9 Open

Original Investigation | Infectious Diseases

SARS-CoV-2 Attack Rate and Population Immunity in Southern New England,

March 2020 to May 2021

Thu Nguyen-Anh Tran, MSc; Nathan B. Wikle, PhD; Fuhan Yang, MSc; Haider Inam, BSc; Scott Leighow, BSc; Bethany Gentilesco, MD; Philip Chan, MD, MS;
Emmy Albert, BSc; Emily R. Strong, MSc; Justin R. Pritchard, PhD; William P. Hanage, PhD; Ephraim M. Hanks, PhD; Forrest W. Crawford, PhD; Maciej F. Boni, PhD

Abstract

IMPORTANCE In emergency epidemic and pandemic settings, public health agencies need to be
able to measure the population-level attack rate, defined as the total percentage of the population
infected thus far. During vaccination campaigns in such settings, public health agencies need to be
able to assess how much the vaccination campaign is contributing to population immunity;
specifically, the proportion of vaccines being administered to individuals who are already
seropositive must be estimated.

OBJECTIVE To estimate population-level immunity to SARS-CoV-2 through May 31, 2021, in Rhode
Island, Massachusetts, and Connecticut.

DESIGN, SETTING, AND PARTICIPANTS This observational case series assessed cases,
hospitalizations, intensive care unit occupancy, ventilator occupancy, and deaths from March 1,
2020, to May 31, 2021, in Rhode Island, Massachusetts, and Connecticut. Data were analyzed from
July 2021 to November 2021.

EXPOSURES COVID-19-positive test result reported to state department of health.

MAIN OUTCOMES AND MEASURES The main outcomes were statistical estimates, from a bayesian
inference framework, of the percentage of individuals as of May 31, 2021, who were (1) previously
infected and vaccinated, (2) previously uninfected and vaccinated, and (3) previously infected but
not vaccinated.

RESULTS At the state level, there were a total of 1160 435 confirmed COVID-19 cases in Rhode
Island, Massachusetts, and Connecticut. The median age among individuals with confirmed
COVID-19 was 38 years. In autumn 2020, SARS-CoV-2 population immunity (equal to the attack rate
at that point) in these states was less than 15%, setting the stage for a large epidemic wave during
winter 2020 to 2021. Population immunity estimates for May 31, 2021, were 73.4% (95% credible
interval [Crl], 72.9%-74.1%) for Rhode Island, 64.1% (95% Crl, 64.0%-64.4%) for Connecticut, and
66.3% (95% Crl, 65.9%-66.9%) for Massachusetts, indicating that more than 33% of residents in
these states were fully susceptible to infection when the Delta variant began spreading in July 2021.
Despite high vaccine coverage in these states, population immunity in summer 2021 was lower than
planned owing to an estimated 34.1% (95% Crl, 32.9%-35.2%) of vaccines in Rhode Island, 24.6%
(95% Crl, 24.3%-25.1%) of vaccines in Connecticut, and 27.6% (95% Crl, 26.8%-28.6%) of vaccines
in Massachusetts being distributed to individuals who were already seropositive.

CONCLUSIONS AND RELEVANCE These findings suggest that future emergency-setting
vaccination planning may have to prioritize high vaccine coverage over optimized vaccine

(continued)

ﬁ Open Access. This is an open access article distributed under the terms of the CC-BY License.

Key Points

Question What proportion of
individuals living in southern New
England had immunity to SARS-CoV-2,
either through past infection or
vaccination, by May 31, 2021?

Findings This case series analysis for
Rhode Island, Massachusetts, and
Connecticut revealed that two-thirds of
residents were immune to SARS-

CoV-2 by May 31, 2021. The population
immune fraction was lower than desired
because 27% of vaccines during the
winter to spring 2021 vaccination
campaign were administered to
individuals who were already
seropositive.

Meaning These findings suggest that
SARS-CoV-2 population immunity was
overestimated in summer 2021 and that
future emergency-setting vaccination
campaigns may need to exceed
traditional coverage goals.
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Abstract (continued)

distribution to ensure that sufficient levels of population immunity are reached during the course of
an ongoing epidemic or pandemic.

JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171

Introduction

Public health response and management of the COVID-19 pandemic met significant challenges at
every stage of the pandemic in 2020 and 2021. Clinical experience and trial data accrued during the
first and most deadly"? wave of March to April 2020, leading to improvements in care for
hospitalized patients.>® Understanding of mobility, lockdown, and contact tracing policies improved
by the summer of 2020, allowing for preparation of school reopening plans for autumn of 2020.7°
However, in autumn of 2020, substantial variation in estimates reported from several large
seroprevalence studies'®'? meant that we knew little at the time about the true number of
individuals who had been infected between March 2020 and November 2020 or how population
susceptibility would drive the winter epidemic wave of 2020 to 2021.

Real-time estimation of seroprevalence or attack rate is challenging. Model-based estimates of
attack rate using daily reported case numbers require us to be able to estimate the number of
unreported or untested symptomatic cases and the number of asymptomatic infections. In this
estimation procedure, an assumed infection fatality rate (IFR),'>'* hospitalization incidence,"™ or
death incidence'® can be used to work backward to infer the numbers of unreported cases or
unreported infections. Alternatively, surveys of health care-seeking behavior can be used.'® This
means that age structure is necessary in these reporting streams, as the rate of asymptomatic SARS-
CoV-2 infection, hospitalization probability, and death probability all vary substantially by age.'®?'
When hospitalization incidence is not available (eg, owing to underreporting'), data streams for
death, current hospitalization, current numbers of patients in intensive care units (ICUs) and using
ventilators can be used to estimate the incidence of hospitalization.

Estimating attack rate with cross-sectional serological data presents its own unique
22-24 and a high-throughput validated
assay; results will still be reported with a 1-month lag owing to the delay from infection to
immunoglobin G positivity in a serological assay. Since the beginning of the COVID-19 pandemic in
the US, the Centers for Disease Control and Prevention (CDC), with a large group of commercial and
nonprofit partners,?>2” has been collecting cross-sectional serum samples from blood donors and
residual samples from routine laboratory testing. These sample collections are a valuable
epidemiological resource, but for most states, seroprevalence estimates are not translatable into
attack rate estimates because the seroprevalence estimates move up and down through time while
the attack rate can only go up.?® These nonmonotonic measurements are common in serology: if an
antibody assay threshold is set too high, the assay shows recent seroprevalence rather than
cumulative seroprevalence, resulting in systematic underestimation of the number of individuals
who have been infected. A simple example can be seen for Massachusetts infection seroprevalence,
measured as 10.2% in late April 2021,2° at which point 9.1% of the state's residents had reported
confirmed positive results for SARS-CoV-2 infection. This would mean that the ratio of infections to
confirmed cases was 1.1 to 1in Massachusetts, which is inconsistent with our knowledge of SARS-
CoV-2 infection, clinical progression, and reporting. This ratio is typically estimated between 2.0to 1
and 6.0 to 1, depending on methods and the period being analyzed.™'27 In this analysis, we present
amodel-based reconstruction of the SARS-CoV-2 attack rate and population immunity curves for 3
New England states: Massachusetts, Connecticut, and Rhode Island, for the first 15 months of the

requirements, including preplanned periodic serum collections

pandemic.
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Methods

This case series used publicly available population-level count data; all data points were fully
deidentified. Studies on publicly available data are exempt from human participants review and
informed consent under 45 CFR 46.104 (d)(4)(i).2° We used the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline for clinical

observational studies.

A published bayesian inferential framework based on a dynamical epidemic model (eFigure 1in
the Supplement) was used to fit case, hospitalization, and death data from Massachusetts,
Connecticut, and Rhode Island.° We collected 11 daily data streams from each state: (1) cumulative
confirmed cases, (2) cumulative confirmed cases by age, (3) cumulative hospitalized cases, (4)
cumulative hospitalized cases by age, (5) number of patients currently hospitalized, (6) number of
patients currently in an ICU, (7) number of patients currently receiving mechanical ventilation, (8)
cumulative deaths, (9) cumulative deaths by age, (10) cumulative hospital deaths, and (11)
cumulative hospital discharges. The age and totals data streams are separated because the
age-structured data do not always sum to the correct totals, have more missingness, and require a
different statistical approach in the model fitting (eAppendix 1in the Supplement). Daily time points
from March 1, 2020, to June 6, 2021, were included in this analysis. Details on Connecticut data
sources are in eAppendix 2 in the Supplement; Rhode Island and Massachusetts data sources are
described elsewhere.!

Statistical Analysis
Weekly age-structured SARS-CoV-2 vaccination numbers were obtained separately for the 3
states, >34

susceptible compartment in the dynamical model to the recovered compartment whenever a

and vaccinated individuals receiving their final vaccine dose were moved from the

individual who was seronegative was vaccinated. All modeling and data fitting were performed with
adaily time step, and weekly vaccination data were configured into a daily time series through simple
linear interpolation. The model allows for vaccination of individuals who are seropositive. In the
model, the fraction

S
At neg =
PET S+ E+ A+ (11 = Pralp)(L-Dp)R,

represents the total fraction of nonsymptomatic, nonhospitalized individuals who are antibody-
negative and virus-negative at time t. The denominator is the candidate pool of individuals for whom
a COVID-19 vaccine would be immediately recommended. The uppercase letters represent the
numbers of individuals in each model compartment at time t for individuals who were susceptible (S),
exposed individuals (E), individuals who were asymptomatically infected with SARS-CoV-2 (A), and
individuals who recovered from a SARS-CoV-2 infection that did not require hospitalization or those
who have been vaccinated (R). The fraction p,, represents the fraction of individuals who were
infected but who never developed symptoms (different for every age group), and the reporting rate
p, represents the fraction of symptomatic individuals who were tested, confirmed positive, and were
thus aware that they had already had COVID-19. The fraction p, is the total fraction of the population
(by age group) that has been vaccinated thus far. Thus, the denominator’s modified R-term seeks to
approximate the nonvaccinated fraction of the recovered group who were unaware that they have
recovered from a SARS-CoV-2 infection, and thus would have sought vaccination between January
and May 2021 at the same rate as individuals who had never been infected (only a fraction of these
were vaccinated in the model, depending on each state’s data for that week). The model reports the
total number of vaccines given to individuals in the susceptible class S and the total number of
vaccines given to individuals in all classes.

The model accommodates temporally varying patterns of clinical care and changing age-contact
rates. To model either a change in clinical management or an increase or decrease in the vulnerability
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of the current patient pool (ie, the risk of progression to hospitalization or death), we allow the
transition probability from medical floor stay to ICU to vary throughout the epidemic.

We report 2 types of IFRs. The population-weighted IFR is the probability of death, if infected,
for a person sampled at random from a population with a particular age structure. The epidemic IFR is
infections weighted; it is the probability of death for a randomly sampled individual who is infected
during a particular epidemic phase. All estimates are presented as medians and 95% credible
intervals (Crl) from 1000 posterior samples. Prior distributions are shown in eTable 1in the
Supplement.

Analyses were conducted using the R programming language version 4.1.3 (R Project for
Statistical Computing) and the Python programming language version 3.8.12 (Python Software
Foundation). Data were analyzed between July 2021 and November 2021.

Results

Atotal of 1160 435 polymerase chain reaction testing-confirmed COVID-19 cases were reported in
Massachusetts, Connecticut, and Rhode Island between March 1, 2020, and June 6, 2021. The
median age among individuals with confirmed COVID-19 was 38 years, with 19.7% of individuals with
COVID-19 older than 60 years and 17.9% of individuals with COVID-19 younger than 20 (eTable 2 in
the Supplement). A total of 85 221 individuals with COVID-19 (7.3%) were hospitalized and 28 554
individuals (2.5%) died. In the 3 included states, 6196 902 individuals, 53.8% of the population,
were vaccinated by June 6, 2021.

State-level inference shows model fits that accurately describe the dynamics of ICU occupancy,
ventilator occupancy, and daily death counts in all 3 states during the study period. Rhode Island’s
inferred epidemic curve in particular shows close fits to all 8 non-age structured data streams
(eFigure 2 in the Supplement), likely owing to the completeness of hospital reporting available in a
small state. Case and hospitalization data fit well in all states, with the exception of the case incidence
data and current hospitalization data in Massachusetts, which the model underfit for the March to
April 2020 epidemic wave (Figure 1). In addition, high variance in new case incidence in Connecticut
for the March to April 2020 wave and the major winter wave of 2020 to 2021 suggest that the model
may not be capturing complete heterogeneity in transmission dynamics and case reporting
(eFigure 3 in the Supplement). Both the data and the model, across all data streams for all 3 states,
clearly reconstruct the early epidemic wave of March to April 2020, the summer lull of 2020, the
major winter wave of 2020 to 2021, and the lagging wave of the Alpha (B.1.1.7) variant in March to
April 2021. All parameter posterior distributions are shown in eFigures 4 through 10 in the
Supplement.

Using our model's inferred reporting rate (Figure 2A) and an external estimate?' of the
asymptomatic fraction of each age group's infections, we inferred that as of May 31, 2021, the
population-level attack rates were 41.5% (95% Crl, 40.4%-42.7%) in Rhode Island, 25.8% (95% Crl,
25.5%-26.3%) in Connecticut, and 28.0% (95% Crl, 27.1%-29.0%) in Massachusetts. Since summer
2020, attack-rate estimations were robust to the differing amounts of data included in the analyses
(Figure 3). Attack rate estimates in Connecticut were consistent with those reported in a study by
Morozova et al, 3> and attack rate comparisons in Rhode Island and Massachusetts were consistent
1314 a5 described in our previous study.! Comparison with CDC
seroprevalence data were more challenging, since there was a discrepancy between the 2 types of
estimates presented (eAppendix 3 in the Supplement). By January 31, 2021, approximately 2.1% to
2.3% of each state's population was vaccinated, with this vaccinated fraction reaching 8.0% to 9.6%

with other model-based estimates

by February 28, 2021. Using the modeled number of infections, daily data on vaccinations that were
integrated into the model, and the modeled number of individuals who were already seropositive
who would have received vaccination, we inferred population immunity levels of 73.4% (95% Crl,
72.9%-74.1%) in Rhode Island, 64.1% (95% Crl, 64.0%-64.4%) in Connecticut, and 66.3% (95% Crl,
65.9%-66.9%) in Massachusetts for May 31, 2021 (Figure 4; eTable 3 and eTable 4 in the
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Figure 1. Massachusetts Fit of Model to Data
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streams are shown in eFigure 2 in the Supplement and 7 Connecticut data streams are in
eFigure 3in the Supplement.
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Supplement). This implies that more than 33% of southern New England was immunologically naive
when the Delta variant reignited a wave of infections in late July 2021. From the model, we infer that
the percentage of vaccines administered to individuals who were seropositive was 34.1% (95% Crl,
32.9%-35.2%) in Rhode Island, 24.6% (95% Crl, 24.3%-25.1%) in Connecticut, and 27.6% (95% Crl,
26.8%-28.6%) in Massachusetts. The Table provides a breakdown of infection and vaccination
status in all 3 states; these estimates are consistent with those of a study by Moghadas et al*® that

Figure 3. Robustness of Attack Rate Estimation
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Figure 4. Population Immunity
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used a direct IFR-based deaths-to-infections translation to estimate that approximately half of all
individuals who had been previously infected received vaccination.

The mortality impact of the SARS-CoV-2 epidemic in these 3 states was severe. In Connecticut,
0.229% of residents died during the first 15 months of the epidemic; 0.248% of Rhode Island
residents and 0.249% of Massachusetts residents died during this same time period, indicating that
the epidemic was approximately 8% to 9% more deadly in Rhode Island and Massachusetts than in
Connecticut. Using the inferred attack rates over the first 15 months of the epidemic, we estimate the
15-month epidemic IFR in the 3 states as 0.62% (95% Crl, 0.60%-0.64%) in Rhode Island, 0.89%
(95% Crl, 0.87%-0.90%) in Connecticut, and 0.89% (95% Crl, 0.86%-0.92%) in Massachusetts.
Rhode Island had an estimated 55% to 60% more infections per population than Connecticut or
Massachusetts, and this cannot be explained by any age-specific differences in transmission,
indicating that Rhode Island had a larger and broader epidemic across all age groups. The lower
epidemic IFR in Rhode Island suggests that the larger epidemic extended to less vulnerable groups
(ie, groups less likely to progress to hospitalization and death), lowering the mean fatality rate for the
epidemic as a whole.

As in previous analyses showing differing patterns of clinical progression during different

epidemic phases,"°

we included changepoints in the ICU admission fraction in our model to allow
for changes in clinical treatment for hospitalized patients. In Rhode Island and Massachusetts, the
ICU admission fraction dropped substantially from the March to April 2020 epidemic wave to the
summer to fall transmission period in 2020; Connecticut estimates were less reliable because ICU
data only began to be reported in July 2020. In early summer 2020, the age-adjusted probability of
ICU admission decreased from 0.21(95% Crl, 0.18-0.23) to 0.09 (95% Crl, 0.08-0.10) in Rhode
Island, 0.45 (95% Crl, 0.42-0.48) to 0.17 (95% Crl, 0.15-0.19) in Massachusetts, and 0.20 (95% Crl,
0.19-0.20) to 0.14 (95% Crl, 0.12-0.16) in Connecticut (Figure 2B). The estimated population-
weighted IFR estimate for the March to May 2020 phase of the epidemic was 1.64% (95% Crl, 1.52%-
1.72%) for Rhode Island, 1.55% (95% Crl, 1.45%-1.62%) for Connecticut, and 2.40% (95% Crl,
2.22%-2.51%) for Massachusetts, approximately 2- to 3-fold higher than during later phases of the
pandemic, consistent with previous estimates.'

Discussion

This case series found that approximately 27% of vaccines in Connecticut, Massachusetts, and Rhode
Island were administered to individuals with previous infection, which likely biased the confidence
of policy makers and epidemiologists in the vaccination rollout’s ability to generate population
immunity and prevent future waves of infection. In general, during the course of the COVID-19
pandemic, an inability to plan several months ahead was partially caused by an inability to quickly and
correctly assess the amounts of infection and immunity in the population at a given moment.>” The
epidemiology community did not foresee the beginning of the Delta wave in July 202138
there were no accurate state-level estimates of population susceptibility. This had important
implications, since approximately 140 00O individuals died in the US during the Delta variant period
that lasted from July to October. In addition, we did not have an approach for coanalyzing the waning
epidemic dynamics of January to May 2021 with the vaccine rollout that was occurring

because

Table. Previous Infection Status and Vaccination Status of Included Populations as of May 31, 2021

Residents, % (95% credible interval)

Previously infected and Vaccinated but not previously Previously infected but not
State vaccinated infected vaccinated Immunologically naive®
Rhode Island 16.5(16.0-17.1) 31.9(31.4-32.5) 25.0 (24.4-25.6) 26.6 (25.9-27.1)
Massachusetts 14.7 (14.2-15.2) 38.4(37.9-38.8) 13.3(12.8-13.9) 33.7(33.1-34.1)
Connecticut 12.5(12.4-12.8) 38.4(38.1-38.5) 13.2(13.1-13.5) 35.9(35.6-36.0)

2 No history of infection or vaccination.
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simultaneously. As a matter of policy for the next emergency-initiated vaccination campaign, it will be
necessary to consider excess vaccination as an option to ensure that we are not attempting a

so-called soft landing94°
population immunity and a slow decline of case rates.

with just enough vaccine distribution to reach an uncertain threshold of

The 3 state epidemic profiles differed. Rhode Island'’s epidemic was larger but less severe on a
per-infection basis. One potential explanation for Rhode Island’s epidemic profile is a positive
correlation between susceptibility and vulnerability. During an epidemic in a heterogeneously
exposed population, the most susceptible individuals are infected first.*'#? This would mean that in
the larger Rhode Island epidemic, the average susceptibility and the average vulnerability would be
lower than those in Massachusetts or Connecticut, resulting in fewer hospitalizations per infection
and a lower IFR. For Massachusetts, cumulative hospitalization counts are self-reported by hospitals
and have not been validated for completeness (Massachusetts Department of Public Health, email
and telephone communications, August to October 2020). If hospitalization incidence is
undercounted in Massachusetts by 30%, then Massachusetts and Connecticut would have nearly
identical epidemic profiles, with 9.4% of the population symptomatically infected, 0.87% of the
population hospitalized, and a hospital fatality rate in Massachusetts that is approximately 10%
higher than in Connecticut. This could be one of the reasons for the discrepancy between the
hospital incidence and current hospitalization data stream in Massachusetts.

The most important information to integrate into the next phase of attack rate estimation and

population immunity estimation in the US is the waning rate of SARS-CoV-2 antibodies. Waning

43-46 47-51

antibody rates are now known for the short-term postinfection and postvaccination periods,
suggesting that antibody waning cannot be ignored for SARS-CoV-2 seroprevalence analyses
stretching longer than 1year. Estimates of waning antibodies will allow for the estimation of recent
attack rates,>2 which can either be reported as such or chained together to provide an annual attack
rate estimate. Although the initial live integration of these data streams will no doubt be challenging,
the benefit will be a situationally aware susceptibility estimate that will allow us to evaluate the
invasion ability of a new high-transmissibility variant or immune-escape variant. For Omicron
specifically, the reinfection hazards presented by Pulliam et al>® indicate that the infected but not
vaccinated portion of the population can be viewed as approximately 2-fold as likely to be infected
as they were in the previous Delta and Alpha waves. The potential cost of not providing these live
attack rate and susceptibility estimates is a repeat of summer 2021, when epidemiologists were
caught unaware of the immediate risk posed by the introduction of the Delta variant in a still highly
susceptible population.

Limitations

This study has some limitations. The major limitation in our assessment of the overlap between past
infections and vaccination is a lack of data on how individual choices were made to vaccinate or not.
Vaccination was not discouraged for individuals with past infection, and most public health
communication at the time informed individuals with COVID-19 that they were vaccine-eligible as
soon as symptoms resolved. This means that our assumption that individuals with past confirmed
SARS-CoV-2 infections would have delayed their vaccinations likely resulted in an underestimate of
the vaccine supply that was distributed to individuals with some level of immunity. Additionally,
vaccine mandates put in place for high-exposure groups (eg, health care workers, other essential
workers, employees working in indoor venues) imply that past exposure and current vaccination
should correlate positively. On the other hand, provaccine stances are positively correlated with
other types of public health adherence, such as masking or distancing behaviors. This contributes a
negative correlative effect between past infection and vaccination. Data to assess the magnitudes of
these 3 behavioral associations are not currently available from state departments of health.

& JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171 May 26,2022 10/14

Downloaded From: https://jamanetwork.com/ on 08/06/2022



JAMA Network Open | Infectious Diseases SARS-CoV-2 Attack Rate and Population Immunity in Southern New England

Conclusions

This case series found that ostensibly highly vaccinated populations were susceptible to a surge of
Delta infections in July 2021 because we overestimated the spring 2021 vaccination campaign’s
effect on population immunity. The real-time exercise organized for the purpose of providing these
monthly attack-rate estimates®* shows the value of understanding an epidemic’s susceptibility curve
while it is changing. Live attack rate estimation can be sharpened by the addition of a data stream
that connects case numbers to a whole-population measure. The most direct approach to this is to
perform weekly PCR-testing on random samples of the population (or a cohort) to obtain basic live
prevalence curves during an epidemic.>® Tools like this are resource-intensive but potentially worth
the cost; the ability to directly integrate them into sample processing pipelines and data analysis
pipelines will hopefully motivate us to include live attack rate and susceptibility estimation into
preparation for our next major uncontrolled epidemic or pandemic.

ARTICLE INFORMATION
Accepted for Publication: April 9, 2022.

Published: May 26, 2022. doi:10.1001/jamanetworkopen.2022.14171

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2022 Tran TNA
et al. JAMA Network Open.

Corresponding Author: Maciej F. Boni, PhD, Center for Infectious Disease Dynamics, Department of Biology,
Pennsylvania State University, University Park, PA 16802 (mfb9@psu.edu).

Author Affiliations: Center for Infectious Disease Dynamics, Department of Biology, Pennsylvania State
University, University Park (Tran, Yang, Boni); Center for Infectious Disease Dynamics, Department of Statistics,
Pennsylvania State University, University Park (Wikle, Strong, Hanks); Center for Infectious Disease Dynamics,
Department of Bioengineering, Pennsylvania State University, University Park (Inam, Leighow, Pritchard);
Department of Medicine, Brown University, Providence, Rhode Island (Gentilesco, Chan); Department of Physics,
Pennsylvania State University, University Park (Albert); Center for Communicable Disease Dynamics, Department
of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, Massachusetts (Hanage); Department of
Biostatistics, Yale School of Public Health, New Haven, Connecticut (Crawford); Department of Statistics and Data
Science, Yale University, New Haven, Connecticut (Crawford).

Author Contributions: Ms Tran and Dr Boni had full access to all of the data in the study and take responsibility for
the integrity of the data and the accuracy of the data analysis. Ms Tran and Dr Wikle contributed equally.

Concept and design: Tran, Gentilesco, Hanage, Boni.

Acquisition, analysis, or interpretation of data: Tran, Wikle, Yang, Inam, Leighow, Chan, Albert, Strong, Pritchard,
Hanks, Crawford, Boni.

Drafting of the manuscript: Tran, Yang, Albert, Strong, Hanage, Boni.

Critical revision of the manuscript for important intellectual content: Tran, Wikle, Inam, Leighow, Gentilesco, Chan,
Pritchard, Hanage, Hanks, Crawford, Boni.

Statistical analysis: Tran, Wikle, Inam, Leighow, Albert, Strong, Hanks, Crawford.

Obtained funding: Pritchard, Crawford.

Administrative, technical, or material support: Leighow, Gentilesco, Pritchard, Crawford, Boni.
Supervision: Pritchard, Hanage, Hanks, Boni.

Conflict of Interest Disclosures: Dr Pritchard reported receiving personal fees from Theseus Pharmaceuticals,
Moma Therapeutics, and Third Rock Ventures; grants from Theseus Pharmaceuticals; and owning stock in Theseus
Pharmaceuticals and Moma Therapeutics outside the submitted work. Dr Hanage reported receiving personal fees
from Biobot Analytics outside the submitted work. Dr Crawford reported receiving personal fees from Global
Diagnostic Systems, Revelar Biotherapeutics, and Whitespace outside the submitted work. Dr Boni reported
receiving personal fees from a financial services company outside the submitted work. No other disclosures were
reported.

Funding/Support: Dr Boni and Ms Tran are funded by grant No. INV-005517 from the Bill and Melinda Gates
Foundation. Ms Yang is supported by contract No. HHS N272201400007C from the National Institutes of Health
(NIH) National Institute of Allergy and Infectious Diseases Center of Excellence in Influenza Research and

[5 JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171 May 26,2022 N4

Downloaded From: https://jamanetwork.com/ on 08/06/2022


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.14171&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
mailto:mfb9@psu.edu

JAMA Network Open | Infectious Diseases SARS-CoV-2 Attack Rate and Population Immunity in Southern New England

Surveillance. Dr Hanage is funded by award No. U54 GM088558 from the National Institute of General Medical
Sciences. Ms Albert is funded by grant No. NSF DMR-1420620 from the Penn State Materials Research Science and
Engineering Center, Center for Nanoscale Science. Dr Hanks was partially supported by grant No. DMS-2015273
from the National Science Foundation. Dr Crawford is supported by Cooperative Agreement No.
6NU50CK000524-01 from the Centers for Disease Control and Prevention, funds from the COVID-19 Paycheck
Protection Program and Health Care Enhancement Act, NIH Eunice Kennedy Shriver National Institute of Child
Health and Human Development grant No. IDP2HD091799-01, and the Pershing Square Foundation.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study:; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Additional Contributions: Larry Madoff, MD, and Catherine Brown, DVM, MSc, MPH (Massachusetts Department
of Public Health), helped in interpretation of the COVID-19 epidemic in Massachusetts. David Kennedy, PhD
(Department of Biology, Pennsylvania State University), provided information on behavioral heterogeneity and the
correlation between vaccination and past infection. They did not received any compensation for these
contributions.

REFERENCES

1. Wikle NB, Tran TNA, Gentilesco B, et al. SARS-CoV-2 epidemic after social and economic reopening in three U.S.
states reveals shifts in age structure and clinical characteristics. Sci Adv. 2022;8(4):eabf9868. doi:10.1126/sciadv.
abfo868

2. Yang W, Kandula S, Huynh M, et al. Estimating the infection-fatality risk of SARS-CoV-2 in New York City during
the spring 2020 pandemic wave: a model-based analysis. Lancet Infect Dis. 2021;21(2):203-212. doi:10.1016/
S1473-3099(20)30769-6

3. Ehrmann S, Li J, Ibarra-Estrada M, et al; Awake Prone Positioning Meta-Trial Group. Awake prone positioning for
COVID-19 acute hypoxaemic respiratory failure: a randomised, controlled, multinational, open-label meta-trial.
Lancet Respir Med. 2021;9(12):1387-1395. doi:10.1016/52213-2600(21)00356-8

4. Beigel JH, Tomashek KM, Dodd LE, et al; ACTT-1Study Group Members. Remdesivir for the treatment of COVID-
19—final report. N Engl J Med. 2020:;383(19):1813-1826. doi:10.1056/NEJM0a2007764

5. Sterne JAC, Murthy S, Diaz JV, et al; WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) Working
Group. Association between administration of systemic corticosteroids and mortality among critically ill patients
with COVID-19: a meta-analysis. JAMA. 2020;324(13):1330-1341. doi:10.1001/jama.2020.17023

6. Horby P, Lim WS, Emberson JR, et al; RECOVERY Collaborative Group. Dexamethasone in hospitalized patients
with COVID-19. N Engl J Med. 2021;384(8):693-704. doi:10.1056/NEJM0a2021436

7. Schultes O, Clarke V, Paltiel AD, Cartter M, Sosa L, Crawford FW. COVID-19 in Connecticut institutions of higher
education during the 2020-2021 academic year. medRxiv. Preprint posted online August 13, 2021. doi:10.1101/2021.
08.11.21261732

8. Di Domenico L, Pullano G, Sabbatini CE, Boélle PY, Colizza V. Modelling safe protocols for reopening schools
during the COVID-19 pandemic in France. Nat Commun. 2021;12(1):1073. doi:10.1038/s41467-021-21249-6

9. Goldhaber-Fiebert JD, Studdert DM, Mello MM. School reopenings and the community during the COVID-19
pandemic. JAMA Health Forum. 2020;1(10):€201294. doi:10.1001/jamahealthforum.2020.1294

10. BajemaKL, Wiegand RE, Cuffe K, et al. Estimated SARS-CoV-2 seroprevalence in the US as of September 2020.
JAMA Intern Med. 2021;181(4):450-460. doi:10.1001/jamainternmed.2020.7976

11. Anand S, Montez-Rath M, Han J, et al. Prevalence of SARS-CoV-2 antibodies in a large nationwide sample of
patients on dialysis in the USA: a cross-sectional study. Lancet. 2020;396(10259):1335-1344. doi:10.1016/S0140-
6736(20)32009-2

12. Havers FP, Reed C, Lim T, et al. Seroprevalence of antibodies to SARS-CoV-2 in 10 sites in the United States,
March 23-May 12, 2020. JAMA Intern Med. 2020;180(12):1576-1586. doi:10.1001/jamainternmed.2020.4130

13. Monod M, Blenkinsop A, Xi X, et al; Imperial College COVID-19 Response Team. Age groups that sustain
resurging COVID-19 epidemics in the United States. Science. 2021;371(6536):eabe8372. doi:10.1126/science.
abe8372

14. Unwin HJT, Mishra S, Bradley VC, et al. State-level tracking of COVID-19 in the United States. Nat Commun.
2020;11(1):6189. doi:10.1038/s41467-020-19652-6

15. Russell TW, Golding N, Hellewell J, et al; CMMID COVID-19 working group. Reconstructing the early global
dynamics of under-ascertained COVID-19 cases and infections. BMC Med. 2020;18(1):332. doi:10.1186/512916-
020-01790-9

[5 JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171 May 26,2022 12/14

Downloaded From: https://jamanetwork.com/ on 08/06/2022


https://dx.doi.org/10.1126/sciadv.abf9868
https://dx.doi.org/10.1126/sciadv.abf9868
https://dx.doi.org/10.1016/S1473-3099(20)30769-6
https://dx.doi.org/10.1016/S1473-3099(20)30769-6
https://dx.doi.org/10.1016/S2213-2600(21)00356-8
https://dx.doi.org/10.1056/NEJMoa2007764
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2020.17023&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://dx.doi.org/10.1056/NEJMoa2021436
https://dx.doi.org/10.1101/2021.08.11.21261732
https://dx.doi.org/10.1101/2021.08.11.21261732
https://dx.doi.org/10.1038/s41467-021-21249-6
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamahealthforum.2020.1294&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamainternmed.2020.7976&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://dx.doi.org/10.1016/S0140-6736(20)32009-2
https://dx.doi.org/10.1016/S0140-6736(20)32009-2
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamainternmed.2020.4130&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://dx.doi.org/10.1126/science.abe8372
https://dx.doi.org/10.1126/science.abe8372
https://dx.doi.org/10.1038/s41467-020-19652-6
https://dx.doi.org/10.1186/s12916-020-01790-9
https://dx.doi.org/10.1186/s12916-020-01790-9

JAMA Network Open | Infectious Diseases SARS-CoV-2 Attack Rate and Population Immunity in Southern New England

16. Davis JT, Chinazzi M, Perra N, et al. Cryptic transmission of SARS-CoV-2 and the first COVID-19 wave. Nature.
2021;600(7887):127-132. doi:10.1038/541586-021-04130-w

17. Reed C, Angulo FJ, Swerdlow DL, et al. Estimates of the prevalence of pandemic (HIN1) 2009, United States,
April-July 2009. Emerg Infect Dis. 2009;15(12):2004-2007. doi:10.3201/eid1512.091413

18. Reese H, luliano AD, Patel NN, et al. Estimated incidence of coronavirus disease 2019 (COVID-19) iliness and
hospitalization—United States, February-September 2020. Clin Infect Dis. 2021;72(12):e1010-e1017. doi:10.1093/
cid/ciaal780

19. Lewnard JA, Liu VX, Jackson ML, et al. Incidence, clinical outcomes, and transmission dynamics of severe
coronavirus disease 2019 in California and Washington: prospective cohort study. BMJ. 2020;369:m1923. doi:10.
1136/bmj.m1923

20. Levin AT, Hanage WP, Owusu-Boaitey N, Cochran KB, Walsh SP, Meyerowitz-Katz G. Assessing the age
specificity of infection fatality rates for COVID-19: systematic review, meta-analysis, and public policy implications.
Eur J Epidemiol. 2020;35(12):1123-1138. doi:10.1007/s10654-020-00698-1

21. Davies NG, Klepac P, Liu Y, Prem K, Jit M, Eggo RM; CMMID COVID-19 working group. Age-dependent effects
in the transmission and control of COVID-19 epidemics. Nat Med. 2020;26(8):1205-1211. doi:10.1038/s41591-020-
0962-9

22. Boni MF, Chau NVV, Dong N, et al. Population-level antibody estimates to novel influenza A/H7N9. J Infect Dis.
2013;208(4):554-558. doi:10.1093/infdis/jit224

23. Wu JT, Leung K, Perera RA, et al. Inferring influenza infection attack rate from seroprevalence data. PLoS
Pathog. 2014;10(4):e1004054. doi:10.1371/journal.ppat.1004054

24. Vinh DN, Nhat NTD, de Bruin E, et al. Age-seroprevalence curves for the multi-strain structure of influenza A
virus. Nat Commun. 2021;12(1):6680. doi:10.1038/s41467-021-26948-8

25. Centers for Disease Control and Prevention. Nationwide blood donor seroprevalence survey. Accessed August
12, 2021. https://covid.cdc.gov/covid-data-tracker/#nationwide-blood-donor-seroprevalence

26. Centers for Disease Control and Prevention. Nationwide commercial laboratory seroprevalence survey.
Accessed August 12, 2021. https://covid.cdc.gov/covid-data-tracker/#national-lab

27. Jones JM, Stone M, Sulaeman H, et al. Estimated US infection- and vaccine-induced SARS-CoV-2
seroprevalence based on blood donations, July 2020-May 2021. JAMA. 2021;326(14):1400-1409. doi:10.1001/
jama.2021.15161

28. Shioda K, Lau MSY, Kraay ANM, et al. Estimating the cumulative incidence of SARS-CoV-2 infection and the
infection fatality ratio in light of waning antibodies. Epidemiology. 2021;32(4):518-524. doi:10.1097/EDE.
0000000000001361

29. Department of Health and Human Services. 45 CFR 46. Accessed August 12, 2021. https://www.hhs.gov/ohrp/
regulations-and-policy/regulations/45-cfr-46/common-rule-subpart-a-46104/index.html

30. Tran TNA, Wikle NB, Albert E, et al. Optimal SARS-CoV-2 vaccine allocation using real-time attack-rate
estimates in Rhode Island and Massachusetts. BMC Med. 2021;19(1):162. doi:10.1186/512916-021-02038-w

31. Massachusetts Department of Public Health. Archive of COVID-19 vaccination reports. Accessed August 12,
2021. https://www.mass.gov/info-details/archive-of-covid-19-vaccination-reports

32. Connecticut Department of Public Health. COVID-19 vaccination status by residence in a SVI priority zip code.
Accessed August 12, 2021. https://data.ct.gov/Health-and-Human-Services/COVID-19-Vaccination-by-Residence-
in-a-SVI-Priorit/tttv-egb7

33. Rhode Island Department of Health. COVID-19 Rhode Island data. Accessed August 12, 2021. https://docs.
google.com/spreadsheets/d/1c2QrNMz8plbYEKzMJL7Uh2dtThOJa2j1sSMwiDo5Gz4/edit#gid=1196542126

34. Connecticut Department of Public Health. COVID-19 vaccinations by age group. Accessed August 12, 2021.
https://data.ct.gov/Health-and-Human-Services/COVID-19-Vaccinations-by-Age-Group/vjim-iz5e

35. Morozova O, Li ZR, Crawford FW. One year of modeling and forecasting COVID-19 transmission to support
policymakers in Connecticut. Sci Rep. 2021;11(1):20271. doi:10.1038/541598-021-99590-5

36. Moghadas SM, Sah P, Shoukat A, Meyers LA, Galvani AP. Population immunity against COVID-19 in the United
States. Ann Intern Med. 2021;174(11):1586-1591. doi:10.7326/M21-2721

37. Centers for Disease Control and Prevention. Estimated COVID-19 burden. Accessed November 16, 2021. https://
www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html#est-infections

38. COVID-19 Forecast Hub. Weekly forecast summaries. Accessed July 13, 2021. https://covid19forecasthub.org/
reports/single_page.html?state=US&week=2021-07-13

[5 JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171 May 26, 2022 13/14

Downloaded From: https://jamanetwork.com/ on 08/06/2022


https://dx.doi.org/10.1038/s41586-021-04130-w
https://dx.doi.org/10.3201/eid1512.091413
https://dx.doi.org/10.1093/cid/ciaa1780
https://dx.doi.org/10.1093/cid/ciaa1780
https://dx.doi.org/10.1136/bmj.m1923
https://dx.doi.org/10.1136/bmj.m1923
https://dx.doi.org/10.1007/s10654-020-00698-1
https://dx.doi.org/10.1038/s41591-020-0962-9
https://dx.doi.org/10.1038/s41591-020-0962-9
https://dx.doi.org/10.1093/infdis/jit224
https://dx.doi.org/10.1371/journal.ppat.1004054
https://dx.doi.org/10.1038/s41467-021-26948-8
https://covid.cdc.gov/covid-data-tracker/#nationwide-blood-donor-seroprevalence
https://covid.cdc.gov/covid-data-tracker/#national-lab
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2021.15161&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2021.15161&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://dx.doi.org/10.1097/EDE.0000000000001361
https://dx.doi.org/10.1097/EDE.0000000000001361
https://www.hhs.gov/ohrp/regulations-and-policy/regulations/45-cfr-46/common-rule-subpart-a-46104/index.html
https://www.hhs.gov/ohrp/regulations-and-policy/regulations/45-cfr-46/common-rule-subpart-a-46104/index.html
https://dx.doi.org/10.1186/s12916-021-02038-w
https://www.mass.gov/info-details/archive-of-covid-19-vaccination-reports
https://data.ct.gov/Health-and-Human-Services/COVID-19-Vaccination-by-Residence-in-a-SVI-Priorit/tttv-egb7
https://data.ct.gov/Health-and-Human-Services/COVID-19-Vaccination-by-Residence-in-a-SVI-Priorit/tttv-egb7
https://docs.google.com/spreadsheets/d/1c2QrNMz8pIbYEKzMJL7Uh2dtThOJa2j1sSMwiDo5Gz4/edit#gid=1196542126
https://docs.google.com/spreadsheets/d/1c2QrNMz8pIbYEKzMJL7Uh2dtThOJa2j1sSMwiDo5Gz4/edit#gid=1196542126
https://data.ct.gov/Health-and-Human-Services/COVID-19-Vaccinations-by-Age-Group/vjim-iz5e
https://dx.doi.org/10.1038/s41598-021-99590-5
https://dx.doi.org/10.7326/M21-2721
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html#est-infections
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html#est-infections
https://covid19forecasthub.org/reports/single_page.html?state=US&week=2021-07-13
https://covid19forecasthub.org/reports/single_page.html?state=US&week=2021-07-13

JAMA Network Open | Infectious Diseases SARS-CoV-2 Attack Rate and Population Immunity in Southern New England

39. Boni MF, Nguyen TD, de Jong MD, van Doorn HR. Virulence attenuation during an influenza A/H5N1 pandemic.
Philos Trans R Soc Lond B Biol Sci. 2013;368(1614):20120207. doi:10.1098/rstb.2012.0207

40. Bootsma MCJ, Ferguson NM. The effect of public health measures on the 1918 influenza pandemicin U.S.
cities. Proc Natl Acad Sci U S A. 2007;104(18):7588-7593. doi:10.1073/pnas.0611071104

41. Ball F. Deterministic and stochastic epidemics with several kinds of susceptibles. Adv Appl Probab. 1985;17
(1):1-22. doi:10.2307/1427049

42. Gart JJ. The mathematical analysis of an epidemic with two kinds of susceptibles. Biometrics. 1968;24(3):
557-566. doi:10.2307/2528318

43. Peluso MJ, Takahashi S, Hakim J, et al. SARS-CoV-2 antibody magnitude and detectability are driven by disease
severity, timing, and assay. medRxiv. Preprint posted online March 5, 2021. doi:10.1101/2021.03.03.21251639

44. Lumley SF, Wei J, O'Donnell D, et al; Oxford University Hospitals Staff Testing Group. The duration, dynamics,
and determinants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody responses in
individual healthcare workers. Clin Infect Dis. 2021;73(3):e699-e709. doi:10.1093/cid/ciabO04

45. Ward H, Cooke G, Atchison C, et al. Declining prevalence of antibody positivity to SARS-CoV-2: a community
study of 365,000 adults. medRxiv. Preprint posted online October 27, 2020. doi:10.1101/2020.10.26.20219725

46. Lau EHY, Tsang OTY, Hui DSC, et al. Neutralizing antibody titres in SARS-CoV-2 infections. Nat Commun. 2021;
12(1):63. doi:10.1038/s41467-020-20247-4

47. Levin EG, Lustig Y, Cohen C, et al. Waning immune humoral response to BNT162b2 COVID-19 vaccine over 6
months. N EnglJ Med. 2021;385(24):e84. doi:10.1056/NEJM0a2114583

48. Shrotri M, Navaratnam AMD, Nguyen V, et al; Virus Watch Collaborative. Spike-antibody waning after second
dose of BNT162b2 or ChAdOXx1. Lancet. 2021;398(10298):385-387. doi:10.1016/S0140-6736(21)01642-1

49. ZhongD, Xiao S, Debes AK, et al. Durability of antibody levels after vaccination with mRNA SARS-CoV-2 vaccine
inindividuals with or without prior infection. JAMA. 2021;326(24):2524-2526. doi:10.1001/jama.2021.19996

50. Bayart JL, Douxfils J, Gillot C, et al. Waning of IgG, total and neutralizing antibodies 6 months post-vaccination
with BNT162b2 in healthcare workers. Vaccines (Basel). 2021;9(10):1092. doi:10.3390/vaccines9101092

51. Pegu A, O'Connell SE, Schmidt SD, et al; mRNA-1273 Study Group§. Durability of mMRNA-1273 vaccine-induced
antibodies against SARS-CoV-2 variants. Science. 2021;373(6561):1372-1377. doi:10.1126/science.abj4176

52. Boni MF, Malbak K, Krogfelt KA. Inferring the time of infection from serological data. In: Held L, Hens N, O'Neill
P, Wallinga J, eds. Handbook of Infectious Disease Data Analysis. CRC Press; 2020:287-303.

53. Pulliam JRC, van Schalkwyk C, Govender N, et al. Increased risk of SARS-CoV-2 reinfection associated with
emergence of the Omicron variant in South Africa. medRxiv. Preprint posted online December 2, 2021. doi:10.1101/
2021.11.11.21266068

54. Center for Infectious Disease Dynamics. COVID. Accessed April 22, 2022. https://mol.ax/covid/

55. Riley S, Ainslie KEC, Eales O, et al. REACT-1round 6 updated report: high prevalence of SARS-CoV-2 swab
positivity with reduced rate of growth in England at the start of November 2020. medRxiv. Preprint posted online
November 20, 2020. doi:10.1101/2020.11.18.20233932

SUPPLEMENT.

eAppendix 1. Model Description

eFigure 1. Compartmental Model Diagram

eTable 1. Priors for Bayesian Inference

eAppendix 2. Data Streams

eAppendix 3. Interpretation of Seroprevalence Data
eReferences

eTable 2. Demographics of Confirmed COVID-19 Cases

eTable 3. Attack Rate Estimates from March 2020 to May 2021
eTable 4. Population Immunity Estimates from March 2020 to May 2021
eFigure 2. Rhode Island Model Fit

eFigure 3. Connecticut Model Fit

eFigure 4. Posterior Distributions

eFigure 5. Posterior Distributions

eFigure 6. Posterior Distributions

eFigure 7. Posterior Distributions

eFigure 8. Posterior Distributions

eFigure 9. Posterior Distributions

eFigure 10. Alternate Visualization for Hospitalization Probability

[5 JAMA Network Open. 2022;5(5):e2214171. doi:10.1001/jamanetworkopen.2022.14171 May 26,2022 1414

Downloaded From: https://jamanetwork.com/ on 08/06/2022


https://dx.doi.org/10.1098/rstb.2012.0207
https://dx.doi.org/10.1073/pnas.0611071104
https://dx.doi.org/10.2307/1427049
https://dx.doi.org/10.2307/2528318
https://dx.doi.org/10.1101/2021.03.03.21251639
https://dx.doi.org/10.1093/cid/ciab004
https://dx.doi.org/10.1101/2020.10.26.20219725
https://dx.doi.org/10.1038/s41467-020-20247-4
https://dx.doi.org/10.1056/NEJMoa2114583
https://dx.doi.org/10.1016/S0140-6736(21)01642-1
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2021.19996&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.14171
https://dx.doi.org/10.3390/vaccines9101092
https://dx.doi.org/10.1126/science.abj4176
https://dx.doi.org/10.1101/2021.11.11.21266068
https://dx.doi.org/10.1101/2021.11.11.21266068
https://mol.ax/covid/
https://dx.doi.org/10.1101/2020.11.18.20233932

