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Summary

Global health remains threatened by spillovers of zoonotic SARS-like betacoronaviruses
(sarbecoviruses) that could be mitigated by a pan-sarbecovirus vaccine!. We described
elicitation of potently neutralizing and cross-reactive anti-sarbecovirus antibodies by
mosaic-8 nanoparticles (NPs) displaying eight different sarbecovirus spike receptor-binding
domains (RBDs) as 60 copies of eight individual RBDs*¢ (mosaic-8 RBD-NPs) or 30 copies
of two “quartets,” each presenting four tandemly-arranged RBDs’ (dual quartet RBD-NPs).
To facilitate manufacture of a broadly protective mosaic-8 vaccine, we generated membrane-
bound RBD quartets that can be genetically encoded and delivered via mRNA: dual quartet
RBD-mRNA and dual quartet RBD-EABR-mRNA, which utilizes ESCRT- and ALIX-
binding region (EABR) technology that promotes immunogen presentation on cell surfaces
and circulating enveloped virus-like particles (eVLPs)’. Immunization with mRNA
immunogens elicited equivalent or improved binding breadths, neutralization potencies, T
cell responses, and targeting of conserved RBD epitopes across sarbecoviruses,
demonstrating successful conversion of protein-based mosaic-8 RBD vaccines to mRNA
formats. Systems serology’ showed that the mRNA vaccines elicited balanced IgG subclass
responses with increased Fcy receptor-binding IgGs, consistent with potentially superior Fe
effector functions. A new technique, Systems Serology-Polyclonal Epitope Mapping
(SYSPEM), revealed distinct IgG-subclass-specific epitope targeting signatures across
mRNA and protein-based vaccine modalities. These results demonstrate successful
conversion of mosaic-8 RBD-NPs to mRNA or EABR-mRNA vaccines that provide easy
manufacturing and enhanced protection from future pandemic sarbecovirus outbreaks.
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Introduction

Three coronaviruses have spilled over from animal hosts to cause human epidemics or pandemics
in the past 25 years: SARS-CoV (hereafter SARS-1) in the early 2000s, MERS-CoV in 2012, and
SARS-CoV-2 (hereafter SARS-2) in 2019'°. Two of these coronaviruses, SARS-1 and SARS-2,
are members of the SARS-like betacoronavirus (sarbecovirus) subgenus. Although SARS-1 is not
currently circulating, SARS-2 continues to infect humans, driving emergence of new variants that
necessitate regular updates of current COVID-19 vaccines'!. Since we cannot predict how SARS-
2 will continue to mutate or which zoonotic sarbecovirus will next infect humans, we need a pan-
sarbecovirus vaccine that does not need updating to provide broad protection against new SARS-
2 variants and future sarbecovirus spillovers!.

Spike trimers of coronaviruses function in host cell entry after one or more of the receptor-binding
domains (RBDs) adopt an “up” position to permit interactions with a host cell receptor!2, RBD
targeting has been suggested for COVID-19 vaccine development as RBDs are the main target of
neutralizing antibodies (Abs)!3. We previously described a vaccine approach designed to elicit
broad Ab responses to diverse sarbecoviruses in which RBDs from multiple sarbecoviruses were
covalently linked using the SpyCatcher-SpyTag system??> to a SpyCatcher-mi3 protein
nanoparticle!* (NP)?>. In this approach, mosaic-8 RBD-NPs displayed eight different sarbecovirus
spike RBD antigens attached randomly to the 60 positions of the mi3 NP (Fig. la,b). We
hypothesized that B cells bearing cross-reactive receptors (B cell receptors; BCRs) recognizing
features in common between adjacent non-identical RBDs would be preferentially activated
compared to B cells with BCRs recognizing immunodominant strain-specific epitopes® (Fig. 1a).
To investigate this prediction, we used deep mutational scanning (DMS)!> to map RBD epitopes
recognized by Abs from animals immunized with mosaic-8 RBD-NPs or homotypic RBD-NPs
(i.e., only presenting SARS-2 RBD), which revealed targeting of more conserved RBD regions by
mosaic-8 RBD-NP—elicited Abs compared with targeting of more variable RBD regions by
homotypic RBD-NP-elicited Abs*”’. This finding rationalized results from challenge experiments
in which mosaic-8 RBD-NPs protected from both a matched viral challenge (i.e., from a virus
represented by an RBD on the NP) and a mismatched challenge (i.e., from a virus not represented
by an RBD on the NP), whereas homotypic RBD-NPs protected only from a matched challenge?’.
In addition to initial experiments in SARS-2—naive animals, we also found broader Ab responses
elicited by mosaic-8 RBD-NPs in animals that were pre-vaccinated with COVID-19 vaccines®.
Taken together, these results suggest that a mosaic-8 RBD-based vaccine given as a COVID-19
booster could provide increased protection from SARS-2 variants and prevent future sarbecovirus
spillover(s) from causing an epidemic or pandemic.

Manufacturing of a mosaic-8 RBD-NP vaccine is a challenging process that requires production
of nine protein components: eight different RBDs and a NP to which the RBDs are coupled.
Making an mRNA-based version of a mosaic-8 vaccine would also pose challenges due to the
requirement of synthesizing eight individual modified mRNAs. The RBD-encoding mRNAs could
either be packaged into individual lipid nanoparticles (LNPs) or co-formulated into a single LNP.
In the first case, some cells would not take up all eight mRNA LNPs, therefore presenting fewer
instances of different RBDs adjacent to each other, potentially reducing the hypothesized avidity
effects to activate B cells with maximally cross-reactive BCRs (Fig. 1a). In the second case, co-
formulation of eight mRNAs encoding each RBD into a single LNP would present technical and
regulatory challenges. A potential solution relevant to converting a mosaic-8 vaccine into an
mRNA format involves the reported modification of the mosaic-8 RBD-NP protein-based
immunogen into an mi3 NP presenting two RBD “quartets” (each containing four RBDs arranged
in tandem), which was shown to elicit equally broad and potent Abs as the original mosaic-8 RBD-
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NP that presents monomeric RBDs’ (Fig. Ic; dual quartet RBD-NP). Dual quartet RBD-NPs
require manufacture of only three components (two RBD quartets and a NP), and by synthesizing
mRNAs encoding membrane-bound RBD quartets, could be more easily converted to an mRNA-
LNP format than mosaic-8 RBD-NPs. In addition to simpler manufacturing, mRNA-LNP vaccines
offer an advantage over protein-based vaccines in that viral antigens undergo translation in the
cytoplasm, thereby providing a source of viral peptides for presentation by MHC class I molecules
to activate CD&+ cytotoxic T cells'®.
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81
82  Figure 1. Protein- and mRNA-based pan-sarbecovirus immunogens.
83  (a) Avidity hypothesis. Left: Membrane-bound strain-specific BCRs (pale yellow) using avidity
84  to recognize a strain-specific epitope (pale yellow triangle) on antigens attached to a homotypic
85  NP. Middle: Strain-specific BCRs binding with only a single Fab (i.e., not using avidity) to a
86  strain-specific epitope (triangle) on an antigen attached to a mosaic NP. Right: Cross-reactive
87  BCRs using avidity to recognize a common epitope (blue circle) presented on different antigens
88 attached to a mosaic NP, but not to strain-specific epitopes (triangles). Only a fraction of the 60
89  attached RBDs are shown for clarity. (b) Sarbecovirus phylogenetic tree (made using a Jukes-
90  Cantor generic distance model with Geneious Prime® 2023.1.2) calculated from amino acid
91  sequences of RBDs aligned using Clustal Omega!’. Viruses with RBDs included in RBD quartets
92  and mosaic-8 RBD-NPs are indicated with an asterisk. Scale bar = phylogenetic distance of 0.08
93  nucleotide substitutions per site. (c) Schematics of protein-based and mRNA-based pan-
94  sarbecovirus immunogens (not to scale; showing only a fraction of antigens for clarity). (d)
95  Schematics of mRNA constructs encoding RBD dual quartet immunogens used in this study.
96
97  Conversion of dual RBD quartet immunogens to an mRNA format (Fig. 1c; dual quartet RBD-
98  mRNA) also offers the possibility of using the ESCRT- and ALIX-binding region (EABR) mRNA
99  vaccine platform, which results in presentation of immunogens on cell surfaces and on circulating
100  enveloped virus-like particles (eVLPs), thereby combining attributes of both mRNA and protein-
101 NP vaccines® (Fig. lc; dual quartet RBD-EABR-mRNA). eVLP formation is achieved by
102 appending a short EABR sequence to the cytoplasmic domain of the mRNA-encoded immunogen,
103 which recruits cellular ESCRT proteins to induce eVLP budding from the plasma membrane®. We
104  previously showed that two immunizations with mRNA-LNP encoding spike-EABR elicited
105  potent CD8+ T-cell responses and superior neutralizing antibody responses against original and
106  variant SARS-2 compared to conventional spike-encoding mRNA-LNP and purified spike-EABR
107  eVLPs, improving neutralizing titers >10-fold against Omicron-based variants.
108
109  Here, we show that the advantages of protein-based mosaic-8 RBD-NP vaccines can be transferred
110 to an mRNA-LNP vaccine format. We compared immune responses in mice immunized with dual
111 quartet RBD-mRNA versions of mosaic-8 immunogens (dual quartet RBD-mRNA and dual
112 quartet RBD-EABR-mRNA) with responses to two versions of protein-based mosaic-8 NPs (dual
113 quartet RBD-NP7 and EABR-based dual quartet RBD-eVLPs) or to homotypic SARS-2 RBD-
114 eVLPs. Immunization with mRNA immunogens elicited equivalent or improved binding breadths,
115 neutralization potencies, T cell responses, and targeting of conserved RBD epitopes across
116  sarbecoviruses compared to protein-based mosaic-8 immunogens, demonstrating successful
117  conversion of the mosaic-8 RBD vaccine to mRNA formats that enable streamlined, scalable
118  manufacturing of a pan-sarbecovirus vaccine.
119
120 Results
121
122 mRNA-encoded RBD quartets are presented on cell surfaces and eVLPs
123 mRNA-LNP can direct cell surface expression of a variety of gene products, including viral
124 antigens'®. We investigated whether protein-based soluble dual quartets could be modified to
125  induce cell surface expression by creating constructs that encode an RBD quartet followed by a
126  linker, transmembrane anchoring sequence, and cytoplasmic tail (Fig. 1d; RBD quartets 4a and
127  4b). The eight RBDs in the 4a and 4b quartet sequences correspond to the RBDs used in previous
128  studies investigating dual quartet RBD-NPs constructed from soluble quartets’ and to RBDs in a
129  mosaic-8 RBD-NP constructed from soluble monomeric RBDs? (Fig. 1b). We used flow cytometry
5
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130  to verify presentation of membrane-bound RBD quartets on the surface of cells transfected with
131  mRNA encoding RBD quartet 4a or RBD quartet 4b by staining with C118, a human mAb that
132 recognizes a conserved RBD epitope present on all eight RBDs!*2°, Flow cytometry results
133 showed high and equivalent levels of RBD quartets 4a and 4b on cell surfaces when each was
134 expressed separately (Extended Data Fig. 1a).
135
136  We next investigated the use of EABR technology, which modifies membrane proteins delivered
137 by mRNA-LNP to induce self-assembly and budding of eVLPs, resulting in immunogen
138  presentation on cell surfaces and circulating eVLPs?, for delivering quartet RBD sequences. eVLP
139  assembly is induced by appending a short amino acid sequence to the cytoplasmic domain of a
140  membrane protein, which recruits proteins from the host ESCRT pathway that drives budding for
141  many enveloped viruses?!. Addition of an EABR sequence has been shown to produce eVLPs for
142 avariety of membrane proteins including SARS-2 spike®, HIV-1 Env?®, influenza hemagglutinin??,
143 RSV fusion protein® (class I viral fusion protein trimers), Andes virus glycoprotein (a tetramer)?®,
144 CCRS5 (a G protein-coupled receptor with multiple transmembrane regions)®, epidermal growth
145  factor receptor?®, and MHC class I proteins?*. Compared to non-EABR RBD quartets, cells
146  expressing EABR-modified RBD quartets showed lower cell surface expression by flow cytometry
147  using the pan-sarbecovirus RBD-specific C118 Ab!%-?° (Extended Data Fig. 1a). Lower cell surface
148  expression for an EABR-containing membrane protein, which was also found when comparing
149  SARS-2 spike trimer expression plus and minus an EABR sequence®, is presumably due to
150  incorporation of a subset of cell surface proteins into released eVLPs that are not retained on the
151  cell surface.
152
153  To evaluate whether the RBD quartet 4a-EABR and 4b-EABR constructs induced secretion of
154  RBD quartet-displaying eVLPs, we subjected supernatants of quartet 4a- or 4b—transfected cells
155  to an established eVLP purification procedure®. ELISAs were consistent with efficient eVLP
156  formation for EABR mRNAs, showing high quartet 4a or 4b protein levels in the purified eVLP
157  samples for EABR, but not non-EABR, quartets (Extended Data Fig. 1b). We also used Abs
158  specific for quartet 4a (anti-Rs4081 RBD)? and 4b (anti-WIV1 RBD)?¢ to examine co-transfected
159  cells by flow cytometry, demonstrating that RBD quartets 4a and 4b were co-expressed at the
160  surface of individual cells (Extended Data Fig. lc). To confirm that both quartets were
161  incorporated into the same eVLP, we used a sandwich ELISA to probe eVLPs resulting from an
162  RBD quartet 4a-EABR and 4b-EABR co-transfection. eVLPs were purified from co-transfected
163 cells, captured with anti-WIV1 RBD Ab (quartet 4b), and detected with anti-Rs4081 RBD Ab
164  (quartet 4a), verifying the presence of both quartets on dual quartet eVLPs (Extended Data Fig.
165 1d). As expected, no binding was detected for samples prepared in the same way from cells co-
166  transfected with non-EABR versions of the quartets or cells only transfected with quartet 4a-EABR
167  or4b-EABR (Extended Data Fig. 1d). Taken together, these data show that mRNA-encoded RBD
168  quartets were co-expressed on the surface of transfected cells and that the two EABR-modified
169  quartets are co-displayed on eVLPs.
170
171  Dual quartet RBD mRNA immunogens elicit cross-reactive Abs
172 We next compared Ab responses in mice immunized with mRNA-encoded dual quartets to
173 immunizations with protein-based dual quartet RBD-NPs or with purified dual quartet RBD-
174 eVLPs. For mRNA immunizations, mRNA encoding RBD quartets 4a and 4b were co-formulated
175  into lipid nanoparticles (LNP) to generate dual quartet immunogens (dual quartet RBD-mRNA
176  and dual quartet RBD-EABR-mRNA), which were each injected intramuscularly at RNA doses of
177 1.5 pg or 0.5 pg (Fig. 2a, Extended Data Fig. 2a). We also included cohorts of mice that were
178  immunized with 5 pg of dual quartet RBD-NPs (calculated based on RBD content) in the presence
6
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179  of adjuvant (Fig. 2a) and cohorts immunized with adjuvanted purified RBD-eVLPs (dual quartet
180 RBD-eVLP or SARS-2 RBD-eVLP; 5 ng RBD content per dose), the latter representing a
181  homotypic immunogen control presenting only one type of RBD (Fig. 1c).
182
183  Because binding and neutralizing Ab responses both correlate with protection in humans and
184  animals vaccinated with COVID-19 mRNA vaccines?”?, we analyzed immunized mouse sera by
185  ELISA to evaluate Ab binding responses and used pseudovirus assays* to evaluate neutralization
186  (Fig. 2b,c; Extended Data Fig. 2b). When comparing mRNA-based to protein-based immunogens,
187  weused a 1.5 pg mRNA dose and a 5 pg (RBD content) dose for the protein-based immunogens
188  (Fig. 2b,c), which represent standard doses used for these vaccine modalities in mice®33!. We also
189  compared the mRNA and mRNA-EABR immunogens using a 0.5 ng mRNA dose to investigate
190  potential dose-sparing effects of the EABR technology (Extended Data Fig. 2b). To evaluate
191  potential sarbecovirus strain-specific differences in Ab binding and neutralization properties, we
192  displayed data to show responses to individual sarbecovirus antigens (Fig. 2b,c; left panels) and
193  also as the overall geometric mean (geomean) response elicited by the different cohorts across
194  evaluated antigens, a form that allows statistical evaluation of differences across different cohorts
195  (Fig. 2b,c; right panels).
196
197  The highest mean binding titers for sera from the five cohorts across a panel of matched and
198  mismatched sarbecovirus RBDs were found for dual quartet RBD-mRNA and dual quartet RBD-
199 EABR-mRNA (Fig. 2b, left). Thus, genetically encoded RBD quartets delivered by a 1.5 pg dose
200 of mRNA-LNPs were significantly more effective at eliciting cross-reactive RBD-binding Abs
201  across a panel of sarbecovirus RBDs than 5 pg of the dual quartet RBD-NP protein-based
202  immunogen (Fig. 2b, right; p<0.0001 for comparisons of dual quartet RBD-mRNA and dual
203  quartet RBD-EABR-mRNA). In addition, both dual quartet RBD-mRNA and dual quartet RBD-
204 EABR-mRNA exhibited significantly higher geomean binding titers than the protein-based dual
205  quartet RBD-eVLPs and homotypic SARS-2 RBD-eVLPs (Fig. 2b, right; p<0.0001 for all
206  comparisons of mMRNA-LNP immunogens and protein-based immunogens). SARS-2 RBD-eVLPs
207  exhibited significantly lower binding titers across the RBD panel than the dual quartet RBD-NPs
208 and purified dual quartet RBD-eVLPs (Fig. 2b, right; p<0.0001 for all comparisons except
209  comparing with dual quartet RBD-eVLP, where p=0.0057), as expected based on results for
210  homotypic RBD-NPs??.
211
212 We also compared neutralizing titers elicited by the five cohorts across a panel of matched and
213  mismatched sarbecovirus strains (Fig. 2c, left). When comparing neutralization titers by strain
214  between the five immunization cohorts, dual quartet RBD-mRNA, dual quartet RBD-EABR-
215  mRNA, and dual quartet RBD-NP exhibited the highest titers across the pseudovirus panel except
216  for neutralization of SARS-2 D614G, where homotypic SARS-2 RBD-eVLPs showed induction
217  of slightly higher titers (Fig. 2c, left). Geomean neutralization titers for the five cohorts (Fig. 2c,
218  right) were more similar to each other than the mean binding titers (Fig. 2b, right) but dual quartet
219 RBD-EABR-mRNA induced significantly higher mean neutralizing titers than dual quartet RBD-
220 NP (p=0.0152), dual quartet RBD-eVLP (p=0.0152), and SARS-2 RBD-eVLP (p=0.0470).
221
222 To investigate the effects of lower doses of the mRNA immunogens, we measured binding and
223 neutralization titers elicited by 0.5 pg doses of dual quartet RBD-mRNA and dual quartet RBD-
224  EABR-mRNA immunizations (Extended Data Fig. 2a,b). Binding titers against the RBDs tested
225  were not statistically different for the two mRNA immunogens, except for binding to the BM48-
226 31 RBD, in which case the dual quartet RBD-EABR-mRNA immunization induced significantly
227  higher binding than the dual quartet RBD-mRNA immunization (Extended Data Fig. 2b, left;
7
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228  p=0.0089). Neutralization titers were significantly different for three viruses: SARS-2 D614G,
229  where titers were higher for dual quartet RBD-mRNA (p=0.00013), and for SARS-1 (p=0.00024)
230  and WIV1 (p<0.0001), where titers were higher for dual quartet RBD-EABR-mRNA (Extended
231  Data Fig. 2b, right panel). These results are consistent with the more potent neutralization of non-
232 SARS-2 viruses induced by dual quartet RBD-EABR-mRNA compared with dual quartet RBD-
233  mRNA at the 1.5 pg dose (Fig. 2c¢).

234

235  Despite eliciting high binding titers against both SARS-2 variants and non-SARS-2
236  sarbecoviruses, neutralization titers for mosaic-8 immunogens (dual quartet RBD mRNAs, dual
237  quartet RBD-NP, and dual quartet RBD-eVLP) were lower against SARS-2 variants than against
238  non-SARS-2 sarbecoviruses (Fig. 2c, Extended Data Fig. 2b). Importantly, however, binding Abs
239  can trigger immune responses to clear infected cells through Fc-mediated effector functions
240  and/or complement activation®’. Indeed, human mAbs that neutralized early SARS-2 strains but
241  lost neutralizing activity against SARS-2 Omicron variants retained Fc effector functions®?, and
242 non-neutralizing human anti-RBD mAbs protected from a SARS-2 challenge in animal models*.
243 Thus, even in the absence of strong neutralizing titers against SARS-2 variants, the ability of
244  mosaic-8 immunogens to elicit Abs that exhibit broad binding across sarbecovirus RBDs is a
245  desirable trait for a protective pan-sarbecovirus vaccine.

246
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Figure 2. Dual quartet RBD mRNA immunogens elicit cross-reactive Abs.

ELISA and neutralization results for terminal bleed serum samples (see also Extended Data Fig.
2). (a) Immunization regimen. Left: Mice were primed at day 0, boosted at day 28, and samples
were collected from a terminal bleed at day 77 or 78. Right: Colors used to identify immunization
cohorts and symbols indicating a sarbecovirus antigen or pseudovirus that is matched (filled in
data points; gray shading around name) or mismatched (unfilled data points; black outline around
name). Sarbecovirus strain names are colored in panels b and ¢ according to clade. (b,c) Results
for RBD-binding ELISAs (panel b) and pseudovirus neutralization assays (panel c) for serum
samples from day 77 or 78. Dashed horizontal lines indicate detection limits for assays. Left:
Geomeans of RBD-binding ELISA half-maximal effective dilution (EDso) values (panel b) or
neutralization half-maximal inhibitory dilution (IDso) values (panel c) across a panel of viral
antigens or pseudoviruses for sera from animals in each cohort (geomeans are plotted as symbols
with geometric standard deviations indicated by error bars). Mean EDso or IDso values across
antigens are connected by colored lines corresponding to the immunization cohort. Right: Box and
whisker plots of geomean responses (ELISA EDsos in panel b; neutralization IDss in panel ¢) with
individual data points representing geomean responses across n=10 sera to a single antigen or
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266  pseudovirus. Geomean titers were compared pairwise between immunization cohorts by Tukey’s
267  multiple comparison test with the Geisser-Greenhouse correction (as calculated by GraphPad
268  Prism). Significant differences between cohorts are indicated by asterisks: p<0.05 = *, p<0.01 =
269  ** p<0.001 = *** p<0.0001 = ****

270

271

272  mRNA-encoded dual quartets elicit potent T cell responses

273 T cell responses to the various immunogens were evaluated on day 77/78 in splenocytes from
274  immunized mice using enzyme-linked immunosorbent spot (ELISpot) assays?>. Secretion of IFN-
275 vy (a cytokine produced by CD4+ T helper 1 (Tul) cells and cytotoxic CD8+ T cells) and IL-4 (a
276  cytokine produced by CD4+ T helper 2 (Tu2) and T follicular helper cells*®) was measured after
277  splenocytes were stimulated with a pool of SARS-2 spike peptides.

278

279  The dual quartet RBD-mRNA and dual quartet RBD-EABR-mRNA cohorts exhibited potent IFN-
280 vy responses, consistent with activation of RBD-specific cytotoxic CD8+ T cells, whereas
281  low/undetectable IFN-y responses were found for the protein-based dual quartet RBD-NP, dual
282  quartet RBD-eVLP, and SARS-2 RBD-eVLP cohorts, results consistent with previous findings for
283  mice immunized with purified spike-EABR eVLPs® and the fact that mRNA-LNP immunogens,
284  but not protein immunogens, promote intracellular expression of antigens that serve as sources for
285  peptides loaded onto MHC class I proteins®’. We found strong IL-4 responses for both the mRNA
286  and protein-based immunogen cohorts (Fig. 3).

287

288  Thus, mRNA-based mosaic-8 dual RBD quartet immunizations induce superior (INF-y) or
289  equivalent (IL-4) release of cytokines compared with protein-based mosaic-8 immunogens.

290

ELISpot
IFN-y IL-4
Fedekdk
dededek
2 150 — .*#‘ m 100
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L 8 80 °
=) 2 °
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£ , = o 0 SARS-2 RBD-eVLP
291 -

292  Figure 3. mRNA-encoded dual quartets elicit potent T cell responses. ELISpot assay data for

293  SARS-2 RBD-specific IFN-y (left) and IL-4 (right) responses of splenocytes from BALB/c mice

294  that were immunized with the indicated immunogens (immunization regimen in Fig. 2a). Results

295  are shown as spots per 3x10° cells for individual mice (colored circles) presented as the median

296  (bars) and standard deviation (horizontal lines). Cohorts were compared by Tukey’s multiple

297  comparison test calculated by GraphPad Prism. Significant differences between cohorts linked by

298  horizontal lines are indicated by asterisks: p<0.05 = *, p<0.0001 = ****,

299

300 mRNA-encoded and protein-based dual quartets elicit Abs targeting similar epitopes

301 To investigate which RBD epitopes were targeted by Abs elicited by the different vaccine

302  modalities, we used DMS to evaluate the effects of all possible amino acid changes in an RBD on

303  binding to polyclonal serum Abs!'>¥¥43 To interpret results, we classified RBD residues by
10
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304  epitopes that were defined based on structural properties and conservation/variability across
305  sarbecoviruses: class 1 and class 2 RBD epitopes exhibit more sequence variability across
306  sarbecoviruses and SARS-2 variants, and class 4, class 1/4, and portions of class 3 and class 5
307  epitopes are more conserved?*#+4¢ (Fig. 4a). In some DMS analyses of polyclonal serum Abs, we
308  observed weak escape profiles that lacked clear features, which we defined as a “polyclass,” i.e.,
309  amore balanced, response*. We interpreted polyclass responses as resulting from sera containing
310  multiple classes of anti-RBD Abs based on control experiments in which we evaluated equimolar
311 mixtures of anti-RBD monoclonal Abs that targeted multiple epitopes*®. For the current
312 experiments, we analyzed serum using yeast display libraries encoding RBDs derived from SARS-
313 2 WAI (matched) and SARS-1 (mismatched) spike proteins.

314

315  DMS results showed that the epitopes targeted in both RBD libraries by the mRNA-encoded dual
316  quartet RBD immunogens were similar overall to each other and to epitopes targeted by the
317  protein-based dual quartet RBD-NP immunogen (Fig. 4b,c; Table 1, Extended Data Figs. 3, 4). In
318  particular, the dual quartet immunogens, like mosaic-8 RBD-NPs*#, did not primarily elicit Abs
319  against the immunodominant and variable class 1 and class 2 RBD epitopes, as observed for Abs
320 elicited by homotypic SARS-2 RBD NPs** and spike-based mRNA vaccines*’. Instead, elicited
321  Abs primarily targeted class 4 and class 5 RBD epitopes, except for the Abs raised by
322  immunization with dual quartet RBD-NPs, where class 5 was the predominant targeted epitope.
323

324  Although dual quartet RBD immunizations resulted in a mixed class 4/class 5 RBD response when
325  evaluated against the SARS-2 WA1 and SARS-1 RBD libraries (Fig. 4b,c; Table 1, Extended Data
326  Figs. 3, 4), there were notable differences. For example, both RNA-based immunogens elicited
327  similar class 4 and class 5 RBD responses, but dual quartet RBD-mRNA sera showed more of a
328  class l/class 2 RBD response than dual quartet RBD-EABR-mRNA sera against the SARS-2 WA1
329  RBD library (Fig. 4b; Table 1), perhaps explaining why dual quartet RBD-mRNA elicited higher
330  neutralization titers against the matched SARS-2 D614G pseudovirus (Fig. 2¢, Extended Data Fig.
331  2b). Against the SARS-1 RBD library, each of the dual quartet immunogens induced strong class
332 4 and class 5 responses. In addition, weak escape by Abs against the variable class 1 and class 2
333  RBD epitopes was seen for dual quartet RBD-mRNA, dual quartet RBD-EABR-mRNA, and dual
334  quartet RBD-NP (Table 1). Finally, one mouse in the dual quartet RBD-EABR-mRNA group and
335  two in the dual quartet RBD-NP group elicited polyclass responses, consistent with the ability of
336  these dual quartet immunogens to induce Abs against multiple RBD epitopes.

337

338  We conclude that converting dual quartet RBD immunogens into an mRNA format retains the
339  ability of mosaic-8 vaccines to elicit Abs mainly against more conserved RBD regions, as
340  previously observed in DMS experiments comparing protein NPs presenting dual RBD quartets or
341  eight monomeric RBDs’.
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Figure 4. Dual quartet RBD-mRNA immunogens elicit Ab responses against conserved class
4 and class 5 RBD epitopes.

(a) Sequence conservation of 16 sarbecovirus RBDs calculated using ConSurf*® shown on a
surface representation of SARS-2 RBD (PDB 7BZ5). Class 1, 2, 3, 4, 1/4, and 5 anti-RBD Ab
epitopes?®#-46 are outlined in dots in different colors using information from representative
structures of Abs bound to SARS-2 spike or RBD (C102: PDB 7K8M; C002: PDB 7K8T, S309:
PDB 7JX3; CR3022: PDB 7LOP; C118: PDB 7RKV; WRAIR-2063: PDB 8EOO). (b,c) Left:
Line plots for DMS results using a SARS-2 WA1 RBD library (b) and SARS-1 library (c) from
the indicated number of mice immunized with the immunogens listed above each line plot. X-axis:
RBD residue number. Y-axis: sum of the Ab escape of all mutations at a site (larger numbers =
more Ab escape). Each line represents one antiserum with thick lines showing the average across
the n = 5 or 6 sera in each group. Lines are colored according to RBD epitopes in panel a. Right:
Average site-total Ab escape calculated for results from n =5 or 6 serum samples for the indicated
RBD yeast display libraries. Mice were immunized with the immunogens listed, and results were
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358  mapped to the highlighted residues on the surface of the SARS-2 WA1 RBD (PDB 6M0J). Gray
359 indicates no escape; a gradient of red represents increasing degree of escape. Residue numbers
360  show sites with the most escape with font colors representing different RBD epitopes (defined in
361  panel a; class 1/4 residues are colored with fonts corresponding to class 1 or class 4 residues). The
362  same data are shown in Table 1 and in Extended Data Figs. 3 and 4 (line and logo plots for SARS-
363 2 WAI and SARS-1 RBD libraries, respectively).

364
Immunogen Animal WA1 DMS Profile SARS-1 DMS Profile
class 1[class 2|class 3 |class 4|class 5§ class 1|class 2 |class 3|class 4|class §
Dual Quartet RBD-mRNA 9076
Dual Quartet RBD-mRNA 9077
Dual Quartet RBD-mRNA 9078
Dual Quartet RBD-mRNA 9079
Dual Quartet RBD-mRNA 9080
Dual Quartet RBD-mRNA 9081
Dual Quartet RBD-EABR-mRNA | 9091
Dual Quartet RBD-EABR-mRNA | 9092
Dual Quartet RBD-EABR-mRNA | 9093
Dual Quartet RBD-EABR-mRNA | 9094
Dual Quartet RBD-EABR-mRNA | 9095
Dual Quartet RBD-EABR-mRNA | 9096
9043 | | [ |
9044
o e
9049
9050
coo [ ——
| Escape fraction|
365  [EONEESSN allclasses<05] [None | <05 | [Weak [ 051 |[Moderate | >12 |
366

367 Table 1. Summary of DMS data showing elicitation of strong Ab responses against class 4
368 and class S RBD epitopes by dual quartet RBD-mRNA immunogens.

369  Results for individual mice are shown with ID numbers indicated. DMS was conducted using a
370  SARS-2 WAI RBD library (left) or a SARS-1 RBD library (right). DMS profiles were classified
371  aspolyclass, weak, moderate, or strong as indicated by the maximum escape fraction for any RBD
372  position in each RBD epitope class. Colors and different designations for epitopes were assigned
373 as indicated at the bottom (white entries for animals 9079 and 9045 indicate that no data were
374  available). See also Fig. 4 and Extended Data Figs. 3, 4.

375

376 mRNA-encoded dual quartet RBD immunogens elicit balanced IgG2a/IgG1 responses

377  1gG subclasses induce distinct Fc effector functions, including opsonization, phagocytosis, and
378  Ab-dependent cell-mediated cytotoxicity, through differential binding of their Fc domains to Fc
379  gamma receptors (FcyRs)*; e.g., mouse IgG1, IgG2a, and IgG2b bind the activating receptor
380  FcyR3 and the inhibitory receptor FcyR2b, IgGG2a and IgG2b bind the activating receptor FcyR4,
381  and mouse IgG3 does not bind detectably to any of these FcyRs*'. Of the activating receptors,
382 FcyR3 is more widely expressed than FcyR4, with FcyR4 mainly expressed on
383  monocytes/macrophages and neutrophils and FcyR3 found on those cells plus dendritic cells,
384  natural killer cells, basophils, mast cells, and eosinophils®®. In immunized mice, 1gG2a is
385  associated with Tul-type immune responses, effective activation of complement, and protective
386 interactions with FcyRs, which are critical functions for clearing viruses!. IgG1, although usually
387 efficient in neutralization of viruses, is associated with Tu2-type responses, which are thought to
388  be less effective than Tul responses in anti-viral immune defense™2.
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389

390 We used systems serology® to evaluate the IgG distributions elicited by mRNA versus protein
391  immunogens by comparing binding of IgG1, IgG2a, IgG2b, 1gG3, FcyR2b-, FcyR3-, or FcyR4-
392 binding IgGs, and total IgG (defined as IgGs isolated using a pan-IgG Ab) elicited by the five
393  immunogens to a panel of spike trimers and RBDs derived from SARS-2 variants and other
394  sarbecoviruses. Results are presented to show the elicited responses from individual mice to each
395  antigen (Fig. 5) and geomean responses across the antigens for each immunogen (Extended Data
396  Fig.5).

397

398  Both dual quartet RBD-mRNA immunogens elicited high levels of IgG1 and IgG2a against a broad
399  panel of sarbecovirus spikes and RBDs, with somewhat higher levels of IgG2a than IgG1 (Fig. 5,
400  Extended Data Fig. 5), demonstrating a desirable mixture of IgGs for an anti-viral vaccine of
401  induced Tul and Tu2 responses. In addition, the mRNA-based immunogens each elicited
402  significantly higher IgG2a and FcyR4-binding IgG responses than the protein-based immunogens
403  (p<0.0001) (Extended Data Fig. 5). The protein-based dual quartet RBD-NP and dual quartet
404  RBD-eVLP immunogens elicited higher levels of IgGl than IgG2a, consistent with their
405  administration with Addavax adjuvant, which enhances Tu2-biased immune responses®. Dual
406  quartet RBD-eVLPs also elicited significantly higher [gG2a responses than dual quartet RBD-NPs
407  (p<0.0001). Interestingly, dual quartet RBD-EABR-mRNA elicited significantly higher IgG2b
408  (p<0.0001), as well as FcyR3- (p=0.0013) and FcyR4- (p=0.0021) binding IgGs, than dual quartet
409 RBD-mRNA. Finally, consistent with earlier demonstrations of the more limited sarbecovirus
410  recognition properties of Abs raised in response to homotypic RBD-NPs?>*2%, the SARS-2 RBD-

iH% eVLP immunogen elicited IgGs mainly against SARS-2 and closely related RBDs (Fig. 5).

413  Taken together, these results demonstrate that the mRNA versions of dual quartet immunogens
414  elicit balanced IgG responses that recognize a broad range of sarbecovirus antigens, arguing for
415  their likely efficacy to protect against diverse sarbecoviruses.

416
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Figure 5. mRNA-encoded dual quartet RBD immunogens elicit balanced IgG subclass and
potent FcyR-binding responses.

MFI = median fluorescent intensity. Binding of IgG1, IgG2a, IgG2b, IgG3, FcyR2b-binding IgGs,
FcyR3-binding IgGs, FcyR4-binding I1gGs, and total IgG to the indicated spikes, RBDs, or non-
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423  sarbecovirus control proteins. Antigen names (y-axes) are colored according to spike or RBD
424 clades. Matched antigens are indicated with gray shading around the name, and mismatched
425  antigens are indicated with a black outline around the name. Each column represents binding data
426  from an individual mouse, and immunization cohorts are separated by a vertical black line. A
427  soluble influenza hemagglutinin trimer (CA-09 sHA) was used as a control to evaluate non-
428  specific binding. See also Extended Data Fig. 5.
429
430  Systems Serology-Polyclonal Epitope Mapping (SySPEM)
431  To further explore potential differences in RBD recognition properties by different IgG subclasses
432  within polyclonal Ab samples, we combined systems serology with epitope mapping in a new
433  methodology we call Systems Serology-Polyclonal Epitope Mapping (SySPEM) (Extended Data
434  Fig. 6), by analogy to Electron Microscopy-based Polyclonal Epitope Mapping>* (EMPEM). For
435  the epitope mapping aspect of SySPEM, we created epitope knock-out (KO) mutants in the SARS-
436 2 WAI RBD by introducing one or more potential N-linked glycosylation sites (PNGSs) to direct
437  addition of N-glycan(s) in RBD epitopes that are recognized by either class 1 and class 2, class 2
438  only, class 3, class 1/4, class 4, or class 5 anti-RBD mAbs (Extended Data Fig. 7a). Addition of
439  N-glycan(s) at the introduced PNGS(s) was verified by SDS-PAGE of purified RBD KO proteins,
440  and correct folding and epitope blocking were verified by ELISA using a panel of control mAbs
441  (Extended Data Fig. 7b,c). We measured binding of total polyclonal IgG and IgG subsets to
442  unmodified (wildtype; wt) WA1 RBD and to each of RBD KO mutants, defining a SySPEM score
443  for each IgG sample/epitope pair as [1.0 — (RBD KO binding / RBD wt binding) x 100]; thus,
444  higher SySPEM scores indicate increased binding by a particular IgG class to that epitope
445  (Extended Data Fig. 6). We present SySPEM results in three formats to visualize epitope
446  recognition across immunogens and antibody subclasses: (i) Median SySPEM scores from
447  individual mice divided into distinct RBD epitopes recognized by different IgG classes with
448  statistical comparisons between immunogen cohorts (Fig. 6). This comparison highlights
449  differences in epitope recognition across immunogen cohorts. (i7) Median SySPEM scores for each
450  IgG class within a given immunogen cohort with statistical comparisons between targeted epitopes
451  (Extended Data Fig. 8). This shows the epitope distribution for a given immunogen/IgG class pair,
452  allowing for epitope profile comparisons between different immunogens, analogous to a DMS
453 profile (e.g., Fig. 4). (iii) Uniform Manifold Approximation and Projection (UMAP)’> format to
454  reduce the dimensions of the data set (Fig. 7). These figures provide hierarchical views of the
455  SySPEM data: statistical comparisons across immunogens (Fig. 6), detailed within-cohort analyses
456  (Extended Data Fig. 8), and global similarity mapping of antibody recognition patterns (Fig. 7).
457
458  SySPEM scores validated the epitope mapping approach using RBD KO mutants by showing
459  significantly higher scores for total IgGs elicited by homotypic SARS-2 RBD-eVLPs than by other
460 immunogens against variable epitopes (class 1/class 2, class 2) and little to no targeting of more
461  conserved epitopes (class 4, class 1/4, class 5) (Fig. 6), as previously observed by DMS for
462  homotypic SARS-2 RBD-NPs?.
463
464  For IgGl, the mRNA- and protein-based dual quartet immunogens showed the highest class 5
465  SySPEM scores, with only dual quartet RBD-mRNA exhibiting a score that was not significantly
466  higher than that of homotypic SARS-2 RBD-eVLPs (Fig. 6). In addition, dual quartet RBD-eVLPs
467  and dual quartet RBD-EABR-mRNA exhibited class 4 and class 1/4 IgG1 SySPEM scores that
468  were significantly higher than respective scores for SARS-2 RBD-eVLPs. Similarly, for IgG2a,
469  the dual quartet immunogens all elicited significantly higher class 5 responses than homotypic
470  SARS-2 RBD-eVLP, with both dual quartet RBD-EABR-mRNA and dual quartet RBD-eVLP
471  featuring the highest class 5 SySPEM scores. Dual quartet RBD-EABR-mRNA, dual quartet RBD-
16
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472 NP, and dual quartet RBD-eVLP also elicited higher class 4 SySPEM scores than SARS-2 RBD-
473  eVLP. Interestingly, although not significant, dual quartet RBD-mRNA elicited a higher class
474  1/class 2 SySPEM score than dual quartet RBD-EABR-mRNA, and the opposite trend was
475  observed for class 5. These differences might explain the more potent SARS-2 D614G
476  neutralization elicited by dual quartet RBD-mRNA compared to dual quartet RBD-EABR-mRNA
477  (Fig. 2c), since class 1 and class 2 anti-RBD Abs are potent against SARS-2 WA 1%, However, the
478  combination of higher class 5 and lower class 1/class 2 responses elicited by the dual quartet RBD-
479  EABR-mRNA immunogen represents a more favorable epitope targeting profile for broad pan-
480  sarbecovirus vaccine efforts. For IgG2b and IgG3, SySPEM scores were more similar across the
481  different RBD epitope categories, although dual quartet RBD-eVLP showed significantly higher
482  class 4 and class 5 SySPEM scores than SARS-2 RBD-eVLP.

483

484  For total IgG, dual quartet RBD-EABR-mRNA and dual quartet RBD-NP showed higher class 5
485  SySPEM scores than SARS-2 RBD-eVLP, with dual quartet RBD-eVLP showing the highest
486  scores, and dual quartet RBD-mRNA showing class 5 scores that were not significantly higher
487  than those exhibited by SARS-2 RBD-eVLP (Fig. 6). Dual quartet RBD-EABR-mRNA exhibited
488  significantly higher class 4 and class 5 SySPEM scores for total IgG than dual quartet RBD-
489  mRNA, likely driven by the stronger class 4 and class 5 targeting by IgG2a for this comparison
490  (Fig. 6). Class 4 responses were higher for dual quartet RBD-EABR-mRNA, dual quartet RBD-
491 NP, and dual quartet RBD-eVLP all exhibiting significantly higher class 4 SySPEM scores than
492  SARS-2 RBD-eVLP, with dual quartet RBD-eVLP showing the highest class 4, 1/4, and 5 scores.
493

494  FcyR2b- and FcyR3-binding IgG SySPEM scores were similar across the RBD epitopes, with dual
495  quartet RBD-EABR-mRNA, dual quartet RBD-NP, and dual quartet RBD-eVLP all exhibiting
496  significantly higher class 5 SySPEM scores than SARS-2 RBD-eVLP (Fig. 6). Dual quartet RBD-
497  eVLP and, to a lesser extent, dual quartet RBD-EABR-mRNA exhibited higher class 4 SySPEM
498  scores than SARS-2 RBD-eVLPs. For FcyR4-binding IgGs, dual quartet RBD-EABR-mRNA,
499  dual quartet RBD-NP, and dual quartet RBD-eVLP showed significantly higher class 4 and class
500 5 SySPEM scores than SARS-2 RBD-eVLP.

501

502  To identify all epitopes recognized by sera elicited by a given immunogen, we displayed the
503  SySPEM results in a format in which SySPEM scores for recognition of individual RBD epitopes
504 by different IgG classes are shown (Extended Data Fig. 8). These results highlight increased
505 targeting of class 5 RBD epitopes by IgG1, IgG2a, IgG2b, and IgG3 subclasses elicited by the four
506  dual quartet immunogens, but not by homotypic SARS-2 RBD-eVLPs. Interestingly, displaying
507  the data in this format showed that in some cases for a given immunogen, different IgG subclasses
508  can exhibit distinct epitope profiles, e.g., [gG1 and IgG2a from dual quartet EABR-mRNA cohort
509  sera, where IgG1 showed higher class 1 and class 2 targeting than IgG2a, for which only class 5
510 targeting was high.

511

512 In order to visualize global patterns of epitope recognition between the different immunogens, we
513  made UMAP plots® to project epitope profiles into two- or three-dimensional plots (Fig. 7). For
514 2D UMAP plots (Fig. 7a-e), clusters of points indicate samples that behaved similarly across all
515  epitope knockouts, with ellipses indicating the spread of responses from each immunogen, and
516  centroid markers (indicated by an X) indicating the average epitope mapping profile for each
517  immunogen. When comparing IgG1 (Fig. 7a), IgG2a (Fig. 7b), I1gG1, IgG2a, IgG2b, and 1gG3
518  (Fig. 7¢), and total IgG (Fig. 7d), epitope profiles for different immunogens showed similar trends
519  with SARS-2 RBD-eVLP clustering farthest from the four dual quartet immunogens, and the dual
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520  quartet immunogens showing more overlap with each other. Interestingly, dual quartet RBD-
521  mRNA mapped closer to SARS-2 RBD-eVLP in all cases (Fig. 7a-e), as is especially apparent for
522 IgG2a (Fig. 7b), total IgG (Fig. 7d), and the FcyRs (Fig. 7¢). By contrast, dual quartet RBD-EABR-
523  mRNA clustered further away from SARS-2 RBD-eVLP and closer to dual quartet RBD-eVLP.
524  Dual quartet RBD-NP mapped similarly to dual quartet RBD-EABR-mRNA. To further assess
525  differences in epitope recognition between different immunogens, a three-dimensional UMAP plot
526  was generated using all data (Fig. 7f). Trends in the 3D map were consistent with the 2D UMAPs
527  in that responses to the dual quartet immunogens were distinct from responses to SARS-2 RBD-
528 eVLP and responses to dual quartet RBD-EABR-mRNA tended to map between dual quartet
529  RBD-mRNA and the protein-based dual quartets, consistent with the EABR vaccine modality that
530 combines traditional mRNA- and protein-based vaccinations®. In addition, the finding that
531  SySPEM scores for dual quartet RBD-mRNA overlapped more with scores for SARS-2 RBD-
532 eVLP than scores for the other dual quartet immunogens is consistent with more class 1/class 2
533  RBD epitope targeting by dual quartet RBD-mRNA and SARS-2 RBD-eVLP (Table 1).

534

535  Overall, the SySPEM studies confirmed targeting of more conserved RBD epitopes by the mRNA-
536  based dual quartet immunogens, particularly the EABR-modified version, indicating successful
537  conversion of the desirable properties of protein-based mosaic-8 immunogens. With detailed
538 analyses, however, we found distinct epitope profiles for IgG subclass and FcyR-binding IgGs:
539 i.e., the same antigens presented via different modalities (mMRNA plus and minus EABR sequences
540  and protein antigens on NPs or eVLPs) showed divergent SySPEM epitope profiles. In addition,
541  SySPEM profiling of binding data can rationalize differences in neutralization profiles when
542  comparing two similar immunogens presented differently (e.g., dual quartet RBD-EABR-mRNA
543  versus dual quartet RBD-mRNA).

544

545
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548  Figure 6. SySPEM score comparisons show differences in epitope recognition across
549 immunogen cohorts.

550  SySPEM scores from individual mice were determined for RBD epitopes (columns) recognized
551 by different IgG classes (rows, IgG subclass plus different FcyR-binding IgGs) with statistical
552  comparisons between immunogen cohorts (colors). A SySPEM value of 0 indicates that none of
553  the IgGs in that sample were affected by the glycan addition and therefore the sample did not
554  contain IgGs that recognize that epitope, and a SySPEM value of 100 indicates that all IgGs in that
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555 sample recognized that epitope (Extended Data Fig. 6). A SySPEM value between 0 and 100
556  indicates the proportion of IgGs in a sample that recognized the epitope that was blocked by glycan
557  addition in the RBD KO mutant. Box and whisker plots of SySPEM scores with individual data
558  points representing one mouse are shown. Significant differences between cohorts were calculated
559  using Tukey’s HSD posthoc test and linked by vertical lines indicated by asterisks: p<0.05 = *,
560 p<0.01=** p<0.001 =*** p<0.0001 = ****_ See also Extended Data Fig. 8 and Fig. 7.
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563

564  Figure 7. SYSPEM UMAP analyses.

565  Uniform Manifold Approximation and Projection (UMAP)> was used to project multi-
566  dimensional SySPEM scores into two (panels a-e) or three (panel f) dimensions for (a) IgG1 (b)
567 1gG2a, (c) IgG1, IgG2a, IgG2b, and IgG3, (d) Total IgG, (e) FcyR-binding IgGs, and (f) Total IgG,
568  FcyR-binding IgGs, and IgG subclasses. Samples with similar antibody—epitope recognition
569  profiles cluster together, with colored ellipses indicating the variance within each immunogen
570  group and centroid markers (large Xs) showing the group mean. (f) Three-dimensional UMAP
571  projection for all IgG subclasses and FcyR-binding IgGs with centroid markers (large Xs). See also
572 Fig. 6, Extended Data Figs. 6, 8.

573

574  Discussion
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575 mRNA-based COVID-19 vaccines have been critical for preventing severe disease and death after
576  SARS-2 infection®®, thereby helping to keep the worldwide pandemic in check. A recent
577  modification of Moderna’s mRNA-1273 vaccine involved changing the encoded antigen from a
578  SARS-2 spike trimer to a membrane-bound spike N-terminal domain and RBD*’. The new
579  vaccine, mRNA-1283, exhibited equivalent or superior induced immune responses compared to
580 mRNA-1273 in mice®’ and humans®. These results, together with the immunodominance of RBDs
581  in SARS-2 infections and vaccinations!®, support further development of RBD-based COVID-19
582  and broader CoV vaccines.

583

584  We previously described protein-based RBD-NP immunogens that show promise as a pan-
585  sarbecovirus vaccine?>7?%26, However, manufacturing a protein-based mosaic-8 NP vaccine
586  presents challenges. For example, mosaic-8 RBD-NP requires expression and purification of nine
587  protein components (eight RBDs and a NP) to generate a conjugated RBD-NP, which then requires
588  additional purification and characterization. mRNA vaccines offer the possibility of simpler
589  manufacturing®® but developing an mRNA vaccine that delivers eight individual RBD constructs
590  would also be challenging, especially since mRNA delivery might not achieve co-display of all
591  eight RBDs on cell surfaces and/or eVLPs.

592

593  Here, we report an efficient approach to develop an mRNA-encoded version of a broadly cross-
594  reactive mosaic-8 RBD vaccine*>’. The new approach, inspired by protein-based dual quartet
595 RBD-NPs’, involves genetically encoding sarbecovirus RBDs arranged as two membrane-bound
596  quartets, each comprising four tandemly arranged RBD ectodomains. RBD quartets offer the
597  opportunity for optimal Ab induction by displaying a greater number of RBDs per transmembrane
598  region compared with presentation of individual RBDs. The mRNA immunogens described here
599  display dual RBD quartets at cell surfaces (dual quartet RBD-mRNA) or at both the surfaces of
600 cells and secreted eVLPs (dual quartet RBD-EABR-mRNA) when an EABR cytoplasmic domain
601  sequence is included®. Our analyses showed that dual quartet mRNA immunogens elicited
602  equivalent or superior Ab responses, improved Fc effector functions, and increased T cell
603  responses compared with protein-based dual quartet RBD-NPs. In addition, the dual quartet
604 mRNA immunogens induced balanced Tul/Tu2 responses, thereby stimulating both cellular and
605  humoral immune responses. Thus, dual quartet RBD-mRNA immunogens retain the ability of
606  conventional spike mRNA-LNP vaccines to activate cytotoxic CD8+ T cells and helper CD4+ T
607  cells that can stimulate Ab-producing B cells®®. Finally, and of critical importance for a potential
608  pan-sarbecovirus vaccine, DMS experiments showed that mRNA-based dual RBD quartet
609 immunogens induced Abs against conserved RBD epitopes, as required for a pan-sarbecovirus
610  vaccine and as observed for protein-based mosaic-8 RBD-NP immunogens?>:7-2>26,

611

612  For characterizing dual quartet immunogens, we describe a new systems serology technique,
613  SySPEM, that quantifies the degree of binding to individual epitopes on an antigen across IgG
614  subclasses and FcyR-binding IgGs, therefore allowing for comparisons of epitope profiles elicited
615 by different immunogens that are not possible using traditional systems serology®. SySPEM allows
616  epitope mapping in a more indirect, but higher throughput, way than, e.g., electron microscopy-
617  based EMPEMS!-%4 but can deliver some of the same information while also delineating epitopes
618  recognized by different Ab classes. In contrast to epitope mapping competition ELISAs®,
619  multiplexed SySPEM analyses use minimal sample volumes, do not rely on a panel of mAbs of
620  known epitopes, and provide more precise epitope definition based on the location of added N-
621  glycans. In the present study, SySPEM was used to show that the same antigen (dual quartet RBDs)
622  delivered through mRNA- or protein-based vaccine modalities elicited distinct IgG class-specific
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623  epitope profiles, suggesting that the way an antigen is presented can impact its epitope recognition
624 by the immune system. Elucidating the mechanism by which this occurs warrants further study.
625

626  Here, SySPEM showed that, although overall binding and neutralizing Ab titers were similar, the
627  dual quartet RBD-EABR-mRNA immunogen elicited stronger targeting of conserved class 4 and
628 class 5 epitopes and weaker targeting of variable class 1/class 2 epitopes than the dual quartet
629 RBD-mRNA immunogen, suggesting that the EABR approach could improve the effectiveness of
630 an mRNA-encoded dual quartet RBD pan-sarbecovirus vaccine. For example, immunogen
631  presentation on circulating eVLPs would promote wider antigen distribution to potentially engage
632  larger populations of B cells®*®. Indeed, circulating RBD-eVLPs resulting from a dual quartet
633 RBD-EABR-mRNA immunogen offer similar advantages to a recently described mRNA-
634  delivered RBD protein nanoparticle®’ but also encode membrane-bound antigens at cell surfaces
635  that could trigger additional immune responses. eVLP budding in the EABR approach might
636  facilitate continuous replenishment of the cell surface with antigen, potentially increasing overall
637 levels of antigen being displayed. The small size of eVLPs compared with a cell also facilitates
638 efficient internalization by antigen-presenting cells®!-%4, which could result in enhanced antigenic
639  peptide presentation by class I MHC and activation of T follicular helper cells to promote B cell
640 activation and germinal center formation®®. Improvements for mRNA vaccines by including
641  EABR appear to be general, as the EABR approach was shown to enhance vaccine-induced
642  humoral responses against SARS-22>7 RSV%, and influenza?’. We also showed that a bivalent
643  Wuhan-Hu-1/BA.5 spike-EABR-mRNA booster elicited more balanced targeting of multiple RBD
644  epitopes in pre-vaccinated mice than conventional monovalent and bivalent spike-mRNA
645  boosters, which primarily targeted variable RBD epitopes®®. Taken together, our findings suggest
646  that EABR-mRNA delivery of mosaic and multivalent immunogens improves targeting of
647  conserved epitopes to enhance Ab breadth.

648

649 A pan-sarbecovirus vaccine candidate evaluated in mice would ideally elicit broad-binding 1gG2a
650  and IgG2b subclasses that promote robust Fe effector functions*-> to target conserved epitopes
651  and elicit IgGs that bind to activating Fc receptors (FcyR3 and FcyR4). Using SySPEM, we show
652  that dual RBD quartet immunogens, including the two mRNA-encoded versions, fulfill these
653  criteria. There are many future potential applications for this new technology for design and
654  evaluation of vaccines against a variety of viruses and other pathogens. For example, studies to
655  establish correlates of protection of vaccines could include evaluations of SySPEM parameters to
656  determine the relative protective effects of epitope targeting by different classes of IgGs, thus
657  establishing desirable parameters for future vaccine efforts. In addition, SySPEM can be used to
658  determine whether some epitopes elicit I[gGs with different potential Fc effector functions, again
659  to inform immunogen design for eliciting optimal immune responses against a particular pathogen.
660

661  In summary, our data support advancement of dual quartet RBD-mRNA immunogens into clinical
662  development as a next-generation booster vaccine to provide protection from emerging SARS-2
663  variants and to reduce the chances of a future zoonotic sarbecovirus spillover from causing a new
664  epidemic or pandemic.

665

666
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667  Methods

668

669 Membrane-bound RBD quartet constructs

670  Sequences of the extracellular domains of RBD quartets 4a and 4b were based on previously
671  reported SpyTag-Quartet (Genbank PP13603) and SpyTag-Alternate Quartet (GenBank
672  PP136032, Addgene plasmid ID 214728) sequences’. mRNA constructs encoded a mouse Ig heavy
673  chain signal peptide, codon-optimized RBD quartets 4a and 4b in which individual RBDs were
674  separated by nine-residue Gly/Ser/Thr linkers followed by a five-residue Gly/Ser linker, the
675 SARS-1 spike transmembrane domain, and a truncated spike cytoplasmic tail®® (GenBank
676  AAP13441.1, residues [1218-1235]). For RBD quartet 4a-EABR and 4b-EABR constructs, an
677  endocytosis-preventing motif (EPM)?, four-residue Gly/Ser linker, and the EABR® sequence were
678  appended to the C-terminus. For in vitro assays, these constructs were cloned into the [VTpro T7
679  plasmid (Takara 6144), containing the immunogen open reading frame flanked by 5’ and 3’
680  untranslated regions (UTRs) and a genetically encoded poly(A) tail.

681

682  mRNA synthesis

683  For in vitro assays, [IVTpro T7 plasmids encoding codon-optimized RBD quartet 4a, RBD quartet
684  4b, RBD quartet 4a-EABR, and RBD quartet 4b-EABR constructs were linearized by BspQI
685  restriction digestion (NEB, R0712) and subsequently purified using the Zymo DNA Clean &
686  Concentrator-25 kit (Zymo, D4034). mRNA was generated by in vitro transcription using the
687  IVTpro™ T7 mRNA Synthesis Kit (Takara, 6144) following manufacturer's instructions, with the
688  addition of the CleanCap Reagent AG (3' OMe) (TriLink, N-7413) and complete substitution of
689  uridine with NI1-Methylpseudouridine-5'-Triphosphate (TriLink, N-108; TriLink) to reduce
690  immunogenicity®. mRNA was then purified by lithium chloride precipitation and an ethanol wash
691  following standard protocols®. Purified mRNA was resuspended in nuclease-free water and stored
692 at—80 °C.

693

694  For mRNAs used for in vivo immunization studies, constructs were synthesized by RNAcore
695  (https://www.houstonmethodist.org/research-cores/rnacore/) using proprietary manufacturing
696  protocols including incorporation of the CleanCap Reagent AG (3' OMe) (TriLink, N-7413) and
697  complete substitution of uridine with N1-Methylpseudouridine-5'-Triphosphate (TriLink, N-108).
698 mRNAs were purified by oligo-dT affinity purification. To remove double-stranded RNA
699  contaminants, mRNAs were further purified using a cellulose-based method as described”. In
700  brief, cellulose fibers (0.2 g/mL) were equilibrated in chromatography buffer (10mM HEPES pH
701 7.2, 0.1 mM EDTA, 125 mM NaCl, 16% ethanol) and added to microcentrifuge spin columns.
702  mRNA diluted in chromatography buffer was added and shaken vigorously at room temperature
703  for 30 minutes. The flow-through containing single-stranded mRNA was collected and purified
704  with a sodium acetate precipitation and an ethanol wash. The final purified mRNA was filtered
705  through a 0.2 pm filter before storage at —80 °C37°,

706  mRNA transfections and flow cytometry

707  HEK293T cells were seeded at 1 x 10¢ cells per well in 6-well plates and incubated for 20 h before
708  transfection with 2 ng of mRNA encoding RBD quartet 4a, RBD quartet 4b, and/or their EABR-
709  fused counterparts (4a-EABR, 4b-EABR) using Lipofectamine™ MessengerMax™ (Thermo
710  Fisher Scientific). Forty-eight hours post-transfection, supernatants were collected for eVLP
711  purification by ultracentrifugation on a 20 % sucrose cushion as described®. Cells were gently
712 detached, resuspended in PBS+ (PBS + 2 % FBS), and 100 pL aliquots were taken for flow
713 cytometry.
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714 For the experiment shown in Extended Data Fig. 1a, cells were stained with the cross-reactive anti-
715  RBD mAb C118"2° (2.5 pg/mL) for 30 min in the dark at room temperature, washed, and
716  subsequently stained with Alexa Fluor® 647-conjugated anti-human IgG secondary antibody
717  (Invitrogen, A21445; 1:4,000) for 15 min. After a final wash, cells were resuspended in PBS+ and
718  analyzed on an Attune NxT Flow Cytometer (Thermo Fisher).
719
720  For the experiment shown in Extended Data Fig. 1c, cells were either singly transfected or co-
721  transfected with combinations of RBD quartet 4a and 4b constructs and stained simultaneously
722 with 2.5 ug/mL of Alexa Fluor® 647-conjugated anti-Rs4081 RBD?* and Alexa Fluor® 488-
723 conjugated M8a-7 IgG (anti-WIV1 RBD)?*® mAbs for 30 min at room temperature in the dark.
724  After washing and resuspension, samples were analyzed on an Attune NxT Flow Cytometer.
725  Results were plotted using FlowJo 10.5.3 software.
726
727  Production of dual quartet and SARS-2 RBD-eVLPs
728  Dual quartet RBD-eVLP and SARS-2 RBD-eVLP samples were generated as described® by
729  transfecting Expi293F cells (Gibco) cultured in Expi293F expression media (Gibco) on an orbital
730  shaker at 37°C and 8% COs. To generate dual quartet RBD-eVLPs, DNA plasmids encoding RBD
731  quartet 4a-EABR and RBD quartet 4b-EABR constructs were mixed at a ratio of 1:1. 72 hours
732 post-transfection, cells were centrifuged at 400 x g for 10 min, supernatants were passed through
733 a0.45 um syringe filter and concentrated using Amicon Ultra-15 centrifugal filters with 100 kDa
734 molecular weight cut-off (Millipore). eVLPs were purified by ultracentrifugation at 50,000 rpm
735 (135,000 x g) for 2 hours at 4°C using a TLA100.3 rotor and an Optima™ TLX ultracentrifuge
736  (Beckman Coulter) on a 20% w/v sucrose cushion. After removal of supernatants by aspiration,
737  pellets were re-suspended in 200 pL sterile PBS at 4°C overnight. To remove residual debris,
738  samples were centrifuged at 10,000 x g for 10 min, and supernatants were collected. eVLPs were
739  further purified by SEC using a Superose 6 Increase 10/300 column (Cytiva) equilibrated with
740  PBS. Peak fractions corresponding to eVLPs were combined and concentrated to 250-500 pL in
741  Amicon Ultra-4 centrifugal filters with 100 kDa molecular weight cut-off. Samples were aliquoted
742  and stored at -20°C.
743
744  The amount of SARS-2 RBD on SARS-2 RBD-eVLPs and the amount of dual quartet RBD on
745  dual quartet RBD-eVLPs were determined by quantitative Western blot analysis. Various dilutions
746  of SEC-purified eVLP samples and known amounts of either soluble SARS-2 RBD protein (Sino
747  Biological, 40591-VO8H-B-20) or purified soluble SpyTagged dual quartet RBDs (SpyTagged
748  RBD quartets 4a and 4b were mixed at a ratio of 1:1) were separated by SDS-PAGE and transferred
749  to nitrocellulose membranes (0.45 um) (Thermo Fisher Scientific, LC2001). Rabbit anti-SARS-2
750  S1 polyclonal IgG (Thermo Fisher Scientific, PA5-116916; 1:1,000) and HRP-conjugated goat
751  anti-rabbit IgG (Abcam, ab98467; 1:10,000) were used. Protein bands were visualized using ECL
752 Prime Western Blotting Detection Reagent (Cytiva, RPN2232). Band intensities of the respective
753  standards and eVLP sample dilutions were measured using ImageJ to determine RBD amounts.
754
755  LNP encapsulation of mRNAs
756  Purified dual quartet RBD-encoding mRNAs (RBD quartet 4a + RBD quartet 4b or RBD quartet
757  4a-EABR + RBD quartet 4b-EABR; 1:1 ratio) for in vivo studies were formulated in LNPs as
758  previously described’!. 1,2-distearoyl-sn-glycero-3-phosphocholine, cholesterol, a PEG lipid, and
759  anionizable cationic lipid dissolved in ethanol were rapidly mixed with an aqueous acidic solution
760  containing mRNA using an in-line mixer. The ionizable lipid and LNP composition are described
761  in the international patent application W0O2017075531(2017). The post in-line solution was
762  dialyzed with PBS to remove the ethanol and displace the acidic solution. LNP was measured for
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763  size (60-65 nm) and polydispersity (PDI < 0.075) by dynamic light scattering (Malvern Nano ZS
764  Zetasizer). Encapsulation efficiencies were >97% as measured by the Quant-iT Ribogreen Assay
765  (Invitrogen).

766

767  Protein expression

768  RBDs, RBD quartets, and soluble sarbecovirus spike-6P7> (SARS-2 WA1 and JN.1) or spike-2P
769  (XBB.1.5, SARS-1, Rfl, Rs4091, Yunll, BM48-31, BtKY72) trimers were expressed as
770  described®®’. Briefly, AviTag and/or His-tagged proteins were purified from transiently-
771  transfected Expi293F cells (Gibco) by nickel affinity chromatography (HisTrap HP, Cytiva) and
772 SEC (Superose 6 Increase 10/300, Cytiva)***73. Fractions corresponding to proteins of interest
773  were pooled, concentrated, and stored at 4°C. Biotinylated proteins were generated as described’
774 by co-transfection of AviTag/His-tagged spike and RBD constructs with a plasmid encoding an
775  endoplasmic reticulum-directed BirA enzyme (kind gift from Michael Anaya, Caltech). The anti-
776 Rs4081, anti-RmYNO2, and anti-WIV1 RBD mAb IgGs from Extended Data Fig. 1 and the mAb
777  1gGs and human ACE2-Fc protein shown in Extended Data Fig. 7c were expressed, purified, and
778  classified as recognizing the RBD epitopes as described??23-2644,

779

780  Preparation of RBD-NPs

781  For making dual quartet RBD-NPs, SpyCatcher003-mi3—C-Tag (Addgene 159995) subunits were
782  expressed in BL21 (DE3) E. coli (Agilent) as described”. SpyCatcher003-mi3—C-Tag bacterial
783  cell pellets were resuspended in 20 mL of 20 mM Tris-HCI pH 8.5, 300 mM NacCl, supplemented
784  with 0.1 mg/mL lysozyme, 1 mg/mL cOmplete mini EDTA-free protease inhibitor (Roche), and
785 1.0mM PMSF. After incubation at 4 °C for 45 min with end-over-end mixing, an Ultrasonic
786  Processor equipped with a microtip (Cole-Parmer) was used to perform sonication on ice (four
787  times for 60s, 50% duty-cycle), and cell debris were cleared by centrifugation (35,000 x g for
788 45 min at 4 °C). SpyCatcher003-mi3—C-Tag was purified by ammonium sulfate precipitation (170
789  mg per mL of lysate) and resuspension, followed by SEC using a HiPrep Sephacryl S-400 HR 16-
790 60 column (GE Healthcare) equilibrated with PBS as described’>. Dual quartet RBD-NPs were
791  generated by incubating purified SpyCatcher003-mi3—C-Tag with a 1:1 molar ratio of purified
792  SpyTagged RBD quartets at 4 °C in PBS.

793

794  Immunization of mice

795  Mouse procedures were approved by the Labcorp Institutional Animal Care and Use Committee.
796  Six- to 7-week-old female BALB/c mice from Charles River Laboratories (RRID:
797  IMSR _JAX:000664) were housed at Labcorp Drug Development, Denver, PA for immunizations.
798  All animals were healthy upon receipt and monitored during a 7-day acclimation period. Mice
799  were assigned randomly to experimental groups of 10 animals. Mouse cages were kept in a
800  climate-controlled room (68 - 79 °C) at 50 + 20% relative humidity and provided with Rodent Diet
801 #5001 (Purina Lab Diet) ad libitum.

802

803  Mice were immunized by intramuscular injection on days 0 and 28 with 1.5 or 0.5 ug dual quartet
804 RBD-mRNA, 1.5 or 0.5 pg dual quartet RBD-EABR-mRNA, 5 pg dual quartet RBD-NP, 5 pg
805  dual quartet RBD-eVLP, or 5 ug SARS-2 RBD-eVLP (based on RBD content for protein-based
806  immunogens). Prior to immunizations, dual quartet RBD-NP, dual quartet RBD-eVLP, and SARS-
807 2 RBD-eVLP immunogens were mixed with Addavax adjuvant (InvivoGen; 50% v/v). Serum
808  samples for ELISAs and neutralization assays were obtained on indicated days by retro-orbital
809  bleeding.

810

811  ELISAs
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812  For eVLP sandwich ELISAs, 96-well high-binding plates (Corning, #9018) were coated overnight
813  at 4 °C with capture monoclonal antibody (5 pg/mL in 0.1 M NaHCOs, pH 9.8). Plates were
814  blocked with 3% BSA and 0.1% Tween-20 in TBS (TBS-T) for 30 min at room temperature,
815  followed by addition of serially diluted purified eVLP samples for 2 h. After washing, biotinylated
816  detection antibodies (5 pg/mL in blocking buffer) were added for 2 h at room temperature. Plates
817  were washed three times with TBS-T, incubated with streptavidin-HRP (Abcam, 7403; 1:20,000)
818  for 30 min, washed again, and developed with 1-Step™ Ultra TMB-ELISA substrate solution
819  (ThermoFisher). Reactions were stopped with 1 N HCI and absorbance was measured at 450 nm.

820  For the ELISA in Extended Data Fig. 1b, plates were coated with either anti-Rs40812° or anti-
821  RmYNO02?°> mAbs and detected with biotinylated C118!%%, For the ELISA in Extended Data Fig.
822  1d, plates were coated with anti-WIV12¢ and detected with biotinylated anti-Rs4081%.

823  For serum ELISAs, purified His-tagged RBD (2.5 pg/mL in 0.1 M sodium bicarbonate buffer pH
824  9.8) was coated onto Nunc® MaxiSorp™ 384-wellplates (Sigma) and incubated overnight at 4°C.
825  After blocking with 3% bovine serum albumin (BSA), 0.1% Tween 20 in Tris-buffered saline
826  (TBS-T) for 1 hour at room temperature, blocking solution was removed by aspiration. For serum
827  ELISAs shown in Fig. 2 and Extended Data Fig. 2, mouse serum (1:100 initial dilution) was
828  serially diluted by 3.1-fold in TBS-T/3% BSA and then added to plates for 3 hours at room
829  temperature, followed by washing with TBS-T. Plates were then incubated for 1 hour with a
830  1:100,000 dilution of HRP-conjugated anti-IgG secondary (goat anti-mouse IgG; Abcam; RRID:
831 AB 955439), and plates were washed with TBS-T. For mAb ELISAs shown in Extended Data
832  Fig. 7, purified mAbs were serially diluted by 3.1-fold in TBS-T/3% BSA and then added to plates
833  for 3 hours at room temperature, followed by washing with TBS-T. Plates were then incubated for
834 1 hour with a 1:100,000 dilution of HRP-conjugated anti-IgG secondary (goat anti-human IgG;
835  SouthernBiotech 2014-05), and plates were washed with TBS-T. SuperSignal™ ELISA Femto
836  Substrate (ThermoFisher) was added as per manufacturer’s instructions, and luminescence was
837  read at 425 nm. Data were collected in duplicate and midpoint titers (EDso values) were obtained
838  using Graphpad Prism 10.5.0 assuming a four-parameter dose-response curve fit.

839  Pseudovirus neutralization assays

840  Lentivirus-based pseudoviruses were produced in HEK293T cells (RRID:CVCL 0063) cultured
841 in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-
842  inactivated fetal bovine serum (FBS, Bio-Techne), 1% Penicillin/Streptomycin (Gibco), and 1%
843  L-Glutamine (Gibco) at 37 °C and 5% CO,. HEK293T-hACE2 cells (RRID:CVCL_A7UK)* and
844  high-hACE2 HEK-293T (kindly provided by Kenneth Matreyek, Case Western Reserve
845  University) target cells for neutralization assays were cultured in DMEM (Gibco) supplemented
846  with 10% heat-inactivated FBS (Bio-Techne), 5 mg/mL gentamicin (Sigma-Aldrich), and 5
847  mg/mL blasticidin (Gibco) at 37 °C and 5% COa.

848

849  Lentiviral-based viruses were prepared as described'®’¢ using genes encoding spike sequences
850  lacking C-terminal residues in the cytoplasmic tail: deletions of 21 residues (SARS-2 variants) or
851 19 residues (SARS-1, Khosta-2-SARS-1 chimera, BtKY72-SARS-1 chimera). BtKY72
852  (containing K493Y/T498W substitutions) and Khosta-2 pseudoviruses were made with chimeric
853  spikes in which the RBD from SARS-1 (residues 323-501) was substituted with the RBD from
854  BtKY72 K493Y/T498W (residues 327-503) or Khosta-2 (residues 324-500) as described.””. Cells
855  were co-transfected with HIV-1-based lentiviral plasmids, a luciferase reporter gene, and a
856  coronavirus spike construct, resulting in lentivirus-based pseudovirions expressing a sarbecovirus
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857  spike protein. Supernatants were harvested 48-72 hours post-transfection, filtered, and stored at -
858 80 °C. Pseudovirus infectivity was determined by titration using HEK293T-hACE?2 cells.
859
860  Prior to neutralization assays, serum from immunized mice was heat-inactivated at 56 °C for 10
861  minutes. Heat-inactivated serum was three-fold serially diluted and incubated with pseudovirus
862  for 1 hour at 37°C, then the serum/virus mixture was added to HEK293T-hACE2 target cells or
863  high-hACE2 HEK-293T cell line expressing hACE2 encoded with a consensus Kozak sequence
864  (for SHCO14 assays; kindly provided by Kenneth Matreyek, Case Western Reserve University)
865  and incubated for 48 hours at 37°C. After removing media, cells were lysed with Britelite Plus
866  reagent (Revvity Health Sciences), and luciferase activity was measured as relative luminesce units
867  (RLUs). Relative RLUs were normalized to RLUs from cells infected with pseudotyped virus in
868 the absence of antiserum. Half-maximal inhibitory dilutions (IDso values) were derived in
869  AntibodyDatabase’® using 4-parameter nonlinear regression.
870
871  ELISpot assays
872  Mice were euthanized on day 77 or 78, and spleens were collected and processed as described?®,.
873  Briefly, spleens were homogenized using a gentleMACS Octo Dissociator (Miltenyi Biotec). Cells
874  were passed through a 70 pm tissue screen, centrifuged at 1,500 rpm for 10 min, and resuspended
875  in CTL-Test™ media (ImmunoSpot) containing 1% GlutaMAX™ supplement (Gibco). ELISpot
876  assays were performed as described®. A SARS-CoV-2 spike PepMix™ pool of 315 peptides (15-
877  mers with 11 amino acid overlap; JPT Peptide Technologies) was added to mouse IFNy/IL4
878  double-color ELISpot plates (ImmunoSpot) at a concentration of 2 pg/mL, and 300,000
879  splenocytes were added per well. Plates were incubated at 37°C for 24 hours. Biotinylated
880  detection reagents, streptavidin-alkaline phosphatase (AP), and substrate reagents were added
881  according to the manufacturer’s guidelines. To stop the reactions, plates were gently rinsed with
882  water three times. Plates were air-dried for two hours in a running laminar flow hood. Numbers of
883  spots were quantified using a CTL ImmunoSpot S6 Universal-V Analyzer (Immunospot).
884
885  DMS Epitope Mapping
886 DMS experiments to map epitopes recognized by serum Abs were performed in biological
887  duplicates using independent mutant RBD yeast libraries (WA17® and SARS-1% generously
888  provided by Tyler Starr, University of Utah) as described®*!. Sera that had been heat inactivated
889  for 30 min at 56 °C were incubated twice with 50 OD units of AWY 101 yeast transformed with
890  an empty vector in order to remove non-specific yeast-binding Abs. Expression of RBDs in
891  libraries was induced in galactose-containing synthetic defined medium with Casamino acids
892  (6.7g/L Yeast Nitrogen Base, 5.0 g/l Casamino acids, 1.065 g/L MES acid, and 2% w/v galactose
893  plus 0.1% w/v dextrose). After 18 hours of induction, cells were washed twice and incubated with
894  serum under conditions of gentle agitation for 1 hour at room temperature. Cells were labeled for
895 1 hour with a secondary Ab (1:200 Alexa Fluor-647-conjugated goat anti-mouse-IgG Fc-gamma,
896  Jackson ImmunoResearch 115-605-008, RRID:AB 2338904) after washing twice.
897
898  Stained yeast cells were examined by fluorescence-activated cell sorting (FACS) using a Sony
899  SHS800 cell sorter. Cells were gated to capture RBD mutants that showed reduced Ab binding
900 compared to a control. Cells were collected for each sample until ~5 x 10°® RBD" cells were
901  processed, which corresponds to ~5 x 10°- 1 x 105 RBD* Ab-escaped cells. These cells were grown
902  overnight in synthetic defined media (6.7 g/L Yeast Nitrogen Base, 5.0 g/ Casamino acids, 1.065
903  g/L MES acid, and 2% w/v dextrose, 100 U/mL penicillin, 100 pg/mL streptomycin) to expand
904  cells prior to plasmid extraction. DNA extraction and Illumina sequencing were done as described’
905 (raw sequencing data will be available on NCBI SRA). Escape fractions were computed as
27
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906  described”*! using Swift DMS’ (available upon request). Escape scores were calculated using a
907 filter to remove variants with mutations that escaped binding because of poor expression, >1 amino
908  acid mutation, or low sequencing counts’8!,

909

910  Escape map visualizations (static line plots, logo plots, and structural depictions) were created
911  using Swift DMS’. Line heights show the escape score for a particular amino acid substitution, as
912  described’. In some visualizations, sites were categorized based on RBD epitope region?%:+4-46;
913  class 1 (pink; RBD residues 403, 405, 406, 417, 420, 421, 453, 455-460, 473-478, 486, 487, 489,
914 503, 504); class 2 (purple; residues 472, 479, 483-485, 490-495), class 3 (blue; residues 341, 345,
915 346, 437-450, 496, 498-501,), class 4 (orange; residues 365-390, 408), class 5 (green; residues
916  352-357, 396, 462-468). In structural depictions of DMS results, an RBD surface (PDB 6M0J)
917  was colored by the site-wise escape metric at each site, with red scaled at an escape fraction of 2.0.
918  Residues exhibiting the highest escape fractions were labeled with their residue number, which
919  was colored according to epitope class. Logo plot residues are colored according to RBD epitopes
920  within different classes as indicated on the legend.

921

922  We stratified DMS escape fraction values into four groups. Escape fractions for each RBD
923 substitution range from 0 (no cells with this substitution were sorted into the escape bin) to 1 (all
924 cells with this substitution were sorted into the serum Ab escape bin)*’. The sum of escape fractions
925  for all substitutions at a specific site is represented by the total escape peak*’. DMS profiles with
926  total escape peaks <0.5 at all sites were classified as polyclass responses. DMS profiles with total
927  escape peaks of 0.5 to 1, >1 to 2, or >2 at one or more sites were classified as weak, moderate, or
928  strong escape profiles, respectively, corresponding to their RBD epitope (Table 1).

929

930  Systems serology: Ab subclass and FcyR binding profiling

931  Serum samples from immunized mice were analyzed in systems serology’ experiments as
932  described® using modifications of a Luminex assay to quantify the levels of antigen-specific Ab
933  subclasses and FcyR binding profiles, which allows for simultaneous detection and quantification
934  of multiple analytes (i.e., different antigens) in a single sample®?. In brief, avidin (Sigma-Aldrich
935  Catalog #: A9275-25MG) was coupled by carbodiimide-NHS ester chemistry to magnetic
936  Luminex microspheres (LuminexCorp) using Sulfo-NHS (ThermoFisher™ Catalog number
937 24510) and  1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide =~ hydrochloride =~ (EDC)
938  (ThermoFisher™ Catalog number 22980) according to the manufacturer’s instructions.
939  Microspheres were blocked for 30 min with 1% BSA in PBS pH 7.4 (assay buffer) and then washed
940  twice with PBS. Microspheres were incubated with biotinylated antigen (sarbecovirus spike trimer,
941  RBD, or control antigen) at room temperature for 2 hours in assay buffer followed by blocking
942  with 10 uM biotin (Millipore Sigma, Catalog B4501-100MG). Antigen-coupled microspheres
943  were combined then incubated with heat-inactivated serum samples for 1 hour at room temperature
944  in 96-well plates (Corning) at 1:200 or 1:1000 dilutions. Unbound IgGs were removed by washing
945  twice with 200 pL of assay buffer. Total IgG was detected using a PE-conjugated secondary Ab
946  recognizing mouse IgG (Southern Biotech 1030-09S). For evaluating antigen binding by different
947  IgG subclasses, secondary Abs against mouse IgG subclasses (Southern Biotech 1070-09S, 1080-
948  09S, 1090-09S, 1100-09S; PE-coupled anti-IgG1, IgG2a, IgG2b, 1gG3) were added at a 1:1000
949  dilution in assay buffer and incubated for 1 hour with continuous shaking at room temperature.
950  Excess primary and secondary Abs were removed by washing twice with 200 pL of assay buffer.
951  Beads were resuspended in 200 pL of assay buffer, run in duplicate, and flowed in single file past
952 two lasers on a Luminex™ FLEXMAP 3D™ Instrument System. In a Luminex assay, each bead
953  region is impregnated with a different ratio of fluorescent dyes such that bead region identity, and
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954  thereby antigen identity, is interrogated by the first laser. A second laser interrogates the signal of
955  secondary Ab binding. Median fluorescence intensity (MFI) was calculated for all samples.
956
957  For evaluating FcyR-binding IgGs, soluble ectodomains of 6xHis-tagged FcyR2b, FcyR3, and
958  FcyR4 were prepared as described® and biotinylated by co-expression with BirA enzyme in
959  Expi293T cells’. Biotinylated FcyRs were purified on a HisTrap column (VWR) according to the
960  manufacturer’s instructions followed by SEC and then bound to PE-streptavidin (eBioscience).
961 Labeled FcyRs were diluted 1:200 in assay buffer and incubated with serum-coated microspheres
962  for 1 hour at room temperature with continuous shaking. Unbound primary and PE-labeled FcyR
963  were removed as described for anti-IgG subclass secondary Abs. Beads were resuspended and run
964  ona Luminex™ FLEXMAP 3D™ Instrument System to derive MFI values as described above.
965
966  Logio-transformed heatmaps of antigen-specific IgG responses were generated using Python
967  (v3.9.16) with the Pandas (v2.0.3), NumPy (v1.23.5), Matplotlib (v3.7.1), and Seaborn (v0.12.2)
968  packages. A soluble influenza hemagglutinin trimer (listed as CA-09 HA in Fig. 5; expressed and
969  purified as described®®) was used as a control to evaluate non-specific binding.
970
971 SySPEM
972 One or more potential N-linked glycosylation site sequons (Asn-x-Ser/Thr)** were introduced at
973  solvent-exposed residue(s) within the class 1 and class 2, class 2, class 3, class 4, class 1/4, or class
974 5 RBD epitopes?**¢ of the WAl RBD (Extended Data Fig. 7a). Addition of N-glycan(s) was
975  confirmed by SDS-PAGE as a shift in electrophoretic mobility to a higher apparent molecular
976  weight (Extended Data Fig. 7b). Proper folding of RBD KO mutants and expected effects of added
977  N-glycans were verified by assaying the binding of characterized mAbs or a human ACE2-Fc
978  construct?® by ELISA (Extended Data Fig. 7¢). Binding of serum subsets to RBD wt and RBD KO
979  proteins was measured using a Luminex multiplexed bead-based immunoassay as described above.
980  The SySPEM score for each IgG sample/epitope pair was calculated as [1.0 — (RBD KO binding
981 / RBD wt binding) x 100]. SySPEM scores range from limits of 100 (none of the IgGs in the
982  sample bound to the RBD KO; i.e., all of the IgGs recognize the epitope that was targeted by the
983  glycan addition) to 0O (all of the IgGs in the sample bound to the RBD KO; i.e., none of the IgGs
984  recognize the epitope that was targeted by the glycan addition) (Extended Data Fig. 6). Python
985  (v3.9.16) with the Pandas (v2.0.3), NumPy (v1.23.5), Matplotlib (v3.7.1), and Seaborn (v0.12.2)
986  packages were used for box and whisker plots of SySPEM data. For UMAP visualizations in Fig.
987 7, SySPEM scores of each serum sample were organized into a feature matrix where each column
988  contains an epitope class SySPEM score, and each row corresponds to an individual sample.
989  Features were standardized using the standard scalar function on sckit-learn 1.4.2. UMAP was
990  then performed with umap-learn (0.5.9.post2) on the standardized matrix. UMAP parameters: the
991  nearest neighbors (n-neighbors) parameter was set to 12 and minimum distance (min-dist) was set
992  to 0.25 to preserve the best local and global structures on the UMAP plot. Seaborn (v0.12.2) was
993  used to plot resulting UMAPs.
994
995  Quantification and statistical analyses
996  We used pairwise comparisons, a method to evaluate sets of mean binding titers against individual
997  viral strains for different immunization cohorts, as described previously* to determine if results
998  from different immunized cohorts were significantly different from each other. For ELISAs and
999  neutralizations (Fig. 2), we used analysis of variance (ANOVA) followed by Tukey’s multiple
1000  comparison post hoc tests with the Geisser-Greenhouse correction, with pairing by viral strain, of
1001  EDsos/IDsos (converted to logio scale) calculated using GraphPad Prism 10.5.0 to identify

)84
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1002  statistically significant titer differences between immunized groups for ELISAs. For comparisons
1003  of neutralizing titers by strain (Extended Data Fig. 2), statistically significant titer differences
1004  between immunized groups for each given strain were determined using unpaired t test calculated
1005  using GraphPad Prism 10.5.0. For ELISpot assays, statistically significant differences between
1006  immunized cohorts were calculated using ordinary one-way ANOVA followed by Tukey’s
1007  multiple comparison test using GraphPad Prism.

1008

1009  For statistical analysis of systems serology results, responses were aggregated by computing the
1010  geometric mean (geomean) across replicate samples for each immunogen-antigen combination.
1011 Logie-transformed geomeans were compared across immunogen groups using Tukey’s multiple
1012 comparison post hoc tests with the Geisser-Greenhouse correction, with pairing by viral strain
1013 calculated using GraphPad Prism 10.5.0. Box-and-whisker plots were generated for each IgG
1014  subclass or FcyR-binding IgG, displaying individual antigen-level geomeans per immunogen.
1015  Python (v3.9.16) with statsmodels (v0.14.4) packages were used for SySPEM Tukey’s HSD
1016  posthoc statistical analyses. Statistical significance was annotated using brackets and asterisk
1017  notation (p <0.05 *, p<0.01 **, p<0.001 *** p<0.0001 ****),

1018

1019  Materials, data, and code availability

1020  DMS raw sequencing data will be available on the NCBI SRA under BioProject PRINA1067836,
1021  BioSample when the NCBI SRA is back online. SySPEM scores for each IgG sample/epitope pair
1022 will be made publicly available upon publication. Materials are available upon request to
1023 corresponding authors with a signed material transfer agreement, and other information required
1024  to analyze the data in this paper is available from the lead contacts upon request. Code used for
1025  data processing and visualization of DMS, systems serology, and SySPEM results is available
1026  upon request. The work is licensed under a Creative Commons Attribution 4.0 International (CC
1027  BY 4.0) license, which permits unrestricted use, distribution, and reproduction in any medium,
1028  provided the original work is properly cited. To view a copy of this license,
1029  wvisit https://creativecommons.org/licenses/by/4.0/.  This  license does not apply to
1030  figures/photos/artwork or other content included in the article that is credited to a third party;
1031  obtain authorization from the rights holder before using such material.
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1437  Extended Data Figure 1. mRNA-encoded dual quartets are presented on cells and eVLPs.
1438 (a) Flow cytometry using C118, a human pan-sarbecovirus RBD-specific mAb!*2°, demonstrating
1439  that transfections of mRNAs encoding EABR and non-EABR versions of RBD quartet 4a or
1440  quartet 4b resulted in expression on the surface of transfected cells. Untransfected cells are shown
1441  as controls (unstained or stained with C118). (b) Left: ELISA schematic. RBD quartet levels were
1442 measured by capturing purified eVLPs with an anti-Rs4081 RBD mAb? (recognizes RBD quartet
1443 4abut not quartet 4b) or an anti-RmYNO02 RBD mAb? (recognizes RBD quartet 4b but not quartet
1444 4a) and detecting with the pan-sarbecovirus RBD-specific C118 mAb!*2°, Right: ELISA showing
1445  that purified single quartet eVLPs purified from supernatants of cells transfected with mRNA
1446  encoding RBD quartet 4a-EABR or RBD quartet 4b-EABR displayed RBD quartets on their
1447  surface. The mean absorbance of two replicates is shown as a function of eVLP dilution with error
1448  bars representing standard deviations. (c) Flow cytometry demonstrating that RBD quartets 4a and
1449  4b were co-expressed on the surfaces of individual cells. RBD quartet 4a was detected using an
1450  anti-Rs4081 RBD mAb* and RBD quartet 4b was detected using anti-WIV1 RBD mAb?.
1451  Untransfected cells stained with the anti-Rs4081 and anti-WIV1 RBD mAbs are shown as controls.
1452 The percentage of cells in each quadrant is shown. (d) Left: ELISA schematic. Purified eVLPs
1453 were evaluated in a sandwich ELISA in which an anti-WIV1 RBD mAb?® (recognizes RBD quartet
1454 4b but not quartet 4a) was used as a capture Ab and an anti-Rs4081 RBD mAb? (recognizes
41
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quartet 4a but not quartet 4b) was used for detection. Right: ELISA showing detection of both
RBD quartets 4a and 4b on the surfaces of eVLPs purified from supernatants of cells co-transfected
with mRNAs encoding RBD quartet 4a-EABR and 4b-EABR constructs. The mean absorbance of
two replicates is shown as a function of eVLP dilution with error bars representing standard
deviations. Binding was not detected for purified supernatant samples from untransfected cells
(control) or from supernatants from cells transfected with RBD quartet 4a, RBD quartet 4a-EABR,
RBD quartet 4b, RBD quartet 4b-EABR, or RBD quartet 4a plus RBD quartet 4b (all data were
plotted but some data points near 0.0 Asso are obscured by others).
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1467  Extended Data Figure 2. Dual quartet mRNAs elicited cross-reactive Abs.
1468  Data are shown for ELISA and neutralization analyses for terminal bleed serum samples (see also
1469  Fig.2). (a) Immunization regimen. Left: Mice were primed at day 0, boosted at day 28, and samples
1470  were collected from a terminal bleed at day 77 or 78. Right: Colors used to identify immunizations
1471  and symbols indicating a matched (filled in square data points; gray shading around name) or
1472 mismatched (unfilled square data points; black outline around name) sarbecovirus antigen.
1473 Sarbecovirus strain names are colored in panel b according to clade. (b) RBD-binding ELISA (left)
1474  and pseudovirus neutralization (right) results for serum samples from day 77 or 78 after the prime
1475  immunization. Immunogens are shown compared with the cohorts immunized with 0.5 pg of an
1476 ~ mRNA-based immunogen. Dashed horizontal lines indicate the limits of detection for each assay.
1477  Left: Geomeans of EDso values for animals in each cohort (symbols with geometric standard
1478  deviations indicated by error bars) are connected by colored lines. Mean titers against RBDs from
1479  indicated sarbecoviruses were compared pairwise across immunization cohorts by Tukey’s
1480  multiple comparison test with the Geisser-Greenhouse correction (as calculated by GraphPad
1481  Prism). Right: Neutralization potencies for serum samples from day 77 or 78 after immunization
1482  presented as half-maximal inhibitory dilutions (IDso values) of sera against pseudoviruses from
1483  the indicated coronavirus strains. Significant differences between the two cohorts are indicated by
1484  asterisks: p<0.05 = *, p<0.01 = ** p<0.001 = *** p<0.0001 = ****
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1487  Extended Data Figure 3. DMS line and logo plots (WA1 RBD library) for individual mice.
1488  DMS line plots (left) and logo plots (right) for results from individual mice (identified by 4-digit
1489  numbers) immunized with the indicated immunogens. X-axes of line and logo plots show RBD
1490  residue numbers, and y-axes of line plots show the sum of the Ab escape for all substitutions at an
1491  RBD residue (larger numbers indicate increased Ab escape). Sites with the strongest Ab escape
1492 are shown in logo plots; tall letters represent the most frequent substitutions at a site. Logo plot
1493 residues are colored according to RBD epitopes within different classes?*#4-¢ as indicated on the
1494  legend.
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Extended Data Figure 4. DMS line and logo plots (SARS-1 RBD library) for individual mice.
DMS line plots (left) and logo plots (right) for results from individual mice (identified by 4-digit
numbers) immunized with the indicated immunogens. X-axes of line and logo plots show RBD
residue numbers, and y-axes of line plots show the sum of the Ab escape for all substitutions at an
RBD residue (larger numbers indicate increased Ab escape). Sites with the strongest Ab escape
are shown in logo plots; tall letters represent the most frequent substitutions at a site. Logo plot
residues are colored according to RBD epitopes within different classes?*#4-¢ as indicated on the
legend.
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1507  Extended Data Figure 5. mRNA-encoded dual quartet RBD immunogens elicit balanced IgG
1508  subclass and potent FcyR-binding responses.

1509  MFI =Median fluorescent intensity. For IgG1, IgG2a, IgG2b, IgG3, FcyR2b-binding IgGs, FcyR3-
1510  binding IgGs, FcyR4-binding IgGs, and total IgG, geomean MFI values of the individual responses
1511  shown in panel a for each cohort binding to different spikes or RBDs are represented as points in
1512  abox and whisker plot and compared pairwise across immunization cohorts by Tukey’s multiple
1513  comparison test calculated by GraphPad Prism. Significant differences between cohorts linked by
1514  wvertical lines in panels b and ¢ are indicated by asterisks: p<0.05 = *, p<0.01 = ** p<0.001 = ***,
1515 p<0.0001 = ****

1516  See also Fig. 5.
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1522  Extended Data Figure 7. Characterization of RBD N-glycan mutants used for SySPEM
1523  analysis.

1524  (a) Top: Locations of the added N-glycan(s) in RBD KO mutants, as shown by highlighting of one
1525  or more residues that were changed to Asn in the introduced PNGS(s). Bottom: Sequence
1526  conservation of 16 sarbecovirus RBDs calculated using ConSurf* shown on a surface
1527  representation of SARS-2 RBD (PDB 7BZ5). Class 1, 2, 3, 4, 1/4, and 5 anti-RBD Ab epitopes?*#+
1528 4 are outlined in dots in different colors using information from representative structures of Abs
1529  bound to SARS-2 spike or RBD (C102: PDB 7K8M; C002: PDB 7K8T, S309: PDB 7JX3;
1530  CR3022: PDB 7LOP; C118: PDB 7RKV; WRAIR-2063: PDB 8EOO). (b) SDS-PAGE analysis
1531  of purified wt RBD and RBD KO mutants. Molecular weight marker positions are shown on the
1532 left with the molecular weight indicated in kilodaltons. KO mutants are listed with the RBD epitope
1533  class affected by the N-glycan addition(s) and residue number(s) of Asn residue(s) to which N-
1534 linked glycan(s) were added. (c) Results of ELISA showing ratio of binding of characterized mAbs
1535  or human ACE2-Fc¢?° to wt RBD versus the RBD KO mutants listed on the left. ELISA ECso values
1536  for binding of each reagent to wt RBD and the six RBD KO mutants were derived using , and the
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1537  fold reduction in binding to each RBD KO mutant was calculated as ECso RBD KO / ECso RBD
1538  wt. Classifications of RBD epitopes recognized by the characterized mAbs and ACE-2 Fc are
1539 taken from refs?%-25-26:44-46,
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Extended Data Figure 8. SySPEM score comparisons show distinct epitope profiles across

immunogen cohorts.

SySPEM scores from individual mice in each immunogen cohort (columns) were determined for
each IgG class (rows, IgG subclass plus different FcyR-binding IgGs) with statistical comparisons
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between targeted epitopes (colors). A SySPEM value of 0 indicates that none of the IgGs in that
sample were affected by the glycan addition and therefore the sample did not contain IgGs that
recognize that epitope, and a SySPEM value of 100 indicates that all IgGs in that sample
recognized that epitope (Extended Data Fig. 6). A SySPEM value between 0 and 100 indicates the
proportion of IgGs in a sample that recognized the epitope that was blocked by glycan addition in
the RBD KO mutant. Box and whisker plots of SySPEM scores with individual data points
representing one mouse are shown. Significant differences between cohorts were calculated using
Tukey’s HSD posthoc test and linked by vertical lines indicated by asterisks: p<0.05 = *, p<0.01
= ** p<0.001 = *** p<0.0001 = ****_See also Figs. 6, 7.
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