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In brief

In a prospective cohort study, van Gils
et al. find that a single dose of BNT162b2
mRNA vaccine up to 15 months after
SARS-CoV-2 infection provides
neutralizing titers exceeding 2 vaccine
doses in SARS-CoV-2-naive individuals.
This supports wide implementation of a
single-dose mRNA vaccine strategy after
prior SARS-CoV-2 infection.
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SUMMARY

The urgent need for, but limited availability of, SARS-CoV-2 vaccines worldwide has led to widespread
consideration of dose-sparing strategies. Here, we evaluate the SARS-CoV-2-specific antibody responses
following BNT162b2 vaccination in 150 previously SARS-CoV-2-infected individuals from a population-based
cohort. One week after first vaccine dose, spike protein antibody levels are 27-fold higher and neutralizing
antibody titers 12-fold higher, exceeding titers of fully vaccinated SARS-CoV-2-naive controls, with minimal
additional boosting after the second dose. Neutralizing antibody titers against four variants of concern in-
crease after vaccination; however, overall neutralization breadth does not improve. Pre-vaccination neutral-
izing antibody titers and time since infection have the largest positive effect on titers following vaccination.
COVID-19 severity and the presence of comorbidities have no discernible impact on vaccine response. In
conclusion, a single dose of BNT162b2 vaccine up to 15 months after SARS-CoV-2 infection offers higher
neutralizing antibody titers than 2 vaccine doses in SARS-CoV-2-naive individuals.

INTRODUCTION logical memory after prior natural SARS-CoV-2 infection,” sin-
gle dosing represents one such strategy for vaccines requiring
two doses for optimal efficacy. A number of recent small studies

in healthcare workers (HCWs) have shown similar or higher anti-

The unprecedented rapid development and emergency use
authorization of several vaccines against severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) allows for optimism
in the global fight against the coronavirus disease 2019 (COVID-
19) pandemic.’ However, in many regions, vaccination cam-
paigns are hampered by limited supply or resources; hence,
vaccine sparing strategies are desirable. Making use of immuno-

Gheck for
Updates

body responses and higher vaccine efficacy to a single-dose
SARS-CoV-2 mRNA vaccine after prior infection, compared to
two doses in SARS-CoV-2-naive individuals.”'* However, these
studies were performed in relatively young and healthy individ-
uals and provided limited information on the possible influence
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Table 1. Characteristics of the study participants

First dose Second dose
Total participants 150 101
Age, y, median 51; range 22-80 (%)
<45 57 (38) 39 (38.6)
45-65 68 (45.3) 52 (51.5)
>65 25 (16.7) 10 (9.9)
Sex (%)
Male 97 (64.7) 65 (64.4)
Female 53 (35.3) 36 (35.6)
Disease severity (%)
Mild 49 (32.7) 25 (24.8)
Moderate 68 (45.3) 50 (49.5)
Severe 15 (10) 12 (11.9)
Critical 18 (12) 14 (13.9)

Time (months) between symptom onset and vaccination, median
9 months; range 1-15 months (%)

<6 57 (38) 35 (34.7)
7-12 58 (38.7) 36 (35.6)
>12 35 (23.3) 30 (29.7)
Comorbidities

Cardiovascular 27 (18) 19 (18.8)
Diabetes 15 (10) 9(8.9)
Chronic respiratory 20 (13.3) 17 (16.8)
Cancer 9 (6) 4 (4)
Obesity 30 (20) 19 (18.8)

of COVID-19 severity and the duration since infection on vaccine
responses. To inform potential wide implementation of a single-
dose strategy following natural infection, we evaluated the
titers and breadth of antibody responses after SARS-CoV-2
mRNA vaccination in an ongoing population-based prospective
cohort study of COVID-19 patients, representing a range in age,
the presence of comorbidities, COVID-19 severity, and time
since infection. Antibody responses were compared to those
observed after two doses in a cohort of SARS-CoV-2 naive
HCWs and correlated with patient- and infection-related
variables.

RESULTS

Study population

A total of 150 participants of the RECoVERED cohort received 1
or 2 doses of the BNT162b2 mRNA vaccine after a median of
9 months following SARS-CoV-2 infection (interquartile range
[IQR] 5-12 months; Figure S1). The median age of participants
was 51 years (IQR 33-62), 35% were female, 44% had >1 co-
morbidities, and their SARS-CoV-2 infections were classified
as mild, moderate, or severe/critical COVID-19 in 33%, 45%,
and 22% of participants, respectively (Table 1). Overall, the vac-
cine was well tolerated, with only mild and self-limiting adverse
events (Table S1). A total of 128 of the 150 participants (84 %) re-
ported >1 side effects within 48 h after the first vaccine dose,
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with pain at the injection site (84%) and fatigue (48%) reported
most frequently. Similarly, 84 of the 101 participants (83%)
who received the second dose of vaccine reported side effects
within 48 h, with pain at the injection site (56%) and fatigue
(57%) as the most common complaints. The control group con-
sisted of 49 healthy HCWs (62% female, median age 44 years
[IQR 33-53]) without evidence of previous SARS-CoV-2 infection
who received 2 doses of the BNT162b2 mRNA vaccine.

SARS-CoV-2 IgG antibody responses
Following SARS-CoV-2 infection, levels of IgG antibodies bind-
ingto S, RBD, and N proteins exhibited a wide range, with overall
higher levels observed in participants with previous severe/crit-
ical COVID-19 (Figures 1A and S2A). Using a constant decay
model that best fit the data, immunoglobulin G (IgG) levels
declined over time with estimated half-lives of 170 (95% credible
interval [Crl]: 137-228), 148 (95% Crl: 124-180), and 99 days
(95% Crl: 86-118) for S, RBD, and N proteins respectively, inde-
pendent of peak IgG level or disease severity.

Sharp increases in anti-S and anti-RBD IgG were observed
1 week after the first vaccination (median fold increase 22.0
[IQR 7.7-53.1] and 22.55 [IQR 6.5-67.1], respectively) (Figures
1B and S2B). No further increases were observed 4 weeks after
the first dose (before administration of the second dose) and 1
and 4 weeks after the second dose (weeks 5 and 8; Table S2).
Using a Bayesian ANOVA model, we found substantial differ-
ences in anti-S (95% Crl of difference in effects: 1.22-1.49)
and anti-RBD (95% Crl: 1.23-1.48) IgG levels between speci-
mens collected before and after the first dose of vaccine. All sub-
sequent changes after week 1 were found to be trivial (Fig-
ure S2B; Table S2). Achieved levels after week 1 were similar
to or higher than those observed 4 weeks after 2 vaccinations
in the SARS-CoV-2-naive HCW control group (Figure 1B).
When looking at anti-S I1gG to 4 variants of concern (VOCs; Alpha
[B1.1.7], Beta [B.1.351], Gamma [P.1], and Delta [B.1.617.2]),
levels were comparable to wild-type (WT) Wuhan-Hu-1 S protein
both pre- and post-vaccination, with discernible increases for all
VOCs S proteins after vaccination (Figure 1C; Table S2).

SARS-CoV-2 neutralizing antibody responses

Over time after infection, SARS-CoV-2 neutralizing antibody re-
sponses developed, with higher titers observed for individuals
with more severe COVID-19 disease outcomes (Figure 2A). A
mixed-effects two-phase decay provided a better fit to the
observed waning neutralization titers based on the Watanabe-
Akaike information criterion (Table S3). Decay was faster during
the first phase, with a median half-life of 74 days (95% Crl: 37—
160) before transitioning into the second phase, with a slower
decay at median half-life of 153 days (95% Crl: 94-809), inde-
pendent of COVID-19 severity and peak neutralizing response.
The median transition time point between the 2 phases was
estimated to be on day 123 after onset of symptoms (95% Crl:
50-183).

Before vaccination, 132 of 150 (88%) participants still had
detectable neutralization titers (median infectious dose [ID5q] >
100). Similar to SARS-CoV-2-specific IgG, the neutralization ti-
ters increased sharply 1 week after vaccination (median fold in-
crease 10.8 [IQR 4.1-26.0]). A further increase was observed
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Figure 1. Anti-SARS-CoV-2 IgG responses

(A) Post-infection serum IgG levels in SARS-CoV-2 S and RBD protein. The posterior median decay slope and its 95% credible interval are plotted as black and
gray lines, respectively.

(B) Pre- (week 0 = before first dose, n = 150 participants) and post-vaccination (week 4 = before second dose, n = 101 participants) as well as HCW control (n = 49)
distributions of serum IgG levels to SARS-CoV-2 S and RBD proteins.

(C) Pre- (week 0; n = 30 participants) and post-vaccination (week 1, n = 30 participants, and week 8, n = 21 participants) distributions of anti-S IgG levels to WT
(Wuhan-Hu-1) and VOC lineages Alpha, Beta, Gamma, and Delta. Each point represents 1 participant colored by COVID-19 severity.

*: distributions with non-overlapping 95% confidence interval (Cl) of group mean effect size estimated using a Bayesian ANOVA model (Table S2). Median with
interquartile range is depicted. Areas of binding values below detection limit are shaded in gray.

1 month after the first dose (additional median fold increase 0.8 increases after the second dose were minimal (median fold in-
[IQR 0.1-2.4], achieving higher titers than observed in the control  crease between weeks 4 and 8, 0.4 [IQR —0.1 to 1.1]). Using
group [Figures 2B, S2C, and S2D; Table S4]). However, further the Bayesian ANOVA model, we estimated that the relative
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Figure 2. Serum neutralization of SARS-CoV-2 pseudovirus

(A) Post-infection serum neutralization levels to SARS-CoV-2. The posterior 2-phase median decay slope and its 95% credible interval are plotted as black and
gray lines, respectively. The posterior median transition time point between the 2 phases is indicated as a dashed vertical line.
(B) Pre- (week 0 = before first dose, n = 150 participants), post-vaccination (week 4 = before second dose, n = 101 participants), and HCW control (n = 49)

distributions of SARS-CoV-2 pseudovirus neutralization.

(C) Pre-vaccination (week 0, n = 30 participants) and post-vaccination (week 1, n = 30 participants, and week 8, n = 21 participants) serum neutralization dis-
tributions of WT D614G and VOC lineages Alpha, Beta, Gamma, and Delta. Each point represents 1 participant colored by COVID-19 severity.
*: distributions with non-overlapping 95% CI of group mean effect size estimated using a Bayesian ANOVA model (Table S4). Median with interquartile range is

depicted. Areas of neutralization titers below detection limit are shaded in gray.

increase in mean neutralizing responses was non-trivial on
weeks 1(95% Crl: 0.66-0.81) and 4 (95% Crl: 0.3-0.23) but trivial
on week 8 (95% Crl: —0.01 to 0.13).

The neutralization of VOCs was evaluated in a random selec-
tion of 30 participants with detectable WT D614G neutralization
titers. While 11 of these 30 participants had undetectable
neutralizing activity against >1 VOCs before vaccination,
neutralization titers rose sharply after the first vaccine dose
and were measurable at that time in all of the participants to all
four VOCs. Further increases in neutralization titers were
observed at 8 weeks post-vaccination (4 weeks post-second
dose) to the Alpha and Delta variants, similar to the increase in
WT D614G neutralization between weeks 1 and 8 (Figures 2C
and S2E; Table S4). The differences between WT D614G and
Alpha and Delta VOC neutralization titers were therefore trivial,
but not for Beta (95% Crl: —0.24 to —0.07) and Gamma (95%
Crl: —0.41 to —0.11), the neutralization titers of which lagged
behind at week 8 post-vaccination (Figure S2E; Table S4).

4 Cell Reports Medicine 3, 100486, January 18, 2022

Predictors of vaccine response

We used a Bayesian multilevel regression model to estimate the
effect size of variables potentially affecting neutralization levels
after SARS-CoV-2 infection, as well as 1 and 4 weeks after the
first dose of vaccine where non-trivial changes in neutralizing
response were observed. Evidently, the time period since symp-
tom onset has the strongest negative effect (95% Crl: —1.10 to
—0.68) on post-infection neutralization titers as antibodies
wane over time (Figure S3A). In addition, individuals who are
older (95% Crl: 0.10-0.38) and have more severe disease out-
comes (95% Crl: 0.11-0.28) are expected to have relatively
higher neutralization titers. However, sex and the presence of
comorbidities did not have any impact on post-infection neutral-
izing activity.

After administering the first dose of vaccine, pre-vaccination
(week 0) neutralization levels showed the largest positive mean ef-
fect on neutralizing response 1 week after vaccination, with clear
posterior support of non-trivial effects (95% Crl: 0.21-0.55)
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(Figure 3A). COVID-19 severity has trivial effect sizes (95% Crl:
—0.05 to 0.12) on post-vaccination neutralizing activity, while co-
morbidities continue to have no impact on antibody responses af-
ter vaccination. However, age (95% Crl: —0.25 to —0.01), sex
(95% Crl: 0.06-0.36), and the time since symptom onset (95%
Crl: 0.03-0.23) exhibited modest non-trivial effects, indicating
more pronounced responses in younger female individuals. We
then investigated whether these factors continued to have an
effect on the further increased neutralizing response 4 weeks after
vaccination (Figure 3B). Positive effects were still observed for
time since symptom onset (95% Crl: 0.21-0.38) and neutralization
levels at previous time points (95% Crl, week 0 [0.11-0.38] and
week 1 [0.15-0.44)). Interestingly, age (95% Crl: 0.00-0.20) and
sex (95% Crl —0.30 to —0.05) now showed reverse non-trivial ef-
fects on neutralization titers, indicating higher responses in older
male individuals 1 month after the first dose of vaccine. We
repeated our analysis, including the second phase decay rate of
post-infection neutralizing response as an additional variable to
neutralization titers measured 4 weeks after vaccination (Fig-
ure S3B). In this reanalysis, using a smaller subset of participants
(n=66) for whom we were able to estimate the post-infection anti-
body decay rate, age (95% Crl: —0.09 to 0.19), week 0 neutraliza-
tion titers (95% Crl: —0.01 to 0.47), and post-infection decay rate
(95% Crl: —0.12 to 0.26) were found to have trivial effects. How-
ever, sex (95% Crl: —0.37 to —0.01), time since symptom onset
(95% Crl: 0.05-0.48), and week 1 neutralization titers (95% Crl:
0.06-0.49) continued to have non-trivial effects.

We further analyzed the differentiation in neutralization levels
between participants grouped by age, sex, and time since symp-
tom onset using the Bayesian ANOVA model. Before vaccina-
tion, neutralization levels could not be meaningfully distin-
guished between different groups of the aforementioned
variables, as their estimated posterior distributions of mean
neutralization titers overlapped with each other (Figure S4A). Af-
ter vaccination, mean neutralization levels were discernible be-
tween different sexes (95% Crl difference, week 1 [0.02—- 0.24],
week 4 [-0.27 to —0.01]). However, post-vaccination neutral-
izing responses remained indiscernible between different age
groups (Figures S4B and S4C). This indicates that while neutral-
ization levels overlapped widely between different age groups,
younger individuals were expected to achieve higher neutralizing
responses 1 week after vaccination and older individuals were
expected to undergo a larger increase in neutralization titers be-
tween weeks 1 and 4.

As for the length of time since symptom onset, individuals with
illness onset dating >1 year before vaccination yielded discern-
ibly higher mean neutralizing titers (Figures 3C, S4B, and S4C).
While most of the recruited participants with severe or critical
COVID-19 disease (n = 19/33; 58%) were diagnosed with
COVID-19 >1 year before vaccination and these individuals
were expected to have higher neutralizing responses post-infec-
tion, almost half of the participants with times since symptom
onset >12 months (n = 16/35; 48%) had mild to moderate
COVID-19 disease severity. Furthermore, the higher post-
vaccination neutralizing response among participants with >12
months since illness onset was still observed when only those
with mild or moderate COVID-19 disease were included in the
analysis (Figure S4D). Pre-vaccination neutralization titers from

¢ CellP’ress

these individuals were also not discernibly different from those
with shorter times since symptom onset (Figures 3C and S4A),
indicating that time since symptom onset was independently
associated with higher vaccine responses.

Of note, 7 participants were infected with an Alpha lineage
variant. While the week 1 binding and neutralizing antibodies re-
sponses for these individuals fell within the range of those
observed in participants infected with non-VOCs (Figure S3C),
the small number of Alpha-infected individuals prevented reli-
able assessment of any statistically meaningful differences.

DISCUSSION

This study demonstrates that higher levels of neutralizing anti-
bodies are achieved already within 1 week after a single dose
of a SARS-CoV-2 mRNA vaccine in previously infected individ-
uals, compared to those observed in fully vaccinated SARS-
CoV-2 naive HCWs, irrespective of time since infection. This
implies that a single dose in previously infected individuals
administered up to >1 year after SARS-CoV-2 infection provides
antibody responses associated with the vaccine efficacy
observed in the Phase Il study of the BNT162b2 mRNA vac-
cine.” Furthermore, a second dose has no additional impact
on antibody responses. Similar favorable vaccine responses af-
ter natural infection have been reported, but these studies were
fairly small, restricted to relatively young and healthy HCWs with
mostly mild disease who were vaccinated up to 9 months after
infection.”™"* Our prospective COVID-19 cohort allowed the
extension of these findings to a broader population at risk and
showed that these responses were not affected by the presence
of underlying comorbidities, COVID-19 disease severity, or
timing of vaccination since infection. Hence, our study supports
wide implementation of single-dosing strategies for previously
infected individuals.

The Bayesian multilevel regression model showed that pre-
vaccination neutralization titers as well as time since infection
were associated with higher neutralization titers after vaccina-
tion. This may suggest that preexisting antibodies potentially
augment immune responses, perhaps through the formation of
immune complexes by antibodies binding the vaccine anti-
gen,'®"” and that over time, the memory B cells accumulate
higher affinity, resulting in higher recall response after vaccina-
tion.” In keeping with other studies,”'®' we observed that
age and male sex inversely correlated with vaccine responses
early after vaccination; however, this leveled out again 4 weeks
after vaccination, even though variation in the neutralization titers
was large and effect sizes overlapped between the sex and age
groups.

The emergence of SARS-CoV-2 variants may pose risks
of infection despite immunity induced by natural infection
and vaccination. Emerging observations indicate substantial
reductions of vaccine-induced antibodies in binding and neutral-
ization capacity against several VOCs, including Beta and
Gamma.'???7?" After vaccination, we found sharp increases in
IgG binding and neutralization levels for the 4 VOCs. However,
neutralization titers for the Beta and Gamma variants lagged
behind those for WT and the other VOCs after the second
dose. Overall, these results suggest that neutralization breadth
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Figure 3. Predictors of vaccine response

(A and B) Joint contributions of participant and clinical factors on post-vaccination serum neutralization titers on weeks 1 (A) and 4 (B) after the first vaccine dose.
The mean effects across study participants were estimated using a Bayesian multilevel model. All continuous predictors were mean centered and scaled such
that effect sizes shown can be compared on a common scale (sex: male encoded as 0 and female encoded as 1).

(C) Distributions of pre- (week 0) and post-vaccination (weeks 1 and 4) in serum neutralization titers of study participants stratified according to time since
symptom onset. Each point represents 1 participant colored by COVID-19 severity.

*: distributions with non-overlapping 95% CI of group mean effect size estimated using a Bayesian ANOVA model (Table S4). Median with interquartile range is
depicted. Areas of neutralization titers below detection limit are shaded in gray.
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was not improved after vaccination, most likely because neutral-
ization after vaccination is overwhelmingly dominated by RBD
responses, which are shown to be more sensitive to the muta-
tions in the VOC.?® Nevertheless, a degree of cross-neutraliza-
tion of these four VOCs was observed in all of the participants
already after a single dose in previously infected individuals,
also against the highly prevalent Delta variant, with titers favor-
ably compared to Beta and Gamma.

Longer follow-up will determine the longevity of the immune
response and protective efficacy after single and double dosing
in previously infected individuals. In addition, while similar anti-
body boost responses would be anticipated for other SARS-
CoV-2 vaccines, this needs to be confirmed in future studies,
especially for non-mRNA vaccines. In the meantime, the findings
of this study support wide implementation of a single-dose
mRNA vaccine strategy after prior SARS-CoV-2 infection to
save vaccines and resources, hence expediting vaccination up-
take at community levels worldwide.

Limitations of the study

There are several limitations of our study. As only symptomatic
COVID-19 patients were enrolled in the RECoVERED cohort,
we were unable to study vaccine responses after previous
asymptomatic SARS-CoV-2 infection. However, an earlier study
in HCWs observed no differences in antibody responses to a
mRNA vaccine between individuals with prior asymptomatic
and symptomatic SARS-CoV-2 infections.’® Furthermore, the
SARS-CoV-2-naive HCW controls were not matched with the
previously infected cohort participants for potentially relevant
factors such as age, sex, or the presence of comorbidities. How-
ever, given that antibody responses in the healthier and younger
HCW controls were lower, combined with our finding that age is
inversely correlated with early antibody vaccine response, the
observed difference in vaccine response may even have been
more pronounced if controls were matched. Only serological re-
sponses have been studied, as these have been shown to
strongly correlate with vaccine efficacy.?®*° However, other im-
mune components such as T cells likely play important roles in
illness protection as well. Finally, participants with severe
COVID-19 were overrepresented in the subgroup with >12-
month intervals between infection and vaccination, but fold in-
creases in neutralization were very similar for all time interval
subgroups, independent of disease severity.
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Jong (m.d.dejong@amsterdamumc.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The current vaccine study was embedded in the RECoVERED project, an ongoing prospective cohort study of individuals with lab-
oratory-confirmed SARS-CoV-2 infection in Amsterdam, the Netherlands.** The RECoVERED cohort was initiated in May 2020 and
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as of April 2021 enrolled 328 participants, including both home-cared patients with mild infections and hospitalized patients with
moderate to severe or critical illness. RECoVERED participants are followed at 1-3-month intervals from iliness onset whereby bio-
logical specimens and questionnaires are collected at each follow-up visit to address RECoVERED’s primary objectives relating to
immunology and long-term sequelae of COVID-19. Clinical severity groups were defined in line with the WHO COVID-19 disease
severity criteria®®: Mild disease was defined as having a respiratory rate (RR) < 20/min and oxygen saturation (SpO,) on room air
>94% during acute iliness; moderate disease as having a RR of 20-30/min, SpO, 90%-94% and/or receiving oxygen therapy; severe
disease as having a RR > 30/min or SpO, < 90%; and critical disease as requiring ICU admission.

Cohort participants, invited to receive vaccination according to the Dutch national vaccination campaign before 12 April 2021,
were asked to participate in the present vaccine substudy. In addition, participants not yet prioritized for vaccination according to
Dutch policy were asked to participate and receive the BNT162b2 (Pfizer-BioNTech) mRNA vaccine in April 2021, made available
for our research aim by the Dutch Ministry of Health, Welfare and Sport. Participants with pregnancy, vaccine-related allergic reac-
tions or laboratory-confirmed infections within 4 weeks of expected vaccination were excluded as per national guidelines. Serum
samples for determination of antibody levels were collected over time after infection and vaccination (Figure S1) and participants
completed questionnaires on the presence and severity of symptoms pre-vaccination and vaccine-related adverse effects within
one week post-vaccination.

Vaccinated HCW without longitudinal serological evidence of prior SARS-CoV-2 infection, participating in a HCW cohort study at
the Amsterdam University Medical Centers (S3 study), served as a control group.® In this cohort, antibody responses were measured
four weeks after the second dose of the BNT162b2 mRNA vaccine. The RECoVERED study, including the vaccine substudy, and the
S3 study were approved by the medical ethical review board of the Amsterdam University Medical Centers (NL73759.018.20 and
NL73478.029.20, respectively). All participants provided written informed consent.

METHOD DETAILS

SARS-CoV-2 binding IgG antibody levels

Levels of Immunoglobulin G (IgG) binding to SARS-CoV-2 receptor-binding domain (RBD), nucleocapsid (N) and spike (S) proteins of
wild-type (WT) virus (Wuhan-Hu-1; GenBank: MN908947.3) and variants of concern (VOCs; Alpha (B1.1.7), Beta (B.1.351), Gamma
(P.1) and Delta (B.1.617.2)), as well as to control proteins tetanus toxoid, respiratory syncytial virus fusion glycoprotein (RSV-F) and
influenza A/H1N1pdm089 virus HA protein, were determined using a custom luminex assay as described previously.** The VOCs S
constructs contained the following mutations compared to the WT?"; (AH69-V70, AY144, N501Y, A570D, D614G, P681H, T716l,
S982A, D1118H in Alpha; L18F, D80A, D215G, L242H, R2461, K417N, E484K, N501Y, D614G, A701V in Beta; L18F, T20N, P26S,
D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T10271 in Gamma; T19R, K77T, G142D, L452R, T478K, D614G, D950N in
Delta). In short, proteins were produced in HEK293F cells (Invitrogen) and purified from the cell culture supernatant using affinity chro-
matography with NiNTA agarose beads (QIAGEN). Proteins were covalently coupled to luminex magplex beads using a two-step
carbodiimide reaction. Beads were incubated overnight with 1:100,000 diluted serum followed by detection with goat-anti-human
IgG-PE (Southern Biotech) on a Magpix (Luminex) as the mean fluorescent intensity (MFI).

Pseudovirus neutralization assay

Pseudovirus neutralization assay was performed as previously described.*® Briefly, HEK293T/ACE2 cells®” were seeded in poly-L-
lysine pre-coated 96-well plates. The next day, heat-inactivated 1:100 diluted sera were 3-fold serially diluted and mixed in a 1:1 ratio
with pseudovirus Wuhan-Hu-1 D614G (WT D614G)>” or VOC?” (AH69-V70, AY144, N501Y, A570D, D614G, P681H, T7161, S982A,
D1118H in Alpha; L18F, D80A, D215G, L242H, R2461, K417N, E484K, N501Y, D614G, A701V in Beta; L18F, T20N, P26S, D138Y,
R190S, K417T, E484K, N501Y, D614G, H655Y, T10271 in Gamma; T19R, K77T, G142D, AE156-F157, R158G, L452R, T478K,
D614G, D950N in Delta). After 1-hour incubation at 37°C the mixtures were added to the cells and incubated for 48 hours at
37°C. The luciferase activity in cell lysates was measured using the Nano-Glo Luciferase Assay System (Promega) and GloMax sys-
tem (Turner BioSystems). The 50% inhibitory dilution (IDso) titers were determined as the serum dilution at which infectivity was in-
hibited by 50% using a non-linear regression curve fit (GraphPad Prism software version 8.3).

Neutralization decay model

We estimated the decay rates in antibody response after infection using data based on 66 participants for which serum samples
were collected for at least two time points 4 weeks after their respective symptom onset date. We performed Bayesian hierarchical
linear regression of the mean log response variable (Y) against time since symptom onset (t), partially pooling decay rates across
participants /. Following previous analyses by others,*® two models were considered, including a single-phase constant decay
model:

Y =git+c
and a two-phase decay model:

Y = 5/,1t+5/.2t/ +C
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where

{ 0 t<T0

t =

t—Ty t=Ty

c¢rand g, 1 are the participant-specific intercept and constant decay rate. In the two-phase decay model, g, , is the difference in decay
rates between the first and second phase. Ty is the estimated transition time point between the two phases. Detailed prior formula-

tions of §;, ¢, and Ty are described in the supplemental information. The Watanabe-Akaike information criterion was computed to
assess model fit.

QUANTIFICATION AND STATISTICAL ANALYSIS

A Bayesian hierarchical generalization of the one-way ANOVA model was used to compare control, pre- and post-vaccination
neutralizing and IgG antibody binding titers. Differences between groups are reported as differences in effect sizes. A difference
in effect size is non-trivial if it is non-zero, and substantial if greater/lower than 1/-1. This model was also used to estimate the indi-
vidual effect size of age (i.e., < 45 years, 46-65 years and > 65 years), sex (i.e., male and female) and time since symptom onset until
vaccination (i.e., < 6 months, 7-12 months and > 12 months) on the observed vaccine responses.

To identify and estimate the effect size of different predictor variables on the observed SARS-CoV-2 neutralization titers, we used a
Bayesian hierarchical model that partially pooled effect size estimates across all study participants /. We assumed a linear correlation
between the mean-centered predicted log neutralization values Y and predictor variables X;:

Y=c+) X
i

where ,; is the normalized effects of variable i for participant / and c; is the participant-specific intercept.
We assumed that the observed mean-centered and scaled neutralization values Y follow a Student-T distribution about the pre-
dicted Y with error-term standard deviation oy with vy degrees of freedom:

Y ~ T(w,Y, ay)

We assumed that v is exponentially distributed with a mean of 30 such that high prior probability was allocated over parameter values
that describe the range from normal to heavy-tailed data under the Student-T distribution®’:

v ~ Exp (SLO)

The intercepts c; were assumed to be normally distributed about a common mean intercept ¢ with standard deviation o:
C ~ N(C7 00)

The participant-specific effect sizes 3, of variable i were assumed to be normally distributed about a common mean effect size §; with
a predictor-specific standard deviation ay;:

Bri ~ N(ﬁiv ‘7/3,-)

Weakly informative priors were placed on all standard deviation terms to constrain parameter inferences within biologically and math-
ematically plausible values”®:

oy ~ Half — Normal(0, 1)
ag, ~ Half — Normal(0, 1)

og, ~ Half — Normal(0, 1)
A weakly informative Gaussian prior was also placed for the mean intercept ¢ while a weakly informative Student-T prior was
placed on the mean effect size g; for each predictor i:
c~N(0, 1)

6 ~ T(3,0,25)

Furthermore, a Bayesian multilevel model that partially pooled effect size estimates across all study participants was used to estimate
the effect size of the predictor variables individually and in combination on post-vaccination serum neutralization levels (weeks 1 and
4 after first dose of vaccine). We investigated if, and the degree to which, participants’ age, sex, presence of comorbidities (i.e., his-
tory of cancer, cardiovascular disease, chronic respiratory disease, diabetes mellitus and obesity, separately), COVID-19 severity,
time since COVID-19 symptom onset, pre-vaccination neutralization titers, and post-infection decay rate of neutralizing response
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were correlated with vaccine response. Condition indices were computed to ensure that there was no collinearity among the predic-
tor variables (i.e., condition index < 10). A distribution of normalized effect sizes (analogous to regression coefficients) was estimated
for each predictor variable as a measure of their relative contributions to vaccine response. Similar to the Bayesian ANOVA model, an
effect size is non-trivial if it is non-zero, and substantial if greater/lower than 1.

All models were fitted using Markov Chain Monte Carlo (MCMC) with pymc3,*" implementing a no-u-turn sampler. Four MCMC
chains were run with at least 4000 burn-in steps and 2000 saved posterior samples. Convergence for all parameters were verified
by checking trace plots, ensuring their values were < 1.05 with sufficient effective sample size (> 200).
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