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Summary: One dose of MRNA COVID-19 vaccine after previous SARS-CoV-2 infection
produced the highest neutralizing antibody titers; among those without history of infection,

two doses of MRNA vaccine produced the most robust response.



ABSTRACT

Background: Data on the development of neutralizing antibodies against SARS-CoV-2 after
SARS-CoV-2 infection and after vaccination with messenger RNA (mMRNA) COVID-19

vaccines are limited.

Methods: From a prospective cohort of 3,975 adult essential and frontline workers tested
weekly from August 2020 to March 2021 for SARS-CoV-2 infection by Reverse
Transcription-Polymerase Chain Reaction (RT-PCR) assay.irrespective of symptoms, 497
participants had sera drawn after infection (170), vaccination (327), and after both infection
and vaccination (50 from the infection population). Serum was collected after infection and
each vaccine dose. Serum-neutralizing antibody titers against USA-WA1/2020-spike
pseudotype virus were determined by the 50% inhibitory dilution. Geometric mean titers
(GMTs) and corresponding fold increases were calculated using t-tests and linear mixed

effects models.

Results: Among 170 unvaccinated participants with SARS-CoV-2 infection, 158 (93%)
developed neutralizing antibodies (nAb) with a GMT of 1,003 (95% CI=766-1,315). Among
139 previously uninfected participants, 138 (99%) developed nAb after mRNA vaccine dose-
2 with a GMT of 3,257 (95% CI = 2,596-4,052). GMT was higher among those receiving
MRNA-1273 vaccine (GMT =4,698, 95%ClI= 3,186-6,926) compared to BNT162b2 vaccine
(GMT=2,309, 95%CI=1,825-2,919). Among 32 participants with prior SARS-CoV-2
infection, GMT was 21,655 (95%CI=14,766-31,756) after mRNA vaccine dose-1, without

further increase after dose-2.



Conclusions: A single dose of MRNA vaccine after SARS-CoV-2 infection resulted in the
highest observed nAb response. Two doses of mMRNA vaccine in previously uninfected
participants resulted in higher nAb to SARS-CoV-2 than after one dose of vaccine or SARS-
CoV-2 infection alone. Neutralizing antibody response also differed by mRNA vaccine

product.
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INTRODUCTION

A humoral immune response to Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) infection or vaccination against COVID-19 is manifested in the development
of neutralizing antibodies (nAb) against SARS-CoV-2, the causative agent for coronavirus
disease 2019 (COVID-19) and is thought to be predictive of protection against subsequent
symptomatic and severe illness [1, 2]. Most studies of nAb response following SARS-CoV-2
infection have been conducted among patients with medically-attended and severe
symptomatic COVID-19 [3, 4]. Less is known about nAb response following mildly
symptomatic or asymptomatic infection or following vaccination administered in real-world

conditions.

In a multi-center prospective cohort of essential and frontline workers, sera were
collected before and after SARS-CoV-2 infection and before and after vaccination with
messenger RNA (mMRNA) COVID-19 vaccines. This study has four objectives: first, to
describe nAb response following SARS-CoV-2 infection and examine whether nAb
responses differed by illness characteristics, sociodemographic and health characteristics,
viral shedding duration, or peak RNA load; second, to describe nAb responses in previously
uninfected participants 2-3 weeks following one or two doses of mRNA vaccines and
examine whether nAb response differed by socio-demographic or health characteristics,
febrile symptoms, or the use of analgesics before or after vaccination [5]. Response to
MRNA-1273 (Moderna) versus BNT162b2 (Pfizer-BioNTech) mRNA vaccines was also
compared. A third objective was to describe nAb response following mRNA vaccination
among participants who were infected with SARS-CoV-2 prior to vaccination, and fourth, to
compare the magnitude of nAb GMT following infection only, vaccination only, and

vaccination after SARS-CoV-2 infection.



METHODS

Study Design and Setting

HEROES-RECOVER is a network of prospective cohorts of Healthcare Personnel,
first responders, and essential and frontline workers in eight locations across the United
States (Phoenix, Tucson, and other areas in Arizona; Miami, Florida; Duluth, Minnesota;
Portland, Oregon; Temple, Texas; and Salt Lake City, Utah) that share a common protocol
and methods [6-8]. The cohort of 3,975 participants from which the three analytic samples
are drawn has been described in a previous publication [7]. At the time of enrollment, all
participants provided written consent. This study was approved by an Institutional Review

Board (IRB) at each participating institution. ®

Specimen Collection and Participant-Reported Characteristics and Outcome Measures from

August 2020 to March 2021

Participants completed electronic surveys at the time of enrollment that collected
sociodemographic and health characteristics. Participants self-collected a mid-turbinate nasal
swab weekly and collected an additional mid-turbinate swab and saliva specimen at the onset
of COVID-19-like illness (CL1I), defined as one or more symptom(s) of fever, chills, cough,
shortness of breath, sore throat, diarrhea, muscle aches, and/or a change in smell or taste.
When CLI was identified, participants completed electronic surveys at the beginning and end
of symptoms to describe duration of iliness and the presence or absence of fever,

feverishness, chills, or a measured temperature higher than 38°C (100 °F).

Participants provided a serum specimen upon enrollment and every 3 months
thereafter, about 30 days after a first SARS-CoV-2 positive swab (convalescent), and 14-21

days after each vaccine dose received.



Vaccination Status and Participant-Reported Events Following Vaccination

COVID-19 vaccination status was collected through (1) participant self-report by
electronic and telephone surveys, (2) upload of vaccine card images after each dose, (3)
review of vaccination records in electronic medical or occupational health records, and (4)
review of state immunization information systems in Minnesota, Oregon, Texas, and Utah.
Participants reported fever and use of analgesics before and after each vaccine dose through

electronic surveys [7] .

Laboratory Methods

Self-collected mid-turbinate swab specimens were shipped on cold packs and tested
for SARS-CoV-2 by qualitative reverse-transcription polymerase chain reaction (RT-PCR)
assay at Marshfield Clinic Laboratory (Marshfield, WI1). Quantitative RT-PCR was done at
the Wisconsin State Laboratory of Hygiene (Madison, Wisconsin). Both tests used methods

described in a previous publication [7].

Serum-neutralizing antibodies were measured against wild or United States’ origin
USA-WA1/2020-spike pseudotype virus, similar to other evaluations prior to the widespread
circulation of SARS-CoV-2 variants of concern [5, 8]. The USA-WA1/2020-spike
pseudotype virus is an artificially created virus displaying the spike protein sequenced from a
clinical SARS-CoV-2 isolate, providing a standardized viral proxy to measure antibody
response. The resulting serum-neutralizing antibodies were calculated as the 50% inhibitory
dilution (ID50). These serologic assays, which quantify the amount of host serum needed to
neutralize pseudovirus infectivity, an in-vitro proxy for antibody-mediated protection against
SARS-CoV-2, were conducted by LabCorp (South San Francisco, CA) staff blinded to

SARS-CoV-2 infection status and vaccine product (Supplementary Appendix: Methods)[9].



Statistical Analysis

Neutralizing antibodies were analyzed as log10 titers and back transformed to
estimate geometric mean titers (GMTS). A titer of <40 (negative) was imputed as 20 (half the
detectable limit) for analysis. For nAb following infection, 95% confidence intervals (CI) of
GMT were calculated using one-sample t-tests. For nAb following vaccination, GMT and
95% CI were calculated using a linear mixed effects model, with a repeated measure for nAb
following vaccine dose-1 and dose-2. Estimates were considered statistically different if their
95% CI did not overlap. In secondary analyses, we evaluated associations between
sociodemographic or health characteristics and nAb measures using Pearson's chi-squared,
Fisher's exact test, or one-way analysis of variance; p-values <.05 were considered
statistically significant and interpreted as exploratory. The inclusion of days from infection or
vaccination to sera collection and sociodemographic and health characteristics in the adjusted
GMT models did not change point estimates by >5% and, thus, were not included in the

adjusted models (Supplementary Appendix: Methods).

RESULTS

Participant Groups and Characteristics

Analyses included (1) 170 participants with evidence of SARS-CoV-2 infection and
post-infection sera, prior to receipt of mMRNA-COVID-19 vaccine, (2) 139 participants with
no history of SARS-CoV-2 infection, who received mMRNA-COVID-19 vaccine and
submitted post-vaccination sera, and (3) 50 participants from the group of previously infected
participants with post-infection sera, who subsequently received mMRNA-COVID-19 vaccine
and had post-vaccination sera collected following infection (Figure 1). Of the 50 participants

with post-vaccination sera following infection, 42 had sera drawn after dose 1, 40 had sera



drawn after dose 2, 32 had sera drawn after both doses (Figure S3). (Supplementary

Appendix: Methods: Study Population).

Sociodemographic and health characteristics were similar across groups at enroliment
(Table 1). At least half were female (range across samples = 50%-58%), most were aged 18-
49 years (64%-71%), and the majority self-reported their race as White (91%-92%).
Occupation was similar across groups; 12-28% were primary healthcare providers, 39-58%
were nurses or other allied healthcare providers, 19-39% were first responders, and 1-9%
were essential and other frontline workers. Most (67%-72%) participants were overweight
(BMI 25-29.9 kg/m?) or obese (BMI 30+ kg/m?). Approximately one-half of participants
described themselves as being in excellent or very good health (55%-71%), 22%-30%
reported at least one chronic condition and at least one daily medication, and 15%-22%

reported currently smoking tobacco products.

Response to SARS-CoV-2 infection

Of the 170 participants with RT-PCR-confirmed SARS-CoV-2 infection, most (92%)
met symptom criteria for COVID-19; 8% were asymptomatic (Table 1). Most infections had
positive weekly swabs for 2 or more weeks (78%) and fever (60%); 28% required medical
care, 6% sought emergency care, and 1% required hospitalization. The median time from first
positive swab collection to convalescent sera collection for infected participants was 30 days
(IQR=26-37). Neutralizing antibodies were detected among 158 (93%) infected participants
(Table 2, Table S1). GMT post-infection, including those without detectable antibodies, was
1,003 (95%CI=766-1,315) (Table 2, Table S2). Neutralizing antibody GMT did not differ by
SARS-CoV-2 infection characteristics, such as the presence or absence of febrile symptoms,
duration of detectable virus (Table 2, Table S2), or highest viral RNA load isolated from

nasal swabs collected during infection (p=0.78) (Figure S2). Participants who did not develop



nAb after SARS-CoV-2 infection were more likely to be smokers (5 of 12 vs 21 of 158),

(p=0.002) (Table S1).

Response to mRNA vaccination among previously uninfected participants

Sera were collected a median of 18 days (IQR=15-20 days) after mRNA vaccine
dose-1 of either vaccine product (Table 2). Neutralizing antibodies were detected among 108
of 139 participants (78%) after dose-1 with a nAb GMT of 250 (95%CI1=199-312) (Table 2).
Neutralizing antibody GMT post-dose-1 was higher among those aged 18-49 years than those

age 50 and older (p=0.05) and among those without chronic conditions (p=0.03) (Table S2).

Sera were collected a median of 19 days (IQR=15-23) after mRNA vaccine dose-2 of
either vaccine product (Table 2). Neutralizing antibodies were detected among 138 of 139
participants (99%) with a nAb GMT of 3,237 (95%Cl1=2,596-4,052), a 13-fold (95%CI1=10-
16.8) increase in nAb titers (Table 2, Figure 2, Figure S1). Participants with a normal BMI
(18.5-24.9 kg/m?) had lower nAb titers following dose-2 (p = 0.02) than those who were
underweight, overweight, or obese (Table S2). Those with febrile symptoms following dose-2
had higher nAb GMT versus those who did not (3,587 versus 2,236, p=0.004), as did those

who reported taking analgesics after dose 2 (3,312 versus 2,351, p = 0.03) (Table S2).

Among the previously uninfected, response to the mRNA vaccines differed by
product. Thirty-eight participants received mRNA-1273 vaccine and 101 participants
received BNT162b2 vaccine (Table 2, Table S4). When comparing mRNA-1273 versus
BNT162b2 recipients, mMRNA-1273 recipients were more likely to be male (66% versus 44%)
or a first responder (61% versus 4%) and less likely to be a primary health care provider (5%
versus 37%) (Table S4). Among 38 recipients of the mRNA-1273 vaccine, nAb GMT after
dose 1 was 404 (95% CI=275-594) and increased 11-fold to 4,698 GMT (95%CI=3,186-

6,926) following dose-2 (Table 2, Figure 3A). Among 101 recipients of the BNT162b2



vaccine, nAb GMT after dose-1 was 156 (95%CI1=123-197) and increased 15-fold to 2,309
GMT (95% Cl1=1,825-2,919) following dose-2. Neutralizing antibody GMT was statistically
higher for recipients of mMRNA-1273 vaccine compared to recipients of BNT162b2 vaccine

after dose-1 and after dose-2 (p <0.001) (Table 2, Figure 3A).

Response to mRNA vaccination following SARS-CoV-2 infection

Among the 50 participants who were infected with SARS-CoV-2, then subsequently
vaccinated with either mRNA vaccine who had sera collected after dose-1 alone, dose-2
alone, or both doses (Figure S3), nAb GMT after infection and before vaccination was 1,438
(95% CI1=1,012-2,042) (Table 2). Among the 42 participants with sera collected following
MRNA vaccine dose-1, nAb increased 15.1-fold to nAb GMT of 21,655 (95% Cl=14,766-
31,756). Among the 40 participants with sera collected following mMRNA vaccine dose-2, the
nAb GMT was 15,863 (95% CI=11,293-23,484) which was statistically unchanged from the
nAb GMT after vaccine dose-1. Participants with a prior positive SARS-CoV-2 test result
with at least one chronic condition had significantly higher nAb response following vaccine
dose-1 (p=0.02) and dose-2 (p=0.02) (Table S2). The pattern of nAb GMT increase was
similar when analysis was restricted to the 32 participants with sera available for all 3 time
points (Table S3). Neutralizing antibody GMT estimates following vaccine dose-1 were
higher for recipients of the mRNA-1273 vaccine compared to the BNT162b2 vaccine, but

confidence intervals were broad and overlapping (Table 2; Figure 3B).

Comparisons across analytic samples

Taken together, the 139 previously uninfected participants who received mRNA
vaccines achieved higher nAb titers (GMT =3,237, 95%CI1=2,596-4,052) following a second
vaccine dose compared to the nAb titers observed among 170 participants following SARS-

CoV-2 infection (GMT=1,003, 95%CI1=766-1,315) (Figure 2). The highest nAb GMT



observed was among the 42 participants who were vaccinated after prior SARS-CoV-2
infection, achieving a nAb GMT of 21,655 (95%CI=14,766-31,756) following the first dose
of an mRNA vaccine. The 3 participants who did not develop nAb after SARS-CoV-2
infection and had blood drawn after vaccination had a GMT rise comparable to the previously

uninfected.

DISCUSSION

In a prospective cohort of essential and frontline workers with no prior history of
SARS-CoV-2 infection, the nAb activity to pseudotype SARS-CoV-2 measured 2-3 weeks
following a second dose of mMRNA COVID-19 vaccine was 13-fold higher than nAb activity
measured following a single mRNA vaccine dose and over 3-fold higher than nAb activity
measured 4-5 weeks after SARS-CoV-2 infection. Almost all study participants (99%) who
received two doses of mMRNA vaccine developed nAb, while no nAb were detected among
22% of participants following a single dose of an mRNA vaccine and 7% of adults following
SARS-CoV-2 infection. The superior immunogenicity of two doses of mMRNA vaccine
compared to a single dose in real-world conditions is consistent with findings from efficacy
trials [10, 11] and other recent observational studies [7]. However, our study is among the
first to compare humoral immunogenicity to vaccination with humoral immune response to

SARS-CoV-2 infection within the same cohort using common laboratory methods [12-14].

Vaccination had the greatest impact among adults with a prior positive SARS-CoV-2
test result; in this group of participants, nAb GMT was 21,655 following one dose of MRNA
vaccine compared to a nAb GMT of 3,237 following two mRNA vaccine doses among
previously uninfected adults, a difference of over 6-fold. This is comparable to the over- 6-

fold difference observed by Krammer et al [15] and other studies, and consistent with other



findings that mMRNA vaccine boosts humoral immune response to previous infection[15-18].
Like other studies, we found that a second dose did not further boost immune response
among those with a previous infection [15-18]. Our results support the sufficiency of a single
dose of mMRNA vaccine to boost antibody response in most people with prior laboratory-
confirmed infection. Moreover, the measurable increase in nAb GMT after at least one dose
of vaccination after prior infection compared to the nAb GMT rise after infection alone
supports the benefit of vaccination in participants with a prior positive SARS-CoV-2 test

result.

We found statistically significant differences in immunogenicity between mRNA
vaccine products among participants with no prior infection. Neutralizing antibody GMT
following a second dose of MRNA-1273 vaccine was 4,698compared to a nAb GMT of 2,309
following a second dose of BNT162b2 vaccine. Our study is among the first to compare the
immunogenicity of the two mRNA vaccine products within the same cohort using the same
laboratory methods, and our findings agree with other similar studies [19], including
described differences between convalescent titers and vaccination by product[2, 20-23].
Although a 2-fold difference between mRNA vaccine products in post-vaccination titers
merits further investigation, note that within this same cohort, vaccination with either mMRNA
vaccine product was associated with similar and high vaccine effectiveness against SARS-
CoV-2 infection [24, 25]. Although we have not observed differences in vaccine
effectiveness (VE) against mild COVID-19 between mRNA products within this cohort[26],
studies of more severe COVID-19- associated hospitalization have reported higher VE for
MRNA-1273 compared to BNT1262b2 [27], consistent with the pattern of nAb differences
reported here. The GMT value necessary to provide protection has not been well described

although titer correlates for protection have been proposed [2, 28, 29].



Unlike other studies which have observed a correlation between more severe SARS-
CoV-2 infection and higher antibody response [30-37], an association was not observed
between febrile symptoms during infection, weeks of virus detection, or nasal viral RNA load
and the development of nAb. Most prior studies focused on cases of severe COVID-19, often
requiring hospitalization, while most of the infections examined in this study were mild and
did not require hospitalization. Another reassuring finding was the lack of association
between analgesic use before or after vaccination and reduced immunogenicity, which has
been reported for some other vaccines [5]. In this study, analgesic use following a second
MRNA vaccine dose was associated with higher nAb response. This may be related to our
other finding that self-reported febrile symptoms following the second mRNA vaccine dose
were also associated with higher antibody response. Similar associations between post-

vaccination fever and immunogenicity have been noted for influenza vaccines [38].

Strengths of this multi-site study include routine weekly and illness testing
irrespective of symptoms for SARS-CoV-2 infection by a molecular assay, collection of
illness symptoms, documentation of viral load and duration of viral shedding, multimethod
documentation of vaccination status, collection and processing of sera using common
procedures, and the measurement of nAb to SARS-CoV-2 using a validated assay at a well-

established and accredited clinical reference laboratory.

This study also has at least six limitations. First, nAb responses could only be
examined within the time intervals of vaccination that occurred in our study. Inferences
regarding antibody response following mRNA vaccine dose-1 are limited to the 2 to 3 weeks
between vaccine doses, because most individuals had their second vaccine dose at the
shortest recommended time interval. Second, serum-neutralizing antibodies were measured
against USA-WA1/2020-spike pseudotype virus rather than with a live virus assay. However,

previous studies have shown concordance between nonreplicating pseudotype neutralization



and SARS-CoV-2 neutralization assays [39, 40]. Third, the nAb assays against USA-
WA1/2020-spike pseudotype virus were performed by LabCorp using the PhenoSense®
assay. The assay was validated before WHO standards were widely available, and the results
are not reported in international units, therefore they are not directly translatable to assays
performed by other laboratories. Fourth, cellular mediated immunogenicity could not be
examined, which additionally contributes to clinical protection. In the same cohort, high
vaccine effectiveness was noted in preventing SARS-CoV-2 infection starting 14 days after
MRNA vaccine dose 1 [7]. Fifth, because of sparse data and limited sociodemographic and
health heterogeneity, we were unable to fully examine or adjust for factors that may be
associated with immune response to infection or vaccination. Data represented here was
collected prior to the emergence of the SARS-CoV-2 lineage B.1.617.2 (Delta). Sixth, this
study was conducted prior to the documentation of many infections after vaccination,
however the measurement of nAb in previously infected and/or previously vaccinated
individuals would provide information regarding the role of nAb in protective immunity and

would be an important aim for future research.

In conclusion, in seronegative essential and frontline workers with no prior SARS-
CoV-2 infection, two doses of mMRNA vaccine resulted in higher nAb to SARS-CoV-2 than
following one dose of vaccine or following SARS-CoV-2 infection alone, and a single dose
of vaccine after SARS-CoV-2 infection resulted in higher nAb than two doses of mMRNA
COVID-19 vaccine in previously uninfected. Neutralizing antibody response differed by
MRNA vaccine product and by history of prior infection, suggesting there are multiple

dimensions on which the immune profile to SARS-CoV-2 varies in the general population.
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Figure 1. Participant selection for analytic populations.

Figure Legends:

Figure 1.

Panel 1: Selection of analytic population of participants with positive SARS-CoV-2 test
results. Panel 2: Selection of analytic population of previously uninfected participants
receiving both doses of MRNA vaccine. Panel 3: Selection of analytic population of
participants with prior positive SARS-CoV-2 test result receiving both doses of mMRNA

vaccine.

Figure 2. Neutralizing antibodies to pseudotype SARS-CoV-2 among sera convalescent to
SARS-CoV-2 infection, approximately 14-21 days post-dose-1 and approximately 14-21 days
post-dose-2 of messenger RNA COVID-19 vaccines among previously uninfected adults, and
about 14-21 days post-doses-1 and 2 following vaccination among participants with prior

positive SARS-CoV-2 test result.

Legend: Dots are neutralizing antibody titers per participant. Line is geometric mean titer for

that group.

Figure 3." Neutralizing antibodies to pseudotype SARS-CoV-2 about 14-21 days post- dose 1
and 2 of BNT162b2 and mRNA-1273 COVID-19 vaccines among previously uninfected

adults (A) and among participants with prior positive SARS-CoV-2 test result (B)

Legend: Dots are neutralizing antibody titers per participant. Line is geometric mean titer

(GMT) for that group.



Table 1. Participant socio-demographic and health characteristics, SARS-CoV-2 infection characteristics, and vaccination information.

RT-PCR confirmed Vaccinated, previously Vaccinated after RT-PCR
infection uninfected confirmed infection
N ( Col.% ) N ( Col.% ) N ( Col.% )
All participants (row %) 170 139 50
Socio-demographic characteristics
Cohort location
Phoenix, AZ 20 ( 12 ) 0 ( 0 ) 3 ( 6 )
Tucson, AZ 46  ( 27 ) 3 2 ) 15 ( 30 )
Other, AZ 3 2 ) 0 ( 0 ) 0 ( 0 )
Miami, FL 17 ( 10 ) 7| 5 ) 0 ( 0 )
Duluth, MN 34 ( 20 ) 85 ( 61 ) 24 ( 48 )
Portland, OR 8 ( 5 ) 40 ( 29 ) 0 ( 0 )
Temple, TX 26 ( 15 ) 2 | 1 ) 5 ( 10 )
Salt Lake City, UT 16 ( 9 ) 2 1 ) 3 ( 6 )
Sex
Female 92 ( 54 ) 70 ( 50 ) 29 ( 58 )
Male 78 ( 46 ) 69 ( 50 ) 21 ( 42 )
Age (Years)
18-49 120 ( 71 ) 94 ( 68 ) 32 ( 64 )
>50) 50 ( 29 ) 45 ( 32 ) 18 ( 36 )
Race
White 157  ( 92 ) 127 ( 91 ) 46  ( 92 )
Other 13 ( 8 ) 12 ( 9 ) 4 8 )
Ethnicity
Hispanic/Latinx 28 ( 16 ) 4 3 ) 7 14 )
Other 142 ( 84 ) 135 ( 97 ) 43 ( 86 )
Occupation
Primary HCP 21 ( 12 ) 39 ( 28 ) 6 ( 12 )
Nurses and other allied HCP 66 ( 39 ) 72 ( 52 ) 29 ( 58 )
First Responders 67 ( 39 ) 27 ( 19 ) 12 ( 24 )
Essential and other frontline workers 16 ( 9 ) 1 ( 1 ) 3 ( 6 )



Health status

BMI
Underweight 1
Normal weight 49
Overweight 73
Obese 45
Missing 2

Self-Rated Health
Excellent/Very good 93
Good/Fair/Poor 77

Chronic Condition ¥
None 130
1 or more 40

Chronic Condition and >= 1 daily medication
No 133

1 or more 37

Daily medications

0 59
1 30
2 31
3 16
4 or more 16
Unknown/refused 18

Daily medications

0 59
1 30
2 or more 63

Health behaviors

Smoking
Not current smoker 144
Smoke tobacco products 26

Influenza vaccination history in past 5 years
No vaccination history 34
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1 - 3 years of vaccination
4 or more years of vaccination

Infection Characteristics

Symptomatic COVID-19

COVID-19: CLI at RT- PCR-detection or onset <14 days of detection
COVID-19: CLI onset 2-14 day after RT-PCR-detection from weekly nasal swab

No CLI but other symptoms

Asymptomatic +/- 14-days of RT-PCR-detection from weekly nasal swab

Duration of RT-PCR-positive
1 week
2 or more weeks

Febrile COVID-19
Not febrile
Febrile
Unknown

Medically attended COVID-19
No medical visit
One or more medical visits
Unknown

Emergency department visit
No
Yes
Unknown

Hospitalization
No
Yes
Unknown

Time from infection to first vaccination
0-29 days
30-59 days
> 60 days

Vaccination Characteristics
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COVID-19 vaccine products
BNT162b2 101 ( 73 ) 39 ( 78
mRNA-1273 38 27 ) 11 ( 22

Analgesic intake prior to dose 1

No 120 ( 86 ) 36 ( 72
Yes 12 ( 9 ) 8 ( 16
Missing [ > ) 6 ( 12

Analgesic intake after dose 1

No 9% ( 69 ) 22 ( 44
Yes 36 ( 26 ) 22 ( 44
Missing [ > ) 6 ( 12

Analgesic intake prior to dose 2

No 110 ( 79 ) 31 ( 62
Yes 22 ( 16 ) 13 ( 26
Missing [ > ) 6 ( 12

Analgesic intake after dose 2

No 72 ( 52 ) 23 ( 46
Yes 60 ( 43 ) 21 ( 42
Missing [ > ) 6 ( 12

Febrile after dose 1

No 122 ( 88 ) 33 ( 66
Yes 10 ( 7 ) 11 ( 22
Missing [ > ) 6 12

Febrile after dose 2

No 78 56 ) 28 ( 56
Yes 54 ( 39 ) 16 ( 32
Missing [ > ) 6 ( 12

Abbreviations: COVID-19-Like Iliness (CLI), Reverse-Transcription Polymerase Chain Reaction (RT-PCR), Body Mass Index (BMI), Health Care Provider (HCP)

+ Primary Health Care Providers: including Medical Doctor (MD), Doctor of Osteopathic Medicine (DO), Nurse Practitioner (NP) and Physician Assistant (PA).
£ BMI: Underweight BMI 18.4 kg/m? and below, Normal weight BMI 18.5-24.9 kg/m?, Overweight BMI 25-29.9 kg/m?, Obese BMI 30 kg/m? and higher.

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



Table 2. Detection and quantity of neutralizing antibodies (nAb) to SARS-CoV-2 following natural SARS-CoV-2 infection and vaccination with messenger RNA (mMRNA) COVID-19 vaccines

Participants

Detection of SARS-CoV-2 nAb

Adjusted Fold-Change in

Quantity of nAb nAb Response T
None Detected nAb
N ( Col% N ( Row% N ( Row% aGMT  ( 95% CI ) GMR ( 95%Cl )
Response to SARS-CoV-2 infection among previously uninfected participants
After symptomatic or asymptomatic infection, median (IQR) days 30 (26-37)
post-infection 170 12 7 158 93 1003 % ( 766-1,315 ) NA
Characteristics of infection
COVID-19 Febrile 102 (60 7 7 95 93 959 ( 677-1359 ) NA
COVID-19 Not febrile or unknown 55 (1 32 4 8 51 92 909 (  565-1459 ) NA
Asymptomatic SARS-CoV-2 13 ( 8 1 9 12 93 2173 ( 820-5761 ) NA
Duration of RT-PCR-positive
1 week 38 ( 22 5 13 33 87 899 (  432-1872 ) NA
2 or more weeks 132 (78 7 5 125 95 1036 ( 781-1374 ) NA
Response to mRNA vaccination among previously uninfected participants
Either mRNA vaccines
Before vaccination 139 (100 139 100 0 0
After dose-1, median (IQR) = 18 (15-20) days 139 (100 31 22 108 78 250 ( 199-312 )
After dose-2, median (IQR) = 19 (15-23) days 139 (100 1 1 138 99 3237 (  2596-4052 ) 13.0 ( 10.0-16.8 )
BNT162b2 (Pfizer-BioNTech)
Before vaccination 101 (100 101 100 0 0
After dose-1, median (IQR) = 16 (15-19) days 101 (100 26 25 75 74 156 ( 123-197 )
After dose-2, median (IQR) = 18 (15-22) days ¥ 101 ( 100 1 1 100 99 2309 ( 1825-2919 ) 14.8 ( 11.3-195 )
MRNA-1273 (Moderna)
Before vaccination 38 ( 100 38 100 0 0
After dose-1, median (IQR) = 20 (15-22) days 38 (100 5 13 33 87 404 ( 275-594 )
After dose-2, median (IQR) = 21 (16-27) days ¥ 38 (100 0 0 38 100 4698 ( 3186-6926 ) 11.3 ( 73-17.7 )



Response to mRNA vaccination following natural infection with SARS-CoV-2

Either mMRNA vaccines

After infection, median (IQR) = 28 (26-32) days S0 ( 100 ) 3 6 ) a7 ( 94 ) 1438 (  1012-2042 )

After dose-1, median (IQR) = 16 (14-20) days 42 ( 84 ) 0 ( 0 ) 42 (100 ) 21655  ( 14766-31756 ) 15.1 ( 9.0-25.3

After dose-2, median (IQR) = 17 (14-23) days 40 ( 80 ) 0 ( 0 ) 40 ( 100 ) 15863  ( 11293-23484 ) 0.7 ( 04-13
BNT162b2 (Pfizer-BioNTech)

After infection, median (IQR) = 28 (24-32) days 39 ( 100 ) 1 3 ) 38 ( 97 ) 1488 ( 868-2216 )

After dose-1, median (IQR) = 15 (14-20) days 35 ( 9 ) 0 0 ) 3% ( 100 ) 18243  ( 13828-24068 ) 13.3 ( 8.4-21.2

After dose-2, median (IQR) = 16 (14-23) days ¥ 34 ( 87 ) 0 ( 0 ) 34 ( 100 ) 14635  ( 11048-19386 ) 0.8 ( 05-1.2
MRNA-1273 (Moderna)

After infection, median (IQR) = 28 (26-36) days 11 ( 100 ) 2 | 18 ) 9 ( 82 ) 1247 ( 222-7325 )

After dose-1, median (IQR) = 18 (14-22) days 7 ( 64 ) 0 0 ) 7 ( 100 ) 51029  ( 27460-94826 ) 17.7 ( 1.2-253.6

After dose-2, median (IQR) =18 (16-25) days ¥ 6 ( 55 ) 0 0 ) 6 ( 100 ) 25047  ( 12826-48913 ) 0.5 ( 0212

Abbreviations: Neutralizing antibodies (nAb); Not applicable (NA); Messenger RNA (mMRNA); Adjusted Geometric Mean Titer (aGMT); Geometric Mean Ratio (GMR)

1 Geometric mean ratio is fold-change in nAb from dose-1 to dose-2 adjusting for days from dose-1 vaccination to post-dose-1 sera collection and for days from dose-2 to post-dose-2 sera-collection. Unadjusted fold-change
from infection to dose-1 was 12.7 for BNT162b2 (Pfizer-BioNTech) and 40.1 for mMRNA-1273 (Moderna).

I Post-infection GMT for all participants is the crude estimate without adjustment.

¥ Median (IQR) days from dose-1 to dose-2 for BNT162b2 (Pfizer-BioNTech) was 21 (21-22) and for mRNA-1273 (Moderna) was 29 (27-31)

N—r
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Participants with a RT-PCR
confirmed SARS-CoV-2 infection
prior to vaccination
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Figure 1
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Participants with negative nAb at
enrollment, with infection
identified during the study
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Participants positive at enrollment
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Linked Immunoassay (ELISA)
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Participants without a history of
SARS-CoV-2 infection, who
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COVID-19 vaccine, with both post
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by March 15, 2021
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Participants vaccinated prior to
obtaining convalescent blood
draw
N=146

Random selection stratified by age
and sex
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Participants with post vaccination
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blood draw sent for assay
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Participant with positive pre-
vaccination nAb assay result
N=1

Participants without post
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Final analysis population for
response to SARS-CoV-2 infection
N=170
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Participants with a positive pre-
infection nAb assay result
N=3
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response to mRNA vaccination
among previously uninfected
participants
N=139
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response to mRNA vaccination
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mRNA vaccination

mRNA vaccination after SARS-CoV-2 infection
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