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ABSTRACT

BACKGROUND
Information is limited regarding the effectiveness of the two-dose messenger RNA
(mRNA) vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna) in pre-
venting infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and in attenuating coronavirus disease 2019 (Covid-19) when administered in real-
world conditions.

METHODS
We conducted a prospective cohort study involving 3975 health care personnel,
first responders, and other essential and frontline workers. From December 14, 2020,
to April 10, 2021, the participants completed weekly SARS-CoV-2 testing by providing
mid-turbinate nasal swabs for qualitative and quantitative reverse-transcriptase—
polymerase-chain-reaction (RT-PCR) analysis. The formula for calculating vaccine
effectiveness was 100% x (1—hazard ratio for SARS-CoV-2 infection in vaccinated
vs. unvaccinated participants), with adjustments for the propensity to be vacci-
nated, study site, occupation, and local viral circulation.

RESULTS

SARS-CoV-2 was detected in 204 participants (5%), of whom 5 were fully vacci-
nated (214 days after dose 2), 11 partially vaccinated (>14 days after dose 1 and
<14 days after dose 2), and 156 unvaccinated; the 32 participants with indetermi-
nate vaccination status (<14 days after dose 1) were excluded. Adjusted vaccine
effectiveness was 91% (95% confidence interval [CI], 76 to 97) with full vaccina-
tion and 81% (95% CI, 64 to 90) with partial vaccination. Among participants with
SARS-CoV-2 infection, the mean viral RNA load was 40% lower (95% CI, 16 to 57)
in partially or fully vaccinated participants than in unvaccinated participants. In
addition, the risk of febrile symptoms was 58% lower (relative risk, 0.42; 95% CI,
0.18 to 0.98) and the duration of illness was shorter, with 2.3 fewer days spent sick
in bed (95% CI, 0.8 to 3.7).

CONCLUSIONS
Authorized mRNA vaccines were highly effective among working-age adults in pre-
venting SARS-CoV-2 infection when administered in real-world conditions, and the
vaccines attenuated the viral RNA load, risk of febrile symptoms, and duration of
illness among those who had breakthrough infection despite vaccination. (Funded
by the National Center for Immunization and Respiratory Diseases and the Centers
for Disease Control and Prevention.)
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HE TWO-DOSE MESSENGER RNA (MRNA)
vaccines BNT162b2 (Pfizer-BioNTech) and
mRNA-1273 (Moderna) were shown to be
highly effective in preventing symptomatic infec-
tion with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in randomized, pla-
cebo-controlled, phase 3 efficacy trials."? Recently,
we reported interim estimates of the effective-
ness of mRNA vaccines in preventing symptom-
atic and asymptomatic SARS-CoV-2 infection when
administered in real-world conditions, which
showed benefits similar to those observed in the
efficacy trials.® Less is known about the poten-
tially important secondary benefits of mRNA vac-
cines, including possible reductions in the sever-
ity of coronavirus disease 2019 (Covid-19), viral
RNA load, and duration of viral RNA detection.
In conducting a prospective cohort study in-
volving health care personnel, first responders,
and other essential and frontline workers in six
U.S. states, we had three aims. First, we estimat-
ed the effectiveness of mRNA vaccines in prevent-
ing SARS-CoV-2 infection with partial and full
vaccination, with adjustments for the propensity
to be vaccinated and local viral circulation. Second,
among participants with laboratory-confirmed
SARS-CoV-2 infection, we compared the mean
viral RNA load in participants who were par-
tially or fully vaccinated with the level in partici-
pants who were unvaccinated. Third, among
participants with SARS-CoV-2 infection, we com-
pared the frequency of febrile symptoms and the
duration of illness in partially or fully vaccinated
participants with those outcomes in unvaccinated
participants.

METHODS

STUDY POPULATION

The HEROES-RECOVER network includes pro-
spective cohorts from two studies: HEROES (the
Arizona Healthcare, Emergency Response, and
Other Essential Workers Surveillance Study) and
RECOVER (Research on the Epidemiology of
SARS-CoV-2 in Essential Response Personnel).
The network was initiated in July 2020 and has
a shared protocol, described previously and out-
lined in the Methods section of the Supplemen-
tary Appendix (available with the full text of this
article at NEJM.org). Participants were enrolled
in six U.S. states: Arizona (Phoenix, Tucson, and
other areas), Florida (Miami), Minnesota (Duluth),
Oregon (Portland), Texas (Temple), and Utah (Salt

Lake City). To minimize potential selection biases,
recruitment of participants was stratified ac-
cording to site, sex, age group, and occupation.
The data for this analysis were collected from
December 14, 2020, to April 10, 2021. All par-
ticipants provided written informed consent.
The individual protocols for the RECOVER study
and the HEROES study were reviewed and ap-
proved by the institutional review boards at par-
ticipating sites or under a reliance agreement.

PARTICIPANT-REPORTED OUTCOME MEASURES
Sociodemographic and health characteristics were
reported by the participants in electronic surveys
completed at enrollment. Each month, partici-
pants reported their potential exposure to SARS-
CoV-2 and their use of face masks and other
employer-recommended personal protective equip-
ment (PPE) according to four measures: hours of
close contact with (within 3 feet [1 m] of) others
at work (coworkers, customers, patients, or the
public) in the previous 7 days; the percentage of
time using PPE during those hours of close con-
tact at work; hours of close contact with someone
suspected or confirmed to have Covid-19 at work,
at home, or in the community in the previous 7
days; and the percentage of time using PPE dur-
ing those hours of close contact with the virus.
Active surveillance for symptoms associated
with Covid-19 — defined as fever, chills, cough,
shortness of breath, sore throat, diarrhea, mus-
cle aches, or a change in smell or taste — was
conducted through weekly text messages, emails,
and reports obtained directly from the partici-
pant or from medical records. When a Covid-19—
like illness was identified, participants completed
electronic surveys at the beginning and end of
the illness to indicate the date of symptom on-
set, symptoms, temperatures, the number of days
spent sick in bed for at least half the day, the re-
ceipt of medical care, and the last day of symp-
toms. Febrile symptoms associated with Covid-19
were defined as fever, feverishness, chills, or a
measured temperature higher than 38°C.

LABORATORY METHODS

Participants provided a mid-turbinate nasal swab
weekly, regardless of whether they had symp-
toms associated with Covid-19, and provided an
additional nasal swab and saliva specimen at the
onset of a Covid-19-like illness. Supplies and
instructions for participants were standardized
across sites. Specimens were shipped on weekdays
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on cold packs and were tested by means of qual-
itative reverse-transcriptase—polymerase-chain-
reaction (RT-PCR) assay at the Marshfield Clinic
Research Institute (Marshfield, WI). Quantitative
RT-PCR assays were conducted at the Wisconsin
State Laboratory of Hygiene (Madison, WI). SARS-
CoV-2 whole-genome sequencing was conducted
at the Centers for Disease Control and Preven-
tion, in accordance with previously published pro-
tocols,* for viruses detected in 22 participants who
were infected at least 7 days after vaccine dose 1
(through March 3, 2021), as well as for viruses
detected in 3 or 4 unvaccinated participants
matched to each of those 22 participants in
terms of site and testing date, as available (71
total matched participants). Viral lineages were
categorized as variants of concern, variants of
interest, or other. We compared the percentage
of variants of concern (excluding variants of inter-
est) in participants who were at least partially
vaccinated (>14 days after dose 1) with the per-
centage in participants who were unvaccinated.

VACCINATION STATUS

Covid-19 vaccination status was reported by the
participants in electronic and telephone surveys
and through direct upload of images of vaccina-
tion cards. In addition, data from electronic
medical records, occupational health records, or
state immunization registries were reviewed at
the sites in Minnesota, Oregon, Texas, and Utah.
At the time of specimen collection, participants
were considered to be fully vaccinated (>14 days
after dose 2), partially vaccinated (>14 days after
dose 1 and <14 days after dose 2), or unvacci-
nated or to have indeterminate vaccination sta-
tus (<14 days after dose 1).

STATISTICAL ANALYSIS

The primary outcome was the time to RT-PCR—
confirmed SARS-CoV-2 infection in vaccinated
participants as compared with unvaccinated
participants. Secondary outcomes included the
viral RNA load, frequency of febrile symptoms,
and duration of illness among participants with
SARS-CoV-2 infection.

The effectiveness of mRNA vaccines was esti-
mated for full vaccination and partial vaccina-
tion. Participants with indeterminate vaccination
status were excluded from the analysis. Hazard
ratios for SARS-CoV-2 infection in vaccinated

participants as compared with unvaccinated par-
ticipants were estimated with the Andersen—Gill
extension of the Cox proportional hazards model,
which accounted for time-varying vaccination
status. Unadjusted vaccine effectiveness was cal-
culated with the following formula: 100% x
(1-hazard ratio). An adjusted vaccine effective-
ness model accounted for potential confounding
in vaccination status with the use of an inverse
probability of treatment weighting approach.’
Generalized boosted regression trees were used
to estimate individual propensities to be at least
partially vaccinated during each study week, on
the basis of baseline sociodemographic and health
characteristics and the most recent reports of
potential virus exposure and PPE use (Table 1
and Table S2 in the Supplementary Appendix).®
Predicted propensities were then used to calcu-
late stabilized weights. Cox proportional hazards
models incorporated these stabilized weights, as
well as covariates for site, occupation, and a
daily indicator of local viral circulation, which
was the percentage positive of all SARS-CoV-2
tests performed in the local county (Fig. S1). A
sensitivity analysis removed person-days when
participants had possible misclassification of
vaccination status or infection or when the local
viral circulation fell below 3%.

Because there was a relatively small number
of breakthrough infections, for the evaluation of
possible attenuation effects of vaccination, par-
ticipants with RT-PCR-confirmed SARS-CoV-2
infection who were partially vaccinated and
those who were fully vaccinated were combined
into a single vaccinated group, and results for
this group were compared with results for par-
ticipants with SARS-CoV-2 infection who were
unvaccinated. Means for the highest viral RNA
load measured during infection were compared
with the use of a Poisson model adjusted for
days from symptom onset to specimen collec-
tion and for days with the specimen in transit to
the laboratory. Dichotomous outcomes were com-
pared with the use of binary log-logistic regres-
sion for the calculation of relative risks. Means
for the duration of illness were compared with
the use of Student’s t-test under the assumption
of unequal variances. All analyses were con-
ducted with SAS software, version 9.4 (SAS Insti-
tute), and R software, version 4.0.2 (R Founda-
tion for Statistical Computing).
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RESULTS

PARTICIPANT CHARACTERISTICS

After the exclusion of 1147 participants who had
laboratory documentation of SARS-CoV-2 infec-
tion before the start of the study period, the
study sample consisted of 3975 participants (Fig.
S2). Approximately half the participants (51%)
were from the three study sites in Arizona (Ta-
ble 1). Most participants were female (62%), 18
to 49 years of age (72%), White (86%), and non-
Hispanic (83%) and had no chronic medical
conditions (69%). The participants included pri-
mary health care providers (20%), such as physi-
cians and other clinical leads; nurses and other
allied health care personnel (33%); first respond-
ers (21%); and other essential and frontline
workers (26%). Over the 17-week study period,
adherence to weekly surveillance reporting and
specimen collection was high (median, 100%;
interquartile range, 82 to 100).

VACCINATION

A total of 3179 participants (80%) had received
at least one dose of an authorized mRNA vaccine
by April 10, 2021 (Table 1), and 2686 of those
participants (84%) had received both recom-
mended doses. Of the vaccine products adminis-
tered, 67% were the BNT162b2 vaccine, 33% were
the mRNA-1273 vaccine, and less than 1% were
an unspecified mRNA vaccine. Because only 39
participants received the Ad26.COV2.S vaccine
(Johnson & Johnson-Janssen), results for those
participants could not be compared with results
for participants who received the mRNA vaccines;
therefore, person-time for those 39 participants
was censored at vaccination, and they contributed
only person-time associated with unvaccinated
status. Participants most likely to have received
at least one vaccine dose were located in Minne-
sota or Oregon, female, 50 years of age or older,
White, non-Hispanic, or health care personnel or
had at least one chronic medical condition. The
mean number of hours of close contact with
someone suspected or confirmed to have Covid-19
was lower and the percentage of time using PPE
was higher among vaccinated participants (Ta-
ble 1). Associations with additional covariates
included in the vaccination-probability model
are shown in Table S2. Standardized mean dif-
ferences between vaccinated and unvaccinated

participants for all covariates were well balanced
after propensity weighting, with a maximum
difference of 0.09 (Fig. S3).

SARS-COV-2 INFECTIONS CONFIRMED BY RT-PCR
ASSAY

SARS-CoV-2 infection was detected by means of
RT-PCR assay in 204 participants (5%), of whom
5 were fully vaccinated, 11 partially vaccinated,
and 156 unvaccinated; the 32 participants with
indeterminate vaccination status were excluded.
Of the 93 genetically sequenced viruses, 12 were
detected in participants with indeterminate vac-
cination status and were excluded. Of the remain-
ing viruses, 10 were variants of concern (8 were
the B.1.429 variant and 1 was the B.1.427 variant
[epsilon] and 1 was the B.1.1.7 variant [alpha]);
1 was a variant of interest (the P.2 variant [zeta])
(Table S3). There were 10 genetically sequenced
viruses detected in partially or fully vaccinated
participants; 3 of these 10 viruses (30%) were
variants of concern (all the B.1.429 variant [epsi-
lon]), as compared with 7 of the 70 viruses (10%)
detected in unvaccinated participants (excluding
the variant of interest).

RT-PCR—confirmed SARS-CoV-2 infection was
most frequently detected in participants who were
located in Arizona, Florida, or Texas or were
male, Hispanic, or a first responder (Table 1).
However, the frequency of infection did not dif-
fer according to reported hours of potential virus
exposure or PPE use. Most participants with RT-
PCR—confirmed SARS-CoV-2 infection had symp-
toms associated with Covid-19 before or within
1 day after specimen collection (74%) or within
2 to 14 days after specimen collection (13%); the
remainder had other symptoms (2%) or were
asymptomatic within the 14 days before and
after specimen collection (11%). Only 26% of the
participants with RT-PCR-confirmed infection
received medical care, including 3 unvaccinated
participants who were hospitalized; no deaths
were reported.

Characteristics of the 16 participants who were
partially or fully vaccinated at the time of SARS-
CoV-2 infection and the 156 participants who
were unvaccinated at the time of infection are
shown in Table S5. The percentage who were in-
fected while partially or fully vaccinated was high-
est among participants in Arizona, Minnesota,
and Utah and among health care personnel; there
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Table 1. Characteristics of the Participants According to SARS-CoV-2 Test Results and Vaccination Status.*
Results of RT-PCR Assay
Characteristic Overall} for SARS-CoV-2 Vaccination Status
Received =1 Dose
Negative Positive Unvaccinated  of mRNA Vaccine
Total participants — no. (%) 3975 (100) 3771 (95) 204 (5) 796 (20) 3179 (80)
Cohort location — no. (%)
Phoenix, AZ 504 (13) 461 (91) 43 (9) 105 (21) 399 (79)
Tucson, AZ 1223 (31) 1148 (94) 75 (6) 274 (22) 949 (78)
Other areas in Arizona 291 (7) 276 (95) 15 (5) 70 (24) 221 (76)
Miami, FL 239 (6) 216 (90) 23 (10) 111 (46) 128 (54)
Duluth, MN 456 (11) 445 (98) 11 (2) 32 (7) 424 (93)
Portland, OR 491 (12) 486 (99) 5 (1) 44 (9) 447 (91)
Temple, TX 302 (8) 284 (94) 18 (6) 66 (22) 236 (78)
Salt Lake City, UT 469 (12) 455 (97) 14 (3) 94 (20) 375 (80)
Sex — no. (%)§
Female 2464 (62) 2349 (95) 111 (5) 423 (17) 2037 (83)
Male 1511 (38) 1422 (94) 93 (6) 373 (25) 1142 (76)
Age group — no. (%)
18-49 yr 2847 (72) 2705 (95) 142 (5) 602 (21) 2245 (79)
250 yr 1128 (28) 1066 (95) 62 (5) 194 (17) 934 (83)
Race — no. (%)9
White 3431 (86) 3253 (95) 178 (5) 659 (19) 2772 (81)
Other 544 (14) 518 (95) 26 (5) 137 (25) 407 (75)
Ethnic group — no. (%)9
Hispanic 685 (17) 625 (91) 60 (9) 198 (29) 487 (71)
Non-Hispanic 3290 (83) 3146 (96) 144 (4) 598 (18) 2692 (82)
Occupation — no. (%) |
Primary health care provider 309 (20) 793 (98) 16 (2) 45 (6) 764 (94)
Nurse or other allied health care personnel 1310 (33) 1244 (95) 66 (5) 204 (16) 1106 (84)
First responder 818 (21) 745 (91) 73 (9) 257 (31) 561 (69)
Other essential or frontline worker 1038 (26) 989 (95) 49 (5) 290 (28) 748 (72)
Chronic conditions — no. (%)**
None 2728 (69) 2589 (95) 139 (5) 582 (21) 2146 (79)
=1 1247 (31) 1182 (95) 65 (5) 214 (17) 1033 (83)
Potential virus exposure and use of PPE —
median (IQR) per participant
Hours within 3 ft (1 m) of others at work in 27 (20-35) 27 (20-35) 25 (20-38) 26 (20-36) 27 (20-35)
previous 7 days
Percentage of time using PPE among those 99 (90-100) 99 (90-100) 100 (89-100) 96 (79-100) 99 (99-100)
reporting close contact at work
Hours within 3 ft of someone suspected or con- 8 (2-24) 8 (2-24) 6 (2-23) 10 (3-27) 7 (2-23)
firmed to have Covid-19 at work, at home, or
in the community in previous 7 days
Percentage of time using PPE among those 100 (97-100) 100 (97-100) 100 (95-100) 100 (90-100) 100 (98-100)
reporting close contact with the virus
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Table 1. (Continued.)

* Percentages may not total 100 because of rounding. Covid-19 denotes coronavirus disease 2019, IQR interquartile range, mMRNA messenger
RNA, RT-PCR reverse-transcriptase—polymerase-chain-reaction, PPE personal protective equipment, and SARS-CoV-2 severe acute respira-

tory syndrome coronavirus 2.

7 The percentages in this column are based on the total number of participants in the study; all other percentages are based on the total

number of participants with the given characteristic, which is provided in this column. The study sample excluded 1147 participants with
laboratory documentation of SARS-CoV-2 infection before the start of the study period.
I The percentage of participants who received at least one dose of vaccine across sites with the highest observed vaccination rates (Portland,

OR, Duluth, MN, and Salt Lake City, UT) was compared with the percentage across sites with the lowest observed vaccination rates
(Phoenix, AZ, Tucson, AZ, other areas in Arizona, Miami, FL, and Temple, TX), with a chi-square value of 88.3 (P<0.001).
For the 15 participants with missing data regarding biologic sex, the data were imputed as the most common category (female).

—a

Race and ethnic group were reported by the participant.

| Primary health care providers included physicians, physician assistants, nurse practitioners, and dentists; allied health care personnel in-
cluded nurses, therapists, technicians, medical assistants, orderlies, and all others providing clinical support in inpatient or outpatient set-
tings; first responders included firefighters, law enforcement, corrections officers, and emergency medical technicians; and other essential
and frontline workers included teachers and hospitality, delivery, and retail workers, as well as all other occupations that require routine

close contact with the public, customers, or coworkers.

** For the 77 participants who did not provide a response, the data were imputed as none, pending further verification.

were no substantial differences according to other
sociodemographic or health characteristics or
according to potential virus exposure or PPE use.

EFFECTIVENESS OF MRNA VACCINES AGAINST
SARS-COV-2 INFECTION
During the 17-week study period, a total of 3964
participants contributed a median of 19 unvac-
cinated days per participant (interquartile range,
8 to 41; total days, 127,971), during which 156
RT-PCR—confirmed SARS-CoV-2 infections were
identified. A total of 3001 participants contrib-
uted a median of 22 partially vaccinated days
(interquartile range, 21 to 28; total days, 81,168),
during which 11 RT-PCR-confirmed infections
were identified. A total of 2510 participants con-
tributed a median of 69 fully vaccinated days
(interquartile range, 53 to 81; total days, 161,613),
during which 5 RT-PCR-confirmed infections
were identified. Results of vaccination-propensity
weight calculations are shown in Figure S3.
Estimated adjusted vaccine effectiveness against
RT-PCR-confirmed SARS-CoV-2 infection was
91% (95% confidence interval [CI], 76 to 97)
with full vaccination and 81% (95% CI, 64 to 90)
with partial vaccination (Table 2). Estimates of
vaccine effectiveness according to mRNA vaccine
product and age group are shown in Table 2.
Point estimates of vaccine effectiveness were
unchanged in a sensitivity analysis that excluded
periods of low local viral circulation (Table S4).

ATTENUATION OF VIRAL RNA LOAD WITH
VACCINATION

There were no substantial associations between
the mean viral RNA load and participant charac-

teristics, except for a somewhat lower viral RNA
load among first responders (Table S6). The mean
viral RNA load was 3.8 log, copies per milliliter
among unvaccinated participants and 2.3 log,,
copies per milliliter among partially or fully vac-
cinated participants; in an adjusted model, the
viral RNA load was 40% lower (95% CI, 16.3 to
57.3) with at least partial vaccination than with
no vaccination (Table 3). Among vaccinated par-
ticipants, the mean viral RNA load decreased
after receipt of dose 1 (Fig. S4). Viral RNA was
detected for only 1 week in most partially or
fully vaccinated participants (75%) and was de-
tected for more than 1 week in most unvacci-
nated participants (72%); the risk of viral RNA
detection for more than 1 week was 66% lower
with at least partial vaccination (Table 3).

ATTENUATION OF FEBRILE SYMPTOMS AND

DURATION OF ILLNESS WITH VACCINATION

There were no substantial associations be-
tween measures of the severity and duration of
Covid-19 and participant characteristics, except
for a lower mean duration of illness among
participants located in Texas and Utah and a
lower frequency of febrile symptoms among
participants located in Florida and Utah (Table
$6). Among participants with RT-PCR-con-
firmed SARS-CoV-2 infection, only 25% of those
who were partially or fully vaccinated reported
febrile symptoms, as compared with 63% of
those who were unvaccinated; the risk of fe-
brile symptoms was 58% lower with at least
partial vaccination (Table 3). Vaccinated par-
ticipants also reported 6.4 fewer total days of
symptoms (95% CI, 0.4 to 12.3) and 2.3 fewer
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Table 2. Effectiveness of mRNA Vaccines in Preventing SARS-CoV-2 Infection with Full and Partial Vaccination.*
Characteristic and Contributing SARS-CoV-2
Vaccination Status Participantsy Person-Days Infections Vaccine Effectiveness::
Unadjusted Adjusted
no. total no.  median (IQR) no. percent (95% Cl)
Overall
Unvaccinated 3964 127,971 19 (8-41) 156 — —
Partially vaccinated 3001 81,168 22 (21-28) 11 86 (74-93) 81 (64-90)
Fully vaccinated 2510 161,613 69 (53-81) 5 92 (80-97) 91 (76-97)
mRNA vaccine product
BNT162b2 vaccine
Unvaccinated 3964 127,971 19 (8-41) 156 — —
Partially vaccinated 2005 49516 21 (21-22) 3 85 (69-93) 80 (60-90)
Fully vaccinated 1731 120,653 77 (64-82) 3 94 (82-98) 93 (78-98)
mRNA-1273 vaccine
Unvaccinated 3964 127,971 19 (8-41) 156 — —
Partially vaccinated 982 31,231 28 (28-31) 3 88 (61-96) 83 (40-95)
Fully vaccinated 770 40394 58 (44-66) 2 84 (31-96) 82 (20-96)
Age group
<50 yr
Unvaccinated 2838 90,768 18 (8-42) 107 — —
Partially vaccinated 2116 57,064 22 (21-28) 8 87 (72-94) 81 (59-91)
Fully vaccinated 1760 114,676 72 (55-81) 4 91 (75-97) 90 (69-97)
=50 yr
Unvaccinated 1126 37,203 21 (9-40) 49 — —
Partially vaccinated 885 24104 22 (21-28) 3 84 (46-95) 78 (28-93)
Fully vaccinated 750 46,937 68 (50-80) 1 95 (59-99) 94 (51-99)

* At the time of specimen collection, participants were considered to be fully vaccinated (=14 days after dose 2), partially
vaccinated (=14 days after dose 1 and <14 days after dose 2), or unvaccinated or to have indeterminate vaccination sta-
tus (<14 days after dose 1). The 32 participants with SARS-CoV-2 infection who had indeterminate vaccination status
were excluded, as were all person-days associated with indeterminate vaccination status.

T The number of contributing participants does not equal the total number of participants in the study because contributing
participants were required to be in active surveillance and to have met the vaccination criteria.

I Vaccine effectiveness was calculated with the following formula: 100% x (1-hazard ratio for SARS-CoV-2 infection in
vaccinated vs. unvaccinated participants). Adjusted vaccine effectiveness was inversely weighted for the propensity to
be vaccinated, with doubly robust adjustment for local viral circulation, site, and occupation.

days spent sick in bed with Covid-19 (95% CI,
0.8 to 3.7) than unvaccinated participants.

DISCUSSION

In a prospective cohort study involving 3975
health care personnel, first responders, and other
essential and frontline workers followed over 17
weeks in six U.S. states, the effectiveness of the
mRNA vaccines BNT162b2 and mRNA-1273 in

preventing symptomatic and asymptomatic RT-
PCR—confirmed SARS-CoV-2 infection was 91%
(95% CI, 76 to 97) with full vaccination; vaccine
effectiveness was 81% with partial vaccination.
These estimates of vaccine effectiveness in real-
world conditions are consistent with findings
from efficacy trials’? and from a similar pro-
spective study involving health care personnel in
which routine SARS-CoV-2 testing was also con-
ducted.’
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Table 3. Viral RNA Load, Duration of Viral RNA Detection, Frequency of Febrile Symptoms, and Duration of lliness in
Vaccinated and Unvaccinated Participants with SARS-CoV-2 Infection.*

Partially or Fully

Variable Unvaccinated Vaccinated Difference (95% Cl)
Viral RNA load

No. assessed 155 16 —

Mean — logyo copies/ml 3.8+1.7 2.3+1.7 40.2 (16.3-57.3)%:
Duration of viral RNA detection

No. assessed 155 16 —

Mean — days 8.9+10.2 2.7+3.0 6.2 (4.0-8.4)
Detection of viral RNA for >1 week — no./total 113/156 (72.4) 4/16 (25.0) 0.34 (0.15-0.81)§

no. (%)

Febrile symptoms — no./total no. (%)9 94/149 (63.1) 4/16 (25.0) 0.42 (0.18-0.98) |
Total days of symptoms

No. assessed 148 16 —

Mean — days 16.7+15.7 10.3+10.3 6.4 (0.4-12.3)
Days spent sick in bed

No. assessed 147 15 —

Mean — days 3.8+5.9 1.5+2.1 2.3 (0.8-3.7)

* Plus—minus values are means +SD. The following unvaccinated participants were excluded from the total number as-
sessed: 1 participant for viral RNA load and duration of viral RNA detection (the specimen could not be tested because
of insufficient volume), 7 for febrile symptoms (they did not complete an illness survey to document symptoms), 8 for
total days of symptoms (7 did not complete an illness survey and 1 had an illness that had not resolved by April 10,
2021), and 9 for days spent sick in bed (7 did not complete an illness survey, 1 had an illness that had not resolved
by April 10, 2021, and 1 did not provide a response on the illness survey). In addition, 1 vaccinated participant was ex-
cluded from the total number assessed for days spent sick in bed (that person did not provide a response on the illness
survey).

T Means were based on the maximum viral load measured among all mid-turbinate nasal swabs from each participant
with RT-PCR—confirmed SARS-CoV-2 infection and were compared with the use of a Poisson model adjusted for days

from symptom onset to specimen collection and days with the specimen in transit to the laboratory.

1 The value is a relative difference (percent).

§ The value is a relative risk, indicating 66% lower risk in vaccinated participants.
9§ Febrile symptoms were defined as fever, feverishness, chills, or a measured temperature higher than 38°C.
| The value is a relative risk, indicating 58% lower risk in vaccinated participants.

Among the small number of participants with
breakthrough RT-PCR—confirmed SARS-CoV-2 in-
fection despite vaccination, the mRNA vaccines
appeared to attenuate infection and disease in
multiple ways. Participants who were partially or
fully vaccinated at the time of infection had a
40% lower viral RNA load and a 66% lower risk
of viral RNA detection for more than 1 week
than participants who were unvaccinated at in-
fection. Partially or fully vaccinated participants
also had a 58% lower risk of febrile symptoms
and a shorter duration of illness, with approxi-
mately 6 fewer days of symptoms and 2 fewer
days spent sick in bed, than unvaccinated par-
ticipants. The observed presence of a reduced
viral RNA load after the administration of mRNA

vaccines is consistent with findings in a recent
report,® and the observed combination of viro-
logic and clinical effects is consistent with previ-
ous findings of a lower level and shorter dura-
tion of viral RNA detection with milder Covid-19.°

The mechanisms by which vaccination atten-
uates Covid-19 are largely unknown, but the ef-
fect is probably due to recall of immunologic
memory responses that reduce viral replication
and accelerate the elimination of virally infected
cells.® The biologic plausibility of these benefits
is supported by the observation of similar phe-
nomena in studies of other vaccines.’® Our
findings are also consistent with reports of less
severe symptoms in patients with moderate
Covid-19 who received the Ad26.COV2.S vaccine
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than in those who received placebo in a random-
ized, controlled trial.?®

Strengths of this study include the focus on
working-age adults without previous laboratory-
documented SARS-CoV-2 infection, the use of
weekly testing for SARS-CoV-2 infection and ill-
ness with high adherence to surveillance, the
multimethod documentation of vaccination sta-
tus, and the estimation of vaccine effectiveness
with vaccination-propensity weighting, continu-
ous updates regarding local viral circulation, and
reports of potential virus exposure and PPE use.
The use of a standard synthetic RNA to conduct
quantitative RT-PCR assays improves on the
methods used in many previous studies, which
relied on cycle thresholds from real-time RT-PCR
assays as a proxy for viral RNA loads.’

This study also has several limitations. First,
although our estimate of 81% vaccine effective-
ness with partial vaccination is similar to results
provided in other reports,»>”*»?2 this estimate is
based on a relatively brief follow-up period (with
a median of 22 partially vaccinated days, as com-
pared with 69 fully vaccinated days, per partici-
pant). Second, we could have overestimated vac-
cine effectiveness if we disproportionately failed
to detect infections among vaccinated partici-
pants because of attenuation of viral RNA load
after vaccination or because of reductions in the
sensitivity of RT-PCR assays associated with
specimen collection by participants and ship-
ping of specimens.”® Third, we have not com-
pleted genetic sequencing for all viruses. Fourth,
because there was a relatively small number of
breakthrough infections, we could not differen-
tiate attenuation effects associated with partial
vaccination from effects associated with full vac-
cination. Similarly, sparse data reduced the pre-
cision of estimates, although the consistency of
trends across measures affirms the direction of
the overall effect. Fifth, because of the sparse data
and limited racial and ethnic diversity among
participants, we were unable to fully examine or
adjust for potential confounders of vaccine atten-
uation effects. Nonetheless, we stratified our
participant recruitment to ensure a combination
of participant characteristics according to occu-

pation, age, and sex; we did not observe consis-
tent associations of sociodemographic or health
characteristics or reported virus exposure or PPE
use with vaccination status, viral RNA load, or
duration of illness. Sixth, results for febrile
symptoms and duration of illness were based on
participant-reported data, which can be subject
to recall and confirmation biases. Yet, the find-
ings for these measures were consistent with the
virologic findings of a reduced viral RNA load
and duration of viral RNA detection among vac-
cinated participants. Finally, the detection of viral
RNA is not equivalent to isolation of an infec-
tious virus; however, low cycle thresholds on
RT-PCR assay have been associated with the abil-
ity to isolate SARS-CoV-2 in culture,” and both
the level and the duration of viral RNA detection
are associated with infectivity and transmission
in other viral infections.?2

If further data confirm that the administra-
tion of mRNA vaccines reduces the number of
viral RNA particles and the duration of viral
RNA detection, thereby blunting the infectivity
of SARS-CoV-2, then the overall results support
that mRNA vaccines not only are highly effec-
tive in preventing SARS-CoV-2 infection but
also may mitigate the effects of breakthrough
infections — a finding that is especially impor-
tant to essential and frontline workers, given
their potential to transmit the virus through
frequent close contact with patients, coworkers,
and the public.

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position of
the Centers for Disease Control and Prevention.

Supported by the National Center for Immunization and
Respiratory Diseases and the Centers for Disease Control and
Prevention (contracts 75D30120R68013 to Marshfield Clinic Re-
search Institute, 75D30120C08379 to the University of Arizona,
and 75D30120C08150 to Abt Associates).

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

A data sharing statement provided by the authors is available
with the full text of this article at NEJM.org.

We thank the participants involved in the study, as well as our
colleagues at the Centers for Disease Control and Prevention;
the University of Arizona, Arizona Department of Health Servic-
es, and the University of Miami; Kaiser Permanente Northwest;
St. Luke’s Regional Health Care System; the University of Utah;
Marshfield Clinic Research Institute; Abt Associates; and Baylor
Scott and White Health.

APPENDIX

The authors’ full names and academic degrees are as follows: Mark G. Thompson, Ph.D., Jefferey L. Burgess, M.D., M.P.H., Allison L.
Naleway, Ph.D., Harmony Tyner, M.D., M.P.H., Sarang K. Yoon, D.O., Jennifer Meece, Ph.D., Lauren E.W. Olsho, Ph.D., Alberto J.

N ENGLJ MED 385;4 NEJM.ORG JULY 22, 2021

The New England Journal of Medicine

Downloaded from ngjm.org at ${institutionUser.bannerText} on August 30, 2021. For personal use only. No other uses without permission.

Copyright © 2021 Massachusetts Medical Society. All rights reserved.



PREVENTION AND ATTENUATION OF COVID-19 WITH VACCINES

Caban-Martinez, D.O., Ph.D., M.P.H., C.P.H., Ashley L. Fowlkes, Sc.D., M.P.H., Karen Lutrick, Ph.D., Holly C. Groom, M.P.H., Kayan
Dunnigan, M.P.H., Marilyn J. Odean, M.S., Kurt Hegmann, M.D., Elisha Stefanski, B.S., Laura J. Edwards, M.P.H., Natasha Schae-
fer-Solle, Ph.D., Lauren Grant, M.S., Katherine Ellingson, Ph.D., Jennifer L. Kuntz, Ph.D., Tnelda Zunie, B.S., Matthew S. Thiese, Ph.D.,
Lynn Ivacic, B.S., Meredith G. Wesley, M.P.H., Julie Mayo Lamberte, M.S.P.H., Xiaoxiao Sun, Ph.D., Michael E. Smith, B.S., Andrew L.
Phillips, M.D., Kimberly D. Groover, Ph.D., Young M. Yoo, M.S.P.H., Joseph Gerald, M.D., Rachel T. Brown, Ph.D., Meghan K. Herring,
M.P.H., Gregory Joseph, M.P.H., Shawn Beitel, M.Sc., Tyler C. Morrill, M.S., Josephine Mak, M.P.H., Patrick Rivers, M.P.P., Brandon P.
Poe, M.P.A., Brian Lynch, B.S., Yingtao Zhou, Ph.D., Jing Zhang, Ph.D., Anna Kelleher, M.S., Yan Li, B.S., Monica Dickerson, B.S.,
Erika Hanson, M.S., Kyley Guenther, B.S., Suxiang Tong, Ph.D., Allen Bateman, Ph.D., Erik Reisdorf, M.P.H., John Barnes, Ph.D.,
Eduardo Azziz-Baumgartner, M.D., Danielle R. Hunt, Ph.D., Melissa L. Arvay, Ph.D., M.P.H., Preeta Kutty, M.D., Alicia M. Fry, M.D.,
M.P.H., and Manjusha Gaglani, M.B.B.S.

The authors’ affiliations are as follows: the Centers for Disease Control and Prevention COVID-19 Response Team, Atlanta (M.G.T.,
ALE., LG, JML, YM.Y., GJ., J. Mak, B.L., Y.Z., J.Z., AK, Y.L, M.D,, S.T., J.B., E.A.-B., M.L.A., P.K., A.M.E.); the Mel and Enid
Zuckerman College of Public Health, University of Arizona, Tucson (J.L.B., K.L., K.E., X.S., J.G., S.B., P.R.); Kaiser Permanente North-
west Center for Health Research, Portland, OR (A.L.N., H.C.G., J.L.K.); the Whiteside Institute for Clinical Research (M.].O.), St. Luke’s
Regional Health Care System (H.T., M.J.O.), Duluth, MN; University of Utah, Salt Lake City (S.K.Y., K.H., M.S.T., A.L.P., R.T.B.); the
Marshfield Clinic Research Institute, Marshfield (J. Meece, E.S., L.1.), and the Wisconsin State Laboratory of Hygiene, Madison (E.H.,
K.G., A.B., E.R.) — both in Wisconsin; Abt Associates, Rockville, MD (L.E.W.O., LJ.E., M.G.W., K.D.G., M.K.H., T.C.M., B.P.P.,
D.R.H.); the Leonard M. Miller School of Medicine, University of Miami, Miami (A.J.C.-M., N.S.-S.); and Baylor Scott and White Health,

Dallas (K.D., T.Z., M.E.S., M.G.), and Texas A&M University College of Medicine, Bryan (M.G.) — both in Texas.

REFERENCES

1. Baden LR, EI Sahly HM, Essink B, et al.
Efficacy and safety of the mRNA-1273
SARS-CoV-2 vaccine. N Engl J Med 2021;
384:403-16.

2. Polack FP, Thomas §J, Kitchin N, et al.
Safety and efficacy of the BNT162b2
mRNA Covid-19 vaccine. N Engl J Med
2020;383:2603-15.

3. Thompson MG, Burgess JL, Naleway
AL, et al. Interim estimates of vaccine ef-
fectiveness of BNT162b2 and mRNA-1273
COVID-19 vaccines in preventing SARS-
CoV-2 infection among health care person-
nel, first responders, and other essential
and frontline workers — eight U.S. loca-
tions, December 2020-March 2021. MMWR
Morb Mortal Wkly Rep 2021;70:495-
500.

4. Paden CR, Tao Y, Queen K, et al. Rap-
id, sensitive, full-genome sequencing of
severe acute respiratory syndrome Coro-
navirus 2. Emerg Infect Dis 2020;26:
2401-5.

5. Robins JM, Herndn MA, Brumback B.
Marginal structural models and causal
inference in epidemiology. Epidemiology
2000;11:550-60.

6. McCaffrey DF, Ridgeway G, Morral
AR. Propensity score estimation with
boosted regression for evaluating causal
effects in observational studies. Psychol
Methods 2004;9:403-25.

7. Hall VJ, Foulkes S, Saei A, et al.
COVID-19 vaccine coverage in health-care
workers in England and effectiveness of
BNT162b2 mRNA vaccine against infec-
tion (SIREN): a prospective, multicentre,
cohort study. Lancet 2021;397:1725-35.

8. Levine-Tiefenbrun M, Yelin I, Katz R,
et al. Initial report of decreased SARS-
CoV-2 viral load after inoculation with
the BNT162b2 vaccine. Nat Med 2021;27:
790-2.

9. Fontana LM, Villamagna AH, Sikka

N ENGLJ MED 385;4

Downloaded from ngjm.org at ${institutionUser.bannerText} on August 30, 2021. For personal use only. No other uses without permission.

MK, McGregor JC. Understanding viral
shedding of severe acute respiratory coro-
navirus virus 2 (SARS-CoV-2): review of
current literature. Infect Control Hosp
Epidemiol 2020 October 20 (Epub ahead
of print).

10. Ferdinands JM, Thompson MG, Blan-
ton L, Spencer S, Grant L, Fry AM. Does
influenza vaccination attenuate the sever-
ity of breakthrough infections? A narra-
tive review and recommendations for fur-
ther research. Vaccine 2021;39:3678-95.
11. Préziosi MP, Halloran ME. Effects of
pertussis vaccination on disease: vaccine
efficacy in reducing clinical severity. Clin
Infect Dis 2003;37:772-9.

12. Préziosi MP, Halloran ME. Effects of
pertussis vaccination on transmission:
vaccine efficacy for infectiousness. Vaccine
2003;21:1853-61.

13. Vesikari T, Ruuska T, Delem A, André
FE, Beards GM, Flewett TH. Efficacy of two
doses of RIT 4237 bovine rotavirus vac-
cine for prevention of rotavirus diarrhoea.
Acta Paediatr Scand 1991;80:173-80.

14. Hickman CJ, Hyde TB, Sowers SB, et al.
Laboratory characterization of measles
virus infection in previously vaccinated
and unvaccinated individuals. J Infect Dis
2011;204:Suppl 1:5549-S558.

15. RotaJS, Hickman CJ, Sowers SB, Rota
PA, Mercader S, Bellini WJ. Two case
studies of modified measles in vaccinated
physicians exposed to primary measles
cases: high risk of infection but low risk
of transmission. J Infect Dis 2011;204:
Suppl 1:8559-S563.

16. Marin M, Yawn BP, Hales CM, et al.
Herpes zoster vaccine effectiveness and
manifestations of herpes zoster and as-
sociated pain by vaccination status. Hum
Vaccin Immunother 2015;11:1157-64.

17. Jain VK, Rivera L, Zaman K, et al. Vac-
cine for prevention of mild and moderate-

to-severe influenza in children. N Engl J
Med 2013;369:2481-91.

18. Arriola C, Garg S, Anderson EJ, et al.
Influenza vaccination modifies disease
severity among community-dwelling adults
hospitalized with influenza. Clin Infect
Dis 2017;65:1289-97.

19. Vdzquez M, LaRussa PS, Gershon AA,
Steinberg SP, Freudigman K, Shapiro ED.
The effectiveness of the varicella vaccine
in clinical practice. N Engl J] Med 2001;
344:955-60.

20. Sadoff J, Gray G, Vandebosch A,
et al. Safety and efficacy of single-dose
Ad26.COV2.S vaccine against Covid-19.
N Engl J Med 2021;384:2187-201.

21. Skowronski DM, De Serres G. Safety
and efficacy of the BNT162b2 mRNA
Covid-19 vaccine. N Engl J Med 2021;384:
1576-8.

22. Amit S, Regev-Yochay G, Afek A, Kreiss
Y, Leshem E. Early rate reductions of
SARS-CoV-2 infection and COVID-19 in
BNT162b2 vaccine recipients. Lancet
2021;397:875-7.

23. McCulloch DJ, Kim AE, Wilcox NC,
et al. Comparison of unsupervised home
self-collected midnasal swabs with clini-
cian-collected nasopharyngeal swabs for
detection of SARS-CoV-2 infection. JAMA
Netw Open 2020;3(7):e2016382.

24. Tsang TK, Cowling BJ, Fang VJ, et al.
Influenza A virus shedding and infectiv-
ity in households. J Infect Dis 2015;212:
1420-8.

25. Anand BS, Velez M. Assessment of
correlation between serum titers of hepa-
titis C virus and severity of liver disease.
World J Gastroenterol 2004;10:2409-11.
26. MacDonald M, Crofts N, Kaldor J.
Transmission of hepatitis C virus: rates,
routes, and cofactors. Epidemiol Rev 1996;
18:137-48.

Copyright © 2021 Massachusetts Medical Society.

NEJM.ORG JULY 22, 2021

The New England Journal of Medicine

Copyright © 2021 Massachusetts Medical Society. All rights reserved.

329



