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Abstract 38 

Identification of epitopes targeted following virus infection or vaccination can guide 39 

vaccine design and development of therapeutic interventions targeting functional 40 

sites but can be laborious. Herein we employed peptide microarrays to map linear 41 

peptide epitopes (LPEs) recognized following SARS-CoV-2 infection and vaccination. 42 

LPEs detected by non-human primate (NHP) and patient IgMs after SARS-CoV-2 43 

infection extensively overlapped, localized to functionally important virus regions, 44 

and aligned with reported neutralizing antibody binding sites. Similar LPE overlap 45 

occurred after infection and vaccination, with LPE clusters specific to each stimulus, 46 

where strong and conserved LPEs mapping to sites known or likely to inhibit spike 47 

protein function. Vaccine-specific LPEs tended to map to sites known or likely to be 48 

affected by structural changes induced by the proline substitutions in the mRNA 49 

vaccine’s S protein. Mapping LPEs to regions of known functional importance in this 50 

manner may accelerate vaccine evaluation and discovery of targets for site-specific 51 

therapeutic interventions. 52 

 53 

  54 
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Introduction 55 

COVID-19 remains a global pandemic due to the failure of social containment efforts, 56 

lack of widespread vaccination, and emergence of more infectious variants. New 57 

vaccine and therapeutic approaches are needed to continue to combat the pandemic 58 

and mitigate its pathologic effects, and their development would benefit from new 59 

means to identify SARS-CoV-2 protein motifs that could function as drug targets. 60 

Current drug development efforts have focused on screening candidate antibodies 61 

isolated from vaccinated individuals(1, 2) and animal models(3-6) and COVID-19 62 

patients(7, 8) for their ability to serve as neutralizing antibodies. Subsequent low-63 

throughput studies are then required to identify their binding sites, which may 64 

involve linearly dispersed amino acids that cluster in tertiary structures. Such non-65 

linear epitopes can complicate epitope definition and vaccine development 66 

approaches that target them. Several studies have thus employed immunoinformatic 67 

analysis to identify candidate LPEs for antibody screening(9-12) or attempted to 68 

identify LPE targets of COVID-19 patient antibodies(13-16), due to the relative 69 

simplicity of generating and screening monoclonal antibodies to LPEs versus 70 

epitopes derived from secondary or tertiary protein structure.  71 

Since the trimeric SARS-CoV-2 spike protein is required for cell entry and is a major 72 

antibody target following SARS-CoV-2 infection(17, 18), most vaccines(1, 2) and 73 

monoclonal therapeutics(19, 20) target this protein or its specific epitopes. Several 74 

studies have focused on epitopes that map to the spike protein receptor binding 75 

domain (RBD), since antibodies that target this region have been shown to attenuate 76 

interaction with angiotensin converting enzyme-2 (ACE2) to inhibit cell entry(21-25). 77 
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However, antibodies to epitopes in the spike protein N-terminal domain (NTD) also 78 

elicit virus neutralization effects(13, 21, 26, 27), indicating that additional regions 79 

influence cell entry. Monoclonal antibody therapies that target one versus multiple 80 

epitopes also have reduced effectiveness(28, 29), indicating the need for more such 81 

targets, particularly since new mutations may attenuate the effectiveness of therapies 82 

to existing targets(30). Further studies are also needed to determine: 1) the epitope 83 

overlap of immune responses of NHPs and patients following SARS-CoV-2 infection; 84 

and 2) whether antibody responses induced by SARS-CoV-2 infection and vaccination 85 

with the modified spike protein of the Pfizer-BioNTech and Moderna RNA vaccines 86 

are similar, particularly with regard to their neutralizing antibody responses. 87 

We thus employed SARS-CoV-2 proteome microarrays to detect LPEs recognized by 88 

antibodies produced by SARS-CoV-2-infected NHPs, COVID-19 patients, and 89 

individuals vaccinated with the Pfizer-BioNTech and Moderna RNA vaccine. This 90 

analysis revealed substantial overlaps between LPEs detected in SARS-CoV-2-91 

infected NHPs and patients, and vaccinated individuals, albeit with cohort-specific 92 

LPEs, several of which matched sites recognized by known neutralizing antibodies.  93 

  94 
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Results 95 

Microarray mapping of the NHPs IgM response to SARS-CoV-2 infection  96 

Plasma from NHPs subjected to SARS-CoV-2 aerosol exposure was hybridized to a 97 

microarray containing SARS-CoV-2 structural proteins and overlapping peptides to 98 

evaluate SARS-CoV-2-specific antibody changes over time (Fig. 1a and Table S1). NHP 99 

plasma samples collected before infection and 1-day post-infection (dpi) revealed 100 

weak IgM and IgG signal for SARS-CoV-2 protein fragments (Fig. 1b) that increased 101 

by 6 dpi with differential intensity and significance. Strong but variable IgM signal 102 

tended to increase to achieve significance at 28 dpi, while weaker but less variable 103 

IgG signal was significant by 6 dpi and tended peak and decline by 13 dpi.  104 

IgM weakly detected the S protein RBD and S2 extracellular domain (ECD), but 105 

strongly recognized the S protein S1 subunit, and S1+S2 ECD region, and N protein. 106 

The strongest IgG binding was detected to the S protein RBD followed by slightly 107 

delayed and weaker signal for the S1+S2 ECD (30~70% of RBD mean z-score) and N 108 

protein (45~70%), while reduced and transient signal was detected for the S1 109 

subunit and S2 ECD regions (~20%). Similarly, IgM also detected more SARS-CoV-2 110 

peptides, with stronger signal than IgG (Table S2). Since IgG antibodies derive from 111 

the IgM population by isotype switch recombination and since multimeric antibodies, 112 

and particularly IgM, play major roles in SARS-CoV-2 neutralization(31-33), all 113 

subsequent studies focused on IgM epitopes.  114 

No IgM binding was detected to peptides derived from Orf3a, Orf6, or Orf10 proteins 115 

(Fig. 1c), but IgM detected a subset of Orf7a peptides (17%), and more peptides from 116 

Orf1ab, M, and S (65 – 68%) and Orf8 and N proteins (92 – 93%), with a subset of 117 
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Orf1ab, Orf8, M, N, and S peptides (26 – 51%) revealing consistent signal at 13 – 28 118 

dpi. 119 

Rhesus macaque (RM) IgM samples recognize more peptides than those from African 120 

green monkeys (AGM) (Fig. S1b), with most AGM IgM targets (5 – 48%) representing 121 

a subset of those detected by RM IgM, with unique AGM IgM antibodies representing 122 

only 2%, 6%, and 7% of the detected Orf1ab, S, and Orf3a/7a/8 protein epitopes. 123 

S protein LPEs detected at successive dpi were mapped onto its structure to identify 124 

structural regions recognized during the IgM response, finding that these LPEs 125 

tended to cluster at adjacent sites in its RDB, S1 N-terminal and C-terminal domains, 126 

and S2 subunit (Fig. 1d). Fourteen LPEs were detected at or near reported S protein 127 

N- or O-glycosylation sites, which were not glycosylated on array peptides, indicating 128 

that these modifications did not inhibit IgM recognition of this region. 129 

Most S1 LPEs were consistently detected at similar intensity from 13 dpi onward, 130 

with a tendency to detect adjacent epitopes with additional time post-infection (Fig. 131 

S1a and Fig. 1d-e). S2 region LPEs were less consistent, with most found at 13 dpi and 132 

22 dpi no longer detected at 28 dpi infection. Notably, several LPEs detected with 133 

strong and persistent IgM signal mapped within or near S protein functional regions 134 

(Fig. 1f), including the RBD (LPEs S451-465 and S521-535), the S1/S2 cleavage site 135 

(S671-685), a furin cleavage site adjacent to the fusion peptide (FP; S801-815) , and 136 

a  S1 NTD site (S141-155) recognized by an antibody (4A8) with strong neutralization 137 

activity(27). 138 

Patients IgM responses to SARS-CoV-2 infection  139 
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Serum from COVID-19 patients and individuals assessed months before the COVID-140 

19 pandemic was also applied to a protein/peptide microarray to detect IgM and IgG 141 

binding to SARS-CoV-2 structural proteins and overlapping LPEs, including variants 142 

associated with distinct SARS-CoV-2 isolates, and proteins from other human 143 

respiratory viruses (Fig. S2b and Table S1). 144 

Serum drawn from COVID-19 patients early (3-11 days) and late (20-23 days) after 145 

symptom onset revealed a markedly stronger IgM than IgG response (Fig. S3a), 146 

similar to the NHP cohort. Surprisingly, some samples drawn before the COVID-19 147 

pandemic revealed IgM binding to the S1+S2 ECD fragment, S1 subunit, and the S2 148 

ECD (Fig. 2a), likely reflecting IgM cross-reactivity with similar epitopes on related β 149 

coronaviruses responsible for common human respiratory infections (e.g., OC43 and 150 

HKU1).  151 

Strong IgM signals were detected for the S1+S2 ECD, S1, and S2 ECD subunits, while 152 

the S1 NTD and CTD regions had weak signal. IgG signal was also detected for the 153 

S1+S2 ECD and S1 subunit, but not other S protein regions. Similar to the NHP results, 154 

the human IgM response varied in its ability to consistently detect LPEs in different 155 

SARS-CoV-2 coding regions (Fig. 2b and Table S3). No IgM binding was detected to 156 

peptides Orf6, Orf8 or Orf10 peptides, but IgM detected a small percentage of the total 157 

Orf1ab, Orf3a, Orf7a, M, and S protein peptides (1.3% - 8%), and larger fractions of 158 

the N (23%) peptides. LPEs detected in the COVID-19 patient cohort demonstrated 159 

variable overlap with NHP LPEs, which ranged from 92% to 81% to 64% for the N, S, 160 

and Orf1ab proteins, respectively. No overlap was observed among the Orf3a or Orf7a 161 

peptides, and a single M protein LPE was detected in both species (Fig. 2c). 162 
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Multiple LPEs detected in the COVID-19 patient cohort matched peptides from more 163 

than one SARS-CoV-2 strain. Four of the twelve N protein sites detected had peptides 164 

from two strains, although only one of these duplicates yielded significant IgM signal 165 

(Table S4; N211-225). All 27 Orf1ab protein sites detected had variable overlaps with 166 

sequence from more than one strain, but significant IgM signal was detected by 167 

multiple peptides at only one of these sites, where three peptides shared an eleven 168 

residue consensus sequence overlap (Table S4; Orf1ab7041-7055). Similar to Orf1ab, 169 

all 16 S protein LPEs detected had variable sequence overlaps with more than one 170 

strain, with most aligned peptides being offset by or varying at a single reside. 171 

However, only four sets of these paired peptides were detected on the array (Table 172 

S4; S241-255; S801-815, S811-825, S1251-1265), and most differentially detected 173 

peptide sets (69%; 9 of 13) had charged or polar residues at their N- or C- terminus. 174 

Most S protein LPEs detected (Fig. 2d) localized to the S1 and S2 subunits with similar 175 

frequency (seven versus nine instances), with half (eight of sixteen) clustering within 176 

a 230 amino acid region between the S1 RBD and S2 FP motif. This differed from the 177 

NHP results, where most LPEs mapped to the S1 subunit (Fig. 1d). 178 

Similar to the NHP results, several LPEs detected in the COVID-19 cohort mapped at 179 

or near S protein regions with known functions, including its RBD, FP motif, and one 180 

of its two hinge regions, including a RBD site (S481-495) detected in both the NHP 181 

and COVID-19 cohorts that is reported to directly interact with its ACE2 receptor(18, 182 

34). A structural model of the RBD:ACE2 interaction(34), indicated that six sidechains 183 

of this peptide (residues E484, F486, N487, Y489, F490, and F493) formed close 184 

associations (<4.5 angstroms) with nine ACE2 sidechains (Fig. 2e). This S1 peptide 185 
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sequence also partially overlapped the binding sites of two neutralizing antibodies 186 

(S2H13 (26) and F2B-2F6 (21)) isolated from COVID-19 patients, suggesting that is 187 

site is a common target of neutralizing antibodies. An ELISA analysis also indicated 188 

this peptide specifically bound ACE2 at low concentration versus a control peptide 189 

and partially blocked ACE2 binding with the SARS-CoV-2 RBD at high concentration 190 

(Fig. S4). 191 

Strong IgM interaction with two LPEs near the RBD (S551-565 and S571-585) may 192 

also inhibit its interaction with ACE2 via steric hindrance, similar to an effect found 193 

with S14P5 LPE (S562-579) in another study (35). A second IgM binding site at 194 

position S661-675 contained four residues (N657, N658, Y660, and E661) that 195 

contact furin protease to promote S protein cleavage and induce membrane fusion 196 

and cell entry (36). Thus, antibody interaction at this site is likely to decrease 197 

virulence (36, 37). Finally, two strong LPE sites (801-815 and 811-825) map near 198 

cleavage sites(38, 39) between S1/S2 and S2’ upstream of the cell entry FP (39), and 199 

antibody recognition may therefore block cleavage or FP activity.  200 

Most individuals, including those in the pre-COVID-19 pandemic group, revealed 201 

strong IgM signal for proteins from multiple common respiratory viruses, including 202 

multiple common human coronaviruses (HCoVs) and MERS-CoV (Fig. S3b). Non-N 203 

protein MERS-CoV and SARS-CoV signals were not enhanced after SARS-CoV-2 204 

infection, but IgM signal for several HCoV S proteins decreased at 20-23 days after 205 

symptom onset (Fig. S3b). 206 

Microarray mapping of IgM responses to SARS-CoV-2 vaccination  207 



 10 

SARS-CoV-2 infection and vaccination may produce IgM repertoires that differ in 208 

coverage or relative affinity for specific S protein sites, since the mRNA vaccines 209 

encode a modified S protein locked into a prefusion conformation to enhance 210 

production of antibodies that can neutralize its fusion activity(1, 2, 40). We therefore 211 

analyzed the antibody response of a small longitudinal cohort of vaccinated 212 

individuals before vaccination and at defined intervals after receipt of the first and 213 

second vaccine dose.  214 

Strong IgM responses to S1+S2 ECD and S1 proteins were respectively detected by 12 215 

days after the first vaccine dose and 3 days after the second dose (Fig. 3a), with 216 

weaker responses to S2 ECD and S1 NTD and CTD proteins detected by 12 and 7 days 217 

after the first and second dose. Similar to the COVID-19 cohort results, IgG binding 218 

was detectable only for the S1+S2 ECD and S1 proteins, peaking by 7-14 days after 219 

the second dose and rapidly declining thereafter (Fig. S5). 220 

S protein LPE sites (Fig. 3b and Table S5) revealed a pattern substantially different 221 

form the COVID-19 cohort, sharing only five unique peptides among these groups 222 

(S551-565, S571-585; S621-635, S781-795, and S811-825). Peptides detected in 223 

these groups tended to form near-continuous linear clusters (Table S6), with five 224 

peptides in the COVID-19 cohort forming two clusters (S661-705; and S761-825) and 225 

nine peptides in the vaccine cohort forming three clusters (S541-585; S621-645; and 226 

S1121-1195).  227 

The COVID-19 cohort LPE clusters mapped to the S1-S2 junction and overlapped the 228 

S2 region containing the FP motif, while the vaccine cohort LPE clusters mapped near 229 

the RDB and within the S1 CTD and S2 heptad repeat 2 (HR2). However, peptides in 230 
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three of these five clusters were detected in both cohorts, implying preferential rather 231 

than absolute differences in site recognition, supported by the NHP cohort results, 232 

which detected multiple peptides in all but one of these clusters.  233 

IgM LPEs detected in second, cross-sectional vaccine cohort who had serum collected 234 

7-30 days after their vaccine dose, including four individuals vaccinated post-SARS-235 

CoV-2-infection (VPI), detected all the peptides found in the first vaccine cohort, and 236 

one peptide (S661-675) originally detected only in the COVID-19 cohort. VPI 237 

individuals also had more peptides with stronger signals, including five of the six 238 

peptides detected in both the COVID-19 and vaccine cohorts (Fig. 3c and Table S5). 239 

Similar to the COVID-19 cohort, most vaccine cohort subjects revealed strong IgM 240 

signal for proteins of common respiratory viruses, including several common HCoVs, 241 

with similar responses detected pre- and post-vaccination (Fig. S5c). Vaccination 242 

produced transient increases in IgM binding to MERS-CoV and SARS-CoV S proteins, 243 

peaking at 7 days after the second vaccine dose, although a MERS-CoV S1+S2 ECD 244 

response not altered by vaccination likely reflect non-specific recognition of this ECD 245 

region (Fig. 3d). 246 

Epitope overlap in vaccinated and SARS-CoV-2-infected individuals 247 

Substantial LPE overlap was detected among the COVID-19, vaccine, and VPI groups, 248 

although this varied by groups with only five LPEs shared among all three (Fig. 4a and 249 

Table S7). Each group revealed overlapping coverage, with LPEs detected in a single 250 

group tended to cluster in the S1 NTD and RBD, and the S2 HR1 to HR2 regions (Fig. 251 

4b and Table S7). LPEs detected in both the COVID-19 and VPI groups clustered in the 252 

S2 region outside defined functional domains, while those found in both the 253 
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vaccinated and VPI groups localized to multiple functional sites, including the RBD, 254 

the heptad repeat 1 (HR1), and the central helix (CH) domains, as well as two S1 CTD 255 

sites. Finally, of the five LPEs detected in all three groups, all but one mapped to sites 256 

within the S1 subunit CTD, with the remaining LPE mapping to a site within the S2 257 

NTD.  258 

Seven of the 12 top ranked LPEs, as defined by Z-score and p-value, were similarly 259 

detected in all three groups, while three were exclusively in the COVID-19 group and 260 

two were preferentially detected in both vaccine groups (Fig. 4c). The three peptides 261 

detected in the VPI group but not the COVID-19 group failed to significantly differ 262 

from the vaccine group due to signal variability and sample size. These three LPEs 263 

mapped to the RBD and adjacent to the FP, while the two expressed in the two 264 

vaccinated groups mapped near the S1/S2 junction or HR2. Thus, LPEs detected in 265 

SARS-CoV-2-infected and vaccinated individuals map to regions of functional 266 

importance, with differences that likely reflect a conformational change in the mRNA 267 

vaccine-encoded S protein.  268 
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Discussion 269 

More comprehensive detection and characterization of epitopes that can neutralize 270 

critical SARS-CoV-2 functions is necessary to guide the design of new vaccines and 271 

monoclonal antibody therapeutics, particularly in the context of emerging variants. 272 

However, current approaches are limited in their ability to precisely define epitopes, 273 

or exhibit screening bias. Microarray screening permits rapid characterization of 274 

antibody responses to SARS-CoV-2 variants and vaccines, but the overlap between 275 

NHP and human responses, including epitope coverage and site preference, remains 276 

unclear. We found that most (13 of 16) S protein IgM LPEs detected in the COVID-19 277 

matched LPEs detected in the NHP cohort. LPEs strongly detected in both species 278 

tended to localize to functionally important S protein regions and align with reported 279 

neutralizing antibody binding sites. Vaccine-associated IgM epitopes revealed a 280 

slightly altered distribution pattern, although at least one strongly detected LPE in 281 

each cluster was shared among these groups, suggesting that these differences may 282 

not affect IgM recognition and inhibition of functional sites that map near to or 283 

overlap these LPE clusters. 284 

This study has limitations. First, while peptide microarray studies can identify LPEs 285 

with complete sequence coverage, precise localization, and low selection bias, they 286 

cannot detect epitopes without extended linear sequence, although these may 287 

account for <25% of those induced by recombinant antigens(41). Sequence 288 

fragmentation among overlapping peptides could also miss antibodies, but this effect 289 

may be small since 85% of antibodies that bind LPEs recognize ≥5 contiguous amino 290 

acids(42), and most recognize epitopes defined by seven to nine amino acids(43).  291 
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Second, it has constrained statistical power, reducing its ability to detect LPEs 292 

recognized by lower abundance or affinity antibodies, particularly in the COVID-19 293 

cohort since unknown exposure doses, infection intervals, and virus strains all add 294 

variability. These issues are difficult to address due to the difficulty of performing 295 

large NHP studies, recruiting large, well characterized vaccine-naïve COVID-19 296 

patient cohorts with virus sequence information, and recruiting and retaining 297 

significant numbers of vaccine-naïve individuals for serial evaluation. Finally, this 298 

analysis focused on IgM LPEs given their greater abundance and signal intensity than 299 

IgG LPEs, potentially due to the greater avidity of IgM during competition for the same 300 

sites. Immune selection may favor IgGs that recognize non-linear SAR-CoV-2 epitopes 301 

or LPEs constrained by secondary structure. Microarray peptides lack this structural 302 

stability, and this should negatively affect antibody-peptide association and 303 

dissociation rates and therefore preferentially destabilize IgG versus IgM binding due 304 

to its inherently lower avidity. Sample volume limitations did not permit a separate 305 

IgG analysis using serum IgM-depleted serum, and an IgG analysis would therefore 306 

require more sample from new cohorts. However, while most studies have focused 307 

on IgG epitopes, the IgG population present prior to affinity maturation derives from 308 

the IgM repertoire and multimeric antibodies, and particularly IgM, play major roles 309 

in SARS-CoV-2 neutralization(31-33). 310 

Conserved LPE sites detected in our study tended to map to three major S protein 311 

regions: its RBD, cleavage sites, or cell-entry-associated sequences (e.g., FP, HR1, and 312 

HR2 regions). NHP cohort LPEs revealed near complete RBD coverage, and multiple 313 

antibodies biding this region can block viral entry by inhibiting RBD interactions with 314 
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ACE2(18, 35, 44, 45). One LPE (S481-495) found in the NHP and COVID-19 cohorts 315 

partially overlapped the binding site of two neutralizing antibodies isolated from 316 

COVID-19 patients, S2H13(26) and F2B-2F6(21). 317 

Several LPEs also mapped to cleavage sites associated with cell entry(46, 47), 318 

including polybasic and multi-basic furin cleavage sites partially cleaved during viral 319 

production to promote membrane fusion and viral transmission(17, 47-49). This 320 

included a peptide (S661-675) that mapped to a furin site between the S1 and S2 321 

subunits, where antibody binding can block subunit separation and inhibit 322 

conformational changes associated with membrane fusion(36, 37). Another LPE 323 

(S801-815) mapped to an FP-adjacent site, where antibody binding could inhibit 324 

cleavage required for cell entry, while another LPE containing the FP sequence had 325 

strong signal following both infection and vaccination. Stronger signal in the detected 326 

in the former group for both LPEs could reflect a conformational effect of the modified 327 

mRNA vaccine S protein, since this region normally packs tightly around an internal 328 

disulfide bond but adopts a looser conformation in the vaccine since the K986P 329 

mutation alters the net charge at the trimer interface(39). Several detected peptides 330 

also mapped to HR1 and HR2, which interact to promote the co-localization and 331 

fusion of the viral and cell membranes(38),(50). Steric or conformational antibody 332 

binding effects, however, should attenuate virus infectivity, similar to the peptide EK1 333 

fusion inhibitor, which interacts with HR1 to block HR2 binding, membrane fusion, 334 

and cell entry(51, 52).  335 

Monoclonal antibody therapy effectiveness remains under evaluation despite 336 

significant in vitro data supporting the ability of such antibodies to reduce SARS-CoV-337 
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2 infectivity. SARS-CoV-2 variants could compromise their efficacy, however, and 338 

multiple neutralizing antibodies targeting distinct epitopes may be required to 339 

circumvent escape mutations(29, 53, 54). Since the RBD exhibits substantial mutation, 340 

epitopes that map to other effector regions may be prove useful as alternate targets 341 

for neutralizing antibodies or inhibitors. This could include LPEs conserved among 342 

infected and vaccinated individuals that map to CTD1 (S551-565; S561-575), and to 343 

CTD2 (S621-635; S661-675). These regions are located below the RBD and against 344 

the S2 and NTD regions in secondary structure(55), and thus antibody binding to 345 

either site could alter structural interactions that affect S protein activity. In support 346 

of this hypothesis, CTD1 appears to mediate an interaction between the RBD and 347 

FPPR regions to regulate structural rearrangements that favor membrane fusion 348 

activity(39), while a CTD2 interaction may stabilize cleaved S1-S2 protein complexes 349 

to prevent S1 dissociation(56) and thus subsequent S2 structural rearrangements 350 

involved in membrane fusion(57, 58).  351 

Our findings indicate that microarray screening can provide valuable information 352 

about the adaptive immune response to SARS-CoV-2 infection and vaccination by 353 

permitting high-resolution mapping of LPEs. Specifically, our results indicate a strong 354 

correspondence among LPEs detected in NHPs and patients following SARS-CoV-2 355 

infection, and that strongly detected LPEs tend to be conserved and map to 356 

functionally important regions of the S protein, with those revealing differential 357 

intensity among the vaccinated and infected groups aligning with potential 358 

differences in protein conformation among the native and recombinant protein. 359 

Taken together, we believe these results indicate the strong potential of employing 360 
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microarray mapping data with structural and function information to identify 361 

candidate targets for therapeutic interventions.   362 
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Materials and Methods 363 

Sample collection 364 

SARS-CoV-2 infected non-human primates. Plasma samples obtained from a 365 

cohort of SARS-CoV-2-infected NHPs (Table S8) were analyzed in this study. This 366 

cohort was generated at the Tulane National Primate Research Center using an 367 

established model of SARS-CoV-2 infection. Briefly, a total of seven male NHPs aged 7 368 

to 11 years were subjected to aerosol inoculation with the SARS-CoV-2 isolate USA-369 

WA1/2020 (CDC). Four African Green Monkeys (AGMs) were exposed to a dose of 370 

1×104 TCID50, and three Indian Rhesus Macaques (IRMs) were exposed to a dose of 371 

0.5×104 TCID50. The animals were evaluated by twice daily monitoring for 28 days 372 

after infection by veterinary staff, and blood samples were collected from all animals 373 

7 days prior to SARS-CoV-2 exposure and at 1, 6-, 13-, 22-, and 28 days post-infection. 374 

COVID-19 patient cohort. Blood samples were collected from thirty-five patients 375 

seen at Weill Cornell Medicine (Table S9). This cohort included fifteen individuals 376 

who were hospitalized with COVID-19 and twenty who were seen before 2019, whose 377 

blood samples were designated pre-COVID-19 samples. Of the fifteen COVID-19 378 

patients in this cohort (4 women and 11 men; aged 35 to 87 years), eight had blood 379 

collected 3-11 days after symptom onset and the remaining seven each had blood 380 

collected at 20-23 days after symptom onset. 381 

SARS-CoV-2 mRNA vaccine cohort. Five participants scheduled for vaccination with 382 

the Pfizer-BioNTech COVID-19 mRNA vaccine were enrolled in a longitudinal study 383 

to evaluate the dynamic response of linear epitopes produced during the subsequent 384 

immune response (Table S9). Fingertip blood samples were collected before 385 
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vaccination, at 12 days after the first vaccine dose, and at 3, 7, and 14 days, and 1 and 386 

2 months after the second dose. Fifteen individuals vaccinate with either the Pfizer-387 

BioNTech or Moderna COVID-19 mRNA vaccine were enrolled in a second study to 388 

independently confirm the reproducibility of major linear epitopes produced 389 

following vaccination (Table S9). Lithium heparin plasma specimens were stored at 390 

4℃ after collection for up to 72 hours and were then stored at -80℃ before analyzing. 391 

Fifteen study participants had blood samples collected between 7 - 30 days after 392 

receipt of their second vaccine dose, and four of these individuals had documented 393 

COVID-19 cases prior to their first vaccine dose.  394 

Microarray design  395 

Two SARS-CoV-2 proteome microarray libraries were employed in this study: a one-396 

strain SARS-CoV-2 microarray library and an international SARS-CoV-2 proteome 397 

microarray library that contained peptide sequences from several SARS-CoV-2 398 

strains.  399 

One-strain SARS-CoV-2 proteome microarray library. This microarray contained S, N, 400 

and E proteins and 966 peptides covering the entire SARS-CoV-2 genome (MN908947 401 

strain), each containing 15 amino acids with a 5 amino acid overlap among each 402 

sequential peptide (Table S1 and Table S10). 403 

The international SARS-CoV-2 proteome microarray library. This microarray 404 

contained S, N, and E proteins and/or fragments of these proteins, and 966 peptides 405 

covering the entire SARS-CoV-2 genome (MN908947.3 strain) each containing 15 406 

amino acids with a 5 amino acid overlap among each sequential peptide. This array 407 

also included 1697 peptides from 52 other SARS-CoV-2 isolates collected at multiple 408 
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international locations, most of which had demonstrated sequence offsets or amino 409 

acid variations with the MN908947.3 strain. This array also contained proteins 410 

and/or fragments encoded by several other respiratory viruses which might 411 

demonstrate cross-reactivity with SARS-COV-2 specific antibodies (e.g., Human 412 

respiratory syncytial virus, Influenza A/B, Dromedary camel coronavirus, Human-413 

CoV, MERS-CoV and SARS-CoV) (Table S1, Table S10, and Fig. S2b). 414 

SARS-CoV-2 antibody screening on the proteome microarray platforms 415 

All microarray hybridization steps were performed in a humidified chamber to 416 

reduce potential artifacts arising from unequal sample evaporation. Microarray chips 417 

were blocked at RT for 10 min with 400 μL 5% filtered skim milk, incubated for at 20 418 

min at RT with gentle rocking with 4 μL NHP plasma diluted into 400 μL 5% skim 419 

milk, and then washed three times with 1×PBS supplemented with 0.05% Tween-20 420 

(0.05% PBST) for 5 min at each wash. Chips were then incubated for 30 min at RT 421 

with 4 μg/mL fluorescent-labeled monkey-specific IgG and IgM secondary antibodies 422 

[DyLight 650-conjugated Goat Anti-Monkey IgG (H+L) and DyLight 550-conjugated 423 

IgM] (Novus Biologicals) diluted in 400 μl 5% skim milk, washed three times with 424 

0.05% PBST for 5 min at each wash, and two times with deionized water for 1 min at 425 

each wash. Proteome microarray chips were then scanned using an Agilent 426 

microarray scanner, and the fluorescence signal intensity of each spot was extracted 427 

using GenePix Pro7 software (Molecular Devices). Reproducibility of antibody 428 

detection for the one-strain SARS-CoV-2 proteome microarray was determined by 429 

comparing the two spots for one peptide in one array and same peptide spot from 430 

two arrays incubated with the same sample (Fig.  S2a and Table S10). It’s the same 431 
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process for the screening of SARS-CoV-2 antibodies from infected/vaccinated 432 

individuals on the international SARS-CoV-2 proteome microarray with fluorescent-433 

labeled human-specific IgG and IgM secondary antibodies [Cy3-conjugated AffiniPure 434 

Donkey Anti-Human IgG (H+L) and Alexa Fluor647-conjugated AffiniPure Goat Anti-435 

Human IgM (Fc5μ fragment specific)] (Jackson ImmunoResearch) (Incubation 436 

volume: 3 mL) (Fig. S2b). Reproducibility of antibody detection for the international 437 

SARS-CoV-2 proteome microarray was determined by comparing the two spots for 438 

one peptide in one array and same peptide spot from two arrays incubated with the 439 

same sample (Fig.  S2c). 440 

Immunofluorescence assay 441 

In the immunofluorescence assays performed to evaluate potential cross-reactivity 442 

of the anti-human IgG (H+L) and IgM antibodies used in these analyses, serial 443 

dilutions (2, 0.5, and 0.125 μg/mL) of unlabeled versions of these two antibodies 444 

were separately added to wells of 96-well high-binding plates and incubated at RT for 445 

3 hours to allow complete binding. These plates were then blocked at RT for 1.5 hour 446 

with 2% (w/v) bovine serum albumin (BSA) in 0.05% PBST, washed three times with 447 

0.05% PBST buffer, after which blocked wells were incubated for 1 hour at RT with 4 448 

μg/mL of the Cy3-conjugated AffiniPure Donkey Anti-Human IgG (H+L) and/or 449 

AlexaFluor 647-conjugated AffiniPure Goat Anti-Human IgM (Jackson 450 

ImmunoResearch) in 1% BSA PBST buffer). Wells were then washed three times with 451 

0.05% PBST, after which their fluorescence intensity (Fig.  S2d) and images were 452 

captured using a Cytation 5 Imaging Multi-mode Reader (BioTek). 453 

Spike peptide interaction with ACE2 454 
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Enzyme-linked Immunosorbent assay (ELISA) plates used to evaluate the interaction 455 

of the S481-495 peptide and with recombinant human ACE2 were generated by 456 

incubating 96 well plates with 100µL of 4 µg/ml goat anti-human IgG Fc (Jackson 457 

ImmunoResearch) overnight at 4℃ overnight. These ELISA plates were then 458 

incubated for 2 hours with 100µL of 4 µg/ml ACE2-Fc (GenScript) at 37℃, and 459 

blocked by a 2 hour incubation at 37℃ with 5% BSA in PBS. ELISA plate wells were 460 

then incubated with 100µL of PBS (zero control), two-fold serial dilutions (2000 - 461 

3.90 ng/mL) of biotin-labeled S481 peptide, 500 ng/mL of an N protein N161-175 462 

negative control peptide (GenScript) in 1% BSA/0.05% PBST buffer for 1 hour at 463 

room temperature, and washed with PBST. All wells but the zero control were then 464 

supplemented with 100µL of Horseradish peroxidase (HRP)-conjugated streptavidin 465 

(Thermo Scientific, 1:10000 dilution) in 1% BSA/0.05% PBST and incubated for 1 466 

hour at 37 ℃, after which wells were then washed with PBST, and incubated with 100 467 

µL 3,3',5,5' tetramethylbenzidine (TMB, Thermo Scientific) for 3~10 minutes, and 468 

supplemented with 100 µl 2 N H2SO4 to stop the reaction, and absorbance at 450 nm 469 

were measured using a plate reader. 470 

Spike peptide inhibition of the SARS-CoV-2 RBD and ACE2 interaction 471 

ELISA plates described above were incubated with 100 mL/well of 1% BSA/0.05% 472 

PBST buffer containing HRP-RBD (1:500) supplemented with or without 500 ng/mL 473 

of an N protein N161-175 negative control peptide (GenScript), S481-495 peptide (0 474 

-1000 μg/ml), or 20 µg/ml of unlabeled RBD protein for 1 hour at room temperature. 475 

All wells were then washed with PBST and incubated with TMB and analyzed as 476 

described above.  477 
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Structure analysis 478 

Epitope mapping and contact distance evaluation was performed using Chimera 479 

X1.2.5 software(59). Three different 3D models of the SARS-CoV-2 spike protein were 480 

used to map epitopes. The first model (PDB:6VYB), which had one receptor binding 481 

domain (RBD) in the “up” position, was used to map the relative position of epitopes 482 

detected in the NHP cohort and the COVID-19 patient cohort. The second model 483 

(PDB:6LZG), employed the spike protein RBD and the ACE2 receptor in their bound 484 

state to model an interaction between the RBD linear peptide epitope S481-495 and 485 

its ACE2 interaction site(34). The third model (PDB:6VSB) was chosen to represent 486 

the structure of the SARS-CoV-2 spike protein used in the Pfizer and Moderna 487 

vaccines, where to proline substitutions (K986P and V987P) stabilize the spike 488 

protein with its RBD in the up position (40). 489 

Using the model of the SARS-CoV-2 spike protein RBD bound to ACE2, van der Waals 490 

interactions between amino acid residues of these proteins were evaluated using the 491 

“Contacts” function in Chimera X1.2.5 Settings chosen for this analysis identified pairs 492 

of atoms with center-to-center distances ≤ 4.5 angstroms, ignored interactions 493 

between atoms four or fewer bonds apart, and included intermodel and intramodel 494 

interactions. Results from this analysis matched other published data on the 495 

interactions between the RBD and ACE2 (18, 34). 496 

Statistics 497 

Statistical methods employed for data analysis are defined in the corresponding 498 

figure legends, with additional detail provided below. 499 
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Microarray fluorescence signal intensity was standardized using the Z-score method. 500 

Raw fluorescence signal intensity for each peptide was determined as the mean signal 501 

intensity of each spot, and then averaged across duplicate spots of each peptide. The 502 

data generated for all samples of an NHP was normalized together. For COVID-19 503 

patients and vaccinated participants, however, data was standardized independently 504 

for any longitudinal samples.  505 

Identification of peptides detected by IgM and IgG binding. For the NHP samples, 506 

peptides detected by IgM and IgG were defined as those with p-values < 0.05 from 507 

repeated measure ANOVAs with Dunnett's post hoc tests when at least four of the 508 

seven NHPs had values greater than the baseline + three times its standard deviation. 509 

For longitudinal COVID-19 vaccine samples, peptides detected by IgM and IgG were 510 

defined as those with p-values < 0.05 from repeated measure ANOVAs with Dunnett's 511 

post hoc tests and mean values greater than the pre-vaccination sample mean + three 512 

times its standard deviation. For COVID-19 patients and vaccinated individuals 513 

without longitudinal samples, peptides detected by IgM and IgG were defined as those 514 

with p-valves < 0.05 from parametric one-way ANOVA with Dunnett's post hoc test 515 

and mean values greater than the mean of the pre-COVID-19 group + three times its 516 

standard deviation. ANOVA tests were performed using the “multcomp” R software 517 

library and its “mvtnorm”, “survival”, “TH.data”, and “MASS” packages. 518 

Pearson correlation coefficients analyzed using GraphPad Prism 8 software were 519 

used to compare the fluorescence intensity between duplicate spots within an array 520 

and the fluorescence intensity of corresponding spots between arrays when these 521 

arrays were incubated with the same samples. Non-parametric one-way ANOVAs 522 
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with Dunn’s post-tests performed using GraphPad Prism were used to evaluate the 523 

difference between the vaccinated, vaccinated post-infection, and COVID-19 patient 524 

groups. Heatmaps indicating antibody responses to SARS-CoV-2 proteins and 525 

peptides were constructed using the “pheatmap” package in the R software suite. 526 

Graphs were generated with GraphPad Prism and Schematic diagrams were 527 

generated using BioRender. 528 

Study approval 529 

The Institutional Animal Care and Use Committee of Tulane University reviewed and 530 

approved all the procedures for NHP experiments. The Tulane National Primate 531 

Research Center is fully accredited by the Association for Assessment and 532 

Accreditation of Laboratory Animal Care (AAALAC). All animals are cared for per the 533 

NIH Guide to Laboratory Animal Care. The Tulane Institutional Biosafety Committee 534 

approved the procedures for sample handling, inactivation, and removal from BSL3 535 

containment. 536 

All human subjects provided written informed consent before study participation 537 

approved by the institutional review board of Tulane University, Weill Cornell 538 

Medicine and the University of Texas Southwestern Medical Center.  539 
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Datasets S4. Table S4. IgM binding to overlapping SARS-CoV-2 peptides in COVID-19 594 
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Figures 739 

  740 

Figure 1. Proteomic microarray mapping of the antibody response to SARS-CoV-2 infection in non-741 
human primates.  742 
a. Schematic of experimental time points for the four AGMs and three RMs analyzed in this study.  743 
b. Heatmap of the mean IgM and IgG signal for the indicated SARS-CoV-2 proteins and protein fragments. 744 
c. Number and percentage of unique peptides detected by IgM binding from 13-28 dpi (blue) or at least one of 745 
these times (red).  746 
d. Schematic and heatmap indicating the alignment of peptides detected at the indicated times with S protein 747 
features and their mean signal intensity minus signal intensity at baseline timepoints. O- and N-linked 748 
glycosylation positions are numbered and respectively marked by vertical blue and orange lines.  749 
e. 3D structural maps of the SARS-CoV-2 S protein indicating the N-terminal domain (NTD), receptor binding 750 
domain (RBD), S1, and S2 peptide sequences and the corresponding peptide sequences bound by IgM at the 751 
indicated time points (PDB:6VYB).  752 
f. Reproducibility of IgM signal trends for detected S protein peptides.  753 
Graphs indicate each individual value, minimum, lower quartile, median, upper quartile and maximum, 754 
*p<0.05, **p<0.01, ***p<0.001, by repeated measure ANOVA with Dunnett multiple comparison test. (n = 7) 755 
Created with biorender.com.  756 
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 757 

Figure 2. Proteomic microarray mapping of antibody responses in COVID-19 patients.  758 

a. Heatmap of IgM signal Z-scores detected for SARS-CoV-2 proteins and peptides using serum collected pre-759 
COVID-19 (blue, n = 20) or at 3-11 days (bright blue, n = 8) or at 20-23 days (orange, n = 7) after symptom 760 
onset in COVID-19 patients. Colored labels indicate signals detected from overlapping peptide sequences of 761 
SARS-CoV-2 strains MT012098 (circles) and MN908947.3 (triangles).  762 
b. Number and percentage of peptides detected by IgM binding in COVID-19 patients.  763 
c. Overlap of unique linear peptide epitopes detected with serum from SARS-CoV-2-infected NHPs and patients.  764 
d. 3D structural map indicating IgM binding to linear peptide epitopes on the N-terminal domain (NTD), 765 
receptor binding domain (RBD), S1, and S2 peptide sequence regions of the SARS-CoV-2 S protein (PDB:6VYB).  766 
e. 3D structure indicating close interactions (yellow dash lines; ≤ 4.5 angstroms) between predicted contact 767 
residues (red) in a detected RBD linear peptide epitope (Blue chain; S481-495) and ACE2 (White 768 
chain) (PDB:6LZG). F. SARS-CoV and MERS-CoV N protein IgM signal for at the indicated times.  769 
Graphs indicate individual, minimum, lower quartile, median, upper quartile and maximum values. *p<0.05, 770 
**p<0.01, ***p<0.001, by non-parametric one-way ANOVA with Dunn’s post-test.   771 
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 772 

Figure 3. Proteomic microarray mapping of antibody responses in SARS-CoV-2 RNA vaccine 773 
participants.  774 
a. Heatmap of IgM signal Z-scores for the SARS-CoV-2 proteins and peptides using serum collected at the 775 
indicated times before and after vaccination. (n = 5) Colored labels indicate signals detected from overlapping 776 
peptide sequences of SARS-CoV-2 strains MT012098 (circles) and MN908947.3 (triangles).  777 
b. 3D structural map (PDB:6VSB) indicating IgM binding to linear peptide epitopes in the N-terminal domain 778 
(NTD), receptor binding domain (RBD), S1, and S2 peptide sequence regions of the modified SARS-CoV-2 S 779 
protein (K986P and V987P) of the Pfizer and Moderna vaccines.  780 
c. Relative IgM signal Z-scores for the strong linear peptide epitope signals in the vaccinated (Vac) (n = 11) and 781 
vaccinated post-infection (VPI) (n = 4) groups.  782 
d. Relative IgM signal Z-scores for SARS-CoV and MERS-CoV S protein regions.  783 
Graphs indicate individual, minimum, lower quartile, median, upper quartile, and maximum values; *p<0.05, 784 
**p<0.01, ***p<0.001, by non-parametric one -way ANOVA with Dunn’s post-test. (n = 5)  785 
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 786 

Figure 4. Difference in IgM linear peptide epitopes detected in the COVID-19, vaccinated and VPI groups.  787 
a. Venn diagram of the overlap between IgM linear peptide epitopes detected in SARS-CoV-2 patients (COVID-788 
19), vaccinated individuals (Vac), and individuals vaccinated post-infection (VPI).  789 
b. SARS-CoV-2 S protein schematic indicating sites of IgM linear peptide epitopes specific for and shared among 790 
the indicated groups.  791 
c. Relative Z-score differences for IgM linear peptide epitopes preferentially detected in COVID-19 (n = 7), 792 
vaccinated (n = 11) and VPI (n = 4) individuals.  793 
Graphs indicate each individual, minimum, lower quartile, median, upper quartile and maximum values; 794 
*p<0.05, **p<0.01, ***p<0.001, by non-parametric one-way ANOVA with Dunn’s post-test. Created with 795 
biorender.com. 796 
  797 
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 798 

Figure S1. The IgM signal intensity of spike peptide positions with individual monkeys and relative 799 
abundance and overlap among IgM linear epitopes detected in the SARS-CoV-2 NHP models with 800 
different species, related to Fig.1. 801 
a. Normalized data of the signal intensity for spike peptide positions, screened with anti-IgM, within SARS13 802 
CoV-2 spike protein sampled from 7 individual monkeys at multiple time points before and post-infection. Each 803 
monkey’s data is represented as two horizontal lines, each line showing signals for peptides that comprise 804 
offset multiples of 15 amino acids (ie, 1-15, 21-35, 41-55 vs 11-25, 31-45, 51-65). (n = 7) 805 
b. Relative abundance and overlap among IgM linear epitopes detected in the SARS-CoV-2 NHP models. Bar 806 
graphs indicates the number of peptides uniquely detected in serum from SARS-CoV-2-infected RM (yellow) 807 
and AGM (green) or shared between the two species (gray). 808 
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 809 

Figure S2. Composition and performance of the one one-strain SARS-CoV-2 proteome microarray and the international SARS-CoV-2 microarray, 810 
related to Fig.1 and Fig.2. 811 
a. Reproducibility of antibody detection using the one-strain SARS-CoV-2 proteome microarray for non-human primates infected by SARS-CoV-2. 812 
b. Schematic of the design, composition, and workflow of the international SARS-CoV-2 microarray. 813 
c. Reproducibility of antibody detection using the international SARS-CoV-2 microarray for COVID-19 patients and vaccinated participants. 814 
d. Cross reactivity of anti-IgG and anti-IgM secondary antibodies in employed in the international SARS-CoV-2 microarray. 815 
Created with biorender.com. 816 
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 817 

818 
Figure S3. Heatmap of the mean IgM and/or IgG antibody signal detected for the indicated proteins and 819 
protein fragments of SARS-CoV-2 or other respiratory viruses using serum from the COVID-19 patient 820 
cohort, related to Fig.2. 821 
a. Heatmap of mean IgM and IgG signal detected for the indicated SARS-CoV-2 proteins and protein fragments. 822 
b. Heatmap of the IgM signal detected for protein or protein fragments of the indicated respiratory viruses. 823 

824 
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 825 

Figure S4. An S protein LPE consistently detected by antibodies present in SARS-CoV-2-infected NHPs 826 
and patients (S481-495) binds to ACE2 and blocks its interaction with the S protein RBD. 827 

a. Schematic of an ELISA to measure S481-495 peptide binding to a recombinant ACE2 protein. 828 

b. ELISA results for the binding of serial dilutions of the SARS-CoV-2 spike protein RBD, S481-485 peptide (0-829 
2000 ng/mL), or N protein N161-175 peptide (500 ng/mL, negative control) to recombinant ACE2-Fc2 protein.  830 

c. Schematic on a competitive ELISA to measure the ability of input N and S protein peptides to block the binding 831 
of the SARS-CoV-2 RBD with ACE2.  832 

d. Competitive ELISA results for the signal detected when unlabeled SARS-CoV-2 RBD protein (20 µg/mL), 833 
S481-485 peptide (0-1000 µg/mL), or N protein N161-175 peptide (500 µg/mL, negative control) were used 834 
to block the interaction of HRP-labeled RDB with recombinant ACE2-Fc2 protein.  835 

Graphs indicate Mean±SD values. P-values for differences with the N peptide group were determined by one-836 
way ANOVA with Dunnett’s post-test (n=3/sample). ns: no significant, *p<0.05, **p<0.01, ***p<0.001, and **** 837 
p<0.0001. Created with biorender.com. 838 

 839 

  840 



  Research                                                                                 Manuscript                                                                       Page 40 of 43 
 

 

 841 

Figure S5. Heatmap of the mean IgM and/or IgG antibody signal detected for the indicated proteins and 842 
protein fragments of SARS-CoV-2 or other respiratory viruses using serum from five individuals in 843 
vaccine cohort with longitudinal samples, related to Fig.3.a-b. 844 

a, b. Heatmap of mean IgG signal detected for A) the indicated SARS-CoV-2 proteins and protein fragments, or 845 
b) peptides corresponding to the indicated S protein sequence regions. 846 

c. Heatmap of the IgM signal detected for protein or protein fragments of the indicated respiratory viruses.847 
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 848 

  849 

Table S6. S protein epitope clusters detected in NHP, COVID-19 and vaccinated participants 

Cluster NHP  COVID-19 patients Vaccinated participants 

 121 -- 121 

 -- -- 221 

 241 241 -- 

 301 301 -- 

    

 351 -- 351 

 431 -- 431 

 481 481 -- 

Cluster1 

541 -- 541 

551 551 551 

561 -- 561 

-- 571 571 

Cluster2 
621 621 621 

631 -- 631 

Cluster3 
661 661 -- 

691 691 -- 

Cluster4 

-- 761 -- 

781 781 781 

791 791 -- 

801 801 -- 

-- 811 811 

 -- 921 -- 

 -- -- 1001 

 -- 1101 -- 

Cluster5 

-- -- 1121 

-- -- 1161 

-- -- 1181 

 -- 1251 -- 

Numbers indicate S protein starting positions of detected peptides 
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Table S7. IgM S peptide among the COVID-19 patients, vaccinated and VPI participants 

Domain COVID-19 patients Vaccinated participants VPI participants 

S1 NTD 

-- S121-135 -- 

-- -- S161-175 

-- S221-235 -- 

S241-255 -- -- 

-- -- S291-305 

S301-315 -- -- 

RBD 

-- -- S321-335 

-- S351-365 -- 

-- S431-445 S431-445 

S481-495 -- -- 

-- -- S501-515 

-- -- S511-525 

-- S541-555 -- 

S1 CTD 

S551-565 S551-565 S551-565 

-- S561-575 S561-575 

S571-586 S571-588 S571-587 

S621-635 S621-635 S621-635 

-- S631-645 S631-645 

-- -- S641-655 

S661-675 S661-675 S661-675 

S2 NTD 

S691-705 -- S691-705 

S761-775 -- -- 

S781-795 S781-795 S781-795 

S791-805 -- S791-805 

S801-815 -- -- 

S811-825 S811-825 -- 

HR1 S921-935 -- -- 

CH 
-- S1001-1015 S1001-1015 

-- -- S1011-1025 

S2 Internal 

S1101-1115 -- -- 

-- S1121-1135 -- 

-- -- S1141-1155 
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HR2 

-- S1161-1175 S1161-1175 

-- -- S1171-1185 

-- S1181-1195 -- 

CTD 
S1251-1265 -- S1251-1265 

-- -- S1261-1273 

Numbers indicate S protein starting positions of detected peptides. Labels indicate the N-terminal, 
ribosome binding, and C-terminal domains (NTD, RBD, CTD) of the S1 or S2 region and the central 
helix (CH), heptad repeat 1 and 2 (HR1 and HR2) of the S2 region. VPI: Vaccination post infection. 
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