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Background: Monitoring the effectiveness of COVID-19 vaccines against SARS-CoV-2 infections remains
important to inform public health responses. Estimation of vaccine effectiveness (VE) against serological
evidence of SARS-CoV-2 infection might provide an alternative measure of the benefit of vaccination
against infection.
Methods: We estimated mRNA COVID-19 vaccine effectiveness (VE) against development of SARS-CoV-2
anti-nucleocapsid antibodies in March–October 2021, during which the Delta variant became predomi-
nant. Participants were enrolled from four participating healthcare systems in the United States, and
completed electronic surveys that included vaccination history. Dried blood spot specimens collected
on a monthly basis were analyzed for anti-spike antibodies, and, if positive, anti-nucleocapsid antibodies.
We used detection of new anti-nucleocapsid antibodies to indicate SARS-CoV-2 infection, and estimated
VE by comparing 154 case-participants with new detection of anti-nucleocapsid antibodies to 1,540
seronegative control-participants matched by calendar period. Using conditional logistic regression, we
estimated VE � 14 days after the 2nd dose of an mRNA vaccine compared with no receipt of a
COVID-19 vaccine dose, adjusting for age group, healthcare worker occupation, urban/suburban/rural
residence, healthcare system region, and reported contact with a person testing positive for SARS-CoV-2.
Results: Among individuals who completed a primary series, estimated VE against seroconversion from
SARS-CoV-2 infection was 88.8% (95% confidence interval [CI], 79.6%–93.9%) after any mRNA vaccine,
87.8% (95% CI, 75.9%–93.8%) after BioNTech vaccine and 91.7% (95% CI, 75.7%–97.2%) after Moderna vac-
cine. VE was estimated to be lower � 3 months after dose 2 compared with < 3 months after dose 2, and
among participants who were older or had underlying health conditions, although confidence intervals
overlapped between subgroups.
Conclusions: VE estimates generated using infection-induced antibodies were consistent with published
estimates from clinical trials and observational studies that used virologic tests to confirm infection dur-
ing the same period. Our findings support recommendations for eligible adults to remain up to date with
COVID-19 vaccination.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Background

Following the introduction of mRNA COVID-19 vaccines, esti-
mated vaccine effectiveness (VE) against symptomatic SARS-CoV-
2 infection (COVID-19) based on observational studies was similar
to vaccine efficacy reported from the original clinical trials [1].
However, VE has declined over time, because of a combination of
waning vaccine-induced immunity within individuals, and
reduced protection against SARS-CoV-2 variants [1,2]. Continued
monitoring of VE is needed to assess the ongoing benefit of
COVID-19 vaccination, including the benefit of additional or boos-
ter doses, and among population subgroups.

Although protection against severe illness is most critical for
individuals, monitoring VE against any SARS-CoV-2 infection
remains important because even mild infections can result in
transmission to others [3], and result in post-acute sequelae [4].
However, accurately assessing VE against any infection depends
on testing practices, which may change over time and can vary
by vaccination status, and reliable estimates of VE against asymp-
tomatic infection are generally limited to cohort studies that
include routine testing of asymptomatic persons [5]. Assessment
of asymptomatic infection generally requires consistent routine
testing of asymptomatic persons in the population, or cohort stud-
ies with intensive follow-up testing.

The use of infection-induced seroconversion is a potential addi-
tional approach to virological testing in estimating VE against
SARS-CoV-2 infection. Since mRNA COVID-19 vaccines elicit anti-
bodies against the SARS-CoV-2 spike protein but not the nucleo-
capsid protein, serologic assays for anti-nucleocapsid antibodies
can be used to distinguish serologic evidence of SARS-CoV-2 infec-
tion from vaccination. Several platforms have been established as
part of responses to COVID-19 to monitor SARS-CoV-2 seropreva-
lence in the community [6]. We estimated VE against new SARS-
CoV-2 infection using data from a cohort study of healthcare sys-
tem users who participated in serial serology testing.
2. Methods

2.1. Study design

We performed a nested case-control analysis of data collected
in four healthcare systems as part of a prospective cohort study
cohort. Case-participants with serological evidence of SARS-CoV-
2 infection during March–October 2021 were matched 1:10 to
control-participants without serologic evidence of infection during
the same period. We restricted the analysis to March 2021
onwards to include a period in which second mRNA doses were
widely available. To estimate VE against SARS-CoV-2 infection
using serologic data, we compared cases (with serologic evidence
of new SARS-CoV-2 infection) to controls (without serologic evi-
dence of any SARS-CoV-2 infection) by previous vaccination status,
accounting for differences in other characteristics. We opted for a
case-control rather than cohort-based analysis to allow simplifica-
tion of assumptions about person-time in the context of uncertain
timing of infection as ascertained by seroconversion. By condition-
ing on serology results, this approach was also designed to limit
potential selection bias related to use and return of serology kits
by study participants [7].
2.2. Study participants

Participants were enrolled in the COVID-19 Community
Research Partnership (COVID-19 CRP), a multi-site cohort study
in the United States [8,9]. Persons affiliated with 10 participating
healthcare systems were invited to enroll in the study, including
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patients and staff based at clinical facilities; other community
members were invited to participate via patient portals, public
websites, or community outreach [8]. Participant follow-up
included a daily electronic survey, and permission to access elec-
tronic health record (EHR) data. At six participating healthcare sys-
tems during November 2020–October 2021, adults aged � 18 years
from a demographically representative subgroup of participants
were invited to contribute monthly dried blood spot (DBS) speci-
mens for serology testing. The current analysis was limited to par-
ticipants enrolled at the four of these six healthcare systems:
University of Maryland and Medstar Health (defined as ‘Mid-
Atlantic’ sites), or Atrium Health and Wake Forest Baptist Health
(defined as ‘Southeast’ sites). The other two sites included <2% of
participants in the serology component, and were excluded from
the analysis due to small sample size.

2.3. Data collection

Daily electronic surveys solicited for presence of any symptoms
of COVID-19-like illness, contact with a person with COVID-19, and
receipt of any COVID-19 vaccination (Supplementary Box 1). Vacci-
nation status was ascertained using a combination of self-reported
data from the daily survey and a supplemental survey that
replaced vaccine questions in the daily survey during September
2021, and included date, dose, and product of any COVID-19 vac-
cine received (Supplementary Box 2). For a subset of participants
with vaccination information available in the EHR, EHR informa-
tion concerning a particular dose was used instead if that dose
was reported in the EHR but not in the survey. An enrollment sur-
vey was used to collect additional information concerning demo-
graphic factors (Supplementary Box 3); underlying health
conditions were determined if reported from electronic surveys
and/or EHR data (Supplementary Table 1, Supplementary Table 2).
We classified counties of residence as urban, rural, or suburban
based on population density from various sources (Supplementary
Box 4). For serology testing, participants were asked to perform at-
home specimen collection using Whatman 5-spot DBS card, which
were requested to be returned monthly for laboratory analysis. All
viable specimens received were evaluated for anti-spike antibody
using a Euroimmun qualitative assay for SARS-CoV-2 anti-spike
IgG [10]; any specimen with a positive result was reflexed to test
for anti-nucleocapsid antibody using a qualitative Roche pan-Ig
assay [11]. Both serologic assays used were internally validated
for use with DBS cards, consistent with others’ evaluation of the
Euroimmun assay [12].

2.4. Analysis definitions

Participants were eligible for inclusion in the analysis if all of
the following criteria were met: 1) age � 18 years; 2) there was
no self-reported previous SARS-CoV-2 infection from the electronic
survey on or before the day of the first available study serology test
result; 3) a SARS-CoV-2 serology result indicating no serologic evi-
dence of SARS-CoV-2 infection was collected during March 1,
2021–October 20, 2021; and 4) a subsequent serology test result
was available for a specimen collected during the 90 days after
the specimen collection date of the initial serology test. We consid-
ered results to indicate no serologic evidence of SARS-CoV-2 infec-
tion if negative for anti-spike antibody (indicating no evidence of
infection or vaccination), or positive for anti-spike antibody but
negative for anti-nucleocapsid antibody (indicating no evidence
of infection). We defined seroconversion from SARS-CoV-2 infec-
tion as new detection of anti-nucleocapsid antibody following a
previous result that indicated no serologic evidence of infection.

To account for changes in the probability of SARS-CoV-2 infec-
tion over calendar time, each case-participant was matched to 10



Table 1
Characteristics of participants with and without serologic evidence of SARS-CoV-2 infection.

Serologic evidence of new SARS-CoV-2
infection
(case-participants, N = 154)a

No serologic evidence of new SARS-CoV-2
infection
(control-participants, N = 1,540)a

p-
valueb

Age in years <

0.001
18–34 24 (15.6%) 130 (8.4%)
35–49 50 (32.5%) 353 (22.9%)
50–64 41 (26.6%) 434 (28.2%)
�65 39 (25.3%) 623 (40.5%)
Sex 0.698
Female 98 (63.6%) 950 (61.7%)
Male 56 (36.4%) 590 (38.3%)
Race and ethnicityc 0.502
Non-Hispanic, White 129 (83.8%) 1,312 (85.2%)
Non-Hispanic, Black 10 (6.5%) 94 (6.1%)
Hispanic 8 (5.2%) 47 (3.1%)
Non-Hispanic, Other 7 (4.5%) 87 (5.6%)
Education Level 0.236
College Degree 115 (75.7%) 1,210 (80.1%)
No College Degree 37 (24.3%) 301 (19.9%)
Healthcare worker <0.001
No 102 (66.2%) 1,278 (83.0%)
Yes 52 (33.8%) 262 (17.0%)
County classificationd 0.051
Rural 42 (27.3%) 359 (23.3%)
Suburban 52 (33.8%) 423 (27.5%)
Urban 60 (39.0%) 758 (49.2%)
Healthcare system regione <0.001
Mid-Atlantic 64 (41.6%) 893 (58.0%)
Southeast 90 (58.4%) 647 (42.0%)
Month of ‘previous negative’ testf 0.4091

March 2021 20 (13.0%) 189 (12.3%)
April 2021 14 (9.1%) 119 (7.7%)
May 2021 10 (6.5%) 138 (9.0%)
June 2021 8 (5.2%) 106 (6.9%)
July 2021 24 (15.6%) 311 (20.2%)
August 2021 71 (46.1%) 637 (41.4%)
September 2021 7 (4.5%) 40 (2.6%)
Underlying health conditionsg 0.851
0 39 (25.3%) 358 (23.3%)
1 40 (26.0%) 412 (26.8%)
>1 75 (48.7%) 767 (49.9%)
Recent close contact with COVID-19?h <0.0011

No 73 (47.4%) 1,360 (89.9%)
Yes 81 (52.6%) 152 (10.1%)
Vaccination statusi

Unvaccinated 40 (26.0%) 65 (4.2%) <0.001
�14 days after dose 2 114 (74.0%) 1,475 (95.8%)
Pfizer-BioNTech 91 (79.8%) 935 (63.4%) <0.001
Moderna 23 (20.2%) 540 (36.6%)
Median days (interquartile range) between two included

serology tests
31 (27, 37) 29 (26,36) 0.047

a. No. (%) are shown unless otherwise stated. New serologic evidence of SARS-CoV-2 infection was defined as a positive anti-nucleocapsid antibody following a negative
serology test result; the absence of SARS-CoV-2 infection was indicated by a negative anti-spike antibody, or negative anti-nucleocapsid antibody.
b. P-values from Pearson’s Chi-squared tests for categorical variables and Welch’s two sample t-test for continuous variables.
c. ‘Other’ included ‘American Indian or Alaska Native’, and ‘Asian or Pacific Islander’.
d. Counties were categorized as rural, urban or suburban based on estimated population density (see Supplementary Box 4).
e. University of Maryland and Medstar Health (based in Maryland and the District of Columbia) were defined as ‘Mid-Atlantic’ sites; Atrium Health and Wake Forest Baptist
Health (based in North Carolina) were defined as ‘Southeast’ sites.
f. ‘Previous negative’ test defined as a serology test indicating no evidence of SARS-CoV-2 infection that was followed by a subsequent positive test (case-participants) or a
further negative test (control-participants).
g. Underlying health conditions were defined using electronic health information or self-reported conditions as part of survey responses.
h. Self-reported contact with a person with COVID-19 during the 14 days before the previous negative test was based on the daily survey.
i. Vaccination status was defined on the date of the ‘previous negative’ serology test. Among 114 case-participants who received dose 2 � 14 days previously, 35 (30.7%)
received dose 2 < 3 months previously, 59 (51.8%) received dose 2 4–6 months previously, and 20 (17.5%) received dose 2 > 6 months previously; among 1,490 control-
participants who received dose 2 � 14 days previously, 609 (40.9%) received dose 2 < 3 months previously, 804 (54.0%) received dose 2 4–6 months previously, and 77 (5.2%)
received dose 2 > 6 months previously.
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control-participants with a serology specimen collected within
14 days of the ‘previous negative’ date for the case-participants,
and with at least one subsequent serology result (indicating that
seroconversion had not occurred, Supplementary Box 5).
Participants were eligible to be controls only if there was serologic
2598
evidence of no SARS-CoV-2 infection, and no self-reported positive
viral test, at any point during follow-up. To account for multiple
negative serology tests available for matching for each control-
participant, we used an optimal matching algorithm that selected
each control with the closest available calendar date for a test,
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without replacement [13]. For analysis purposes, we considered
the ‘previous negative’ serology result that preceded a subsequent
positive serology result to represent the approximate date of infec-
tion for case-participants; we used the date of the equivalent ‘pre-
vious negative’ result as the index date for control-participants.

Vaccination status was defined on this index date as ‘two doses’
if a second mRNA vaccine dose1 was administered �14 days previ-
ously, and ‘unvaccinated’ if no vaccine dose had been received. Par-
ticipants were excluded if they had received a vaccine dose <14 days
previously, they had received a non-mRNA vaccine dose, vaccination
status changed between the ‘previous negative’ and subsequent
serology, they had received only 1 vaccine dose, or if they had
received more than 2 vaccine doses. Participant characteristics were
also defined based on the ‘previous negative’ date; ‘reported COVID-
19 exposure’ was defined as any known close contact with a person
with COVID-19 in the 14 days before the ‘previous negative’ date.
We considered seroconversion to be ‘symptomatic’ if between
14 days before the date of the previous negative test and the date
of the subsequent positive serology test result, participants reported
any of the following symptoms: fever, chills, cough, shortness of
breath, fatigue, muscle pain, headache, loss of taste/smell, sore
throat, congestion/runny nose, nausea/vomiting, or diarrhea.

2.5. Estimation of VE

After matching case- and control-participants, we estimated VE
as 100% multiplied by the reciprocal of the odds ratio comparing
the odds of having received 2 doses by case/control status, using
conditional logistic regression to account for matching by calendar
time. In multivariable models, we adjusted for several additional
factors in the models that were hypothesized to lead to differential
risk of exposure to SARS-CoV-2, and that also differed between case
and control participants: age group (18–49, >50 years), health care
worker occupation (yes, no), healthcare system region (Mid-
Atlantic, Southeast), county type (rural, suburban, urban), and
reported close contact with a person with COVID-19 in the 14 days
before the ‘previous negative’ date. We estimated VE overall, and
by product, age group, and months since dose 2 (<3 months
or�3months).We also estimated VE bywhether infection occurred
during the pre-Delta period (defined as March 1, 2021–June 30,
2021) or theDelta period (defined as July 1, 2021–October 31, 2021).

For our primary analysis we assumed that infection occurred on
the date of the negative test that preceded a serology result indi-
cating new infection. Since some participants might have had
infection even earlier than the ‘previous negative’ date, we
assessed robustness of our definition by performing a sensitivity
analysis using an alternative definition of infection as 14 days
before the ‘previous negative’ collection date (with exposure peri-
ods redefined accordingly). We also repeated VE estimates limited
to symptomatic infection. We performed supportive analyses to
assess the performance of serology compared with self-reported
infection between 14 days before the previous negative serology
test and more than 14 days before the subsequent serology test.
We assessed whether eligible control-participants had self-
reported a positive swab, and whether seropositivity after self-
reported infection differed by vaccination status. To estimate the
effect on VE of misclassification of SARS-CoV-2 infection by using
serologic evidence as a proxy, we calculated hypothetical VE
assuming different values of specificity and sensitivity for serology
as a proxy for SARS-CoV-2 infection. Finally, we assessed whether
1 An mRNA COVID-19 vaccine dose was defined as receipt of Pfizer-BioNTech
COVID-19 vaccine or Moderna COVID-19 vaccine. For recommended administration
of these vaccines, see https://www.fda.gov/emergency-preparedness-and
response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid
19.
-
-
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case-participants remain seropositive on subsequent serology
results. All statistical analyses were performed using R Statistical
Software (version 4.0.3; R Foundation for Statistical Computing,
Vienna, Austria).

The study was reviewed and approved by theWake Forest Insti-
tutional Review Board (IRB), which served as the central IRB for
this study (See 45C.F.R. part 46; 21C.F.R. part 56).
3. Results

3.1. Study participants

Among 19,235 participants who were allocated serology test
kits from March 1 to October 20, 2021, 14,255 had at least two
serology test results from specimens collected � 90 days apart.
Participants with at least 2 serology test results were more likely
to be older, male, non-Hispanic White, to live in a suburban county,
and less likely to be a healthcare worker (Supplementary Table 3).
After applying exclusion criteria, 154 eligible case-participants
were matched to 1,540 of 9,186 (16.7%) eligible control-
participants (Fig. 1). Among the 1,694 case- and control-
participants, 1691 (99.8%) had vaccination information from either
survey, and 261 (15.4%) had EHR information. For three partici-
pants, vaccination status was based on EHR information alone
(Supplementary Table 4).

3.2. Characteristics of case- and control-participants

Participants with seroconversion from SARS-CoV-2 infection
were more likely to be younger, to be a healthcare worker, to reside
in a county classified as rural or suburban, and to use a healthcare
system in the southeast region, compared with control-
participants without seroconversion from SARS-CoV-2 infection
(Table 1). Case-participants were also more likely than control-
participants to report close contact with a person with SARS-
CoV-2. Several other characteristics were similar, including the
prevalence of underlying health conditions (Table 1, Supplemen-
tary Table 2).

3.3. Estimation of vaccine effectiveness

Overall, 114 (74.0%) of all case-participants had received dose 2
of an mRNA vaccine � 14 days earlier, of whom 91 (79.8%) had
received Pfizer-BioNTech and 23 (20.2%) received Moderna vac-
cine. Among control-participants, 1,475 (95.8%) received dose 2
of an mRNA vaccine � 14 days earlier, of whom 935 (63.4%) had
received Pfizer-BioNTech and 540 (36.6%) had received Moderna
vaccine (Table 1). Using conditional logistic regression, overall VE
against seroconversion from SARS-CoV-2 infection by any mRNA
vaccine was 91.0 (85.0–94.6) unadjusted, and 88.8% (95% CI,
79.6%–93.9%) when adjusted for covariates. Adjusted VE was
87.8% (95% CI, 75.9%–93.8%) with Pfizer-BioNTech vaccine, and
91.7% (95% CI, 75.7%–97.2%) with Moderna vaccine. VE estimates
were slightly higher during the pre-Delta period (93.2%, 95% CI
80.9%–97.5%) compared with the Delta period (89.0%, 95% CI
72.0%–95.6%). Estimated VE was lower if there was �3 months
since dose 2 (81.6%, 95% CI 56.6%–92.2%) compared
with <3 months since dose 2 (93.5%, 95% CI 83.8%–97.4%); if
age �50 (75.9%, 95% CI 36.3%–90.9%) compared with younger age
groups (95.2%, 95% CI 83.9%–98.6%); and if >1 underlying health
condition (85.9%, 95% CI 52.2%–95.9%) compared with no underly-
ing health condition (93.9%, 95% CI 45.1–99.3) or one underlying
health condition (89.7%, 95% CI 36.3%–98.3%). However, all of these
estimates were similar, with overlapping confidence intervals
(Table 2).

https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/counterterrorism-and-emerging-threats/coronavirus-disease-2019-covid-19


Fig. 1. Participants of the COVID-19 Community Research Partnership Study included in analysis of vaccine effectiveness using serologic data. a. Among 29,187 adults
enrolled in the study via one of the 4 included health systems in this analysis, 27,535 did not report a previous COVID-19 diagnosis at the time of study enrollment. Of these,
19,235 were sent at least one serology kit between March 1, 2021 and October 31, 2021, and 17,235 returned one or more serology dried blood spot specimens. b. Among
16,675 participants who returned �1 serology kits after March 1, 2021, 15,125 returned at least 2 serology kits. c. Among the 676 participants excluded, 625 were excluded
because they only received one dose or a non-mRNA vaccine; the remaining 51 participants had an unknown vaccination status. d. Test kit results were excluded based on the
timing of vaccination status if a participant was categorized as ‘‘partially vaccinated” or having received a third dose at the collection date for the previous negative test.
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3.4. Additional analyses

Sensitivity analyses assessing VE against symptomatic serocon-
version or assuming infection occurred 14 days before the ‘previ-
ous negative’ date produced similar estimates of VE
(Supplementary Table 5). We also examined the relationship
between the serologic endpoint of infection and the timing of
self-reported positive virologic test results. Among case-
participants who reported a positive virologic test between 28 days
before the ‘previous negative’ serology result and the subsequent
positive result, 92/92 (100%) participants reported that the viro-
logic test was on or after 14 days before the ‘previous negative’,
and 91/94 (97%) participants reported that the test was >14 days
2600
before the ‘subsequent positive’ serology test (Supplementary
Table 6). Among eligible control-participants with at least one
self-reported virologic test result that was between 14 days before
a negative serology test and more than 14 days before the subse-
quent serology test, 2596/2604 (99%) had only negative virologic
test results during this time; those with a positive self-reported
result were excluded from the analysis.

Among participants with at least one self-reported positive
swab during the period from 14 days before a negative serology
result to more than 14 days before a subsequent serology result,
72/91 (79%) had a subsequent serology result consistent with
SARS-CoV-2 infection 30–90 days after the positive swab. Among
participants who were �14 days after a 2nd mRNA vaccine dose



Table 2
Estimated effectiveness � 14 days after 2nd mRNA COVID-19 vaccination against new detection of SARS-CoV-2 anti-nucleocapsid antibody, March–October 2021.

Characteristic Case-participantsa Control-participantsa VE (95% CI)
Unadjustedb

Case-participantsa Control-participantsa VE (95% CI)
Adjustedb

By vaccine product
Any mRNA 154 1540 91.0 (85.0–94.6) 154 1512 88.8 (79.6–93.9)
Pfizer-BioNTech 131 1000 89.0 (81.0–93.6) 131 982 87.8 (75.9–93.8)
Moderna 63 605 95.9 (89.4–98.4) 63 595 91.7 (75.7–97.2)
By calendar periodc

Pre-Delta 52 552 93.0 (84.9–96.8) 52 541 93.2 (80.9–97.5)
Delta 102 988 92.5 (83.7–96.5) 102 971 89.0 (72.0–95.6)
By time since dose 2
<3 months 75 686 92.5 (85.1–96.2) 75 675 93.5 (83.8–97.4)
�3 months 119 919 88.0 (75.5–94.2) 119 902 81.6 (56.6–92.2)
By age group (years)
18–49 74 483 93.6 (83.1–97.6) 74 471 95.2 (83.9–98.6)
�50 80 1057 81.0 (55.7–91.8) 80 1041 75.9 (36.3–90.9)
By underlying health conditiond

0 39 358 92.6 (65.3–98.4) 39 352 93.9 (45.1–99.3)
1 40 412 84.4 (49.2–95.2) 40 403 89.7 (36.3–98.3)
>1 75 767 85.0 (63.8–93.8) 75 757 85.9 (52.2–95.9)

a. Case-participants had new serologic evidence of SARS-CoV-2 infection, defined as a positive anti-nucleocapsid antibody following a negative serology test result; control-
participant had serologic evidence of no infection, indicated by a negative anti-spike antibody, or negative anti-nucleocapsid antibody.
b. Vaccine effectiveness (VE) was estimated as 100- (100 � odds ratio) with the unvaccinated group as the referent. Conditional logistic regression models accounted for
matching by calendar time and adjusted for region of enrollment site, age, healthcare worker occupation, population density of county of residence, and recent close contact
with COVID-19.
c. Pre-Delta period defined as March 1, 2021–June 30, 2021; Delta period defined as July 1, 2021–October 31, 2021.
d. Defined using self-report and electronic health record information as autoimmune disease, cardiovascular disease, diabetes, immunocompromised state, liver disease,
obesity, pulmonary disease, renal disease, substance abuse, mental health conditions, neurologic disease, sickle cell disease.
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on the day of the initial negative serology, 49/64 (77%) had a sub-
sequent positive serology result; among unvaccinated participants,
23/27 (85%) had a subsequent positive serology result (Supplemen-
tary Table 7).

Under hypothetical conditions, VE against seroconversion from
SARS-CoV-2 infection was similar to unobserved VE against SARS-
CoV-2 infection under the assumption that serology was 99% speci-
fic for self-reported infection and 80% sensitive. VE against sero-
conversion would be higher than VE against infection if
vaccinated persons were less likely to seroconvert. However, the
simulation indicated a minimal difference between unobserved
VE against infection and VE against seroconversion under values
obtained in this study, and modest differences at relatively high
VE values even with substantial differences in seroconversion by
vaccination status (Supplementary Table 8). For participants with
subsequent serology tests after an initial positive anti-
nucleocapsid antibody, approximately 80% remained positive dur-
ing the next 0–60 days (Supplementary Table 9).
4. Discussion

VE of a two-dose mRNA COVID-19 vaccine series against sero-
conversion from SARS-CoV-2 infection was approximately 89%
against any SARS-CoV-2 infection during March–October 2021,
during periods of predominance by pre-Delta and Delta variants.
VE estimates of 88% after Pfizer BioNTech vaccine and 92% after
Moderna vaccine were similar to estimates against symptomatic
infection reported in respective clinical trials [14,15], and to esti-
mates against any infection or asymptomatic infection from sev-
eral observational studies during the same period [1,16,17]. We
found that overall VE estimates were slightly lower (82% vs. 94%)
at least 3 months after dose 2 compared with<3 months after dose
2, consistent with other studies indicating some waning of VE dur-
ing this period [1]. Previous studies have shown lower VE during
the Delta period; lower VE has also been estimated among older
age groups and those with more comorbidities [1,18]. Our findings
are broadly consistent with other studies, although overlapping
confidence intervals preclude definitive comparisons between
subgroups.
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To infer VE against SARS-CoV-2 infection from serologic evi-
dence, several potential limitations need to be addressed. First,
the use of serologic endpoints to estimate VE against SARS-CoV-2
infection could result in misclassification of case- or control-
participants. Seroprevalence studies have used anti-nucleocapsid
antibody as evidence of SARS-CoV-2 infection in the population
[19], and the assays selected are highly specific—99.5% specificity
was estimated for the Roche assay used in the current analysis
[20]. Therefore, seroconversion to anti-nucleocapsid antibody is
unlikely to include false-positive results among case-participants.
Misclassification of seronegative control-participants might also
occur if SARS-CoV-2 infections are not detected by serology. Sensi-
tivity of the Roche anti-nucleocapsid assay is estimated to be
approximately 96%, although effective sensitivity might be lower
in this study because the anti-nucleocapsid assay was only per-
formed after a positive Euroimmun anti-spike assay, which has
an estimated sensitivity of 91% [20]. Even with a slightly lower sen-
sitivity, few individuals with SARS-CoV-2 infection are likely to
have been misclassified as control-participants. Among partici-
pants with self-reported virologic test results, <1% of control-
participants reported a positive virologic test result between
14 days before one negative serology test and more than 14 days
before a subsequent negative serology test, and these participants
were excluded from the analysis.

A second potential challenge in using serologic evidence of
infection as an endpoint for VE arises if vaccination is associated
with decreased seroconversion, which would result in over-
representation of vaccinated individuals among the control-
participants, and an overestimation of VE. This phenomenon has
been reported for influenza vaccines, with less seroconversion after
receipt of an inactivated influenza vaccine, although this was less
of a problem for live attenuated vaccines [21]. For SARS-CoV-2, a
lower rate of seroconversion might be expected after vaccination
since infections after vaccination are generally milder [22], and
milder infections are associated with lower levels of antibody
response [23]. Since neutralizing anti-spike antibodies mediate
vaccine-induced immunity it is also plausible that VE is higher
after seroconversion because individuals who tend to produce
more antibody after infection might also tend to produce more
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protective antibodies after vaccination [24]. A previous study
demonstrated a modest decrease in anti-nucleocapsid antibody
titers following vaccination, but this did not result in a substantial
difference in seropositivity [25]. By contrast, a subsequent study
that included analysis of Moderna vaccine trial data noted serocon-
version after confirmed infection in only 40% of intervention-
recipients compared with 93% of placebo-recipients. This differ-
ence appeared to be mediated by differences in viral load that
might reflect milder infection after vaccination [26].

However, the impact of such a difference might be tempered if
there is limited variation in severity of infection, or if a high pro-
portion of infections result in seroconversion. In the current study,
approximately 79% of participants with a positive virologic test
result seroconverted to a positive anti-nucleocapsid antibody—
77% among vaccinated participants and 85% among unvaccinated
participants. The high ratio of control- to case-participants in the
current analysis also limits the impact of sensitivity on misclassifi-
cation by limiting the proportion of potential ‘false positives’
among control-participants. We estimated that these values would
have minimal effect on estimates under the conditions of this anal-
ysis, and that using parameters from the Moderna vaccine trial
data would also have a modest impact on overall findings.

Third, compared with endpoints using virus detection, serologic
endpoints can present an additional challenge because the timing
of infection is uncertain. In the current study, this uncertainty
was mitigated by collection of serial serology samples, and by
assessing seroconversion rather than only seropositivity. We used
a case-control approach to limit assumptions about person-time at
risk and found that VE estimates were similar under an alternative
assumption that infection occurred 14 days earlier. This also lim-
ited the potential for participants to have been vaccinated after
the date of infection. A related potential limitation is loss of anti-
body detection over time due to waning antibody levels. However,
the sensitivity of many SARS-CoV-2 serologic assays remains stable
over several months, including those used in this study [20]. In our
analysis the time between serologic tests used was usually about
30 days.

Lastly, our analysis is subject to limitations common to other
analyses of VE [27,28]. Estimation of VE assumes that differences
in infection by vaccination status reflect differences in vaccine-
induced immunity rather than exposure or ascertainment that
could otherwise confound the observed association [29]. In addi-
tion to matching by calendar time we were able to account for
measured differences in location, demographic factors and known
contact with a person with COVID-19. Estimates were similar
before and after adjustment, although residual or unmeasured con-
founding could still lead to bias. High vaccination coverage among
participants might have led to bias if the unvaccinated group were
unrepresentative of the population [28]; the limited number of
unvaccinated participants also limited statistical power to com-
pare subgroups. This might have also affected estimates over time.
A separate analysis of the study cohort indicated that during the
Delta period, unvaccinated persons were less likely to wear a mask
[30]—a higher risk of exposure among unvaccinated participants
compared with vaccinated participants might have inflated esti-
mated VE estimates during this period. Conditioning on serology
results from returned tests limited potential selection bias from
differences in return rates. However, lack of representativeness
among participants who returned specimens for serology tests
could limit generalizability to other settings. Other differences
between study participants and the general U.S. population might
limit national representativeness, although VE estimates during
the study period were generally similar among different subgroups
[18]. We also relied on self-reported vaccination status, although
an analysis of study data indicated more than 90% concordance
for reported vaccination timing between EHR and self-report, and
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more than 98% concordance for vaccine product information [31].
Lastly, our analysis was limited to data collected until October
2021, and does not include estimates of VE since the emergence
of the Omicron variant.

After considering the potential limitations above, the use of
serology to estimate VE provides an additional method to estimate
VE against SARS-CoV-2 infection. Compared with ascertainment of
SARS-CoV-2 infection using data from virologic testing performed
as part of routine care, the current study is not prone to access bias
or diagnostic bias, which can lead to differential access to health-
care or thresholds for clinical testing by vaccination status
[27,28,32]. Serology can also exclude persons with previous infec-
tion, limiting possible bias from infection-induced immunity from
undetected prior infection at baseline or from accrual of infection-
induced immunity among unvaccinated persons during the study
period [27,28,33]. Use of quantitative assays might also enable
detection of SARS-CoV-2 reinfections using serology because of
boosted antibody levels, and thereby enable the inclusion of per-
sons with previous infection [34,35].

Compared with prospective cohort studies that include regular
virologic testing, the use of serologic data also has some logistical
advantages. First, notwithstanding the need to assess vaccination
status before infection, detection of SARS-CoV-2 infection using
serology requires less frequent testing. Although some serologic
assays for SARS-CoV-2 lose sensitivity over time, others remain
highly sensitive over several months [20]. Second, we demon-
strated the feasibility of collecting specimens in this study using
DBS via at-home collection. At-home testing has the benefits of
convenience, reduced costs and minimized infection control risks
while enabling longitudinal surveillance. Third, many countries
have established national or regional serologic surveillance pro-
grams which might be leveraged to assess VE against seroconver-
sion [6,36].

In addition to the use of serology to ascertain SARS-CoV-2 infec-
tion, seroconversion from SARS-CoV-2 infection might itself be
considered an important outcome to prevent. Detection of anti-
nucleocapsid antibodies in the blood indicates a systemic immune
response to SARS-CoV-2 infection that includes both cellular and
humoral components [37,38]. Consistent with this, seroconversion
is generally reflective of a higher viral load and more severe illness
[23,39]; higher viral load might also lead to increased risk of trans-
mission to others [40]. Vaccine-induced protection against SARS-
CoV-2 infection leading to seroconversion therefore represents an
important public health benefit.

To apply serologic surveillance data for estimation of ongoing
effectiveness of COVID-19 vaccines, it will be best to ensure link-
age to validated vaccination data, to use serologic assays that
retain sensitivity over time, and to validate or test analysis
assumptions by comparing estimates with those from other data
sources [20,28]. In this study we have demonstrated VE esti-
mates using serologic data that are consistent with other studies
that analyzed data during predominant circulation by the Delta
variant [1], and with an analysis of serologic data from repeat
blood donors [41]. Other studies of vaccine effectiveness have
indicated that, despite waning of VE over time and lower protec-
tion since the emergence of the Omicron variant, COVID-19 vac-
cines continue to offer substantial protection against severe
disease [42,43]. Protection can be maintained by remaining up
to date with COVID-19 vaccines, and persons aged � 16 years
are recommended to receive a bivalent booster dose when
eligible [44].
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