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Abstract

The extent to which semi-quantitative antibody levels confer protection against SARS-CoV-
2 infection in populations with heterogenous immune histories is unclear. Two nested case-
control studies were designed within the multisite HEROES/RECOVER prospective cohort
of frontline workers to study the relationship between antibody levels and protection against
first-time post-vaccination infection and reinfection with SARS-CoV-2 from December 2021
to January 2023. All participants submitted weekly nasal swabs for rRT-PCR testing and
blood samples quarterly and following infection or vaccination. Cases of first-time post-vac-
cination infection following a third dose of monovalent (origin strain WA-1) mRNA vaccine (n
=613) and reinfection (n = 350) were 1:1 matched to controls based on timing of blood draw
and other potential confounders. Conditional logistic regression models were fit to estimate
infection risk reductions associated with 3-fold increases in end titers for receptor binding
domain (RBD). In first-time post-vaccination and reinfection study samples, most were
female (67%, 57%), non-Hispanic (82%, 68%), and without chronic conditions (65%, 65%).
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The odds of first-time post-vaccination infection were reduced by 21% (aOR = 0.79, 95% Cl
=[0.66—0.96]) for each 3-fold increase in RBD end titers. The odds of reinfection associated
with a 3-fold increase in RBD end titers were reduced by 23% (aOR = 0.77, 95% CIl = [0.65-
0.92] for unvaccinated individuals and 58% (aOR = 0.42, 95% CI =[0.22-0.84]) for individu-
als with three mRNA vaccine doses following their first infection. Frontline workers with
higher antibody levels following a third dose of MRNA COVID-19 vaccine were at reduced
risk of SARS-CoV-2 during Omicron predominance. Among those with previous infections,
the point estimates of risk reduction associated with antibody levels was greater for those
with three vaccine doses compared to those who were unvaccinated.

Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has transitioned from a phase defined
by acute morbidity and mortality in immunologically naive populations to one defined by
post-vaccination infections and reinfections in populations with various combinations of
infection- and vaccine-induced immunity. Emergence of highly transmissible Omicron sub-
variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) accelerated trans-
mission despite high levels of population immunity to the prior strains and subvariants [1].
The first vaccine trials established that higher post-vaccine antibody levels were correlated
with increased protection against SARS-CoV-2 infection [2]. Other cohort studies have dem-
onstrated variable response to the vaccines based on individual history of infection [3-5]. It is
critical to understand the relationship between antibody levels and protection against Omi-
cron post-vaccination infections and reinfections in populations with heterogenous infection
and vaccination histories [6].

Conceptually, establishing and validating specific antibody levels that correlate with protec-
tion against SARS-CoV-2 infection could result in biomarkers that are reliably predictive of
vaccine effectiveness [7]. For influenza, hemagglutination inhibition (HI) assay titers have
proven useful in comparing different vaccines, with HI end titers of 1:40 generally accepted to
be associated with a 50% reduction in risk of influenza [8, 9]. However, establishing SARS--
CoV-2 antibody correlates of protection is complicated by the rapid emergence of variants and
subvariants, differences in assays used to quantify antibody levels, and differential waning of
antibody levels over time relative to immune conferring events [3, 10]. Nonetheless, calls for
SARS-CoV-2 correlates of protection persist as questions remain regarding the durability of
immunity over time given the evolution of subvariants capable of evading acquired immune
responses [11, 12].

Uncertainties also remain in determining optimal timing for future COVID-19 vaccine
doses [13]. This report examined the relationship between humoral antibody levels and the
risks of 1) first-time post-vaccination infection following a third dose of an origin strain WA-1
monovalent mRNA vaccine; and 2) reinfection among individuals with one previous infection
stratified by vaccination status at the time of reinfection (i.e., unvaccinated or had received
two to three doses of mRNA vaccine) during early Omicron predominance.

Materials and methods
Study design

Two nested case-control studies were designed within a prospective cohort of frontline work-
ers from eight locations in the United States (US) to study the relationship between antibody
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levels and SARS-CoV-2 infections during early Omicron predominance (defined here as
December 2021 through September 2022). The first study defined cases as those with a first-
time SARS-CoV-2 post-vaccination infection following a third dose of COVID-19 origin
strain WA-1 monovalent mRNA vaccine. The second defined cases as those infected with
SARS-CoV-2 after one previous infection; at the time of reinfection, cases were either unvacci-
nated or had received two to three doses of COVID-19 origin strain WA-1 monovalent
mRNA vaccine.

Participants

Beginning on July 27, 2020, frontline workers were followed in prospective cohorts through
the Arizona Healthcare, Emergency Response, and Other Essential workers Study (HEROES)
and the Research on the Epidemiology of SARS-CoV-2 in Essential Response Personnel
(RECOVER) sites in Arizona, Florida, Minnesota, Oregon, Texas, and Utah [14, 15]. Briefly,
eligible participants included adults who worked at least 20 hours per week in occupations that
required frequent direct contact with non-household members (i.e., healthcare workers, first
responders, and other essential workers). Recruitment ended on April 15, 2023. Upon enroll-
ment, participants completed a survey to collect baseline information about characteristics
related to sociodemographic, occupation, health status, health-related behaviors, and prior
SARS-CoV-2 infection. COVID-19 vaccination information was self-reported through surveys
and validated through state vaccine registries or medical records. Additional surveys were
completed upon infection, and self-reported information on mask use and exposures was col-
lected monthly.

Each week and at onset of symptoms, participants provided a mid-turbinate nasal specimen
that was tested at the Marshfield Clinic Laboratory (Marshfield, WT) via real time reverse tran-
scription-polymerase chain reaction (rRT-PCR) for the presence of SARS-CoV-2. Addition-
ally, participants were asked to submit blood samples at three frequencies: (1) upon
enrollment, (2) quarterly, and (3) 28 days after any immunity-conferring event (SARS CoV-2
infection or COVID-19 vaccination).

The study protocol and procedures were reviewed and approved by the Arizona Depart-
ment of Health, the University of Arizona Institutional Review Boards (IRBs), Baylor Scott
and White Research Institute IRB, Kaiser Permanente Northwest IRB (IRB of record for the
CDC and Abt Associates), St. Luke’s Hospital Duluth IRB, University of Miami Human Sub-
jects Research Office, and University of Utah IRB. All study participants provided informed
written consent for all study activities.

Study inclusion criteria and case definition

For the first analytic study sample, cases of first-time post-vaccination infections were defined
as individuals with an incident SARS-CoV-2 infection occurring at least 14 days after a third
dose origin strain WA-1 monovalent Pfizer-BioNTech COVID-19 mRNA vaccine, Moderna
COVID-19 mRNA-1273 or a combination of the two vaccines among individuals with no his-
tory of previous infection. Infection history prior to enrollment was ascertained via self-report
upon study enrollment and confirmed with a qualitative result from the baseline blood draw,
if available, among only those unvaccinated at the time of enrollment by examining S2 and
RBD (S3 and 54 Figs). If a participant was vaccinated at the time of their baseline blood draw,
then we solely relied on self-reported data for pre-study infection history. Although nucleocap-
sid (N) titers were available for all participants with a baseline blood collection, they were
unable to be used to detect prior SARS-CoV-2 infections due to low specificity and sensitivity.
Variant of infection was confirmed by whole-genome sequencing for eligible specimens, or
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estimated by using the state-specific predominant variant at the time of infection according to
Centers for Disease Control and Prevention data [16]. In our final analytic set, approximately
50% of samples were sequenced. To be included in this study, participants had to have submit-
ted a nasal specimen at least 80% of weeks and collected blood draws per the study protocol dur-
ing the study period with no evidence of SARS-CoV-2 infection at the time of the blood draw
following their third dose of vaccine. Cases were defined as participants who tested positive for
SARS-CoV-2 after the blood draw and prior to any additional vaccine dose (Fig 1). Third vac-
cine doses occurred from June 2021 to April 2022, blood draws occurred from June 2021 to
August 2022, and Omicron infections occurred from December 2021 and September 2022.

Within the second analytic study sample, reinfection cases were defined as one of three
groups (1) participants who had a previous infection but were unvaccinated, (2); participants
with a previous infection followed by completion of two doses of a monovalent COVID-19
mRNA vaccine (primary series only); or (3) participants with a previous infection followed by
three doses of a monovalent COVID-19 mRNA vaccine (primary series and a third monova-
lent dose). Reinfections were defined as Omicron infections occurring at least 90 days after a
previous Omicron SARS-CoV-2 infection or at least 45 days after a previous infection of a dis-
tinct variant (e.g., WA-1 vs. Delta vs. Omicron). Variant of first infection and reinfection was
confirmed by either whole-genome sequencing for eligible specimens, or estimated by using
the state-specific predominant variant at the time of infection according to Centers for Disease
Control and Prevention data [16]. Those receiving a Janssen Ad26.COV2.S COVID-19 vaccine
and those with only one mRNA vaccination were ineligible, thus included cases had none,
two, or three immunizations. Participants were eligible for the reinfection study sample set if
they: (1) had either reported testing positive for SARS-CoV-2 prior to enrollment or tested
positive by rRT-PCR during the study period prior to COVID-19 vaccination, and (2) had a
blood draw at any time after their last immune conferring event (first infection for unvacci-
nated participants or last vaccine dose for vaccinated participants). For this group, a case was
defined as a participant with a confirmed reinfection after the blood draw (Fig 2). Initial infec-
tions occurred from March 2020 to August 2022, blood draws occurred from August 2020 to
November 2022, and reinfections occurred from December 2021 to January 2023.

Matching

The final analytic samples were created by matching eligible cases to controls in a 1:1 ratio.
Matched controls for the first-time post-vaccination cases included individuals with no history
of infection who were matched by study site and days between the third origin strain WA-1
monovalent COVID-19 mRNA vaccine and blood draw. Matched controls for reinfection
cases included individuals with a history of one infection who were matched to cases by: study
site, variant of first infection (origin strain WA-1, Delta, or Omicron), vaccination status at the
time of blood draw, and days between last immune conferring event (first infection for unvac-
cinated participants or last A vaccine dose for vaccinated participants) and blood draw. For
both groups, time windows were used to match days between immune conferring events and
blood draws rather than exact matches. For blood samples that were collected less than 150
days since the last immune conferring events, time difference windows of 3, 7, 14, and 21 days
were each attempted to find the highest match quality. For blood samples collected at least 150
days since the last immune conferring events, no strict time differences were used.

Semi-quantitative serological measures

All sera from all sites were sent to the University of Arizona Genetics Core laboratory for test-
ing using a locally-developed and validated semi-quantitative enzyme-linked immunosorbent
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Fig 1. Flowcharts showing inclusion and exclusion criteria for nested case-control studies within the HEROES/
RECOVER cohort of frontline workers: 613 cases of first-time post-vaccination infection following a third dose of
COVID-19 origin strain WA-1 monovalent mRNA vaccine were matched 1:1 to controls based on site and time
between vaccination and blood draw.

https://doi.org/10.1371/journal.pone.0306953.g001

assay (ELISA) to measure antibody binding to the receptor binding domain (RBD) and S2 sub-
unit domain (S2) of the SARS-CoV-2 Washington-1 spike protein, as previously described
[17]. Five 3-fold dilutions of immune sera were made starting at a 1:60 dilution and ending at
1:4860. End titer values represent the first dilution in which an immune response was no lon-
ger detected. Those with immune response still detected at the final dilution were imputed to
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Fig 2. Flowcharts showing inclusion and exclusion criteria for nested case-control studies within the HEROES/
RECOVER cohort of frontline workers: 350 cases of reinfection were matched 1:1 to controls based on site,
vaccination status, variant of first infection, and time between immune conferring event (either vaccine or
infection) and blood draw.

https://doi.org/10.1371/journal.pone.0306953.9002

1:9720. Additionally, RBD and S2 antibody levels were measured as the area under the serial
dilution curve (AUC). This continuous measurement represents a weighted sum of the optical
density value at each dilution. Both end titer and AUC measurements of RBD and S2 were
included in the present analysis.

Statistical analysis

Analyses were conducted using SAS Studio v9.4 (SAS Institute Inc., Cary, North Carolina
USA), GraphPad Prism v9.5.1 (GraphPad Software, Boston, Massachusetts USA), and R v4.2.0
(R Core Team, Vienna, Austria). Demographic information and measured antibody response
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for cases and controls was compared using paired t tests and univariate conditional logistic
regression for continuous and categorical variables. The outcomes of first-time post-vaccina-
tion infection and reinfection with Omicron were modeled using conditional logistic regres-
sion to assess the unadjusted and adjusted effects of RBD and S2 humoral antibody levels.
Adjusted odds ratios were calculated with models including the following variables that were
selected a priori as putative confounders: gender, age (18-49 or over 50 years), presence of at
least one chronic condition (i.e. asthma, chronic lung disease, cancer, diabetes, heart disease,
hypertension, immunosuppression, kidney disease, liver disease, neurologic or neuromuscular
disease or disorder, and autoimmune disease), high exposure to individuals infected with
SARS-CoV-2 (above the cohort mean number of weekly hours), high reported mask use in the
community (above the cohort mean percentage), and high reported personal protective equip-
ment (PPE) adherence at work (above the cohort mean percentage), where reported PPE
adherence at work was defined as the percentage of time in which an individual uses the PPE
recommended by their employer when in direct contact with people. For the reinfection study
sample, separate models were fit for each category of vaccination status: unvaccinated, 2 doses,
and 3 doses of the origin strain WA-1 monovalent COVID-19 mRNA vaccine. In addition, we
conducted a likelihood ratio test to assess the interaction term between vaccination status and
antibody titer within the reinfection sample.

AUC antibody values were standardized by z-scores prior to modeling for ease of interpre-
tation. For end titer data, a log base 3 transformation was used due to the three-fold dilution
assay and was treated as a continuous value. Curves displaying the estimated percent reduction
in risk were estimated for both first-time post-vaccination infection and reinfection models
using an end titer level of 1:60 as the reference. The estimated percent reduction in risk was
calculated at each titer level. The 95% confidence interval bounds on the curves were estimated
when percent reduction in risk at each titer level was statistically significant at the 0.05 alpha
level [2, 18]. Using risk reduction curves, we estimated the titer level for a 50% reduction in
risk and reported the titer levels used in the ELISA in which the estimate fell between, as is
standard in a typical correlates of protection analysis [8, 18, 19].

Results

First-time post-vaccination infection with Omicron following third dose of
COVID-19 origin strain WA-1 monovalent mRNA vaccine

The incidence of first-time vaccine post-vaccination infections with the Omicron variant fol-
lowing a third dose of origin strain WA-1 monovalent COVID-19 mRNA vaccine was 1.68 per
1000 person-days (830 infections) in the HEROES/RECOVER cohort. In the sample set of 613
first-time post-vaccination cases and 613 matched controls, most participants were female
(67%), white and non-Hispanic (82%), healthcare workers (64%), and had no chronic condi-
tions (65%) (Table 1). There was a small but statistically significant difference in days between
third vaccination and blood draw (41.4 days for cases and 42.4 days for controls, p = 0.003).
Compared to cases, controls were slightly older (46y vs. 43y, p<0.001), and had modestly
higher reported mask use in the community (61.1% vs. 57.2%) and higher reported PPE adher-
ence at work (81.6% v. 77.0%) (Table 1).

For cases, the mean number of days between the third vaccine dose and infection was 183
days. Compared to cases, a higher percentage of controls had the maximum end titer values
(1:9720) for RBD (65.1% vs. 56.9%,) and S2 (41.1% vs. 32.0%), but the distribution between
cases and controls for RBD end titer values was not statistically significant. Controls had signif-
icantly higher mean RBD (0.0124 vs. 0.0118) and S2 (0.0102 vs. 0.0097) AUC values compared
to cases (Table 2, S1 Fig).
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Table 1. Demographic and health characteristics for nested case-control samples within the HEROES/RECOVER prospective cohort of frontline workers: the first-
time post-vaccination sample was matched by site and days between booster vaccine and blood draw, and the reinfection sample was matched on site, vaccination

status, variant of first infection, and days between most recent immune conferring event and blood draw.

Sample
First-time post-vaccination infection Reinfection
Cases Controls p-value® Cases Controls p-value®
(n=613) (n=613) (n =350) (n =350)
Site, n (%) 1.00 1.00
Tucson, AZ 145 (23.7) 145 (23.7) 123 (35.1) 123 (35.1)
Phoenix, AZ 73 (11.9) 73 (11.9) 46 (13.1) 46 (13.1)
Other, AZ 37 (6.0) 37 (6.0) 28 (8.0) 28 (8.0)
Florida 22 (3.6) 22 (3.6) 50 (14.3) 50 (14.3)
Minnesota 132 (21.5) 132 (21.5) 30 (8.6) 30 (8.6)
Oregon 37 (6.0) 37 (6.0) 5(1.4) 5(1.4)
Texas 33 (5.4) 33 (5.4) 22 (6.3) 22 (6.3)
Utah 134 (21.9) 134 (21.9) 46 (13.1) 46 (13.1)
Vaccination status® 1.00 1.00
Unvaccinated 0(0.0) 0 (0.0) 157 (44.9) 157 (44.9)
2 Doses 0(0.0) 0(0.0) 95 (27.1) 95 (27.1)
3 Doses 613 (100.0) 613 (100.0) 98 (28.0) 98 (28.0)
Variant of first infection NA 1.00
Origin strain WA-1 NA NA 267 (76.3) 267 (76.3)
Delta NA NA 48 (13.7) 48 (13.7)
Omicron 613 (100) NA 35 (10.0) 35 (10.0)
Days from ICE to blood draw, mean (SD)“ 41.4 (39.8) 42.4 (40.6) 0.0003 113.2 (108.9) 129.3 (136.3) <0.001
Age (y), mean (SD) 43.0 (10.0) 46.4 (11.9) <0.001 45.6 (11.1) 44.3 (11.6) 0.10
Gender, n (%) 0.60 0.16
Female 415 (67.7) 406 (66.2) 189 (54.0) 208 (59.4)
Male 197 (32.1) 205 (33.4) 159 (45.4) 142 (40.6)
Other 1(0.2) 2(0.3) 0(0.0) 0(0.0)
Missing 0(0.0) 0(0.0) 2(0.6) 0(0.0)
Race/ethnicity, n (%) 0.24 0.41
Non-Hispanic, White 489 (79.8) 512 (83.5) 232 (66.3) 245 (70.0)
Hispanic 72 (11.7) 52 (8.5) 89 (25.4) 72 (20.6)
Non-Hispanic, Black 18 (2.9) 19 (3.1) 11 (3.1) 10 (2.9)
Non-Hispanic, Asian 18 (2.9) 23(3.8) 3(0.9) 7 (2.0)
Other 8(1.3) 5(0.8) 4(1.1) 5(1.4)
Missing 8(1.3) 2(0.3) 11(3.1) 11(3.1)
Occupation, n (%)¢ 0.06 0.06
Healthcare Worker 376 (61.3) 411 (67.0) 125 (35.7) 145 (41.4)
First Responder 79 (12.9) 60 (9.8) 117 (33.4) 92 (26.3)
Other Essential Worker 158 (25.8) 142 (23.2) 108 (30.9) 113 (32.3)
Chronic conditions, n (%)° 0.91 0.24
None 403 (65.7) 397 (64.8) 237 (67.7) 216 (61.7)
One 114 (18.6) 113 (18.4) 73 (20.9) 74 (21.1)
Two Or More 93 (15.2) 98 (16.0) 33(9.4) 44 (12.6)
Missing 3(0.5) 5(0.8) 7 (2.0) 16 (4.6)
Immunosuppressive medication, n (%) 0.70 0.82
Yes 14 (2.3) 12 (2.0) 11(3.1) 10 (2.9)
No 590 (96.2) 592 (96.6) 330 (94.3) 320 (91.4)
(Continued)
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Table 1. (Continued)

Sample
First-time post-vaccination infection Reinfection
Cases Controls p-value® Cases Controls p-value®
(n=613) (n=613) (n =350) (n =350)

Missing 9(1.5) 9(1.5) 9 (2.6) 20 (5.7)
Days from ICE to infection, mean (SD)° 183.0 (80.6) NA NA 341.0 (180.6) NA NA
Avg weekly hrs. exposed to COVID, mean (SD)® 4.8 (9.9) 5.0 (10.4) 0.74 7.0 (12.0) 6.2 (10.5) 0.51
Avg % adherence to PPE rules at work, mean (SD)* 77.0 (26.4) 81.6 (24.3) 0.001 58.2 (31.7) 62.3 (32.1) 0.09
Avg % time masked in public, mean (SD) 57.2(29.1) 61.1(29.7) 0.01 41.7 (28.7) 47.3 (32.6) 0.02

*From paired t-test and conditional logistic regression for continuous and categorical variables, respectively.

P All vaccine doses are monovalent origin strain WA-1 mRNA vaccines.

“ICE (immune conferring event) is the third vaccine dose for the first-time post-vaccination infection with Omicron case-control cohort and the 3 dose strata within the
reinfection case-control cohort, the second vaccine dose for the 2 dose strata within the reinfection case-control cohort, and the initial SARS-CoV-2 infection for the
unvaccinated strata within the reinfection case-control cohort.

dOther essential workers include occupation sectors with potentially high exposures to SARS-CoV-2 such as education, agriculture, public transportation services, waste
collection, delivery, utilities, community-based services, childcare, and others

“Chronic conditions include asthma, chronic lung disease, cancer, diabetes, heart disease, hypertension, immunosuppression, kidney disease, liver disease, neurologic or
neuromuscular disease or disorder, and autoimmune disease.

fParticipants are asked “Are you currently taking prednisone or other ongoing steroid medications (excluding inhaled steroids and one-time injections) or any other
medications that may suppress your body’s ability to fight infection?”.

SExposure to individuals infected with SARS-CoV-2.

"Reported personal protective equipment (PPE) adherence at work was defined as the percentage of time in which an individual uses the PPE recommended by their

employer when in direct contact with people

https://doi.org/10.1371/journal.pone.0306953.t001

Unadjusted and adjusted conditional logistic regression models for first-time vaccine-post-
vaccination infection with Omicron infection following a third dose of an origin strain WA-1
monovalent COVID-19 mRNA vaccine showed statistically significant protective effects for
RBD and S2 end titers. Each three-fold increase in RBD end titer reduced the odds of first-
time post-vaccination infection with Omicron by 21% (aOR: 0.79, 95% CI: [0.66, 0.96]). Each
three-fold increase in S2 end titer reduced the odds of post-vaccination infection by 25%
(aOR: 0.75, 95% CI: [0.63, 0.91]) (Table 3). Compared to the reference end titer (no antibodies
detected at the 1:60 dilution), estimated risk reduction was 50% at RBD and S2 end titers
between 1:540 and 1:1620 (Fig 3). Models including AUC data as our antibody measurement
had similar results. Full results including estimates for all variables included in the models can
be found in the supplemental material (S3 and S4 Tables).

Reinfection

The sample set of 350 cases of reinfection and 350 matched controls included 157 pairs who
were unvaccinated, 95 pairs who had completed the primary series of two doses of COVID-19
origin strain WA-1 monovalent mRNA vaccine, and 98 pairs who had received 3 doses. In the
general HEROES/RECOVER cohort, the incidence of reinfections with the Omicron variant
for individuals who were unvaccinated, had 2 doses, and had 3 doses was 0.98, 0.71, and 0.71
per 1000 person-days, respectively. Overall, most participants were female (57%), white and
non-Hispanic (68%), and had no chronic conditions (65%). Most cases and controls were first
infected with the origin strain WA-1 strain of SARS-CoV-2 (76%) (Table 1). Although cases
and controls were matched on the interval between the most recent immune conferring event
(first infection or vaccination) and the date of their blood draw, there was a nominal but
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Table 2. Quantitative antibody results, including end titers and area under the curve (AUC) calculations for SARS-CoV-2 receptor-binding domain (RBD) and (S2)

spike protein subunits in nested case-control samples from the HEROES/RECOVER prospective cohort of frontline workers.

Variable

RBD End Titer, n (%)
1:60

1:180

1:540

1:1620

1:4860

1:9720°

RBD AUC, mean (SD)
S2 End Titer, n (%)
1:60

1:180

1:540

1:1620

1:4860

1:9720°

S$2 AUC, mean (SD)

Sample
First-time post-vaccination Reinfection
Cases Controls p-value® Cases Controls p-value®
(n=613) (n=613) (n = 350) (n = 350)
0.08 0.003
4(0.7) 3(0.5) 36 (10.3) 19 (5.4)
5(0.8) 3(0.5) 31 (8.9) 25(7.1)
14 (2.3) 13 (2.1) 43 (12.3) 38 (10.9)
45 (7.3) 39 (6.4) 55 (15.7) 51 (14.6)
196 (32.0) 156 (25.4) 66 (18.9) 77 (22.0)
349 (56.9) 399 (65.1) 119 (34.0) 140 (40.0)
0.0118 (0.003) 0.0124 (0.003) <0.0001 0.0088 (0.005) 0.0098 (0.005) 0.0002
0.002 0.003
7 (1.1) 2(0.3) 9 (2.6) 2(0.6)
8 (1.3) 6 (1.0) 3(0.9) 4(1.1)
24 (3.9) 21 (3.4) 26 (7.4) 25 (7.1)
120 (19.6) 90 (14.7) 95 (27.1) 64 (18.3)
258 (42.1) 242 (39.5) 95 (27.1) 124 (35.4)
196 (32.0) 252 (41.1) 122 (34.9) 131 (37.4)
0.0097 (0.003) 0.0102 (0.003) 0.0003 0.0102 (0.004) 0.0110 (0.003) 0.0005

*From paired t-test and conditional logistic regression for continuous and categorical variables, respectively.

®Samples where antibody response was still detected at the final dilution were imputed to 1:9720.

https://doi.org/10.1371/journal.pone.0306953.t002

statistically significant difference (113 days for cases and 129 days for controls, p<0.001)
(Table 1) due to being matched on intervals as described previously in the methods. Compared
to cases, controls had a higher percentage of individuals at the highest imputed end titer level
(1:9720) (RBD: 40.0% vs. 34.0%; S2: 37.4% vs. 34.9%) and had higher mean AUC values for
RBD (0.0098 vs. 0.0088) and S2 (0.0110 vs. 0.0102) (Table 2 and S2 Fig). Demographic infor-
mation stratified by vaccination status can be found in the supplemental material (S1 and S2

Tables).

In unadjusted and adjusted conditional logistic regression models stratified by vaccination
status, the strongest protective effects of humoral antibody levels against reinfection were
noted among those with a third dose of vaccine; among those unvaccinated or with two doses
of vaccine, protective effects of antibody levels were suggested but statistical significance was
not consistent across all groups. Likelihood ratio tests assessing the interaction between vacci-
nation status and antibody titers had p-values of 0.12 and 0.07 for RBD and S2 end titer,
respectively, indicating evidence of a potential difference by vaccination status. For unvacci-
nated individuals, each three-fold increase in RBD and S2 end titer value was estimated to
reduce the odds of reinfection by 23% and 18%, respectively, although the estimate for S2 was
not statistically significant (RBD aOR: 0.77, 95% CI: [0.65, 0.92]; S2 aOR: 0.82, 95% CI: [0.64,
1.04]) (Table 3). For unvaccinated individuals, compared to an RBD end titer value of 1:60,
risk was reduced by 50% between end titer values of 1:540 and 1:1620, respectively (Fig 4).

For individuals vaccinated with two doses of vaccine following their first infection, each
three-fold increase in RBD and S2 end titer value was estimated to reduce the odds of reinfec-
tion by 27% and 16%, respectively; however, both of these estimates were not statistically sig-
nificant (RBD aOR: 0.73, 95% CI: [0.44, 1.21]; S2 aOR: 0.84, 95% CI: [0.54, 1.30]) (Table 3).
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Table 3. Unadjusted and adjusted odds ratios (ORs) generated by conditional logistic regression models for a nested sample of individuals with first-time post-vac-
cination infection following third COVID-19 origin strain WA-1 monovalent mRNA vaccine dose and matched controls (n = 1226) and for a nested sample of indi-
viduals with reinfection and matched controls, stratified by vaccination status (n = 700) from the HEROES/RECOVER prospective cohort of frontline workers.

Study Sample N Outcome Predictor RBD S2
Unadjusted OR Adjusted OR Unadjusted OR Adjusted OR
(95% CI) (95% CI) (95% CI) (95% CI)

Never Infected, 1226 Post-Vaccination End Titer 0.82 (0.68, 0.98)* 0.79 (0.66, 0.96)* 0.74 (0.63, 0.87)* 0.75 (0.63, 0.88)*
3 doses origin strain WA-1 Omicron Infection | Ayc 0.78 (0.69, 0.88)* | 0.77 (0.67,0.88)* | 0.80 (0.70,0.90)* | 0.79 (0.69,0.90)*
monovalent mRNA vaccine®

Prior Infection, 314 Reinfection End Titer 0.77 (0.66,0.91)* 0.77 (0.65, 0.92)* 0.80 (0.63,1.01) 0.82 (0.64, 1.04)
Unvaccinated” AUC 0.63 (0.46, 0.88)* 0.64 (0.44, 0.93)* 0.75 (0.59, 0.96)* 0.72 (0.54, 0.94)*
Prior Infection + 190 Reinfection End Titer 0.75 (0.47, 1.21) 0.73 (0.44, 1.21) 0.89 (0.59, 1.35) 0.84 (0.54, 1.30)
2 doses origin strain WA-1 AUC 0.86 (0.56, 1.32) 0.91 (0.55, 1.50) 0.83 (0.58, 1.19) 0.91 (0.61, 1.34)
monovalent mRNA vaccine®

Prior Infection + 196 Reinfection End Titer 0.39(0.20,0.77)* | 0.42(0.22,0.84)* | 0.41(0.22,0.79)* | 0.41(0.21, 0.80)*
3 doses origin strain WA-1 AUC 0.45(0.25,0.81)* | 0.51(0.28,0.94)* | 0.51(0.32,0.83)* | 0.56(0.34,0.92)*

monovalent mRNA vaccine?

Abbreviations: OR: odds ratio; CI: confidence interval

Adjusted models include age, gender, presence of at least 1 chronic condition, weekly exposure to individuals infected with SARS-CoV-2, personal protective equipment
(PPE) usage at work and in the community.

Odds ratio represents odds of being a case for each 3-fold increase in end titer.

Cases were defined as individuals who became infected with Omicron after receiving three origin strain WA-1 monovalent COVID-19 vaccine doses and no prior
infections. Cases and controls were matched on number of days between blood draw and third vaccine dose, and study site.

PCases were defined as individuals who became reinfected with SARS-CoV-2 while unvaccinated. Both cases and controls were unvaccinated at the time of their blood
draw.

“Cases were defined as individuals who became reinfected with SARS-CoV-2. Both cases and controls were unvaccinated at time of initial infection, then received 2
doses of an origin strain WA-1 monovalent COVID-19 vaccine prior to any potential reinfection. Blood draw for both cases and controls occurred after the 2nd dose.
dCases were defined as individuals who became reinfected with SARS-CoV-2. Both cases and controls were unvaccinated at time of initial infection, then received 3
doses of an origin strain WA-1 monovalent COVID-19 vaccine prior to any potential reinfection. Blood draw for both cases and controls occurred after the 3rd dose.

*Statistically significant at alpha = 0.05

https://doi.org/10.1371/journal.pone.0306953.t003

For individuals with three origin strain WA-1 monovalent COVID-19 mRNA vaccine
doses following their first infection, each three-fold increase in RBD and S2 end titer values
reduced the estimated odds of reinfection by 58% and 59%, respectively (RBD aOR: 0.42, 95%
CI: [0.22, 0.84]; S2 aOR: 0.41, 95% CI: [0.21, 0.80]) (Table 3). Compared to RBD and S2 end
titer values of 1:60, risk was reduced by 50% at end titer values between 1:60 and 1:180 for each
(Fig 3). Models including AUC data as our antibody measurement had similar results. Full
results including estimates for all variables included in the models can be found in the supple-
mental material (S5 and S6 Tables).

Discussion

In this analysis of frontline workers from eight US locations, higher levels of RBD antibodies
were associated with protection against first-time post-vaccination infection and reinfection
with Omicron. The risk of first-time post-vaccination infection with Omicron following a
third dose of monovalent mRNA vaccine was reduced by 21% for each three-fold increase in
RBD end titer, with estimated 50% risk reductions achieved at end titers between 1:540 and
1:1620. The magnitude of risk reduction against reinfection depended on vaccination status,
with some evidence that this difference was significant based on p-values from likelihood ratio
tests of 0.12 and 0.07 for RBD and S2 end titers, respectively. For unvaccinated individuals
with a prior infection, a 3-fold increase in RBD reduced reinfection risk by 23%. There were
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RBD End Titer S2 End Titer

Percent Reduction in Risk

60 180 540 1620 4860 9720 60 180 540 1620 4860 9720

End Titer
= = 50% Reduction in Risk == 95% CI — Percent Reduction in Risk

Fig 3. Adjusted relative risk reduction for first-time post-vaccination infection with Omicron following a third dose of an origin strain WA-1
monovalent mRNA COVID-19 vaccine among frontline workers in the HEROES/RECOVER cohort with 95% confidence intervals using an end titer
level of 1:60 as the reference. Samples where antibody response was still detected at the final dilution were imputed to 1:9720. The estimated percent reduction
was 50% near the 1:1620 dilution for RBD and between the 1:540 and 1:1620 dilution for S2.

https://doi.org/10.1371/journal.pone.0306953.g003

no statistically significant protective effects for those with a previous infection and two origin
strain WA-1 monovalent COVID-19 mRNA doses following infection. However, for individu-
als with three vaccine doses following their first infection, a 3-fold increase in RBD end titer
value reduced reinfection risk by 58%, with estimated 50% reductions in SARS-CoV-2 reinfec-
tion risk occurring at end titers between 1:60 and 1:180. The protective effect of higher anti-
body levels was robust in those with a third dose of vaccine, regardless of previous infection
status. However, those with previous infection showed a 50% reduction in risk at lower titers
compared to those who were not previously infected, though we could not test this difference
for statistical significance [4].

These findings build on previous literature reporting correlates of protection against
SARS-CoV-2 infection in different populations and at different points during the pandemic.
Early vaccine efficacy trials in the US found higher post-vaccination end titers in vaccine recip-
ients to be associated with higher vaccine efficacy [2]. Similarly, early SARS-CoV-2 post-vacci-
nation infections associated with the Alpha variant among healthcare workers in Israel who
received two doses of the BNT162b2 vaccine were associated with lower neutralizing antibody
titers in the peri-infection period [20]. In a household transmission study of Delta variant
infections among individuals who received one or two doses of the BNT162b2 vaccine, both
quantitative ELISA and neutralizing antibody titers were protective against secondary Delta
infection, with titers over 1:1000 providing an immunologic threshold for protection [21].
Other studies examining the role of antibody levels and functional protection against Omicron
infection among individuals who had previously received an mRNA vaccine have shown
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Fig 4. Adjusted relative risk reduction
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in reinfection with Omicron among frontline workers in the HEROES/RECOVER cohort infection by humoral

antibody titer levels with 95% confidence intervals® using end titer level of 1:60 as the reference and stratified by number of origin strain WA-1
monovalent mRNA COVID-19 vaccine doses. Samples where antibody response was still detected at the final dilution were imputed to 1:9720. Among
unvaccinated individuals, the estimated percent reduction was 50% between the 1:540 and 1:1620 dilution for RBD. Among individuals with 3 prior COVID-19
vaccine doses, the estimated percent reduction was 50% between the 1:60 and 1:180 dilution. “95% confidence interval only available for models with a
statistically significant coefficient for end titer when alpha is 0.05.

https://doi.org/10.1371/journal.pone.0306953.9004

mixed results [22, 23]. One potential explanation as to why serologic antibody levels could be
less protective against Omicron infection is that, compared to previous variants, Omicron is
relatively confined to the upper respiratory tract and therefore higher mucosal antibody
threshold levels could be required to prevent infection [24]. This provides a potential explana-
tion for why 50% risk reductions in this study were achieved at higher end titer levels for indi-
viduals with three vaccines and no previous infection compared to lower titer levels for those
with a previous infection followed by three vaccine doses. These findings in combination with
previous studies underscore the importance of considering both vaccination and infection his-
tory, as well as number of immune conferring events, when estimating functional protection
against SARS-CoV-2 infection [25-29].

This study is subject to several limitations. First, because the semi-quantitative ELISA
assessed only five dilutions, and many individuals had an immune response at the highest dilu-
tion, ability to differentiate individuals with a response above the highest dilution is limited.
Additionally, treating this outcome as a continuous measure assumes linearity in the log-odds
for each 3-fold increase in titer level. However, our models with AUC as the outcome, which is
less sensitive to any potential ceiling effects, had similar results to the models using end titer
data (S3 and S5 Tables), which helps confirm our end titer results [30]. Second, neutralizing
antibodies are typically the gold standard in assessing correlates of protection, and for these
analyses, a surrogate measure of semi-quantitative ELISA was used. However, antibodies mea-
sured via the semi-quantitative ELISA assay used in this study are known to correlate closely
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with neutralization of live SARS-CoV-2 virus [17, 31]. We only ran ELISAs against the origin
strain WA-1 strain of SARS-CoV-2, meaning that specific antibodies against the Omicron var-
iant may differ from the results found here. Third, although the reinfection study data were
matched on the interval between the most recent immune conferring event (first infection or
vaccination) and blood draw, the residual differences in those times between the cases and
controls may have provided some residual confounding. Additionally, differences in mean
time intervals between the two analytic samples, as well as waning antibodies for samples that
were further away from the previous immune-conferring event, may affect direct comparisons
in results. Fourth, the HEROES/RECOVER cohort consists of frontline workers, and therefore
these findings may not be generalizable beyond relatively healthy populations and populations
with regular exposure to SARS-CoV-2. Due to this healthy population, we were unable to eval-
uate severe disease as an outcome. Finally, participants are subject to misclassification when
determining eligibility for the two case-control cohorts and case or control status. Since we
were limited to using RBD and S2 when determining prior infection at baseline, we solely
relied on self-reported data for individuals who were vaccinated at baseline, and misclassifica-
tion could occur if any of these participants incorrectly reported or failed to report a pre-study
infection. Strengths of this study include its large sample size, its representativeness of His-
panic/Latino populations consistent with US demographic trends, and weekly active surveil-
lance for infections regardless of symptoms.

In a population of frontline workers with diverse immunological histories, those with
higher antibody levels had consistently lower risk of Omicron infection. Antibody correlates
of protection against first-time post-vaccination infection and reinfection could be estimated
for individuals who had received a third dose of a vaccine: odds of first-time post-vaccination
infection were reduced by 21% for each 3-fold increase in RBD end titers, while the odds of
reinfection were reduced by 58% for each 3-fold increase in RBD end titers for individuals
with three mRNA vaccine doses following their first infection. Although we were able to esti-
mate these reductions separately for each group, we were unable to statistically compare these
two cohorts. Findings underscore the importance of immunologic heterogeneity, and contri-
bution of hybrid immunity, when estimating functional protection against SARS-CoV-2 infec-
tion. Future studies could assess the Omicron-specific correlates of protection using surrogate
or authentic neutralization assays, which could enable more credible interpretations about
functional protection against currently circulating strains, especially with the continued
updates to COVID-19 vaccines [32].

Supporting information

$1 Table. Demographic information for reinfection correlates of protection nested case-
control cohort from AZHEROES/RECOVER, stratified by vaccination status. *All vaccine
doses are monovalent origin strain WA-1 mRNA vaccines. *Other essential workers include
occupation sectors with potentially high exposures to SARS-CoV-2 such as education, agricul-
ture, public transportation services, waste collection, delivery, utilities, community-based ser-
vices, childcare, and others. “Chronic conditions include asthma, chronic lung disease, cancer,
diabetes, heart disease, hypertension, immunosuppression, kidney disease, liver disease, neu-
rologic or neuromuscular disease or disorder, and autoimmune disease. “Participants are
asked “Are you currently taking prednisone or other ongoing steroid medications (excluding
inhaled steroids and one-time injections) or any other medications that may suppress your
body’s ability to fight infection?”. “ICE (immune conferring event) is the third vaccine dose for
the first-time post-vaccination infection with Omicron cohort and the 3 dose strata within the
reinfection cohort, the second vaccine dose for the 2 dose strata within the reinfection cohort,
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and the initial SARS-CoV-2 infection for the unvaccinated strata within the reinfection cohort.
*Exposure to individuals infected with SARS-CoV-2. 8Reported personal protective equipment
(PPE) adherence at work was defined as the percentage of time in which an individual uses the
PPE recommended by their employer when in direct contact with people.

(DOCX)

S2 Table. Count and descriptive statistics of quantitative antibody results for reinfection
correlates of protection cohort from AZHEROES/RECOVER, stratified by vaccination sta-
tus.

(DOCX)

§3 Table. Results from conditional logistic regression model with RBD and S2 AUC values
for first-time post-vaccination infection with Omicron following third COVID-19 origin
strain WA-1 monovalent mRNA vaccine dose correlates of protection cohort from
AZHEROES/RECOVER (n = 1226). Abbreviations: OR: odds ratio; CI: confidence interval.
Odds ratio represents odds of being a case for each standard deviation increase in AUC. Cases
were defined as individuals who became infected with Omicron after receiving three origin
strain WA-1 monovalent COVID-19 vaccine doses and no prior infections. Cases and controls
were matched on number of days between blood draw and third vaccine dose, and study site.
*Statistically significant at alpha = 0.05.

(DOCX)

S4 Table. Results from conditional logistic regression model with RBD and S2 AUC values
for the reinfection correlates of protection cohort from HEROES/RECOVER. Abbrevia-
tions: OR: odds ratio; CI: confidence interval. Odds ratio represents odds of being a case for
each standard deviation increase in AUC. *Cases were defined as individuals who became rein-
fected with SARS-CoV-2 while unvaccinated. Both cases and controls were unvaccinated at
the time of their blood draw. Cases were defined as individuals who became reinfected with
SARS-CoV-2. Both cases and controls were unvaccinated at time of initial infection, then
received 2 doses of an origin strain WA-1 monovalent COVID-19 vaccine prior to any poten-
tial reinfection. Blood draw for both cases and controls occurred after the 2nd dose. “Cases
were defined as individuals who became reinfected with SARS-CoV-2. Both cases and controls
were unvaccinated at time of initial infection, then received 3 doses of an origin strain WA-1
monovalent COVID-19 vaccine prior to any potential reinfection. Blood draw for both cases
and controls occurred after the 3rd dose. At least one chronic condition versus no chronic
conditions. “Above cohort mean versus below cohort mean. *Statistically significant at

alpha = 0.05.

(DOCX)

S5 Table. Unadjusted and adjusted odds ratios (ORs) generated by conditional logistic
regression models for a nested sample of individuals with first-time post-vaccination
infection with Omicron following third COVID-19 origin strain WA-1 monovalent
mRNA vaccine dose and matched controls from the HEROES/RECOVER prospective
cohort of frontline workers (n = 1226). Abbreviations: OR: odds ratio; CI: confidence inter-
val. Odds ratio represents odds of being a case for each 3-fold increase in end titer. Cases were
defined as individuals who became infected with Omicron after receiving three COVID-19
vaccine doses. Cases and controls were matched on number of days between blood draw and
third vaccine dose, and study site. *At least one chronic condition versus no chronic condi-
tions. "Above cohort mean versus below cohort mean. *Statistically significant at alpha = 0.05.
(DOCX)
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S6 Table. Unadjusted and adjusted odds ratios (ORs) generated by conditional logistic
regression models for a nested sample of individuals with reinfection and matched con-
trols, stratified by vaccination status, from the HEROES/RECOVER prospective cohort of
frontline workers (n = 740). Abbreviations: OR: odds ratio; CI: confidence interval. Odds
ratio represents odds of being a case for each 3-fold increase in end titer. *Cases were defined
as individuals who became reinfected with SARS-CoV-2 while unvaccinated. Both cases and
controls were unvaccinated at the time of their blood draw. "Cases were defined as individuals
who became reinfected with SARS-CoV-2. Both cases and controls were unvaccinated at time
of initial infection, then received 2 doses of an origin strain WA-1 monovalent COVID-19 vac-
cine prior to any potential reinfection. Blood draw for both cases and controls occurred after
the 2nd dose. “Cases were defined as individuals who became reinfected with SARS-CoV-2.
Both cases and controls were unvaccinated at time of initial infection, then received 3 doses of
an origin strain WA-1 monovalent COVID-19 vaccine prior to any potential reinfection.
Blood draw for both cases and controls occurred after the 3rd dose. ‘At least one chronic con-
dition versus no chronic conditions. “Above cohort mean versus below cohort mean. *Statisti-
cally significant at alpha = 0.05.
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