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Figure 1. SARS-CoV-2 genomes show a global decline in sequence diversity coinciding with mass vaccination
for COVID-19. (a) Schematic overview of estimating genomic diversity of SARS-CoV-2 (b-c) Diversity in SARS-CoV-2
lineages within the GISAID data, quantified using the entropy of the lineage probability distribution within 1-month time
windows. Vertical dashed lines indicate the time at which countries reached a vaccine coverage of 1% of their total
population. (d) Scatter plot showing the correlation between the country-level percentage of fully vaccinated individuals
(from OWID" ) and SARS-CoV-2 lineage entropy. (e) Distribution of the Pearson correlation coefficient between
country-level percentage of fully vaccinated individuals and SARS-CoV-2 lineage entropy for all 25 countries with
greater than 25% of their population fully vaccinated (as of June 26th, 2021) and at least 4-months with 100 or more
sequences deposited to GISAID, after start of vaccination. The ISO 3166-1 alpha-3 code of included countries and their
Pearson correlation are listed in the figure legend.
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Figure 2. B cell epitopes are more mutated than CD8+ T cell epitopes across the Spike protein antigen. (a) We
extracted known neutralizing epitopes of the reference SARS-CoV-2 Spike protein sequence from IEDB. Prevalence
of mutations in these epitopes is determined for over 1.8 million viral genomes (GISAID). Specifically, we have
quantified the average number of mutated amino acids for epitopes involved in distinct immune responses. (b) B cell
epitopes (orange) show increased prevalence of mutations compared to size matched control, and T cell epitopes
(blue, purple) do not show increased prevalence of mutations compared to size matched control. (c) Mutations in B cell
epitopes are more prevalent and increase at a higher rate than for T cell epitopes, globally (see Figure S3 for per
country data). (d) Prevalence of mutations per B-cell epitope for SARS-CoV-2 genomic sequences of variants of
concern; B.1.1.7 (alpha), B.1.531 (beta), P.1, and B.1.617.2, and Non-variant of concern sequences.
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Overview of mapping mutational frequency in known B-cell epitopes
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Figure 3: B-cell epitope mutation fractions for SARS-CoV-2 genomic sequences per country for 1-month time
periods. Epitope mutation fractions for the variants of concern are shown as a visual guide and countries are grouped
based on the most prevalent variant of concern; B.1.1.7 (alpha), B.1.531 (beta), P.1 (gamma), and B.1.617.2 (delta),
in May 2021. Each row in a colormap corresponds to a country (ISO 1336-1 alpha-3 code, left; KR is South Korea) and
each column corresponds to a B-cell epitope, ordering is conserved between the colormaps. Only countries with >1000
sequences deposited to GISAID are included. Rows in gray indicate countries for which no sequences were deposited
in a given month.
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Figure 4. (a) Wholelgenome sequencing of SARS-CoV-2 from vaccinated individuals (breakthrough) and
unvaccinated individuals (b) Comparison of the distributions of the number of mutated positions among

the vaccinated and unvaccinated individuals. (c) Comparison of the mutational profiles of SARS-CoV-2
from vaccinated and unvaccinated individuals.
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Figure 5: Scatterplot of genomic mutations vs. clinical complications for all vaccinated and
unvaccinated patients. Data points representing unvaccinated patients are shown in purple, and data
points representing vaccinated patients are shown in green. X-axis: The number of Spike protein mutations
in the patient's SARS-CoV-2 viral genome. Y-axis: The number of clinical notes +/- 30 days from the viral
sample collection date which have a positive sentiment for at least one of the following complications: acute
respiratory distress syndrome / acute lung injury (ARDS/ALI), acute kidney injury, anemia, cardiac arrest,
cardiac arrhythmias, disseminated intravascular coagulation, heart failure, hyperglycemia, hypertension,
myocardial infarction, pleural effusion, pulmonary embolism, respiratory failure, sepsis, septic shock, stroke
| cerebrovascular accident, venous thromboembolism, encephalopathy / delirium, and numbness. In the
legend, we show the average number of clinical notes per patient, Pearson’s r correlation coefficient, and
associated p-value for the following cohorts: all sequenced patients, unvaccinated sequenced patients, and
vaccinated sequenced patients. Dotted lines represent the average number of clinical notes per patient in
each cohort, and the black dotted line represents the population average number of clinical notes.
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Supplementary Material

Supplementary Data
Supplementary datafile S1: B-cell epitope mutation rates over all sequences and the variants of
concern - B.1.1.7 (alpha), B.1.531 (beta), P.1 (gamma), and B.1.617.2 (delta).

Supplementary Table S1: Lineages of SARS-CoV-2 from infected vaccinated individuals (breakthrough
infections) and unvaccinated individuals.

Percentage of Percentage of

vaccinated unvaccinated

Variant patients patients Odds ratio P-value

B.1.1.519 0 (0%) 2 (6.7%) 0 0.499
B.1.1.7 19 (82.6%) 18 (60%) 3.099 0.13
B.1.2 1(4.3%) 0 (0%) undefined 0.434
B.1.351 0 (0%) 2 (6.7%) 0 0.499
B.1.427 0 (0%) 1(3.3%) 0 1
B.1.429 2 (8.7%) 3 (10%) 0.86 1
B.1.525 0 (0%) 1(3.3%) 0 1
B.1.526 0 (0%) 1(3.3%) 0 1
B.1.526.1 1(4.3%) 0 (0%) undefined 0.434
B.1.565 0 (0%) 1(3.3%) 0 1
P.1 0 (0%) 1(3.3%) 0 1
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Supplementary Table S2: Clinical characteristics of patients with SARS-CoV-2 genomes sequenced in
the Mayo Clinic database which have EHR data available. Comorbidities for each patient were determined
from neural network models applied to the clinical notes over the past 5 years leading up to the first sample
collection date. Similarly, complications for each patient were determined from neural network models
applied to the clinical notes +/- 30 days relative to the first sample collection date. For continuous covariates
such as age, mean and standard deviation are shown instead of patient counts and percentages. Clinical
characteristics are shown for the following cohorts: (1) All sequenced patients, (2) Vaccinated patients:
sequenced patients with SARS-CoV-2 infection post-vaccination, and (3) Unvaccinated patients: patients
without COVID-19 vaccination or samples collected prior to vaccination date.

Clinical characteristic All patients Vaccinated Unvaccinated
patients patients
Total patient count 47 22 25
Age at time of sample collection (in years)
- Mean 56.7 53.2 59.8
- Standard deviation 13.9 16.8 10.0
Sex
- Female 34 (72.3%) 17 (77.3%) 17 (68.0%)
- Male 13 (27.7%) 5(22.7%) 8 (32.0%)
Race
- Black / African American 2 (4.3%) 1 (4.5%) 1 (4.0%)
- Native American 1(2.1%) 0 (0.0%) 1 (4.0%)
- White / Caucasian 40 (85.1%) 21 (95.5%) 19 (76.0%)
- Other 2 (4.3%) 0 (0.0%) 2 (8.0%)
- Unknown 2 (4.3%) 0 (0.0%) 2 (8.0%)
Ethnicity
- Hispanic or Latino 3 (6.4%) 2 (9.1%) 1 (4.0%)
- Not Hispanic or Latino 43 (91.5%) 20 (90.9%) 23 (92.0%)
- Unknown 1(2.1%) 0 (0.0%) 1 (4.0%)
Comorbidities (within 5 years before sample
collection date)
- Anemia 13 (27.7%) 3(13.6%) 10 (40.0%)
- Asthma 13 (27.7%) 6 (27.3%) 7 (28.0%)
- Cancer 23 (48.9%) 10 (45.5%) 13 (52.0%)
- Cardiomyopathy 5(10.6%) 1 (4.5%) 4 (16.0%)
- Chronic kidney disease 12 (25.5%) 4 (18.2%) 8 (32.0%)
- Chronic obstructive pulmonary 5(10.6%) 1 (4.5%) 4 (16.0%)
disease
- Coronary artery disease 5(10.6%) 1 (4.5%) 4 (16.0%)
- Heart failure 7 (14.9%) 2 (9.1%) 5 (20.0%)
- Hyperglycemia 4 (8.5%) 0 (0%) 4 (15.4%)
- Hypertension 29 (61.7%) 11 (50.0%) 18 (72.0%)
- Liver disease 5(10.6%) 2 (9.1%) 3 (12.0%)
- Neurologic conditions 1(2.1%) 0 (0%) 1 (4.0%)
- Obstructive sleep apnea 12 (25.5%) 3 (13.6%) 9 (36.0%)
- Type 1 diabetes mellitus 4 (8.5%) 1 (4.5%) 3 (12.0%)
- Type 2 diabetes mellitus 11 (23.4%) 2 (9.1%) 9 (36.0%)
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- Solid organ transplant 1(2.1%) 0 (0%) 1 (4.0%)
Complications (+/- 30 days relative to sample
collection date)
- ARDS/ALI 9(19.1%) 0 (0.0%) 9 (36.0%)
- Acute kidney injury 14 (29.8%) 2 (9.1%) 12 (48.0%)
- Anemia 13 (27.7%) 1(4.5%) 12 (48.0%)
- Cardiac arrest 1(2.1%) 0 (0%) 1 (4.0%)
- Cardiac arrhythmias 19 (40.4%) 3 (13.6%) 16 (64.0%)
- Disseminated intravascular 1(2.1%) 0 (0%) 1 (4.0%)
coagulation
- Heart failure 5(10.6%) 1 (4.5%) 4 (16.0%)
- Hyperglycemia 5(10.6%) 0 (0.0%) 5 (20.0%)
- Hypertension 23 (48.9%) 6 (27.3%) 17 (68.0%)
- Myocardial infarction 3 (6.4%) 2 (9.1%) 1 (4.0%)
- Pleural effusion 5(10.6%) 0 (0%) 5 (20.0%)
- Pulmonary embolism 7 (14.9%) 2 (9.1%) 5 (20.0%)
- Respiratory failure 9 (19.1%) 0 (0%) 9 (36.0%)
- Sepsis 5(10.6%) 0 (0%) 5 (20.0%)
- Septic shock 2 (4.3%) 0 (0%) 2 (8.0%)
- Stroke/cerebrovascular accident 0 (0.0%) 0 (0.0%) 0 (0.0%)
- Venous thromboembolism 12 (25.5%) 2 (9.1%) 10 (40.0%)
- Encephalopathy/delirium 7 (14.9%) 1 (4.5%) 6 (24.0%)
- Numbness 1(2.1%) 0 (0.0%) 1 (4.0%)
Any complication 27 (57.4%) 6 (27.3%) 21 (84.0%)
Number of notes per patient
- Average 23.6 5.0 39.9
- Standard deviation 38.6 13.0 46.0
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Supplementary Table S3. Scanning unique mutated n-mer peptide sequences in SARS-CoV-2
genomes for potentially new epitopes.

Unique no. of No. of unique mutated nmers
nmer Length . .
mutated nmers associated with surge
8 74390 2183 (2.93%)
9 84071 2453 (2.92%)
10 93839 2723 (2.9%)
11 103700 2994 (2.89%)
12 113649 3265 (2.87%)
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Supplementary Figure 1. Prevalence of Variants of Concern in the GISAID sequence increases
over time.
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Supplementary Figure 2. Neutralizing B cell and CD8+ T cell epitopes are unevenly
distributed across the Spike protein. (a) The coverage of the Spike protein with known
neutralizing B cell epitopes (from IEDB). Shown is the number of epitopes that each amino-acid
residue is a part of, 280 residues are involved in at least one known B cell epitope. (b) The
coverage of the Spike protein with known MHC class | T cell epitopes (from IEDB). Shown is the
number of epitopes that each amino-acid residue is a part of. 1034 residues are involved in at
least one known T cell epitope.
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Supplementary Figure 3. B cell epitopes on the Spike antigen are more mutated than
randomly selected 3-D/spatially co-localized residues and solvent-exposed surface
residues. (a) Conformational B cell epitopes consist of co-localized residues, as is reflected by
their low inter-residue distance distribution (orange), compared to the random control (yellow). (b)
By selecting only residues with comparable inter-residue distance to the B cell epitopes, we have
generated a co-localized residue control. (¢) B cell epitopes consist of mainly surface residues,
as is reflected by their increased solvent accessibility (orange), the random control also includes
buried residues (yellow). (d) By selecting only residues with comparable solvent accessibility to
matched residues from the B cell epitopes, we have generated a surface residue control. (e-f)
Conformational neutralizing B cell epitopes (orange) show enhanced mutability compared both to
the co-localized control (purple) and the surface residue control (green).
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Supplementary Figure 4. Mutations in B cell epitopes are more prevalent and increase at a
higher rate than for T cell epitopes.
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