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ARTICLE INFO ABSTRACT

Article history: Background: COVID-19 vaccination reduces SARS-CoV-2 infection and transmission. However, evidence
Received 28 February 2022 is emerging on the degree of protection across variants and in high-transmission settings. To better
Received in revised form 17 June 2022 understand the protection afforded by vaccination specifically in a high-transmission setting, we exam-

Accepted 18 June 2022

Available online 4 July 2022 ined household transmission of SARS-CoV-2 during a period of high community incidence with predom-

inant SARS-CoV-2 B.1.1.7 (Alpha) variant, among vaccinated and unvaccinated contacts.
Methods: We conducted a household transmission investigation in San Diego County, California, and

I;;J;{ng)crg;:_z Denver, Colorado, during January-April 2021. Households were enrolled if they had at least one person
COVID-19 with documented SARS-CoV-2 infection. We collected nasopharyngeal swabs, blood, demographic infor-
Vaccination mation, and vaccination history from all consenting household members. We compared infection risks
Vaccine effectiveness (IRs), RT-PCR cycle threshold values, SARS-CoV-2 culture results, and antibody statuses among vaccinated
Household transmission and unvaccinated household contacts.

Results: We enrolled 493 individuals from 138 households. The SARS-CoV-2 variant was identified from
121/138 households (88%). The most common variants were Alpha (75/121, 62%) and Epsilon (19/121,
16%). There were no households with discordant lineages among household members. One fully vacci-
nated secondary case was symptomatic (13%); the other 5 were asymptomatic (87%). Among unvacci-
nated secondary cases, 105/108 (97%) were symptomatic. Among 127 households with a single
primary case, the IR for household contacts was 45% (146/322; 95% Confidence Interval [CI] 40-51%).
The observed IR was higher in unvaccinated (130/257, 49%, 95% CI 45-57%) than fully vaccinated contacts
(6/26, 23%, 95% CI 11-42%). A lower proportion of households with a fully vaccinated primary case had

Abbreviations: CDC, US Centers for Disease Control and Prevention; CI, Confidence Interval; CSTE, Council of State and Territorial Epidemiologists; FDA, US Food and Drug
Administration; IR, infection risk; IQR, interquartile range; NP, nasopharyngeal; RBD, receptor-binding domain; RT-PCR, reverse transcription polymerase chain reaction;
WGS, whole genome sequencing.
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secondary cases (1/5, 20%) than households with an unvaccinated primary case (66/108, 62%).

Conclusions: Although SARS-CoV-2 infections in vaccinated household contacts were reported in this
high transmission setting, full vaccination protected against SARS-CoV-2 infection. These findings further
support the protective effect of COVID-19 vaccination and highlight the need for ongoing vaccination

among eligible persons.

Published by Elsevier Ltd.

1. Introduction

Vaccines currently approved or authorized by the Food and
Drug Administration (FDA) for use in the United States are highly
effective and prevent severe disease, hospitalization, and death
from COVID-19 [1-6]. However, the risk for SARS-CoV-2 infection
in fully vaccinated people cannot be eliminated while there is con-
tinued community transmission [7-14]. Limited data suggest that
infections in vaccinated persons may have reduced transmissibility
[15,16]. The effect of vaccination in high transmission settings such
as households and prisons is less well understood than in the
broader community [17]. Population-based studies have reported
high vaccine effectiveness against infection with the B.1.1.7
(Alpha) variant [18,19], but data suggest infections in fully vacci-
nated persons may be more common with other variants [11].
Detailed clinical and laboratory data at the individual level remain
sparse.

To better understand the effect of vaccination on SARS-CoV-2
infection for household contacts, we examined symptomatic infec-
tion, viral dynamics, and antibody titers among vaccinated and
unvaccinated persons in infected households. The investigation
occurred in San Diego County and the Denver metropolitan area
in early 2021, representing areas where COVID-19 incidence was
high and Alpha variant circulation predominated; other variants
of concern circulating at the time of the investigation included
P.1 (Gamma) and B.1.427/B.1.429 (Epsilon) [20-22]. At the time
of this investigation three FDA-authorized COVID-19 vaccines were
becoming more widely available [22]. Therefore, this investigation
was uniquely timed to describe how vaccination status affected
COVID-19 illness, asymptomatic SARS-CoV-2 infection, and viral
shedding in the context of multiple circulating variants.

2. Materials and methods
2.1. Household enrollment

To conduct this investigation, the Centers for Disease Control
and Prevention (CDC) partnered with state and local public health
departments in San Diego County, California (January 18, 2021 to
April 14, 2021) and the Tri-County area of Denver, Colorado (March
22, 2021 to April 30, 2021). We recruited individuals with reverse
transcription polymerase chain reaction (RT-PCR)-confirmed
SARS-CoV-2 infection with onset < 10 days before enrollment (in-
dex cases), and we recruited members of their households (some of
whom became cases during the investigation) [23].

2.2. Household visits

Investigators visited households at enrollment (Day 0) and
closeout (Day 14). At these visits we collected a nasopharyngeal
(NP) swab (for RT-PCR testing, whole genome sequencing [WGS],
and viral culture) and venous blood samples for serology from all
enrolled household members. Household members completed
questionnaires assessing demographics, medical history, and
COVID-19 vaccination history. One adult from each household
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completed a household-level questionnaire. Each household mem-
ber completed a symptom diary daily. A convenience sample of
participants volunteered for daily self-antigen testing during days
1-14; a subset volunteered for daily NP swabs during days 1-7.

If a household member developed new symptoms or had a
newly positive antigen self-test, then a household visit was con-
ducted to obtain an additional NP swab from all household
members.

2.3. Data entry and data management

We collected and managed deidentified questionnaire data
using the Research Electronic Data Capture (REDCap) web applica-
tion [24,25] hosted at CDC. We collected and managed laboratory
data and the final analytic dataset using R version 4.0.2 (R Founda-
tion for Statistical Computing, Vienna, Austria) [26].

2.4. Ethics statement

This activity was reviewed by CDC’s Human Subjects Protection
Office and was conducted consistent with applicable federal laws
and CDC policy.?

Informed Consent.

We obtained written consent from all participants (or the par-
ticipant’s guardian) after the nature and possible consequences of
the investigation had been fully explained. In addition, participants
between the ages of 7 and 17 provided written assent.

2.5. Eligbility criteria

Households were eligible for inclusion in the analysis if the
index case had illness onset < 10 days before enrollment, at least
one other person resided in the household, the primary case was
not currently hospitalized, and the primary case did not live in a
congregate setting.’

We excluded households from analysis if all household mem-
bers were lost to follow-up or withdrew, or if all household mem-
bers had the same date of illness onset. We excluded households
from infection risk (IR) calculations if a single primary case could
not be determined because multiple persons had the same illness
onset date (i.e., co-primary infections) (Fig. 1).

2.6. Definitions

Case — We defined a participant as a case if they had a positive
SARS-CoV-2 RT-PCR test during the investigation period.

Illness Onset — We defined each case’s illness onset as the date of
symptom onset, or, if asymptomatic, the date of collection of their
first positive SARS-CoV-2 RT-PCR test.

Primary case — We defined the primary case as the person
within an enrolled household who had the earliest date of illness

2 See e.g., 45C.F.R. part 46.102(1)(2), 21C.ER. part 56; 42 U.S.C. §241(d); 5 US.C.
§552a; 44 U.S.C. §3501 et seq.
3 E.g. dormitory, long-term care facility, group home, or correctional facility.
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151 Enrolled Households
552 Individuals

Excluded if Primary Case

Illness Onset >10 Days
11 Households
47 Individuals

505 Ind

140 Households
ividuals

Lost to follow-up or
withdrew with Negative

Excluded Households that
Withdrew

PCR on Day 0

4 Individuals

2 Households
7 Individuals

493 Ind

138 Households
ividuals

Excluded Households with
21 Primary Case

10 Households (20
Primary Cases)
44 Individuals

127 Households
449 Individuals
Included in Infection Risk
Calculations

Fig. 1. Investigation flow diagram showing convenience sample enrollment and exclusion criteria, California and Colorado, January-April 2021.

onset. We defined the infectious period for the primary case as
from 2 days before until 10 days after symptom onset, if symp-
tomatic, or from collection date of first positive specimen until
10 days later, if asymptomatic.

Household contact - We defined a household contact as any per-
son who had spent at least 1 night in the same household as the
primary case during the primary case’s infectious period.

Secondary case - We defined a secondary case as a household
contact who tested positive for SARS-CoV-2 by RT-PCR at least
one day after the primary case’s illness onset. The positive test
could occur before enrollment in the investigation. We assumed
that all secondary cases were due to infection from the primary
case and did not investigate possible transmission chains within
households.

Vaccination status — Persons who had received at least one dose
of any FDA-authorized COVID-19 vaccine were classified as
recently vaccinated, partially vaccinated, or fully vaccinated
(according to the schema shown in Fig. 2).

Persons who received an mRNA-based COVID-19 vaccine
(BNT162b2 or mRNA-1273) were defined as fully vaccinated if they
completed the primary series of an mRNA-based COVID-19
vaccine > 14 days before their illness onset, or, if they were not
the primary case, >14 days before the illness onset for the primary
case in their household.

Persons who had received only one dose of an mRNA-based
COVID-19 vaccine were defined as partially vaccinated. They were
also defined as partially vaccinated if they had completed the pri-
mary series of an mRNA-based COVID-19 vaccine but their second
dose was < 14 days before their illness onset, or, if they were not
the primary case, <14 days before the illness onset for the primary
case in their household. Within the partially vaccinated group, per-
sons were defined as recently vaccinated if they had received a sin-
gle dose of an mRNA-based COVID-19 vaccine < 14 days before
their illness, or, if they were not the primary case, <14 days before
the date that the first person in their household became ill.
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mRNA J&J/Janssen
Vaccine Vaccine
Dose #1
Dose #1
Recently Recently
2 weeks Vaccinated Vaccinated 2 weeks
(n=30) (n=2)

(

(n=?)

Partially
Vaccinated
(n=30)

Fully
Vaccinated
(n=1)

2 weeks

Fully
Vaccinated
(n=28)

Fig. 2. Diagram showing classification of persons as recently, partially, or fully
vaccinated by vaccine type.

Persons who received an adenoviral vector-based vaccine (JNJ-
78436735) were defined as fully vaccinated if they had received
asingle dose > 14 days before their illness, or, if they were not
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the primary case, >14 days prior the date that the first person in
their household became ill. Persons who had received the
vaccine < 14 days before illness onset, or, if they were not the pri-
mary case, <14 days prior the date that the first person in their
household became ill were classified as recently vaccinated.

Variant Status - For each case, WGS was attempted on at least
one NP specimen that met the testing criteria; if successful, a vari-
ant status was assigned to each case. For persons with undeter-
mined variant status for whom a specimen was not available or
could not be sequenced, their variant was considered to be the
variant of the first secondary case within the household; if the vari-
ant of the first secondary case was not available or could not be
sequenced, then the variant of the primary case was used, if
available.

Symptom Status - Persons were classified as symptomatic if
they reported at least one of the following symptoms within
14 days of illness onset in their daily symptom diaries, enrollment
questionnaire, or final questionnaire: subjective fever, measured
fever > 38.0 °C, chills, rigors, myalgia, headache, fatigue, nasal con-
gestion, rhinorrhea, anosmia, ageusia, sore throat, cough, dyspnea,
nausea/vomiting, diarrhea, or abdominal pain. Parents or guar-
dians completed the symptom diary for children in the household.
This list of symptoms was developed using the interim case defini-
tion published by the Council of State and Territorial Epidemiolo-
gists (CSTE) and CDC [27].

2.7. Laboratory Methods

RT-PCR testing of NP swabs for SARS-CoV-2 was performed by
the Colorado Department of Public Health and Environment
(CDPHE) using the TagPath™ COVID-19 Combo Kit (ThermoFisher
Scientific) or by the San Diego County Public Health Laboratories
(SD PHL) using the New Coronavirus Nucleic Acid Detection Kit
(PerkinElmer). RT-PCR-positive NP specimens with N-gene CT
value < 32 underwent viral culture for viral isolation as described
previously [28]. Additionally, RT-PCR-positive NP specimen(s) with
a cycle threshold (CT) value < 32 underwent WGS at CDC on the
MinION platform (Oxford Nanopore Technologies) and the Illu-
mina MiSeq platform (Illumina Inc.), or at CDPHE on the GridION
(Oxford Nanopore Technologies) or Illumina (Illumina Inc.) plat-
forms. For households in which no individual had a CT value
of < 32, sequencing was performed on the specimen with the low-
est CT value. The Phylogenetic Assignment of Named Global Out-
break Lineages (PANGOLIN) web application was used to assign
SARS-CoV-2 lineages to sequenced genomes [29].

Serum from blood specimens were tested for SARS-CoV-2-
specific antibodies using a multi-spot V-PLEX COVID-19 Serology
Kit (Meso Scale Discovery, Rockville, MD) to quantitatively mea-
sure antibodies to SARS-CoV-2 receptor binding domain (RBD)
and spike antigens, as these antibodies can serve as markers of
either vaccination or natural infection. Results were interpolated
from a standard curve and reported on a logarithmic scale as
assigned Binding Antibody Units (BAU/mL).

2.8. Vaccination rate by location

The state-wide proportion of persons who had received one
dose of an mRNA-based vaccine and the proportion of persons
who had completed a vaccination series of any of the three FDA-
authorized vaccines was determined for California and Colorado
using CDC’s COVID-19 Data Tracker [30].

2.9. Statistical Methods

All statistical calculations were performed using SAS software
Version 9.4 (SAS Institute, Cary, NC). Persons missing information
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on the variable of interest were excluded from any analyses of that
variable of interest; we did not impute missing data. The Mann-
Whitney U test was used to compare age and quantitative serology
titers, the %2 test was used to compare categorical variables, and
the Z-test was used to compare proportions. All statistical tests
were two-sided and an o-value of 0.05 was considered statistically
significant. P-values and confidence intervals (Cls) were not
adjusted for multiple comparisons.

We compared the proportion of persons with a positive SARS-
CoV-2 viral culture by vaccination status and number of days
post-illness onset of specimen collection. Due to limited sample
size specimen collection were grouped (0-5, 6-10, or 11-15 days
post-illness onset).

To estimate the risk of infection by vaccination status for house-
hold contacts, we modeled the relationship between vaccination
status and individual odds of infection for household contacts by
calculating odds ratios (ORs) using Generalized Estimating Equa-
tions (GEE) [31]. The outcome of interest was SARS-CoV-2 infection
during the investigation period. The primary predictor variable
was vaccination status, categorized as vaccinated and unvacci-
nated. Persons who were fully or partially vaccinated were consid-
ered vaccinated, while persons who were recently vaccinated or
unvaccinated were considered unvaccinated. An exchangeable cor-
relation structure was used in GEE models to account for within
household correlation. We constructed an additional model to cal-
culate adjusted ORs (aORs). In this adjusted model, the outcome of
interest was SARS-CoV-2 infection during the investigation period,
and predictor variables were: vaccination status, age (categorized
as < 16, 16-64, and > 65 years of age), and sex. Household size
was examined as a possible predictor variable in the adjusted
model but was not included as it did not change the point estimate
by > 10%.

3. Results

A total of 552 persons from 151 households were enrolled in the
investigation (Fig. 1). Forty-seven persons from 11 households
were excluded as the primary case had illness onset > 10 days
before initial enrollment. Additionally, 2 households (7 persons)
withdrew from the investigation and 4 persons were lost to
follow-up; the final analysis population included 493 persons from
138 households. The median age was 31 years (range 0-86 years)
and 258/493 (52%) were female (Table 1). Ninety-one (19%) had
received at least one dose of any COVID-19 vaccine; 32 (7%) were
recently vaccinated, 30 (6%) were partially vaccinated, and 29
(6%) were fully vaccinated. Among 51 persons who received the
Pfizer (BNT162b2) vaccine, 17 (33%) were fully vaccinated, 18
(35%) were partially vaccinated, and 16 (31%) were recently vacci-
nated. Among 36 persons who received the Moderna (mRNA-1273)
vaccine, 11 (31%) were fully vaccinated, 12 (33%) were partially
vaccinated, and 13 (36%) were recently vaccinated. Three persons
received the Janssen (JNJ-78436735) vaccine; 1 was fully vacci-
nated and 2 were recently vaccinated.

During the investigation period, the proportion of fully vacci-
nated persons in the state of California increased from 2% to 8%,
and the proportion of persons who had received at least one dose
of a vaccine ranged from 5% to 17% (Fig. 3). For the state of Color-
ado, the proportion of fully vaccinated persons increased from 8%
to 13% over the investigation period, and the proportion of persons
who received at least one dose of a vaccine increased from 16% to
23%. A higher proportion of persons enrolled from Colorado were
fully, partially, or recently vaccinated compared to persons
enrolled from California (Fig. 3; Table 1).

Compared to unvaccinated persons, persons who had received
at least one dose of any vaccine were older (median age 46 years,
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Table 1
Demographic characteristics by vaccination status for primary cases and household contacts, San Diego, CA, and Denver, CO, January-April 2021.
Not Recently Partially Fully Overall
Vaccinated Vaccinated Vaccinated Vaccinated (N =493)
(N = 402) (N=32) (N =30) (N =29)
Case Status
Primary Case 126 (31%) 12 (38%) 6 (20%) 3 (10%) 147 (30%)
Household Contacts 276 (69%) 20 (62%) 24 (80%) 26 (90%) 346 (70%)
Age (median years, range) 23 (0-74) 39 (15-86) 50 (17-74) 48 (32-83) 31 (0-86)
Sex
Female 201 (50%) 19 (59%) 17 (57%) 21 (72%) 258 (52%)
Male 201 (50%) 13 (41%) 13 (43%) 8 (28%) 235 (48%)
Race/Ethnicity
White, NH 222 (55%) 25 (78%) 15 (50%) 23 (79%) 285 (58%)
Black, NH 14 (3%) 1(3%) 1(3%) 0 (0%) 16 (3%)
AI/AN, NH 4 (1%) 0 (0%) 0 (0%) 0 (0%) 4 (1%)
Asian, NH 27 (7%) 0 (0%) 5 (17%) 4 (14%) 36 (7%)
NH/PI, NH 5(1%) 0 (%) 0 (0%) 0 (0%) 5 (1%)
Multi race, NH 24 (6%) 1(3%) 1(3%) 0 (0%) 26 (5%)
Other race, NH 2 (<1%) 0 (0%) 1(3%) 0 (0%) 3(1%)
Hispanic/Latino 104 (26%) 5 (16%) 7 (23%) 1(3%) 117 (24%)
Missing 0 (0%) 0 (0%) 0 (0%) 1(3%) 1(<1%)
Highest Level of Education
Child < 18 years 167 (42%) 3 (9%) 1(3%) 0 (0%) 171 (35%)
Less than High School 15 (4%) 1(3%) 3 (10%) 0 (0%) 19 (4%)
High School/GED 47 (12%) 2 (6%) 5 (17%) 2 (7%) 56 (11%)
Some college 58 (14%) 7 (22%) 4 (13%) 1(3%) 70 (14%)
Technical degree/Associate’s 18 (4%) 0 (0%) 1(3%) 0 (0%) 19 (4%)
Bachelor’s degree 68 (17%) 14 (44%) 10 (33%) 17 (59%) 109 (22%)
Master’s degree 26 (7%) 4 (13%) 5(17%) 7 (24%) 42 (9%)
Doctoral/professional degree 3(1%) 1(3%) 1(3%) 2 (7%) 7 (1%)
Enrollment Location
San Diego, CA 190 (47%) 9 (28%) 12 (40%) 7 (24%) 218 (44%)
Denver, CO 212 (53%) 23 (72%) 18 (60%) 22 (76%) 275 (56%)
Medical Comorbidities
Any Medical Condition 130 (32%) 14 (44%) 23 (77%) 16 (55%) 183 (37%)
Any Chronic lung disease 41 (10%) 5(16%) 6 (20%) 3 (10%) 55 (11%)
Diabetes 12 (3%) 3 (9%) 5 (17%) 2 (7%) 22 (4%)
Hypertension 29 (7%) 6 (19%) 10 (10%) 4 (14%) 49 (10%)
Any Cardiovascular disease 12 (3%) 3 (9%) 2 (7%) 4 (14%) 21 (4%)
Any chronic kidney disease 4 (1%) 1(3%) 0 (0%) 0 (0%) 5 (1%)
Any chronic liver disease 1 (<1%) 0 (0%) 0 (%) 2 (7%) 3(1%)
Any immunocompromising condition or medication 12 (3%) 1(3%) 2 (7%) 1(3%) 16 (3%)
Any hyperlipidemia 13 (3%) 2 (6%) 3 (10%) 3 (10%) 21 (4%)
Any hypothyroid 8 (2%) 2 (6%) 3 (10%) 3 (10%) 16 (3%)
Any neurologic/ neurodevelopmental disorder 13 (3%) 1(3%) 1(3%) 2 (7%) 17 (3%)
Other chronic condition 47 (12%) 5(16%) 8 (27%) 5(17%) 65 (13%)
Vaccine Product
BNT162b2 N/A 16 (50%) 18 (60%) 17 (59%) 51 (10%)
mRNA-1273 N/A 13 (41%) 12 (40%) 11 (38%) 36 (7%)
JNJ-78436735 N/A 2 (6%) 0 (0%) 1(3%) 3 (1%)
Missing N/A 1(3%) 0 (0%) 0 (0%) 1(<1%)

Abbreviations: AI/AN - American Indian and Alaska Native, GED - General Educational Development, NH - non-Hispanic, NH/PI - Native Hawaiian and Pacific Islander.

range 15-86 years vs median age 23 years, range 0-74 years,
p < 0.0001) and a higher proportion were female (57/91, 63% vs
201/402, 50%, p = 0.02) (Table 1). A higher proportion of persons
who received at least one dose of any vaccine were non-Hispanic
White compared to persons who had not been vaccinated (63/91,
69% vs 222/402, 55%, p = 0.01). Partially vaccinated persons and
fully vaccinated persons had a similar age distribution, and a
higher proportion of partially vaccinated persons had at least one
medical comorbidity; a lower proportion of partially vaccinated
persons were female. Among fully vaccinated persons, the number
of days from the final vaccine dose to enrollment was similar in
California (median 39 days, range 31-68 days) and Colorado (me-
dian 44 days, range 21-97 days; p = 0.71).

Among the 147 primary cases, 21 (14%) had received at least
one vaccine dose and 3 (2%) were fully vaccinated; 10 received
the BNT162b2 vaccine, 9 received the mRNA-1273 vaccine, and 1
received the J&]-78436735 vaccine (Table 2).

Information on symptoms was available for all 308 individuals
with confirmed SARS-CoV-2 infection (Table 3). A lower proportion
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of fully vaccinated persons (5/9, 56%) and partially vaccinated per-
sons (6/9, 67%) reported symptoms that met the CSTE case defini-
tion [27] than recently vaccinated persons (20/20, 100%) and
unvaccinated persons (251/270, 93%) [p < 0.001 comparing fully
and partially vaccinated (11/18, 61%) to recently and unvaccinated
persons (271/290, 93%)].

The proportion of cases with a positive viral culture during days
0-5 was similar for recently vaccinated (8/16, 50%), and unvacci-
nated persons (97/160, 61%) (Table 4); a lower proportion of fully
vaccinated persons had virus recovered in viral culture (2/6, 33%).
During days 6-10, fully vaccinated (1/4, 25%) and recently vacci-
nated persons (2/10, 20%) had a lower proportion of positive viral
culture compared to unvaccinated persons (41/103, 40%). No par-
tially vaccinated person had a positive viral culture (n = 5). One
fully vaccinated person had a positive viral culture at 12 days after
symptom onset; this person continued to have detectable SARS-
CoV-2 RNA from NP specimens for at least 29 days after symptom
onset. The number of NP specimens from which culturable virus
was recovered varied by day post illness onset (Table 4).
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and number of persons in the investigation population (bottom chart).

Among the 127 households included in the IR analysis, the IR for
the 322 household contacts of primary cases was 45% (146/322,
95% CI 40-51%) (Table 5). The observed IR was highest in unvacci-
nated household contacts (127/257, 49%, 95% CI 43-55%). Com-
pared to unvaccinated household contacts, the IR was lower for
fully vaccinated (23% vs 49%) and partially vaccinated household
contacts (14% vs 49%,); the IR for unvaccinated household contacts
was similar to that of recently vaccinated household contacts 44%
vs 49%. The absolute reduction in the IR was 26% for fully vacci-
nated compared to unvaccinated contacts. One fully vaccinated
secondary case was symptomatic (13%); the other 5 were asymp-
tomatic (87%). Among unvaccinated secondary cases, 105/108
(97%) were symptomatic (Table 3).

Among the 127 households included in the IR analysis, there
were no secondary cases in the 3 households in which the primary
case was fully vaccinated. Among the 5 households in which the
primary case was partially vaccinated, secondary cases occurred
in 1 household (20%); there were 9 households with secondary
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cases among the 11 households in which the primary case was
recently vaccinated (82%). Among the 108 households in which
the primary case was unvaccinated, secondary cases occurred in
66 households (62%).

Using GEE models to account for household clustering, the odds
of infection were lower for vaccinated household contacts com-
pared to unvaccinated household contacts (OR = 0.38, 95% CI
0.17-0.85). The odds of infection remained lower for vaccinated
persons after adjustment for age and sex (OR = 0.40, 95% CI
0.16-1.03) although this finding did not reach statistical
significance.

Among the 161 secondary cases identified during the investiga-
tion, 144 (89%) had not been vaccinated, 6 (4%) were fully vacci-
nated, 3 (2%) was partially vaccinated, and 8 (5%) were recently
vaccinated (Table 2). Most of the secondary cases who were vacci-
nated had received the BNT162b2 vaccine (15/17, 88%). There were
178 household contacts who never had a positive SARS-CoV-2 test
during the investigation; of these, 48 (27%) had received at least
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Table 2

Vaccine 40 (2022) 4845-4855

Vaccination status for persons enrolled in the investigation, stratified by vaccine product and case status, California and Colorado, January-April 2021.

N, % Fully Vaccinated Partially Vaccinated Recently Vaccinated Not Vaccinated

All Enrolled Persons (n = 493)
BNT162b2 51 (10%) 17 18 16 -
mRNA-1273 36 (7%) 11 12 13 -
JNJ-78436735 3 (1%) 1 - 2 -
Product not verified 1(1%) - - 1 -
Not Vaccinated 402 (82%) - - - 402
Primary Cases (n = 147)
BNT162b2 10 (7%) 1 3 6 -
mRNA-1273 9 (6%) 2 3 4 -
JNJ-78436735 1(1%) 0 - 1 -
Product not verified 1(1%) - - 1 -
Not Vaccinated 126 (86%) - - - 126
Secondary Cases” (n = 161)
BNT162b2 15 (9%) 5 3 7 -
mRNA-1273 2 (1%) 1 - 1 -
JNJ-78436735 0 (0%) 0 - 0 -
Product not verified - - - 0 -
Not Vaccinated 144 (89%) - - - 144
Uninfected household Contacts

(n =185)
BNT162b2 26 (14%) 11 12 3 -
mRNA-1273 25 (14%) 8 8 -
JNJ-78436735 2 (1%) 1 - 1 -
Product not verified - - - 0 -
Not Vaccinated 132 (71%) - - - 132

" Any COVID-19 case in the household during the investigation period other than the primary case.
“ Any member of household who did not test positive for SARS-CoV-2 during the course of the investigation.

Table 3
Self-reported symptom status for primary and secondary cases, California and Colorado, January-April 2021.
Not Recently Partially Fully Overall
Vaccinated Vaccinated Vaccinated Vaccinated N (%)
N (%) N (%) N (%) N (%)
All Cases (n =270) (n =20) (n=9) (n=9) (n =308)
Any symptoms 258 (96%) 20 (100%) 6 (67%) 6 (67%) 289 (94%)
Symptoms meeting 251 (93%) 20 (100%) 6 (67%) 5 (56%) 282 (92%)
CSTE case definition*
Received medical caret 23 (9%) 6 (30%) 3 (33%) 1(11%) 33 (11%)
Primary Cases (n=126) (n=12) (n=6) (n=3) (n=147)
Any symptoms 123 (98%) 12 (100%) 4 (67%) 1(33%) 140 (95%)
Symptoms meeting 122 (97%) 12 (100%) 4 (67%) 1(33%) 139 (95%)
CSTE case definition*
Received medical caref 16 (13%) 5 (42%) 2 (33%) 0 (0%) 23 (16%)
Secondary Cases (n=144) (n=38) (n=3) (n=6) (n=161)
Any symptoms 135 (94%) 8 (100%) 2 (67%) 5 (83%) 149 (93%)
Symptoms meeting 129 (90%) 8 (100%) 2 (67%) 4 (67%) 143 (89%)
CSTE case definition*
Received medical caret 7 (5%) 1(13%) 1 (33%) 1(17%) 10 (11%)

*Using the interim case definition developed by CSTE and CDC [27].

fParticipants self-reported if they sought medical care, including telehealth, primary care provider, urgent care, visited the emergency department, or were hospitalized
during the course of their illness as part of the questionnaire administered on day 14 of enrollment. Abbreviations: CSTE - Council of State and Territorial Epidemiologists;

CDC - US Centers for Disease Control and Prevention.

one dose of any vaccine. Among the 48 vaccinated persons who did
not have a positive SARS-CoV-2 test, 10 (21%) were recently vacci-
nated, 18 (38%) were partially vaccinated, and 20 (42%) were fully
vaccinated. Twenty-six persons (49%) received the BNT162b2 vac-
cine, 25 (47%) received the mRNA-1273 vaccine, and 2 (4%)
received the JNJ-78436735 vaccine. None of the fully or partially
vaccinated individuals in this investigation with confirmed SARS-
CoV-2 infection reported a history of prior infection.

The SARS-CoV-2 lineage was identified for 121/138 households
(88%; Fig. 4). The most common lineage was Alpha (75/121, 62%),
followed by Epsilon (19/121, 16%) and B.1.1.519 (6/121, 5%). Alpha
was more common in households enrolled in California compared
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to Colorado (40/57, 70% vs. 35/64, 56%, p = 0.10). There were no
households with discordant lineages among household members.

Among 494 participants, 405 (82%) had blood specimens col-
lected for serology. Adults were more likely to have blood speci-
mens collected (302/324, 93%) compared to children (103/170,
61%) (p < 0.001). After excluding 27 individuals who received a vac-
cine dose after illness onset, among 281 cases, antibody titers
against the spike protein and the receptor-binding domain (RBD)
antigen differed by vaccination status and by number of days post
illness onset (Table 6). Antibody titers against spike and RBD anti-
gens were higher > 14 days post illness onset compared
to < 14 days post illness for all persons, and the relative increase
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Table 4

Vaccine 40 (2022) 4845-4855

Proportion of persons and proportion of positive swabs with a positive viral culture in relation to days after illness onset date (first symptom onset or first positive test for
asymptomatic individuals) stratified by vaccination status, California and Colorado, January-April 2021.

Time from illness onset date

0-5 days 6-10 days

>10 days

Proportion of
persons culture
positive (%)

Proportion of RT-PCR-
positive swabs culture

positive (%) positive (%)

Proportion of
persons culture

Proportion of RT-PCR-
positive swabs culture
positive (%)

Proportion of
persons Culture
Positive (%)

Proportion of RT-PCR-
positive swabs culture
positive (%)

Fully Vaccinated 2/6 (33%) 2/9 (22%)
3/14 (21%)

Partially Vaccinated 0/4 (0%) 0/5 (0%)

0/5 (0%)

Recently Vaccinated 8/16 (50%) 9/23 (39%)
0/18 (0%)

Not vaccinated 97/160 (61%) 103/181 (57%)
0/183 (0%)

Total 107/186 (58%) 114/218 (52%) 44/119 (37%)

1/4 (25%) 419 (21%) 1/5 (20%)

0/2 (0%) 0/2 (0%) 0/5 (0%)

2/10 (20%) 2/17 (12%) 0/16 (0%)

41/103 (40%) 49/161 (30%) 0/168 (0%)

55/199 (28%) 1/194 (1%) 3/220 (1%

Abbreviation: RT-PCR - reverse transcription polymerase chain reaction.

Table 5

Infection risk among household contacts stratified by vaccination status, California and Colorado, January-April 2021.

SARS-CoV-2 Positive During Investigation

Not SARS-CoV-2 Positive During Investigation Infection Risk

Fully Vaccinated 6
Partially Vaccinated 3
Fully and Partially Vaccinated 9
Recently Vaccinated 8
Not vaccinated 127
Recently and Not Vaccinated 135
Total 144

20 23.1%
18 14.3%
38 19.1%
10 44.4%
130 49.4%
140 49.1%
178 44.7%

in antibody titer was greatest for unvaccinated individuals. Fully
and partially vaccinated persons had similar antibody titers against
spike and RBD antigens during both time intervals. Unvaccinated
persons had lower antibody titers against spike and RBD antigens
than partially or fully vaccinated persons during both time
intervals.

4. Discussion

In a household setting, we found that vaccinated household
contacts had a lower risk of SARS-CoV-2 infection compared to per-
sons who were not vaccinated, with fully vaccinated household
contacts having an absolute risk reduction of 26% compared to
unvaccinated household contacts. Based on this absolute risk
reduction, we estimate that 1 SARS-CoV-2 household infection
event would be prevented for every 4 vaccinated persons during
the period when Alpha was predominant. The protective effect of
vaccination for household contacts remained after accounting for
clustering by household, although not after adjustment for age
and sex. This finding supports previous studies which have demon-
strated the efficacy of vaccines in preventing infection [18,32,33]
and extends these findings to the household setting, which is char-
acterized by intense and repeated exposures, resulting in high risk
of transmission [34-36]. The lower IR observed among household
contacts who were fully and partially vaccinated compared to
unvaccinated individuals supports the utility of ongoing vaccina-
tion efforts.

A lower proportion of secondarily infected persons who were
fully or partially vaccinated reported any symptoms, which is con-
sistent with a prior report demonstrating a lower proportion of
symptomatic infection in vaccinated persons with SARS-CoV-2
infection [37].

Although the finding did not achieve statistical significance, a
lower proportion of fully vaccinated individuals had SARS-CoV-2
recovered in culture from NP specimens than unvaccinated indi-
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viduals. Two recent reports found that vaccinated persons infected
with the Delta variant of SARS-CoV-2 had virus recovered from cul-
ture, suggesting that fully vaccinated persons may be able to trans-
mit SARS-CoV-2 [16,17]. Other studies have found that vaccinated
persons with SARS-CoV-2 infection have similar levels of viral RNA
detectable by RT-PCR from nasal swab specimens compared to
unvaccinated persons [38]. Despite these findings, other studies
examining household transmission have found that vaccinated
persons do not appear to transmit the virus as effectively as unvac-
cinated persons within their household [39]. Taken together, the
findings from this investigation and those from other studies sug-
gest that vaccinated individuals likely transmit SARS-CoV-2 less
efficiently despite the presence of detectable SARS-CoV-2 RNA
and recovery of SARS-CoV-2 in viral culture.

One fully vaccinated, immunocompetent individual
(BNT162b2) in this investigation had detectable SARS-CoV-2 RNA
by NP swab 29 days after illness onset; this person also had virus
recovered from cell culture for the first 12 days after illness onset.
In a separate laboratory-based study, virus recovery in cell culture
was associated with prolonged viral shedding, although the vacci-
nation status of participants was not assessed [40]. Virus recovery
in cell culture has been reported to decrease > 8 days of symptom
onset [41]; however, increased severity of COVID-19 disease is
associated with prolonged viral shedding and virus recovery in cell
culture [42]. Similarly, prolonged duration of viral shedding has
been reported with the Middle East Respiratory Syndrome coron-
avirus [43] and the Severe Acute Respiratory Syndrome-
associated coronavirus [44]. The finding of prolonged detection of
viral RNA and recovery of SARS-CoV-2 in viral culture from this
fully vaccinated individual 12 days after symptom onset suggests
that fully vaccinated individuals may be capable of transmitting
the virus to others. We note this case as an exception, but one that
provides important insights for further research regarding factors
affecting viral persistence and potential transmissibility following
SARS-CoV-2 infection in fully vaccinated individuals.
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Fig. 4. Variant status for enrolled households over time stratified by location. The X-axis shows the week of enrollment.

Table 6

Quantitative serology results for primary and secondary cases in relation to illness onset date (first symptom onset or first positive test for asymptomatic individuals), California
and Colorado, January-April 2021. Individuals who received a vaccine dose after illness onset (n = 27) are excluded from analysis.

Geometric mean antibody titer (*geometric standard deviation) log BAU/mL

Anti-Receptor Binding Domain

>14 days after illness onset

<14 days after illness onset >14 days after illness onset

Anti-Spike

<14 days after illness onset
Fully Vaccinated (n = 9) 464.3 (3.9) 1437.1 (2.1)
Partially Vaccinated (n = 8) 609.2 (3.5) 1854.4 (1.8)
Recently Vaccinated (n = 11) 106.8 (25.1) 1247.3 (4.7)
Not Vaccinated (n = 253) 1.8 (10.4) 123.2 (5.6)

672.5 (4.0) 22386 (2.3)
528.8 (5.5) 2799.5 (1.9)
83.5 (26.5) 1266.2 (7.3)
3.8 (8.1) 99.1 (6.1)

Xx Abbreviation: BAU - binding antibody units.

Although we did observe detectable spike and RBD antibody
titers in unvaccinated infected individuals, unvaccinated persons
had lower antibody titers to spike and RBD compared to fully vac-
cinated and partially vaccinated persons who were infected, both
early and later after infection. The presence of these antibodies
in infected unvaccinated individuals may reflect early antibody
response to the current SARS-CoV-2 infection. The antibody titers
for recently vaccinated individuals fell between those vaccinated
and unvaccinated, as expected. Among persons who acquired
SARS-CoV-2 infection during this investigation, spike and RBD anti-
body titers increased > 14 days after illness onset; spike and RBD
antibody titers were higher > 14 days after illness onset for indi-
viduals who had received at least one dose of a COVID-19 vaccine
compared to unvaccinated individuals, suggesting that natural
infection may have provided an immune boosting effect for these
individuals. These findings are similar to those reported in a study
of antibody titers following SARS-CoV-2 infection, which found
substantially higher RBD titers among individuals with a prior
history of vaccination compared to unvaccinated individuals [45].
Evidence from other studies suggests that vaccine-induced
immune responses may peak 12 weeks after receipt of a second
mRNA-based vaccine dose [46].
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This investigation had several limitations. First, we do not have
information regarding the demographics or household characteris-
tics of persons who declined to participate in this investigation and
so cannot determine how representative the participants are com-
pared to the general population. Second, the limited sample size,
particularly among vaccinated individuals, limits our ability to per-
form statistical inference or advanced modeling. Third, fully vacci-
nated persons may have been more motivated to participate in our
investigation, leading to differential enrollment and selection bias.
Approximately 20% of all participants were vaccinated in this
investigation, which was slightly higher than the percentage of
persons vaccinated in their state of residence at the time of enroll-
ment. Fourth, this investigation occurred relatively early after par-
ticipants had been vaccinated, so we could not assess the long-
term protective effects of vaccination on household transmission,
nor could we assess the impact of prior infection with SARS-CoV-
2 on the risk of household transmission. Fifth, CT values were not
standardized across the different testing laboratories and assays;
therefore, error in selection of specimens sent for viral culture
may have occurred. It is unlikely that this error would be direc-
tional due to assay variation within and between testing locations.
Sixth, we were not able to analyze the impact of socioeconomic
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status and household size on household transmission; persons
who lived in larger houses may be able to isolate from other family
members more easily. Additionally, though we assumed that trans-
mission occurred between the primary case and household con-
tacts, we cannot discern the exact sequence of transmission in
households with more than one secondary case. In some instances,
community transmission could have accounted for additional
infections within the household. Finally, this study was conducted
when Alpha was the predominant circulating variant and before
booster doses were recommended. These findings may not apply
to the evolving situation of COVID-19 transmission in the United
States, particularly for variants such as Omicron which have differ-
ent dynamics in a vaccinated population [47]. Additional studies
examining the effect of vaccination and prior infection with
SARS-CoV-2 on household transmission with the current predom-
inant variants are recommended.

5. Conclusions

Although COVID-19 infections in vaccinated persons were
reported in this high transmission risk setting, both full and partial
vaccination were protective against SARS-CoV-2 infection while
the Alpha variant was predominant. These findings illustrate the
effect of vaccination in reducing transmission within households
of persons infected with SARS-CoV-2 and support the need for
ongoing vaccination efforts. However, vaccination alone may not
be sufficient to control the spread of SARS-CoV-2. Therefore, other
interventions such physical distancing, quarantine, and isolation
may also be needed. We found no documented transmission from
a fully vaccinated case to household contacts, but the recovery of
culturable virus from vaccinated persons in this investigation indi-
cates that some infected vaccinated persons may be capable of
transmitting SARS-CoV-2. These findings should be interpreted
cautiously as the predominant circulating variants continue to
change and vaccination recommendations continue to be updated
based on age groups, booster doses, and for those with immuno-
compromising conditions.
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