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ABSTRACT 24 
 25 
Background: Control of the COVID-19 pandemic will rely on SARS-CoV-2 vaccine-elicited antibodies 26 
to protect against emerging and future variants; an understanding of the unique features of the 27 
humoral responses to infection and vaccination, including different vaccine platforms, is needed to 28 
achieve this goal. 29 
Methods: The epitopes and pathways of escape for Spike-specific antibodies in individuals with 30 
diverse infection and vaccination history were profiled using Phage-DMS. Principal component 31 
analysis was performed to identify regions of antibody binding along the Spike protein that 32 
differentiate the samples from one another. Within these epitope regions we determined potential 33 
escape mutations by comparing antibody binding of peptides containing wildtype residues versus 34 
peptides containing a mutant residue.  35 
Results: Individuals with mild infection had antibodies that bound to epitopes in the S2 subunit within 36 
the fusion peptide and heptad-repeat regions, whereas vaccinated individuals had antibodies that 37 
additionally bound to epitopes in the N- and C-terminal domains of the S1 subunit, a pattern that was 38 
also observed in individuals with severe disease due to infection. Epitope binding appeared to change 39 
over time after vaccination, but other covariates such as mRNA vaccine dose, mRNA vaccine type, 40 
and age did not affect antibody binding to these epitopes. Vaccination induced a relatively uniform 41 
escape profile across individuals for some epitopes, whereas there was much more variation in 42 
escape pathways in in mildly infected individuals. In the case of antibodies targeting the fusion 43 
peptide region, which was a common response to both infection and vaccination, the escape profile 44 
after infection was not altered by subsequent vaccination.  45 
Conclusions: The finding that SARS-CoV-2 mRNA vaccination resulted in binding to additional 46 
epitopes beyond what was seen after infection suggests protection could vary depending on the route 47 
of exposure to Spike antigen. The relatively conserved escape pathways to vaccine-induced 48 
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antibodies relative to infection-induced antibodies suggests that if escape variants emerge, they may 49 
be readily selected for across vaccinated individuals. Given that the majority of people will be first 50 
exposed to Spike via vaccination and not infection, this work has implications for predicting the 51 
selection of immune escape variants at a population level.  52 
Funding: This work was supported by NIH grants AI138709 (PI Overbaugh) and AI146028 (PI 53 
Matsen). Julie Overbaugh received support as the Endowed Chair for Graduate Education (FHCRC). 54 
The research of Frederick Matsen was supported in part by a Faculty Scholar grant from the Howard 55 
Hughes Medical Institute and the Simons Foundation. Scientific Computing Infrastructure at Fred 56 
Hutch was funded by ORIP grant S10OD028685. 57 
 58 
 59 
INTRODUCTION 60 
 61 

The future of the COVID-19 pandemic will be determined in large part by the ability of vaccine-62 
elicited immunity to protect against current and future variants of the SARS-CoV-2 virus. Several 63 
vaccines have now been approved for use in multiple countries, including two that are based on 64 
mRNA technology: BNT162b2 (Pfizer/BioNTech) and mRNA-1273 (Moderna). In the United States, 65 
over half of adults are now vaccinated against SARS-CoV-2, the majority of whom have received one 66 
of these mRNA vaccines. While these vaccines have been shown to effectively guard against 67 
infection, severe disease, and death related to SARS-CoV-21-7, less is known about how effective 68 
they will be against emerging and future variants. Current surges in the Delta variant coupled with 69 
reports of reduced potency of vaccine elicited antibodies against this variant highlight this concerning 70 
ongoing dynamic8,9. Evidence from related endemic coronaviruses indicates that evolution in the 71 
Spike protein results in escape from neutralizing antibodies elicited by prior infection10, potentially 72 
contributing to why endemic coronaviruses can reinfect the same host11-13. Without immunity that is 73 
robust in the face of antigenic drift, continual updates of the vaccine to combat new SARS-CoV-2 74 
variants will likely be necessary to provide optimal protection against symptomatic infection. 75 

Prior infection with SARS-CoV-2 also provides some immunity against subsequent re-infection, 76 
and several studies have characterized the epitopes targeted by convalescent sera14-18. It is currently 77 
unknown whether SARS-CoV-2 infection and vaccination result in antibodies that bind to similar 78 
epitopes, an important point to consider given that most people have acquired antibodies through 79 
immunization and not infection. The Spike protein encoded by the mRNA in both SARS-CoV-2 80 
vaccines is stabilized in the prefusion conformation by addition of two proline substitutions19. This 81 
change in sequence and fixed conformation of the Spike protein could result in altered antibody 82 
targeting when compared to antibodies elicited during infection, where Spike undergoes several 83 
conformational changes. It is also possible that differences in antibody specificity could be due to the 84 
amount of antigen or type of immune response stimulated in the context of infection versus 85 
vaccination. We know that vaccines drive higher neutralization titers and more Spike binding IgG 86 
antibodies than infection20-22, indicating some differences in the B cell response compared to 87 
infection. A recent study showed that antibodies against the receptor binding domain (RBD) of Spike 88 
differ between infected and vaccinated individuals; they are generally less sensitive to mutation and 89 
bind more broadly across the domain in the context of vaccination as compared to infection23. 90 

Although the majority of the serum binding response in SARS-CoV-2 infected and vaccinated 91 
people is directed towards regions of the protein outside of the RBD epitopes15,23-25, few studies have 92 
examined the prevalence and escape pathways of these antibodies, especially in the setting of 93 
vaccination. Antibodies to linear epitopes in the S2 domain of Spike overlapping the fusion peptide 94 
(FP), and in the stem helix region just upstream of heptad repeat 2 (SH-H) region are found in serum 95 
from COVID-19 patients, and some studies suggest these antibodies may be neutralizing26,27. These 96 
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non-RBD responses may also be important contributors to non-neutralizing antibody activities, which 97 
have been associated with protection and therapeutic benefit in experimental SARS-CoV-2 models 98 
and with vaccine protection28-31. Importantly, these epitopes lie in more conserved regions of Spike 99 
than RBD where functional constraints on variation may counter the selective pressure for viral 100 
escape.   101 

To compare antibody immunity elicited by SARS-CoV-2 infection and vaccination, we used a 102 
high-resolution Spike-specific deep mutational scanning phage display library to profile the epitopes 103 
and sites of escape for serum antibodies from people who had been infected, vaccinated, or a 104 
combination of both. This approach, called Phage-DMS, identified four non-RBD antibody binding 105 
epitopes across all samples: the FP and SH-H region in the S2 subunit, and the N-terminal and C-106 
terminal domains (NTD and CTD, respectively) in the S1 subunit of Spike. Antibodies to NTD and 107 
CTD were uniquely present in the setting of mRNA vaccination or severe infection, but mostly absent 108 
in mild COVID-19 cases. In vaccinated individuals, the magnitude of the response varied over time 109 
both to the CTD and SH-H epitopes. Other covariates, such as age, dose, and vaccine type had no 110 
significant differences in the binding profiles observed. Of particular relevance to protection against 111 
emerging variants, infection and vaccination appear to shape the pathways of escape differently in 112 
different epitopes. In the FP epitope, which is a dominant response after infection, the escape 113 
pathway was maintained after subsequent vaccination; in the SH-H epitope, infection resulted in 114 
antibodies with diverse pathways of escape, whereas vaccination induced a highly uniform escape 115 
profile across individuals. Overall, these findings indicate that vaccination induced a broader antibody 116 
response across the Spike protein but induced a singular antibody response at the SH-H epitope, 117 
which could favor variants that emerge with these mutations. 118 
 119 
 120 
RESULTS 121 
 122 
Samples from individuals with varying SARS-CoV-2 infection and mRNA vaccination histories profiled 123 
using high resolution Spike Phage-DMS library 124 
 125 

We collected serum samples from two cohorts, termed the Moderna Trial Cohort and the 126 
Hospitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) Cohort24,32. The 127 
Moderna Trial Cohort were participants in a Phase 1 trial and consisted of 49 individuals, 34 who 128 
received the 100 µg dose of mRNA-1273 (Moderna) and 15 who received the 250 µg dose. Serum 129 
samples were taken at days 36 and 119 post first dose (7 and 90 days post second dose, 130 
respectively32. Serum samples were taken at days 36 and 119 post first dose (7 and 90 days post 131 
second dose, respectively)32. The HAARVI Cohort included 64 individuals, 44 who had confirmed 132 
SARS-CoV-2 infection and 20 who had no reported infection; among this group, 44 were also 133 
vaccinated. Those with infection history were stratified by severity based on hospitalization status (39 134 
non-hospitalized/mild vs. 5 hospitalized/severe) and serum was sampled at timepoints ranging from 8 135 
to 309 days post symptom onset. Of these 44 individuals, 24 were also sampled after vaccination with 136 
two doses of either mRNA-1273 (Moderna, n=8) or BNT162b2 (Pfizer/BioNTech, n=15), with 23 from 137 
the non-hospitalized group and 1 from the hospitalized group. All 20 SARS-CoV-2 naïve individuals 138 
were sampled post-vaccination, with 18 having an additional sample taken pre-vaccination (0 to 98 139 
days). Post-vaccination timepoints for all naïve and convalescent individuals ranged from 23 to 65 140 
days after the first dose (5 to 42 days after the second dose, respectively). Figure 1 provides an 141 
illustration of the two cohorts and their respective samples’ infection and vaccination statuses. 142 
Additional details are available in Supplementary Table 1.  143 
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We used a previously described Spike Phage-DMS library to profile the epitopes bound by 144 
serum antibodies in the samples described above24. This library consists of peptides displayed on the 145 
surface of T7 bacteriophage that are 31 amino acids long, tiling across the length of Spike in one 146 
amino acid increments. Peptides in the library correspond to the wild-type Wuhan Hu-1 Spike 147 
sequence as well as sequences that contain every possible single amino acid mutation at the central 148 
position of the peptide. Serum samples were screened with this library by performing 149 
immunoprecipitation (IP) followed by sequencing of the pool of phage enriched by the serum 150 
antibodies as previously described24,33,34.  151 
 152 
Serum antibodies bind to distinct epitopes in infected and vaccinated individuals 153 
 154 

We first examined the wild-type peptides in the Spike Phage-DMS library that were enriched 155 
by each serum sample to determine the epitopes bound by antibodies in each sample from these 156 
cohorts (Figure 2A). The major targeted epitopes across all the cohorts were in the NTD, CTD, FP, 157 
and SH-H regions. Serum from non-vaccinated infected individuals who were not hospitalized mostly 158 
bound to immunodominant epitopes in the FP and SH-H, both of which are epitopes previously 159 
identified in infected individuals using Phage-DMS24. Samples from hospitalized/severe COVID-19 160 
cases and vaccinated individuals also bound to the FP and SH-H regions, but additionally bound to 161 
epitopes within the NTD and CTD regions. In naïve serum samples there were antibodies that 162 
occasionally bound to the FP and SH-H peptides. These findings likely reflect that some individuals 163 
have preexisting cross-reactive antibodies that bind to these conserved regions between SARS-CoV-164 
2 and endemic coronaviruses, as suggested by previous studies16,18.  165 

A Principal Component Analysis (PCA) was used to further investigate differences between the 166 
infected and/or vaccinated groups. This analysis indicated that binding to epitopes in the NTD, CTD, 167 
FP, and SH-H regions were driving differences between samples (Figure 2B). To quantify differences 168 
in antibody binding between groups, for each sample we summed together the enrichment values 169 
within each identified epitope region and performed pairwise comparisons between non-hospitalized 170 
infected people and all other groups (Figure 2C). Most strikingly, we found non-trivial group 171 
differences in the magnitude of humoral responses to these major epitopes on the Spike protein. 172 
Specifically, antibodies from both hospitalized infected and vaccinated individuals had significantly 173 
higher binding to the NTD, CTD, and SH-H regions compared to non-hospitalized infected individuals. 174 
However, antibodies from non-hospitalized infected individuals displayed significantly higher binding 175 
to the FP epitope than samples from hospitalized or vaccinated individuals. There was no significant 176 
difference in any epitope binding in these four regions between vaccinated samples with and without 177 
prior infection (p>0.05, Mann-Whitney-Wilcoxon [M.W.W.]). 178 
 179 
Effect of age, dose, vaccine type, and timepoint on epitope binding 180 
 181 

In order to determine if there were covariates that contributed to differences in antibody 182 
binding, we examined the effect of participant age, vaccine dose and type, and timepoint post 183 
infection or vaccination on binding to the four epitopes identified above (Figure 3). For samples in the 184 
Moderna Trial Cohort, there was significantly decreased binding to the CTD epitope and SH-H 185 
epitope (p=0.008, p=0.011, Wilcoxon rank-sum test with Bonferroni correction) at the later timepoint 186 
post first dose (day 119) compared to the earlier timepoint (day 36) (Figure 3A). To examine the 187 
effect of dosage, we compared 100 ug and 250 ug mRNA-1273 groups for those between the age of 188 
18 to 55, as that was the only age group included for the 250 ug dose (Figure 3B). There was no 189 
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significant difference by vaccine dosage for any of the four epitope regions (NTD, CTD, FP, or SH-H). 190 
Participant age was also examined as a variable; there appeared to be a difference in epitope binding 191 
in the SH-H region, but this did not survive multiple testing correction (Figure 3C). 192 
 In infected individuals, the effect of time post symptom onset on epitope binding was examined 193 
using non-hospitalized infected individuals in the HAARVI Cohort, who were sampled between 26 and 194 
309 days post symptom onset (Supplemental Figure 2A). Samples were binned into three groups: 0-195 
60, 60-180, and 180-360 days post symptom onset. At all times post symptom onset there was no 196 
significant difference in binding to the four identified epitopes (p>0.05, M.W.W.). Individuals in the 197 
HAARVI Cohort were given either the Moderna mRNA-1273 or Pfizer/BioNTech BNT162b2 mRNA 198 
vaccine, and comparison of the epitope binding response between the two vaccine types revealed no 199 
significant differences in all epitope regions (Supplemental Figure 2B, p>0.05, M.W.W.).  200 
 201 
Infection and vaccination shape pathways of escape 202 
 203 

The Spike Phage-DMS library contains peptides with every possible single amino acid 204 
substitution in addition to the wild-type sequence, enabling us to assay the impact of mutations on 205 
antibody binding. The effect of site-specific substitutions in critical antibody binding regions not only 206 
provides a high-resolution picture of the likely epitope intervals, but also identifies mutations that 207 
confer escape within the binding region. The effect of each mutation on serum antibody binding was 208 
quantified by calculating its scaled differential selection value, a metric that reports log fold change of 209 
mutant binding affinity over wild-type binding affinity at any given site (see Methods)33. Site mutations 210 
that cause a loss of binding when compared to the wild-type peptide centered at that same site are 211 
reported as having negative differential selection values, whereas those that bind better than the wild-212 
type peptide have positive differential selection values. In order for differential selection to be 213 
meaningful, however, we must ensure that we do not include weak or sporadic signals that may be 214 
due to non-specific binding. Accordingly, we set a threshold of summed wild-type peptide binding in 215 
any one region. By doing so, we lose samples in the analysis but can be confident in the results 216 
presented by samples passing this curation step (Supplemental Figure 3). For samples that passed 217 
this threshold, we compared the effect of prior infection and/or time post vaccination on the pathways 218 
of escape in each epitope region as follows. Plots depicting the effect of mutations for all samples are 219 
publicly explorable at https://github.com/matsengrp/vacc-dms-view-host-repo.  220 

 221 
 222 
N-Terminal Domain (NTD) and C-terminal Domain (CTD) 223 
 224 

We examined the sites of escape within the NTD and CTD epitope regions, focusing on 225 
vaccinated individuals from the Moderna Trial Cohort because these epitopes were notable targets of 226 
the vaccine response and not commonly found in infected individuals. Vaccination elicited antibodies 227 
with a strikingly uniform escape profile in the NTD epitope across samples (Figure 4A), with the 228 
majority of samples being sensitive to mutation at sites 291, 294-297, 300-302, and 304, which are in 229 
the very C terminal portion of NTD as well as the region between NTD and RBD. The CTD region 230 
appeared to consist of multiple epitopes, the dominant being located at the N-terminal region between 231 
positions 545 to 580 (termed CTD-N). Antibodies that bound to this dominant CTD epitope had a less 232 
uniform escape profile, but sites 561 and 562 were common sites of escape in most samples (Figure 233 
4B). For antibodies to both the NTD and CTD-N epitopes, the pathways of escape tended to drift over 234 
time and were different at 119 days post vaccination as compared to 36 days post vaccination.  235 
 236 
 237 
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Fusion Peptide (FP) 238 
 239 
 Antibodies against the FP epitope are strongly stimulated after infection but are less strongly 240 
induced after subsequent vaccination (Figure 2). Thus, we investigated whether the pathways of 241 
escape for serum antibodies also changed after vaccination within samples from previously infected 242 
individuals in the HAARVI Cohort. The escape profiles of antibodies in paired samples that strongly 243 
bound to the FP epitope both after infection and after subsequent vaccination are shown as a logo 244 
plot (Figure 5A). The major sites of escape within the FP epitope for these samples were sites 819, 245 
820, 822, and 823, and these sites of escape did not appear to change after vaccination although we 246 
noted there was more variability in the escape profiles after vaccination.  247 

We next examined the pathways of escape for FP binding antibodies in vaccinated individuals 248 
from the Moderna Trial Cohort. In people with no prior infection, vaccination induced diverse 249 
pathways of escape in the FP region (Figure 5B). For example, for participant M10 escape was 250 
focused on sites 814, 816, and 818, whereas for participant M38 escape was focused on 819, 820, 251 
and 823. There appeared to be some differences in the escape profile at 119 days as compared to 36 252 
days post vaccination, as exemplified by participants M15, M17, and M20. However, in general many 253 
of the major sites of escape were shared at both timepoints within each individual and as a group.  254 
 255 
Stem Helix-Heptad Repeat 2 (SH-H) 256 
 257 

In order to determine the effect of prior infection on the binding profiles of antibodies after 258 
vaccination within the SH-H epitope region, we explored the pathways of escape for paired samples 259 
from patients with prior infection in the HAARVI Cohort before and after vaccination as was done for 260 
the FP region. Samples from previously infected individuals with no vaccination history had diverse 261 
pathways of escape within the SH-H epitope (Figure 6A). For example, site 1149 was only sensitive 262 
to mutation for participant 217C, and site 1157 was only sensitive to mutations for participants 120C 263 
and 146C. In contrast, the samples from vaccinated individuals, regardless of infection history, tended 264 
to have a uniform pathway of escape. The most prominent and consistent sites of escape for 265 
vaccinated individuals, both with and without prior infection, were at sites 1148, 1152, 1155 and 1156. 266 
Of note, the pre-vaccination sample from an individual with prior infection requiring hospitalization 267 
(participant 6C) displayed an escape profile highly similar to those from vaccinated individuals, and 268 
this escape profile did not change after vaccination.  269 

To see whether the pathways of escape changed over time after vaccination, we visualized the 270 
escape mutations within the SH-H epitope for the samples in the Moderna Trial Cohort at 36 and 119 271 
days after the first dose of vaccine (Figure 6B). We saw a highly uniform pattern of escape for most 272 
samples at day 36 and 119, again with escape mainly occurring at sites 1148, 1152, 1155 and 1156. 273 
For some participants, such as M11, M34, and M35, the escape mutations appeared to drift over 274 
time, but the major sites of escape remained the same.  275 
 276 
 277 
 278 
DISCUSSION 279 
 280 
 In this study, we comprehensively profiled the antibody response to the SARS-CoV-2 Spike 281 
protein, including pathways of escape from sera in individuals with diverse infection and vaccination 282 
histories. We identified four major targets of antibody responses outside of the core RBD domains, in 283 
the NTD, CTD, FP, and stem helix-HR2 regions. Vaccinated individuals as well as individuals with 284 
severe infection requiring hospitalization both had antibodies to these four epitope regions, whereas 285 
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individuals with mild infection that did not require hospitalization preferentially targeted only FP and 286 
SH-H. In previously infected cases, the epitope binding patterns changed over time after vaccination, 287 
with decreased binding to both the CTD and SH-H epitopes. However, there was not uniform decay 288 
across all four epitopes, indicating that waning antibody titers may not occur for all epitopes equally. 289 
Other factors such as vaccine dose (100 ug or 250 ug), vaccine type (BNT162b2 or mRNA-1273), 290 
and participant age did not significantly affect the specificity of the antibody response.  291 
 We explored the pathways of escape for antibodies binding to these key regions in infected 292 
and vaccinated people. We defined for the first time the escape pathways for NTD and CTD-N 293 
binding antibodies, epitopes that were commonly found in vaccinated individuals but not in infected 294 
individuals. In the case of the NTD epitope, which was located at the C-terminal end of the NTD, 295 
escape mutations were uniform and consistent amongst vaccinees, while pathways of escape were 296 
more diverse for CTD-N antibodies. Individuals with antibodies that strongly bound the FP epitope 297 
had focused escape profiles, with the majority of escape occurring at sites 819, 820, 822, and 823, 298 
although the sample size of this group is small (N=3). Vaccination did not greatly alter the escape 299 
profile in previously infected individuals, nor did vaccination alone induce a strong or uniform 300 
response at the FP epitope. In contrast, antibodies that bind in the SH-H epitope region after infection 301 
have diverse pathways of escape, while after vaccination they appear to converge on a more uniform 302 
pathway of escape that includes mutations at sites 1148, 1152, 1155 and 1156. Interestingly, these 303 
are also the sites of contact for a cross-reactive HR2-specific antibody isolated from a mouse 304 
sequentially immunized with the MERS and SARS Spike proteins35. This hints that a singular 305 
antibody clonotype could be elicited when exposed to a stabilized Spike protein, dominating the 306 
response in the SH-H region.   307 
 We also observed some drift in the pathways of escape within a single person over time after 308 
vaccination. This mirrors findings from a recent study that examined sites of escape for RBD-specific 309 
antibodies in serum samples from the same Moderna Trial Cohort as used in this study23. Together 310 
these results suggest that the B cell response after vaccination with Spike mRNA continues to evolve 311 
over time. Multiple studies have demonstrated that SARS-CoV-2-specific B cells undergo continued 312 
somatic hypermutation in the months after infection, likely due to antigen persistence36,37. Spike 313 
antigen has been detected in the lymph nodes at least 3 months after vaccination with BNT162b2, 314 
and continued maturation of germinal center B cells could be a possible explanation for the changes 315 
in epitope binding we observed38. Alternatively, turnover of short-term plasma cells and memory B 316 
cells could account for loss of antibody binding to certain epitopes. 317 
 Our study has important limitations worth noting. Because the Spike Phage-DMS library 318 
displays 31 amino acid peptides, we are unable to detect antibodies that bind to conformational 319 
epitopes and/or glycosylated epitopes. This is demonstrated by the lack of observable binding to the 320 
RBD region, a domain with complex folding and known target of antibodies from infected and 321 
vaccinated individuals. However, prior studies of RBD epitopes have already been reported using an 322 
overlapping set of samples from the HAARVI Cohort, however, and together these results paint a 323 
more complete picture of epitopes across the Spike protein15,23. Finally, we only have 5 individuals 324 
within the hospitalized group and this small sample size limits our ability to make conclusions about 325 
epitope binding in those with severe infection.  326 

Our finding that vaccinated individuals have a broader response across the Spike protein than 327 
infected individuals may have important implications for immune durability against future SARS-CoV-328 
2 variants. Evidence suggests that a polyclonal antibody response that is resistant in the face of 329 
multiple mutations is necessary for long-lasting immunity against a mutating viral pathogen39. Thus, 330 
the polyclonal response to vaccination may provide greater protection from infection than the more 331 
focused response after infection. However, the number of epitopes targeted provides just one 332 
benchmark and the ability to escape at the population level could also be influenced by the diversity 333 
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of individuals’ antibody responses at each epitope and thus the likelihood that a single escape 334 
mutation could be widely selected. At one S2-domain epitope region (SH-H) vaccination induced 335 
uniform sites of escape that may be due to a singular type of antibody that would allow escape by the 336 
same mutations for all vaccinated people. However, epitopes in the S2 domain tend to be in highly 337 
conserved regions with important functions that constrain the virus’ ability to mutate, making escape 338 
from these antibodies less likely than for RBD, where escape is already common. Indeed, mutations 339 
in the FP and SH-H epitopes are not arising in the global population of SARS-CoV-224, providing 340 
some suggestion that these regions may be constrained40,41. Overall, further studies of the functional 341 
capacity of these vaccine-elicited antibodies targeting epitopes outside of RBD are warranted, to 342 
provide a path towards a polyclonal response to epitopes across the full Spike protein. This 343 
comprehensive view may further the goal of a more universal coronavirus vaccine that eliminates the 344 
need for continual updates of the SARS-CoV-2 vaccine strain due to mutations in variable regions on 345 
Spike.   346 
 347 
 348 
MATERIALS AND METHODS 349 
 350 
 351 
Sample collection 352 
 353 
Moderna Trial Cohort  354 
We obtained post-vaccination serum samples via the National Institute of Allergy and Infection 355 
Disease that were taken as part of a phase I clinical trial testing the safety and efficacy of the 356 
Moderna mRNA-1273 vaccine (NCT04283461)32. All samples were de-identified and thus all work 357 
was approved by the Fred Hutchinson Cancer Research Center Institutional Review Board as 358 
nonhuman subjects research. Trial participants were given either 100 ug or 250 ug doses of the 359 
mRNA-1273 vaccine, and serum was sampled from all trial participants at 36 days and 119 days post 360 
vaccination. See Table 1 for detailed metadata related to each participant and serum sample.  361 
 362 
HAARVI Cohort 363 
We obtained plasma samples from individuals enrolled in the Hospitalized or Ambulatory Adults with 364 
Respiratory Viral Infections (HAARVI) study conducted in Seattle24. Individuals were either enrolled 365 
upon PCR confirmed diagnosis with SARS-CoV-2 infection or as control subjects prior to receiving 366 
vaccination with either BNT162b2 (Pfizer/BioNTech) or mRNA-1273 (Moderna). See Table 1 for 367 
detailed metadata related to each participant and plasma sample.  For convenience, all plasma and 368 
serum samples in this study are referred to as serum. This study was approved by the University of 369 
Washington Institutional Review Board. 370 
 371 
 372 
 373 
Spike Phage-DMS assay 374 
 375 
 The Spike Phage-DMS library used in this study contained 24,820 designed peptides that tile 376 
across the length of the Spike protein. Peptides are each 31 amino acids long and tile by 1 amino 377 
acid increments, and correspond to either the wild-type sequence or a sequence containing a single 378 
mutation. Serum samples were profiled using the Spike Phage-DMS library as previously described24. 379 
Following this method, the Spike Phage-DMS library was diluted in Phage Extraction Buffer (20 mM 380 
Tris-HCl, pH 8.0, 100 mM NaCl, 6 mM MgSO4) to a concentration of 2.964 x 109 plaque forming 381 
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units/mL, which corresponds to approximately 200,000-fold coverage of each peptide. 10 uL of serum 382 
or plasma was added to 1 mL of the diluted library and incubated in a deep 96-well plate overnight at 383 
4ºC on a rotator. 40uL of a 1:1 mixture of Protein A and Protein G Dynabeads (Invitrogen) were 384 
added to each well and then incubated at 4ºC for 4 hours on a rotator. Beads bound to the antibody-385 
phage complex were magnetically separated and washed 3x with 400 uL wash buffer (150 mM NaCl, 386 
50 mM Tris-HCl, 0.1% [vol/vol] NP-40, pH 7.5). Beads were resuspended in 40 uL of water and lysed 387 
at 95ºC for 10 minutes. The diluted Spike Phage-DMS library was also lysed to capture the starting 388 
frequencies of peptides. All samples were run twice, once each with two independently generated 389 
Spike Phage-DMS libraries. 390 
 DNA from lysed samples were amplified and sequenced as previously described24. Two 391 
rounds of PCR were performed using Q5 High-Fidelity 2X Master Mix (NEB). For the first round of 392 
PCR, 10uL of lysed phage was used as the template in a 25 uL reaction using primers described in 393 
24. For the second round of PCR, 2 uL of the round 1 PCR product was then used as the template in a 394 
50 uL reaction, with primers that add dual indexing sequences on either side of the insert. PCR 395 
products were then cleaned using AMPure XP beads (Beckman Coulter) and eluted in 50 uL water. 396 
DNA concentrations were quantified via Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). Equimolar 397 
amounts of DNA from the samples, along with 10X the amount of the input library samples, was 398 
pooled, gel purified, and the final library was quantified using the KAPA Library Quantification Kit 399 
(Roche). Pools were sequenced on an Illumina HiSeq 2500 machine using the rapid run setting with 400 
single end reads. 401 
 402 
 403 
Sample curation and replicate structure 404 
 405 

All sample IP’s and downstream analysis were run in duplicate across two separate phage 406 
display library batches to ensure reproducibility, with the exception of the four acute samples from 407 
hospitalized HAARVI participants which were run in singlicate. All results were cross checked with the 408 
set of batch replicates to ensure significance fell within one order of magnitude where applicable. For 409 
brevity, we present only figures resulting from the single complete set of batch-specific replicates, 410 
however, all figures using the second set of library batch replicates are available (see Code and Data 411 
Availability). Additionally, some samples were run with “in-line” technical replicates within the same 412 
batch. In the case with more than one technical replicate, we selected the sample with the highest 413 
reads mapped from each set of batch replicates for our downstream analysis. 414 
 415 
 416 
Short read alignment and peptide counts processing 417 
 418 

Samples were aliquoted and sequenced targeting 10X coverage of total sample reads to the 419 
peptide library reference. We demultiplexed samples using Illumina MiSeq Reporter software. Post 420 
sample demultiplexing, we used a Nextflow pipeline to process the peptide counts as well as 421 
alignment stats for all samples42. The tools and parameters describing the workflow are as follows. 422 
The index creation and short-read alignment step were done using Bowtie2. During alignment we 423 
allowed for zero mismatches in the default seed length of each read (20, very sensitive) after 424 
trimming 32 bases from the 3’ end of each 125bp read to match the 93 bp peptides in our reference 425 
library43.   Samtools was subsequently used to gather sequencing statistics as well as produce the 426 
final peptide counts using the stats and idxstats modules. Finally, the pipeline collected all reference 427 
peptide alignment counts and merges them into a single xarray dataset coupling sample and peptide 428 
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metadata with their respective count. Alignment stats for all replicates are seen in Supplementary 429 
Figure S6.  430 

Each of the processing steps described here, as well as downstream analysis and plotting, 431 
were run using static and freely available Docker containers for reproducibility. We provide an 432 
automated workflow and the configuration scripts defining exact parameters. See Code and Data 433 
Availability section for more information. 434 
 435 
 436 
Epitope binding region identification 437 
 438 

Principal Component Analysis (PCA) via Singular Value Decomposition (SVD) was performed 439 
on each set of batch replicates using the scikit-learn package44. We first subset our dataset to only 440 
include wildtype peptide count enrichments from either infected or vaccinated individuals as input. 441 
This curation resulted in the matrix, 𝑋 of size 𝑛 × 𝑝 with 𝑛 biologically distinct replicates and 𝑝 442 
enrichment features across the spike protein. All enrichment values were calculated as a fold change 443 
in the frequency for any one sample enrichment over the library control enrichment at the same sites. 444 
Each feature was mean centered before performing the PCA such that the covariance matrix of 𝑋 is 445 
equivalent to 𝑋 𝑋/ 𝑛 − 1 . We can then use the eigendecomposition, 𝑋 = 𝑈𝑆𝑉 , to describe the data. 446 
The principal axes in feature space are then represented by the columns of 𝑉 and represent the 447 
direction of maximum variance in the data. Figure S1 shows three facets of this decomposition; 448 
Figure S1A: the unit scaled sample “scores” represented by the columns to visualize sample 449 
relationship in principal component space; Figure S1B: component loadings (scaled by the square 450 
root of the respective eigenvalues in S); and Figure S1C: the first three principal axes/directions in 451 
feature space plotted as a function of the WT peptide feature location on the Spike protein. Together, 452 
these provide a visualization of key features in the data used in our downstream analysis. We chose 453 
our epitope regions as contiguous regions of nonzero value in the loadings in the first three principal 454 
axes. 455 
 456 
 457 
Identifying high-resolution pathways of escape 458 
 459 
 In order to ensure reliable measurements of differential selection of single AA variants 460 
compared to the ancestral sequence variant, we threw out samples whose respective sum of wild-461 
type enrichment was below a threshold set for each of the defined binding regions (Figure S4). Once 462 
curated, we computed the log-fold change in each of the 19 possible variant substitutions at each 463 
site. This metric was then scaled by the average of the wild-type sequence enrichment coupled with 464 
both the preceding and following wild-type peptide enrichments at any given site. To evaluate escape 465 
at each site, we then sum the differential selection metric as described for each variant at a site to 466 
examine a more complete picture of the data defining escape patterns in each sample group. 467 
 468 
 469 
CODE AND DATA AVAILABILITY 470 
 471 

We provide a fully reproducible automated workflow which ingests raw sequencing data and 472 
performs all analyses presented in the paper. The workflow defines and runs the processing steps 473 
within publicly available and static Docker software containers, including phippery and phip-flow 474 
described in the Methods section. The source code, Nextflow script, software dependencies, and 475 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2021. ; https://doi.org/10.1101/2021.10.05.463210doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.05.463210
http://creativecommons.org/licenses/by/4.0/


 
 

 
 

instructions for re-running the analysis can be found at https://github.com/matsengrp/phage-dms-476 
vacc-analysis.  477 

The generalized PhIP-Seq alignment and count generation pipeline script can be found at 478 
https://github.com/matsengrp/phip-flow. A template and documentation for the alignment pipeline 479 
configuration is available at https://github.com/matsengrp/phip-flow-template. Finally, we provide a 480 
python API, phippery, to query the resulting dataset post-alignment that can be found at 481 
https://github.com/matsengrp/phippery.  482 

All raw sequencing data was submitted to the NCBI SRA under PRJNA765705. Pre-processed 483 
enrichment data is available upon request. Additionally, differential selection data and more can be 484 
explored interactively using the dms-view toolkit available at https://github.com/matsengrp/vacc-dms-485 
view-host-repo. 486 

For more information regarding code and data availability, please email 487 
jgallowa@fredhutch.org. For original data from the NIH Moderna trial please see Jackson et al32, and 488 
for information on the HAARVI cohort please contact HYC.  489 

 490 
 491 
 492 
STATISTICAL ANALYSIS 493 
 494 
 Estimates of significance presented between group continuous distributions of wild-type 495 
enrichment were reported using a Mann-Whitney Wilcoxon test with the exception of analysis that 496 
included only paired longitudinal samples - such as the comparison of 36-and-119 Days post-497 
vaccination - in this case we used a Wilcoxon signed-rank test. Bonferroni correction was applied 498 
where applicable and adjusted 𝑃 values <  0.05 were presented as significant. All statistical analysis 499 
were done using Python 3.6 and plotted using the statannot package found here 500 
https://github.com/webermarcolivier/statannot. The static Docker container used for all statistical 501 
analysis is publicly hosted at https://quay.io/repository/matsengrp/vacc-ms-analysis.    502 
 503 
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 535 
FIGURES 536 
 537 

 538 
 539 
 540 
FIGURE 1: A schematic of sample cohorts. Characteristics of individual participants sampled as 541 
part of the Moderna Trial Cohort (left) or the HAARVI Cohort (right). Sample sizes of unique 542 
individuals in each group are designated below each figure.  543 
 544 
 545 
 546 
 547 

 548 
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 549 
 550 
FIGURE 2: Enrichment of wild-type peptides by serum antibodies.  (A) Heatmap with a sample in 551 
each row and groups of samples colored on the left. Columns represent peptide locations, with each 552 
square on the heatmap indicating the summed enrichment value within a 10-peptide interval. Darker 553 
purple indicates higher enrichment values, and values above 150 were capped. Transparent boxes 554 
above the heatmap annotate the Spike protein domains, while the smaller grey boxes indicate 555 
epitope binding regions defined in this analysis (B) The loading vectors from the PCA analysis with 556 
the four epitope sites highlighted; enrichments in each of these regions are summed together for 557 
subsequent analysis. (C) Box plots describing the distribution of summed wild-type enrichment values 558 
for each sample within each of the four epitope sites, each named according to its associated protein 559 
domain. Color indicates the sample group. The bars between boxplots give statistical significance (p-560 
value) tests using a Mann-Whitney-Wilcoxon test. All sample group comparisons with the non-561 
hospitalized infected group were performed, and only significant values are shown. 562 
 563 
 564 
 565 
 566 
 567 
 568 
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 569 
FIGURE 3: Comparison of epitope binding for NIH Moderna Trial subgroups. Boxplots of 570 
summed wild-type enrichment within epitope binding regions for samples grouped by (A) timepoint 571 
post vaccination, (B) vaccine dose, or (C) participant age. Samples were taken at either at 36 (n=64) 572 
or 119 (n=64) days post vaccination. (B) and (C) are additionally separated by timepoint post 573 
vaccination.  Results of a Wilcoxon rank-sum test between the groups appears only where p < 0.05 574 
after Bonferroni multiple testing correction (36 group comparisons). Figures containing all p-values for 575 
both replicate batches are available at https://github.com/matsengrp/phage-dms-vacc-analysis. 576 
 577 
 578 
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 579 
 580 
FIGURE 4: NTD and CTD-N epitope escape profiles. (A and B) Logo plots depicting the effect of 581 
mutations on epitope binding in either the NTD (A) or CTD-N (B) epitope for paired samples from the 582 
Moderna Trial Cohort. The height of the letters corresponds to the magnitude of the effect of that 583 
mutation on epitope binding, i.e. its scaled differential selection value. Letters below zero indicate 584 
mutations that cause poorer antibody binding as compared to wild-type peptide, and letters above 585 
zero indicate mutations that bind better than the wild-type peptide. Letter colors denote the chemical 586 
property of the amino acids. Logo plots on the left and right are paired samples from the same 587 
individual, with the participant ID noted on the left.  588 
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 589 
 590 
 591 
FIGURE 5: FP epitope escape profiles. (A and B) Logo plots depicting the effect of mutations on 592 
epitope binding within the FP epitope region for paired samples from the (A) HAARVI Cohort or (B) 593 
Moderna Trial Cohort. Details are as described in Fig 4.  594 
 595 
 596 
 597 
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 598 
FIGURE 6: SH-H epitope escape profiles. (A and B) Logo plots depicting the effect of mutations on 599 
epitope binding within the SH-H epitope region for paired samples from the (A) HAARVI Cohort or (B) 600 
Moderna Trial Cohort. Details are as described in Fig 4.  601 
 602 

HAARVI Cohort

Moderna Trial Cohort

 Stem Helix-HR2 (SH-H) scaled differential selection

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2021. ; https://doi.org/10.1101/2021.10.05.463210doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.05.463210
http://creativecommons.org/licenses/by/4.0/


 
 

 
 

SUPPLEMENTAL FIGURES 603 
 604 
Supplemental Figure 1 605 

 606 
SUPPLEMENTAL FIGURE 1: Principal Component Analysis on wild-type enrichment features 607 
of all samples (A) Scatterplot depicting the unit scaled sample “scores” represented by the columns 608 
to visualize sample relationship in principal component space. Colors represent the group which each 609 
sample belongs to. (B) Vector plots showing the component loadings, scaled by the square root of the 610 
respective eigenvalues in the eigen-decomposition. Colors represent the genomic location of each 611 
component loading score. (C) Line plots showing the first three principal axes/directions in feature 612 
space, plotted as a function of the wild-type peptide feature location on Spike. 613 
 614 
 615 
 616 
 617 
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 618 
SUPPLEMENTAL FIGURE 2: Comparison of epitope binding for HAARVI subgroups. Boxplots of 619 
summed wild-type enrichment within epitope binding regions for samples grouped by (A) timepoint 620 
post symptom onset or (B) vaccine type (Pfizer/BioNTech BNT162b2 or Moderna mRNA-1273). 621 
Results of a Mann-Whitney test between the groups are shown. P-values were adjusted for multiple 622 
testing using Bonferroni correction. * indicates p<0.05, ns means “not significant”. 623 
 624 
 625 
 626 
 627 
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 628 
 629 

 630 
 631 
SUPPLEMENTAL FIGURE 3: Thresholding of total epitope binding within major epitope 632 
regions. Histogram showing the summed enrichment values within each epitope region for every 633 
sample in the Moderna Trial Cohort (left two panels) or HAARVI Cohort (right two panels). Blue line 634 
delineates the threshold chosen for each epitope region. Samples above the line were included in the 635 
escape profile analyses.  636 
 637 
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