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Abstract:
Although successful COVID-19 vaccines have been developed, multiple pathogenic coronavirus

species exist, urging for development of multi-species coronavirus vaccines. Here we developed
prototype LNP-mRNA vaccine candidates against SARS-CoV-2 (Delta variant), SARS-CoV and
MERS-CoV, and test how multiplexing of these LNP-mRNAs can induce effective immune
responses in animal models. A triplex scheme of LNP-mRNA vaccination induced antigen-
specific antibody responses against SARS-CoV-2, SARS-CoV and MERS-CoV, with a relatively
weaker MERS-CoV response in this setting. Single cell RNA-seq profiled the global systemic
immune repertoires and the respective transcriptome signatures of multiplexed vaccinated animals,
which revealed a systemic increase in activated B cells, as well as differential gene expression
signatures across major adaptive immune cells. Sequential vaccination showed potent antibody
responses against all three species, significantly stronger than simultaneous vaccination in mixture.
These data demonstrated the feasibility, antibody responses and single cell immune profiles of
multi-species coronavirus vaccination. The direct comparison between simultaneous and
sequential vaccination offers insights on optimization of vaccination schedules to provide broad

and potent antibody immunity against three major pathogenic coronavirus species.

One sentence summary
Multiplexed mRNA vaccination in simultaneous and sequential modes provide broad and potent

immunity against pathogenic coronavirus species.

Keywords
Lipid nanoparticle mRNA vaccine, vaccination schedule, multiplexed vaccination, sequential
vaccination, simultaneous vaccination, multi-species coronavirus vaccine, COVID-19, SARS-
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Main Text:
INTRODUCTION

Coronaviridae is a large family of viral species constantly evolving !'. Coronaviruses are
genetically diverse RNA viruses that exhibit broad host range amongst mammals, where the
infections cause a wide range of diseases, ranging from common cold to severe illnesses and death
12, Multiple zoonotic coronavirus species evolved to infect humans, became highly contagious,
pathogenic and even fatal, causing worldwide pandemic !. To date, seven known coronavirus
species evolved to infect humans !. There are three known highly pathogenic human coronavirus
species to date, severe acute respiratory syndrome coronavirus (SARS-CoV), middle east
respiratory syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), all of which can cause severe respiratory or multi-organ diseases
and can be fatal 3. There are also thousands of potentially highly pathogenic coronaviruses
circulating in animal reservoirs globally 24°. SARS-CoV-2 is the pathogen that cause coronavirus
disease 2019 (COVID-19) !, an ongoing multi-wave worldwide pandemic ’ that claimed over 5
million lives to date. SARS-CoV and MERS-CoV emerged in humans in 2002 ® and 2012 °, and
have high case fatality rates (~10% for SARS-CoV and ~35% for MERS-CoV, relative to ~1% for
SARS-CoV-2) . Thus, it is important to develop effective vaccines against these highly
pathogenic coronavirus species. Before the COVID-19 pandemic, no effective vaccine had been
approved to prevent spread of coronaviruses. Previous SARS and MERS vaccine devolvement !'!-
15 although at earlier stages, together with global efforts, led to rapid development of multiple
COVID-19 vaccines against SARS-CoV-2 6. The most prominent and efficacious vaccine belong
to the lipid nanoparticle (LNP) mRNA vaccine category, with the first two emergency use approval
issued to Moderna and Pfizer-BioNTech mRNA vaccines '8, Although successful vaccines
against SARS-CoV-2 have been developed to control COVID-19, no effective vaccines exist that
can counter multiple pathogenic coronavirus species including SARS-CoV and MERS-CoV. Thus,
it is important to develop new multi-species coronavirus vaccines, not only to help fight the
ongoing pandemic, but also to prevent reemergence of these previously existed dangerous
pathogens, as well as to gain insights to prepare for future zoonotic pathogenic coronavirus

outbreaks.
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94  The success of LNP-mRNA vaccine against COVID-19 led to the natural hypothesis of
95  multiplexed vaccination against multiple coronavirus species. However, to date, there has been no
96  reported approved or clinical stage vaccine specifically generated to target two or more of these
97  highly pathogenic species. Even with such vaccine candidates generated, a number of important
98  questions need to be answered. Certain prior studies in other virus families such as Influenza, HSV
99 and CMV demonstrated initial feasibility of using two or more mRNA vaccine constructs in

100  mixture -2

. However, it is important to test multiplexing of several mRNAs directly for
101 coronavirus species, which has yet to be done to date. Moreover, the immunogenicity of multi-
102 species coronavirus vaccines need to be studied, for example, LNP-mRNA vaccines against
103 MERS-CoV, SARS-CoV-2 and SARS-CoV. A recent study used a chimeric mRNA as vaccine
104  candidates against two or more coronaviruses 22. However, chimeric spikes would not be able to
105 capture all full-length spikes, losing part of critical antigenic regions (e.g. S1 or S2) for one species
106  or the other. The two highly successful approved mRNA vaccines used full-length spike -5,
107  Finally, the optimal vaccination schedule needs to be explored involving a multiplexed
108  vaccination, for example, would vaccination by administering all mRNAs simultaneous be
109  effective, and if spacing out the different mRNA vaccine shots perform better. In order to gain
110 answers to these important questions, we directly generated species-specific LNP-mRNA vaccine
111 candidates and tested them in combination and in sequence in vivo. We generated LNP-mRNAs
112 specifically encoding the HexaPro engineered full-length spikes of SARS-CoV-2 Delta variant,
113 SARS-CoV and MERS-CoV, and systematically studied their immune responses in animal
114 models.

115

116 RESULTS

117

118 Design and biophysical characterization of triplex coronavirus vaccine against SARS-CoV-
119 2, SARS-CoV and MERS-CoV

120  We first designed vaccine candidate constructs encoding full-length spike mRNA of SARS-CoV-
121 2 (labeled as SARS2 for short) Delta variant (Delta), SARS-CoV (SARS) and MERS-CoV
122 (MERS) (Figure 1A-B; Figure S1). Each construct contains a 5’untranslated region (UTR), an
123 open reading frame (ORF), a 3’UTR and a polyA signal. The ORFs encode full-length spikes of

124 defined species (SARS2, SARS and MERS), in which 6 additional proline mutations (HexaPro)
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125 were introduced in the S2 domain of the respective species (Figure 1a-b), based on the homologous
126 amino acid positions of SARS-CoV-2, in order to improve expression and stable prefusion state
127  of spikes ?*. The Delta construct ORF encodes the spike of SARS-CoV-2 Delta variant, which has
128 nine mutations (T19R, 156del, 157del, R158G, L452R, T478K, D614G, P681R, and Q1071H) as
129 compared to the original “wildtype” virus (WT, WA-1 or WA1) virus (Figure 1A-B). To
130  multiplex these constructs, we prepared equal-mass mixture of spike mRNA of Delta, SARS and
131 MERS, which were then encapsulated by lipid nanoparticles on a microfluidics instrument, to
132 generate a triplex LNP-mRNA formulation of vaccine candidate (termed as Triplex-CoV, or
133 Triplex) (Figure 1C). We also generated a Delta singlet LNP-mRNA for testing in parallel. The
134  size and homogeneity of assembled LNPs were evaluated by dynamic light scatter and
135 transmission electron microscope (Figure 1D-E). The Delta LNP-mRNA and Triplex LNP-
136 mRNA showed monodispersed size distribution with averaged radius of 70 = 3.8 nm and 71 + 3.6
137 nm, and polydispersity indices of 0.160 and 0.157, respectively. We tested each of these mRNA
138 constructs and showed that they all successfully generate functional protein upon introduction into
139  mammalian cells, as evident by surface binding to the cognate human receptors, hACE2 for SARS-
140  CoV and SARS-CoV-2, and hDPP4 for MERS, respectively (Figure 1F).

141

142 Immune responses to triplex coronavirus LNP-mRNA vaccination against SARS2, SARS
143 and MERS

144 To evaluate the immunogenicity of Delta and Triplex LNP-mRNA vaccines, C57BL/6Ncr (B6)
145 mice were immunized intramuscularly with two doses (prime and boost) of 1ug Delta LNP-
146  mRNA, 1 pg or 3 pg (total mRNA mass) Triplex LNP-mRNA, three weeks apart (Figure 1G).
147 The peripheral blood mononuclear cells (PBMCs) and plasma were collected two weeks post
148 boost. The mice humoral response including binding and antibody response against spike antigens
149  were examined using collected plasma samples. Single cell RNA-sequencing (scRNA-seq) was
150  performed to profile the systemic immune repertoires and their respective transcriptomics in
151  vaccinated animals (Figure 1G). Compared to the PBS control group, the 1pug Delta LNP-mRNA,
152 Ipg and 3pg Triplex LNP-mRNA all elicited potent antibody response, as seen in the high post-
153 boost binding antibody titers against both RBD and ECD of Delta, WT and SARS spikes (Figure
154  1H; Figure S2; Figure S3A). Among the three vaccination groups, only 3pg Triplex LNP-mRNA
155  significantly boosted mice immunity to MERS antigens (Figure 1H). As the Delta and Triplex
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156  vaccines used the Delta variant as spike antigen, their responses to Delta ELISA antigen were
157 found slightly higher than WT antigen (Figure 1H). Despite of the lack of SARS spike antigen in
158  the vaccine, the Delta LNP-mRNA induced antibodies that cross-react with SARS spike, but not
159  MERS spike (Figure 1H), consistent with the respective degree of homology between these
160  species (Figure S1). The titers are at similarly high level between the 1pg and 3pug Triplex groups
161  for SARS and SARS2 spikes (Figure 1H), while there is a trend of dose-dependent increase
162 although statistically insignificant (Figure 1H; Figure S2). Compared to those of Triplex 1ug or
163 3pug groups, SARS-binding antibody titer in 1pug Delta LNP-mRNA group was significantly lower.
164 A dose-dependent increase trend of antibody titers was observed for MERS spike in the two
165  Triplex vaccination groups (Figure 1H). Considering Delta spike mRNA at the same dose, mice
166  in the 1ug Delta and 3pg Triplex (that also contains 1ug Delta mRNA) groups showed similar
167 titers of antibodies against SARS2 WT and Delta spikes, although an insignificant trend of lower
168  titers was observed in the 3ug Triplex mice (Figure 1H; Figure S2). Both ECD and RBD ELISA
169  antigen panels showed highly correlated results among four spike types used (Figure S3B). In
170 addition, a subset of animals showed relatively higher titer to ECD than RBD (Figure S3B, off-
171  the-diagonal data points), potentially due to the additional antibody reactivity outside RBD in those
172 animals.

173

174  Single cell immune repertoire mapping of multiplexed LNP-mRNA vaccinated animals

175 In order to gain insights on the global composition and transcriptional landscape of the immune
176  cells, we performed single cell RNA-seq (scRNA-seq, scGEX) for immune-transcriptomics on the
177 PBMC samples of Delta and Triplex LNP-mRNA vaccinated animals. As visualized in an overall
178 Uniform Manifold Approximation and Projection (UMAP) , from a total of 12 animals from 4
179 vaccination groups (Delta 1 pg, Triplex-CoV 1 pg and 3 pg dose groups), plus a placebo control
180  group (PBS), we sequenced the transcriptomes of a total of 91,526 single cells (Dataset S1), which
181  were visualized in reduced dimensional space by UMAP and clustered to identify cell population
182 structure (Figure 2A-B; Figure S3). sing the expression of a set of canonical cell type specific
183 markers, we identified 21 cell clusters as distinct immune cell populations (Figure 2A-D; Figure
184  3A; Figure S3). In this dataset, the identified cell clusters include various subsets of B
185  lymphocytes (naive B cell, activated B cell, unswitched memory B cell, switched memory B cell,

186  pre-plasmablast, plasmablast and plasma cell); T lymphocytes of various subsets (naive CD8 T
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187  cell, CD8 T effector, CD8 central memory T cell (Tcm), CDS effector memory T cell (Tem), naive
188 CDA4 T cell, Thl type CD4 T cell, Th2 type CD4 T cell, regulatory T cell (Treg)); dendritic cells
189  (DCs) of various subsets (pDC, cDC1, cDC2); as well as other immune cells (natural killer (NK)
190  cell, macrophage and monocytes) (Figure 2A; Figure 3B). These immune cell populations have
191  distinct gene expression signatures that clearly defined each population against others (Figure 2B-
192 C), for example, distinct expression (in terms of both mean expression level and percentage in
193 cluster) of Cdl9+H2-Aa+Ighd+Fcer2a+Cd27- defines activated B cells; Cd9+Sdcl+Cdl9-
194 Pax5-lo defines plasma cells (Figure 2A; Figure 3A-B; Figure S3). Similarly, for T cell subset
195 examples, Cd3d+Cd4+Tbx21+Gzmb+ marks Thl CD4 T cells; Cd3d+Cd4+Foxp3+I2ra+
196  marks Tregs; Cd3d+Cd8b1+Ccr7+Cd44-Tcf7+ defines naive CD8 T cells; Cd3d+Cd8b1+Tcf7-
197  Cd44+Ccr7- defines CDS8 effector T cells; ltgam+Itgax+Cd24a-Sirpa+ defines cDC2 cells;
198  Itgam-Itgax+Bst2+Siglech+ defines pDC; Ncrl defines NK cells; and ltgam+Csflr+Cdl4+
199  defines monocytes (Figure 2A, C, D; Figure 3A-C). We then quantified the fractions of each cell
200  type in each sample, to reveal a full picture of immune cell compositions in all vaccination groups
201  profiled (Figure 2E). With these quantitative fractions, we then compared the systemic immune
202 cell compositions between placebo and vaccinated animals (Figure 2E). While most of the clusters
203 did not show significant difference in a gross cell population level, three populations (activated B
204  cells, unswitched memory B cells and NK cells) showed significant differences between groups
205  (Figure 2E). Interestingly, Triplex LNP-mRNA at both high and low doses of vaccination showed
206  significantly increased level of activated B cell populations compared to both PBS and to Delta
207  groups (Figure 2E). Both activated and memory B cell populations have been previously
208  implicated for their important roles in SARS-CoV-2 immunity 2426,

209

210 Transcriptomic signatures of B and T cell populations of Triplex LNP-mRNA vaccinated
211 animals

212 To examine the transcriptomic changes in the immune cell sub-populations upon vaccination, we
213 performed differential expression (DE) analysis in the matched sub-populations between PBS and
214 the several LNP-mRNA groups. We focused on the major adaptive immune cell populations, i.e.
215 the pan activated B cell population (including all identified activated B cell subsets, merged as “B
216  cell”), pan activated CD4 T cell population (all identified activated CD4 T cell subsets, “CD4 T
217 cell”) and pan activated CD8 T cell population (all identified activated CD8 T cell subsets, “CD8
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218 T cell”). Vaccination caused substantial transcriptome changes in the host animals’ B cells, CD4
219 T cells and CDS8 T cells, as evidenced by the differential gene expression from vaccinated (Delta,
220 Triplex-CoV/Triplex low and high dose groups) as compared to the PBS group (Dataset S1;
221 Figure 3C; Figure 4A; Figure SS5; Figure S6). To gain a broad, unbiased view of these
222 transcriptomic changes, we performed a series of gene set and pathway analyses. These analyses
223 revealed a number of altered pathways in the vaccinated animals B cells, CD4 T cells and CD8 T
224 cells as compared to the PBS group (Dataset S1; Figure 4A-B). Network analysis of enriched
225  pathways of differentially expressed genes highlighted the most significantly enriched member
226  pathways (as meta-pathway), for the main adaptive immune cell types (B and T cells), for the three
227  vaccination groups (Figure 4C). A top enriched pathway of the differentially expressed genes in
228 B cells is B cell activation, where all three vaccines induced a higher expression of these genes
229 (Figure 4C). In CD4 and CD8 T cells, common gene sets are observed, including immune system
230  processes, immune cell differentiation, and T cell activation, consistent with the expected
231 induction from vaccination (Figure 4C). Interestingly, in T cells, in the differentially expressed
232 genes in all three vaccines, besides regulation of T cell activation and immune responses, basic
233 metabolic pathways are also enriched, especially those involved in core metabolic functions such
234 as oxidative phosphorylation and mitochondria respiratory chain activities (Figure 4C), consistent
235 with the expectation that T cells are metabolically active upon vaccination. The Triplex
236  vaccination induced strong B cell activation pathway clusters in B cells, as well as immune cell
237  differentiation and metabolic activity gene sets in T cells (Figure 4C). These data reveal the broad
238 gene expression signatures at the pathway and cluster levels, across the main adaptive immune
239 cells (B and T cells) for the three vaccination groups. The transcriptomic signatures are largely
240  coherent with the literature that these pathways are important for immunity against coronavirus

2728 " as well as vaccine-induced immune responses 2°3°. These data

241  infection and host defense
242 revealed meta-pathway level gene expression changes in the B and T cells’ transcriptomes of the
243 animals receiving multiplexed vaccination.

244

245 Direct comparison of sequential vs. simultaneous vaccination schedules for LNP-mRNA
246  vaccination against three species

247  As observed above, Triplex LNP-mRNA vaccination is associated with reduction of antibody

248 responses, we hypothesized that splitting such vaccination into separate doses may be a strategy
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249  to mitigate this loss of effectiveness. We therefore sought to perform a sequential vaccination
250  schedule and test it in parallel with simultaneous vaccination with mRNAs in mixture (Figure
251  SA). In the Sequential vaccination schedule, vaccinations of SARS-CoV-2 Delta, MERS-CoV,
252 and SARS-CoV were given in sequence separated by 3 weeks, each with 1pg LNP-mRNA prime
253 and Ipg LNP-mRNA boost 3 weeks apart. In the Mixture vaccination schedule, vaccinations of
254  SARS-CoV-2 Delta, MERS-CoV, and SARS-CoV were given simultaneously, each at 1pug LNP-
255 mRNA (3pg total) for both prime and boost. To generate comparable data, we started the first dose
256  at the same day (day 0), and harvested the blood sample at the same day (day 119, i.e. 4 months,
257  post first dose), for both sequential and mixture schedules (Figure 5A). We measured the antibody
258  titers from plasma samples of both Sequential and Mixture LNP-mRNA vaccinated animals
259  (Figure 5B; Figure S7). While all vaccinated animals showed certain antibody responses across
260  all antigens tested (SARS2 WT/WAI1, SARS2 Delta, SARS, MERS; both ECD and RBD),
261  Sequential vaccination group showed significantly higher antibody responses than Mixture
262 vaccination group across all conditions, i.e. across all antigens from these three species (Figure
263 5B-C; Figure S7). Similar with the results above, the ELISA ECD activity highly correlated with
264  that of RBD (Figure 5D). We tested the neutralization activities using pseudovirus assays, which
265  had been shown to be a robust surrogate of neutralization antibodies and widely used by the
266  coronavirus field (e.g. see various previous literature 3!-*%). Results showed that mice in the
267  Sequential vaccination schedule showed significantly higher neutralization activities than those in
268  the Mixture vaccination group, and again across all three species (Figure SE-F). Again, overall,
269  such neutralization activities significantly correlated with ECD ELISA for all groups or all mice,
270  among the spike antigens and pseudoviruses tested (Figure S8). These data suggested that, for
271  LNP-mRNA vaccination against three coronavirus species under the conditions tested, vaccination
272 in sequence can elicit more potent antibody responses than vaccination simultaneously in mixture.
273

274  DISCUSSION

275

276  Protective vaccines are the keys to control the on-going and potential future coronavirus
277  pandemics. Coronavirus is a group of viral species that can constantly evolve to become highly
278  contagious and pathogenic to human. Multiple coronavirus species have emerged, and many new

279  variants keep emerging during the spread. Pathogenic coronaviruses have emerged multiple times
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280  and infected human populations, several of which (SARS-CoV, MERS-CoV, SARS-CoV-2) have
281  caused severe diseases and fatalities >>. Several existing less pathogenic coronavirus species
282 (e.g. NL63, 2293, OC43, and HKU1) have been reported to have evolved hundreds to tens of
283 thousands of years ago 7. Therefore, it is critical to have vaccines against multiple coronavirus
284  species, ideally as pan-coronavirus vaccines, to help fight not only the current pandemic, but also
285  to prevent the re-emergence of the previously existed pathogenic species, as well as constantly
286 evolving and lurking coronavirus diseases as probable future outbreaks. Various prior efforts led
287  to the development of SARS and MERS vaccine candidates, although at earlier stages of
288  development !5, The COVID-19 pandemic urged an international effort for rapid development
289 of vaccines against SARS-CoV-2 !¢, leading to multiple successful candidates including the highly
290  efficacious mRNA vaccines !”-!®, However, all these vaccines target a single species and may not
291  offer sufficient protection against other pathogenic species. A small number of “pan-coronavirus”
292 vaccine candidates have been recently generated and tested in animal models, using protein antigen
293 nanocage, or mRNA encoding chimeric spike, with the focus on SARS-CoV and SARS-CoV-2
294  and several other non-pathogenic viruses **3°, Multiplex LNP-mRNA vaccine against the more
295  lethal species such as SARS-CoV and MERS-CoV, also need to be rigorously tested.

296

297  Our study directly generated mRNA vaccine candidates and tested in several LNP-mRNA
298  combinations against MERS-CoV, SARS-CoV and SARS-CoV-2, and profiled the immune
299  responses at the single cell level.

300  Multiplexing of three coronavirus spike LNP-mRNA (Triplex-CoV-3ug group) produced Delta
301  binding and neutralizing antibody titers similar to Delta LNP-mRNA alone (Delta-1pg group) at
302 the same dose of Delta spike mRNA. Interestingly, despite of high similarity of SARS and SARS2
303  spike and cross reactivity of their induced antibodies, no additive effect on Delta neutralizing
304  antibody titer was observed when combining SARS and SARS2 Delta mRNA in triplex LNP-
3055 mRNA vaccine (Triplex-CoV-3ug group vs. Delta-Ipg group). When simultaneously
306  administered with same dose of SARS, SARS2 Delta and MERS LNP-mRNA in the Triplex
307  formulation, mice generated MERS binding and neutralizing titers lower than those of SARS and
308  SARS2, which showed similar titer levels. The simultaneous vaccination with multiplexing may
309  have an impact on MERS LNP-mRNA as it did for Delta LNP-mRNA as discussed above, perhaps

310 due to immunodominance, a phenomenon well-known in immunology #°, although never tested in

10
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311 a multiplexed LNP-mRNA vaccination setting before. Our study reported the antibody responses
312 of triplex LNP-mRNA vaccines based on MERS spike in combination with SARS and/or SARS2
313 Delta spikes. The level of cross-reactivity of induced antibodies was in concordance with the
314  sequence identity between vaccine antigen and binding antigen tested in ELISA and pseudovirus
315 assay. Two recent studies tested chimeric vaccines against multiple coronavirus species both
316  focused Sarbecoviruses (group 2b) 3%¥. Different from the prior studies, the antiviral spectrum we
317  tested here covers three highly pathogenic coronavirus species in the Betacoronavirus genus, and
318  goes beyond the group 2b coronavirus category (Sarbecoviruses), as it includes MERS in the
319  Merbecovirus subgenus. Because of low sequence similarity, the current vaccines based on SARS2
320  provide little protection against MERS, the most fatal coronavirus to date with a 35% mortality
321  rate. To broaden vaccine’s anti-coronavirus spectrum, we designed and tested the triplex LNP-
322 mRNA vaccine including SARS, SARS2 and MERS. The lower level of MERS antibody in
323 Triplex vaccine marked a significant challenge of introducing cross-lineage antigens in multiplex
324  vaccination.

325

326  We performed head-to-head sequential vaccination as compared to simultaneous vaccination in
327  mixture, showing that sequential vaccination showed higher antibody responses at the endpoint.
328  These observations and considerations may be informative for LNP-mRNA vaccination against
329  multiple coronavirus species. In fact, this is one of the clinical precautions of vaccination, where
330 individuals are advised to take the COVID-19 mRNA vaccine at least two weeks away from taking
331  other vaccines. Consistent with this notion, our data with direct comparisons in animal vaccination
332 experiments suggested that, giving the mRNA vaccine shots in sequence may be more effective in
333 eliciting broad neutralizing antibodies than giving mRNAs simultaneously in mixture. Because of

334 the waning immunity of coronavirus vaccines **

, the general public, especially the
335  immunocompromised, is recommended to receive booster shot(s) for COVID-19 vaccine. Thus,
336 vaccination in sequence may be beneficial regardless. The direct comparison between
337  simultaneous and sequential vaccination offers insights on optimization of vaccination schedules
338 to provide broad and potent protective antibody immunity against three major pathogenic
339 coronavirus species. Given that there are diverse coronavirus species with several of them being

340  pathogenic, and many of them being potentially pathogenic in future human exposures,

341  multiplexed vaccination against two or more species will be critical. Future design of pan-
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coronavirus vaccines may need seek a balance between protection breadth and depth by choosing
the right number of spike antigens across coronavirus lineages. In summary, this study provided
LNP-mRNA vaccine constructs designed to target SARS-CoV, SARS-CoV-2 Delta and MERS-
CoV, as well as direct in vivo animal testing and single cell immune profiling results of multiplexed

combinations as well as comparative vaccination schedules.
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351 Methods

352
353  Coronavirus spike sequence alignment

354  The spike sequence used to produce the LNP-mRNA vaccines were aligned using Clustal Omega
355 % and visualized in Jalview *.

356

357  Plasmid construction

358  The spike cDNA of SARS-CoV (Genbank accession AAP13567.1) and MERS-CoV (Genbank
359  accession AFS88936.1) were purchased from Sino Biological (Cat # VG40150-G-N and
360  VG40069-G-N, respectively). ¢cDNA of SARS-CoV-2 B.1.617.2 (Delta variant) * were
361  synthesized as gBlocks (IDT). The spike sequences were cloned by Gibson Assembly (NEB) into
362  pcDNA3.1 plasmid for the mRNA transcription and pseudovirus assay. The plasmids for the
363  pseudotyped virus assay including pHIVNLGagPol and pCCNanoLuc2 AEGFP are gifts from Dr.
364  Bieniasz’ lab *. The C-terminal 19 (for SARS-CoV and SARS-CoV-2) or 16 (for MERS-CoV)
365  amino acids were deleted in the spike sequence for the pseudovirus assay. To improve expression
366  and retain prefusion conformation, six prolines (HexaPro variant, 6P) 47 were introduced to the
367  SARS-CoV-2, SARS-CoV and MERS-CoV spike sequence at the homologous sites in the mRNA
368  transcription plasmids. The furin site of SARS-CoV-2 spike (RRAR) were replaced with a GSAS
369  short stretch to keep S1 and S2 subunits connected in the spike.

370

371  Cell culture

372 HEK293T (ThermoFisher), Huh-7 and 293T-hACE2 (Dr Bieniasz’ lab) cell lines were cultured in
373  complete growth medium, Dulbecco’s modified Eagle’s medium (DMEM; ThermoFisher)
374  supplemented with 10% Fetal bovine serum (FBS, Hyclone), 1% penicillin-streptomycin (Gibco)
375 (D10 media for short). Cells were typically passaged every 1-2 days at a split ratio of 1:2 or 1:4
376  when the confluency reached about 80%.

377

378  In vitro mRNA transcription and vaccine formulation

379  Codon-optimized mRNA encoding HexaPro spikes of SARS-CoV-2 WT, Delta, SARS-CoV and
380 MERS-CoV were synthesized in vitro using an Hiscribe™ T7 ARCA mRNA Kit (with tailing)
381  (NEB, Cat#E2060S), with 50% replacement of uridine by N1-methyl-pseudouridine. A linearized
382 DNA template containing the spike open reading frame flanked by 5’ untranslated region (UTR),
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383 3’ UTR and 3’-end polyA tail was used as for mRNA transcription. The linearization of DNA
384  templates was achieved by digesting circular plasmids with BbsI restriction enzyme, followed by
385  gel purification.

386

387  The mRNA was synthesized and purified by following the manufacturer’s instructions and kept
388  frozen at -80 °C until further use. The mRNA was encapsulated in lipid nanoparticles using the
389  NanoAssemblr® Ignite™ machine (Precision Nanosystems). For the Triplex vaccine, equal mass
390  of SARS, MERS and Delta spike mRNA were mixed before encapsulated by lipid nanoparticles.
391 All procedures are following the guidance of manufacturers. In brief, lipid mixture was mixed with
392 transcribed mRNA in the low pH formulation buffer 1 on Ignite instrument at a molar ratio of 6:1
393  (LNP: mRNA), similar to previously described 43*°. The LNP encapsulated mRNA was buffer
394  exchanged to PBS using 30kDa Amicon filter (MilliporeSigma™ UFC901024). Sucrose was
395  added as a cryoprotectant. The particle size of mRNA-LNP was determined by DLS machine
396  (DynaPro NanoStar, Wyatt, WDPN-06) and TEM described below. The encapsulation rate and
397  mRNA concentration were measured by Quant-iT™ RiboGreen™ RNA Assay (ThermoFisher).
398

399  Invitro mRNA expression and receptor binding validation of translated spikes

400  HEK293T cells were electroporated with mRNA encoding SARS, MERS or Delta spikes using
401  Neon™ Transfection System 10 pL Kit following the standard protocol provided by manufacturer.
402 After 12 h, the cells were collected and resuspended. To detect surface-protein expression, the
403 cells were stained with ACE2-Fc chimera (Genscript, Z03484) or DPP4-Fc (Sino Biological,
404  10688-HO1H) in MACS buffer (D-PBS with 2 mM EDTA and 0.5% BSA) for 30 min on ice.
405  Thereafter, cells were washed twice and incubated with PE—anti-human FC antibody (Biolegend,
406  410708) in MACS buffer for 30 min on ice. Data acquisition was performed on BD FACSAria II
407  Cell Sorter (BD). Analysis was performed using FlowJo software.

408

409  Negative-stain TEM

410 5 pl of the sample was deposited on a glow-discharged formvar/carbon-coated copper grid
411 (Electron Microscopy Sciences, catalog number FCF400-Cu-50), incubated for 1 min and blotted
412 away. The grid was washed briefly with 2% (w/v) uranyl formate (Electron Microscopy Sciences,

413 catalog number 22450) and stained for 1 min with the same uranyl formate buffer. Images were
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414  acquired using a JEOL JEM-1400 Plus microscope with an acceleration voltage of 80 kV and a
415  bottom-mount 4k x 3k charge-coupled device camera (Advanced Microscopy Technologies,
416  AMT).

417

418  Mouse immunization

419  6-8 weeks old female C57BL/6Ncr (B6) mice were purchased from Charles River and used for
420  vaccine immunogenicity study. Animals were housed in individually ventilated cages in a
421  dedicated vivarium with clean food, water, and bedding. A maximum of 5 mice was allowed in
422 each cage, at regular ambient room temperature (65-75°F, or 18-23°C), 40-60% humidity, and a
423 14 h:10 h day/night cycle. All experiments utilize randomized littermate controls. A standard two-
424 dose schedule given 21 days apart was adopted!”, unless otherwise noted.

425  For the Triplex dosage testing experiment, 1 pg Delta LNP-mRNA, 1 pg or 3 pg Triplex-CoV
426  LNP-mRNA (equal mass mixture of Delta, MERS and SARS mRNA) were diluted to the same
427  volume with 1X PBS and inoculated into mice intramuscularly during prime and boost.

428  For the Schedule comparison testing experiment, 1 pg Delta, MERS and SARS LNP-mRNA were
429  sequentially inoculated into mice during prime and boost.

430  Control mice received 50ul PBS at prime and boost at the same matched time points in all
431  experiments. In the real world setting, individuals will not receive mock mRNA-LNP formulation;
432 and instead, in clinical trials, they receive placebo, which are usually salines (e.g. see a Moderna
433 mRNA-1273 trial https://clinicaltrials.gov/ct2/show/NCT04796896 where Placebo is 0.9%
434  sodium chloride (normal saline) injection. Thus, to mimic the relevant human setting and to
435  evaluate the immune response the vaccine formulation elicits as a whole composition, PBS is
436  chosen as a negative control to represent the placebo group or the unvaccinated.

437

438 Sample collection, plasma and PBMC:s isolation

439 At the defined time points, usually two weeks post the last dose of boost unless otherwise noted
440  (e.g.day 35, orday 119, as noted in the schematics), blood was retro-orbitally collected from mice.
441  The PBMCs and plasma were isolated from blood via SepMate-15 (StemCell Technologies). 200
442 pl blood was immediately diluted with 800 ul PBS with 2% FBS. The diluted blood was then
443 added to SepMate-15 tubes with 5ml Lymphoprep (StemCell Technologies). 1200 x g
444  centrifugation for 20 minutes was applied to isolate RBCs, PBMCs and plasma. 200ul diluted
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445  plasma was collected from the surface layer. Then the solution at the top layer containing PBMCs
446  was poured to a new tube. PBMCs were washed once with PBS + 2% FBS before being used in
447  downstream analysis. The separated plasma was used in ELISA and neutralization assay. PBMCs
448  were collected for single cell profiling using a 10xGenomics platform.

449

450 ELISA

451  The 384-well ELISA plates were coated with 3 pug/ml of antigens overnight at 4 degree. The
452 antigen panel used in the ELISA assay includes SARS-CoV-2 spike S1+S2 ECD and RBD of
453 2019-nCoV WT (Sino Biological, ECD 40589-VO8B1 and RBD 40592-V08B), Delta variant
454  B.1.617.2 (SINO, ECD 40589-V08B16 and RBD 40592-V08H90), SARS-CoV (ECD Sino
455  Biological 40634-VO8B and RBD Fisher 50-196-4017) and MERS-CoV (ECD Sino Biological
456  40069-V0O8B and RBD Fisher 50-201-9463). Plates were washed with PBS plus 0.5% Tween 20
457  (PBST) three times using the S0TS microplate washer (Fisher Scientific, NC0611021) and blocked
458  with 0.5% BSA in PBST at room temperature for one hour. Plasma was serially diluted twofold
459  or fourfold starting at a 1:500 dilution. Samples were added to the coated plates and incubate at
460  room temperature for one hour, followed by washes with PBST five times. Anti-mouse secondary
461  antibody (Fisher, Cat# A-10677) was diluted to 1:2500 in blocking buffer and incubated at room
462  temperature for one hour. Plates were washed five times and developed with tetramethylbenzidine
463  substrate (Biolegend, 421101). The reaction was stopped with 1 M phosphoric acid, and OD at
464 450 nm was determined by multimode microplate reader (PerkinElmer EnVision 2105). The
465  binding response (OD450) were plotted against the dilution factor in logio scale to display the
466  dilution-dependent response. The area under curve of the dilution-dependent response (Logio
467  AUC) was calculated to evaluate the potency of the serum antibody binding to spike antigens.
468

469  Pseudovirus neutralization assay

470  HIV-1 based SARS-CoV-2 WT, B.1.617.2 (delta) variant, SARS and MERS pseudotyped virions
471  were generated using corresponding spike sequences, and applied in neutralization assays. The
472 pseudotyped virus was packaged using a coronavirus spike plasmid, a reporter vector and a HIV-
473 1 structural protein expression plasmid. The reporter vector, pPCCNanoLuc2AEGFP, and HIV-1
474  structural/regulatory proteins (pHIVNLGagPol) expression plasmid were from Bieniasz lab. The
475  spike plasmid for SARS-CoV-2 WT pseudovirus truncated 19 C-terminal amino acids of S protein
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476  (SARS-CoV-2-A19) and was from Bieniasz lab. Spike plasmids expressing C-terminally truncated
477  SARS-CoV-2 B.1.617.2 variant S protein (Delta variant-A19), SARS-CoV S protein (SARS-CoV-
478  A19) and MERS S protein (MERS-CoV-A16) were generated based on the pSARS-CoV-2-A19.
479  Briefly, 293T cells were seeded in 150 mm plates, and transfected with 21 pg pHIVNLGagPol, 21
480 g pCCNanoLuc2AEGFP, and 7.5 pg of corresponding spike plasmids, in the presence of 198 pl
481  PEI. At 48 h after transfection, the 20-ml supernatant was harvested and filtered through a 0.45-
482  um filter, and concentrated before aliquoted and frozen in -80°C.

483

484  The SARS-CoV and SARS-CoV-2 pseudovirus neutralization assays were performed on 293T-
485  hACE2 cell, while the MERS-CoV neutralization assay was performed on Huh-7 cells. One day
486 before infection, 293T-hACE2 cells were plated in a 96 well plate with 0.01 x10° cells per well.
487  In the next day, plasma collected from PBS or LNP-mRNA immunized mice were 5-fold serially
488  diluted with complete growth medium starting from 1:100. 55 pL aliquots of diluted plasma were
489  mixed with the same volume of SARS-CoV-2 WT, Delta variant, SARS or MERS pseudovirus.
490  The mixture was incubated for 1 hr in the 37 °C incubator, supplied with 5% CO2. Then 100 pL
491  of mixtures were added into 96-well plates with 293T-hACE2 or Huh-7 cells. Plates were
492  incubated at 37°C for 48 hr. Then host cells were collected and the percent of GFP-positive cells
493  were analyzed with Attune NxT Acoustic Focusing Cytometer (ThermoFisher). The 50%
494  inhibitory concentration (IC50) was calculated with a four-parameter logistic regression using
495  GraphPad Prism (GraphPad Software Inc.). If the curve of individual mouse fails to produce
496  positive fit (i.e. negative titer), suggestive of no neutralization activity, the value was converted to
497 Zero.

498

499  Correlation analysis

500  Correlation analysis of ELISA, pseudovirus neutralization and authentic virus neutralization data
501  were performed using the respective data collected. Linear regression model was used to evaluate
502 the correlations between ELISA RBD and ECD AUCs, pseudovirus neutralization and authentic
503  virus neutralization log10 IC50. Model fitting and statistical analysis were performed in Graphpad
504  Prism9.1.2. Correlations of data points from either individual mouse, or group average of different
505  vaccination groups, were analyzed separately. The vaccination-group ELISA AUC or

506  neutralization log10 IC50 were calculated from the average of individual value in each group. Due
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507  to assay-dependent PBS background level, only non-PBS data points were included in the
508  correlation analysis.

509

510  Single cell RNA-seq

511  PBMCs were collected from mRNA-LNP vaccinated and control mice were collected as described
512 above for mouse immunization and sample collection, and normalized to 1000 cells/puL. Standard
513 volumes of cell suspension were loaded to achieve targeted cell recovery to 10000 cells. The
514  samples were subjected to 14 cycles of cDNA amplification. Following this, gene expression
515 (GEX) libraries were prepared according to the manufacturer’s protocol (10x Genomics). All
516  libraries were sequenced using a NovaSeq 6000 (Illumina) with 2*150 read length.

517

518  Single cell data analysis for imnmune repertoire profiling and transcriptomic signatures

519  Both standard established pipelines and custom scripts were used for processing and analyzing
520  single cell GEX data. [llumina sequencing data was processed using the Cellranger v6.0.1 (10x
521  Genomics) pipeline, aligning reads to the mm10 reference transcriptome and aggregating all
522 samples. Cellranger outputs were then preprocessed using a modified Seurat v4.0.5 workflow with
523  the R statistical programming language®®. Briefly, individual sample data sets were filtered for
524 quality cells (200-2000 RNA features and < 5% mitochondrial RNA), log-normalized, scaled, and
525  quality features were selected to calculate low-dimensional “anchors” (reciprocal-PCR
526  dimensional reduction, k = 20, anchors = 2000), which were used to integrate the different sample
527  data sets®!. Integrated single-cell data were scaled, centered, clustered by shared nearest neighbors
528  graph (k = 20, first 12 PCA dimensions, chosen by the elbow plot method) with modularity
529  optimization (Louvain algorithm with multilevel refinement, empirically chosen resolution =
530 0.31). Clustered cells were visualized in low-dimensional space by uniform manifold
531  approximation and projection (UMAP; first 12 PCA dimensions) 32, and clusters were labeled as
532 immune cell types via canonical marker expression, based on scaled-mean expression and
533 expression detection rate for the cluster. Immune cell subtypes were identified for B cells, plasma
534 cells, activated CD4 T cells, and mononuclear myeloid cells by sub-setting the cells of each group,
535  rescaling with mt-RNA % as a covariate, centering, UMAP dimensional reduction as before (first
536 14,11, 16, and 10 PCA dimensions for B cells, plasma cells, activated CD4 T cells, and myeloid

537  cells, respectively), and clustering was performed as previously described (empirically chosen
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538 modularity resolution = 0.20, 0.10, 0.25, and 0.10 for B cells, plasma cells, activated CD4 T cells,
539  and myeloid cells, respectively), but canonical marker genes were used as features. To show that
540  the cell type populations displayed distinct transcriptional profiles, markers were identified for
541 each cluster vs all other cells using Wilcoxon rank sum testing of scaled data
542 (SeuratWrappers::RunPrestoAll R function), while down-sampling to 5000 cells per cluster. The
543 top 10 mean log fold change genes were selected from each cell type to visualize by heatmap with
544 hierarchical clustering.

545

546  Differential expression was performed using the edgeR analysis pipeline and quasi-likelihood
547  (QL) F tests 33, Specifically, raw single-cell expression data was filtered to include genes with >
548 5% detection rate across all cells, genes were TMM-normalized, fitted to a QL negative binomial
549  generalized linear model using trended dispersion estimates with cell detection rate and treatment
550  as covariates, and empirical Bayes QL F tests were performed with treatment as the coefficient
551  equal to zero under the null hypothesis 3.

552

553  Pathway enrichment analyses were performed for differentially expressed genes (DEG; absolute
554 log2(x+1) expression fold-change > 0.5, FDR-adjusted p value (q) < 0.01) using the gost function
555  of the gProfiler2 R package >>>¢ with biological process gene ontologies (GO) for mus musculus,
556  anadjusted p value-ordered gene list, and known genes as the domain for the statistics. In addition,
557  the analysis p values were adjusted for multiple testing using the gProfiler gSCS method. Results
558  were filtered to include GO terms <=600 genes in size that intersected > 2 DEG, an absolute
559  activation score (mean log2(x+1) expression fold change of GO term DEGs) > 0.5, and an adjusted
560 p<0.01. Network analyses were performed by (1) creating network graphs with filtered pathway
561  results as nodes and GO term similarity coefficients as edges (coefficients = 50% jaccard + 50%
562 overlap scores; edge similarity threshold = 0.375), (2) finding graph clusters via the Leiden
563  algorithm using the modularity method with similarity coefficients as weights (resolution = 0.5,
564  iterations = 1000), and (3) labeling clusters by their most significant GO term (meta-pathway).
565  Meta-pathway genes were visualized by heatmap, using log-normalized, scaled expression for GO
566  term genes that were differentially expressed in vaccination groups compared to the PBS control.
567  Custom R scripts were used for generating various plots.

568
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569  Standard statistics

570  Standard statistical methods were applied to non-high-throughput experimental data. The
571  statistical methods are described in figure legends and/or supplementary Excel tables. The
572 statistical significance was labeled as follows: n.s., not significant; * p < 0.05; ** p <0.01; *** p
573 <0.001; **** p <0.0001. Prism (GraphPad Software) and RStudio were used for these analyses.
574  Additional information can be found in the supplemental excel tables.

575

576  Schematic illustrations

577  Schematic illustrations were created with Affinity Designer or BioRender.

578

579  Replication, randomization, blinding and reagent validations

580  Replicate experiments have been performed for all key data shown in this study.

581  Biological or technical replicate samples were randomized where appropriate. In animal
582  experiments, mice were randomized by littermates.

583  Regular experiments were not blinded. NGS data processing were blinded using metadata.
584  Subsequent analyses were not blinded.

585  Commercial antibodies were validated by the vendors, and re-validated in house as appropriate.
586  Custom antibodies were validated by specific antibody - antigen interaction assays, such as ELISA.
587  Isotype controls were used for antibody validations.

588  Cell lines were authenticated by original vendors, and re-validated in lab as appropriate.

589  All cell lines tested negative for mycoplasma.

590
591

592
593
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Supplementary Materials
Figs. S1to S8
Data files S1 to S2

Supplemental Datasets

Dataset 1 | Single cell GEX of multiplexed LNP-mRNA vaccinated animals

Tabs in this dataset:

Metadata of merged single cell GEX dataset.

Clustering of scGEX dataset.

Two-dimensional UMAP embeddings.

Wilcoxon statistics for cluster-specific differentially expressed genes

Markers for clustering immune cell subsets.

Statistics for cell type proportions across treatment groups.

Results of the differential expression (DE) analyses of treatment vs PBS groups in
different cell types.

Results of the differential expression (DE) analyses of Triplex vs Delta treatment
groups in different cell types.

Results of the gProfiler pathway analysis in different comparisons.

Dataset 2 | Supplemental Source Data and Statistics of non-NGS experiments

Supplemental excel file(s) contains all original data and statistics for non-NGS experiments.
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671  Figure legends
672
673

674  Figure 1 | Antibody responses and single cell immune profiles of triplex and sequential LNP-
675 mRNA vaccination against SARS-CoV-2 Delta, SARS-CoV and MERS-CoV in vivo.

676  (A) Schematics of mRNA vaccine construct design against pathogenic human coronavirus species.
677  Each construct has regulatory elements (5’UTR, 3’UTR and polyA) and spike ORF. The domain
678  structures as well as engineered mutations of translated spike proteins of SARS-CoV-2 Delta
679  variant (Delta), SARS-CoV (SARS) and MERS-CoV (MERS).

680  (B) Engineered mutations in spike protein structures of SARS-CoV-2 Delta, SARS-CoV and
681  MERS-CoV. The N-terminal domain (NTD, blue), receptor binding domain (RBD, green) and S2
682  subunit (orange) of one protomer along with homologous HexaPro mutations (pink) and Delta
683  variant mutations (red) were highlighted in the spike trimer structures.

684  (C) Schematics of characterization of LNP-mRNA vaccine formulations. Assembly procedure of
685 ~LNP-mRNA vaccine on NanoAssemblr Ignite and downstream biophysical characterization
686  assays.

687 (D) Histogram displaying radius distribution of LNP-mRNA formulations of SARS-CoV-2 Delta
688  and a Triplex (Delta + SARS + MERS) (abbreviated as Triplex-CoV or Triplex), measured by
689  dynamic light scattering (DLS). The polydispersity index and mean radius of each LNP sample
690  were shown at top left corner.

691  (E) Transmission electron microscope (TEM) images of Delta and Triplex-CoV LNP-mRNAs.
692  (F) Surface expression of functional spike proteins in 293T cells after electroporation of
693  corresponding mRNA, as detected by human ACE2 or human DPP4 Fc fusion protein bound to
694  PE anti-Fc antibody.

695  (G) Schematics of vaccination schedule of the Triplex LNP-mRNA formulations, as well as
696  downstream assays to evaluate the antibody responses and other immunological profiles.

697  (H) Binding antibody titers of plasma samples from mice administered with PBS or different LNP-
698  mRNAs (n=9) against RBD or ectodomain (ECD) of SARS-CoV-2 wild type (WT, Wuhan/WA-
699 1), Delta variant, SARS and MERS spikes. The binding antibody titers were quantified by area
700  under curve of logio-transformed titration curve (logio AUC) in Figure S2. The mice were

701  intramuscularly injected with two doses (x2, 2 weeks apart) of PBS, 1ug SARS-CoV-2 Delta
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702 variant LNP-mRNA (delta), 1pg or 3pg equal mass mixture of Delta, SARS and MERS LNP-
703  mRNA (Triplex-CoV).

704  Notes:

705 In the dot-box plots of this figure, each dot represents data from one mouse. Data are shown as
706  mean * s.e.m. plus individual data points in plots. Two-way ANOVA with Tukey's multiple
707  comparisons test was used to assess statistical significance. Statistical significance labels: * p <
708  0.05; ** p < 0.01; *** p <0.001; **** p <0.0001. Non-significant comparisons are not shown,
709  unless otherwise noted as n.s., not significant.

710

711 Figure 2 | Single cell transcriptomics of animals vaccinated by multiplexed LNP-mRNA
712 vaccine against SARS-CoV-2, SARS-CoV and MERS-CoV in mice.

713 (A) UMAP visualization of all 91,526 cells pooled across samples and conditions. All identified
714 clusters are shown with cell identities assigned, based on the expression of cell type specific
715 markers.

716  (B) Dot-whisker plot of immune cell proportions by cell type for each vaccination group: PBS,
717 Delta, Triplex-lo and Triplex-hi; n = 3 mice each group.

718 (C) Schematics of sequential vs. mixture vaccination schedules and sampling. In the Sequential
719  vaccination schedule, vaccinations of SARS-CoV-2 Delta, MERS-CoV, and SARS-CoV were
720  given in sequence separated by 3 weeks, each with 1pg LNP-mRNA prime and 1pg LNP-mRNA
721 boost 3 weeks apart. In the Mixture vaccination schedule, vaccinations of SARS-CoV-2 Delta,
722 MERS-CoV, and SARS-CoV were given simultaneously, each at 1ug LNP-mRNA (3ug total) for
723 both prime and boost. The first dose and the blood sample harvest were done at the same day for
724  both sequential and mixture schedules for comparison.

725 (D) Dot-box plots summarizing binding antibody titers of plasma from mice administered with
726 ~ PBS, Sequential or Mixture LNP-mRNA vaccinations (n = 4 each) against RBD or ECD of SARS-
727 CoV-2 WT/WA-1 and Delta variant, as well as SARS and MERS spikes.

728  (E) Neutralization of plasma from mice treated with PBS, Sequential or Mixture LNP-mRNA
729  vaccinations (n = 4 each); all tested against WT/WA-1 and Delta SARS-CoV-2, SARS-CoV and
730  MERS-CoV pseudoviruses. The percent of GFP positive cells reflected the infection rate of host
731  cells by pseudovirus and was plotted against the dilution factors of mice plasma to quantify

732 neutralizing antibody titers. Neutralizing antibody titers in the form of reciprocal IC50 derived
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733 from fitting the titration curves with a logistic regression model. Each dot represents data from one
734  mouse (n =4 mice per group).

735

736  Figure 3 Single cell transcriptomics visualization, clustering and identification of major
737  adaptive immune populations

738 (A) Bubble plots showing cell population clusters and their respective feature markers, showing
739 expression of representative cell type-specific markers in T cells, NK cells, myeloid cells, B cells,
740  and plasma cells.

741 (B) UMAP clustering, color-coded by major immune cell populations including T cells, NK cells,
742 myeloid cells, B cells, and plasma cells.

743 (C) UMAP visualizations of sub-clustering of major immune cell populations for differential gene
744 expression, including pooled B cells, plasma cells, myeloid cells, and activated CD4 T cells.

745 Notes:

746  Each indicated cell type in the analysis represents the pooled activated immune cell subsets from
747  the overall UMAP: B cell = activated B cells, switched memory B cells, and unswitched memory
748 B cells; CD4 T cells = Thl, Th2 and Treg; CD8 T cells = CD8 effector T cells, CD8 TEM, and
749  CD8 TCM.

750

751  Figure 4 Differential expression, pathway signature and gene set cluster analyses of single
752 cell transcriptomics for animals vaccinated by multiplexed LNP-mRNAs.

753 (A) Ridge density plots showing the expression log fold change meta-pathway genes between
754 different vaccination groups in different cell types. Each plot presents the top five meta-pathways
755 in either Triplex-vs-PBS analysis, and only differentially expressed genes of either analysis were
756  selected for each meta-pathway ridgeplot.

757  Each indicated cell type in the analysis represents the pooled activated immune cell subsets from
758 the overall UMAP: B cell = activated B cells, switched memory B cells, and unswitched memory
759 B cells; CD4 T cells = Thl, Th2 and Treg; CD8 T cells = CD8 effector T cells, CD8 TEM, and
760  CD8 TCM.

761  (B) Heatmaps of differentially expressed genes between different vaccination groups of

762  representative pathways in different cell types.
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763 (C) Network plots of enriched pathways of differentially expressed genes between the vaccination
764  groups and PBS, in different cell types.

765  Notes:

766 Each dot is a pathway with the size and color representing the -log10 adjusted p value and the
767  pathway cluster, respectively. Clusters are labeled with the most significantly enriched member
768  pathway (meta-pathway). Colored representative meta-pathway clusters correspond to the colored
769  text boxes.

770

771  Figure 5 | Direct comparison of sequential vs. mixture vaccination schedules against SARS-
772 CoV-2 Delta, MERS-CoV, and SARS-CoV.

773 (A) Schematics of sequential vs. mixture vaccination schedules and sampling. In the Sequential
774  vaccination schedule, vaccinations of SARS-CoV-2 Delta, MERS-CoV, and SARS-CoV were
775  given in sequence separated by 3 weeks, each with 1pg LNP-mRNA prime and 1pg LNP-mRNA
776 ~ boost 3 weeks apart. In the Mixture vaccination schedule, vaccinations of SARS-CoV-2 Delta,
777 MERS-CoV, and SARS-CoV were given simultaneously, each at 1pg LNP-mRNA (3pg total) for
778 both prime and boost. The first dose and the blood sample harvest were done at the same day for
779  both sequential and mixture schedules for comparison.

780  (B) Dot-box plots summarizing binding antibody titers of plasma from mice administered with
781  PBS, Sequential or Mixture LNP-mRNA vaccinations (n = 4 each) against RBD or ECD of SARS-
782 CoV-2 WT/WA-1 and Delta variant, as well as SARS and MERS spikes.

783 (C) Heatmap of antibody titers of individual mice (one column represents one mouse) against eight
784  spike antigens in ELISA (one row represents one antigen).

785 (D) Correlation of antibody titers against RBD (y value) and ECD (x value) of same coronavirus
786  spike, by individual mouse, or by averaged group.

787  (E) Neutralization titration curves of plasma from mice treated with PBS, Sequential or Mixture
788  LNP-mRNA vaccinations (n = 4 each); all tested against WT/WA-1 and Delta SARS-CoV-2,
789  SARS-CoV and MERS-CoV pseudoviruses. The percent of GFP positive cells reflected the
790  infection rate of host cells by pseudovirus and was plotted against the dilution factors of mice

791  plasma to quantify neutralizing antibody titers.
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792 (F) Neutralizing antibody titers in the form of reciprocal IC50 derived from fitting the titration
793 curves with a logistic regression model. Each dot represents data from one mouse and each group
794  contains three mice.

795  Notes:

796  In the dot-box plots of this figure, each dot represents data from one mouse. Data are shown as
797  mean * s.e.m. plus individual data points in plots. Two-way ANOVA with Tukey's multiple
798  comparisons test was used to assess statistical significance. Statistical significance labels: * p <
799  0.05; ** p <0.01; *** p <0.001; **** p <0.0001. Non-significant comparisons are not shown,
800  unless otherwise noted as n.s., not significant.

801

802

803  Supplemental Figure legends

804

805  Supplemental Figure 1 (Figure S1) | Sequence analysis of engineered mRNA-encoded spike
806  proteins of three pathogenic human coronavirus species

807  Sequence alignment of spikes of SARS-CoV-2 Delta variant, SARS-CoV and MERS-CoV used
808  in the LNP-mRNA vaccine. The full-length spike sequences of these three pathogenic human
809  coronavirus species were aligned and their degree of identity at each residue was color coded by a
810  gradient blue color.

811

812 Supplemental Figure 2 (Figure S2) | ELISA titration of RBD and ECD antigens.

813 Two types (RBD top panel and ECD bottom panel) of ELISA spike antigens derived from SARS-
814  CoV-2 WT, Delta, SARS and MERS were used to evaluate the potency of binding antibodies
815  induced by LNP-mRNA vaccines. The mice were intramuscularly injected with two doses (x2, 2
816  weeks apart) of PBS, 1pug SARS-CoV-2 Delta variant LNP-mRNA (delta), 1pg or 3ug equal mass
817  mixture of Delta, SARS and MERS mRNA delivered by LNP (Triplex-CoV).

818

819  Supplemental Figure 3 (Figure S3) | Overall ELISA heatmap and correlation analysis of
820  plasma samples from mice treated with PBS or different LNP-mRNA vaccines.

821  (A) Overall heatmap of antibody titers of individual mice (one column represents one mouse)

822  against eight spike antigens in ELISA (one row represents one antigen).
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823 (B) Correlation of antibody titers against RBD (y value) and ECD (x value) of same coronavirus
824  spike, by individual mouse, or by averaged group.

825

826  Supplemental Figure 4 (Figure S4) | Single cell transcriptomics visualization, clustering and
827  cell type identification.

828  UMAP visualization, colored by the scaled expression of representative cell type-specific markers
829  in T cells, NK cells, myeloid cells, B cells, and plasma cells.

830

831  Supplemental Figure 5 (Figure SS) | Additional pathway analysis of differentially expressed
832  genes compared between vaccination groups in different cell types in the single cell RNA-seq
833  data.

834  Bubble plots of overall biological process pathways of differentially expressed genes compared
835  between vaccination groups in different cell types.

836

837  Supplemental Figure 6 (Figure S6) | Differential expression, pathway signature and gene set
838  cluster analyses of single cell transcriptomics for animals vaccinated by multiplexed LNP-
839 mRNAs.

840  Square plots compare differential expression (DE) of mixCoV-vs-PBS (y axis) to Delta-vs-PBS (x
841  axis) analyses. Each gene is presented by a dot, positioned by the log2(x+1) fold change in either
842  DE analysis and sized by the -logl0 FDR-adjusted p value. Genes that are upregulated or down
843  regulated in mixCoV-vs-PBS are shown as red or blue dots, respectively. Analyses were done for
844  Bcell, CD4 T cell and CD8 T cell populations.

845

846  Supplemental Figure 7 (Figure S7) | ELISA OD450 titration curves over serial logl0-
847  transformed dilution points of plasma from mice treated with PBS, sequential or mixture
848  LNP-mRNA vaccinations.

849  The Sequential vaccination mice were intramuscularly injected with two doses (x2, 3 weeks
850  between prime and boost) of 1pg SARS-CoV-2 Delta, MERS, SARS LNP-mRNA, three weeks
851  apart, in this sequence (Sequential Delta-MERS-SARS).
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852 The Mixture vaccination mice were intramuscularly injected with two doses (3 weeks between
853  prime and boost) 3pg equal mass mixture (1pg each) of Delta, SARS and MERS LNP-mRNA
854  (Mixture Delta/MERS/SARS).

855

856  Supplemental Figure 8 (Figure S8) | Direct comparison of sequential vs. mixture vaccination
857  schedules against SARS-CoV-2 Delta, MERS-CoV, and SARS-CoV.

858  (A) Heatmap of antibody titers of individual mice (one column represents one mouse) against eight
859  spike antigens in ELISA (one row represents one antigen).

860  (B) Correlation of antibody titers against RBD (y value) and ECD (x value) of same coronavirus
861  spike, by individual mouse, or by averaged group.

862  (C) Neutralization titration curves of plasma from mice treated with PBS, Sequential or Mixture
863 ~ LNP-mRNA vaccinations (n = 4 each); all tested against WI/WA-1 and Delta SARS-CoV-2,
864  SARS-CoV and MERS-CoV pseudoviruses. The percent of GFP positive cells reflected the
865  infection rate of host cells by pseudovirus and was plotted against the dilution factors of mice
866  plasma to quantify neutralizing antibody titers.

867 (D) Correlation of neutralization IC50 vs. antibody titers against ECD of same coronavirus spike,
868 by individual mouse, or by averaged group.

869

870
871
872

873

30


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

874

875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 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.

References and Notes

13

14

15

17

18

19

20

21

22

V'Kovski, P., Kratzel, A., Steiner, S., Stalder, H. & Thiel, V. Coronavirus biology and replication:
implications for SARS-CoV-2. Nat Rev Microbiol 19, 155-170, doi:10.1038/s41579-020-00468-6 (2021).
Hu, B., Guo, H., Zhou, P. & Shi, Z. L. Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol
19, 141-154, doi:10.1038/s41579-020-00459-7 (2021).

Zhu, Z. et al. From SARS and MERS to COVID-19: a brief summary and comparison of severe acute
respiratory infections caused by three highly pathogenic human coronaviruses. Respir Res 21, 224,
doi:10.1186/512931-020-01479-w (2020).

Latif, A. A. & Mukaratirwa, S. Zoonotic origins and animal hosts of coronaviruses causing human disease
pandemics: A review. Onderstepoort J Vet Res 87, el-¢9, doi:10.4102/0jvr.v87i1.1895 (2020).

Cui, J., Li, F. & Shi, Z. L. Origin and evolution of pathogenic coronaviruses. Nat Rev Microbiol 17, 181-
192, doi:10.1038/s41579-018-0118-9 (2019).

Alluwaimi, A. M., Alshubaith, I. H., Al-Ali, A. M. & Abohelaika, S. The Coronaviruses of Animals and
Birds: Their Zoonosis, Vaccines, and Models for SARS-CoV and SARS-CoV2. Front Vet Sci 7, 582287,
doi:10.3389/fvets.2020.582287 (2020).

Cohn, B. A., Cirillo, P. M., Murphy, C. C., Krigbaum, N. Y. & Wallace, A. W. SARS-CoV-2 vaccine
protection and deaths among US veterans during 2021. Science, eabm0620, doi:10.1126/science.abm0620
(2021).

Peiris, J. S., Yuen, K. Y., Osterhaus, A. D. & Stohr, K. The severe acute respiratory syndrome. N Engl J
Med 349, 2431-2441, doi:10.1056/NEJMra032498 (2003).

Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D. & Fouchier, R. A. Isolation of a novel
coronavirus from a man with pneumonia in Saudi Arabia. N Engl J Med 367, 1814-1820,
doi:10.1056/NEJMoal211721 (2012).

Abdelrahman, Z., Li, M. & Wang, X. Comparative Review of SARS-CoV-2, SARS-CoV, MERS-CoV, and
Influenza A Respiratory Viruses. Front Immunol 11, 552909, doi:10.3389/fimmu.2020.552909 (2020).

Su, S., Du, L. & Jiang, S. Learning from the past: development of safe and effective COVID-19 vaccines.
Nat Rev Microbiol 19, 211-219, doi:10.1038/s41579-020-00462-y (2021).

Li, Y. D. et al. Coronavirus vaccine development: from SARS and MERS to COVID-19. J Biomed Sci 27,
104, doi:10.1186/512929-020-00695-2 (2020).

Pallesen, J. et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike
antigen. Proc Natl Acad Sci U S A 114, E7348-E7357, doi:10.1073/pnas.1707304114 (2017).

Folegatti, P. M. et al. Safety and immunogenicity of a candidate Middle East respiratory syndrome
coronavirus viral-vectored vaccine: a dose-escalation, open-label, non-randomised, uncontrolled, phase 1
trial. Lancet Infect Dis 20, 816-826, doi:10.1016/S1473-3099(20)30160-2 (2020).

Bosaeed, M. et al. Safety and immunogenicity of ChAdOx1 MERS vaccine candidate in healthy Middle
Eastern adults (MERS002): an open-label, non-randomised, dose-escalation, phase 1b trial. Lancet
Microbe, doi:10.1016/S2666-5247(21)00193-2 (2021).

Tregoning, J. S., Flight, K. E., Higham, S. L., Wang, Z. & Pierce, B. F. Progress of the COVID-19 vaccine
effort: viruses, vaccines and variants versus efficacy, effectiveness and escape. Nat Rev Immunol 21, 626-
636, doi:10.1038/s41577-021-00592-1 (2021).

Polack, F. P. et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med 383,
2603-2615, doi:10.1056/NEJMo0a2034577 (2020).

Baden, L. R. et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl J Med 384, 403-
416, doi:10.1056/NEJM0a2035389 (2021).

Freyn, A. W. et al. A Multi-Targeting, Nucleoside-Modified mRNA Influenza Virus Vaccine Provides
Broad Protection in Mice. Mol Ther 28, 1569-1584, doi:10.1016/j.ymthe.2020.04.018 (2020).

Awasthi, S. et al. Nucleoside-modified mRNA encoding HSV-2 glycoproteins C, D, and E prevents clinical
and subclinical genital herpes. Sci Immunol 4, doi:10.1126/sciimmunol.aaw7083 (2019).

John, S. et al. Multi-antigenic human cytomegalovirus mRNA vaccines that elicit potent humoral and cell-
mediated immunity. Vaccine 36, 1689-1699, doi:10.1016/j.vaccine.2018.01.029 (2018).

Martinez, D. R. et al. Chimeric spike mRNA vaccines protect against Sarbecovirus challenge in mice.
Science 373, 991-998, doi:10.1126/science.abi4506 (2021).

31


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 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

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

available under aCC-BY-NC-ND 4.0 International license.

Hsieh, C. L. et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 369, 1501-
1505, doi: 10.1126/science.abd0826 (2020).

Quast, I. & Tarlinton, D. B cell memory: understanding COVID-19. Immunity 54, 205-210,
doi:10.1016/j.immuni.2021.01.014 (2021).

Sokal, A. et al. Maturation and persistence of the anti-SARS-CoV-2 memory B cell response. Cel/ 184,
1201-1213 e1214, doi:10.1016/j.cell.2021.01.050 (2021).

Newell, K. L. et al. Switched and unswitched memory B cells detected during SARS-CoV-2 convalescence
correlate with limited symptom duration. PLoS One 16, €0244855, doi:10.1371/journal.pone.0244855
(2021).

Zhang, J. Y. et al. Single-cell landscape of immunological responses in patients with COVID-19. Nat
Immunol 21, 1107-1118, doi:10.1038/s41590-020-0762-x (2020).

Stephenson, E. ef al. Single-cell multi-omics analysis of the immune response in COVID-19. Nat Med 27,
904-916, doi:10.1038/s41591-021-01329-2 (2021).

Arunachalam, P. S. et al. Systems vaccinology of the BNT162b2 mRNA vaccine in humans. Nature 596,
410-416, doi:10.1038/s41586-021-03791-x (2021).

Cao, Q. et al. Integrated single-cell analysis revealed immune dynamics during Ad5-nCoV immunization.
Cell Discov 7, 64, d0i:10.1038/s41421-021-00300-2 (2021).

Bewley, K. R. ef al. Quantification of SARS-CoV-2 neutralizing antibody by wild-type plaque reduction
neutralization, microneutralization and pseudotyped virus neutralization assays. Nat Protoc 16, 3114-3140,
doi:10.1038/541596-021-00536-y (2021).

Nie, J. et al. Quantification of SARS-CoV-2 neutralizing antibody by a pseudotyped virus-based assay. Nat
Protoc 15, 3699-3715, doi:10.1038/s41596-020-0394-5 (2020).

Riepler, L. et al. Comparison of Four SARS-CoV-2 Neutralization Assays. Vaccines (Basel) 9,
doi:10.3390/vaccines9010013 (2020).

Doria-Rose, N. et al. Antibody Persistence through 6 Months after the Second Dose of mRNA-1273
Vaccine for Covid-19. N Engl J Med 384, 2259-2261, doi:10.1056/NEJMc2103916 (2021).

Liu, L. et al. Potent neutralizing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 584,
450-456, doi:10.1038/541586-020-2571-7 (2020).

Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 in real time.
Lancet Infect Dis 20, 533-534, doi:10.1016/S1473-3099(20)30120-1 (2020).

Ye, Z. W. et al. Zoonotic origins of human coronaviruses. Int J Biol Sci 16, 1686-1697,
doi:10.7150/ijbs.45472 (2020).

Martinez, D. R. et al. Chimeric spike mRNA vaccines protect against Sarbecovirus challenge in mice.
Science 373, 991-998, doi:10.1126/science.abi4506 (2021).

Cohen, A. A. et al. Mosaic nanoparticles elicit cross-reactive immune responses to zoonotic coronaviruses
in mice. Science 371, 735-741, doi:10.1126/science.abf6840 (2021).

Angeletti, D. & Yewdell, J. W. Understanding and Manipulating Viral Immunity: Antibody
Immunodominance Enters Center Stage. Trends Immunol 39, 549-561, doi:10.1016/.1t.2018.04.008
(2018).

Levin, E. G. ef al. Waning Immune Humoral Response to BNT162b2 Covid-19 Vaccine over 6 Months. N
Engl J Med 385, e84, doi:10.1056/NEJMo0a2114583 (2021).

Goldberg, Y. et al. Waning Immunity after the BNT162b2 Vaccine in Israel. N Engl J Med 3885, e85,
doi:10.1056/NEJMo0a2114228 (2021).

Goujon, M. ef al. A new bioinformatics analysis tools framework at EMBL-EBI. Nucleic Acids Res 38,
W695-699, doi:10.1093/nar/gkq313 (2010).

Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M. & Barton, G. J. Jalview Version 2--a multiple
sequence alignment editor and analysis workbench. Bioinformatics 25, 1189-1191,
doi:10.1093/bioinformatics/btp033 (2009).

Liu, J. et al. BNT162b2-¢licited neutralization of B.1.617 and other SARS-CoV-2 variants. Nature 596,
273-275, doi:10.1038/541586-021-03693-y (2021).

Schmidt, F. et al. Measuring SARS-CoV-2 neutralizing antibody activity using pseudotyped and chimeric
viruses. J Exp Med 217, doi:10.1084/jem.20201181 (2020).

Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 367,
1260-1263, doi:10.1126/science.abb2507 (2020).

Hassett, K. J. ef al. Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA
Vaccines. Mol Ther Nucleic Acids 15, 1-11, doi:10.1016/j.omtn.2019.01.013 (2019).

32


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 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

49

50

51

52

53

54

55

56

available under aCC-BY-NC-ND 4.0 International license.

Corbett, K. S. ef al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness.
Nature 586, 567-571, doi:10.1038/s41586-020-2622-0 (2020).

Satija, R., Farrell, J. A., Gennert, D., Schier, A. F. & Regev, A. Spatial reconstruction of single-cell gene
expression data. Nat Biotechnol 33, 495-502, doi:10.1038/nbt.3192 (2015).

Stuart, T. et al. Comprehensive Integration of Single-Cell Data. Cel/ 177, 1888-1902 e1821,
doi:10.1016/j.cell.2019.05.031 (2019).

Mclnnes, L., ,J. H.,,N. S. &, a. L. G. UMAP: Uniform Manifold Approximation and Projection. Journal
of Open Source Software 3, 861 (2018).

Lun, A. T., Chen, Y. & Smyth, G. K. It's DE-licious: A Recipe for Differential Expression Analyses of
RNA-seq Experiments Using Quasi-Likelihood Methods in edgeR. Methods Mol Biol 1418, 391-416,
doi:10.1007/978-1-4939-3578-9 19 (2016).

Soneson, C. & Robinson, M. D. Bias, robustness and scalability in single-cell differential expression
analysis. Nat Methods 15, 255-261, doi:10.1038/nmeth.4612 (2018).

Kolberg, L., Kerimov, N., Peterson, H. & Alasoo, K. Co-expression analysis reveals interpretable gene
modules controlled by trans-acting genetic variants. Elife 9, doi:10.7554/eLife.58705 (2020).

Raudvere, U. ef al. g:Profiler: a web server for functional enrichment analysis and conversions of gene lists
(2019 update). Nucleic Acids Res 47, W191-W 198, doi:10.1093/nar/gkz369 (2019).

33


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figuré
A

- AAA,
5 UTR Coding sequence 3 UTR PolyA
e
T Lisag ek oenta PootR aorin
- NTD == RBD S2 == SARS2 Delta
— o AL S o

FB1TP ABO2P AS4ZP KOBGP.
‘naoop 987P.

- NTD == RBD S2 = SARS
F799P AG74P S324P K9G8P
Ate vaosp

— _—_—
- NTD == RBD S2 == MERS
ABBOP S96GP N1O16P V1060P
Rorsp Liostp

HexaPro mutations.

O

B available under aCC-BY-NC-ND 4.0 International license.

SARS-CoV/(PDB: 5X58) MERS-CoV/(PDB: SWON)

Delta LNP-mRNA Pan-CoV LNP-smRNA

iv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
s not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

C

SARS COV2 delta or
PanCOV (SARS-COV, -

MERS-COV, SARS-COV2-delta) K
— L
% DLS particle sizing
+ — —
 Cholesterol }
lonizable Cationic P by
Lipid
7 Stabilizer NanoAssemblir mMRNA-LNP Transmission electron
b4 Helper Lipid Ignite complex microscopy
F hACE2
Ctrl SARS-CoV mRNA  SARS-CoV-2-delta mRNA

0.067

Delta LNP-mRNA Triplex LNP-mRNA
30: ) 25 ) PE-anti-human FC  hDPP4
Pd index = 0.16 Pdindex =0.14
Ctrl MERS-CoV mRNA
Radius = 67 nm 209 Radius =69 nm
g 20 ? 250K 250K
2 215 200 o 200K
< 2 0.36
£ 10 £ 10 150K 150K
= = 5 100K 100K
S0k a sox o
—— — —T—T— ™ <p O gy ey oy od
001 01 1 10 100 1000 10000 001 01 1 10 100 1000 10000 ) 0 1% 108
Radius (nm) Radius (nm) %
PE-anti-human FC
G Vaccination group e
= PBS
I = Delta-Tug KKK KK KK Kok %K
M 1 = Triplex-1ug (Delta+MERS+SARS)
Sepbater-1s Kk Kook kK = Triplex-3g (Delta+MERS+SARS) ** " * e el FHRH
L ~—>»Plasma — — —
4 MRNA-LNP injection L indl N4 adia s - . . . . *% - ok k
—
¥ Blood-draw ‘/ \ 64 m [ RS KKk EEEES EEE TS
Prime Blood-draw  Boost Blood-draw o .\0 PEMC ok Kk ok Kk Kok ok Kk —/ —/ —/ —/
5 v J asma A !
| ——t ! : : - ;i
Days DO D14 D21 D35 5 gene expression o L0 .o T8 o R e :
N sce N psce ‘ [3} Jo als 4o 5] T | :
@ < o8 -li | [ == 2 . S J oo
% ! - | = s . 2 )
ELISA Neutralization 10X scRNA h 2 1 é'l’
ass: sequencing = 2 24

SARS2 Delta  SARS2 WT SARS MERS

ELISA antigen - RBD

SARS2 Delta  SARS2 WT

SARS
ELISA antigen - ECD


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

F i g u ré@\szn certified by peer review) is the

A

UMAP_2

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which

B

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.

101
101
5 -
5 s
(aV}
0 <
= 0
5
54 5
-101 ~101
N
S N & N Y
% oL Q d &
2L ¥ > Q& 2 & N o S
fb(’i‘ﬁéf\z@(o & ‘b& N & §°® ® X & &(2’6 «& «C}‘ »
S & e 2 E AR LSS @ @ $ P &
QRIS ¥ N 3 QA PR RS N4 N4 FP PSS

Expression
1
L 0
-1
. iokals 2

[ Activated B cell il CD8 TCM
PBS 1 [ Naive CD4 T B cDC2
[NaiveCD8T [ Th2
Delta- [ Naive B cell I Treg
I NK cell [ Plasmablast
. [ CD8 T Effector  [7] Sw. mem. B cell
Triplex-Lo [ Unsw. mem. B cell 1] Th1
i CD8 TEM [ Macrophage
: il [l cDC1 [ Pre—plasmablast
Triplex-Hi B Monocyte [ Plasma cell
r r r r r I Tcell-Beell [ pDC
0 25 50 75 100
percent
E kkkok P
ok Vaccination group
2 ey
g Tk Ak E3 PBS
g 3017 . " E= Delta
n .
= 50 * . ESS Triplex-Lo
o T ok, E= Triplex-Hi
3" T ‘ﬁ L g o
8 ¥ W #+ i ‘
et 0 A * * *éf i b .'? ‘ *‘4-’ Tred ﬁ*‘ ‘ij! e ’ - ""-0 Fire oL o4 R s s
'..5 T T T T T T T T T T T T T T T T T T T T T T
o 5 o &8 8 B 83 & 2 § &§ &2 %P 3 83 &2 & & E T T E R
o o o N m m Q S (= D o] = ~ 7] Q < m © o [s3
o o 2 °© 2 o E @ I °© 5 o
e o 3 ° & ¢ s 3 o & 8 3 S E & &
= = = 5 0] = O e o o S o S o
zZ 2 2 < E 8 o " s E o o
2 2 O = o
2 ® a
o)


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

. bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
Fl u rtes 3t certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
g available under aCC-BY-NC-ND 4.0 International license.

B cells . CD4 T cells . Dendritic cells
e BereEon S
Plasmablast{® ® ® oo § Naive CD4 L cDC2{0 ® [ i
Sw. mem. B cell .o o Thi °s, o0,
Unsw. mem B cell [ ) [ XN .- — cDC1{o . @ 0 o 10
Naive B cell expressed Th2 expressed exprossed
Activated Beell{e - @ - @ . : Treg H pDC 00 H
............. L] ™ TTTTTTT
!GODO)NN'UE.D('J.QOOOF Exmgv-m.:aa
SRS Tio552883%3 s 5328585
SO00un 1 2c o000 OS50 5 5H 5
[ T % K= = o o) &
Plasma cells Other cells
expression . expression expression
Plasmablast @ 72 NaiveCD8T I NK cell ° @ I;z
s CD8 T Effector R 05
Pre-plasmablast {D@@ @@ e @ o ® - ., CD8TEM . Monocyte (0@ @0« 0@O .
Poer, v ot
Plasma cell [ J H CD8 TCM : Macrophage 1@ [ ] :
[ ] [ ]
DO - N+~ TN~ 0NN A E =T 0O = = CE AN = -
T8 50 OO g X0t o g r-=-© 09 5 6 O
IS0 O08 TWg B 3} D2 T 59383
S o © i > =2
2 Pfge7= 8 FOCOgIETS
B cell Plasma cell

subclusters subclusters

5
NI NI
o o O
< <
: : e
) > -5
~ i
| -10
o -5 0 5 10 15
< UMAP_1 UMAP_1
% Myeloid cell Activated CD4 T cell
subclusters subclusters
10
o B
2 o
< 5.
~_10
-15 '
UMAP 1 -15-10 -5 0 5 -5 0 5

UMAP_1 UMAP_1


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figure

A B cell

Cytoplasmic translation 4

Leukocyte differentiation 4
Energy coupled ﬁrcnon transport,
down electrochemical gradient 4
Negative regulation of
phosphorylation
Mitochondrial ATP synthesis |
coupled proton transport
Positive regulation of apoptotic process
Antimicrobial humoral immune response
mediated by antimi ial peptide
Pos. reg. of signal by p53 class mediator

Negative regulation of ubiquitin }
protein ligase activity

available under aCC-BY-NC-ND 4.0 International license.

CD4 T cell

Cytoplasmic translation 1
Leukocyte differentiation 4

|1-kB kinase/NF-kB signaling J

Energy coupled proton transport,
down electrochemical gradient 7

Neg. reg. of protein mod. process 4

P38/MAPK cascade 4

Antimicrobial humoral imm. resp.
mediated by antimicrobial peptide

Neg. reg. of leuk. differentiation 4 i
Mito. transmembrane transport

CD8 T cell

Reg. of leuk. mediated cytotoxicity 4
Cytoplasmic translation 1

Leukocyte differentiation 1
Mito. electron transport, }
H to ubiquinone
Response to oxidative stress 4
Energy coupled proton transport, |
own electrochemical gradient
Neg. reg. of protein ubiquitination 4

Lymphocyte proliferation 1
Homeostasis of number of cells 1
Defense response to virus 1

Cell chemotaxis 1
Intracellular protein J

Vaccination

] peta
. Triplex-Lo
[ Triplex-Hi

T T + T T transmembrane transport 1
-2 -1 0 1 2 —4 2 0 )
Expr. log-FC Expr. log-FC

CD4 T cell CD8 T cell

Leukocyte differentiation . of leuk. mediated cytotoxicity

2 -1 0 1 2 3
Expr. log-FC

B cell

Leukocyte differentiation

B

o S .
PBS Fos Triplex-ti F \PBS ..
Delta 0 Triplex-Lo Delta °
Triplex-Hi 05 Delta 02 Triplex-Hi
-04
Triplex-Lo | PBS Lo Triplex-Lo ||
AFTTO - TNONDI=- D92 D ~ -
SRR SRR i 3 s
EP86 g 08X 48® O T
toplasmic translation Energy coupled proton transport, m
down electrochemical gradient
Triplex-Hi [ PBS |
P To Triplex-Hi  Fo L )el
| 02
Triplex-Lo , Triplex-Lo . Delta 0
. . -0.2
Delta . Delta 02 Trrplex—Hl B
PBS [ | PBS P Triplex-Lo | ¢

Delta vs PBS

Triplex-Lo vs PBS

Triplex-Hi vs PBS

° Antimicrobial humoral Mitochondrial ATP Positive regulation of |@ Antimicrobial humoral
immune response mediated synthesis coupled proton apoptotic process immune response mediated
by antimicrobial peptide q transport (adj.p = 1.04€-04) by antimicrobial peptide
(adj.p = 1.54e-04) (adj.p = 1.42e-05) .' (adj.p = 3.29e-04)
Adj. p (]
Negative regulation of (-log10) ° Energy coupled proton
— phosphorylation . Positive regulation of Adj p o transport, down Adj p
O (adj.p = 4.11e06) o6 ) signal transduction by | o =@ (|og10)|[ Negative regulation of | electrochemical gradient | 50,
(&) . O 8 ) P53 _C|355 mediator X ° ubiquitin protein ligase (adj.p = 3.35e-07)
0 0O 10 |2 e (adj.p = 1.36e—05) v O 5 activity o 20 o . O s
® ® %¢ O 10 (adj.p = 2.12e-05) O 10
O 12 ) Cytoplasmic translation
° i.p = .
@ O 14 Cytoplasmic translation Leukocyte A (adj.p = 2.54e-25)
(adj.p = 2.67e-28) differentiation oL
Qo e ©| (adj.p = 2.89e-05) o Leukocyte
©| differentiation
° o O (adj.p = 1.96e-08)
° ° o © Antimicrobial humoral Cytoplasmic translation Antimicrobial humoral
(<) immune response mediated (adj.p = 8.61e-28) immune response mediated
° by antimicrobial peptide ® by antimicrobial peptide
_ ° Adj. p Leukocyte (adj,p = 1.06e-03) (adj.p = 5.72e-04)
— (-log10) differentiation 3 o
(] ® |(adj.p = 6.2e-05) [O%)
O o 9 e~ © Adj. p I-kappaB Mitochondrial Adj. p
Negative regulation of . i I B t t .
- leukocyte O 10 Cytoplasmic translation . (~log10) klnass}dgl\:;"ng b : (adip = :';;f;ss)pm (~log10)
i ati dj.p = 1.71e-26 e
q_ . ( :l.ffere;]té?tlo;“) O 11 (adi.p e-26) O 5 (adj.p = 7.21e-04) O s
adj.p = 1.61e-
[m) O 12 O 10 o O 10
O O 13 —Energy coupled proton ° Negative regulation of
. O 14 transport, down Negative regulation of | | Protein ::::slfslcatlon Leukocyte
P38MAPK cascade electrochemical gradient @2 protein modification P differentiation
n . rocess (adj.p = 2.66e—08), .
(adj.p = 9.58e-04) (adj.p =1.71e-07) P! e, (adj.p = 1.6e-14)
73 (adj.p = 3.47e-08) oo e,

[ 0.° o o— | Defense response to Response to oxidative .. Mitochondrial electron
Negative regulation of -  virus stress transport, NADH to
protein ubiquitination Intracellular protein (adj.p = 5.72e-03) (adj.p = 2.63e-07) q ubiquinone
Q@ (adj.p = 3.74e-03) Adj. p transmembrane transport (adj.p = 1.3e-10)
—_ dj.p = 1.62e-04) Leukocyte ®
(~log10) @ v
8 Couroon Energy coupled proton differentiation
. 0 ¢ |[" e s o | A ) 7
I_ [ON-] (ad.p = 6.26e-24) electrochemical gradient| (—10g10) Regulation of leukocyte| (—10g10)
w O 8 - - (adj.p = 2.05e-08) O s & mediated cytotoxicity O s
o ‘ (adj.p = 1e-08)
Nle O 10 © O 1w - O 10
(3
r 1
@) gelighimetaxis O 12 | Cytoplasmic translation ‘ 4
(ad| :46€-09) O 1a o (adj.p = 7.28e-17) @ @

Homeostasis of number of o 0@
cells Lymphocyte proliferation
(adj.p =1.71e-#1)

(adj.p = 1.4e-09)

Cytoplasmic translation
(adj.p = 5.2e-10)



https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
F H l,yés certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
Ig u available under aCC-BY-NC-ND 4.0 International license.

B Vaccination groups
A = PBS

SARS2 delta spike SARS spike BE Sequential (Delta - MERS - SARS)
Prime Boost Prime  Boost Blood-draw E= Mixture (Delta/MERS/SARS)
Y1Hg  41Hg vug Vg ¥
i 1 | | | | | | * Kk % * Kk x * k%K * % XK X X XK XK KOk KOk Xk ok
(DehaIERSSARS) pays go D1 D2 Dbs  DB4  DIOS D119 f 1T 1 1 1 ! L L L !
(Nuscle (Nuscle (NJpuscle (NJMuscle (N Wuscle (N uscle /,‘ * K KK XK KK * ok % XX KK
D} D) '} ) ) )
* ok * ok KKK K KKK K
Delta/MERS/SARS M M M M
spike mixture 5+ .
mRNA-LNP
Prime Boost Blood-draw : L
) ¥3ug * 3ug ' 4+
Mixture | | .
(Detta/ SARS)  Days B0 021 119 8 3 R . T 5]
(N Muscle (< Muscle <
- & b S .2
: 2 2 >
S S
h Neutralization
SepMateTit-15 ) a assay 1+
—
Plasma ELISA WT RBD DeltaRBD SARS RBD MERS RBD WTECD DeltaECD SARSECD MERS ECD
ELISA antigen ELISA antigen

Heatmap of ELISA Log0AUC Grouped AUC correlation Individual AUC correlation

Delta RBD 5_ 6_'
S . Y = 1.049*X + o.ossse. o Y =0.9718*X + 0.2857
5 SARS-CoV RBD % 4 R2= 0.9834 ,.' g R2= 0.8863 :‘.
4
"g MERS RBD 3 ) p <0.0001 ‘l' ‘f? 4 p <0.0001 .. . za
< ? 3- . 3 R
] Delta ECD ) S /‘ 3 N .r}'{(
o WT ECD [=] P [=] Pty —
E 24 4 E [P Vaccination group
SARS-CoV ECD 1 < "l < 2— "t v Pes
MERS ECD Q N A,/'A !
O 14 i ’/ ® Sequential (Delta - MERS - SARS)
23 22 9% % 32 w w P A Mixture (Delta/MERS/SARS)
IR R EEEE oY ok
2 2 5 5 £ 8 S 0 T T 1 0 T T |
& 8 8 & 0 2 4 6 0 2 4 6
E Vaccinated mice ELISA ECD Log,q AUC ELISA ECD Logqo AUC
SARS2-WT pseudovirus SARS2-Delta pseudovirus SARS pseudovirus MERS pseudovirus
» » » » Vaccination group
3 150+ 3 150 D 150 150 - PBS
s} o s} o .
o ) [ ) -e- Sequential (Delta-MERS-SARS)
2 1004 2 100 2 100 2100 "+ Mixture (Delta/MERS/SARS)
(72} [7] (72} [7]
o} o o o
Qo } (o8 o o
8 50+ ! g so - s0 & s0
(O] O (O] O}
5o} — % o} =% B | e, S, 00
X 407 108 105 10 108 102 10! X qo7 108 105 10 103 102 100 X 107 108 105 10% 103 102 10! X 107 108 105 10% 103 102 10f
Plasma dilution Plasma dilution Plasma dilution Plasma dilution
F *kkk *% *kkk ns
I 1 [ 1 [ 1 M
Fkkk Hkkk Fkkk Hk
il I I * I | . [ |- Vaccination group
o 105_ 105_ . 105_ ° 105_ E= PBS
2 ° o) _§ § [ Sequential (Delta-MERS-SARS)
= 10% £ 10 = 10t : = 10t ] . i
o =1 [ Mixture (Delta/MERS/SARS)
ie) . 3 . 3 3
Q 10% 4 O 103 Q 108 - Q 103
o = o = — .
[&] [o} [ [
8 107 - S 102 3 102 3 102
B 2 g 8
g 10! | 8 101 8 101 1 o 10!
100 - 1 - .

O - 100 1
SARS2-WT pseudovirus SARS2-delta pseudovirus SARS pseudovirus MERS pseudovirus


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

MERS HexaPro
SARS HexaPro
Delta HexaPro

bioRxi §repr|nt doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which

Figure

1 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.

LLMF PTE YVDVGF'D VKS | TFFDKTWBRP | DVBKADR I | RT NI T | T YQGDHGDMYVYS AT.TPC’LFVANYSQD KQRANI FVVRIGAAANSTGTVI IS 133
LF ----- DLD F A- - - - -PNYTQHTSS DT S HT--- | PRKDE | VFAATE- - - - - - -- - - - 93
----- Q---- VNLRTRTQ- - -LBPAYTNEFTI VS-NGTIR- - ceeee--- 9B

134 PSTSATIRK YPAFML] F DGKMGRFFNHTIVL PDGCGTLL - YCI LE RSGNHCPAGNSYTSFATYHTPATDCSDGNYNRNAILNSFKEIF TYNITEDE | L---an-- 251
--------------- DN T e ceieeeeeeeiciacoaoaoooo---QTHTMIFD SL E 180
------ | TLDST ND| LD YVHKNNK------------------------------INMESGVISSN QPL 185
252 - - - -EWE GVH FSSRY NMFQFAT VYDT KVYSI PHS IRS- - - 1QSDRKAM- - - - DFSVD | F D 365
181 H FLY KG NT 1 FK| TAF- - - - - -SPAQD 304
186 N YEKIYSKHT) N LVD QTL ALHREYLTPGDSSS ALD 315
366 E AK| EQAEG- VEGDESPLLSG- TP INFK]| LVFT NYNLTKELSLFSVNDETESQI AAIASNEBYSSL ILBY] SYPLSMKSDLSVSS iPHIS QF| IQSFSNP T L LATVPHNLT KP LK]| 497
TF I 438

31s SKV 449
498 | INKCSRL SDDRTE VPQL VNANQYSBBVS | VPST - LVAS STVAMTEQLQ G I TVQYGTDTNS PKLEFANDTK | ASQLGN EvsL YBvSBRBUFaNCTAVGVROBRE 630
439 K| HGK R NVPFSPDI TP-PALNGYW- - - - - - - - - - SKR! 551
450 KSN TE 1 YQAGSKBENGVE GF| - 563
631 \% AYQNLVGYYS - - DGNYYCLR VS VP YD - -KETKTH T| FGS I STMSQYSRSTRSMLKRRDSTYGPL VL LVNSSLFVED KLPLBQSL! LPD P T TPRSVRSVPGEMRLA 760
vs F - .- TSQ -K8 673

- QTNS GSAS VAS 689

761 sliFNHP IQV DQLNS YFKLS Y1QTT!I INGFakfBE olIRE SK | H ANLR] DS sPissass| DFNLTLLEBVS | STGSR 893
803

690 |_ 819
894 P DBEva YvABYK MDVN | S| GS | LSBFA s 1 F | L A GF ERF 1027
804 T 935
820 8 951

1MIHS

S

1028 N VVNARNGL NHIEVVS YGL DAANP 1161
1069
1085
1162 TNC | ABVNEY] IKTNNTRIVDE EPIRIS LNIK YVAPQVTYQN - ISTNLPPRIEL GNS TG | DEQD| VSTS IPNFBSLT! TTLLDLTYBMLS; INMT YNINK 1294
1086 - - - 1209

1295 LALCVFF I LEC| IGTNCMEK LKENREEDR YE| 1353
1194 L 1255
1210

1271



https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

F i g urev 20ertified by peer review) is the

0D450

0D450

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
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.

SARS-CoV-2 WT RBD

SARS-CoV RBD

SARS-CoV-2 WT ECD

SARS-CoV ECD

2.0+ 2.0+ 2.0 2.0
154 7
(=3 (=] o
n 0 0
3 3 T 1.0
o o o
0.5+
-I 1 0.0 T T T T 1
7 7 3 4 5 6 7
Log, dilution Log4 dilution Log dilution Logy dilution
SARS-CoV-2 Delta RBD MERS-CoV RBD SARS-CoV-2 Delta ECD MERS-CoV ECD
2.0+ 2.09 2.0
1.5+ 1.54 N 1.54
(=3 o (=]
3 3 3
X 1.0 X 1.0 2 1.0
o o o
0.5+ 0.5+ 0.5+
— o Py °
0.0 T T T 1 0.0 T T T T ~ 1 0.0 T T T T 1
3 4 5 7 3 4 5 6 7 3 4 5 6 7

Logy dilution

Log dilution

Log4 dilution

Logy dilution

Vaccination group
-~ PBS
Delta-1ug
~¥- Triplex-1pg (Delta+MERS+SARS)
—+— Triplex-3ug (Delta+tMERS+SARS)


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
F : 'yés S rtified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
Ig u available under aCC-BY-NC-ND 4.0 International license.

A

Heatmap of ELISA Log1,AUC

Delta RBD

WT RBD
4

c SARS RBD
&
% MERS RBD
&
z, Delta ECD
d WT ECD 2

SARS ECD

MERS ECD

.........
Vaccinated mice
Correlation between RBD and ECD
Grouped AUC correlation Individual AUC correlation
6 61
| |
g ’r" g ..2.A
<f‘2 4 ‘," A Tc_» 4 A : S ] Y PBS group
4 [e)] | |
_8: ”'. g I:.: ’A’;,_ 8 A D(.alta-1pg
S AL 8 | alteneTV = T
w Pas A ag s riplex-
< 2 7% Y =1.055"X + 0.4664 < 27 . Y = 0.7859"X + 1.121 plex-SHg
- ’m R?= 0.9017 o A R?=0.7125
p < 0.0001 w p <0.0001
0 T T 1 0 | | |
0 2 4 6 0 2 4 6

ELISA RBD Log;, AUC ELISA RBD Logqo AUC


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

. bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
Fl u res s4rtified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
g available under aCC-BY-NC-ND 4.0 International license.

T cell markers NK cell and myeloid markers
Cd3d Cd4 Ner1 Cd14
~ 10 2.0 ~ 10 3
% 0 ey I“” % 3
g e A 1.0
ShL o9 T 33
10 0 10

UMAP_1
Cdsb1
C\Jl 10 0.4 NI 10
S
e 0.2 <
% 5 %; 0.1 % -5
-10 A -10
-10 0 10
UMAP_1
Ccer7
N 10 - 1.6 o 10
R
oo | 0.8 <
% -5 ST 0.4 % -5
-10 . w i -10 . A4
-10 0 10 -10 0 10 -10 0 10
UMAP_1 UMAP_1 UMAP_1
B cell markers Plasma cell markers
o 10 0.125 o 10 i
| 0.5 i | .
: S N TR S
= -5 83 0.050 = _5 0.0050
> -10 0.1 0.025 -] -10 0.0025
-10 0 10 -10 0 10
UMAP_1 UMAP_1



https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

. bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which
Fl u rtes s 5rtified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
g available under aCC-BY-NC-ND 4.0 International license.

CD4 T cell
7
N e
: e LI
o o (-log10) o
2 2 e .o 2
Z = ®.> O w0 =
|5} o o |5}
: : e O g
K
7 Q= 4
[0 [} - [0
g s ' O« 2
= = =
-1 0 1 2 -1 0 1 2
Delta activ. score Delta activ. score
- - .o . o
2 . e 2 o e
[} 7 H [ - . [}
é _ - AC:J p 5 - . Adj. p S Adi
> 1. B (logt0) 3 ®. - (-log10) 3 (1610)
< >3 . . . =
I et > » ® .- - O 10 .c% , . L) ,:’ O 10 % O =
£ ; Die~ . O 2 s e @/‘ ° O 2o 8 O 0
i e O 0 2 § o . O 0 =
I -1 “. 0 v " 3 [
3 |! : 5 ® - : 5 60
=3 O 0 52 $c O 0o g
= 2q: = 2
ROES: N "
-1 0 1 2 -1 0 1 2 -1 0 1

Delta activ. score Delta activ. score Delta activ. score


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure"

Triplex-Lo log-FC

Triplex—Hi log-FC

bioRxiv p:gnét doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which

Triplex-Lo
-log10 q
— T @ 100
® 200

- - @ 300

1
1
!
1
(Popransoel ) :
-1.0 -0.5 0.0 0.5
Delta log—-FC

Triplex—Hi
-log10 q

—°= ® 100
® 200

-0.5 0.0
Delta log-FC

Triplex—Hi log-FC

Triplex-Lo log-FC
o

CD4 T cell

o Triplex-Lo
-log10 q

[ S .g 100

4 ® 20

® 300

PE_o o
-I

" menis)
1 Tnfaip3| AY036118

-1.0

-0.5

0.0 0.5
Delta log—-FC

_ Triplex—Hi
-log10 q
® 100

-1.0

-0.5

0.0 0.5

. 1.0
Delta log-FC

Triplex-Lo log-FC

Triplex—Hi log-FC

ified 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.

CD8 T cell

2
1] e Triplex-Lo
________ # e _-log10qg
® 100
0 ® 200
- T 7T 7@ 300
-1
Juso 1 p~{Gara)
2 AY036118 :
-3 -2 -1 0 1
Delta log—-FC
2 -LgaISI
1 . .
o Triplex—Hi
''''''' — ~-log10 q
0 ® 100
______ - = @ 200
-1
-2 AY036118
-3 -2 0 1

-1
Delta log-FC


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure S7

0OD450

.
y

0D450

0OD450

~Je

0D450

0OD450

0D450

0OD450

SARS-CoV-2 WT RBD

SARS-CoV-2 Delta RBD

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which

2.0

1.5

1.0

0.5

0.0

was not certified by peer review) is the author/funder, w

available under

2.0

1.5

1.0

0.5+

0.0

Log10 dilution

SARS-CoV RBD

~ -

2.0

1.5

1.0

0.5

0.0

Logqo dilution

SARS-CoV-2 WT ECD

~d

2.0

1.5

1.0

0.5

0.0

3 4 5 6
Log4q dilution

SARS-CoV ECD

~ -

Log4o dilution

~d

2

1.5
1.0

0.5

s granted bioRxiv a license to display the preprmt in perpetwty It is made
BY-NC-ND 4.0 International license. S gro

& Sequential (Delta - MERS - SARS)
Mixture (Delta/MERS/SARS)

0.0

2.0

1.5

1.0

0.5+

0.0

w
H
()]
o
~ -

Logqo dilution

MERS-CoV RBD

2.0

1.0

0.5

0.0

Logqo dilution

SARS-CoV-2 Delta ECD

2.0

1.5

1.0

0.5

0.0

w
I
(3]
;]
-~ -

Logqo dilution

MERS-CoV ECD

w
I
(3]
;]
-~ -

Logqo dilution


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figuré&s

3,]

I

w

N

-

Neutralization reciprocal IC50

o

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.07.491038; this version posted May 8, 2022. The copyright holder for this preprint (which

<<

Grouped average values

Y = 0.7205*X + 1.085
R?=0.9389
p <0.0001 .

o

T
2

T
4

ELISA ECD Logy, AUC

rtified 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.

Neutralization reciprocal IC50

Individual mice values

v PBS
® Sequential (Delta - MERS - SARS)
Mixture (Delta/MERS/SARS)

6—
Y =0.6730*X + 1.245
2_
R%= 0.6687 o
.| p <0.0001 \ooi e
RGEE
e [ )
K
v .-
A4 47
R I
4
v
0+ T T 1
0 2 4 6

ELISA ECD Log;q AUC


https://doi.org/10.1101/2022.05.07.491038
http://creativecommons.org/licenses/by-nc-nd/4.0/

