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Abstract: Background: While the rapid deployment of SARS-CoV-2 vaccines had a sig-
nificant impact on the ongoing COVID-19 pandemic, rapid viral immune evasion and
waning neutralizing antibody titers have degraded vaccine efficacy. Nevertheless, vaccine
manufacturers and public health authorities have a number of options at their disposal
to maximize the benefits of vaccination. In particular, the effect of booster schedules on
vaccine performance bears further study. Methods: To better understand the effect of
booster schedules on vaccine performance, we used an agent-based modeling framework
and a population pharmacokinetic model to simulate the impact of boosting frequency on
the durability of vaccine protection against infection and severe acute disease. Results: Our
work suggests that repeated dosing at frequent intervals (three or more times a year) may
offset the degradation of vaccine efficacy, preserving the utility of vaccines in managing
the ongoing pandemic. Conclusions: Given the practical significance of potential im-
provements in vaccine utility, clinical research to better understand the effects of repeated
vaccination would be highly impactful. These findings are particularly relevant as public
health authorities worldwide have reduced the frequency of boosters to once a year or less.

Keywords: COVID-19; agent-based modeling; SARS-CoV-2; vaccination; scheduling; vaccine
boosting

1. Introduction

As the ongoing COVID-19 pandemic approaches its sixth year, the utility of vac-
cines in mitigating the death and disability burden of SARS-CoV-2 continues to evolve.
Initial reports were consistent with strong vaccine protection against symptomatic dis-
ease, giving rise to the hope that vaccines could be used to achieve herd immunity to
SARS-CoV-2 [1-3]. However, this promise was quickly undermined by rapid declines in
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vaccine efficacy against infection [4,5] driven by waning antibody titers [6-9] and viral
immune evasion [9-13].

With herd immunity off the table, public health organizations pivoted to relying on
vaccinations to manage the mortality burden of COVID-19, even as transmission continued.
As vaccine efficacy against severe disease (VE;) was initially very high [1-3], this strategy
contributed to a lowering of the infection fatality rate for SARS-CoV-2 [14]. Unfortunately,
antibody waning and continued viral evolution have degraded VEs [15-18], although it is
partially restored with updated boosters [19-21] targeting newer variants.

Despite their limitations, the current crop of SARS-CoV-2 vaccines continues to form
the centerpiece of public health strategies to manage the death and disability burden of
COVID-19. At present, there are few nonpharmaceutical interventions (NPIs) mandated
in any setting [22,23], while options for the treatment of serious disease are limited [24,25]
and in some cases have been rendered obsolete by viral evolution [26-28].

On the bright side, immunological correlates of protection for SARS-CoV-2, partic-
ularly for infection, have been established, which is a boon to the rational optimization
of vaccine performance. Neutralizing antibody (nAb) titers are a validated correlate of
immune protection [29-31] for SARS-CoV-2. nAb titers normalized to mean convalescent
titer (from the same study) have been shown to fit well to a nonlinear dose-response
relationship that is predictive of reported vaccine protection across a range of different vac-
cines [32]. Two such dose-response curves exist, one linking nAb titers to protection against
symptomatic infection and one linking nAb titers to protection against severe COVID-19
outcomes. These relationships have held up across a range of studies [33,34] and against
newly emerging variants [21,35-38]. In these studies, nAb titers have been demonstrated
to predict waning vaccine efficacy against infection (VE;) due to pharmacokinetic effects,
as well as due to viral immune evasion. Waning nAb titers have also been demonstrated
to be predictive of loss of VE;g, although in this case, the 95% confidence intervals for
the threshold of protection against severe disease are wide, indicating greater statistical
uncertainty. It bears mentioning that the observed reductions in VE; are inconsistent with
the widely held perception [39-41] that the observed durability of T cell responses [42—44]
would provide sustained vaccine protection against severe disease. (See Supplementary
Section S1 for further discussion on the role of T cells in the vaccine and natural immune
response to SARS-CoV-2.)

At present, the utility of vaccines in managing the mortality and morbidity burden
of COVID-19 is limited. A recent CDC study showed that the vaccine effectiveness (a
measure of VE;) of a bivalent mRNA COVID-19 booster received after two or more doses
of monovalent vaccines ranged from 43% (for the 18-49 age group) to 22% (for the over-
65 age group) [20]. When it comes to severe acute disease, VEs for a newly boosted
individual is now 56% [45], a steep decline from the originally reported VE; (~100%) for
COVID-19 mRNA vaccines [1,46]. A substantial portion of this drop in VE; is likely to
occur as a result of waning antibody titers and the viral evolutionary evasion of the immune
response. (However, an increase in immunity due to infection among the unvaccinated
also accounts for some of this apparent reduction in vaccine effectiveness [47].) Despite
the observed losses in VEs and VE;, public health organizations, including the CDC and
WHO, have moved to an annual or less frequent boosting schedule for SARS-CoV-2 for the
general population [48,49]. For the US population, this represents a sharp (about three-fold)
reduction in recommended vaccine dosing frequency relative to the initial pace of boosters
during the first 18 months following vaccine rollout. Even at this reduced frequency, uptake
among adults is limited. For example, in the United States, only 22.5% of adults have
received the updated booster released in winter 2023 /2024 [50]. In many countries, access
to boosters is limited to the elderly and/or immunocompromised [51-53], implying that
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the general population in those countries has very limited vaccine-derived protection. (We
note that both the CDC and the WHO recommend twice-yearly vaccination for the highest
risk groups [48,49].)

In addition to population-level waning in nAb titers, significant interindividual vari-
ation in the strength and durability of the nAb response also complicates the picture. In
a prior study, we applied mixed-effects modeling to published SARS-CoV-2 nAb titers
post-vaccination [54] and found a wide range of half-lives, with a 95% confidence inter-
val ranging from 33 to 320 days. Lastly, as the pandemic has progressed, it has become
clear that the delayed post-acute sequelae of COVID-19 (“long COVID”) also represent an
important component of the morbidity burden of SARS-CoV-2 infections [55,56], with the
potential for substantial impact on population-level health and economic outcomes [57-59].
The risk of long COVID upon infection has been shown to be reduced by up to around
half following vaccination, in a number of studies and meta-analyses [56,60-65]. (However,
considerable nuance exists in interpreting these results as long COVID is defined differently
in each study, and the uninfected cohort is often not identified rigorously.)

Given our reliance on vaccines as a COVID-19 control measure and the observed de-
cline in vaccine efficacy, creating a strong quantitative framework for understanding vaccine
performance is helpful from a practical standpoint. At this juncture in the pandemic, it may
be particularly helpful to ask two questions about SARS-CoV-2 vaccines: “are there ways to
use the existing vaccines more effectively through optimization of boosting frequency?” and
“what should vaccine makers focus on for the next generation of vaccines?” To answer these
questions, we developed a longitudinal pharmacokinetic/pharmacodynamic (PK/PD)
model of nAb kinetics and coupled it with an agent-based modeling framework. Our
model combines population heterogeneity in the durability of the nAb response with the
dose-response relationships linking nAb titers to protection from mild and severe disease.
We have used this modeling framework to examine population heterogeneity in vaccine
protection over time and in response to viral immune evasion. We formulate and test a
potential strategy for improving the practical utility of existing vaccines by altering the
dosing interval of the vaccines. We also extend our investigation to hypothetical vaccines
with improved durability of response.

2. Materials and Methods

2.1. Agent-Based Simulation of Infection and Mortality Burden
2.1.1. Model Overview

To determine the impact of boosting regimes on endemic SARS-CoV-2 infections and
mortality among the vaccinated and the unvaccinated, we implemented a modification of
an agent-based simulation developed in our prior work [57]. The schematic in Figure 1
shows the general structure of the model.

In an agent-based simulation, large numbers of autonomous agents are simulated,
interacting with each other under a defined set of conditions. We simulated the number
of interactions for each agent with other agents in the simulation based on random draws
from a contact rate distribution. For each interaction, the likelihood that this corresponds
to an exposure to SARS-CoV-2 is based on the force of infection (the product of the number
of active infections and the intrinsic reproductive number R, divided by the duration of
infection). Once exposed, each agent has a probability of infection proportional to their level
of immunity at that time (based on a simulation of that agent’s nAb titers). These simulated
nAb titers are based on a pharmacokinetic mixed-effects model fit to experimental data for
nAb titers over time. A successful infection boosts the individual’s nAb titers by a fixed
multiple and increases the total count of active infections. Vaccination occurs at a fixed
frequency and boosts vaccinated individuals’ vaccine nAb titers. We assumed that 50% of
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the population receives boosters at staggered intervals, which vary from two months to
one year. The booster uptake is roughly consistent with the US first booster uptake in 2021,
but considerably higher than the current rate of booster uptake in the US (23% [50]) (The
implications of a higher booster rate are discussed in the limitations section of Section 4).

Active infections >

~ Vaccination

Figure 1. Schematic of simplified agent-based model used to simulate probabilities of infection
and adverse outcomes based on nAb titers. Each blue circle represents an individual agent in the
simulation. Within each agent I, neutralizing antibodies (nAbs) are generated as a result of vaccination
(green antibodies) or infection (red antibodies), and these nAbs then decay over time according to
each individual’s half-life (t,,1¢). Both infection and vaccination boost an individual’s nAb level by a
fixed multiple. The blue rectangle represents the force of infection in the population (active infections
multiplied by Rg). Each individual agent is exposed to infection (red arrows) according to its contact
rate (B;) and the force of infection. Exposure succeeds or fails to induce infection probabilistically
according to the level of protection afforded by an individual’s combined infection and vaccine nAb
titer. In the figure, infection failed (red X) for Agent 1 but succeeded for Agent 2. The number of
active infections is tracked, increasing by one for each successful infection and decaying according to
the recovery rate (p).

We used this simulation to model SARS-CoV-2 spread under endemic conditions to
evaluate the relationship between booster frequency and the range of outcomes in the
boosted population. The model simulates outcomes for 100,000 individuals over 10 years.

2.1.2. Population Mixed-Effects Model Fit for Neutralization Potency over Time
After Infection

To determine the kinetics of serum nAb titers after SARS-CoV-2 infection, we applied
a two-stage model structure to the nAb titer dataset published by Wang et al. [66]. The
two stages of the model are the production phase, in which antibody titers are both
produced and eliminated, and the memory phase, where antibodies are only eliminated.
The transition from the production phase to the elimination phase occurs at time T. We
compared first-order and zero-order production models, and the zero-order production
model was selected for neutralization potency based on lower AIC and good parameter
estimation with low standard errors. The following equations describe the zero-order and
first-order models:

Zero-order:
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where A is the antibody titer, k, is the rate of antibody production, k,; is the rate of antibody
elimination, and T is the duration of antibody production. Model parameter values are
shown in Table 1. The dataset contains nAb titers for 30 patients who recovered from
COVID-19 and were discharged from the Yongchuan Hospital of Chongqing Medical
University. Age and gender were statistically analyzed as covariates in Monolix (Mono-
lixSuite2024R1, Lixoft SA, Paris, France). A goodness-of-fit analysis confirmed model
specification and fit to the dataset (Supplementary Figure S2).

Table 1. Parameter values for the fitted pharmacokinetic model describing nAb kinetics. Parameter
values for fitted nAb kinetics model with standard error (SE) and relative standard error (RSE), where
COTTY Tin i8 the correlation between kp and Tj,, and a is the coefficient of constant error.

Parameter Value Units Standard Error Relative Standard Error (%)
Fixed effects (median)
kp, pop 38.3 IC50/days 5.31 13.9
el pop 0.00628 1/days 0.0012 19.1
Tin, pop 26.9 days 26.9 15.1
Standard deviation of the random effects
Wy 0.731 1C50/days 0.156 21.3
Wiel 0.346 1/days 0.141 40.8
WTin 0.708 days 0.181 25.6
Correlations
COTTY Tin —0.977 0.0255 2.61

Error model parameters
a 121 9.11 7.51

We modeled the distribution of nAb half-lives after vaccination similarly, using pa-
rameters derived from a previous mixed-effects model fit that we conducted on a nAb titer
dataset derived from adults vaccinated with the Moderna mRNA-1273 vaccine [54].

The distribution of antibody elimination rates from the mixed-effects model fits
was converted to distributions of nAb half-lives according to the relation 1/, = In(2) /k,
(Supplementary Figure S3).

2.1.3. Agent-Based Simulation of SARS-CoV-2 Dynamics

Under endemic conditions, individuals in the population will become reinfected
with SARS-CoV-2 as their neutralizing antibody titers wane. To simulate the impact of
heterogeneous natural immunity on long-term SARS-CoV-2 infection dynamics and fatality
rates, we developed a simplified agent-based epidemiological model that accounts for
interindividual heterogeneity in the rate of antibody waning and in exposure risk (contact
behavior). This model tracks the nAb titers of simulated individuals with fixed contact rates,
neutralizing antibody decay rates, ages, and vaccination statuses. The individuals” contact
rates are parameterized by a random draw of the contact distribution [67], while individual
ages are set based on a random draw of the age distribution of the United States [68].
Each individual’s half-lives for vaccine- and infection-derived nAbs are randomly drawn
from the corresponding distributions from the population PK model fits. Contact rates are
treated as relative rather than absolute—the model’s intrinsic reproductive number (Rg)
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multiplied by the normalized individual contact rate determines the individual’s absolute
rate of exposure.

For each individual, the cumulative number of infections and neutralizing antibody
titer are tracked over time. The neutralizing antibody titer of each individual wanes
according to the individual’s decay rate and the rate of immune evasion through viral
evolution. For each individual, the titer is updated at each timestep as follows:

0.693x*dt

tq C+tq .
tlter(t + dt) — tlte?’(t) xe 7 waning 5, evasion

where t1 /2 yaning is the individual’s neutralizing antibody half-life and t1 5 evasion is the
half-life of nAb potency due to immune evasion.

Additionally, neutralizing antibody titers are boosted by a fixed multiple when the
individual is successfully infected after an exposure or after vaccination. All individuals in
the population are exposed at a rate proportional to their contact rate. This is implemented
as a random draw on the simulated population, with each individual’s likelihood of being
drawn proportional to their contact rate. Upon exposure, an individual’s risk of infection is
calculated based on their neutralizing antibody titer. The risk of infection upon exposure is

titerh

p(infection | exposure) =1 — —
titer" + EC50, infectionh

where titer is the individual’s neutralizing antibody titer normalized to peak convalescent
level, h is the Hill coefficient, and ECsg iufection is the neutralizing antibody titer required for
50% protection from infection. ECs iufection Was assumed to be 35% of the peak convalescent
plasma level because we found this to be approximately consistent with clinical data
suggesting median protection from reinfection is 83% over 5 months after infection [69].
The exposure results in successful infection if a random value between 0 and 1 is less than p
(infection | exposure). Then, the individual’s antibody titer is boosted by a fixed multiple [32].

We assumed that all infections are of the same duration, and the number of active
infections is tracked using a counter. The counter is increased by one for each successful
infection, while recovery events decrease the counter by one. Each active infection has a
10% likelihood of recovery per day, based on an average 10-day infection duration [70].
The rate of exposures is determined by the force of infection (the expected number of
secondary infections in the absence of pre-existing immunity), given by the number of
active infections multiplied by Ry. This determines how many exposures occur at each
timestep, with exposures either succeeding or failing to induce an infection as described
previously. As such, we do not account for overdispersion (variability in infectivity of
individuals), and we assume that the population is well mixed (any individual can infect
any other individual, with no network effects).

Vaccination is modeled similarly to infection, with neutralizing antibody titers in-
creased by a fixed multiple upon vaccination. To account for differences in persistence of
post-vaccination and post-infection nAbs, the model separately tracks nAb titers induced
by vaccination and infection. Each member of the simulated population is randomly des-
ignated as “vaccinated” or “unvaccinated” in a proportion consistent with the specified
prevalence of vaccination in the population. Upon vaccination or infection, an individual’s
nAb titers are increased by a fixed multiple (revaccination 10-fold [71] and reinfection
14.4-fold [72]). Conservatively, we assumed that any antibodies generated through re-
vaccination (by boosting of pre-existing vaccine or infection-induced antibodies) wane
at the vaccine nAb decay rate. All vaccinated individuals are boosted (revaccinated) at
a fixed interval, which is tracked by an individual counter for the simulation days since
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last vaccination. These intervals are staggered among the individuals in the simulated
population. Once an individual’s revaccination counter reaches their revaccination interval,
the individual’s antibody titers are multiplied by the vaccination multiple, and the counter
is reset to zero.

In addition to tracking each simulated individual’s number of infections, we calculated
their cumulative risk of fatal COVID-19. For each individual, we calculated an immuno-
logically naive infection fatality rate (IFR) based on their age according to a published
formula [73]. We adjusted the population average IFR according to this formula to reflect
estimates for omicron’s IFR (0.21%) [74].

Upon infection, an individual’s risk of fatal disease is calculated based on their nor-
malized neutralizing antibody titer:

p(death | exposure)
(infection | exposure)

p(death | infection) = ;

when
titerh

titer" + ECsq. deatn

p(death | exposure) = (1 h) « naive IFR

In this case, ECsq geqy, is the neutralizing antibody titer required for 50% protection
from death; in this analysis, we assumed ECs 4.4, is equal to the ECs for protection from
severe disease parameterized by Khoury et al. (3% of CP titer) [32]. (Although this number
was assessed prior to the Omicron variant, subsequent analyses show that the threshold has
not varied by variant.) Each individual’s cumulative probability of survival is tracked, with
the probability starting at 1 and being multiplied by the risk of death upon each infection.
The population-level death count is increased by the expected value of death imposed by
each infection (that is, the individual’s risk of death for that infection).

The model is designed to capture steady-state (endemic) SARS-CoV-2 dynamics.
Before each simulation, the model is run for 1000 days to reach equilibrium. As a result,
the initial values of simulated individuals’ nAb titers are arbitrary. To demonstrate both
stochastic year-to-year variation in individual outcomes and long-term average risks, we
ran simulations over 1 year and over 10 years after equilibrium conditions were reached.

Thus, this model accounts for interindividual heterogeneity in nAb waning rates
after vaccination [54] and infection [57], a steady rate of nAb potency loss due to immune
evasion, variability in contact behavior between individuals, and variation in severe disease
susceptibility due to age.

For the simulations in the main text, we assumed that 50% of the population is
vaccinated, which is in rough agreement with the fraction of the eligible population that
has received a first booster in the US [75]. This number, while higher than the current
booster uptake rate [50], was selected as an achievable uptake rate. Model parameters for
the agent-based simulation are summarized in Table 2.

Table 2. Agent-based model parameters.

Parameter Value Source
h (Hill coefficient) 1.018 [32]
EC5O,infection (CP titer *) 0.35
ECs0,geatn (CP titer *) 0.03 [32]
Ry (individuals) 8.2 [76,77]
Immune evasion half-life (days) 73 [78]

Infection duration (days) 10 [70]
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Table 2. Cont.

Parameter Value Source
Increase in titer on reinfection (fold) 14.4 [79]
Increase in titer on revaccination (fold) 10 [71,80,81]
Revaccination interval (days) 60-365 [82]
Fraction boosted (%) 50 [83]
Simulation duration (years) 1 and 10
Simulated population size 100,000

* Expressed as a fraction of peak neutralizing antibody titer in COVID-19 convalescents.

2.2. Susceptible-Infectious—Recovered—Susceptible (SIRS) Model of Strain Invasion

We also performed a retrospective analysis to determine whether a delta-like wave
could have been avoided by administering boosters to all US adults under conditions
similar to the summer of 2021. For this purpose, we adapted the two-strain SIRS model
with vaccines we implemented in our prior work predicting variant-driven waves after
vaccine rollout [75]. We assumed that the alpha variant dominated prior to delta emergence.
We assessed multiple scenarios for vaccine efficacy against infection (Vei) based on clinical
data for recent two-dose primary series, distant (>90 days) primary series, and a recent first
booster. We assessed best-case vaccination scenarios in which all US adults were vaccinated
and realistic scenarios in which 48% of the population was vaccinated (Table 3).

Table 3. Scenario-specific parameter values for SIRS model.

Parameter Value Units
Natural immunity decay rate 0.002 [57] 1/days
Vaccine immunity decay rate 0.002 [57] 1/days
Delta Rg 6.0 [84] Individuals
Alpha Ry 5.3 [85] Individuals
Vei, delta, recent primary series 70.2 [5] %
Vei, delta, distant primary series 40.2 [5] %
Vei, delta, recent first booster 93 [86] %
Vei, pre-delta, primary series 90 [87] %
Vei, pre-delta, booster 95 %
Cross-immunity protection 81 [88,89] %
Percentage of adults in US population 78 [90] %
US population vaccinated, summer 2021 48 [91] %
Transmission mitigation, summer 2021 50 %

Ry: intrinsic reproductive number; Vei: vaccine efficacy against infection; cross-immunity protection: protection
against one strain conferred by infection by the other (assumed in this paper to be symmetric).

3. Results
3.1. Boosting Frequency Determines Vaccine Efficacy Throughout the Population

We now use the agent-based simulation in Section 2.1.3 to examine the impact of
boosting regimes on endemic SARS-CoV-2 infections and mortality among the vaccinated
and the unvaccinated. The distributions of outcomes in both unvaccinated and vaccinated
subpopulations are shown in Figure 2. Once-annual boosting provides some benefit for
reducing the frequency of infection and risk of death among the vaccinated (Figure 2A-C).
In a given year, over 90% of vaccinated individuals are expected to experience SARS-CoV-2
infections. On average, the median boosted individual experiences approximately 1.5 in-
fections per year, while the unvaccinated median individual is infected slightly more than
twice yearly. The risk of death for the median vaccinated individual is predicted to be
approximately half that of the median unvaccinated individual.
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Figure 2. Frequency of boosting determines frequency of infection and risk of COVID-19 death
among the vaccinated. For a once-yearly booster frequency, (A) the distribution of infection counts in
a single year, (B) the distribution of individual infection frequencies over a 10-year simulation, and
(C) interindividual heterogeneity in yearly risk of COVID-19 death. For a four-times yearly booster
frequency, (D) the distribution of infection counts in a single year, (E) the distribution of individual
infection frequencies over a 10-year simulation, and (F) interindividual heterogeneity in yearly risk of
COVID-19 death. On a short-term basis (A,D), variation in infection risk is driven by interindividual
heterogeneity in biology and behavior as well as stochasticity. In the long term (B,C,E,F), interindi-
vidual heterogeneity dominates stochasticity in driving individual infection frequency and severe
disease risk.

The outcomes for the vaccinated population improve as boosting frequency increases
(Figure 2D-F, Supplementary Figures S7 and S8). The vast majority of individuals receiving
four boosters per year are not infected in any given year (Figure 2D)—over 80% of these
individuals are never infected within a 10-year simulation period (Figure 2E). The annual
risk of death greater than 0.1% is extremely rare in the quarterly boosted population (<2%),
while 15% of the unvaccinated population experiences a risk of this magnitude (Figure 2F).

Vaccine impact on the risk of infection for a vaccinated individual can be broken
down into first-order (vaccination protects the vaccinee upon exposure) and second-order
(vaccination reduces transmission in the population, which protects everyone) effects. In
Supplementary Figure 510, we separated first-order from second-order effects by consider-
ing the outcomes of a negligibly small subpopulation (5%) of vaccinated individuals. Our



Vaccines 2025, 13, 368

10 of 29

results suggest that the benefits to individuals from a denser booster schedule are largely
unchanged, even under conditions of low vaccine compliance.

3.2. Breakthrough Infections Under Frequent Boosting Schedules Are Driven by Poor nAb Kinetics

Although most individuals avoid SARS-CoV-2 infection entirely under a quarterly
boosting schedule, 17% of boosted individuals are expected to become infected at any
frequency over a 10-year period, with 10% experiencing infection at least every other year
(Figure 2E). In Figure 3A, we demonstrate that infection despite quarterly revaccination is
strongly predicted by short vaccine nAb half-life. While many individuals with vaccine nAb
half-lives less than 50 days are infected, no one with a half-life greater than 50 days is in-
fected in a 10-year simulation. These infections impose a significant risk of death, especially
for those with the least persistent vaccine antibodies (Figure 3B). However, the identification
of these individuals and the application of more frequent boosting could improve outcomes
in this population. We found that six vaccinations per year could suppress infection in those

with the shortest vaccine nAb half-lives observed in the immunocompetent population
(Supplementary Figure 54).
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Figure 3. Infection despite four times yearly vaccination is strongly predicted by short vaccine
antibody half-lives. (A) Average infection frequency and (B) average yearly risk of death over a
10-year simulation. Dashed lines represent the 90% population interval.

3.3. High Compliance with Frequent Boosting Could Suppress Omicron Spread

Figure 2 addresses the distribution of individual outcomes under various boosting
regimes, while Figure 4 shows the population-level impact of boosting frequency and
compliance. Frequent boosting coupled with high compliance is predicted to substantially
reduce the impact of COVID-19 at the population level. Despite the high transmissibility
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of omicron (Ry = 8.2 [76,77,92]), the complete suppression of spread is possible with a
high degree of compliance and frequent boosting (i.e., approximately 90% compliance
with boosters every three months, or perfect compliance with boosters every four months)
(Figure 4A). The vaccine’s impact on yearly death tolls is even more dramatic (Figure 4B). In
the absence of the complete suppression of SARS-CoV-2 spread and increased vaccination
coverage and frequency can reduce yearly death tolls. For example, if 50% of the population
is vaccinated, an increase in vaccination frequency from once yearly to twice yearly could
avert approximately 40,000 US COVID-19 deaths. Increasing vaccination coverage to 90%
could prevent an additional 50,000 US COVID-19 deaths. As shown in Supplementary
Figure S6, vaccines with superior kinetics could further reduce infections and deaths in
addition to widening the space for complete disease suppression.
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Figure 4. Suppression of SARS-CoV-2 can be achieved with sufficiently high vaccination rates.
(A) Yearly US SARS-CoV-2 infections and (B) yearly US COVID-19 deaths under a variety of vacci-
nation frequency and compliance scenarios. Green region represents complete suppression (zero
infections at steady state).
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3.4. Improved Vaccine Kinetics Improves Booster Regime Efficacy

The Moderna mRNA COVID-19 vaccine induces less durable nAbs relative to post-
infection immunity [57,93]. We surmise that in a future vaccine development program, the
target product profile for such a vaccine could be based on ensuring that the distribution of
nAb half-lives is improved to match or exceed post-infection immunity.

To evaluate the impact of such improvements, we reimplemented our analysis under the
assumption that post-vaccination nAbs have the same kinetics as post-infection nAbs (Figure 5,
Supplementary Figure S5). In other work, we found the population median half-life of post-
infection nAbs to be 109 days [57]. In this case, the impact of yearly boosters is improved,
with lower infection and death rates overall and less variation in outcomes (Figure 5A-C).
With a hypothetical vaccine possessing these characteristics, only 3 yearly boosters would be
required to achieve near-complete protection from infection in the vaccinated population.
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Figure 5. Three yearly boosters may prevent infection in nearly all vaccinees for a vaccine with
nADb kinetics similar to post-infection. For a once-yearly booster frequency, (A) the distribution
of infection counts in a single year, (B) the distribution of individual infection frequencies over a
10-year simulation, and (C) interindividual heterogeneity in yearly risk of COVID-19 death. For a
three-times yearly booster frequency, (D) the distribution of infection counts in a single year, (E) the
distribution of individual infection frequencies over a 10-year simulation, and (F) interindividual
heterogeneity in yearly risk of COVID-19 death. On a short-term basis (A,D), variation in infection
risk is driven by interindividual heterogeneity in biology and behavior as well as stochasticity. In
the long term (B,C,E,F), interindividual heterogeneity dominates stochasticity in driving individual
infection frequency and severe disease risk.
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3.5. Boosting Could Have Likely Averted the Delta Wave of Summer 2021
Next, we used an SIRS model to explore theoretical scenarios similar to the emergence
of the delta variant in summer 2021 in the United States. In the early summer, alpha was
dominant but in decline, and 48% of the US population was fully vaccinated (see Table 3).
As summer progressed, the delta variant established itself in the US [94], leading to a surge
in infections. In Figure 6A, we show that unmitigated spread of delta without a booster
campaign could have impacted most of the US population (fortunately, infections are
estimated to have been limited to approximately 15% of the population [95-97]). Modest
(50%) mitigations could have reduced the overall toll, but a large infection count would
still be expected (Figure 6B).
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Figure 6. Simulated outcomes for booster rollout to all US adults under conditions similar to delta’s
emergence. Each compartment in the SIRS model is represented by the fraction of individuals in
the population in that compartment over time (left axis). S represents susceptible, V represents
vaccinated, I represents infected with alpha or delta, and R represents recovered from alpha or delta.
The total number of delta infections is tracked (black line, right axis). Regardless of the extent of
the nonpharmaceutical mitigation of SARS-CoV-2 spread, booster vaccinations for all adults could
have significantly reduced delta spread compared to estimated vaccine effectiveness at the time
(waned primary series). Model-predicted delta variant outbreak dynamics assuming (A) no booster
rollout and no mitigations; (B) no booster rollout and mitigations reducing transmission by 50%;
(C) booster rollout to all US adults with no additional mitigations; and (D) booster rollout to all US
adults with additional mitigations reducing transmission by 50%. The SIRS model suggests that
perfect adult compliance with a booster campaign before delta became dominant could have averted
the delta wave.

However, these outcomes were not inevitable. Even in the absence of NPIs, if all adults
had been boosted recently before delta introduction, this could have significantly blunted
the impact of the delta surge. Achieving boosting in all US adults could have dramatically
improved outcomes, suppressing delta spread to very low levels (Figure 6C,D). In Figure S6,
we show that boosting only the 48% of Americans who had received the primary series by
summer 2021 could have significantly reduced the spread of the delta variant.
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4. Discussion

As the SARS-CoV-2 pandemic continues to pose a public health threat, there remains
a significant degree of interest in exploring improved vaccine designs and formulations
through the discovery and development of next-generation vaccines. In contrast, the
work presented here explores opportunities for improving the performance of the current
generation of SARS-CoV-2 vaccines in mitigating the morbidity and mortality burden of
COVID-19. Our findings suggest that vaccine performance may be improved through
booster schedule optimization and improved nAb kinetics, providing insights that may be
leveraged in the design of further clinical trials. Crucially, our work suggests that boosting
three or more times a year may preserve VE; and potentially restore VE;. Conversely,
our findings suggest that a booster dose frequency of once a year is unlikely to provide a
significant population-level benefit from vaccines under endemic SARS-CoV-2 conditions,
though individuals may experience transient protection in the post-booster interval. Given
the low frequency of vaccine uptake in the US adult population at this point, it is there-
fore likely that vaccines at their current schedule and uptake are providing only modest
population-level (or individual) benefit against infection.

Improving vaccine protection against infection has particular significance at this stage
of the pandemic, as a significant proportion of the severe outcomes of COVID-19 are
now linked to the post-acute sequelae of infection. As long COVID risk is proportional
to the number of infections [98], one can infer that a reduction in infection risk would
have a significant impact on reducing the long-term harm associated with COVID-19 for
individuals and the population.

In this work, we used population PK/PD modeling coupled with an agent-based
simulation to interrogate the impact of booster scheduling on vaccine protection against
infection and severe disease. As such, our recommendations provide practical guidance
for further vaccine development studies while highlighting the limitations of the current
understanding of the immune response to repeated vaccine dosing. Modeling studies have
had substantial predictive value during the course of this pandemic. Our team has used
model-based approaches to predict the rapid pace of evolutionary immune evasion [99], the
inability of vaccines to enable a return to pre-pandemic conditions [100], the tendency of
noncompliance with mitigation measures to incentivize further noncompliance [101], and the
rapid variant-driven rebound observed upon premature relaxation of mitigation measures [75].
In each of these cases, our predictions were made months in advance [75,100-102].

That said, this work has limitations that provide important context for interpreting
our findings. First, the extent to which nAbs accumulate upon repeated vaccine dosing
is not fully characterized. Some reports have suggested that these antibodies continue
to accumulate upon repeated boosting [103-105], while others have suggested a cap or
maximum level of neutralizing antibodies [106] or the attenuation of response [107]. A
recent study conducted by vaccinating Balb/c mice with repeated, closely spaced doses of
recombinant RBD spike protein reported immune tolerance [108]. The study dosed mice
with a vaccine every other day, a far denser schedule than what was used in humans, with
no translational rationale for this altered schedule. The adjuvant used was also different
from the clinical studies, and no rationale was provided for this. It is known that adjuvants
play a substantial role in tolerogenicity in humans, and mouse immunology studies are
known to be poorly predictive in a human context [109]. Additionally, tolerogenic effects
in the study were only observed after the fifth dose, which used a different adjuvant than
previous doses, raising the possibility that the change in adjuvant contributed to the change
in response [108].

The degree to which homologous boosting with outdated vaccines can raise titers
against novel variants is not fully known, nor is the extent to which future nAb responses
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are shaped by previous exposure (“immune imprinting” [110]). Despite these concerns,
there are reasons for optimism. The bivalent wild-type/BA.5 booster increases neutralizing
titers 1.3-fold compared to the monovalent wild-type booster [111], and it increases breadth
against emerging immune-evasive variants [112]. Although this model assumes an indi-
vidual’s nAb vaccine and post-infection nAb half-lives are fixed, emerging data suggest
that nAb half-lives may be increased by repeat exposure [113-116]. Additionally, multiple
studies suggest that repeat vaccination improves the breadth of the nAb response against
novel variants [114] and antibody avidity [117].

The small population size of the underlying dataset reflects another limitation: the
antibody data used to fit the PK model were derived from a Moderna Phase 1 trial enrolling
34 participants, with immunocompromised status being an exclusion criterion for the
trial [6,54]. In the model, vaccination status was assumed to be age-independent, and long
COVID outcomes were not considered. The contact distribution used for the agent-based
modeling forms another limitation of the work, as it impacts the frequency of infection. In
the context of this work, the relative reduction in infection risk upon increasing booster
frequency, particularly the finding that denser booster dose frequencies may restore VEi,
is not expected to be impacted. Finally, the impact of vaccine side effects or toxicity upon
repeated dosing is not considered explicitly, as there is no dataset to define this. It is
possible that vaccine toxicity could constrain the frequency of boosting. (We discuss this
limitation further below.)

As a further limitation, we have not considered the role of compartments of the im-
mune system beyond nAbs in the vaccine response. Several lines of evidence support
this choice. The existing data provide strong support for nAbs as a validated correlate
of immune protection [4,21,29-38,118,119] (see Supplementary Material S1, Footnote H).
Consistent with this, lower nAb levels can lead to worse outcomes for SARS-CoV-2 infec-
tion [120-141] (Supplementary Material S1, Footnote I).

On the other hand, a growing body of research suggests a limited or nonexis-
tent role for T cells in conferring protection against SARS-CoV-2 infection or severe
disease [39-41,142-152]. Although T cell response is persistent and durable after infection
and vaccination [42-44,136-141,153-158] (Supplementary Material 51, Footnote A), vaccine
efficacy against severe disease (VEs) wanes rapidly and is vulnerable to immune eva-
sion [1,4,8,16-18,20,21,45,46,87,159-164] (Supplementary Material 51, Footnote B). Further
evidence of this disconnect between T cell activity and COVID-19 outcomes is apparent in
COVID-19 patients who used the T cell blocking drug Abatacept, which has not been shown
to impact disease outcome [165-170] (Supplementary Material S1, Footnote F). While the
restoration of nAb levels in B cell-depleted patients can improve COVID-19 outcomes,
boosting T cell function does not [88,131,171-177] (Supplementary Material S1, Footnote J).

Furthermore, although SARS-CoV-2-specific CD8+ and CD4+ T cells are elevated
following infection, total T cell counts decrease during infection with SARS-CoV-2, because
T cells are directly infected by SARS-CoV-2, triggering apoptosis [15,147,171,178-198]
(Footnotes C, D). Nevertheless, the loss of T cells does not correlate with worse outcomes
for COVID-19 disease progression [120,124,199-210] (Supplementary Material S1, Footnote
E). Reports of T cell-mediated protection have suffered from poor interpretability due to
confounding with nAb titers [169,200,211,212] (Supplementary Material S1, Footnote G).
Based on these multiple lines of evidence, we assumed that the primary source of protection
for COVID-19 is humoral and not cellular immunity [99,101,213-216]. (For a more in-depth
discussion, see Supplementary Material S1).

To the extent that neutralizing antibodies are the primary correlates of immune protec-
tion against SARS-CoV-2, our work makes several crucial points for public health strategy.
First, recommendations for boosting should be driven by science, not based on perceptions
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of what the public will find acceptable. Current public health messaging is ambiguous
around the necessity of booster doses. For example, in the US, public health figures and
the administration have expressed a preference for a once-a-year booster focused on the
medically vulnerable [48,49,217], and even this has been met with skepticism in some
quarters [218,219]. Our work shows that such a strategy would come at a significant human
cost, causing VEg to plummet. This messaging has been accompanied by a decline in
vaccine uptake, with the monthly averages for US adult vaccines administered having
declined ten-fold since the peak in the spring of 2021. As of December 2024, only 20% of
US adults have received the most recent booster [50]. One poll, run by the Kaiser Family
Foundation, found that 62% of adults are either unvaccinated or are not planning to take
the booster at this point. Among people who had already received the original vaccine
series but did not intend to receive a booster, the most common reasons for not seeking
an additional booster were that they did not believe they needed one (44%) or they did
not believe the benefits were worth it (37%) [220]. These numbers are striking given that
among individuals who had received the third booster at least four months prior, a fourth
booster has been demonstrated to halve infection risk [221] and reduce the risk of severe
disease by up to 3.5-fold [222].

It is thus imperative that boosting frequency recommendations be set by public health
authorities on a data-driven basis. Clinical studies exploring tolerability for dense booster
schedules represent an area of shared interest for public health agencies and vaccine
manufacturers. Such clinical studies are also of critical importance in understanding the
potential for improved protection with denser booster schedules for older and vulnerable
subpopulations. Our work points out the importance of dose schedule on potential vaccine
performance—it is our recommendation that health authorities should work with vaccine
regulators and manufacturers to more closely align the experimental clinical data that drive
vaccine schedule recommendations.

If the goal is to implement an “individual public health” strategy, where each person
is required to make their own choices to protect themselves from COVID-19, the role of
public health in providing honest and accurate feedback around the consequences of those
choices cannot be overstated. A thrice-yearly booster frequency may have low uptake, but
it may provide better protection for those who seek to avoid SARS-CoV-2 infection. For
public health authorities to be able to make such recommendations is key—the design of
clinical trials to support these types of recommendations is a potentially fruitful avenue for
public health researchers to pursue (and one that we are currently pursuing).

As a closely related point, our work suggests that repeat boosting is an important tool
for maintaining vaccine efficacy between variant-specific vaccine updates, even though
new variants often evade existing vaccines to some extent. An additional dose of a partially
matched booster still provides additional protection against new variants, increasing the
likelihood of a superior outcome relative to not taking the dose.

Third, our work suggests the importance of continuing to support alternative dose
routes, such as intranasal vaccines, which may possess a more favorable efficacy-to-toxicity
ratio (“therapeutic index”) to support more frequent dosing. Exploring alternative dose
routes with superior therapeutic indices can also allow for a more complete assessment of
alternative boosting frequencies. For example, a weak mucosal immune response from one
or two doses of an intranasal vaccine may be compensated for by additional doses if the
intranasal vaccine has a higher therapeutic index.

Our work also suggests that nAb persistence is worth optimizing. Hypothetical
vaccines inducing more durable nAbs provided better protection and were more likely
to lead to the elimination of SARS-CoV-2. Future vaccine development work should
focus on nAb durability and interindividual variability as a differentiating factor in the
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target product profile. This objective may be achievable by changing adjuvants, vaccine
formulations, dose, and/or schedule, for example. Preclinical-to-clinical projections of
antibody persistence can be used at the discovery stage. Moving into the clinic, the same
projections may be used in a Bayesian framework to design parsimonious clinical trials
focused on clinical pharmacokinetics to quantify nAb durability in patients and how this
varies between individuals. Additionally, interindividual variability in nAb persistence
may be shored up by identifying and targeting boosting toward individuals with poor
protection [54]. This type of targeting would benefit by the existence of standardized and
validated ELISA-like clinical lab tests for nAb titer, which is another potential area of focus
for public health agencies.

Finally, our work suggests that the suppression of SARS-CoV-2 transmission may
remain within the realm of possibility. Contrary to perceptions on the topic, improved
vaccine design and use may permit the suppression of SARS-CoV-2, both for individuals
seeking protection from infection and for the population as a whole. Repeatedly dosed
vaccines with a longer half-life, a better tolerability profile, or both may allow nAb levels to
build up to a point where VE; is maintained even in the face of rapid viral immune evasion.
Such a scenario would place the suppression of SARS-CoV-2 within reach, particularly if
the vaccines are used in conjunction with other measures such as testing, improvements in
air quality, and masking.

As we identify a number of open immunological questions, our work suggests that
answering these questions should be a focus of research in the near term. In particular,
understanding the impact of long-term repeated boosting on nAb production as well as
vaccine side-effect profiles is crucial for enabling more effective use of the existing vaccines.
In this context, it bears mentioning that, in the United States as of December 2022, four
doses have been recommended for adults in 18 months [223]. Millions of adults in the US
have taken vaccine doses on this schedule, and it appears well tolerated. This frequency of
vaccine dosing (roughly once every 4 months) is close to the frequency suggested by our
work (once every 3 months).

Our work suggests that repeated vaccination is a crucial driver of public health
outcomes, but repeated boosting with mRNA vaccines may present tremendous logistical
hurdles on a global basis. More readily scaled and distributed technologies (such as spike
protein-based vaccines or inactivated vaccines) may also provide acceptable outcomes if
patients can tolerate a dosing frequency that is sufficient to enable nAb buildup to the
protective levels required to restore VE; (and potentially VE;). The side-effect profile of
targeted dose routes (such as for intranasal vaccines) should also be examined closely in this
context. While manufacturing, tolerability, and compliance constraints may make frequent
boosting hard to achieve with the current vaccines, next-generation vaccines should be
designed with a target product profile of repeated dosing in mind. For example, room-
temperature-stable, nasally administered vaccines based on low-cost technologies would
make it easier for us to achieve the goal of widespread and repeated vaccine coverage.

5. Conclusions

Taken together, our findings suggest that there are ways to improve the utility of the
current crop of vaccines in controlling SARS-CoV-2. Our work suggests areas of research
focus on open immunological questions that must be resolved in order to establish proof-
of-concept for such a strategy. Our work also suggests a few key properties that the
next generation of vaccines should take into account: the durability of nAb response, the
tolerability of repeat dosing, and manufacturability at scale.

While it is often said that “learning to live with the virus” is inevitable, our work
suggests that this is not the case. Improving the performance of existing vaccines and
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rationally designing future vaccines hold the key to restoring the promise of vaccine control
of SARS-CoV-2.
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