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prospective cohort study among nine
clinical sites in the USA, February 2021
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ABSTRACT

Objective To estimate the relative effectiveness of
vaccination (0, 1, 2, >3 doses) and prior infection, in
combination, on risk of SARS-CoV-2 infection/reinfection.
Design Prospective cohort study.

Participants We recruited participants for the Aegis
Study from nine clinics across five US states. Participants
must have been 18 years or older, had a history of a
positive PCR for SARS-CoV-2, SARS-CoV-2 antigen or
antibody test for SARS-CoV-2 with documentation or had
no suspected or documented prior SARS-CoV-2 infection,
intended to remain in study area for the next 12 months,
and had elevated risk of future SARS-CoV-2 exposure.
Exclusion criteria included acute illness, contraindication
to phlebotomy, use of immunosuppressants or receipt of
systemic immunoglobulins.

Methods We used extended Cox regression with robust
standard errors to estimate the association between
time-varying number of vaccine doses and baseline
prior infection on risk of infection/reinfection among

a prospective cohort of US adults between February
2021 and January 2023, accounting for censoring using
inverse probability of censoring weights. Additionally,

to quantify possible exposure misclassification of prior
infection by comparing prior infection operationalised

as (1) documented/self-reported prior infection and (2)
documented/self-reported prior infection plus nucleocapsid
antibody indication of prior infection.

Results Of n=2178 who completed enrolment, n=1887
adults (63% female; 65% non-Latino White) contributed
366905 days of observation. Participants contributed an
average of 7.2 months of follow-up between February
2021 and January 2023. 28% (n=533) of individuals
were infected or reinfected during the study period.
Similar relative effectiveness was observed between the
two different operationalisations of prior infection. After
correction for prior infection status in the nearly 16%

of those without study documentation of prior infection
who had nucleocapsid antibody levels comparable to

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This observational cohort study used a robust mea-
sure of prior infection via SARS-CoV-2 nucleocapsid
IgG antibody measurements in combination with
self-reported and documented prior infection.

= This study examined the estimated effectiveness
of vaccination against infection under real-world
conditions, as compared with interventional vaccine
trials which may more closely follow vaccination
schedules.

= The methodology employed accounted for time-
varying number of vaccine doses and study attrition.

= The study sample is a convenience, clinic-based
sample, which may not be representative of all US
adults.

documented cases, relative to the unvaccinated with no
prior infection, estimated effectiveness generally increased
with increasing vaccine doses and prior infection (without
prior infection: one (17%, 95% Cl —31% to 47%), two
(49%, 95% CI 31% to 63%), >three (71%, 95% Cl 58%

to 80%) vaccine doses; with prior infection: none (56%,
95% Cl 30% to 72%), one (71%, 95% Cl 42% to 86%), two
(65%, 95% CI 49% to 76%), >three (80%, 95% Cl 68%

to 88%) vaccine doses). Pairwise comparisons at each
vaccine dose (ref: no prior infection) revealed that prior
infection provided additional protection, with stronger
relationships for no and one dose (none: 56% (95% ClI
30% to 72%), one: 66% (95% Cl 28% to 84%), two: 31%
(95% Cl 7% to 49%), >three 31% (95% Cl 0% to 53%)).
There was a marked decrease in the protection offered by
vaccination, prior infection, or both in the Omicron period
versus pre-Omicron period.

Conclusion In our real-world observational sample,
vaccination (with two and >three vaccine doses of

any Food and Drug Administration Emergency Use
Authorization approved vaccine) and prior infection
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conferred benefits for protection against infection/reinfection. Re-
classification of prior infection status based on antibody levels had little
effect on results.

INTRODUCTION
During the course of the COVID-19 pandemic, both
vaccination and natural infection likely impacted the risk
of reinfections, but their relative and combined merits
have been debated. Several prior studies have shown
waning of vaccination benefit on infection risk.' > Other
studies suggest that vaccination after infection may have
increased time of protection against reinfection.” * In
fact, several studies have identified hybrid immunity as
having greater protective effects than vaccination or prior
infection alone on the risk of infection/ reinfection.® ®1°
Continued research examining the relative effectiveness
of prior infection and vaccination(s) in combination is
needed to strengthen the evidence base regarding deter-
minants of immunological resistance against SARS-CoV-2.
Studies of vaccination and prior infection are limited
by the fact that some individuals may have had undoc-
umented and potentially unknown infections prior to
entering the study. This would cause misclassification in
prior infection status and potentially underestimate the
association between prior infection or hybrid immunity
on infection/reinfection. No study to our knowledge
has assessed the additional use of antibody indicators of
prior infection in conjunction with documentation of
prior infection on estimates of vaccine effectiveness and
protection conferred by prior infection against SARS-
CoV-2 infection/reinfection. Detection of antibodies that
bind to the SARS-CoV-2 nucleocapsid protein may help
provide identification of unrecognised prior infection.''
Anti-nucleocapsid (N) responses are not induced by
typical vaccines approved in the USA, but are associated
with prior infection, thus acting as a plausible indicator
of natural infection."" Exploring the added benefit of
using antibody indication of prior infection may provide
a useful assessment of misclassification in settings where
routine testing is not undertaken and history of SARS-
CoV-2 infection is unverifiable, such as in survey research.
The objective of this observational cohort study was
to quantify the effects of combinations of prior infec-
tion and number of vaccine doses on subsequent risk of
SARS-CoV-2 infection/reinfection in a geographically
diverse, US prospective cohort during a time period that
primarily spanned the Delta and Omicron variants. We
compare risk of infection/reinfection among combina-
tions of prior infection and number of vaccine doses in
groups with prior infection operationalised as (1) history
of self-reported or documented SARS-CoV-2 and (2)
history of self-reported or documented SARS-CoV-2 and/
or individuals without a history of prior SARS-CoV-2 but
who had N-antibody indication of prior infection. We
hypothesised that hybrid immunity would confer greater
protection than prior infection or vaccination alone, espe-
cially as the number of vaccine doses increased, and that

re-classification of prior infection based on N-antibodies
would strengthen the estimated protection conferred by
prior infection on reinfection.

METHODS

Protocol and reporting guideline

The protocol is posted in online supplemental material.
The study is reported according to the STROBE reporting
guidelines.

Study design and population

This study employed a prospective cohort design using
data from the Aegis Study. To be included in the Aegis
study sample, participants must have (1) been 18 years or
older, (2) had a history of a positive PCR for SARS-CoV-2,
SARS-CoV-2 antigen test, or antibody test for SARS-CoV-2
or had no suspected or documented prior SARS-CoV-2
infection, (3) intended to remain in study area for the
next 12 months and (4) had elevated risk of future SARS-
CoV-2 exposure (eg, being employed in a high-contact
setting, living in a high-occupancy home, living and/
or working in a location with high population density,
regular use of congregate public transportation, being
a member of a high-risk demographic group, regularly
spending time with people outside of the household who
are not wearing facial coverings, or anticipate attendance
at events or in settings with 25 or more people at least
twice in the next 12 months). Exclusion criteria included
having been acutely ill or febrile within 72 hours prior to
or at screening, having a bleeding disorder considered a
contraindication to phlebotomy, being in an immunosup-
pressive or immunodeficient state, such as asplenia and/
or recurrent severe infections, having received systemic
immunosuppressants or immune-modifying drugs for
>14days in total within 6 months prior to screening, or
having received systemic immunoglobulins within 3
months prior to the day of screening.

Nine study sites across the USA enrolled participants in
the Aegis study between February 2021 and March 2022
(online supplemental figure 1). Sites were located in Illi-
nois, Florida, Texas, Louisiana and Oklahoma. In order
to detect significant effects between individuals with
and without prior infection, we aimed to recruit 2100
participants, 1400 with and 700 without prior infection,
assuming a 70% completion rate. A total of 2806 individ-
uals were screened for participation with 2178 completing
enrolment and at least the first study visit. Eight study
sites completed data collection visits with participants by
November 2022. One site continued data collection until
January 2023 (online supplemental table 1). Participants
were recruited from clinics and represent a convenience
sample of US adults.

Patient and public involvement
Patients and the public were not involved in the design
and conduct of this research.
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Data collection

Participants attended up to seven visits, each 8weeks
apart. We collected self-reported surveys that included
queries of vaccination documentation (Janssen, Moderna,
Pfizer and Other), symptom reports, health status ques-
tionnaires, mental health questionnaires and COVID-19
related questions. Participant blood samples were also
collected at each study visit for SARS-CoV-2 N IgG anti-
body titres and cardiometabolic testing. In addition to
study visits, participants were provided at-home nasal
swab/saliva SARS-CoV-2 tests and tabletop refrigerators
to store viral samples. Participants were instructed to swab
themselves every 2weeks in between study visits. Between
at-home swabbing and study visit swabbing, participants
who completed all study procedures were tested for
SARS-CoV-2 biweekly. Test swabs were collected at each
study visit and tested for SARS-CoV-2 via PCR testing. PCR
testing was undertaken by two labs, Sema4 and a lab at
Indiana University (IU). 97% of tests were performed by
Sema4. Sema4 used the Perkin Elmer New Coronavirus
Nucleic Acid Detection Kit, which uses fluorescent detec-
tion of the Ngene and ORI1ab gene and used an internal
control (MS2). The IU lab targeted three viral genes (S, N
and ORFlab) and used an internal control (MS2).

Study oversight

This study was reviewed and all measures and protocols
associated with this research were approved by MB Clin-
ical Research (tracking #: 20203947, analysis protocol #:
MB-2015), Indiana University’s Human Subjects Office
(IRB #: 22953) and Pennington Biomedical Research
Center.

Definitions

Prior history of SARS-CoV-2 infection: Prior infection with
SARS-CoV-2 was defined as a binary indicator variable at
the date of first study visit. Prior infection was assigned if
the participant provided documentation of a prior posi-
tive SARS-CoV-2 PCR test, self-reported SARS-CoV-2 infec-
tion, was classified by staff as having a prior SARS-CoV-2
infection at the first visit or self-reported a positive SARS-
CoV-2 antibody test.

Vaccination: Number of vaccine doses was captured
as a categorical variable (0, 1, 2 or >3 doses) based on
self-report and verified with documentation in vaccine
cards in 80% of cases among those who reported a date
of vaccination.

SARS-CoV-2 infection/reinfection: The date of a
participant’s first positive SARS-CoV-2 PCR test during
the observation period. This could be either the partic-
ipant’s first infection or a reinfection based on whether
the participant reported a SARS-CoV-2 infection prior
to the observation period. For individuals with dates of
prior infection (91.3% of the analytic sample), an obser-
vation period infection was only included in analyses as
a reinfection if the positive PCR test occurred 90 days or
more after the date of the pre-study period infection. We
assumed individuals without dates of prior infection had

prior infections greater than or equal to 90 days prior
to the reinfection observed during the study period. To
ensure we captured all infections during follow-up, we
also classified individuals who had a fourfold increase in
N-binding IgG antibody levels between successive visits as
infected.'”"® We assigned these individuals a date of posi-
tivity based on the midpoint between the two visits.

Statistical analysis

We excluded 21 (1.0%) individuals who had irreconcil-
able dates (eg, documented prior infection after visit one
(n=17), implausible vaccine dates (n=4)), did not have
follow-up time recorded after 90 days from their base-
line infection (n=25, 1.1%), received other vaccine types
(n=37, 1.7%), were missing or only reported ‘other’ for
variables used to create our final prior infection variable
(n=26, 1.2%), or who self-reported COVID-19 vaccination
but did not report dates of vaccination (n=180, 7.1%),
totaling n=263 (12.1%) individuals. 133 individuals had
start and end times on the same day. Most of these cases
included individuals who only attended one visit. In order
to avoid unnecessary exclusions, we added 0.1 to all indi-
viduals’ end times.

To operationalise exposures, we categorised based on
prior SARS-CoV-2 infection and number of vaccine doses
(no doses with and without prior infection, one dose with
and without prior infection, two doses with and without
prior infection, >three doses with and without prior infec-
tion). Due to the dynamic nature of vaccination, number
of vaccine doses was classified as a time-varying expo-
sure. Participants who received additional vaccine doses
during the study period reported the date of their addi-
tional doses at their next study visit. This was a relatively
common experience due to the increasingly widespread
availability of vaccines during the study period. Vaccina-
tion status was updated at the reported date of vaccina-
tion for each dose.

Our primary outcome was SARS-CoV-2 infection/rein-
fection. Because only a few individuals tested positive
twice during the study, we censored individuals at their
first positive test.

Observation times varied across participants. To avoid
immortal time bias, we assigned origin time based on
timing of prior infection in relation to visit one. For partic-
ipants with no prior infection, an infection more than 90
days prior to visit one, or without dates of prior infection,
the observation time (time origin) began at the visit one
date. For participants with a prior SARS-CoV-2 infection
less than 90 days prior to visit one, the time origin was set
at 90 days after the documented date of prior infection.
The observation time ended at date of last study visit, first
SARS-CoV-2 infection or date of censoring. We divided
participants’ overall observation time into the time under
observation corresponding to the number of vaccine doses
they had received. Observation time for each individual
for each vaccine dose (0-3) was calculated as beginning
at either visit one, 90 days after their prior infection or 14
days after date of vaccination and ending at 13 days after
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subsequent date of vaccination, infection or last visit. We
administratively censored follow-up after 300 days due to
the limited number of observations past 300 days.

We used an extended Cox proportional hazards model
with robust standard errors to estimate the effectiveness
of prior infection and vaccine dose combinations against
SARS-CoV-2 infection. We used robust standard errors
to account for individuals possibly contributing multiple
observations (ie, if they changed exposure groups over
time). Extended Cox proportional hazards models have
the advantage of addressing non-proportionality by
allowing covariates to vary over time. The extended Cox
model also allowed us to address our expectation that
hazard rates would vary across exposure groups.

The time periods used in the extended Cox models
were defined by the receipt of a new vaccine dose, begin-
ning at 0 doses up to 3 doses. This allowed us to estimate
the hazard rate for each level of vaccine exposure, struc-
ture risk sets unique to each vaccine dose, and allow key
covariates to vary over time. A participant moved to the
next exposure category each time they received a new
vaccine dose. As a result, individuals could contribute
to multiple exposure categories as they received new
vaccinations over the follow-up period. To control
for confounding, we adjusted for age in years (using a
squared term), sex (male or female), self-reported race/
ethnicity (Hispanic/Latino, non-Latino Asian, non-
Latino Black or African American, non-Latino White and
non-Latino Other or Unknown), educational attainment
(high school graduate (including General Educational
Development (GED)) or less, some college or technical
school, or college graduate or higher), income (<US$25
000, US$25 00049 999, US$50 000-74 999, US$75 000-99
999 and >US$100 OOO),17 essential worker status (essen-
tial worker, not an essential worker or not applicable/
unemployed), site, and the calendar date of the start of
follow-up for each exposure period. We examined esti-
mated effectiveness of combinations of vaccine doses and
prior infection relative to having no prior infection and
no vaccinations. Estimated effectiveness was expressed as
(1-hazard ratio)*100.

We mitigated the potential bias of selective attrition
over time by applying inverse probability weights to all
models. We handled missing data through multiple
imputation. We created 20 datasets over 10 iterations.
We imputed baseline depression status, measured by the
Center for Epidemiological Studies Depression (CES-D)
scale (where each item was scored from 1 to 5) defined as
a score greater than or equal to 36, income, educational
attainment, financial difficulty, self-reported baseline
health status, essential worker status, type of residence
and number of individuals residing in the home."®

To create inverse probability of censoring weights, in
each multiply imputed dataset we estimated time-varying
Cox proportional hazards models based on the following
predictors of study dropout: sex, age, race/ethnicity,
essential work status, income, educational attainment,
site, baseline self-reported health status, type of residence,

number of individuals residing in the home, financial
difficulty (ie,’how difficult is it to live on your household
income right now’ measured via a Likert scale from 1=not
at all difficult to b=extremely difficult), CES-D indication
of depression, number of vaccine doses (time-varying)
and prior infection status. We pooled our results across
multiply imputed datasets according to Rubin’s rules.'?

To assess whether our estimates from our first sensi-
tivity analysis differed in the pre-Omicron vs Omicron
time periods, we stratified follow-up time from our first
sensitivity analysis to pre-Omicron and Omicron time
periods defined as before or on/after 11 December 2021,
respectively. For the pre-Omicron (ie, Alpha/Delta)
period, we used the same start times as in previous anal-
yses and ended all individuals who had observation times
greater than 10 December 2021 at this date, and only
classified individuals as infected if they were infected by
this date. For the Omicron period, we started observation
times for all individuals without incident infections by 11
December 2021 on this date and used the same end date
as in previous analyses.

All statistical analyses were performed in RStudio
V.2024.12.0.467.*" Extended Cox proportional hazards
models were estimated using the survival package,”' **
multiple imputation and pooling were implemented with
the mice package,” and inverse probability of censoring
weights were calculated using the ipw package.** Statis-
tical significance was set with a two-tailed alpha of 0.05.

Sensitivity analyses

We conducted seven sensitivity analyses. To address
measurement error, we conducted sensitivity analyses for
our exposure and outcome. To assess misclassification
of prior infection, our first sensitivity analysis examined
whether including individuals with indication of prior
infection via a data-driven threshold for the presence
of N-binding IgG antibodies altered results. Detailed
methods have been described elsewhere (Beidelman
2025 accepted Am ] Epidem).” We calculated the area
under the curve (AUC) of the serial dilutions of partic-
ipant serum samples using the trapezoid method, which
represents the magnitude of the antibody response
through an estimation of the absorbance of the samples.
Because values were skewed, we used the natural log plus
one of the anti-nucleocapsid AUC values in this analysis.
We created a binary indicator of antibody-indicated prior
infection, with values of the In(AUC+1) over 6.46 indi-
cating prior infection and values less than or equal to that
indicating no prior infection. We chose this value by exam-
ining the distribution of values among individuals with
N-antibody data from the first study visit who had a study
documented prior infection and chose the first quartile
among the documented cases as our cut-off value (online
supplemental table 2 and online supplemental figures 2
and 3). This cut-off value also closely corresponded to the
third quartile among the undocumented. Based on this
cut-off value, we recategorised only individuals without
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documentation of prior infection who had values over the
cut-off into the prior infected group.

To assess the robustness of our first sensitivity analysis in
light of missing data, we compared results from our main
analysis and first sensitivity analysis, where 27 individuals
with missing N-antibody results were classified for the first
sensitivity analysis into the prior infection category that
they had in the main analysis, to results if these individ-
uals had been excluded from both the main analysis and
first sensitivity analysis.

To assess the robustness of our first sensitivity anal-
ysis to the data-driven threshold for reclassification, we
compared results from our first sensitivity analysis to
those if we chose a cut-off to reclassify individuals into
the prior infected group of the median In(AUC+1) value
(ie, 5.545) among individuals who did not report prior
infection and did not have an incident infection under
observation across all study visits.

To check the robustness of our results to our outcome
assessment based on increases in N-binding IgG anti-
bodies, we used a twofold increase in N-binding IgG anti-
body threshold, rather than the fourfold threshold, to
identify individuals without positive PCR tests who likely
had an infection during follow-up. Research suggests that
the twofold increase has hi%her sensitivity, in exchange
for lower specificity,'” '* ** *” and may be more appro-
priate for population surveillance rather than individual
diagnostics.

To compare to prior research that reported on comple-
tion of primary series rather than number of shots, we
assessed whether grouping vaccination by completion
of primary series (ie, one dose of Janssen as equivalent
to two doses of Pfizer or Moderna vaccines) rather than
number of vaccine doses altered results as compared with
our first sensitivity analysis. We excluded nine individuals
for this analysis who were missing vaccine type.

To assess waning vaccine effectiveness on infection/
reinfection, compared with our first sensitivity analysis,
we truncated the length of time of each exposure period
that included any number of vaccinations to 90 days,
which can be considered the period after vaccination
which offers the most protection.

There were 29 infections during the 14-day window
from vaccination to when we operationalised individ-
uals to be adequately protected from vaccination. We
conducted a sensitivity analysis operationalising the day
after vaccination as the start period of an individual’s
time under a new vaccine category. To account for the
non-binary nature of vaccination, these analyses assess
the impact of classification timing at the upper and lower
bounds.

RESULTS

Sample characteristics

We had a final sample size of 1887 individuals. Partici-
pants had a median age of 54 (IQR 38-64) years old, 1196
(63%) were female, 467 (26%) had an annual household

income of US$100 000 or more, 1012 (54%) had a college
degree or higher, 1219 (65%) were non-Latino White and
663 (35%) were essential workers (table 1).

Participants in the study sample attended a median
of 5 wvisits (IQR: 4-6)and contributed 366905 days
(12063 months) of follow-up (median: 117 days, range:
0.1-300days). 396 individuals (21%) had a prior SARS-
CoV-2 infection at baseline (individuals could be
included in multiple categories; categorised hierarchi-
cally in the following order: n=115 documented, n=235
self-reported positive PCR test, n=25 classified by staff,
n=21 self-reported positive antibody test). Among individ-
uals with a prior infection who had documented or self-
reported dates of prior infection (n=344, 91% of all prior
infections), approximately two-thirds had been infected
during a period of primary circulation of the wildtype
variant (wildtype: 241 individuals (68%), Alpha: 31 indi-
viduals (9%), Delta: 80 individuals (23%)).

At baseline, 23.1% of participants were unvaccinated
(n=435), 11% had one vaccine dose (n=213), 62% had
two vaccine doses (n=1165) and 4% had >three vaccine
doses (n=74). During follow-up, 44% of participants were
vaccinated with additional dose(s) (n=838).

Over a quarter of participants (28%), n=533) tested posi-
tive for SARS-CoV-2 during the study period (n=483 via
positive PCR, n=50 additional based on x4 N-binding anti-
body between two successive visits), 88 of whom were clas-
sified as reinfections (22% of baseline prior infections).
Among these participants, the majority were infected
during a period of primary circulation of the Omicron
variant (Omicron: 456 individuals (86%), Alpha: 3 individ-
uals (0.6%), Delta: 74 individuals (14%)). Infections and
reinfections peaked in early January 2022 and declined by
June 2022 (online supplemental figure 4). Three individ-
uals (two with re-infection) self-reported hospitalisation
due to COVID-19 infection during follow-up. No deaths
were reported.

Online supplemental table 3 provides information on
the number of tests per 100 days under observation by
prior infection and number of vaccine doses. Individuals
in each group contributed approximately eight tests per
100 days.

Estimated effectiveness of vaccination and prior infection
(study documented)

In our main analysis, we used commonly reported indi-
cators of prior infection (eg, study documented: self-
reported with or without formal documentation) to
operationalise prior infection. Compared with being
unvaccinated and having no prior infection, the esti-
mated effectiveness of having a prior infection without
vaccination was 48% (95% CI 15% to 68%) (figure 1A).
The estimated effectiveness of having one vaccine dose
with and without prior infection was 66% (95% CI 29%
to 84%) and 18% (95% CI —27% to 47%), respectively.
The estimated effectiveness of having two vaccine doses
with and without prior infection was 63% (95% CI 43% to
76%) and 45% (95% CI 25% to 59%), respectively. The
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Table 1 Demographic characteristics by baseline prior infection status
Overall No prior infection Prior infection
(n=1887) (n=1491) (n=396)
Age
Mean (SD) 51.4 (16.3) 52.3 (16.5) 47.9 (15.4)
Median (min, max) 54.0 (18.0, 86.0) 56.0 (18.0, 86.0) 49.0 (18.0, 84.0)
Sex
Female 1196 (63.4%) 944 (63.3%) 252 (63.6%)
Male 691 (36.6%) 547 (36.7%) 144 (36.4%)

Annual household income
Less than US$24 999
US$25 000 to US$49 999
US$50 000 to US$74 999
US$75 000 to US$99 999
US$100 000 or higher
Missing®
Educational attainment
High school graduate or less (including GED)
College 1 year to 3 years (some college or technical school)
College 4 years or more (college graduate or higher)
Missing*
Race/ethnicity
Latino
Non-Latino—American Indian or Alaska Native
Non-Latino—Asian
Non-Latino—Black or African-American
Non-Latino—White
Non-Latino—other or unknown
Essential worker status
Essential worker
Not an essential worker
NA/unemployed
Missing*
Vaccination status at baseline
0 doses
1 dose
2 doses
>3 doses

*Missing values were imputed for the final analysis.
GED, General Educational Development; NA, Not Applicable.

estimated effectiveness of having >three vaccine doses
with and without prior infection was 79% (95% CI 64%
to 88%) and 68% (95% CI 54% to 77%), respectively.
For the time under observation and number of infec-
tions in each stratum, see online supplemental table 4.
For survival curves, see online supplemental figure 5. The
median interval of time from vaccination to infection,
end date of study, or censoring by number of vaccines

425 (23.6%
386 (21.5%

)
)
292 (16.2%)
)
)

— =

228 (12.7%
467 (26.0%
89 (4.7%)

268 (14.4%)
586 (31.4%)
1012 (54.2%)
21 (1.1%)

127 (6.7%)
62 (3.3%)
141 (7.5%)
202 (10.7%)
1219 (64.6%)
136 (7.2%)

663 (35.2%)
514 (27.3%)
708 (37.6%)
2 (0.1%)

435 (23.1%)
213 (11.3%)
1165 (61.7%)
74 (3.9%)

360 (25.4%
305 (21.5%

)
)
220 (15.5%)
)
)

—_ ~

177 (12.5%
356 (25.1%
73 (4.9%)

225 (15.3%)
444 (30.2%)
802 (54.5%)
20 (1.3%)

86 (5.8%)
45 (3.0%)
118 (7.9%)
173 (11.6%)
961 (64.5%)
108 (7.2%)

484 (32.5%)
404 (27.1%)
601 (40.4%)
2 (0.1%)

298 (20.0%)
164 (11.0%)
968 (64.9%)
61 (4.1%)

65 (17.1%)
81 (21.3%)
72 (18.9%)
51 (13.4%)
111 (29.2%)
16 (4.0%)

43 (10.9%)
142 (35.9%)
210 (53.2%)
1 (0.3%)

41 (10.4%)
17 (4.3%)
23 (5.8%)
29 (7.3%)
258 (65.2%)
28 (7.1%)

179 (45.2%)
110 (27.8%)
107 (27.0%)
0 (0%)

137 (34.6%)
49 (12.4%)
197 (49.7%)
13 (3.3%)

and prior infection ranged from 28 to 133 days (online
supplemental figure 6). The median interval of time
from prior infection to infection, end date of study or
censoring by number of vaccine doses ranged from 296
to 483 days, increasing with increasing number of vaccine
doses (online supplemental figure 7).

We found that all point estimates were higher in the
pre-Omicron period than the Omicron period, with
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(A) Main analysis: estimated effectiveness of prior infection (study documented) and number of vaccine doses

on incident infection/reinfection; (B) Sensitivity analysis: estimated effectiveness of prior infection (study documented and
reclassified based on N-antibodies) and number of vaccine doses on incident infection/reinfection.

non-overlapping Cls for two vaccine doses with or without
prior infection and >three doses without prior infection,
with the caveat that we did not have enough precision
to interpret estimates for one dose and three doses with
prior infection (online supplemental figures 8 and 9,
online supplemental table 6). Protection against infec-
tion/reinfection with two vaccine doses without prior
infection attenuated to the null in the Omicron period
(estimated effectiveness pre-Omicron: 72% (48%, 85%);
Omicron: 21% (-15%, 46%)). In contrast, >three vaccine
doses without prior infection remained statistically signifi-
cantly protective against infection/reinfection (estimated
effectiveness pre-Omicron: 89% (70%, 96%); Omicron:
53% (30%, 68%)). Point estimates of the estimated
effectiveness of prior infection with or without vaccina-
tion were reduced in the Omicron compared with pre-
Omicron time period and were similar to the estimated
efficacy of >three vaccine doses without prior infection
in the Omicron period (estimated effectiveness of prior
infection with or without vaccination: pre-Omicron
77-89%, Omicron 49-67%; Omicron >three vaccine
doses without prior infection: 53%).

Sensitivity analyses

In our first sensitivity analysis, we compared our results
using prior infection defined based on documentation
and elevated anti-nucleocapsid levels. Using N-antibody
levels to reclassify individuals without prior infection
into the prior infection group, 234 individuals who did
not have documentation of prior infection (16% of
participants without documentation of prior infection)
were subsequently added to the prior infection group.

Comparing relative associations from the main analysis,
point estimates did not substantially change and Cls
overlapped estimates from the main analysis (table 2,
figures 1B and 2). Using the no prior infection group for
each vaccine dose as the referent group, pairwise compar-
isons revealed that prior infection provided additional
protection, with stronger relationships for no and one
dose (none: 56% (95% CI 30% to 72%), one: 66% (95%
CI 28% to 84%), two: 31% (95% CI 7% to 49%), >three
31% (95% CI 0% to 53%)) (online supplemental table
5).

We compared our results from the main analysis and
first sensitivity analysis to those if 23 individuals without
prior infection who were missing N-antibody results were
excluded from both the main analysis and first sensitivity
analysis. Point estimates were effectively unchanged, and
CIs overlapped from the original analyses (online supple-
mental figure 10, online supplemental table 6).

We compared our results from our first sensitivity
analysis to those using a lower N-antibody threshold to
determine probable prior infections. This resulted in
593 individuals who did not have documentation of prior
infection (39.8% of participants without documentation
of prior infection) to be added to the prior infection
group. Point estimates for prior infection with or without
vaccination were slightly attenuated, while CIs overlapped
estimates from the first sensitivity analysis (online supple-
mental figure 11, online supplemental table 6).

Comparing results from the first sensitivity analysis to
those using vaccination operationalised as completion of
primary series, estimates for one partially vaccinated with
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household income, college graduate, unemployed, vaccine dose start date of 6 October 2021, site 4). Inverse probability of

censoring weights were set to 1.

or without infection differed from the first sensitivity anal-
ysis mainly due to small sample size. Other estimates did
not substantially change, and CIs overlapped estimates
from the main analysis (online supplemental figure 12,
online supplemental table 4).

Comparing results from our first sensitivity analysis
to those limiting the time under observation of vaccine
exposure groups to 90 days, where protection from vacci-
nation should be strongest, we observed increased point
estimates, but Cls overlapped with those from the first
sensitivity analysis (online supplemental figure 13, online
supplemental tables 4 and 6).

Using a lower threshold to identify individuals with
probable incident infections based on N-antibodies
across subsequent visits, an additional 14 individuals were
re-classified as having an incident infection. Estimated
effectiveness did not substantially change from the first
sensitivity analysis (online supplemental figure 14, online
supplemental table 6).

Beginning an individual’s contribution to time under
a vaccine category at the day after vaccination rather
than 14 days after vaccination produced similar results,
although slight reductions in the point estimate for the
prior infection-no vaccination category (online supple-
mental figure 15, online supplemental table 6).

DISCUSSION

We found that vaccination (in particular with >three
vaccine doses) and prior infection both provided substan-
tial protection against infection/reinfection among a
cohort of US adults during the study follow-up, with
substantial decline of protection during the Omicron
period. Additional information of prior infection
provided by nucleocapsid antibodies reclassified nearly
16% of individuals without documentation of prior infec-
tion into the prior infected category but did not substan-
tially alter estimates of protection against infection/
reinfection.

Our findings align with those from prior studies
assessing the effectiveness of combinations of vaccination
and prior infection on SARS-CoV-2 infection/reinfec-
tion. During the Omicron variant timeframe, investiga-
tors observed a similar magnitude of protective effects
conferred by three vaccine doses without prior infec-
tion (40-48% increased efficacy compared with primary
series”). Our estimates of protection conferred by >three
vaccine doses plus prior infection are similar to those
previously reported for reinfection (reinfection: 80% vs
83%' and 70% increased efficacy compared with primary
series’). Moreover, the protective effects of vaccination
against infection were reduced during the Omicron
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variant compared with previous variants.” > ®** A system-
atic review of nine studies found that the protection
conferred by primary series completion against SARS-
CoV-2 infection during the Omicron variant was reduced
by nearly 20% from one to 4months after vaccination,”
2months sooner than that reported among previous
variants.”” Our results showing reduced estimated effec-
tiveness for two and >three vaccine doses with or without
prior infection align with this literature.

This is the first study, to our knowledge, to demon-
strate that correction for misclassification of prior infec-
tion using an anti-nucleocapsid antibody test does not
substantially alter estimates of protection conferred by
combinations of vaccination and prior infection. We
found nearly 16% of individuals without documenta-
tion of prior infection had antibody levels similar to
those with documentation of prior infection. Research
during the initial stages of the pandemic demonstrated
that antibody measurements are a useful tool to identify
prior infection and showed that individuals with antibody
indication of prior SARS-CoV-2 infection had greater
protection against SARS-CoV-2 reinfection relative to
those without.’! * While antibodies wane over time, other
investigators have shown the persistence of nucleocapsid
antibody detection in approximately 70% of individuals
with a prior history of infection at 18 months after infec-
tion,"! with lower values among individuals who were
vaccinated prior to infection.”® Based on this research,
we do not expect waning to have substantially affected
our results, as the median time from prior infection to
antibody measurement was 8.4months (min: 17 days,
max: 22months). It is also worth noting that we did not
find material waning of N-antibodies over time among
the uninfected with prior infection. Nevertheless, it is
possible that we did not capture all individuals who may
have had an undocumented prior infection due to waning
of nucleocapsid antibodies over time. Further research is
needed to confirm our results.

The strengths of this study are in its prospective
design, real-world conditions, repeated SARS-CoV-2
testing of participants, geographically diverse sample of
participants, use of immunologic measures to comple-
ment documentation of prior infection and analytic
method to account for changing vaccination status over
time. The limitations of our study include a relatively
small sample. Additionally, the many exposure catego-
ries likely reduced the power of the study. Our partic-
ipants represent a convenience sample of US adults,
which may differ from the general US adult population
in health status, limiting the generalisability of results.*
This study did not involve an ideal randomised trial of
vaccination or prior infection. We may not have captured
all the confounding factors that influence vaccina-
tion behaviour and likelihood of incident infection.
Therefore, though we may use language that implies
causation, in all cases that should be seen as shorthand
for associations.”

CONCLUSION

Among a geographically diverse cohort of US adults, we
found that >three vaccine doses of a Pfizer, Moderna
or Janssen vaccine without prior infection provided
substantial protection against SARS-CoV-2 infection/
reinfection, as did prior infection without vaccination.
Vaccination and prior infection had protective effects,
but effectiveness decreased in the Omicron period.
Additionally, correction for misclassification of prior
infection using antibodies did not alter estimates of
effectiveness of prior infection and vaccination in
combination.
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