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ABSTRACT

While SARS-CoV-2 vaccines prevent severe disease effectively, post-vaccination
‘breakthrough’ COVID-19 infections and transmission among vaccinated individuals remain ongoing
concerns. We present an in-depth characterization of transmission and immunity among vaccinated
individuals in a household, revealing complex dynamics and unappreciated comorbidities, including

autoimmunity to typel interferon in the presumptive index case.

Keywords: SARS-CoV-2; antibody neutralization; breakthrough infection; anti-interferon

auto-antibody; autoimmunity



INTRODUCTION

COVID-19 has caused over 230 million cases of infection worldwide, leading to more than
4.7 million deaths due to coronavirus disease (COVID-19)[1]. Global vaccination efforts have so far
administered 6.1 billion vaccine doses[2]. In the United States, three FDA-authorized vaccines have
been widely distributed: BNT162b2 by Pfizer/BioNTech, mRNA-1273 by Moderna, and JNJ-78436735
by J&J/Janssen. Each has demonstrated, through clinical trials and retrospective studies, the capacity

to prevent symptomatic infection and severe disease[3].

Approximately 50% of the United States population is considered fully vaccinated. Many
households have mixed populations of adults and children with variable completion of COVID-19
vaccination[2]. Furthermore, most SARS-CoV-2 lineages have been outcompeted and replaced by
newer variants of concern including the Delta and Gamma variants. Further, many spike protein
mutations associated with neutralizing antibody escape (K417N/T, R346K, L452R, T478K, E484K/Q,
N501Y) have emerged[4,5]. Given these factors, COVID-19 infections in fully vaccinated people (i.e.,
breakthrough) are well documented[6]. However, there have been relatively few detailed studies to
date of household transmission trajectories, especially in households with individuals who received

different vaccines, or who have different vaccine completion statuses.

Here, we describe a household cluster of Gamma variant COVID-19 cases occurring in
vaccinated family members living in co-residence that resulted in mixed clinical outcomes. A detailed
inspection of the epidemiological and clinical features of these cases, together with serology testing
and genomic sequencing, suggest complex factors including partial immunity and unrecognized

underlying autoimmunity, as potential contributors to breakthrough infections. Our data add to



rapidly emerging literature on SARS-CoV-2 transmission dynamics within households of vaccinated

persons.

Description of individuals in the study household

Individuals 1-5 lived together in the same residence, where they ate, slept, and socialized
with one another in an unmasked setting. Individual 6 lived separately but frequented the home of
Individuals 1-5. Together, these individuals also attended weekly community events, such as
religious services, together as one large group. Each individual was thus exposed to one another

either through co-residence or frequent visitation.

Individual 1 is an 80-year-old man with diabetes and asthma who received BNT162b2/Pfizer
vaccine on April 20 and May 10, 2021. On May 13, malaise, myalgia and diarrhea developed. On May
19, a SARS-CoV-2 PCR test was positive and on May 20, he presented to a local hospital, had hypoxia,
and was admitted for inpatient management. Due to severe COVID-19, acute respiratory distress
syndrome (ARDS), and respiratory failure, he required mechanical ventilation. He received
remdesivir, dexamethasone and tociluzimab and improved, was weaned from ventilator, and was

discharged home on June 2.

Individual 2 is a 36-year-old woman who received JNJ-78436735/Janssen vaccine on April 10,
2021. On May 16, she had onset of fever, cough, rhinorrhea, and headache. On May 19, a PCR test
was positive. On May 23, a BinaxNOW (Abbott) rapid antigen test was positive. She did not require

care at a health facility and improved with self-monitoring at home.



Individual 3 is a 60-year-old woman who received mRNA-1273/Moderna vaccine on March 9
and April 6, 2021. On May 19, she had onset of fever, chills, cough and rhinorrhea. On May 20, a
SARS-CoV-2 PCR test was positive and on May 23, a BinaxNOW test was positive. She also did not

require care at a health facility and improved with self-monitoring at home.

Individual 4 is an 84-year-old woman who received mRNA-1273/Moderna vaccine on
February 25 and March 26, 2021. After members of her family tested positive for COVID-19, she

began home-based quarantine on May 20th. On May 23, a BinaxNOW test was negative.

Individual 5 is a 40-year-old man who had tested positive for SARS-CoV-2 the previous year
on July 24, 2020. At that time, he isolated with Individual 6. Individual 5 received the JNJ-
78436735/Janssen vaccine on April 10, 2021. Although he did not quarantine separately from family

members who tested positive, a SARS-CoV-2 PCR test on May 22 was negative.

Individual 6 is a 60-year-old woman who directly cared for Individual 5 when he tested
positive for SARS-CoV-2 in July 2020. Despite being unable to quarantine, she tested negative for
SARS-CoV-2 and did not develop any COVID-like symptoms. On May 17, 2021, she received the first
dose of BNT162b2/Pfizer vaccine. Although she lived apart from Individuals 1-5, she visited their
home frequently and attended community events with them. When her BinaxNOW test was

negative on May 23, she had not yet received a second dose of the vaccine.



Timelines of vaccination, COVID-19 symptom onset, and testing history are summarized in

Figure 1A and Supplementary Table 1.

RESULTS

SARS-CoV-2 positivity as determined by qPCR amplification of the nasal swab samples corroborated
the BinaxNOW results for each household member. Viral genome sequences were recovered from
the three individuals who tested positive. Sequences consistent with the Gamma variant were
recovered from Individual 2 (90% genome coverage; GISAID: EPI_ISL_2508365) and Individual 3 (98%
genome coverage; GISAID: EPI_ISL_2508366). (Supplementary Figure 1, BioProject PRINA790937)
Despite incomplete recovery, the partial sequence from Individual 1 (17%) contained mutations
consistent with the Gamma variant (Supplementary Table 2). Characteristic mutations of concern
(K417T, E484K, and N501Y) were observed[4,5]. Analysis of the consensus genomes from Individuals
2 and 3 revealed only a single nucleotide difference (G17122T, leading to a ORF1b:A1219S amino

acid substitution).

Serum samples from the five household members were analyzed for SARS-CoV-2
neutralizing antibodies using a pseudovirus neutralization assay[7]. Sera from members of this
household demonstrated a wide range of neutralization (Figure 1B). Individual 1 had a much lower
neutralizing antibody titer compared to the fully vaccinated individuals (D614G NTso=4.4x lower,
Gamma NTs0=6.3x lower), despite being measured 14 days post-symptom onset, and 17 days after
his second vaccine dose. Conversely, despite only partial vaccination, Individual 6 had a very high
neutralizing antibody titer (D614G NTso=4.5x higher, Gamma NT;,=5.0x higher) versus the healthy
vaccinated cohort. Although this may have been related to caring for Individual 5 a year prior,

Individual 6 had negative serology on the anti-SARS-CoV-2-N IgG Abbott Architect test. Finally, while



Individuals 2, 3, and 4 had neutralizing antibody titers in the typical range of fully vaccinated
individuals, Individuals 2 and 3 ultimately tested positive for COVID-19. Taken together, our
observations indicate that fully vaccinated individuals may be at risk of breakthrough infection when

living in households with sustained close contact with infected individuals.

The neutralization efficacy of patients’ sera against the Gamma variant pseudotype was
approximately 2-fold lower than the measured NTs, against wild-type virus (D614G spike mutation
only). This observation is consistent with previously described decreases in neutralization against

variants, especially those harboring mutations at E484K[4,5,8].

Additionally, we tested for anti-IFN-a2 auto-antibodies, a marker correlated with severe
COVID-19 and poor patient outcomes[9,10]. Using serum from patients with Autoimmune
Polyglandular Syndrome Type 1 (APS1), an autoimmune syndrome where patients frequently
develop an abundance of anti-IFN-a2 antibodies, as a benchmark for verified interferon
autoimmunity, we measured for anti-IFN-a2 antibody presence using a radioligand binding assay
(RLBA)[9]. Serum from Individual 1, who had the most severe response to infection, exhibited

positive anti-IFN-a2 antibody signal while the other family members had negative titers (Figure 1C).

DISCUSSION

We describe a family of mixed vaccination statuses who experienced various clinical
trajectories after a Gamma variant COVID-19 exposure in the household. Although coverage of the

recovered SARS-CoV-2 genome from Individual 1 is incomplete, and Individuals 2 and 3 differ by one



amino acid substitution, the rarity of the Gamma variant (6.5% of all sequences submitted to GISAID
from San Francisco County from April to June) supports the conjecture that infection of this
household is derived from a common source. Furthermore, all other Gamma variant sequences from
this time period had 3-32 (mean=13; median=14) nucleotide substitutions compared to this
household, strongly suggesting direct transmission between household individuals as opposed to

coincidental, simultaneous infection outside the home.

Clinical trajectories experienced by household individuals ranged from severe iliness
requiring hospitalization to mild symptomaticillness to avoiding COVID-19 infection altogether.
Individual 1, who had low titers of neutralizing antibodies following vaccination, still developed
severe COVID-19 infection. Testing for anti-IFN-a2 auto-antibodies revealed that serum from
Individual 1 contained high levels of antibodies against IFN-a2, a trait enriched among patients with
life-threatening COVID-19 pneumonia[10]. Although the presence of such auto-antibodies can be
clinically silent, they appear to play an influential role in patient outcomes for SARS-CoV-2

infection[12].

Comorbidities such as autoimmune caused by anti-IFN auto-antibodies can lead to
decreased protection against circulating variants with spike mutations conferring neutralization
escape and thus raise the risk of breakthrough infections[10]. With household exposure to COVID-
19, even fully vaccinated individuals with typical levels of neutralizing antibodies are at risk of
infection. This data is strongly consistent with intrahousehold transmission amongst three
vaccinated household members in this study, and this data highlights the inherent complexities of
individuals, including unrealized underlying autoimmunity, that may contribute to transmission
dynamics. This data supports the urgency for continued vaccination, boosters, and next-generation

vaccines that contain mutations known to confer immune escape potential.
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Figure 1. Serum from household individuals reveal diverse neutralization capabilities as well as
presence of anti-IFN-a2 auto-antibodies in Individual 1. (A) Timeline illustrating the order of events
experienced by individuals in the study household, including vaccination, symptom onset, and test
results. Additional details are available in Supplementary Table 1. (B) Plot of 50% pseudovirus
neutralization titers (NTso) of serum samples from healthy vaccinated controls (n=11) collected 12-60
days post-second dose (avg. = 26.4 days; details of serum collection timing relative to vaccination
and positive COVID tests are described in Supplementary Table 3). For the healthy vaccinated donor
cohort, geometric mean titer (dashed lines), interquartile range (boxes), and full range (shaded
region) and shown for D614G (black) and Gamma (red) pseudoviruses. NTsg values for Gamma
variant pseudovirus were approximately 2-fold lower than D614G pseudovirus for the healthy
vaccinated cohort and most household members sera, apart from Individual 2. All household
member serum neutralization titers were within or above the range of healthy donor titers except
for Individual 1, whose neutralization titers for D614G and Gamma were 4.4-fold and 6.3-fold lower
than healthy controls, respectively. (C) Detected by radioligand binding assay reveals that Anti-IFN-
a2 auto-antibodies are absent from all assayed pre-pandemic healthy controls (n=42) and vaccinated
healthy controls (n=11)[8]. In this household, only Individual 1 demonstrated presence of anti-IFN-a2
auto-antibodies. Autoimmune Polyglandular Syndrome Type 1 (APS1) patient sera are used as
positive controls[11]; negative controls are from pre-COVID healthy blood donor plasma or the

healthy vaccinated donor cohort.
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