a prime-boost vaccination. n = 6 mice/group.

923 (I) Bar graph showing the frequency of CD8" TRMs in NALT and lung 30 days post a
924  prime-boost vaccination. n = 6 mice/group.

925 Data are presented as mean + SEM. Statistical analysis for (B, C, E, F, and G) were
926  Kruskal-Wallis tests with Dunn’s multiple comparisons test. Statistical analysis for (H
927  and I) were two-way ANOVA with Tukey's multiple comparisons test.

928  ns, non-significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

929 IFN-y: interferon-gamma; SFCs: spot-forming cells; PBMCs: peripheral blood
930 mononuclear cells; Trws: tissue-resident memory T cells; NALT: Nasal-associated
931  lymphoid tissue.

932 Fig 5 Intranasal immunization with dNS1-RBD and dNS1-Vector protect lung
933  pathology in hamsters against SARS-CoV-2 Challenge

934  (A) Schema of the experimental design. On days 1, 3, and 5 after cohoused exposure,
935  hamsters from vaccinated and control groups were euthanized for analyses. n = 4
936  hamsters/group.

937 (B) Body weight changes of hamsters after cohoused exposure were plotted. The
938  average weight loss of each group at 5 dpi is indicated as a colored number.

939 (C) Bar graph showing the pathological severity scores of lungs and the viral RNA
940 loads from nasal turbinate, trachea, and lung.

941 (D) Gross lung images and H&E-stained lung sections from dNS1-RBD vaccinated

942  and control groups.
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943  (E) Schema of the experimental design. Hamsters were intranasally vaccinated with
944  dNS1-RBD or dNS1-Vector.

945 (F) Body weight changes of hamsters after cohoused exposure were plotted. The
946  average weight loss of each group at 5 dpi is indicated as a colored number.

947 Data are presented as mean + SEM. Statistical analysis for (B, C, and F) were
948  two-way ANOVA with Bonferroni's multiple comparisons test. n = 8 hamsters/group
949  ns, non-significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

950 Fig 6 Transcriptome analysis of lung reveals distinct immune response between
951  dNS1-RBD immunized and control hamster

952  (A) PCA Plot showing the global differences between vaccinated and control groups.
953 (B) Heatmap visualization of scaled gene expression levels (TPM) for selected
954  pathways of interest.

955  (C) Heatmap showing the KEGG pathway enrichment analysis of DEGs.

956 (D) Dynamic expression of cytokines in the lungs of hamsters, with error bars shaded
957  (using standard error of the mean).

958  PCA: Principal Component Analysis. n = 4 hamsters/group
959
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