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IMPORTANCE Data about the association of COVID-19 vaccination and prior SARS-CoV-2
infection with risk of SARS-CoV-2 infection and severe COVID-19 outcomes may guide
prevention strategies.

OBJECTIVE To estimate the time-varying association of primary and booster COVID-19
vaccination and prior SARS-CoV-2 infection with subsequent SARS-CoV-2 infection,
hospitalization, and death.

DESIGN, SETTING, AND PARTICIPANTS Cohort study of 10.6 million residents in North Carolina
from March 2, 2020, through June 3, 2022.

EXPOSURES COVID-19 primary vaccine series and boosters and prior SARS-CoV-2 infection.

MAIN OUTCOMES AND MEASURES Rate ratio (RR) of SARS-CoV-2 infection and hazard ratio
(HR) of COVID-19-related hospitalization and death.

RESULTS The median age among the 10.6 million participants was 39 years; 51.3% were
female, 71.5% were White, and 9.9% were Hispanic. As of June 3, 2022, 67% of participants
had been vaccinated. There were 2 771364 SARS-CoV-2 infections, with a hospitalization
rate of 6.3% and mortality rate of 1.4%. The adjusted RR of the primary vaccine series
compared with being unvaccinated against infection became 0.53 (95% Cl, 0.52-0.53) for
BNT162b2, 0.52 (95% Cl, 0.51-0.53) for mRNA-1273, and 0.51 (95% Cl, 0.50-0.53) for
Ad26.COV2.5 10 months after the first dose, but the adjusted HR for hospitalization
remained at 0.29 (95% Cl, 0.24-0.35) for BNT162b2, 0.27 (95% Cl, 0.23-0.32) for
mRNA-1273, and 0.35 (95% Cl, 0.29-0.42) for Ad26.COV2.S and the adjusted HR of death
remained at 0.23 (95% Cl, 0.17-0.29) for BNT162b2, 0.15 (95% Cl, 0.11-0.20) for mRNA-1273,
and 0.24 (95% Cl, 0.19-0.31) for Ad26.COV2.S. For the BNT162b2 primary series, boosting

in December 2021 with BNT162b2 had the adjusted RR relative to primary series of 0.39
(95% Cl, 0.38-0.40) and boosting with mRNA-1273 had the adjusted RR of 0.32 (95% ClI,
0.30-0.34) against infection after 1 month and boosting with BNT162b2 had the adjusted RR
of 0.84 (95% Cl, 0.82-0.86) and boosting with mRNA-1273 had the adjusted RR of 0.60
(95% Cl, 0.57-0.62) after 3 months. Among all participants, the adjusted RR of Omicron
infection compared with no prior infection was estimated at 0.23 (95% Cl, 0.22-0.24)
against infection, and the adjusted HRs were 0.10 (95% Cl, 0.07-0.14) against hospitalization
and 0.11 (95% Cl, 0.08-0.15) against death after 4 months.

CONCLUSIONS AND RELEVANCE Receipt of primary COVID-19 vaccine series compared with

being unvaccinated, receipt of boosters compared with primary vaccination, and prior

infection compared with no prior infection were all significantly associated with lower risk

of SARS-CoV-2 infection (including Omicron) and resulting hospitalization and death. Author Affiliations: Gillings School
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OVID-19 continues to be a global public health emer-

gency. Vaccination is a major tool to combat this

pandemic, but its effectiveness wanes over time and
tends to be lower against new variants. Surveillance data
from North Carolina, a state with 10.6 million residents, was
previously used to estimate the effectiveness of the 3
COVID-19 vaccines deployed in the US—BNT162b2 (Pfizer-
BioNTech), mRNA-1273 (Moderna), and Ad26.COV2.S
(Janssen/Johnson & Johnson)—in reducing the risk of
COVID-19 from December 11, 2020, to September 8, 2021.1
Waning effectiveness was attributed to both declining immu-
nity over time and the emergence of the Delta variant.!

This article reports a new analysis of the North Carolina
surveillance data from March 2, 2020, through June 3,
2022. The expanded data allowed evaluation of the associa-
tion of the 3 vaccines with SARS-CoV-2 infection, hospi-
talization, and death over 16 months, including the time
during which the Omicron variant was predominant. The
data also allowed evaluation of the association of boosters
with outcomes for more than 8 months and of the waning
immunity acquired by SARS-CoV-2 infection with different
variants over 2 years, including 6 months during which
Omicron was predominant.

Methods

This study was approved by the University of North Carolina
at Chapel Hill Institutional Review Board. This activity was
determined to be public health surveillance as defined in
45 CFR §46.102(1) (US Department of Health and Human
Services, Title 45 Code of Federal Regulations, §46 Protec-
tion of Human Subjects) and thus informed consent was
not required.

Data Sources

North Carolina COVID-19 Surveillance System

The North Carolina COVID-19 surveillance system is a web-
based central repository of person-based communicable dis-
ease investigation database. Laboratories report COVID-19
test results electronically to the North Carolina COVID-19 sur-
veillance system, which leads to identification of cases meet-
ing the definition by polymerase chain reaction or antigen
testing. Local health departments gather additional demo-
graphic and clinical outcome data. Race and ethnicity were
self-reported with fixed categories and were collected as part
of the US Department of Health and Human Services
COVID-19 laboratory reporting requirements.?

COVID-19 Vaccine Management System

The COVID-19 vaccine management system is a secure, cloud-
based system that schedules appointments and tracks vac-
cine administration information. COVID-19 vaccine manage-
ment system records are transferred daily to the North Carolina
Department of Health and Human Services Business Intelli-
gence Data Platform, where data are cleansed, transformed,
and normalized to create a recipient-based view of COVID-19
vaccination history.

Key Points

Question How does the association of COVID-19 vaccination and
prior SARS-CoV-2 infection with subsequent SARS-CoV-2 infection
and severe COVID-19 outcomes change over time?

Findings In a cohort study of 10.6 million North Carolina
residents from March 2020 to June 2022, receipt of a primary
COVID-19 vaccine series compared with being unvaccinated,
receipt of a booster compared with primary vaccination,

and prior SARS-CoV-2 infection compared with no prior

infection were all significantly associated with lower risk of
SARS-CoV-2 infection and resulting hospitalization and death.
The estimates for the associated protection decreased over time,
especially for the outcome of infection, and varied by type of
circulating variant.

Meaning Receipt of COVID-19 vaccines and boosters, as well as
prior SARS-CoV-2 infection, were associated with protection
against SARS-CoV-2 infection (including Omicron) and severe
COVID-19 outcomes, although the associated protection waned
over time.

Study Design

We extracted individual-level data on vaccination histories
from December 11, 2020, to June 3, 2022, and on SARS-CoV-2
infection, hospitalization, and death from March 2, 2020, to
June 3, 2022, by linking the North Carolina COVID-19 surveil-
lance system and COVID-19 vaccine management system
databases through a master patient index (eMethods in the
Supplement). We used the 2020 bridged-race population es-
timates produced by the US Census Bureau to determine the
total number of residents with each combination of demo-
graphic variables, ie, age, sex, race and ethnicity, geographic
region (Coastal Plain, Piedmont, Mountains), and county-
level vaccination rate.

Exposures

The exposure variables included BNT162b2, mRNA-1273, and
Ad26.COV2.S vaccines, as well as SARS-CoV-2 infection during
periods of pre-Delta, Delta, or Omicron variant predominance.

Outcomes

The primary outcome was SARS-CoV-2 infection determined
by polymerase chain reaction or antigen testing. The second-
ary outcomes were COVID-19-related hospitalization and
death, which were documented by local health departments;
for cases reported from January 1, 2022, forward, vital rec-
ords criteria were introduced to expand COVID-19-related
death surveillance.

Statistical Analysis

We treated SARS-CoV-2 infections as recurrent events and
formulated the association of vaccination and prior infection
with the rate of infection through the multiplicative intensity
model.? In addition, we used the Cox regression model* to
formulate the association of vaccination and prior infection
with the hazard of hospitalization or death. We indexed time
by calendar date to control for time-varying confounders


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2022.17876?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2022.17876

(eg, type of circulating variant, level of community transmis-
sion) by comparing disease incidence between vaccinated
and unvaccinated participants, as well as between previously
infected and uninfected participants, on the same date.!->

In the first set of analyses, the association parameters for
1-dose BNT162b2, 2-dose BNT162b2, 1-dose mRNA-1273,
2-dose mRNA-1273, and 1-dose Ad26.COV2.S, as well as
for prior infection, were estimated simultaneously under
a single model, such that the association of one exposure
(vaccination or prior infection) with each outcome was esti-
mated while adjusting for the other exposure and assuming
no interaction. Participants were censored at the time of
receipt of booster. The time-varying association of vaccina-
tion with each outcome was characterized by a continuous
piecewise linear function of time elapsed since the first dose
for the log rate ratio (RR) or hazard ratio (HR), with change
points placed at approximately every month.! The time-
varying association of prior infection with each outcome was
modeled in a similar manner, with positive results within 2
weeks of the initial diagnosis being treated as the same
infection. Of note, only participants who survived their ini-
tial infection could be reinfected. Additional analyses were
performed by allowing the associations of vaccination and
prior infection with outcomes to depend on the time periods
of vaccination and prior infection, respectively. Subgroup
analysis by age (12-17, 18-34, 35-49, 50-64, and =65 years)
was also planned.

The second set of analyses was concerned with estimat-
ing the effectiveness of the booster among participants who
had completed a primary vaccine series. The time-varying
association of booster with each outcome was characterized
by a continuous piecewise linear function of time elapsed
since boosting for the log RR or HR between booster and pri-
mary vaccination, with change points placed at approxi-
mately every month. The analyses on the outcome of infec-
tion were performed separately for 6 common combinations
of primary and booster vaccines, whereas the analyses on
the outcomes of hospitalization and death were performed
for all combinations together because of small numbers
of events.

The third set of analyses was designed to assess the
interaction between booster vaccination and prior infection
(ie, how the estimated effectiveness of the booster by itself
depends on the prior infection status) among participants
who had completed a primary vaccine series. The associa-
tion parameters for prior infection among participants with
primary vaccination and for booster among previously
infected vs previously uninfected participants were esti-
mated under a single model.

In all analyses, we included demographic variables (age,
sex, race and ethnicity, geographic region, county-level vac-
cination rate) as covariates to adjust for potential confound-
ing by individual characteristics and geographic location. We
also included the date of primary series as a covariate when
estimating booster parameters. The parameters in each model
were estimated by maximizing the partial likelihood with po-
tentially censored observations.>* The effectiveness of vac-
cination or prior infection was estimated by 1 minus the esti-

mated RR or HR multiplied by 100%; corresponding 95% CIs
were constructed.

Some individuals with COVID-19 were not contacted to
gather information about clinical outcomes. Analysis on the
outcome of hospitalization or death was based on complete
cases (ie, participants with known hospitalization status or
known survival status).

The details of the statistical analysis, including the sensi-
tivity analysis with missing data, are shown in the eMethods
in the Supplement. Given the large number of analyses and the
absence of a priori hypotheses, the study findings should be
interpreted as exploratory. All analyses were performed in the
R package DOVE3.

Results

Study Population

The Table summarizes demographic characteristics, vaccine
uptakes, and clinical outcomes of the study cohort. The state
of North Carolina has a total of 10 600 823 residents, 67% of
whom had received at least 1 dose of a COVID-19 vaccine. The
administration of the 3 vaccines varied over time (eFigures 1-2
in the Supplement). From March 2, 2020, to June 3, 2022, a
total of 2771364 cases of SARS-CoV-2 infection were re-
ported, among which 62 420 were known to cause hospital-
ization and 24 561 were known to cause death.

Association of Primary Vaccination With Outcomes

Figure 1A-C and eTable 1A-C in the Supplement show the esti-
mates for the effectiveness of primary vaccination in reduc-
ing the rate of SARS-CoV-2 infection and the hazard of hospi-
talization or death. The adjusted RR of the BNT162b2 2-dose
regimen against infection was 0.46 (95% CI, 0.45-0.46) (esti-
mated effectiveness, 54.3% [95% CI, 53.6%-55.0%]), the
adjusted HR against hospitalization was 0.14 (95% CI, 0.12-
0.16) (estimated effectiveness, 85.8% [95% CI, 83.7%-
87.7%]), and the adjusted HR against death was 0.10 (95% CI,
0.08-0.13) (estimated effectiveness, 89.6% [95% CI, 87.0%-
91.6%]) at 7 months after the first dose; at 12 months after the
first dose, and the adjusted RR against infection was 0.63
(95% CI, 0.61-0.64) (estimated effectiveness, 37.5% [95% CI,
36.0%-39.0%]), the adjusted HR against hospitalization was
0.41 (95% CI, 0.34-0.51) (estimated effectiveness, 58.8%
[95% CI, 49.3%-66.5%]), and the adjusted HR against death
was 0.25 (95% CI, 0.19-0.32) (estimated effectiveness, 75.2%
[95% CI, 67.7%-81.0%]). The adjusted RR of the mRNA-1273
2-dose regimen against infection was 0.31 (95% CI, 0.30-
0.32) (estimated effectiveness, 69.2% [95% CI, 68.5%-
69.9%]), the adjusted HR against hospitalization was 0.10
(95% CI, 0.09-0.12) (estimated effectiveness, 89.8% [95% CI,
88.1%-91.3%]), and the adjusted HR against death was 0.07
(95% CI, 0.06-0.09) (estimated effectiveness, 93.0% [95% CI,
91.1%-94.5%]) at 7 months after the first dose; at 12 months
after the first dose, the adjusted RR for infection was 0.53
(95% ClI, 0.52-0.54) (estimated effectiveness, 47.2% [95% CI,
45.8%-48.5%]), the adjusted HR for hospitalization was 0.35
(95% ClI, 0.29-0.43) (estimated effectiveness, 64.7% [95% CI,


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2022.17876?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2022.17876
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2022.17876?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2022.17876
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2022.17876?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2022.17876

‘sa110891ed paxiyaid Suisn pariodau-y9s a1e Audiuyle pue adey ,

*J0JBUILLIOUDP B} Ul UMOYS dJE SN3els
|BAIAINS pUE UOI3eZI|e}dSOY UMOUY| YHM SUOI1I94Ul JO SI9GLUNU PUE J0JeIaLLNU Y3 Ul UMOYS d.e SU3eap pue
suo1ezi[eNdsoy UMOLD| JO SISGLUNN “UY3eap pue uoiiezijendsoy Uo elep Sulssiw a1 13y “[eNpIAIpUI SLIES Y}

WwoJj suoijezijelidsoyas pue suondajulss Suipnjoul ‘paliodal a.e suonezijendsoy pue sUOIBJUI JO SIBQUINN o

"3UIDIBA AUE JO BSOP 191500( | 1SBD)| 1B PaAIRdaL 9AeY oym syuedidiiled Jo jaquinu ay
SMOUS UWN|od , 1935009, 8y} pue ‘salas Alewd ay3 paie|dwod aney oym syuedidipied Jo Jsaquunu ay3 SMoYs
uwn|od ,Alewlid, a3 'asop | AJuo paAladal aAey oym suedidilied Jo Jaquunu syl SMOYS UWIN|0I ,9S0P |, 9UL e

60€ LTV € 9T18¥6£/T59¥ 8T0%€7/TT0TT 11788 Leres €EE 18T [474 &1 770619 T0€ Cv 00€ €64 8CE8SST 798901 0/<
G€8996 € 676169/69.6 8%9 G8€/066 7T 0Zy S10T €€6 ¢S L0 €91 L9¥ €8y 881198 796 85 706 ¢6S G89T9CT 79916 0/-6S
6/£990C € 115 219/0¥T 0T 20T 59€/60% 9T €66¢/8 |VAA°T4 680 56 ¢S295¢€ L¥69.9 606 6% €6798¢ LTy T0L 6789 65>
9% ‘ajel
uoljeuIdIeA 13A3]-A3Un0)
T6T V9T 1 ¥8Y 12T/995€ 8T9VIT/TL9S 6¢508¢ £9G9T¢C 95T ¥9 088981 880 €¢CE 616 8T 6CL9CT 806 09¢ €5/ 61 urejunopy
8841059 816 C06/T09 €T 9/8TYS/T¥S S€ TT06TLT 87166 €L£69C 996899 T9SvLTT 0T ¥8 LL6LETT 18015 C 696L1 juowpald
Yv8¥€6¢C ¥S8 LLS/V6EL vLT LTE/B0TTT Y8 1LL 9186¢ 009901 GTG9S€ 0€5 799 €5T 8% 16/ L0€ 157 9TL [YAWA] 1e3se0)
uolba. d1ydelbosn
88E8756 0TS L9 T/TTe et 185 €€8/TTY 1S 896 /6¢€ ¢ €/8GET T0S /8¢ 7EBTLCTT 7650.61 SCr 0ET SLLLIPST 99¢ vt € 996 81¢ dlueds|H-UoN
SEVCS0T 9/ ¥ET/6E€T /8T TST/8008 96/ €LE 89971 89S LCT6L G859 681 6¥.0¢ [448 44} VLT L6€E 4T4°14 dluedsiH
SSIBIIIVE|
199646 L L68TTCT/L8081T G/9669/€€6 TV 907 ¢v6 T 6SLC1T 8LTVEE €60 788 L¥8TLST L¥0 20T v8LYECT 0Cr 10S¢ 80€ 69T HUM
198 ¢St ¢ ¥¥8 ¢17/06LS 9TT ¥¥T/S9 LT 786 569 106 8C 9G€ €8 ¥94 19¢ G86 981 LL0CY ¥¥80¢C¢E €€C9LL 99 08 elg
€91 16¢€ 8Y€ Sh/T1CE LSEYT/9T6 865 98 609/ 86 L1 €80 v¥ 6CY SL 13314 L¥8T0T YL¥ €0C 990¢T Japues| J1415ed 10 Uejsy
AAIIEN BYSe]Y 10
8€C 08T L9T T€/€9€ 079 91/926 SYANAZ [4I4t 1Sy TCeen 816 ST L1ST C0ST €TE0f 008% u
89 TSTS 129 £8L/880 €T 891 SG¥/0SL T€E veoeLet 9169/ 66T 0¥¢C G788TS €660L6 08¢l 965 8TL A Z4VAD 9%0 CET 2N
1824144 SE9VI6/ELY TT 0T€675/0£90€ 0v.867 T S19€L 0€6 66T 9€T €49 9816811 veeLL T06 €96 661976 T VLLYET 9ewa4
X35
S yI8l ¥S096T/L1C LT 99 SCT/T€80€ 996 ¥8¢ LETIT 8¢0v¥ L0V 9Ly 896 089 [8T ST 8L/ %08 €9€4/9 8/9 ST G9<
€Ev 950 ¢ Te9€6e/LTeS TESTLT/66T LT 08 L9 98 €S €80 CET 98€65¢ €87 665 909 ¢€ SY9vey 9%y 9¢L PG GE ¥9-09
Pr11661 907 85€/885T G586 00¢/Tv8 €98865 996¢ TI¥ 81T T0S€T¢ 6Cv 1Y 6vCLE Teqee 8ETCTL 6S€CS 67-G€
YoECeEv ¢ 877 905/56€ TE€L8LT/SE9Y LEV C98 SCI8¢E T899¢€1 €00 SV1 S0T SOv 0T ¢S ¢ST6SC PETTEL G99 08 ¥€-81
€9908 vS6¥P1/S5T 758 S8/¥19 0/6T€C SS/C £068 6%9. 690 £C LL6E 8ELETT 799 €9¢€ 67 9¢ LT-TT
99/ 66V T 786 20T/6 0¢012T/079 yresce C 6T ST T4} 13 €99 LT £09C1¢€ 1879 115
A ‘dnoub aby
(85-07) 6€ (z8-79) L (S£-19) ¥9 (15-00) ¥€ (65-€€) 8% (£5-0¢) v¥ (0£-9%) 09 (89-6€) §§ (85-80) tv (£9-9¢) €5 (09-€0) tv (S¥-GT) 8T A*(40I) uelpaw ‘aby
€¢80090T 957 T0L /195 ¥T 89/ %86/0t¥ 79 Y9€TLLC T€S0ST 6C1 07y T96 T0C T 6/109T ¢ VLT TST L6V TL9T (4454783 0¢899¢ SjuLpIsAI Y
NEZENN) yieaq uoljezijeyidsoy uoIdu| 1915009 Kiewid 1915009 Kiewnid asop T 1915009 Kiewid asop T JnsLIaelRy)
S'TAOD'9CPY €LTT-YNYW Cq79TINg

q"ON ‘S3Wo023no0 jeaui)

<"ON ‘@{eydn auidep

20T '€3unf 01°0Z0T ‘T Yd24BN WO S3W0dINQ [ea1ul]) pue jeidn audeA 03 Suiplo2dy uoneindod euljoie) YLIoN ayi o sanisuaieley) siydesSowsq "ajqeL



“JuawR|ddng ay3 ul | d|geld ul Joud o uosiedwo) ‘g "o|dwes JueAs|al a3 JO %G1 SHY Y{SLI 1B JaquuNnU ay3 USYM JO SLIUOLW G| 1e paiedunsy
punoy aq ued |1e3ap Jayin4 ‘papnjoul 30U S| Uol3dajul 1oy Suiisa) awoH “uoidaul Joud ayy Suiaiains syuedidned S 9AIND Uyoe7 “uorieuddeA jo poriad dn-dwes ayy juasaidal ‘g [sued uijou Ing -y sjaued i A|1es uass spusi}
piemdn dasis au| “spueq papeys AQ UMOLS d.1e S| %G6 PUB 'SOAIND PIjos AQ UMOUS . SSOLIDAIIIRYS JO Sa1eWllS]

1IB JO 9%9°86 UMM ‘(30U pue paleuiddeA) sjuedpiiied jje Suowe uoidajul Jolid ou 03 [BAIAINS YHM UO[IIRHUI
[4:33349 /5699 9€/688 €I8¥/0T 9997¢€ST 079¥091 yieaq €8/80T T0€18T 0/1CCC  #89TI¢ 867C8¢  ¥6986¢  950%0Y CET90Y yieaq
€7€96€ £9€/8Y 698009 0€5669 9¢06¥8 778188 uonezijejldsoy rET0T €5691T G9//0C  9€/T16C  9188SE ST6E€LE  8S988LE 81808¢ uonezijeidsoy
669T1¢L 6CTL68 [413344) 8GTY8Y 1 LLSSEET 066 €87 C uodRu| 687811 €1/961 ¥6L0¥C  8508¢¢ 98G¥Ty  8E0CEY  998LE¥  6CIOVY uodRu|
)sLl 3e syuedidiied Jo “oN 3s1d 3e syuedidiyied Jo “oN
ol ‘UoI3dRul J934e Bl | ol ‘9S0p 3S41§ J93Je Bl |
ST 49 6 9 € 0 4 [4) 01T 8 9 14 4 0
L | | | | 0 L | . . ! 1 0
-0t r0t
3 =
oy ) oy )
3 g
=1 =1
] 2
09 © r09 &
08 r08
-00T

-00T
UOI3RUIIIBA OU SA S3LI3s Atewidd §'ZA0D 9ZPY m_

SN3E}S UOIJRUIDIEA JO SS9]PJeBal U013dd4ul JoLid OU SA |BAIAINS YIM UOIFIRUI J0LId @

SEV S8y €0T189 8898.6 Y0€0LLT  VEPIB6T 9T9€COT 988EE0T €TE9E0C yiead Y06 11S T€L€98  6£99SCT 6¥C98EC 66TCY0E 0/8V6TE 09FvECE 66TSVCE yieaq
€E9T1SY wove9  €v8S16 STCY/9T +SC088T SE8YIGT 06I%C6T ST89C6T  uoNezieidsoH LETOLY 27508 T6T¥/IT 6008¥CC 6605/8C 690610€ OTLSSOE 660990€  uoiezieydsoH
€0€0¢CS 660TEL C6TSPOT TOT8/Z8T 9L€90TC 60v9FPTC ¢8S/LSTC 6LT09TC uondaju| 67CS9S €80%S6  60808ET [66965C G90T0€E€ 08L99F€ +SS960S€ OvPICSE uondau|
YIS 3e syuedidiyed Jo “oN ys14 3 syuedidiyed Jo “oN
oL ‘3S0P 3514 191Je A | oW ‘9s0p 15414 J914e Bl ]
14 [4% 0T 8 9 14 4 0 1 [4% ot 8 9 14 4 0
L ) L . 1 1 . 0 f 1 1 | 0
yeaq ——
Loz uonezieydsoy ——— Loz
U013234U|
o o=
oy @ Loy &
2 2
3 3
o o]
F09 & F09 &
-08 08
-00T -00T

L0I13RUIIIRA OU SA S2LI3S Asewinid €/ ZT-yNyW ﬂ UOIIRUIDIRA OU SA S311as Asewiid ZqZ9TING E

yieaq 1o ‘uoneziendsoH ‘Uo1IJU| Z-A0D-SHVS 40 YSIY Y3 SuPNPaY Ul UOIIIJU| JOLId PUB SILISS LUOIBUIDIBA AIBLWIL JO SSOUAAIIRYT '| 31nSi4



57.2%-70.9%]), and the adjusted HR for death was 0.30
(95% CI, 0.25-0.38) (estimated effectiveness, 69.6% [95%
CI, 62.3%-75.5%]). The adjusted RR of the Ad26.COV2.S
single-dose regimen against infection was 0.40 (95% CI,
0.38-0.42) (estimated effectiveness, 60.2% [95% CI, 58.3%-
62.0%]), the adjusted HR against hospitalization was 0.30
(95% CI, 0.24-0.39) (estimated effectiveness, 69.7% [95%
CI, 60.8%-76.5%]), and the adjusted HR against death was
0.23 (95% CI, 0.16-0.34) (estimated effectiveness, 76.7%
[95% CI, 65.9%-84.0%]) at 7 months; at 12 months, the
adjusted RR against infection was 0.49 (95% CI, 0.45-0.54)
(estimated effectiveness, 50.7% [95% CI, 46.3%-54.7%)),
the adjusted HR against hospitalization was 0.44 (95% CI,
0.32-0.59) (estimated effectiveness, 56.3% [95% CI, 41.0%-
67.7%]), and the adjusted HR against death was 0.26 (95%
CI, 0.14-0.50) (estimated effectiveness, 73.6% [95% CI,
50.4%-85.9%]). eFigure 3 in the Supplement compares the 3
vaccines for each outcome.

Figure 2A-I and eTable 2A-Iin the Supplement show esti-
mates for the effectiveness of the 3 primary vaccine series by
vaccine cohort (ie, participants vaccinated during a specific
time period). For participants vaccinated between December
2020 and March 2021, the adjusted RR of the primary
BNT162b2 series against infection varied from 0.35 (95% CI,
0.34-0.36) (estimated effectiveness, 65.2% [95% CI, 64.3%-
66.1%]) at 7months to 0.56 (95% CI, 0.55-0.58) (estimated ef-
fectiveness, 43.7% [95% CI, 42.3%-45.1%]) at 9 months (when
the Omicron variant emerged), the adjusted RR of the pri-
mary mRNA-1273 series against infection varied from 0.25 (95%
CI, 0.24-0.25) (estimated effectiveness, 75.4% [95% CI, 74.6%-
76.2%]) at 7months to 0.41(95% CI, 0.40-0.42) (estimated ef-
fectiveness, 59.0% [95% CI, 57.7%-60.3%]) at 9 months, and
theadjusted RR of the single-dose Ad26.COV2.S vaccine against
infection varied from 0.41 (95% CI, 0.37-0.45) (estimated ef-
fectiveness, 59.1% [95% CI, 55.2%-62.6%]) at 7 months to 0.63
(95% CI, 0.59-0.67) (estimated effectiveness, 37.3% [95% CI,
32.9%-41.5%]) at 9 months.

Estimated vaccine effectiveness varied across age groups
(eFigure 4A-I in the Supplement). Interpreting the differ-
ences should account for the different vaccine schedulesamong
age groups (eFigure 2 in the Supplement).

Association of Prior Infection With Outcomes

Figure 1D and eTable 1D in the Supplement show the esti-
mates for the effectiveness of prior SARS-CoV-2 infection
compared with no prior infection in reducing the rate of
future infection and the risk of hospitalization or death
caused by reinfection (assuming the same immunity con-
ferred by prior infection itself for the vaccinated and unvacci-

nated participants) given those who survived initial infec-

tion. The adjusted RR against future infection was 0.14 (95%

CI, 0.13-0.14) (estimated effectiveness, 86.5% [95% CI,
86.3%-86.6%]), the adjusted HR against future hospitaliza-

tion was 0.04 (95% CI, 0.03-0.05) (estimated effectiveness,

96.2% [95% CI, 95.1%-97.0%]), and the adjusted HR against

death was 0.06 (95% CI, 0.04-0.07) (estimated effectiveness,

94.5% [95% CI, 92.8%-95.8%]) after 4 months; the adjusted

RR against future infection was 0.24 (95% CI, 0.24-0.25) (es-

timated effectiveness, 75.8% [95% CI, 75.5%-76.1%]), the
adjusted HR against hospitalization was 0.05 (95% CI, 0.04-
0.06) (estimated effectiveness, 95.2% [95% CI, 93.6%-
96.5%]), and the adjusted HR against death was 0.06 (95%
CI, 0.04-0.08) (estimated effectiveness, 94.4% [95% CI,
92.0%-96.0%]) after 8 months; and the adjusted RR against
infection was 0.38 (95% CI, 0.37-0.38) (estimated effective-
ness, 62.2% [95% CI, 61.9%-62.6%]), the adjusted HR against
hospitalization was 0.09 (95% CI, 0.07-0.11) (estimated effec-
tiveness, 91.0% [95% CI, 88.9%-92.7%]), and the adjusted HR
against death was 0.11 (95% CI, 0.08-0.14) (estimated effec-
tiveness, 89.5% [95% CI, 86.5%-91.8%]) after 12 months. The
estimates across age groups are shown in eFigure4 J-L in the
Supplement.

Figure 2J-L and eTable 2J-L in the Supplement show the
estimates for the effectiveness of prior SARS-CoV-2 infection
with different variants against reinfection and resulting hos-
pitalization and death. The adjusted RR of Omicron infection
against reinfection was 0.23 (95% CI, 0.22-0.24) (estimated ef-
fectiveness, 76.8% [95% CI, 75.7%-78.0%]) after 4 months. The
adjusted HR of Delta or Omicron infection against hospital-
ization caused by reinfection was 0.12 (95% CI, 0.08-0.17) (es-
timated effectiveness, 88.1% [95% CI, 82.9%-91.7%]) and
against death caused by reinfection was 0.13 (95% CI, 0.09-
0.18) (estimated effectiveness, 87.0% [95% CI, 81.6%-
90.9%]) after 5 months.

Association of Booster Vaccination With Outcomes

Figure 3A-F and eTable 3A-F in the Supplement show the
estimates for the relative effectiveness of the 6 common
combinations of primary and booster vaccines, compared
with the primary series only, in reducing the rate of SARS-
CoV-2 infection. Estimated relative effectiveness peaked
around 2 to 4 weeks, then declined over time. The adjusted
RR of receiving a third dose of BNT162b2 between September
22, 2021, and November 30, 2021, was 0.33 (95% CI, 0.32-
0.35) (estimated effectiveness, 66.8% [95% CI, 65.0%-
68.5%]) and in December 2021 was 0.39 (95% CI, 0.38-0.40)
(estimated effectiveness, 61.2% [95% CI, 60.0-62.4]) after 1
month and, after 3 months, the RR of receiving the third dose
between September 22, 2021, and November 30, 2021, was
0.61 (95% CI, 0.60-0.62) (estimated effectiveness, 39.3%
[95% CI, 38.4%-40.3%]) and in December 2021 was 0.84
(95% ClI, 0.82-0.86) (estimated effectiveness, 16.2% [95% CI,
13.9%-18.3%]). Estimates varied across age groups (eFig-
ure 5A-F in the Supplement).

For the BNT162b2 primary series, boosting with BNT162b2
in December 2021 had the adjusted RR of 0.39 (95% CI,
0.38-0.40) (estimated effectiveness, 61.2% [95% CI, 60.0%-
62.4%]) after 1 month and 0.84 (95% CI, 0.82-0.86) (esti-
mated effectiveness, 16.2% [95% CI, 13.9%-18.3%]) after 3
months, whereas boosting with mRNA-1273 in December
2021 reduced the adjusted RR to 0.32 (95% CI, 0.30-
0.34) (estimated effectiveness, 68.4% [95% CI, 66.2%-
70.5%]) after 1 month and 0.60 (95% CI, 0.57-0.62) (esti-
mated effectiveness, 40.5% [95% CI, 37.7%-43.2%]) after 3
months. For the mRNA-1273 primary series, boosting with
mRNA-1273 in December 2021 had the adjusted RR of 0.38
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Figure 2. Effectiveness of Primary Vaccination Series by Date of First Dose and of Prior Infection by Type of Variant in Reducing the Risk

of SARS-CoV-2 Infection, Hospitalization, or Death

E BNT162b2 primary series vs no vaccination
against infection
100

80
60

40+

Effectiveness, %

20+

Pre-Delta

Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
JL |

L
2020 2021 2022
Year

@ mRNA-1273 primary series vs no vaccination
against infection
100

80+
60

40-

Effectiveness, %

20+

Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L IL |

2020 2021
Year

2022

@ Ad26.COV2.S primary series vs no vaccination
against infection
100

80
60

40-

Effectiveness, %

20+

0-

Pre-Delta

Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L Il |
2020 2021 2022
Year

[] Prior infection with survival vs no prior infection
regardless of vaccination status against infection

100+ Delta -.Omicron
52 804
)
2 60
g
>
B 404
&
520+
0_
Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L IL J

2020 2021
Year

2022

BNT162b2 primary series vs no vaccination
against hospitalization

100
80
60

40+

Effectiveness, %

20+

Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
JL |

L
2020 2021 2022
Year

E] mRNA-1273 primary series vs no vaccination
against hospitalization
100

80
60

40-

Effectiveness, %

20+

Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L I I}

2020 2021 2022
Year

E] Ad26.COV2.S primary series vs no vaccination
against hospitalization

100+
> 804
a
3 J
S 60 Dec-Apr
>
B 404
2
& 204

Pre-Delta Omicron
Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L IL |

| E—
2020 2021 2022
Year

[E Prior infection with survival vs no prior infection

regardless of vaccination status against
hospitalization

100 Delta/Omicron
Pre-Delta —_
c° 80,
g
g 60
QJ
>
£ 40-
QL
m 20,
| Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L IL J

2020 2021 2022
Year

@ BNT162b2 primary series vs no vaccination
against death
100

80
60

40+

Effectiveness, %

20+

Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
JL |

L
2020 2021
Year

2022

E] mRNA-1273 primary series vs no vaccination
against death
100

80+
60

40-

Effectiveness, %

20+

Pre-Delta

Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L I I}

2020 2021
Year

2022

m Ad26.COV2.S primary series vs no vaccination
against death
100

Overall

80+

60

40-

Effectiveness, %

20+

Pre-Delta Omicron
Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
IL |

2021
Year

2022

(-]

Prior infection with survival vs no prior infection
regardless of vaccination status against death

100+ Delta/Omicron
Pre-Delta —
2 804 —~
g
2 60
QJ
>
£ 40-
QL
& 20+
| Pre-Delta Omicron

Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
L IL J

2020 2021
Year

2022

A-1, Each batch corresponds to 2 months, but may contain more months to
achieve a large number of vaccinated individuals. J-L, Comparison of prior
infection with survival to all participants with no prior infection regardless of
vaccination status, with 98.6% of all participants surviving the prior infection.

Home testing for infection is not included. The color bars indicate predominant

variants. Estimates of effectiveness are shown by solid curves, and 95% Cls are
shown by shaded bands. Each curve starts at the median date of each batch and
is truncated when the number at risk hits 15% of the relevant sample. Further
detail, including numbers at risk, can be found in eTable 2 in the Supplement.



Figure 3. Effectiveness of Booster Vaccination Relative to Primary Series Only by Date of Booster in Reducing the Risk of SARS-CoV-2 Infection,

Hospitalization, or Death
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The dates of booster were grouped into 2-4 batches, such that each batch

contains a large number of booster doses; the US Food and Drug Administration

recommended booster doses on September 22, 2021. Home testing for
infection is not included. The color bars indicate predominant variants/linages.

Estimates of effectiveness are shown by solid curves, and 95% Cls are shown by
shaded bands. Each curve starts at the median date of each batch. Further
detail, including numbers at risk, can be found in eTable 3 in the Supplement.



Figure 4. Effectiveness of Booster Vaccination Compared With No Vaccination in Reducing the Risk
of SARS-CoV-2 Infection for Receipt of the First Dose in April - May 2021 and Receipt of Booster Dose
Between September 22, 2021, and November 30, 2021, by Primary and Booster Combination
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(95% CI, 0.37-0.39) (estimated effectiveness, 62.1% [95% CI,
60.7%-63.5%]) after 1 month and 0.85 (95% CI, 0.83-0.88)
(estimated effectiveness, 14.7% [95% CI, 12.1%-17.3%]) after 3
months, whereas boosting with BNT162b2 in December 2021
reduced the adjusted RR to 0.34 (95% CI, 0.30-0.38) (esti-
mated effectiveness, 66.1% [95% CI, 61.9%-70.0%]) after 1
month and 0.73 (95% CI, 0.66-0.80) (estimated effective-
ness, 27.0% [95% CI, 19.6%-33.7%]) after 3 months.

Figure 3G-H and eTable 3G-H in the Supplement show
the relative effectiveness against hospitalization and death.
For participants receiving booster doses before September
22, 2021, when the US Food and Drug Administration rec-
ommended the BNT162b2 booster, the adjusted HR against
hospitalization was 0.54 (95% CI, 0.28-1.00) (estimated
effectiveness, 45.7% [95% CI, 0.0%-71.9%]) and death was
0.70 (95% CI, 0.31-1.00) (estimated effectiveness, 29.8%
[95% CI, 0.0%-68.9%]) at 1 month, whereas for participants
receiving booster doses between September 22, 2021, and
November 30, 2021, the adjusted HR against hospitalization
at 1 month was 0.14 (95% CI, 0.11-0.18) (estimated effective-
ness, 85.8% [95% CI, 81.6%-89.1%]) and against death was
0.10 (95% CI, 0.06-0.16) (estimated effectiveness, 90.2%
[95% CI, 84.3%-93.9%]).

The results from Figures 2 and 3 can be combined to esti-
mate the effectiveness of the booster compared with no vac-
cination (Figure 4; eTable 4 in the Supplement). For partici-
pants who received the first dose of BNT162b2 in April 2021
to May 2021 and the third dose of BNT162b2 between Septem-
ber 22, 2021, and November 30, 2021, the adjusted RR of the
booster relative to no vaccination against infection was 0.20
(95% CI, 0.19-0.21) (estimated effectiveness, 79.9% [95% CI,
78.8%-81.0%]) at 1 month and 0.60 (95% CI, 0.59-0.61) (esti-
mated effectiveness, 40.5% [95% CI, 39.5%-41.4%]) at 5 months
after boosting.

Interaction Between Booster Vaccination and Prior Infection
Figure 5 and eTable 5 in the Supplement show the interac-
tions of booster vaccination and prior infection. Among par-
ticipants without prior infection, the adjusted RR of booster
vaccination (compared with primary series only) against
SARS-CoV-2 infection was 0.37 (95% CI, 0.36-0.38) (esti-
mated effectiveness, 62.9% [95% CI, 62.3%-63.6%]), the
adjusted HR against hospitalization was 0.17 (95% CI, 0.13-
0.22) (estimated effectiveness, 82.7% [95% CI, 77.6%-
86.7%]), and the adjusted HR against death was 0.12 (95%
CI, 0.08-0.19) (estimated effectiveness, 87.7% [95% CI,
80.9%-92.1%]) after 1 month; the adjusted RR against infec-
tion was 0.59 (95% CI, 0.58-0.60) (estimated effectiveness,
40.6% [95% CI, 39.7%-41.6%]), the adjusted HR against hos-
pitalization was 0.27 (95% CI, 0.22-0.32) (estimated effec-
tiveness, 73.3% [95% CI, 68.0%-77.7%]), and the adjusted
HR against death was 0.22 (95% CI, 0.18-0.28) (estimated
effectiveness, 77.8% [95% CI, 71.8%-82.5%]) after 3 months.
Among participants with prior infection, the adjusted RR
of booster vaccination against SARS-CoV-2 infection was
0.46 (95% CI, 0.43-0.49) (estimated effectiveness, 53.9%
[95% CI, 50.8%-56.8%]) and the adjusted HR against hospi-
talization was 0.50 (95% CI, 0.30-0.84) (estimated effec-
tiveness, 49.7% [95% CI, 16.2%-69.8%]) after 1 month, and
the adjusted RR against infection was 0.80 (95% CI, 0.75-
0.85) (estimated effectiveness, 20.3% [95% CI, 15.2%-
25.2%]) and the adjusted HR for hospitalization was 0.56
(95% CI, 0.39-0.81) (estimated effectiveness, 43.8% [95% CI,
19.4%-60.9%]) after 3 months. Among all recipients of pri-
mary vaccination, the adjusted RR of prior infection com-
pared with no prior infection against subsequent infection
was 0.34 (95% CI, 0.33-0.35) (estimated effectiveness,
65.7% [95% CI, 64.6%-66.7%]) and the adjusted HR against
subsequent hospitalization was 0.25 (95% CI, 0.18-0.34)
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Figure 5. Effectiveness of Booster Vaccination and Prior Infection in Reducing the Risk of SARS-CoV-2 Infection,

Hospitalization, or Death Among Participants With Primary Vaccination
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infection was 0.71 (95% CI, 0.69-0.72) (estimated effective-
ness, 29.5% [95% CI, 27.7%-31.3%]) and the adjusted HR



against hospitalization was 0.35 (95% CI, 0.29-0.43) (esti-
mated effectiveness, 65.0% [95% CI, 57.3%-71.2%]).

The interaction between booster vaccination and prior in-
fection is shown by primary and booster combination and by
age group in eFigures 6 and 7 in the Supplement.

Sensitivity Analysis

Many individuals with COVID-19 were not contacted to deter-
mine clinical outcomes. Thus, hospitalization status was
known for only 35.5% of SARS-CoV-2 infections and survival
status was known for 63.2%. However, the proportions of miss-
ing records on hospitalization and death were similar be-
tween vaccinated and unvaccinated participants (eFigure 8 in
the Supplement). A sensitivity analysis with missing data im-
putation (eMethods in the Supplement) yielded similar re-
sults (eFigures 9-10 in the Supplement).

Discussion

The findings from this study suggest that the estimated effec-
tiveness of all 3 vaccines was high, especially against hospi-
talization and death, although the effectiveness decreased over
time. After the emergence of the Omicron variant, the esti-
mated vaccine effectiveness was lower against infection, but
estimated effectiveness against hospitalization and death re-
mained high. Previous SARS-CoV-2 infection was associated
with lower risks of infection, hospitalization, and death. How-
ever, the protection waned over time, especially against the
outcome of infection, and the risk of reinfection with Omi-
cron became appreciable after 4 months. Boosting for previ-
ously uninfected persons was associated with protection, es-
pecially against hospitalization and death, while boosting also
was associated with additional protection to previously in-
fected individuals.

Estimated effectiveness of boosters (relative to primary
series only) was found to wane rapidly over 4 to 6 months,
especially during the period in which Omicron was predomi-
nant. To our knowledge, this result has not been previously
reported, because the follow-up periods of previous studies
were less than 4 months and only mean effectiveness over
the study period was estimated.®®

The association of vaccine boosters with Omicron infec-
tion was previously studied in Qatar and the UK.%” The Qatar
study had a follow-up period of only 35 days. The UK study had
follow-up of up to 9 weeks, but it did not consider severe out-
comes. A recent study in US veterans found that heterologous
boosting was associated with less protection than homolo-
gous boosting after mRNA primary vaccination, although there
were only 362 infections.® By contrast, the present study found
that heterologous boosting was associated with greater protec-
tion than homologous boosting for mRNA vaccines.

A recent “test-negative” study of the US adult population
assessed the association between 3 doses of mRNA vaccine
and symptomatic infection by Delta and Omicron variants.®
However, disease incidence was ascertained for 3 weeks
(December 10, 2021, to January 1, 2022), and severe out-
comes were not considered.

Several other studies also found that infection with
SARS-CoV-2 was associated with protection against re-
infection.!°* However, only 1 study assessed the protection
of Omicron infection against reinfection with Omicron.'?
That study had only 15 days of follow-up and did not in-
vestigate the outcomes of hospitalization or death caused
by reinfection.

Limitations

This study has several limitations. First, there was potential
confounding bias. All analyses adjusted for demographic
factors and avoided confounding due to time trends. How-
ever, it was not possible to control for unmeasured con-
founders, such as masking and other preventive measures.
Second, many infections, especially milder cases, are undi-
agnosed or unreported, and the state does not collect
at-home testing results. In addition, there were substantial
missing data on hospitalization and death. As at-home test-
ing increased in availability in January 2022, the data on
infection became less reliable, although this should not have
had the same effect on rates of hospitalization and death.
Estimates of vaccine effectiveness would be biased if ascer-
tainment varied by vaccination status, and estimates for
effectiveness of prior infection would be diluted by underre-
porting of prior infections. Third, the models did not
account for non-COVID-19 deaths, and the effectiveness of
prior infection was assessed without considering its severity
and only among the survivors, although only 1% of infected
individuals died. Fourth, migration during the pandemic
was not accounted for. Fifth, the COVID-19 vaccine manage-
ment system does not include vaccination through a federal
entity (Department of Defense, Veterans Health Administra-
tion, Indian Health Service, Federal Bureau of Prisons),
which included approximately 6% of the total first doses
administered in the state. Sixth, additional doses for partici-
pants who are immunocompromised were not separated
from booster doses, so the estimated effectiveness of boost-
ers might be diluted. Seventh, this study was based on data
from a single state. Although North Carolina is similar to the
US population in terms of demographics, circulating vari-
ants, and vaccination programs, there might be individual-
level characteristics (socioeconomic, behavioral) or state-
level characteristics (lockdowns or mandates) that differ
across the country. Eighth, the boosters included in this
study may soon be supplanted by boosters directed at the
newer subvariants. Additional studies would be required to
estimate effectiveness of new boosters.

Conclusions

Receipt of primary COVID-19 vaccine series compared with
being unvaccinated, receipt of boosters compared with pri-
mary vaccination, and prior infection compared with no prior
infection were all significantly associated with lower risk of
SARS-CoV-2 infection (including Omicron) and resulting hos-
pitalization and death. The associated protection waned over
time, especially against infection.
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