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Abstract

Vaccines are a cornerstone in COVID-19 pandemic management. Here, we compare immune
responses to and preclinical efficacy of the mRNA vaccine BNT162b2, an adenovirus-vectored
spike vaccine, and the live-attenuated-virus vaccine candidate sSCPD9 after single and double
vaccination in Syrian hamsters. All regimens containing sCPD9 showed superior efficacy. The
robust immunity elicited by sCPD9 was evident in a wide range of immune parameters after
challenge with heterologous SARS-CoV-2 including rapid viral clearance, reduced tissue damage,
fast differentiation of pre-plasmablasts, strong systemic and mucosal humoral responses, and rapid
recall of memory T cells from lung tissue. Our results demonstrate that use of live-attenuated
vaccines may offer advantages over available COVID-19 vaccines, specifically when applied as

booster, and may provide a solution for containment of the COVID-19 pandemic.
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Introduction
As of early 2022, ten COVID-19 vaccines fulfill the quality, safety and efficacy requirements that

allow emergency use listing (EUL) by the WHO (/). Currently authorized vaccines employ
classical approaches such as inactivated virus and subunit vaccines, as well as more recent
technology, including the use of adenoviral vectors and the novel nucleoside-modified mRNA
vaccines (2). Despite initially high vaccine efficacy and long-lasting protection from severe illness,
waning of protection from infection and symptomatic disease is now evident, particularly
following the emergence and spread of the omicron variant (3, 4). Moreover, global disparity in
vaccine access remains alarmingly high: By 6 May 2022, only 15.8% of people in low-income
countries had received at least one dose of vaccine despite the surplus possessed by wealthy nations
(5). This situation, together with the continued evolution of SARS-CoV-2, warrants an even more
robust vaccine and immunization strategy. Optimal COVID-19 vaccines would not just protect
from severe disease, but also provide protection from infection with a broad spectrum of virus
variants, while, at the same time, they would prevent or significantly limit SARS-CoV-2
transmission. Although live attenuated vaccines (LAV) are used very successfully to tackle many
virus infections such as measles, mumps and rubella (MMR) (6), studies investigating the efficacy,
effectiveness and cross-comparison of promising intranasal LAVs with other routes of delivery
remain limited (7, &). Notably, LAVs do not depend on adjuvants (7) and can be administered
locally, for example intranasally, as is the case for influenza LAVs (9). Comprised of replication-
competent viruses, intranasal LAVs mimic the natural course of infection and antigen production,
which distinguishes them from locally administered, replication-incompetent vector- or antigen-
based vaccines (/0). In contrast to empirically generated vaccines used in the past, modern LAV
design utilizes molecular tools to limit virus replication and virulence, while maintaining
immunogenicity and antigenic integrity (/7). One recent strategy employed in rational design of
LAVs is codon pair deoptimization (CPD), suitable for both DNA (72, 13) and RNA viruses (/4,
15), including SARS-CoV-2 (16).

Currently approved COVID-19 vaccines are administered intramuscularly and can efficiently
induce protective systemic immunity, including high titers of neutralizing serum antibodies,
central and effector memory T cells (/7), germinal center B cells (/8) and long-lived plasma cells
(LLPC) (19). Yet, the vaccines are less efficient in inducing durable mucosal IgA and IgG

responses (20-22) as well as pulmonary tissue-resident memory cell responses (23). Furthermore,
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pathogen-specific mucosal antibodies at the site of virus entry are considered central to limiting
infectivity and transmission (24). Accordingly, tissue-resident memory cells undergo faster recall
responses, as their local positioning allows for earlier cognate antigen recognition (25). Hence,
vaccines effectively administered via the respiratory entry route, are expected to induce robust
local mucosal immunity against the targeted pathogen (26, 27).

In this study, we sought to compare different approaches to vaccination and evaluate potential
differences in systemic and mucosal immunity conferred by different vaccines as well as a various

prime-boost vaccine regimens that included systemic priming followed by a respiratory boost.
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Methods

Study design
This study compared the protective potential of the modified live attenuated SARS-CoV-2 mutant

sCPD9 (28, 30), adenovirus vector vaccine candidate Ad2-spike (28) and mRNA vaccine
BNT162b2. Protection was assessed in Syrian hamsters against challenge infection with the
SARS-CoV-2 Delta variant. The study also employs single cell sequencing to characterize the
innate and adaptive immune response to vaccination and challenge infection with virulent SARS-
CoV-2. Syrian hamsters were vaccinated with either one (prime only experiment) or two doses
(prime-boost experiment) of the three vaccines studied. Inoculation was performed either
intranasally with the modified live attenuated virus sSCPD9 or intramuscularly with the Ad2-spike
or mRNA vaccine. In the prime only experiment, hamsters were challenge-infected with SARS-
CoV-2 Delta variant (1 x 10° plaque-forming units (PFU), 60 uL) by intranasal instillation 21 days
post vaccination. In the prime-boost experiment, hamsters were boosted with a second vaccine
dose on day 21 following the prime dose. 14 days post booster vaccination (35 days post prime),
hamsters were challenge-infected with SARS-CoV-2 Delta variant (1 x 10° PFU, 60 uL) by
intranasal instillation. At day 2 and 5 after challenge, hamsters were euthanized, and blood and
parts of the upper and lower airways (pharynx, trachea, and lungs) were collected for viral

titrations, RT-qPCR, histopathological examinations, and single-cell sequencing.

Cells
Vero E6 (ATCC CRL-1586) and VeroE6-TMPRSS2 (NIBSC 100978) cells were cultured in

minimal essential medium (MEM) containing 10 % fetal bovine serum, 100 IU/mL penicillin G,
and 100 pg/mL streptomycin at 37°C and 5 % COs». In addition, the cell culture medium for Vero-
TMPRSS?2 cells contained 1000 pg/mL geneticin (G418) to ensure selection for cells expressing

the genes for neomycin resistance and TMPRSS2.

Viruses
The modified live attenuated SARS-CoV-2 mutant sCPD9 and SARS-CoV-2 variants B.1 -
BetaCoV/Munich/ChVir984/2020 (B.1, EPI ISL 406862), Beta — B.1.351 (hCoV-

19/Netherlands/NoordHolland 20159/2021), and Delta—B.1.617.2 (SARS-CoV-2, Human, 2021,
Germany ex India, 20A/452R (B.1.617) were propagated on VeroE6-TMPRSS2 cells. Omicron
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84 BA.1 - B.1.1.529.1 (hCoV-19/Germany/BE-ChVir26335/2021, EPI ISL 7019047) was
85  propagated on CaLu-3 cells. Prior to experimental infection virus stocks were stored at -80°C.
86

87  Ethics statement
88  Invitro and animal work was conducted under the appropriate biosafety conditions in the biosafety

89  level three (BSL-3) facility at the Institut fiir Virologie, Freie Universitit Berlin, Germany. All
90 animal experiments were performed in compliance with relevant institutional, national, and
91 international guidelines for care and humane use of animal and approved by the Landesamt fiir
92 Gesundheit und Soziales in Berlin, Germany (permit number 0086/20).

93

94  Animal Husbandry
95  Nine- to eleven-week-old Syrian hamsters (Mesocricetus auratus; breed RjHan:AURA) were

96  purchased form Janvier Labs and were housed in groups of 2 to 3 animals in individually ventilated

97  cages (IVCs). The hamsters had free access to food and water. They were allowed to get used to

98 the housing conditions for seven days prior to vaccination. For both experiments, the cage

99  temperatures were constantly between 22 and 24°C with a relative humidity between 40 and 55%.
100

101  Infection Experiments
102 We studied the efficacy of the BNT162b2 mRNA vaccine (Pfizer-BioNTech), adenovirus vector

103 vaccine candidate Ad2-spike (28) and modified live attenuated SARS-CoV-2 vaccine candidate

104  sCPD9 (29, 30), as well as immune responses to vaccination and challenge in two consecutive and
105  independent animal experiments. The infection experiments were done in the Syrian hamsters, a
106  highly susceptible model for SARS-CoV-2 infection (70). Hamsters were randomly assigned into
107  groups, with 50 — 60 % of the animals in each group being female.

108 In the first experiment, 15 hamsters were mock-vaccinated or vaccinated with live attenuated
109  sCPDO virus, Ad2-spike or mRNA. Vaccination with sCPD9 was done by intranasal instillation
110  under anesthesia (1 x 10° focus-forming units (FFU), 60 uL) (70), Ad2-spike (5 x 10® infectious
111 units, 200 pL), and mRNA vaccine (5 pg mRNA, 50 uL) by intramuscular injection. Mock-
112 vaccinated hamsters were vaccinated by intranasal instillation with sterile cell culture supernatant
113 obtained from uninfected VeroE6-TMPRSS cells. 21 days after vaccination, hamsters were
114 challenge-infected with SARS-CoV-2 Delta variant (1 x 10° PFU, 60 uL) by intranasal instillation

115 under anesthesia. In the second experiment, 10 hamsters were either mock-vaccinated or
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116  vaccinated with one of the three vaccines (see above) followed by a booster vaccination 21 days
117  later with the same or a different vaccine. 14 days after booster vaccination, the hamsters were
118  challenged as described above.

119 Infected hamsters were inspected twice daily for clinical signs of infection. In the first
120  experiment, body weights were recorded daily for the duration of the experiment. In the second
121  experiment, body weights were recorded only after challenge infection, because we had confirmed
122 in the first animal experiment that all vaccines were safe for hamsters and had no effect on body
123 weight development.

124 In the first animal experiment, 5 hamsters from each group were euthanized on day 21 after
125  vaccination and days 2 and 5 after challenge (days 23 and 26 of the experiment). In the second
126  animal experiment, blood was taken from all animals via saphenous vein puncture under anesthesia
127  on day 35 prior to infection. 5 hamsters from each group were euthanized on days 2 and 5 after
128  challenge (day 37 and 40 of the experiment).

129 Blood, tracheal swabs, and portions of the airway were collected to determine virological,
130  histological, and molecular parameters of vaccination and immune response. The left lung was
131  preserved in 4 % formaldehyde solution for detailed histopathological examination.

132

133 Vaccine preparations
134 sCPD9 was grown on Vero-TMRSS cells and titrated on Vero E6 cells as described previously,

135  final titers were adjusted to 2 x 10° FFU/mL in MEM. Recombinant Ad2-spike was generated,
136  produced on 293 T cells and purified as previously described . BNT162b2 was obtained as
137  commercial product (Comirnaty®) and handled exactly as recommended by the manufacturer with
138  the exception that the final concentration of mRNA was adjusted to 50 pg/mL (100 pug/mL is the
139  recommended concentration for use in humans) by adding injection grade saline (0.9 % NaCl in
140  sterile water) immediately prior to use.

141

142 Vaccination
143 sCPD9 was applied intranasally under general anesthesia (0.15 mg/kg medetomidine, 2.0 mg/kg

144 midazolam and butorphanol 2.5 mg/kg) at a dose of 1 x 10° FFU per animal in a total volume of
145 60 uL MEM. Ad2-spike was injected intramuscularly at 5 x 10® infectious units in 200 pL injection
146  buffer (3 mM KCl, 1 mM MgCI2, 10 % glycerol in PBS). BNT162b2 was injected intramuscularly
147  at5 pgper animal in 100 pL physiological saline (0.9 % NacCl in sterile water).
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148

149  Nasal washes
150  Nasal washes were obtained from each hamster in this study. To this end, the skull of each animal

151  was split slightly paramedian, such that the nasal septum remained intact on one side of the nose.
152  Subsequently, a 200 pL pipette tip was carefully slid underneath the nasal septum and 150 pL
153  wash fluid (PBS with 30 pg/mL ofloxacin and 10 pg/mL voriconazole) was applied. The wash
154  was collected through the nostril and the washing procedure was repeated twice, approximately
155 100 pL of sample was recovered after the third wash.

156 Nasal washes obtained from the prime-only vaccination trial were subjected to ELISA
157  analysis of SARS-CoV-2 Spike specific [gA antibodies. Nasal washes obtained from the prime-
158  boost vaccination trial were used for microneutralization assay to assess their capacity to neutralize
159  the SARS-CoV-2 ancestral variant B1.

160

161  Plaque assay
162  For quantification of replication-competent virus, 50 mg of lung tissue were used. Serial 10-fold

163  dilutions were prepared after homogenizing the organ samples in a bead mill (Analytic Jena). The
164  dilutions were plated on Vero E6 cells grown in 24-well plates and incubated for 2.5 h at 37°C.
165  Subsequently, cells were overlaid with MEM containing 1.5 % carboxymethylcellulose sodium
166  (Sigma Aldrich) and fixed with 4 % formaldehyde solution 72 hours after infection. To count the
167  plaque-forming units, plates were stained with 0.75 % methylene blue.

168

169  Histopathology, immunohistochemistry and in situ-hybridization
170  Lungs were processed as previously described (70). After careful removal of the left lung lobe,

171  tissue was fixed in PBS-buffered 4 % formaldehyde solution, pH 7.0 for 48 h. For conchae

172 preparation, parts of the left skull half were fixed accordingly. Afterwards, lungs or conchae were
173 gently removed from the nasal cavity and embedded in paraffin, cut at 2 um thickness and stained
174  with hematoxylin and eosin (H&E).

175 In situ-hybridization on lungs was performed as previously described (7/) using the
176 ~ ViewRNA™ [SH Tissue Assay Kit (Invitrogen by Thermo Fisher Scientific, Darmstadt, Germany)
177  according to the manufacturer’s instructions with minor adjustments. For SARS-CoV-2 RNA
178  localization, probes detecting N gene sequences (NCBI database NC 045512.2, nucleotides
179  28,274-29,533, assay ID: VPNKRHM) were used. Sequence-specific binding was controlled by
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180 wusing a probe for detection of pneumolysin. Immunohistochemistry (IHC) on conchae was
181  performed as described earlier (72). Paraffin-embedded tissues were cut (2 um thickness),
182  mounted on adhesive glass slides, dewaxed in xylene, rehydrated in descending grades of alcohol,
183  and endogenous peroxidase was inhibited. Antigen retrieval was performed using microwave
184  heating (600 W) in 10 mM citric acid (pH 6.0) for 12 min for SARS-CoV-1 nucleoprotein antibody
185  (Sino Biological Inc.; Beijing, China) and using recombinant protease from Streptomyces griseus
186  (PanReac Applichem, Darmstadt, Germany) for 13 min at 37°C for IgA antibody. For blockage of
187  non-specific antibody binding incubation with 8 9% Roti-Immunoblock (Roth, Karlsruhe,
188  Germany) and 20 % normal goat serum for 30 min was implemented. Anti-SARS-CoV-1 NP
189  mouse monoclonal antibody (Sino Biological Inc.; Beijing, China, dilution: 1:500) and rabbit anti
190  hamster IgA antibody (Brookwood Biomedical, Jemison, AL, dilution: 1:250) were incubated at
191  4°C overnight followed by washing and incubation with a secondary biotinylated goat anti-mouse
192 IgG antibody (dilution: 1:200, Vector Laboratories, Burlingame, California, USA). For color
193  development freshly prepared avidin-biotin-peroxidase complex (ABC) solution (Vectastain Elite
194 ABC Kit; Vector Laboratories) was incubated for 30 min followed by incubation with
195  diaminobenzidine tetrahydrochloride (Merck, Darmstadt, Germany) for 4 min. Slides were
196  counterstained with Mayer’s hematoxylin.

197 Blinded microscopic analysis was performed by board-certified veterinary pathologists (JB).
198  An Olympus BX41 microscope with a DP80 Microscope Digital Camera and the cellSensTM
199  Imaging Software, Version 1.18 (Olympus Corporation, Miinster, Germany) was utilized for
200  histopathological evaluations and photographs. Slides were automatically digitized with the
201  Aperio CS2 slide scanner (Leica Biosystems Imaging Inc., Vista, CA, USA) and overviews were
202  generated by using the image Scope Software (Leica Biosystems Imaging Inc.).

203
204  Neutralization assays from nasal washes
205  To assess the capacity of nasal washes obtained from the prime-boost vaccination trial with respect

206  to neutralization of authentic SARS-CoV-2 (B.1), nasal washes were diluted 1:1 in 2x MEM

207  containing 50 pg/mL enrofloxacin and 10 ug/mL voriconazole, subsequent serial dilutions were
208  performed in MEM containing 25 mg/mL enrofloxacin, 5 pg/mL voriconazole and 1 % FBS.
209  SARS-CoV-2 (50 PFU) were added to the nasal wash dilutions and dilutions from 1:2 to 1:256
210  were plated on near-confluent Vero E6 cells seeded in 96-well cell culture plates. At 3 days after

211  inoculation, cells were fixed and stained with methylene blue. To identify virus-neutralizing

8
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212 dilutions, the integrity of the cell monolayer was assessed by comparison with control wells that
213 contained either no nasal wash or no virus. The last dilution in which no evidence for virus-induced
214  cpe was seeable was considered the neutralizing titer for the respective sample.

215

216  Enzyme-linked Immunosorbent Assays (ELISA) from nasal washes
217  Anin-house ELISA was performed to investigate SARS-specific IgA levels in nasal washes after

218  vaccination. MEDISORP plates (Thermofisher, MWI6F straight) were used to conduct this assay
219  and coated in two steps. First, SARS-CoV-2 spike protein (Acro Biosystems, SARS-CoV-2 S
220  protein (D614G), His Tag, Super stable trimer) was diluted in 1x PBS to a final concentration of
221 20 pg/mL, and 5 pL of the respective dilution were applied to each well. The antigen was diluted
222 intubes with a low binding capacity for proteins (Eppendorf Protein LoBind Tube 1.5 ml). Second,
223 45 uL of coating buffer (diH20 + 5.3 g Na2CO3 (50 mM) + anhydrous 4.2 g NaHCO3 (50 mM)),
224  pH 9.6) were added per well, followed by an incubation time of 12 h at 4°C. Subsequently, the
225  plates were washed four times with washing buffer (1x PBS + 0.05 % Tween20) and blocked with
226  1x PBS +1 % BSA + 10 % FCS for 1 h. Nasal washes (each sample in duplicate) were diluted
227  1:100 in dilution buffer (1x PBS + 2 % BSA + 0.1 % Tween 20) and 50 pL were pipetted to each
228  well. The plates were covered and incubated for 2 h at room temperature before the washing step
229  wasrepeated and 50 pL of secondary antibody (Brookwood biomedical, Rabbit Anti-Hamster IgA,
230  HRP-conjugated) diluted 1:1000 was applied per well. The covered plates were then incubated for
231 1 h at room temperature and washed again as described above. Subsequently, 50 uL of 3,3°,5,5°-
232 Tetramethylbenzidine (TMB) were added followed by another 15 min of incubation. After
233 applying 50 pL stop solution (I M H2SO4) per well, SpectraMax Plus384 was used to read the
234 plates at 450 nm and 570 nm to assess optical density (OD).

235

236  Serum neutralization assay
237  This test was conducted to determine the neutralizing activity against SARS-CoV-2 (B.1) and

238  different variants of concern (Beta, Delta, Omicron) of serum samples collected in the prime and
239  the prime-boost experiment. Day 0 samples of the prime-boost trial could not be tested for
240  neutralizing antibodies against B.1.351 (Beta) due to lack of material. Sera were inactivated at
241  56°C for 30 min. Two-fold serial dilutions (1:8 to 1:1024) were plated on 96-well plates and
242 200 PFU SARS-CoV-2 were pipetted into each well. After an incubation time of 1 h at 37°C the

243  dilutions were transferred to 96-well plates containing sub-confluent Vero E6 cells and incubated

9
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244 for 72 h at 37°C (B.1, Beta, Delta) or for 96 h at 37°C (Omicron). The plates were fixed with 4 %
245  formaldehyde solution and stained with 0.75 % methylene blue. Wells that showed no cytopathic
246  effect were considered neutralized.

247

248  RNA extraction and gPCR
249  To quantify genomic copies in oropharyngeal swabs and 25 mg homogenized lung tissue, RNA

250  was extracted using innuPREP Virus DNA/RNA Kit (Analytic Jena, Jena, Germany) according to
251  the manufacturer’s instructions. The qPCR was performed using the NEB Luna Universal Probe
252 One-Step RT-qPCR Kit (New England Biolabs) with cycling conditions of 10 min at 55°C for
253  reverse transcription, 3 min at 94°C for activation of the enzyme, and 40 cycles of 15 s at 94°C
254  and 30 s at 58°C on a qTower G3 cycler (Analytic Jena, Jena, Germany) in sealed qPCR 96-well

255  plate. Primers and probes were used as previously reported (73).

256

Oligonuleotide [Sequence (5°-3’)

E Sarbeco F ACAGGTACGTTAATAGTTAATAGCGT

E Sarbeco R ATATTGCAGCAGTACGCACACA

E Sarbeco P1  |[FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ
257

258  Mesocricetus auratus genome annotation
259  For quantification of gene expression, we used the MesAur 2.0 genome assembly and annotation

260 available via the NCBI genome database
261  (https://www.ncbi.nlm.nih.gov/genome/11998?genome assembly id=1585474). The GFF file
262  was converted to GTF using gffread (74). Where no overlaps were produced, 3’-UTRs in the
263  annotation were extended by 1000 bp as described previously (75). Further polishing steps for the
264 GTF file are described on the github page accompanying this manuscript
265  (https://github.com/Berlin-Hamster-Single-Cell-Consortium/Live-attenuated-vaccine-strategy-
266  confers-superior-mucosal-and-systemic-immunity-to-SARS-CoV-2). The final gtf file used for the
267  analysis is available through GEO
268  (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE200596).

269
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270  Bulk RNA extraction
271  To perform RNA bulk sequencing, RNA was isolated from lung tissue using Trizol reagent

272 according to the manufacturer’s instructions (ambion, life technologies). Briefly, 1 ml Trizol was
273  added to the homogenized organ sample and vortexed thoroughly. After an incubation time of
274 20 min, 200 pL of chloroform were added. The samples were vortexed again and incubated for 10
275  min at room temperature. Subsequently, tubes were centrifuged at 12,000 x g for 15 min at 4°C
276  and 500 pL of the aqueous phase were transferred into a new tube containing 10 pg GlycoBlue.
277  Isopropanol (500 pL) was added followed by vortexing, incubating and centrifuging the samples
278  asdescribed above. Thereafter, isopropanol was removed and 1 mL of ethanol (75 %) was applied.
279  The tubes were inverted shortly and centrifuged at 8.000x g for 10 min. After freeing the pellet
280  from ethanol, RNA was resuspended in 30 pL of RNAase-free water and stored at -80°C.

281

282  Cell isolation from blood and lungs
283  White blood cells were isolated from EDTA-blood as previously described, steps included erylysis

284  and cell filtration prior counting. Lung cells (caudal lobe) were isolated as previously described
285  (32), steps included enzymatic digestion, mechanical dissociation and filtration prior counting in
286  trypan blue. Buffers contained 2 pg/mL actinomycin D to prevent de novo transcription during the
287  procedures.

288

289  Cell isolation from nasal cavities
290  To obtain single cell suspensions from the nasal mucosa of SARS-CoV-2 challenged hamsters, the

291  skull of each animal was split slightly paramedian, such a way that the nasal septum remained
292  intact on the left side of the nose. The right side of the nose was carefully removed from the
293  cranium and stored in ice-cold 1x PBS with 1 % BSA and 2 pg/mL actinomycin D until further
294  use. Nose parts were transferred into 5 mL Corning® Dispase solution supplemented with 750
295  U/mL Collagenase CLS II, and 1 mg/mL DNase and incubated at 37°C for 15 min. For preparation
296  of cells from the nasal mucosa, the conchae were carefully removed from the nasal cavity and re-
297  incubated in digestion medium for 20 min at 37°C. Conchae tissue was dissociated by pipetting
298  and pressing through a 70-um filter with a plunger. Ice-cold PBS with 1 % BSA and 2 pg/mL
299  actinomycinD was added to stop the enzymatic digestion. Cell suspension was centrifuged at 4°C
300  for 15 min at 400% g and supernatant discarded. The pelleted nasal cells were resuspended in 5 mL

301  red blood cell lysis buffer and incubated at RT for 2 min. Lysis reaction was stopped with 1x PBS
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302  with 0.04 % BSA and cells centrifuged at 4°C for 10 min at 400x g. Pelleted cells were resuspended
303 in 1x PBS with 0.04 % BSA and 40 pm-filtered. Live cells were counted in trypan blue and
304  viability rates determined using a counting chamber. Cell concentration for scRNA-seq was
305  adjusted by dilution.

306

307  Single-cell RNA sequencing
308  Isolated cells from blood, lungs and nasal cavities of Syrian hamsters were subjected to scCRNA-

309  Seq using the 10x Genomics Chromium Single Cell 3' Gene Expression system with Feature
310  Barcoding technology for Cell Multiplexing. In the prime only experiment, ~ 500,000 cells per
311  blood sample, 1,000,000 cells per lung sample, and 1,000,000 per nasal cavity sample underwent
312 cell multiplex oligo (CMO) labeling according to manufacturers’ instructions (3’ CellPlex Kit Set
313 A; 10x Genomics), using the classical labelling protocol. In the prime-boost experiment, ~150,000
314  cells per blood sample, ~350,000 cells per lung sample, and ~350,000 per nasal cavity sample
315 underwent cell multiplex oligo (CMO) labeling according to manufacturers’ instructions (3’
316  CellPlex Kit Set A; 10x Genomics), using the 96-well plate labelling protocol for low cell numbers
317 to minimize protocol duration and cell manipulation
318  (https://assets.ctfassets.net/an68im79xiti/4AG3MABhAGLG80AEyrSiz7L/a6e4f846634a50f0d44
319  025bab4b0f858/CG000426 PlateBasedSamplePrep RevC.pdf.). In the first two experimental
320  runs (prime experiment), pools were generated from 12 samples derived from all three organ types.
321  De-multiplexing difficulties for blood samples from mixed pools led to a change in protocol for
322 the third and fourth experimental run (prime-boost experiment). Here, multiplex pools were
323  generated from 8 samples of the same organ origin only.

324 Oligo labelled cells were pooled accordingly without prior counting to minimize protocol
325  duration, assuming equal cell loss between samples during the labelling procedures. Pooled cells
326  were 40-um filtered, counted and cell concentration adjusted to 1450 -1,600 cells /uL, resulting in
327 loading of 49,500 pooled cells per lane aiming to recover 30,000 cells. Pools consisting of 12
328  samples were loaded onto 4 Chromium Next GEM Chip G lanes, pools consisting of 8 samples
329  were loaded onto 2 or 3 lanes (blood samples on 2 lanes, lung and nasal cavity on 3 lanes). Loaded
330 cells underwent partitioning, barcoding and mRNA reverse transcription in Gel-Beads-in-
331  Emulsions following the instructions of Chromium Next GEM Single Cell 3’ Reagent Kits v.3.1
332 (Dual Index) provided by the manufacturer (10x Genomics). Viability rates of nasal cavity cells
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333  did not allow for qualitative results for the prime-boost experiment. Library sequencing was
334  performed on a Novaseq 6000 device (Illumina), with SP4 flow cells (readl: 28 nt; read2: 150 nt).
335

336  Analysis of single-cell RNA sequencing data
337  Sequencing reads were initially processed using the multi command of the 10x Genomics Cell

338  Ranger 6.0.2 software. For the cellplex demultiplexing, the assignment thresholds were partially
339  adjusted (see the github page accompanying this manuscript, https://github.com/Berlin-Hamster-
340  Single-Cell-Consortium/Live-attenuated-vaccine-strategy-confers-superior-mucosal-and-

341  systemic-immunity-to-SARS-CoV-2, for details). Further processing was done using the Seurat R
342  package (76). In the next step, cells were filtered by a loose quality threshold (minimum 250
343  detected genes per cell) and clustered. Cell types were then annotated per cluster, and filtered using
344  cell type specific thresholds (cells below the median or in the lowest quartile within a cell type
345  were removed). The remaining cells were processed using the SCT/integrate workflow (77), and
346  cell types again annotated on the resulting Seurat object. All code for downstream analysis is
347  available on github, https://github.com/Berlin-Hamster-Single-Cell-Consortium/Live-attenuated-
348  vaccine-strategy-confers-superior-mucosal-and-systemic-immunity-to-SARS-CoV-2.

349
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350  Results
351  Utilizing the widely employed mRNA vaccine BNT162b2 and two original vaccine candidates —

352 an adenoviral vector vaccine carrying the spike glycoprotein of SARS-CoV-2 (28) and a live
353  attenuated COVID-19 vaccine candidate named sCPD9 (29, 30) — we assessed vaccine efficacy
354  and mode of action in a heterologous SARS-CoV-2 Delta variant challenge setting.

355 First, Syrian hamsters were vaccinated with a single dose (prime-only regimen) of any of the
356  three vaccines mentioned above and challenged with the SARS-CoV-2 Delta variant 21 days post-
357  vaccination. In a second experimental setup, hamsters were immunized with two vaccine doses
358  (prime-boost regimen) in which the booster was applied 21 days after the initial vaccination and
359  followed by Delta variant challenge 14 days after the boost (Figure 1A). All vaccines were well
360 tolerated, no signs of adverse effects were observed in the 21 days following the initial vaccination,
361  and hamsters steadily gained body weight during this time (Figure S1A).

362

363  Vaccination alleviates clinical symptoms and reduces virus load
364  All vaccines used here protected animals from the considerable body weight loss that is typical for

365 SARS-CoV-2 infection of Syrian hamsters (Figure 1B). At the same time, vaccine regimens
366  involving sCPD9 displayed a trend towards improved protection compared to other vaccines based
367  on body weight loss (Figure 1B).

368 Following a single vaccination, none of the vaccines completely prevented infection by
369 SARS-CoV-2 Delta as evidenced by the detection of viral RNA in both the upper and lower
370  respiratory tract of all animals (Figure 1C, D). However, on day 2 post challenge, sCPD9
371  vaccination diminished replicating virus to undetectable levels in the lungs; a feature none of the
372  other groups exhibited (Figure 1E).

373 In principle, a booster dose 21 days after the initial vaccination improved vaccine efficacy
374  based on virological evaluation following challenge infection (Figure 1F — H), even though these
375  independent experiments cannot directly be cross-compared. Like the situation in the prime-only
376  groups, viral RNA was detectable in all groups at all time-points and in both oropharyngeal swabs
377  and lungs. However, all vaccine combinations significantly reduced virus RNA loads. Vaccination
378  schedules involving sCPD9 yielded significantly lower viral RNA levels after challenge infection
379  when compared to both two applications of mRNA or Ad-Spike vaccines (Figure 1F, G). Similarly,
380  the levels of replication-competent virus in the lungs were significantly reduced in vaccinated

381 animals on day 2 post challenge (dpc). Importantly, only sCPD9 booster vaccination reduced
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382  replicating virus levels below the detection, indicating sterilizing immunity following a booster
383  wvaccination with sCPD9 regardless of heterologous (mRNA) or homologous (sCPD9) priming
384  (Figure 1H). On a virus transcript level, these results were confirmed by sequencing of bulk RNA
385  extracted from the lungs (Figure S1B).

386

387 LAV is superior in preventing inflammatory damage to the lung
388 To determine the degree of protection from virus-induced tissue damage and inflammation,

389 infected hamster lungs were examined by histopathology. We found that after single vaccination,
390 sCPD9 prevented inflammation and pneumonia more efficiently than other vaccines. sCPD9
391 vaccinated animals showed less consolidated lung areas (Figure 1M) and scores for lung
392  inflammation, bronchitis and edema were clearly reduced (Figure 11, J; S1C — F). Furthermore,
393  sCPD9 vaccinated animals stood out for a marked presence of subepithelial plasma cells and
394  lymphocytes which was not observed for other groups. Instead, animals that underwent other
395  vaccination schedules displayed more prominent bronchial hyperplasia (Figure S2). A similar
396  trend was observed for prime-boost regimens; however, particularly the mRNA vaccine benefited
397 from the application of a second dose, improving the histological outcome compared to
398  unvaccinated controls (Figure 1K, L; SIG — J). Nevertheless, application of two sCPD9 doses
399  provided a superior outcome in all cases, as visualized by whole lung sections prepared at 5 dpc
400  (Figure 1M; S2).

401 Concomitantly, bulk transcriptome analysis of hamster lungs from the prime-boost
402  vaccinated animals showed a broad downregulation of infection- and inflammation-related genes
403  in vaccinated compared to unvaccinated hamsters at both sampling time points (Figure S3).
404  Consistent with the virological and pathological data, two sCPD9 vaccinations showed the
405  strongest effect, followed by the heterologous mRNA+sCPD9 scheme. Likewise, in lung sections
406  (5dpc) from the prime-boost vaccination experiment, inflammatory changes in animals that
407  received sCPD9 were reduced to a minimum (Figure 2A).

408 To gain a more detailed understanding regarding the effect of vaccination on lungs of SARS-
409 CoV-2 infected hamsters, we performed single-cell RNA-sequencing (scRNA-seq) of lung
410  samples from both vaccination experiments (Figure 2B; S4A). In sCPD9+sCPD9 vaccinated
411  animals, pulmonary recruitment of monocytic macrophages was significantly reduced at 2 dpc.

412 Pulmonary neutrophil recruitment, which is usually initiated within hours after pathogen contact

15


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

413  (31), was also reduced, albeit to a lesser extent (Figure 2C; S4B). A similar effect, although less
414  pronounced, was observed in the SCPD9 prime-only experiment (Figure 2D; S4C).

415 Single-cell RNA-sequencing allowed us to define which cell types exhibit the most prominent
416  changes in gene activation in vaccinated animals upon virus challenge. Particularly, the interferon-
417  stimulated genes (ISGs) known to be induced by SARS-CoV-2 infection (32) were broadly
418  downregulated in vaccinated compared to unvaccinated animals, with monocytic macrophages,
419  Treml4+ monocytes and endothelial cells appearing particularly responsive (Figure S5).
420  Inflammatory mediators such as Cxcl10 or Tnfsf10 showed a more uniform pattern compared to
421  ISGs (Figure 2E; S6A). Since macrophage subtypes showed markedly different gene expression
422  patterns in the sSCPD9+sCPD9 compared to the mRNA+mRNA and unvaccinated animals, we
423 looked for the distribution of viral RNA within lungs (Figure 2F; S6B). In unvaccinated animals,
424 the virus was generally detectable in large parts of the lungs, nRNA+mRNA vaccination reduced
425  the occurrence to single patches, while in sCPD9+sCPD9 animals viral RNA was barely detectable
426 by in-situ hybridization (Figure S6B). Notably, for the mRNA+mRNA regime, most detectable
427  viral RNA appeared in macrophages (Figure 2F). Since virus uptake in macrophages causes their
428  transcriptional activation (32), this can explain more abundant expression of pro-inflammatory
429  genes in macrophages of mMRNA+mRNA animals compared to those of sSCPD9+sCPD9 vaccinated
430  animals. Consistently, all effects were most pronounced after double sCPD9 vaccination, which
431  could indicate that this strategy is also very successful in reducing the strong inflammatory
432  responses that are responsible for both acute and long-term damage caused by SARS-CoV-2
433 infection.

434

435  Humoral immunity against SARS-CoV-2 is most potent when the LAV is included in the

436  vaccination regimen

437  To determine the potency of humoral responses, we quantified the ability of hamster sera collected

438  Dbefore challenge (day 0) and on days 2 and 5 after challenge to neutralize the ancestral SARS-
439  CoV-2 variant B.1. Following a single vaccination, the serum-neutralization capacity of sCPD9
440  vaccinees significantly exceeded all other groups at all time points (Figure 3A). Similarly, sera
441  obtained from the sSCPD9-vaccinated group provided superior neutralization of variants of concern
442  B.1.351 (Beta), B.1.617.2 (Delta) and B.1.1.529 (Omicron, BA.1), especially at early time points
443  when antibody titers are less influenced by challenge infection (Figure 3B, 3C). Particularly for

444  Omicron BA.1, the neutralization capacity was considerably reduced in all groups (Figure 3D).
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445  Furthermore, sera from Ad2 spike-vaccinated hamsters had only weak neutralizing activity and
446  sera from mRNA-vaccinated hamsters failed to neutralize SARS-CoV-2 prior to challenge
447  infection (Figure 3D). This observation is consistent with studies showing that adenovirus vector
448  vaccines can elicit stronger antibody responses than mRNA vaccines after a single dose
449  administration (33-35). Generally, challenge infection resulted in an increase of neutralizing
450  antibodies over time in all groups of hamsters (Figure 3A — D). However, regardless of the
451  challenge effect, sSCPD9 vaccinee sera neutralized all SARS-CoV-2 variants more efficiently at all
452  time points after infection when compared to sera of otherwise vaccinated animals and
453  significantly more efficiently than sera of unvaccinated hamsters (Figure 3A — D).

454 Hamsters that were boosted with sCPD9 or the mRNA vaccine produced measurably more
455  neutralizing antibodies than those receiving prime-only vaccination. Contrarily, a boost
456  vaccination with Ad2-spike was less efficient in enhancing antibody titers (Figure 3E — H).
457  Overall, the booster vaccination increased serum neutralization capacity across different variants,
458  with the strongest humoral response detected in animals that had received sCPD9 as booster
459  (Figure 3E — H). Clearly, among the tested variants, Omicron BA.1 displayed the greatest ability
460  to escape neutralization. It is however important to note that, contrary to the other vaccination
461  regimens, prime-boost vaccination with sCPD9 provided hamsters with a significant ability to
462  neutralize this SARS-CoV-2 variant (Figure 3H).

463 For a more detailed understanding of the differences between vaccination strategies, we
464  evaluated cellular immune responses in blood of prime-boost vaccinated animals by scRNA-seq
465  analysis. Unsupervised clustering followed by manual cell type annotation identified the expected
466  major blood cell populations (Figure S7A). Manual blood cell counting identified significantly
467  higher cell densities in sSCPD9- and Ad2-vaccinated prime-boost groups relative to the controls,
468  whilst heterologous mRNA-sCPD9 prime-boosted hamsters displayed a higher trend (Figure 31).
469  Combining these counts with the relative cell type composition obtained through scRNA-seq, we
470  determined absolute cell numbers per mL of blood. Both relative and absolute cell numbers
471  revealed substantial differences between vaccination strategies (Figure 3J; S7B — D). Frequencies
472  of mature and immature neutrophils (imPMN), which are increased particularly in severe COVID-
473 19 (36), but also in SARS-CoV-2-infected Syrian hamsters (32), were lowest for sSCPD9+sCPD9-
474  vaccinated animals (Figure 3J). Notably, neutrophil frequencies were also significantly lower for

475  mRNA-sCPD9 and Ad2 vaccinated animals compared to unvaccinated hamsters. In contrast, the
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476  effectors of adaptive immunity, B, T and plasma cells, followed the opposite trend and displayed
477  highest abundancies following the double sSCPD9 regime (Figure 3J; S7B). Concordant with our
478  observations in the lungs, genes related to infection and inflammation were broadly downregulated
479  inmyeloid cells of vaccinated animals relative to unvaccinated controls, particularly in neutrophils
480  and monocytes (Figure 3K; S8).

481 To investigate activation of vaccine-induced immune memory, we first examined the single-
482  cell transcriptome of circulating B cells, with a focus on B and plasma cells derived from the blood
483  of prime-boost vaccinated hamsters; the subclustering of which displayed 8 populations (Figure
484  S9A). Based on known marker genes (37, 38), we first determined that cluster 8 represents
485  plasmablasts/plasma cells, due to the presence of, for example, Prdm1 (which encodes Blimp-1)
486  or Irf4. Based on intermediate Prdm1 levels, and the presence of Tnfrsf17 and Tnfrsf13b, cluster
487 3 was considered to be enriched for pre-plasmablasts (pre-PB). With higher levels of Pax5, Cd19,
488  (Cd27, Bach2 or Aicda, and lower levels of Prdml, Xbpl or Spib, we identified cluster 6 to
489  primarily represent a population that transits from memory B cells towards pre-plasmablasts
490  (mem->pre-PB) (Figure S9B). Since activation of pre-plasmablasts is prerequisite to potent
491 memory recall responses, we investigated gene expression patterns in vaccinated versus
492  unvaccinated animals in pre-PB (cluster 3) and mem->pre-PB (cluster 6) cells. Probing a set of
493  genes involved in B cell regulation, we found upregulation of Irf4, Pax5 and Tnfrsf13b/c in pre-
494  PB (cluster 3), while in mem->pre-PB (cluster 6) cells Bach2, Irf4, Pax5 and Tnfrsf13b/c were
495  upregulated while Aicda, Batf and Cd27 were downregulated (Figure 3L; S9C). Although these
496  differences do not necessarily directly reflect the process of B cell activation towards plasmablasts
497  (e.g., Pax5 is downregulated in plasmablasts, but upregulated here), they could be interpreted as
498 an early “memory recall gene expression signature” visible in the scRNA-seq data at 2 dpc.
499  Notably, expression of this signature in blood B cells was strongest in hamsters that had received
500 homologous or heterologous prime-post vaccination with sCPD9, which likewise generated
501  highest antibody titers (Figure 3E — H). In line with these findings, the numbers and frequencies
502  amongst blood cells of pre-PB (cluster 3) and mem->pre-PB (cluster 6) cells were significantly
503  higher in sSCPD9+sCPD9 vaccinated hamsters (Figure 3M).

504
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505 LAYV enhances T cell proliferation in response to challenge with SARS-CoV-2
506  To investigate the occurrence of T cell memory recall responses, we proceeded with subclustering

507 T and NK cells. To this end, we assayed CD4+, CD8+, and proliferating T cells in blood (Figure
508  4A,B;S10,S11). As expected, CD4+ and CD8+ T cells recapitulate the pattern generally observed

509  for T cells (Figure 4A, 3J). Analyses of gene expression indicative of proliferation (Mki67, Top2a),
510 naive or central memory status (Sell, Ccr7, Lefl, I17r) and activation of T cells (Cd69, Cd44,
511  Klrgl, Tnfsf9, Icos, Cd40lg) revealed that most T cells in the blood displayed either naive or
512 central memory phenotypes (cluster 0 — 4, Figure S10B — E). In blood taken at 2 dpc, type 1-
513  immunity effector genes (Tbx21, Gzma, Gzmb, Faslg, Ifn) were only expressed by NK cells
514 (cluster 5, Figure S11). The proliferating T cell population consisted of activated T cells expressing
515  memory markers, such as I17r (cluster 6, Figure S11). Of note, the concentration and frequencies
516  of proliferating T cells, albeit generally small, were significantly increased after heterologous
517  vaccination, when compared to unvaccinated hamsters (Figure 4B). Analysis of gene expression
518 in cluster 6 revealed that the fraction of cells expressing proliferation markers as well as the
519  expression level of proliferation associated genes was higher when animals were vaccinated, and
520  highest when sCPD9 was included in the vaccination regimen (Figure 4C).

521 Next, we examined whether different prime-boost vaccination strategies differed in the ability
522 to re-activate tissue-resident memory T cells (Trm) in lungs of Syrian hamsters (39, 40). To
523  characterize pulmonary T cell subsets, we subclustered the initial T and NK cell clusters into 10
524 subclusters (Figure S12A). In analogy to the blood T cell readouts, we identified clusters 3, 7 and
525 9 as NK cells based on gene expression (Nkg7-true, Cd3-false), cluster 4 as CD8+ T cells (Cd3e,
526  Cd8a), clusters 0, 1, 2, 6 as CD4+ T cells (Cd3e, Cd4) and clusters 8 and 5 as proliferating T cells
527  (Cd3e, Mki67, Top2a) (Figure S12B, C). In line with NK cell gene expression pattern in the blood,
528  NK cells located in the lungs likewise presented the most pronounced type 1-immunity effector
529  gene expression (Tbx21, Faslg, Gzma, Gzmb) as well as Klrgl (Figure S12D, E). Cluster 2 was
530  dominated by CD4+ T cells and displayed a mixed phenotype of effector, activation and memory
531  gene markers (Figure S12B — E, S13A, B). At 2 dpc of prime-boost vaccinated hamsters, most
532 identified CD8+ T cells (cluster 4) were primarily of naive or central memory type, whereas few
533  CD8+ T cells scattered into the CD4+ T cell dominated clusters 5 and 8 of proliferating T cells.
534  CDA4+ T cells in clusters 0 and 1 were reminiscent of naive or central memory type (Sell, Cer7,

535  Lefl, ll7r, Tcef7, Slprl) (Figure S13A). In cluster 6, we did not find genes associated with naive
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536  or central memory-associated signatures (Figure S13A) but combined and strong expression of T
537  cell-homing and tissue retention genes (Cxcr6, Rgsl, Prdml (Blimp-1), Znf683 (Hobit), Itgal
538 (CD49a) and Itgae (CD103)), a signature indicative of Trm status (Figure S13B, C, S14). At 2 dpc,
539  Trm (cluster 6), activated (cluster 2) and proliferating (cluster 5 and 8) T cell populations were
540  small and represented less than 2 % of all lung cells in each case (Figure 4D — E). Trm (cluster 6)
541  and activated T cells (cluster 2) trended towards higher frequencies and numbers in the lungs of
542  sCPD9-vaccinated hamsters (Figure 4D, E). Gene expression analysis of Trm (cluster 6) showed
543  that the gene expression level and cell fraction expressing Cxcr6, a prominent tissue homing
544  receptor, was highest in sSCPD9-vaccinated groups while lymph node retention receptor S1prl was
545  least detected here (Figure S15A). Across activated T cells (cluster 2), gene expression of
546  activation and effector genes was more uniform between groups and, thus, likely independent of
547  prior vaccination (Figure S15A). Notably, like in blood, at 2 dpc numbers and frequencies of
548  proliferating T cells were significantly higher in vaccinated groups and highest when animals had
549  received sCPD9 as part of their vaccination regimen (Figure 4F). However, contrary to
550  proliferating T cells in the blood, their lung counterparts expressed higher levels of effector genes
551  such as Ifng and Gzma (Figure 4G). Moreover, when we scored the seurat clusters for a published
552 human Trm gene set (4/), we observed a subset of cells in cluster 5 (proliferating T cells) with a
553 high Trm signature score (Figure 4H). At 2 dpc the Trm signature score in proliferating T cells
554 (cluster 5) was remarkably higher when sCPD9 was part of the vaccination strategy (Figure 41, J).
555  In cluster 8 (proliferating T cells), overall cell numbers were too low to generate interpretable
556  scores, and no cells from unvaccinated animals were identified (Figure S15B). To evaluate the
557  extent to which the clusters are connected, we used a partition-based graph abstraction (PAGA)
558  approach (42), which indicates particularly strong cellular connectivity between clusters 2, 8 and
559 5 and clusters 2 and 6 as well as a possible connection between cluster 6 and 8 (Figure 4K).
560  Ordering cells according to global expression similarity by diffusion pseudotime (43) and plotting
561  this rank against the Trm signature further corroborates a path between clusters 2/6 and clusters 8
562 and 5, which are accompanied by variable Trm-like gene expression (Figure 4L; S15C, D).
563  Overall, these findings suggest that a subset of proliferating T cells is Trm recall-derived and
564  activated in response to SARS-CoV-2 challenge infection in sCPD9-boosted hamsters.

565
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566 LAV induces superior mucosal immunity against SARS-CoV-2
567 In addition to potent T cell memory and humoral immunity, induction of protective mucosal

568  immunity is a distinguishing property of LAVs that are administered locally at the natural site of
569  virus replication (44). However, in case of SARS-CoV-2, induction of limited mucosal antibody
570  responses following mRNA vaccination is reported (45, 46). To assess induction of protective
571  mucosal immune responses in the upper respiratory tract of hamsters that received different
572 vaccine regimens, we measured SARS-CoV-2 spike-specific IgA levels after prime-only
573  vaccinations. We found that sCPD9 vaccinated animals harbored considerably larger quantities of
574  IgA in nasal washes prior challenge and at all tested time points post challenge (Figure 5A).
575  Notably, challenge infection further boosted levels of SARS-CoV-2 spike-specific IgA antibodies
576  in sCPD9-vaccinated animals and induced detectable quantities in mRNA- and Ad2-vaccinated
577  animals, albeit with clear differences in favour of sCPD9 vaccinees at all time points. To confirm
578  the protective effect of these antibodies, we performed microneutralization assays against
579  authentic SARS-CoV-2 (variant B.l1) with nasal washes obtained from the prime-boost
580  experiment. Overall, the results obtained here recapitulated the IgA measurements. sCPD9-
581  vaccinated animals exhibited markedly higher neutralization capacities at both 2 and 5 dpc (Figure
582  5B). Accordingly, we were able to identify IgA-positive lymphocytes in the nasal mucosa of
583  vaccinated animals (Figure 5C). Protection at the mucosal level was also confirmed by
584  histopathology of the nasal mucosa and SARS-CoV-2 localization by immunohistochemistry
585  (Figure 5D, E). Histopathological scoring of nasal mucosa indicated that sCPD9-vaccinated
586  animals displayed lesser affected tissue areas, lower damage levels and diminished immune cells
587  recruitment (Figure 5D, E; S16A). Overall representing better protection from infection of the
588  nasal mucosa with SARS-CoV-2. To further evaluate putative beneficial vaccination and mucosal
589  immunity effects on the nasal cellular compartment, we resorted to scRNA-seq of nasal tissue
590  cells. First, we annotated cell types in the nasal mucosa from the prime-only experiment based on
591  previously published marker genes (Figure S16B, (47)). Differential gene expression analysis per
592 cell type showed that particularly in nasal neuronal cells, interferon-stimulated genes such as
593  Isgl5, Oasl2 or Rsad2 were less expressed in vaccinated animals and particularly in sCPD9
594  vaccinees (Figure 5F; S17). This could be of particular importance for the efficiency of the vaccine,
595  since bystander responses of neuronal cells in the olfactory epithelium are connected to loss smell

596  upon SARS-CoV-2 infection (48). Taken together, we provide evidence that sSCPD9, the live-
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597  attenuated vaccine employed here, provides superior protection against SARS-CoV-2 in both the
598  lower and upper airways, making it a promising candidate for further investigation in clinical trials.

599
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600  Discussion
601  The ongoing spread of SARS-CoV-2 variants is not efficiently controlled by current vaccination

602  strategies. Although current vaccines, specifically mRNA vaccines, are highly effective in
603  preventing severe and fatal disease, infection with newly emerging variants is not prevented and
604  typically leads to symptomatic breakthrough infection with considerable virus loads even in triple-
605  vaccinated individuals (49). To better control virus transmission and limit symptomatic infection,
606  mucosal immunity at the site of virus entry is thought to be of paramount importance (50-53).

607 For the first time, our study presents a pre-clinical cross-platform vaccine comparison that
608 includes a live attenuated vaccine. We find that specifically this live attenuated vaccine elicits
609  superior protection from SARS-CoV-2 infection especially at mucosal sites of virus entry. This
610 stands in agreement with previous preclinical COVID-19 vaccine studies using intranasal
611  administration of LAV, protein-based or virus-vectored spike vaccines showing high efficacy in
612  animal models (29) and induction of mucosal immunity (54-60). Our observations on improved
613  immunity induced by heterologous immunization with an intramuscular mRNA vaccine followed
614 by an intranasal sCPD9 boost are in line with recent studies that combine systemic priming
615 followed by an intranasal boost with adenovirus vector vaccines (67, 62). Importantly, virus-
616  neutralizing anti-SARS-CoV-2 IgA at the nasal mucosa of vaccinated animals were found in
617  considerably higher quantities in animals that had received the live attenuated vaccine candidate
618  sCPDO9. The great importance of local and broad antigenic IgA responses in acute viral infection
619  and vaccination is known from previous work on other respiratory pathogens such as influenza A.
620  Mucosal IgA exerts various functions in the local immune response, such as preventing release
621  from mucins, blocking viral entry, preventing intracellular fusion of virus and endosomal
622  membranes as well as inhibiting release of viruses from host cells (63). In line with this, overall
623  protection from virus replication, tissue damage and lung inflammation were significantly better
624  in sCPD9-vaccinated animals compared to all other groups. It is likely that these observations are
625  aresult of important hallmark features of live attenuated vaccines that include administration via
626  the natural route of infection, presentation of the full antigenetic repertoire of the virus, and
627  replication mimicking the target pathogen. Moreover, our scRNA-seq analysis of samples from
628  blood, lungs and nasal mucosa of vaccinated and SARS-CoV-2 challenge-infected hamsters
629 allowed us to gain further insights into the immunological consequences of different vaccine

630  concepts. Across all important parameters, effects were strongest for sSCPD9 vaccination in a
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631  prime-only setting. Similarly, in a prime-boost setting, double SCPD9 vaccination was superior to
632 mRNA-sCPD9 vaccination, followed by double mRNA vaccination and double adenovirus
633  vaccination. On the one hand, sCPD9-vaccinated animals showed substantially reduced induction
634  of pro-inflammatory gene expression programs, which are a main cause for pathogenesis of
635 COVID-19 (64). This was specifically true for cells of the innate immune system such as
636  monocytes and macrophages, which typically display strong pro-inflammatory transcriptional
637  responses upon SARS-CoV-2 uptake (32). If translatable to humans, this could mean a much
638  higher chance for a mild or asymptomatic course of disease even in the case of infection with
639  heterologous SARS-CoV-2 variants. Further, we provide evidence for reduced transcriptional
640  activation of neuronal cells in the nasal mucosa. A recently published study on the infection of the
641  olfactory epithelium in hamsters and humans showed that olfactory neurons do not get infected,
642  but their reaction to infection of the neighbouring sustentacular cells would be connected to the
643  well-described loss of smell upon SARS-CoV-2 infection (48).

644 Additionally, we detected several gene expression signatures that can be connected to
645 activation of adaptive immune memory. We recorded enhanced development towards pre-
646  plasmablasts derived from memory B cells and enhanced T cell proliferation in the blood of
647  challenged animals by scRNA-seq. This points towards rapid activation of memory cells (63, 66).
648  Furthermore, analysis of local pulmonary immune responses by sc-RNA-seq allowed us to detect
649  significantly increased numbers of proliferating T cells in lungs of hamsters that received sCPD9
650  as part of their vaccination regimen. A subset of those proliferating T cells shared a Trm-specific
651  signature and showed connectivity to the identified Trm cluster. One possible explanation for the
652  observation is that SARS-CoV-2-specific tissue-resident memory T cell seeding improves
653  following sCPD9 vaccination and enables faster local recall responses, characterized by enhanced
654  proliferating T cells in corresponding vaccine groups. However, in hamsters, antigen-specificity
655  analysis of T cell receptors (TCRs) is currently not feasible and therefore ultimate proof is elusive
656  at present. Nonetheless, LAV mimic natural infection, which is known to induce SARS-CoV-2
657  specific CD4" Thl cells secreting IFNy, an antiviral effector cytokine (67). We detected IFNy to
658  be upregulated in proliferating pulmonary T cells, indicating SARS-CoV-2 challenge triggered
659  development towards a Tul effector cell type. While mucosal IgA induction remains most
660  important in limiting infection and thus transmission, airway memory CD4" T cells have been

661  shown to significantly contribute to protection against other coronaviruses (40) and carry the
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662  potential to enhance the antigenic repertoire of any given mucosal vaccine against SARS-CoV-2.
663  Similarly, earlier studies utilizing ovalbumin antigens and a combination of different vaccination
664  routes indicated that not just IgA, but also general Tul-mediated immunity is enhanced upon
665  mucosal delivery (68).

666 Our single-cell RNA-sequencing analysis has several limitations. This technique, as
667 employed here, cannot fully capture processes such as reactivation of memory cells due to lack of
668  surface markers and cell type-specific enrichment. Due to incomplete annotation of the Syrian
669  hamster genome, we were not able to identify IgA-positive cells. Data quality of nasal mucosa
670  cells was comparatively low due to the difficult dissociation of the tissue, which limits our
671  observations at the site of initial infection.

672 An important and frequently discussed issue with live attenuated vaccines is their potential
673  susceptibility to previously established immunity (69), which would restrict vaccine virus
674  replication and potentially limit their use as booster vaccines after initial immunization by
675  vaccination or natural infection. Our results indicate however, that sSCPD9 does effectively boost
676  immune responses and greatly improves protection when applied three weeks after initial mRNA
677  vaccination. Importantly, sCPD9 enhances humoral immune responses, especially against known
678  immune escape variants such as Beta and Omicron BA.1, while also improving the virological
679  outcome of a heterologous challenge infection when applied as a booster three weeks after initial
680  vaccination. This indicates a wide scope for the use of live attenuated vaccines in populations that
681  exhibit an already high degree of baseline immunity induced by previous vaccination or infection;
682  a situation clearly present in many parts of the world. Interestingly, in contrast to the single
683  vaccinations, neutralization titers did not increase after challenge following dual vaccination with
684  sCPDO. This result may indicate that challenge virus replication shortly after sCPD9 boost is
685  suppressed to an extent that prevents further B-cell activation.

686 While our data shows superiority, and therefore promise for further development and
687  refinement, of live attenuate vaccines, there is a caveat for extrapolating the results of preclinical
688  animal trials to the situation in humans. Clearly, clinical studies regarding safety and efficacy of
689 live attenuated vaccines are mandated to realistically assess the potential of these vaccines to
690 combat the yet ongoing pandemic. Our work presented here can also guide some aspects in the
691  evaluation of such clinical trials. Due to its high safety profile, sSCPD9 was recently downgraded

692  from biosafety level (BSL) 3 to BSL 2 by the relevant German state authority (Landesamt fiir
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693  Gesundheit und Soziales Berlin). This is an important step towards clinical application of a SARS-
694  CoV-2 LAV as it will facilitate production of a clinical grade vaccine and greatly ease clinical
695  trials in humans.

696

26


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

697 References

698

699 1. W. H. Organization, COVID-19 vaccines WHO EUL issued. (2022).

700 2. W. H. Organization. (2022).

701 3. U. H. S. Agency. (2022).

702 4. C. Kurhade et al., Neutralization of Omicron BA.1, BA.2, and BA.3 SARS-CoV-2 by 3
703 doses of BNT162b2 vaccine. bioRxiv, 2022.2003.2024.485633 (2022).

704 5. H. M. Ritchie, E.; Rodés-Guirao, L.; Appel C.; Giattino C.; Ortiz-Ospina, E.; Hasell, J.;
705 Macdonald, B.; Beltekian, D.; Roser, M., Coronavirus Pandemic (COVID-19). Our World
706 in Data, (2020).

707 6. C. f. D. C. a. Prevention. (2021).

708 7. Y. J. Lin et al., Oil-in-water emulsion adjuvants for pediatric influenza vaccines: a
709 systematic review and meta-analysis. Nat Commun 11, 315 (2020).

710 8. G. Perego et al., Safety and Efficacy of Spray Intranasal Live Attenuated Influenza
711 Vaccine: Systematic Review and Meta-Analysis. Vaccines (Basel) 9, (2021).

712 9. N. A. C. o. Immunization, Recommendations on the use of live, attenuated influenza
713 vaccine (FluMist((R))): Supplemental Statement on Seasonal Influenza Vaccine for 2011-
714 2012 Can Commun Dis Rep 37, 1-77 (2011).

715 10.  A. O. Hassan et al., An intranasal vaccine durably protects against SARS-CoV-2 variants
716 in mice. Cell Rep 36, 109452 (2021).
717 11.  A. S. Lauring, J. O. Jones, R. Andino, Rationalizing the development of live attenuated

718 virus vaccines. Nat Biotechnol 28, 573-579 (2010).

719 12, K. Eschke, J. Trimpert, N. Osterrieder, D. Kunec, Attenuation of a very virulent Marek's
720 disease herpesvirus (MDV) by codon pair bias deoptimization. PLoS Pathog 14, e1006857
721 (2018).

722 13.  P. H. Khedkar, N. Osterrieder, D. Kunec, Codon pair bias deoptimization of the major
723 oncogene meq of a very virulent Marek's disease virus. J Gen Virol 99, 1705-1716 (2018).
724  14.  J.R. Coleman et al., Virus attenuation by genome-scale changes in codon pair bias. Science
725 320, 1784-1787 (2008).

726  15.  N. Groenke et al., Mechanism of Virus Attenuation by Codon Pair Deoptimization. Cell
727 Rep 31, 107586 (2020).
728 16. Y. Wang et al., Scalable live-attenuated SARS-CoV-2 vaccine candidate demonstrates

729 preclinical safety and efficacy. Proc Natl Acad Sci U S A 118, (2021).

730 17. V. Oberhardt et al., Rapid and stable mobilization of CD8(+) T cells by SARS-CoV-2
731 mRNA vaccine. Nature 597, 268-273 (2021).

732 18.  I.S. Turner et al., SARS-CoV-2 mRNA vaccines induce persistent human germinal centre
733 responses. Nature 596, 109-113 (2021).

734 19. D. Laczko et al., A Single Immunization with Nucleoside-Modified mRNA Vaccines
735 Elicits Strong Cellular and Humoral Immune Responses against SARS-CoV-2 in Mice.
736 Immunity 53, 724-732 €727 (2020).

737  20.  G.R. Nahass et al., Intramuscular SARS-CoV-2 vaccines elicit varying degrees of plasma
738 and salivary antibody responses as compared to natural infection. medRxiv,
739 2021.2008.2022.21262168 (2021).

740  21. C. Ren et al., Respiratory Mucosal Immunity: Kinetics of Secretory Immunoglobulin A in
741 Sputum and Throat Swabs From COVID-19 Patients and Vaccine Recipients. Front
742 Microbiol 13, 782421 (2022).

27


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

743  22.  S. Sheikh-Mohamed ef al., Systemic and mucosal IgA responses are variably induced in

744 response to SARS-CoV-2 mRNA vaccination and are associated with protection against
745 subsequent infection. Mucosal Immunol, (2022).

746  23. M. Z. M. Zheng, L. M. Wakim, Tissue resident memory T cells in the respiratory tract.
747 Mucosal Immunol 15, 379-388 (2022).

748 24.  P. Brandtzaeg, Secretory immunity with special reference to the oral cavity. J Oral
749 Microbiol 5, (2013).

750  25. L. K. Beura et al., CD4(+) resident memory T cells dominate immunosurveillance and
751 orchestrate local recall responses. J Exp Med 216, 1214-1229 (2019).

752 26. D. Focosi, F. Maggi, A. Casadevall, Mucosal Vaccines, Sterilizing Immunity, and the
753 Future of SARS-CoV-2 Virulence. Viruses 14, (2022).

754  27. F. Su, G. B. Patel, S. Hu, W. Chen, Induction of mucosal immunity through systemic
755 immunization: Phantom or reality? Hum Vaccin Immunother 12, 1070-1079 (2016).

756  28.  J. Trimpert et al., Deciphering the Role of Humoral and Cellular Immune Responses in
757 Different COVID-19 Vaccines-A Comparison of Vaccine Candidate Genes in Roborovski
758 Dwarf Hamsters. Viruses 13, (2021).

759  29.  J. Trimpert et al., Live attenuated virus vaccine protects against SARS-CoV-2 variants of
760 concern B.1.1.7 (Alpha) and B.1.351 (Beta). Sci Adv 7, eabk0172 (2021).

761  30.  J. Trimpert ef al., Development of safe and highly protective live-attenuated SARS-CoV-
762 2 vaccine candidates by genome recoding. Cell Rep 36, 109493 (2021).

763  31.  C. Johansson, F. C. M. Kirsebom, Neutrophils in respiratory viral infections. Mucosal
764 Immunol 14, 815-827 (2021).

765 32.  G. Nouailles et al., Temporal omics analysis in Syrian hamsters unravel cellular effector
766 responses to moderate COVID-19. Nat Commun 12, 4869 (2021).

767 33. J. Lopez Bernal et al., Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca
768 vaccines on covid-19 related symptoms, hospital admissions, and mortality in older adults
769 in England: test negative case-control study. BMJ 373, n1088 (2021).

770  34.  F. P. Polack et al., Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N
771 Engl J Med 383, 2603-2615 (2020).

772 35.  A. H. Rossi et al., Sputnik V vaccine elicits seroconversion and neutralizing capacity to
773 SARS-CoV-2 after a single dose. Cell Rep Med 2, 100359 (2021).

774  36.  G. Carissimo et al., Whole blood immunophenotyping uncovers immature neutrophil-to-
775 VD2 T-cell ratio as an early marker for severe COVID-19. Nat Commun 11, 5243 (2020).
776 37.  A. Kassambara et al., RNA-sequencing data-driven dissection of human plasma cell
777 differentiation reveals new potential transcription regulators. Leukemia 35, 1451-1462
778 (2021).

779  38.  D. Morgan, V. Tergaonkar, Unraveling B cell trajectories at single cell resolution. Trends
780 Immunol 43, 210-229 (2022).

781  39.  D. H. Paik, D. L. Farber, Anti-viral protective capacity of tissue resident memory T cells.
782 Curr Opin Virol 46, 20-26 (2021).

783 40. J. Zhao et al., Airway Memory CD4(+) T Cells Mediate Protective Immunity against

784 Emerging Respiratory Coronaviruses. Immunity 44, 1379-1391 (2016).

785 41.  B. V. Kumar et al., Human Tissue-Resident Memory T Cells Are Defined by Core
786 Transcriptional and Functional Signatures in Lymphoid and Mucosal Sites. Cell Rep 20,
787 2921-2934 (2017).

28


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

788 42.  F. A. Wolf et al., PAGA: graph abstraction reconciles clustering with trajectory inference

789 through a topology preserving map of single cells. Genome Biol 20, 59 (2019).

790 43, L. Haghverdi, M. Buttner, F. A. Wolf, F. Buettner, F. J. Theis, Diffusion pseudotime
791 robustly reconstructs lineage branching. Nat Methods 13, 845-848 (2016).

792  44.  N. Lycke, Recent progress in mucosal vaccine development: potential and limitations. Nat
793 Rev Immunol 12, 592-605 (2012).

794  45. L. Azzi et al., Mucosal immune response in BNT162b2 COVID-19 vaccine recipients.
795 EBioMedicine 75, 103788 (2022).
796  46. T. J. Ketas et al., Antibody Responses to SARS-CoV-2 mRNA Vaccines Are Detectable

797 in Saliva. Pathog Immun 6, 116-134 (2021).

798 47. M. A. Durante et al., Single-cell analysis of olfactory neurogenesis and differentiation in
799 adult humans. Nat Neurosci 23, 323-326 (2020).

800 48. M. Zazhytska et al., Non-cell-autonomous disruption of nuclear architecture as a potential
801 cause of COVID-19-induced anosmia. Cel/ 185, 1052-1064 ¢1012 (2022).

802 49. U. Marking et al., High rate of BA.1, BA.1.1 and BA.2 infection in triple vaccinated.
803 medRxiv, 2022.2004.2002.22273333 (2022).

804  50. T. Mao et al., Unadjuvanted intranasal spike vaccine booster elicits robust protective
805 mucosal immunity against sarbecoviruses. bioRxiv, 2022.2001.2024.477597 (2022).

806  51. R. Mudgal, S. Nehul, S. Tomar, Prospects for mucosal vaccine: shutting the door on SARS-
807 CoV-2. Hum Vaccin Immunother 16, 2921-2931 (2020).

808 52. M. W. Russell, Z. Moldoveanu, P. L. Ogra, J. Mestecky, Mucosal Immunity in COVID-
809 19: A Neglected but Critical Aspect of SARS-CoV-2 Infection. Front Immunol 11, 611337
810 (2020).

811  53. R. C. Mettelman, E. K. Allen, P. G. Thomas, Mucosal immune responses to infection and
812 vaccination in the respiratory tract. Immunity 55, 749-780 (2022).

813 54.  S. Afkhami et al., Respiratory mucosal delivery of next-generation COVID-19 vaccine
814 provides robust protection against both ancestral and variant strains of SARS-CoV-2. Cell
815 185, 896-915 €819 (2022).

816  55. T. L. Bricker ef al., A single intranasal or intramuscular immunization with chimpanzee
817 adenovirus-vectored SARS-CoV-2 vaccine protects against pneumonia in hamsters. Cell
818 Rep 36, 109400 (2021).

819 56.  R. J. Fischer et al., ChAdOxl nCoV-19 (AZD1222) protects Syrian hamsters against
820 SARS-CoV-2 B.1.351 and B.1.1.7. bioRxiv, (2021).

821 57.  A. O. Hassan ef al., A single intranasal dose of chimpanzee adenovirus-vectored vaccine
822 protects against SARS-CoV-2 infection in rhesus macaques. Cell Rep Med 2, 100230
823 (2021).

824 58.  A. O. Hassan ef al., A Single-Dose Intranasal ChAd Vaccine Protects Upper and Lower
825 Respiratory Tracts against SARS-CoV-2. Cell 183, 169-184 e113 (2020).

826  59. S. N. Langel et al, Adenovirus type 5 SARS-CoV-2 vaccines delivered orally or
827 intranasally reduced disease severity and transmission in a hamster model. Sci Transl Med,
828 eabn6868 (2022).

829  60. N. van Doremalen et al., Intranasal ChAdOx1 nCoV-19/AZD1222 vaccination reduces
830 viral shedding after SARS-CoV-2 D614G challenge in preclinical models. Sci Trans! Med
831 13, (2021).

832 61. D. Lapuente ef al., Protective mucosal immunity against SARS-CoV-2 after heterologous
833 systemic prime-mucosal boost immunization. Nat Commun 12, 6871 (2021).

29


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

834 62.  B. Vesin ef al., An intranasal lentiviral booster reinforces the waning mRNA vaccine-
835 induced SARS-CoV-2 immunity that it targets to lung mucosa. Mol Ther, (2022).

836 63.  F. Krammer, The human antibody response to influenza A virus infection and vaccination.
837 Nat Rev Immunol 19, 383-397 (2019).

838 64. M. M. Lamers, B. L. Haagmans, SARS-CoV-2 pathogenesis. Nat Rev Microbiol 20, 270-
839 284 (2022).
840  65. G. Lauvau, S. M. Soudja, Mechanisms of Memory T Cell Activation and Effective

841 Immunity. Adv Exp Med Biol 850, 73-80 (2015).
842 66. M. K.MacLeod, J. W. Kappler, P. Marrack, Memory CD4 T cells: generation, reactivation
843 and re-assignment. /mmunology 130, 10-15 (2010).

844  67.  J. Braun et al., SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-
845 19. Nature 587, 270-274 (2020).

846  68. F. Fiorino, E. Pettini, G. Pozzi, D. Medaglini, A. Ciabattini, Prime-boost strategies in
847 mucosal immunization affect local IgA production and the type of th response. Front
848 Immunol 4, 128 (2013).

849  69. D. Z. L. Mok, K. R. Chan, The Effects of Pre-Existing Antibodies on Live-Attenuated Viral
850 Vaccines. Viruses 12, (2020).

851 70.  N. Osterrieder et al., Age-Dependent Progression of SARS-CoV-2 Infection in Syrian

852 Hamsters. Viruses 12, (2020).

853  71. L. D. Bertzbach et al., SARS-CoV-2 infection of Chinese hamsters (Cricetulus griseus)
854 reproduces COVID-19 pneumonia in a well-established small animal model. Transbound
855 Emerg Dis 68, 1075-1079 (2021).

856 72.  S.E.Merz, R. Klopfleisch, A. Breithaupt, A. D. Gruber, Aging and Senescence in Canine
857 Testes. Vet Pathol 56, 715-724 (2019).

858 73. V.M. Corman et al., Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-
859 PCR. Euro Surveill 25, (2020).

860  74. G. Pertea, M. Pertea, GFF Utilities: GffRead and GffCompare. F1000Res 9, (2020).

861  75. S. Andreotti et al., &lt;em&gt;De Novo&lt;/em&gt; Whole Genome Assembly of the
862 Roborovski Dwarf Hamster (&lt;em&gt;Phodopus roborovskii&lt;/emé&gt;) Genome, an
863 Animal Model for Severe/Critical COVID-19. bioRxiv, 2021.2010.2002.462569 (2021).
864 76. Y. Hao et al., Integrated analysis of multimodal single-cell data. Cel/ 184, 3573-3587
865 €3529 (2021).

866  77. T. Stuart et al., Comprehensive Integration of Single-Cell Data. Cell 177, 1888-1902 1821
867 (2019).

868 78.  E.S. Winkler et al., SARS-CoV-2 infection of human ACE2-transgenic mice causes severe
869 lung inflammation and impaired function. Nat Immunol 21, 1327-1335 (2020).

870

871  Acknowledgments
872 We thank V.M. Corman, Charité, for his help in study design and prolific discussions on

873  results and conclusions and S. Reiche, Friedrich-Loeffler-Institut, for providing anti-SARS-CoV-
874 2 nucleocapsid antibody. We thank C. Thone-Reineke for support in animal welfare and
875  husbandry. GN thanks E. Nouailles for support in childcare. We thank the European Virus
876  Archive, D. Bourquain from the Robert-Koch-Institut and C. Reusken from the National Institute

30


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 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.

877  for Public Health and the Environment for providing SARS-CoV-2 variants used in this study.
878  VeroE6-TMPRSS cells were provided by the NIBSC Research Reagent Repository, UK. With
879  thanks to Dr. Makoto Takeda. Figure 1A was created with BioRender.com.

880

881  Funding:
882 This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research

883  Foundation grant OS 143/16-1 awarded to N.O. and SFB TR&84; sub-project Z01b to J.T. and
884  A.D.G. This publication was supported by the European Virus Archive GLOBAL (EVA-
885  GLOBAL) project that has received funding from the European Union's Horizon 2020 research
886  and innovation programme under grant agreement No 871029. G.N. and M.W. are supported by
887  the BMBF and by the Agence Nationale de la Recherche (ANR) in the framework of MAPVAP
888  (16GW0247). A.D.G. is supported by BMBF (NUM-COVID 19, Organo-Strat 01KX2021) and
889  Einstein Foundation 3R (EZ-2020-597 FU). M.W. is supported by the Deutsche
890  Forschungsgemeinschaft (DFG, German Research Foundation)- (SFB 1449-431232613; sub-
891  project BO2 and SFB-TR84 C06 and C09), by the BMBF in the framework of e:Med CAPSyS
892  (01Z2X1604B), PROVID (01KI20160A), e:Med SYMPATH (01ZX1906A), NUM-NAPKON
893  (01KX2021), and by the BIH (CM-COVID). P.P. and C.G. are supported by Charité 3R.

894

895  Author contributions:

896 Conceptualization: DK and JT

897 Methodology: GN, JMA, PP, SP, GTA, MB, JB, AV, AL, FP, JK, CG, DN, HW, SDP,
898 EW, DK, JT

899 Investigation: GN, JMA, PP, SP, GTA, JB, AV, AL, SS, NX, CL, RMV, AA, SH, HW,
900 ADG, SDP, EW, DK, JT

901 Visualization: GN, JMA, PP, SP, GTA, JB, AV, AL, SDP, EW, DK, JT

902 Resources: GN, GC, ADG, CG, MW, DN, CD, JT

903 Funding acquisition: NO and JT

904 Project administration: JT

905 Supervision: GN, GC, CD, CG, ML, NB, MW, ADG, SDP, NO, EW, JT

906 Writing — original draft: GN, JMA, EW, DK, JT

907 Writing — review & editing: all

908

31


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.16.492138; this version posted May 16, 2022. The copyright holder for this preprint (which

909
910

911
912
913
914
915
916
917
918
919

920
921

922
923
924
925
926

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.

Competing interests:
Related to this work, Freie Universitit Berlin has filed a patent application for the use of

sCPD?9 as vaccine in humans. In this application, JT, NO and DK are named as inventors of sCPD9.
Freie Universitét Berlin is collaborating with RocketVax Inc. for further development of sCPD9
and receives funding for research. Independent of this work GN has received project funding from
Biotest AG. Independent of this work MW received funding for research from Bayer Health Care,
Biotest, Pantherna, Vaxxilon, and for lectures and advisory from Alexion, Aptarion, Astra Zeneca,
Bayer Health Care, Berlin Chemie, Biotest, Boehringer Ingelheim, Chiesi, Glaxo Smith Kline,
Insmed, Novartis, Teva and Vaxxilon.

The other authors declare that they have no competing interest.

Data and code availability:
Raw sequencing data is available on GEO

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE200596), along with bulk RNA-seq
read count tables, and h5 matrices and Seurat objects for the single-cell RNA-seq data. Code is

available through github at https://github.com/Berlin-Hamster-Single-Cell-Consortium/Live-

attenuated-vaccine-strategy-confers-superior-mucosal-and-systemic-immunity-to-SARS-CoV-2.

32


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

B

peer review) is tI\e aut_hor/fun r who ha granted bioRyjv a license to display the preprint in perpetuity. It is made
available un er aCC+ B NC ND 4.0 International license.
"
ﬁ d S )
~ A
W/ (o)) [
s ¥ i I
SARS-CoV-2 ) y
CovID-19 boost ; th S
vaccination vac(c)i(:wsa(eicr)n Deltgc\j/arlant a:clijs:r:agflilr?g c 1( E
pc 5
[ Y
d = 10—
weeks A?%éa Q pc s <
R & g
® 5CPD9 +5CPD9 1 1,
® mRNA +sCPD9 ] Ny Y]
# MRNA + mRNA ! (] (] 20 ‘ ‘ ‘ ‘ ‘
A A2 +Ad2
v mock +mock 1 2 3 4 5
dpc
i ) . J
= — =) o il
g 6 8 L 6 ]
e ~ ; 2 5 c 2
g ° 83 5 S S
2 4 g_g g 4 *g 2
[e ©
8 3 02 S 3 £ £
5 23 o 8 3
8 2 So g 2 E @
< I =) o
2 S E 5
0 0
F G H K L *kkk
Kkkk *kkk
*kkk
Hkkk dkkk *kkk
*kk Fkkk *kkk * *
*kk *kkk
7 *x 8 ol 7 4- — 44
= -~ = — S o *kk *
o 6 - g7 S 6 5] Fekkk
= N = 0‘ — 8 * *kkk
85 P w 536 L 25 e 3 *rkk o ¥ v
5 . R o2, 2 |- 8
- 4, =1 o))
P A 3= : - g o F 5 2
o 3 M o€ 4 23 £ . £
=3 oo A 22 - ‘iv g ] S i
ozc T A >g>377 2 2 2 517,7 . u>17?
g . ° v 2 L4 P -] )]
g’ ' o L A 5 !
0 T T 1 T T 0 ofﬂ—,—m—,—l* 0-.
2 5 2 5 2 5 2 5
dpc dpc dpc dpc
© sCPD9 ¢ mRNA A Ad2 v mock ® sCPD9 +sCPD9 @ mRNA +sCPD9 ¢ mRNA + mRNA A Ad2 +Ad2 v mock + mock
sCPD9 mRNA Ad2 mock sCPD9 mRNA mRNA Ad2 + Ad2 mock + mock
+sCPD9 +sCPD9 + mRNA
o
Q.
©
Yo}

FIG. 1. Clinical, virological and pathological parameters of SARS-CoV-2 infection in vaccinated and non-vacci-
nated hamsters.

(A) Experimental scheme showing setup and timelines for prime and prime-boost vaccinations. Syrian hamsters were
vaccinated as indicated and challenged with SARS-CoV-2 (1 x 10° pfu SARS-CoV-2 Delta). (B) Body weight develop-
ment in percent after virus challenge were measured until analysis time point and displayed according to vaccination
group. Violine plot (truncated) with quartiles and median. (C — E, | — J) Results of prime vaccinated and challenged
animals and (F — H, K- L) results of prime-boost vaccinated and challenged animals: Number of genomic RNA (gRNA)
copies detected in oropharyngeal swabs (C, F) and homogenized lung tissue (D, G). (E, H) Quantification of replicati-
on-competent virus as plaque-forming units (pfu) per 50 mg homogenized lung tissue is shown. Dotted line marks the
limit of detection (DL = 5 pfu). Titers below the detection limits were set to DL/2 = 2.5 pfu. (I, K) Lung inflammation was
scored including severity of pneumonia, alveolar epithelial necrosis and endothelialitis. (J, L) Lung edema score
accounting for perivascular and alveolar edema is displayed. (M) Haematoxylin-eosin-stained left lung sections illustrate
different severities of pneumonia including peribronchial cuffs and consolidated areas between different vaccine sched-
ules and non-vaccinated animals at 5 dpc. (C — H), Scatter dot blots, line indicates mean, symbols represent individual
hamsters. (I — L), Box, 25th to 75th percentile and whiskers, Min to Max, symbol represent individual hamsters. (C — L),
Two-way ANOVA and Tukey’s multiple comparisons test are shown. * p < 0.05, ** p < 0.01, ***p < 0.001, and ****p <
0.0001.
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FIG. 2. Pneumonia and pro-inflammatory transcriptional response is strongly reduced in vaccinated
animals.

(A) Haematoxylin-eosin-stained lung sections at 5 dpc from the prime-boost vaccination experiment identified
perivascular lymphocytes (1), perivascular edema (2), metaplastic epithelial remodeling (3), endothelialitis (4),
alveolar edema (5) as labeled by numbered arrows, groups as indicated. Scale bar = 90 um. (B) Two-dimensional
projections of single-cell transcriptomes using UMAP of lung cells (prime-boost experiment). Cells are colored by
cell types as annotated based on known marker genes. (C, D) Manual cell count of isolated lung cells per lung lobe
(ct cells), calculated numbers of indicated cell types (PMN, monocytic macrophages) based on scRNA-seq-deter-
mined cell frequencies for the prime-boost experiment (C) and prime experiment (D). Bar plots with mean + SEM,
symbols representing individual hamsters (n = 3 — 4), ordinary one-way ANOVA and Tukey's multiple comparisons
test. ** p < 0.01. (E) Dotplots showing fold changes of gene expression in indicated cell types of the four
prime-boost vaccination strategies compared to mock-mock vaccinated animals. Selected interferon-stimulated
genes and pro-inflammatory cytokines are visualized as following. Coloration and point size indicate log2-trans-
formed fold changes (FC) and p-values, respectively, in vaccinated compared to mock-mock vaccinated animals.
Adjusted (adj) p-values were calculated by DEseq2 using Benjamini—Hochberg corrections of two-sided Wald test
p-values. Genes are ordered by unsupervised clustering. (F) Localization of viral RNA by in situ-hybridization in a
longitudinal section of a bronchus at 2 dpc. Red signals: viral RNA, blue: hemalaun counterstain. Note varying
numbers of macrophages in lumen. Scale bar = 30 um.


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B1 neutralization B Beta neutralization C Delta neutralization D Omicron neutralization

*kk

. . Kk, . . . . . .
: rit doi https: rg/10. 22.05.16. ; this versien &d Ma . The copyr older rint (whic
4,096 it doi: https:/Adwsicerg/0.1101/2022.55.16.492888; thj ostéd May 1692022. Th ht holder for thifsT&print (which
%ggi net cejtified by pe@oréview)is the-atthor/funder, WiHé-has grahted bigRXxiv a licerisesto display the-preprint in perpetuigniiis made
" T o 1,024+ ..available undef'&2C-BY-NC-ND 4.0 nternatiogdalHcense. " ok
£ S 5124 ** = S 5124 ** = o]0 S 512 — A Ad2
% E] 5 256 o a 5 256 * o
S T 128+ o o T 128 - > o vV mock
5 g 5 o : - :
3 o 9] als @ 320 2
’ ? TS | QH s 6l % i
ol . 8,.@ .............. H
4 | | @;w 4| O en oo | ||o]|a|m
0 2 5 0 2 5
dpc dpc dpc
E . B1 neutralization F Beta neutralization G Delta neutralization H Omicron neutralization
*kkk
1** *kk *kkk o *kk "
*%
4,096 pxx * rx 4,096 —— 4,006  *xx N 4,006 _***
2,048 = o0 2,048+ 2,048+ N ** 2,048 s **
1,024 * * 1,024 * el 1,024 e o, e 1,024 .
5 512 ejm % o e YOV o 5124 oo 5 512 Ees * IS 5 512 *
S 256-| . 3 S 256 [ . 5 256-| . oo = S 256-|ee . o
S 128 .. . T 128 |e| ® o & oaa T 128 L] e T 128
g 64 a o $aa g 64 g 64| |e . g 64— |e @ ° oo aav
o 32 - v o 32 ‘I’ o 32 o oan o 32| |ee oo *
@ 16— * v @ 16— * - @ 16— * . @ 16— o«}o v
8 Ab-- . 8- .ﬁ ...... I Alves 814 ﬂ ! ﬁ . 84 || heeeannn Wleeennen ol el | 1.
4-| I o A-{] |osiom 4w 4 N ... 4| o] [sdommm v
0 2 5 2 5 0 2 5 0 2 5
dpc dpc dpc dpc
I > Fkkk *kkk
- J Hoxkk 7 — K sCPD9+ sCPD9 mRNA +sCPD9 mRNA+mRNA  Ad2 +Ad2
*kkk *kkk dkkk
- - *:** . rxn versus mock+ mock
600 ™ a0, 25 60 vere 7 QPP 0000® 0 -0 000 -0
& S PR ) o s | ifit; @OQPOEP OOOO®O® o ¢ 00 00000
2 3 - - 20| N Isg15 Q@@ 00000 20200 00000
= 3 407 20 P D Tnfsfl0 O@® 0 @@® -0 000 -0 00 - o
3 S304 * M2 QO@e@ @00 e@® o c00 00000
- = Ll T a4 b e eeseseees
E S 50, ol 10 204 ccls o@eco - @O - -@o0 - - Qo - -
P 2ol ) 5 Lgals3bp @e + 0@ @ - - © @ - - 0 @+ -0
8 ) 7% H % "] ﬁ Cxcl10 o @ - @ o0 o O o 1
0 0 0 0
f o n 0 N n n N nna Hon NN o n 0 na
ct cells PMN imPMN T cells B cells LEZZ3s Lo SEZse LEZZee
9 000 248 a00 2 a00 2agao o
L — M 8L 8Fm 32 L2+-m 388 L+m 8L L8Fm
@ SCPD9 +sCPD9 * o xxx 5§33 5§33 5§33 5§33
% P dedederk € c ¢ € c ¢ € c ¢ € c ¢
© 5 MRNA +sCPD9 ¢ o 8 1o R 5 @ 3 o 5 2 5 @
% & mMRNA+mRNA ° 2 1° & £ 8 E & E & £
EN: 8 67 ™o g °  E ° E ° E
Elyet Ad2 + Ad2 o 3 27 .
ol 24400 R ®
&  mock + mock 2 > o o 3
o v 1 ? S @ 1e2 ® 2
S 2 © < 1
A <? T Q
3.2 SCPD9 +sCPDY + © @ () 8 H m L @ tea B J
7] ° -
O ® & = - L
Y 0 0 5 @ <le-6 I _
© g% mRNA + sCPD9 . pre-PB cells  mem->pre-PB cells @ > _§
% IS g MRNA + mRNA J ) (cluster 3) (cluster 6) °
2 S Q *kk
SRE=R-t Ad2 + Ad2 ‘ * *x
3 & 0.25- 0.075+
[ - B
E 5_ mOCk + mOCk . . . . — ':** *kk
s 5 "
= 2 020
TYRITL8]Y X sl 2 ® SCPD9 +sCPDY
SLAITL T B o154 0507
<8 O QA%%% 8¢ ® mRNA + sCPD9
) @ & 3
2 1.75 SE 2ot & mRNA + mRNA
3 ® 025 g 150 E 0.025-| b+ AGD
9 @ : 3 005 A Ad2 +Ad
c@®@o05 & 1.25 g 00 .
<) s 1.00 © v mock + mock
5@ 075 ¥ : 0.00- 0.000-!
@ [} 0.75 pre-PB B cells  mem->pre-PB cells
= (cluster 3) (cluster 6)

FIG. 3. Antibody and cellular immune response in blood to vaccination and challenge.

(A - H), Serum neutralization titers of hamsters having received prime (A — D) and prime-boost (E — H) vaccination prior (0 dpc) and at 2- and 5-days
post challenge with SARS-CoV-2. Neutralization capacity was tested against variant B1 (A, E), Beta (B, F), Delta (C, G) and Omicron (D, H). The lower
limit of detection was dilution 1:8 (dotted line) and the upper limit 1:2048. Bar plots with mean + SEM, n = 5. Kruskal-Wallis and Dunn’s multiple
comparisons test were performed. (I — M), Analysis of cellular composition and gene expression by scRNA-seq at 2 dpc in blood of prime-boost
vaccinated hamsters. Manual count of cells per mL blood (I). Frequencies of indicated cell types among blood cells (J). (I, J), Dotted line marks the
mean level found in naive hamsters (n = 3, naive hamster data derived and reprocessed from Nouailles et al., 2021). Bar plots with mean + SEM, n
= 3. One-way ANOVA and Tukey’s multiple comparison test were conducted. (K), Dotplots showing fold changes of gene expression in indicated cell
types of the four prime-boost vaccination strategies compared to mock-mock vaccinated animals. Selected interferon-stimulated genes and pro-in-
flammatory cytokines are visualized as following. Coloration and point size indicate log2-transformed fold changes (FC) and p-values, respectively, in
vaccinated compared to mock-mock vaccinated animals. Adjusted (adj) p-values were calculated by DEseq2 using Benjamini—-Hochberg corrections
of two-sided Wald test p-values. Genes are ordered by unsupervised clustering. (L), Dotplots showing expression of selected B cell development
marker genes in the blood B cell subclusters shown in Fig. S9A. The size of the dot represents the fraction of cells in which at least one UMI of the
respective was detected, the color is proportional to the average expression in those cells. (M), Frequencies and numbers of pre-plasmablast (pre-PB)
identified in B cell cluster 3 and memory to pre-plasmablast transitioning cells (mem->pre-PB) identified in B cell cluster 6. Bar plots with mean + SEM,
n = 3. One-way ANOVA and Tukey’s multiple comparison test were performed. * p <0.05, ** p <0.01,*** p <0.001, **** p < 0.0001.


https://doi.org/10.1101/2022.05.16.492138
http://creativecommons.org/licenses/by-nc-nd/4.0/

A *kkk okl *:‘::;* *kkk B C
Hkkk * * _ B :
20— o | 0_6,**;:* 0154 T, 1.5 0.04 Cluster 6 - proliferating blood T cells
P i ‘°§ 054 % 4uu xrx « SCPD9 + sCPD9 @
g 15 = ;L) o@ e . MRNA+sCPD9 -0 @
5k Rt preprint @6i: https: )gdg 4org/10:4101/202; :LG 49213811‘{];1@ rsi on péétecii May 16, 2022nfke copy¥ightholder for thispreprint (Whieh
S 4odl| was notx i d by pegr(g e “) is the authg er, whoghas grant b|o xiv a|licé e to d|spla&¢21e/p1’éprlnt in perpetuity. It i is made .
2 o wx . availa der aC&-BYINC- adrit@#national licensemock + mock : :
g 27 E 0o 0.05- S05| 2 $T8S QLT ERLL S
S 5 v e = 0.011 8©3833<8 =3¢
= v o1 3 0.1 5 2 © =R
i Foll * Ml ¥
% CDa Tcells °CDB T cel 00 CnaToels “% cos T cells 0 : fraction — expr
cells cells rolif T cells rolif T cells ositive
(cluster 0,1,2)  (cluster 3,4) (cluster 0,1,2) (cluster 3,4) p(cluster 6) p(cllljster 6) s ® o2 3.0
k 25
D E F . @ o5 2.0
** . 0.75 1.5
1.5+ _, 0.6+ 2.5+ _.0.84 2.5+ *% _, 0.8+ ** 1.0
& &
o o’ “:9 - L] ° e ¢ %) ** e -
3 . 2 3 29 206 B 207 2064 **
g™ty 2% 2rsianlli, 3 gislhs 2 | ® SCPDO +SCPD9
= 2 > 20411 o] = 204+, ® mRNA + sCPD9
c =) € 1.04 =] < 1.0 =)
2 g5 “ 0.2 v ] = o v o 4 mRNA + mRNA
5§ g8 o § & 0.2 5 8 0.2 v
2 ® e 0.5 w < 057 o A Ad2 + Ad2
] K] s H H ¥ mock + mock
0 0.0-H 0.0-tHE
Trm cells Trm cells act T cells act T cells prolif T cells prolif T cells
(cluster 6) (cluster 6) (cluster 2) (cluster 2) (cluster 5 + 8) (cluster 5 + 8)
G Cluster 5 - proliferating T cells in lungs H
sCPD9 + sCPD9 fraction )
ENA + <OPDO : : positive Trm signature score seurat clusters
m +s
Kumar et al.
MRNA + mRNA o 0 . ° $ s ® 025 ( ) R -
Ad2 + Ad2 @ os '3
mock + mock ® . . ® . 075
Cluster 8 - proliferating T cells in lungs
sCPD9 + sCPD9 [ X ) ° Y expr
mRNA + sCPD9 (] o o 3
MRNA + mRNA ° o0
Ad2 + Ad2 [ 2
mock + mock "
D X © D 123 > (o)} © N © © - =
52) o © © (o] X § IS © N b a O 0
§°8 8°8 F38 58 35"
SCPD9 +sCPD9 % mRNA + SCPD9 - g% mRNA+mRNA e Ad2 +Ad2 o mock +mock oG8
o
4 o '. J
agio [she y o
e " “sigft .
® p> "'
& rad o8
®_
» @ S ®
2P & 2
o e ﬂ-ﬁ: o T
J T‘E Cluster 5 K PAGA of seurat clusters L
o :‘; 0.0 —f
: . : s
2 ° ° 5
o o o £
S X
8 N % -0 1
o 5
=} ©
g o 5
2 »
® £
E % =
=
© T T T

diffusion pseudotime rank

sCPD9

+sCPD9

mRNA

+sCPD9

mRNA

+ mRNA
Ad2 |

+Ad2
mock |

+ mock

FIG. 4. T cell responses in blood and lung in response to vaccination and challenge.

(A — K), Analysis of T cell subsets by scRNA-seq at 2 dpc in blood and lungs of prime-boost vaccinated hamsters. (A),
Frequencies and numbers of CD4 (cluster 0,1,2) and CD8 (cluster 3,4) T cells in blood. (B), Frequencies and numbers of proli-
ferating T cells (cluster 6) in blood. (A, B), Bar graph with mean + SEM, n = 3-4. Ordinary one-way ANOVA and Tukey's multip-
le comparisons test. (C), Dotplots showing expression of selected T cell marker genes in blood in cluster 6 derived from T and
NK subcluster analysis in Fig. S10A. The size of the dot represents the fraction of cells in which at least one UMI of the respec-
tive was detected, the color is proportional to the average expression in those cells. (D - F), Frequencies and numbers of (D)
tissue-resident memory T cells (Trm, cluster 6), (E) activated T cells (Tact, cluster 2), (F) proliferating T cells (prolif T cells,
cluster 5+8) in lungs. Ordinary one-way ANOVA and Tukey's multiple comparisons test. Bar graph with mean + SEM, n = 3-4.
(G), Dotplots showing expression of selected T cell marker genes in the lungs in cluster 5 and 8 derived from T and NK
subcluster analysis in Fig. S12A. The size of the dot represents the fraction of cells in which at least one UMI of the respective
was detected, the color is proportional to the average expression in those cells. (H, 1), Trm gene set (Kumar et al., ref. 40)
enrichment in cells from selected T cell subclusters ranging from a low (purple) to a high (yellow) expression score over all
groups (H) for individual groups as indicated (l). (J), Trm signature score in individual cells of cluster 5 in groups as indicated.
Box, 25th to 75th percentile and whiskers Min to Max. (K) Partition-based graph abstraction (PAGA) where each node repre-
sents a cluster and edges to which extent two clusters are possibly connected. The size of the nodes corresponds to the
number of cells in the cluster and the thickness of the lines is proportional to the connectivity. (L), Trm signature (Kumar et al.,
ref. 40) score as a function of diffusion pseudotime rank with black line showing a polynomial fit of degree three.
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FIG. 5. Protective effects on the mucosa and development of local immunity after vaccination.

(A) ELISA detecting anti-spike IgA levels in nasal washes of prime vaccinated hamsters at indicated time points post challenge
(dpc). Results display optical density reads at OD450nm. (B) Neutralizing capacity against B.1 of nasal wash fluids from
prime-boost vaccinated hamster at indicated time points. (A — B) Bar plots show mean + SD. Kruskal-Wallis and Dunn’s multi-
ple comparisons test per time point. * p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001. (C), Immunohistochemical staining of
IgA in the olfactory epithelium and submucosal glands at 2 dpc. Scale bar = 60 um. (D), shown are longitudinal histopathologi-
cal sections of olfactory epithelium, with haematoxylin and eosin staining (left) and SARS-CoV-2 N protein immunohistochem-
istry (right) of the prime-only experiment at 2 dpc, with an additional section of an uninfected tissue. (E), as in (D) for the
prime-boost vaccination experiment. (E), as in (D) for the prime-boost vaccination experiment. (F), Dotplots showing fold
changes of gene expression in indicated cell types of the three prime vaccination strategies compared to mock vaccinated
animals. Selected interferon-stimulated genes and pro-inflammatory cytokines are visualized as following. Coloration and point
size indicate log2-transformed fold changes (FC) and p-values, respectively, in vaccinated compared to mock vaccinated
animals. Adjusted (adj) p-values were calculated by DEseqg2 using Benjamini—Hochberg corrections of two-sided Wald test
p-values. Genes are ordered by unsupervised clustering.
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