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SUMMARY
Much of the world’s population had already been infected with COVID-19 by the time the Omicron variant
emerged at the end of 2021, but the scale of the Omicron wave was larger than any that had come before
or has happened since, and it left a global imprinting of immunity that changed the COVID-19 landscape.
In this study, we simulate a South African population and demonstrate how population-level vaccine effec-
tiveness and efficiency changed over the course of the first 2 years of the pandemic. We then introduce three
hypothetical variants and evaluate the impact of vaccines with different properties. We find that variant-
chasing vaccines have a narrow window of dominating pre-existing vaccines but that a variant-chasing
vaccine strategy may have global utility, depending on the rate of spread from setting to setting. Next-gen-
eration vaccines might be able to overcome uncertainty in pace and degree of viral evolution.
INTRODUCTION

In 2020, the world achieved the fastest vaccine development

timeline in history, resulting inmultiple highly efficacious vaccines

against severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) available to the public in 11months. Clinical trials showed

that these vaccines dramatically reduce the risk of SARS-CoV-2

infection, mild symptoms, and severe COVID-19.1–4 Despite the

remarkable success of the vaccines, their value is ever changing,

as a larger shareof the global population has some immunity from

either infection and/or vaccination and as the virus evolves to

evade immunity and spread more efficiently.5

Most COVID-19 vaccines are designed to target the spike pro-

tein and stimulate production of neutralizing antibodies that fight

infection and CD4+ and CD8+ T cells, which stop disease pro-

gression.6 Neutralizing antibodies wane, contributing to falling

vaccine effectiveness against infection over time and against im-

mune evading variants.7 At the same time, memory B and T cells

are relied upon to stimulate an even broader response when the

body is exposed to a new virus. Severe disease protection has

been more durable because the disease course for COVID-19

occurs on timescales more amenable to the response time of

memory B and T cells and less impacted by viral evolution.8–12

Even as the vaccines were first being rolled out in late

2020, new variants were already beginning to emerge, and

the efficacy of the vaccines was reliant on them providing suf-
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ficient cross-protection against these new variants. After the

Omicron BA.1 variant was first detected in late 2021, it

quickly established global dominance and led to a wave of

new infections that peaked almost five times higher than pre-

vious waves. By March 2022, the WHO reported that an esti-

mated 90% of the global population had antibodies against

the COVID-19 virus through vaccination and/or infection.13

In the immediate aftermath of a wave of infections of this

scale, the impact of vaccination is likely to be reduced, but

it is unclear by how much and for how long this immunity

will last before the value of vaccination begins to increase

again.

Throughout 2022, global infections were primarily

comprised of sublineages of Omicron, including BA.2, BA.3,

BA.4, BA.5, and descendant lineages. These were all suffi-

ciently immune evading to cause fresh waves of infections,

but with variation in the relative scale compared with the orig-

inal Omicron BA.1 wave. The combination of waning immunity

and the continued emergence of immune-evading variants

prompted many jurisdictions across the world to deliver

booster vaccines throughout 2022 and beyond, which provide

increased protection against infection and broaden the im-

mune response. Bivalent vaccines encoding both wild-type

and Omicron mRNAs have been developed and shown to

induce greater neutralizing antibody responses against

Omicron than monovalent vaccines.14 The attraction of the
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Figure 1. Population-level vaccine effective-

ness as a function of time

The top panel shows new severe cases by variant in

the absence of vaccination. The bottom panel

shows vaccine effectiveness against severe disease

over time, which is calculated for the 60 days

following vaccine completion (i.e., after second

dose). The golden rectangle represents an example

vaccine effectiveness window. Simulations are for a

South African population of 60 million people.
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mRNA platform lies in its potential for developing variant-

targeted vaccines to maximize vaccine effectiveness against

immune-evading variants.15

In this study, we explore the changing value of vaccines in

a landscape of dynamic immunity and rapidly evolving

variants of concern. We use Covasim, an established agent-

based model enhanced with detailed intra-host dynamics,

to perform our analyses.16 We base our study on a South

African population, including population size, demographics,

and previous infection- and vaccination-derived immunity,

selecting South Africa both because it was among the first

countries in which Omicron was identified and because

previous work that our group had done in modeling

COVID-19 in South Africa meant that we had a good depar-

ture point for creating a model to explore these questions.

We evaluate the population-level effectiveness (quantified

as the reduction in the risk of severe disease for vaccinated

individuals compared with unvaccinated individuals) and

efficiency (quantified by doses per death averted) of vaccines

over time and as a function of population immunity from

infection and then generalize these results to consider the

marginal impact of expanded vaccine coverage and ongoing

boosters given uncertain and unpredictable future variants.

As the marginal impact of vaccines falls, we evaluate the

broadening of our prevention tools to reduce the impact of

COVID-19.
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RESULTS

Vaccine effectiveness over time
We begin by evaluating population-level

vaccine effectiveness as a function of

time and incremental to prior immunity.

We find that vaccine effectiveness peaks

in the month prior to each emerging wave

and declines rapidly thereafter. Vaccine

effectiveness is highest at the beginning

of the pandemic and declines over time

as the percentage of the population

with immunity from prior infection in-

creases. Within our simulated population

representative of South Africa, vaccine

effectiveness decreases from close to

90% in the earliest stages of the pandemic

to less than 20% in January 2022 in the

wake of the Omicron BA.1 wave (Fig-

ure 1B). Vaccine effectiveness increases
more in advance of a more virulent strain, as seen in the level

of protection in advance of Delta, despite 50% prior exposure,

compared with a less virulent strain, as seen in the level of pro-

tection against Omicron (see Figure 1).

The efficiency of vaccination is also a function of time, with

efficiency decreasing over time at an increasing rate. At its

peak efficiency, fewer than 100 doses would have been

required to avert a single death (or put another way, under 50

people needed to be fully vaccinated). By the end of January

2022, following the Omicron wave, nearly 4,000 doses (or

2,000 people vaccinated) would be required to avert a single

death. In comparison, an analysis of childhood and adolescent

routine and non-routine immunizations for 10 pathogens esti-

mated an average of 208 fully vaccinated people per death

averted over 2000–2019.17

The effect of new variants
In the absence of any additional vaccination or new variants, we

estimate that a secondwave of Omicronwould emerge and peak

approximately 6 months after the peak of the first wave (see top

row of Figure 2). This secondwavewould be considerably muted

given the level of population immunity from the first wave of Om-

icron. We next explore the epidemic dynamics for each of the

variants and timelines considered. Once we consider the emer-

gence of a new variant, we find that the impact of a new variant is

more sensitive to the characteristics of the variant (i.e., antigenic



Figure 2. New infections as a percentage of Omicron peak for each of the new variants and variant introduction dates considered

All plots are in the absence of any additional vaccination (‘‘status quo’’), other non-pharmaceutical interventions, or behavior change. Columns A–C indicate

timing of new variant introduction relative to first wave of Omicron. Rows indicate the characteristics of the new variant. Note that the top row represents a second

wave of Omicron without any competition from a new variant.
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distance from sources of prior immunity and transmissibility)

than the timeline of introduction (i.e., months after prior Omicron

wave). We find a dose response with the level of overall immune

escape of the new variant and the size of its impact in terms of

new infections (see Figure 2).

A variant that emerges from Omicron (i.e., antigenically

closest to the most recent variant) but with increased fitness

advantage through intrinsic transmissibility would compete

directly with a second wave of Omicron. These analyses were

conducted in February of 2022, prior to the emergence of the

multiple sublineages of Omicron that proceeded to dominate
transmission over the ensuing 12 months, but the results

shown in the middle panel of the second row of Figure 2 are

closest to what ensued in reality, with South Africa experi-

encing a new wave of infections in May 2022 that peaked at

25% of the value of the peak of Omicron BA.1 infections. The

date of introduction is highly influential in the resulting epidemic

dynamics. If this variant emerges within 4 months after Omicron

BA.1 (Figure 2A), it might dampen and even outcompete the re-

emergence of Omicron. If the variant emerges later, the second

wave of Omicron would push out the growth of the new variant

(Figures 2B and 2C).
Cell Reports 42, 112308, April 25, 2023 3



Figure 3. Vaccine impact and efficiency across primary series and booster dose coverage levels for a new Delta-like variant that emerges 2,

4, or 8 months after the peak of the Omicron wave

Booster dose coverage refers to the percentage of already vaccinated individuals who receive a booster dose. The x axis coverage values were chosen to reflect

the overall vaccine coverage in the population. Before any additional scale-up, vaccine coverage was at 47%, so each value represents increasing coverage by

20%, 40%, 60%, and 80%. NS (not shown) represents scenarios with zero difference.
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When considering the specific variants that we constructed for

these analyses, we find that the variant most antigenically similar

to Omicron BA.1 would result in a wave of cases 20%–40% of

the BA.1 wave peak; the variant most similar to historical variants

(labeled in Figure 2 as Delta-like) would lead to a wave of cases

50%–70% of the BA.1 wave peak; and the variant furthest anti-

genically from all prior immunity would lead to a wave up to

120% of the height of the BA.1 peak. We note that these values

are illustrative and intrinsically linked to the properties of the hy-

pothetical variants that we constructed but that the general

pattern that emerges from these analyses is that variants that

evade prior sources of immunity result in higher peaks in cases

and are less sensitive to timing of introduction.

Trade-off between primary series and booster dose
coverage
In this section, we quantify the dynamic trade-off between

increasing primary series (first and second-dose) and booster
4 Cell Reports 42, 112308, April 25, 2023
dose coverage of vaccination. We focus first on a relatively

well-matched vaccine and variant (proxied here by a Delta-like

variant, which we assume evades 50% of vaccine neutralizing

antibodies [NAbs]), to narrow in on the trade-off between primary

series and booster dose coverage, before considering the

ongoing impact of antigenic drift. Results indicate that increasing

primary series coverage (i.e., decreasing the number of unvacci-

nated individuals in thepopulation)would have agreatermarginal

and absolute health impact than increasing booster dose

coverage among already vaccinated individuals (see Figure 3).

The relative impact varies depending upon the date of the intro-

duction of the new variant, but generally speaking, increasing pri-

mary dose coverage would achieve 95% of the total possible

benefit of increasing coverageamongall individuals. Ascoverage

increases, the numbers of doses per death averted also increase.

We next consider how the trade-off between primary series

and booster dose coverage changes based upon how well

matched the vaccine is antigenically to the emerging variant of



Figure 4. Vaccine impact and efficiency across primary series and booster dose coverage levels for variants of different antigenic distance

from vaccination introduced 4 months following Omicron averaged across 50 replicate simulations
Booster dose coverage refers to the percentage of already vaccinated individuals who receive a booster dose. The x axis coverage values were chosen to reflect

the overall vaccine coverage in the population. Before any additional scaleup, vaccine coverage was at 47%, so each value represents increasing coverage by

20%, 40%, 60%, and 80%. NS represents scenarios with zero difference.
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concern, now fixing the date of the new variant emergence and

varying its level of immune escape (comparing a variant that

evades 50% of vaccine and prior ancestral cluster NAbs with

one that evades 98% of all prior NAbs, choosing these two ex-

tremities to bound the likely range of results). Results suggest

that vaccination will avert a smaller percentage of deaths (maxi-

mally 21% compared with 70% for a more antigenically similar

variant; see the top right corners of the second row of Figure 4)

and will be less efficient overall (nearly 2-fold more doses per

death averted; see the top right corners of the third row of Fig-

ure 4) against a variant that evades nearly all vaccine immunity.

However, there is more value in increasing primary series vac-

cine coverage in terms of percentage of deaths averted: starting

from a baseline of 47% primary series coverage, a 20% increase

in primary series coverage could avert an additional 20% of

deaths assuming a Delta-like variant, whereas even the maxi-

mally optimistic scenario of 100% booster coverage would not

avert this many deaths (see columns 1–2 of the middle left panel
of Figure 4). We note, however, that even averting a small

percentage of deaths may still correspond to a large absolute

number (e.g., achieving full booster coverage would avert almost

10,000 deaths, as shown in the first column of the top left panel

of Figure 4). Furthermore, given the smaller number of people

needed to vaccinate in order to achieve higher booster coverage

levels, and given the fact we are modeling a single-dose booster

vs. a two-dose primary regimen, scaling up booster coverage

may be comparatively more efficient than scaling up primary

series. We find, for example, that full booster coverage implies

approximately 1,200 doses per death averted, while scaling up

to full primary series coverage implies almost 1,500 doses per

death averted (bottom left panel of Figure 4, column 1 vs. row 1).

Variant-chasing and next-generation vaccines
The results from the previous sections suggest that the effective-

ness and efficiency of vaccination is highly dependent on the

timing and antigenic distance between a renewed vaccine effort
Cell Reports 42, 112308, April 25, 2023 5



Figure 5. Health impact and efficiency of

variant-chasing and next-generation vac-

cines associated with a variant that emerges

8 months following Omicron, evades 98% of

all prior immunity, and is 3.53 more severe

than the ancestral virus

Panels show percentage of deaths averted and

doses per death averted based on when a variant-

specific or next-generation vaccine is rolled out,

relative to the emergence of a new variant. In these

panels, line color indicates which vaccine is being

rolled out. Negative days imply that the vaccine is

rolled out before the variant is introduced, which

might occur in a global variant-chasing strategy,

where sequencing in the emergent country can

inform vaccine delivery in other countries before the

variant spreads. Variant-chasing vaccine scenarios

assume it takes 30 days to reach the target coverage

levels once vaccine begins rollout. Next-generation

vaccine scenarios assume it takes 90 days to ach-

ieve target coverage levels.
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and the emerging variant. In light of these findings, we next

explored whether a variant-chasing vaccine strategy is effective.

We defined a variant-chasing vaccine as the rapid adaptation of

our existing vaccines to variant-ready vaccines and boosters

that target the specific variant.

The results in Figure 5 illustrate that a variant-chasing vaccine

strategy has rapidly declining effectiveness and efficiency the

longer it takes to deploy a variant-specific vaccine following

variant introduction. Here, we concentrate on the specific

example of a variant that emerges 8 months after Omicron

BA.1 and evades 98% of all prior immunity against infection. In

terms of infections, this effectively equates to introducing the

new variant into a naive population, although there is still consid-

erable immunity against severe disease. The date of introduction

of a new variant into a population is impossible to know, but Omi-

cron’s first emergence was estimated to occur a month before it

was first detected.18,19 We find that if a variant-chasing vaccine

could be introduced 1–3 months after introduction (i.e., as soon

as detected), it would avert around 10%–20% of deaths.
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Thismodel hasnot accounted forgeospa-

tial effects that might enable shorter time-

lines to be possible in some geographies

that learn about the emergence of a new

variant from other parts of the world. For

example, it is estimated that Omicron

emerged in early October 2021,18 was iden-

tified on November 9, 2021, and was re-

ported to the WHO two weeks later, after

identification of its numerous amino acid

changes.19 Two days later, it was classified

as a variant of concern. By this point, it had

spread and approached fixation in South Af-

rica, and so a variant-chasing vaccine in this

setting would have had minimal impact.

However, it might have had a larger impact

in other settings that had not yet seen the

importation and/or fixation of Omicron,
such as in the United States, where Omicron was estimated to

arrive in late November; in Pakistan, India, Brazil, Bangladesh,

and Mexico in late December; or in Indonesia and Russia in the

middle of January.20 To capture the global utility of variant chasing,

we extended the days from variant introduction to vaccine delivery

up to 2 months prior to introduction. One can then reinterpret this

figure as representing the possible lag time between variant intro-

duction in the emerging country and vaccine rollout in a second

country. The results suggest that there is approximately a 5-week

windowwheredevelopinganddeployingavariant-specificvaccine

could avert over 50% of deaths, a 2.5-fold higher impact than

vaccinating the same share of the population with the current vac-

cine. After this time, the benefit begins to fall the longer it takes a

vaccine to be deployed. A variant-chasing strategy would avert

moredeaths thancurrent vaccinesat the samecoverage levels un-

til 20daysafter the introductionof thenewvariant intoapopulation.

Given the falling effectivenessof vaccinesover time in common

populationswith complex immune histories and in the face of im-

mune-evading variants, and the challenge of a variant-chasing
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vaccine strategy, we consider the impact of next-generation vac-

cines that provide broader and more durable (i.e., more slowly

waning) immune protection. A vaccine that elicits antibodies

that can bind tomany diverse strains could protect against highly

mutable pathogens, such as SARS-CoV-2.21 Additionally, a vac-

cine that provides more durable protection is important in the

absence of a seasonal and predictable virus.

Results show that delivering a broadly neutralizing and dura-

ble vaccine could avert over 80% of deaths caused by a highly

immune-evading, virulent variant if delivered over a month

before a new variant emerges (see Figure 5). However, the

impact of breadth alone would fall if the timing of delivery

was poorly matched to the timing of the next variant. A durable

and broadly neutralizing vaccine would overcome the impor-

tance of perfectly timing the vaccine and variant chasing, and

would provide over 5-fold higher impact than vaccinating the

same share of the population with the current vaccine against

a highly immune-evading variant.

DISCUSSION

In this work, we used an agent-based model, Covasim,

extended to model intra-host immunity, to explore the chang-

ing impact of vaccines over time and in the context of

emerging immune-evading variants. Our first set of results

showed the extent to which vaccine effectiveness varied

over the first 2 years of the pandemic. We showed that the

impact of vaccination is highest if delivered in the month prior

to an emerging epidemic wave and declines rapidly in its

aftermath and that population vaccine efficiency, in terms of

doses per death averted, falls over time. Within our simulated

population, vaccine effectiveness fell to its lowest point

(<20%) in the immediate wake of the Omicron wave in

December 2021, translating to a 40-fold increase in the num-

ber of doses needed to avert a death in early 2022 (post-

Omicron) compared with July 2020.

Our second set of results suggest that increasing vaccination

coverage among the unvaccinated has a greater marginal and

absolute health impact than increasing booster dose coverage

among already vaccinated individuals but that the impact and

efficiency of vaccination is highly dependent on the timing

and antigenic distance between the vaccine start and the

emerging variant. Even though our analyses were carried out

on a hypothetical population representative of South Africa,

we believe this finding will be broadly generalizable given the

consistent protective benefit of vaccination against severe dis-

ease across different countries and contexts. However, these

results may not be robust if our core assumption around dura-

ble and evolution-invariant protection against severe disease is

fundamentally altered. Furthermore, these results are based on

assumptions about individual behavior, government policies,

and societal norms (such as masking, lockdowns, and physical

distancing) that are likely to differ significantly between regions.

For these reasons, while we would expect qualitative similarity

between regions in terms of vaccine efficacy, there would

almost certainly be large quantitative differences, as we have

seen in COVID-19 health outcomes and vaccination rates

to date.
When we consider the implementation of variant-chasing vac-

cines, we find that while this strategy may have limited impact in

the countries in which a variant emerges, it may be a globally

effective solution, especially if paired with temporary non-phar-

maceutical interventions and improved surveillance that could

cut the detection time and possibly slow the spread through local

restrictions. Alternatively, next generation vaccines that are

broadly neutralizing and durable might be necessary as we

move into the next phase of COVID-19 endemicity.

SARS-CoV-2 has proven to be a highly adaptable virus, with

multiple new variants having emerged throughout 2021–2022

and beyond. Going forward, it is nearly certain that evolution

will continue and that new variants will emerge.22–24 However,

assuming we reach a more stable equilibrium where variants

emerge in a seasonal and/or predictable pattern, we may find

that some of the tools explored here provide options to prevent

global spread and burden.

Our results have revealed that a vaccine-only approach has

a health impact ceiling. Like the flu, a realistic pathway to

improving breadth may be vaccinating with variant-specific vac-

cines to generate broader immunity to now-relevant strains,

even if these vaccines are late to stop first waves. Modeling of

this approach can be a useful tool for assessing individual- and

population-level impact and cost effectiveness as these vac-

cines are developed. Additionally, oral antiviral pills may provide

a supplemental stopgap measure for reducing disease severity

upon the emergence of a new variant. This strategy is more

agnostic to timing than vaccination because it can be delivered

within 5 days of symptom onset to achieve the full benefit.25

However, while they may be subject to less selection pressure

than vaccines, antivirals may lose efficacy over time as well

and so will need to be continually reevaluated as a strategy for

pandemic control.

In the aftermath of mass vaccination or infection, it is common

to observe a transient phase of low incidence that gives way to

recurrent oscillatory dynamics.26,27 During this period, it is

more challenging to measure vaccine efficacy directly, as estab-

lishing this requires a prevalent disease.28 It is in situations like

this that computer simulation studies, informed by correlates

of protection, can be particularly useful.29 A key result of our

work is that while vaccine effectiveness declines in the wake of

a large outbreak, this must be understood as a temporary effect,

a corollary of the transient period in which population immunity

levels are high. In the absence of ongoing vaccination, both

waning immunity and vital dynamics will increase the fraction

of the population susceptible to infection until there are enough

for a resurgence.30,31 Vaccines provide a safe mechanism for

counteracting this and preventing or blunting the effect of future

resurgences.

Our work demonstrates that the population immunity acquired

over the first 2 years of the pandemic significantly reduces the

impact per dose of future vaccinations. In many settings, such

as the South Africa-like one considered here, this immunity is pri-

marily a consequence of what Farmer et al. termed structural

violence32 and has been earned at great loss of life and health.

While current and next-generation vaccines to fight future vari-

ants remain an essential part of any effective and equitable strat-

egy, vaccine-based strategies alone are not sufficient. A layered
Cell Reports 42, 112308, April 25, 2023 7
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approach to respiratory disease transmission and the social con-

ditions that exacerbate it is required to gain control of this

pandemic and prevent the next.

Limitations of the study
Our modeling makes many assumptions that may limit the

generalizability of our findings. Our analysis is based on a pop-

ulation similar to South Africa’s in November 2021, but we

do not capture many of the intricacies of the South African pop-

ulation (e.g., transmission dynamics, co-morbidities). Our

analysis does not explicitly characterize co-morbidities or other

factors such as immunosuppression at the individual level. For

these populations who are at highest risk of severe outcomes

if infected with SARS-CoV-2, ongoing boosters remain a highly

relevant and valuable strategy. This study did not consider the

use of antiviral pills that can be taken orally outside of a health-

care setting, such as molnupiravir and Paxlovid. We are also

not capturing new birth cohorts into the model with near com-

plete susceptibility and no prior immunity to COVID beyond

mother-to-child immune transference, for whom any vaccina-

tion strategy would be better than risking infection.33,34

While our model has a robust mechanistic representation of

immune dynamics, we do not capture the process of affinity

maturation that antibodies go through over time and after

repeated exposures to an antigen that increase the breadth of

the immune response even in the face of waning.35 As a result,

we may at times be underestimating the protection retained

over time against infection. Additionally, we are not explicitly

capturing the impact of original antigenic sin and its interaction

with enhanced immunologic breadth following vaccination.36
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This study did not generate new unique reagents.

Data and code availability
All data is available in the paper’s supplemental information. All original code is publicly available at the following repository link:

https://github.com/amath-idm/post-omicron (Mendeley Data: https://doi.org/10.5281/zenodo.7693637). Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experiments were conducted in this study.

METHOD DETAILS

Our analyses relied on two interlinked models: an intra-host immunity model, which is integrated into Covasim, an agent-based

COVID-19 model that we parameterized to represent a South Africa like setting. We use Covasim for all our analyses: to estimate

vaccine effectiveness over March 2020 to January 2022 within a South Africa like setting; to assess the possible impact of new var-

iants over 2022 on the epidemic landscape; to estimate the trade-offs between primary series and booster coverage over 2022; and

to investigate the impact of a variant-chasing vaccine strategy.

Intra-host immunity model overview
We adapted the neutralizing antibody (NAb) growth and decay model proposed in Khoury et al.37 and used it to simulate individual

immunity profiles. When first infected or vaccinated, individuals draw an initial level of NAbs from a lognormal distribution, i.e. log2(-

NAb)� N(0,2). We then assume that NAbs increase linearly over the subsequent 21 days, before starting to exponentially decay with

a half-life of 50 days for the first 6 months and a half-life of 250 days thereafter. Agents acquire NAbs from each different source of

immunity (i.e., each variant or vaccine), and thenwe combine these to calculate ‘‘effective NAbs’’ (Equation 1) to determine howmuch

protection is afforded against infection (Equation 5), symptomatic (Equation 6) and severe disease (Equation 7), accounting for cross-

immune protection.38

Effective NAbsj =
Xn

i = 0

NAbsi� cross immunity i;j (Equation 1)
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Quantifying neutralizing antibodies as a correlate of protection
Various studies have related neutralizing antibodies to vaccine efficacy, showing that neutralization level is highly predictive of

immune protection from symptomatic COVID-19, and that despite decaying immunity, protection from severe disease should be

largely retained.37,39,40 To extend these studies, we need to additionally calculate immune protection from infection and disentangle

the relationship between NAbs and protection against primary infection, symptomatic, and severe disease.

We model protective efficacy as a function of neutralizing antibodies (NAbs), informed by data from vaccine immunogenicity and

efficacy trials as well as observational studies. Extending upon the methodology from Earle40 and Khoury,37 we estimate efficacy

for primary SARS-CoV-2 infection, symptomatic COVID-19, and severe disease jointly and calculate conditional efficacies for symp-

tom- and severity-blocking given infection, revealing a direct model of NAbs as a correlate of protection. We additionally consider

differences between the neutralizing antibodies generated from vaccines and infection while accounting for antibody waning

between immunogenicity and vaccine efficacy studies.

In order to map neutralizing antibody (NAb) level to protective efficacy, we extracted cohort estimates from vaccine immunoge-

nicity and efficacy trials as well as data on reinfection. In the absence of standardized assays tomeasure NAbs, normalization against

a convalescent serum standard has been suggested as a method for providing greater comparability between results from different

assays.41 In order to compare the immunogenicity data with the efficacy endpoints, we accounted for waning that may have occurred

across the timescales reported.We re-normalize the averageNAb for each of the cohorts using an adaptation of the antibody kinetics

functional form described in Khoury et al.37 fit to cohorts of hospitalized patients and healthcare workers followed-up for eleven

months after COVID-19 symptom onset.42

In the NAb re-normalization procedure, we used a model of immune waning to account for any decay in antibodies that may have

occured between the time of the antibody assay collection and vaccine efficacy endpoints. To do so, we assume waning follows a

2-part exponential decay and fit the half-life and duration parameters to cohorts of French and Irish hospitalized patients and health-

care workers followed for up to elevenmonths after COVID-19 symptom onset.42 Relative to the waningmodel used by Khoury et al.,

our model suggests both shorter initial decay of NAbs followed by a steeper long-term decay rate.

We also adjusted the reported neutralization level in settings where variants of concern were circulating at the time of efficacy

endpoints based upon reported neutralization in convalescent and vaccine sera. In order to compute titer shifts for efficacy against

variants of concern, NAbs were randomly shifted by a normally-distributed scaling factor,

titer shifts � Nðtiter shift means; titer shift SDsÞ (Equation 2)

with a mean and standard deviation based upon titer shifts reported in the literature,43 see Table. The values in Table can also be

compared to those published in the meta-analysis by Cromer et al.,39 which reports decreases in neutralisation titre to the alpha

(1.6-fold), beta (8.8-fold), gamma (3.5-fold), and delta (3.9-fold) variants compared to wild-type.
Variant neutralization with wild type and vaccine sera

Variant Wild type Pfizer Moderna AstraZeneca

Alpha (B.1.1.7) 1.8 (0.41) 1.8 (0.41) 1.8 (0.41) –

Beta (B.1.351) 13.3 (2.17) 10.3 (2.9) 12.4 (2.85) –

Gamma (P.1) 8.66 (1.05) – – –

Delta (B.1.617.2) – 2.19 (0.05) – 4.01 (0.32)

Values refer to the fold of reduction in neutralization with each variant relative to wild-type infection or vaccine source; standard deviation reported in

parentheses.
Wemodeled three types of immunity: protection against infection, symptomatic disease, and severe disease and fit separate func-

tions for immunity derived from infection and vaccination, which can be supported by the role of nucleocapsid-specific antibodies

which are missing from some vaccines and may mechanistically explain why infection NAbs are more effective against infection.44

We jointly estimated the relationship between NAbs and protective efficacy against infection, symptoms, and severe disease with

study-specific random effects. VEsymp|inf,r and VEsev|symp,r are unobserved, and wemodel them through the marginal efficacy against

symptomatic and severe disease (Equations 3 and 4).

VEsymp;r = 1 � ð1 � VEinf ;rÞ
�
1 � VEsympjinf ;r

�
VEsev;r = 1� (Equation 3)
�
1 � VEsymp;r

��
1 � VEsevjsymp;r

�
(Equation 4)

We split vaccine efficacy into conditional parts to match the stages of the infection process and assumed both the efficacy against

infection and the conditional efficacy against symptoms and severe disease are logit-log. The a and b parameters capture the inter-

cept and slope in each equation, respectively (see Equations 5, 6, 7). Vaccine efficacy against infection, VEinf, is the first stage that

modulates the probability of infection given exposure. For people who get infected, symptomaticity is modulated by the conditional
12 Cell Reports 42, 112308, April 25, 2023
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vaccine efficacy given breakthrough infection, VEsymp|inf, and similarly severity is modulated by the conditional vaccine efficacy given

a breakthrough symptomatic infection VEsev|symp.

logitðVEinf ;rÞ = a inf + a natinfdiff � infectionr + b inf logðNAbrÞ+g r;s (Equation 5)
logit
�
VEsympjinf ;r

�
= a sympjinf + b sympjinf logðNAbrÞ (Equation 6)
logit
�
VEsevjsymp;r

�
= a sevjsymp + b sevjsymp logðNAbrÞ (Equation 7)

where NAbr represents the average level of neutralizing antibodies across participants in record r, ‘‘infection’’ is a dummy variable

that is equal to 1 when record r is immunity from infection and equal to 0 when record r is immunity from vaccination, and gr,s is

the random effect from study s associated with record r (some studies have multiple associated records).

We assumed study random effects are normally distribution with a mean of 0 and a standard deviation that is Cauchy distributed

with a flat prior. For studies which reported efficacy against variants of concern, as part of the re-normalizing computational proced-

ure, NAbs were randomly shifted by a normally-distributed scaling factor with a mean and standard deviation based upon titer shifts

reported in the literature.43,45–49 That is, the results marginalize over uncertainty in the NAb titer shift.

We estimated a Bayesian posterior for parameters in Equations 5, 6, and 7 with a Hamiltonian Monte Carlo method fit in Stan.

We find that neutralizing antibodies are strongly correlated with protection against SARS-CoV-2, symptomatic COVID-19, and

severe disease (see Figure S2). In order to provide a 50 percent or higher reduction in the risk of symptomatic COVID-19, a vaccine

would need to induce a NAb level at least one-tenth of the average convalescent level, and a one-third NAb level would be required to

reduce the risk of infection by 50 percent or higher. While natural infection provides greater protection than vaccination for the same

level of NAbs, all of the vaccines considered in this analysis meet the 50 percent risk reduction threshold and do not have the

morbidity and mortality costs associated with COVID-19 infection. However, as will be discussed below, variants of concern

challenge the efficacy of vaccines by reducing the neutralization levels and associated protection.

Given the fitted marginal efficacies above, we inferred the conditional protection against symptomatic and severe disease for

individuals with a breakthrough infection and with breakthrough symptomatic disease. We find that any history of immunity would

provide some protection against symptomatic and severe COVID-19, with a floor of approximately 37 percent reduction in the

risk of symptomatic COVID-19 and 50 percent reduction in risk of severe disease conditional on a breakthrough infection or disease

respectively. From that level, a percentage increase in NAbs would result in 3.8 percent (0.12, 11.75) reduction in risk against symp-

tomatic disease a 7.9 percent (0.22, 26.15) reduction in the risk of severe COVID-19, conditional on a breakthrough infection and

breakthrough disease respectively. While NAbs are correlated with protection against COVID-19, there may be other immune mech-

anisms, such as T cell response, that provide protection against symptomatic and severe disease.50 These results suggest that even

as antibodies wane and become insufficient to protect against infection, some immunity to symptomatic and severe disease will

remain. We report the mean and standard deviation of the model parameters in Table S2.

Our results show that while NAbs induced by natural infection or vaccination wane and individuals may lose sterilizing immune pro-

tection, immunememory is likely to be retained long-term to provide significant protection against severe disease, even in the face of

immune-evading variants. This suggests that neutralizing titers play a large role in preventing infection, but that other immunologic

factors may play a more dominant role in controlling infection once it occurs.

Our modeling approach relies on estimating a relationship between NAbs and protection against infection, symptomatic disease,

and severe disease, and the data used to establish these estimates are scarce and uncertain, especially for low levels of NAbs. While

a full individual-level model would be ideal, we relied upon published cohort averages and tried to account for variation and hetero-

geneity between studies using study-level random effects. We also assume that the antibody kinetics are identical for vaccine- and

naturally-derived NAbs. We do not specifically model cellular immune responses, although they are likely to also influence disease

symptomaticity and severity and to have different kinetic profiles than antibodies.50,51

Covasim overview
Covasim is an open-source agent-based model developed by the Institute for Disease Modeling with source code and documentation

available at https://covasim.org. Covasim simulates individuals interacting via population networks over time, and tracks disease trans-

mission and progression as well as the effects of interventions including symptomatic and asymptomatic testing, isolation, contact

tracing, and quarantine, as well as other non-pharmaceutical interventions (NPIs) such as physical distancing, hygiene measures, and

protective equipment such as masks. A comprehensive overview of the methodology underlying the model is provided in Kerr et al.16

We use Covasim’s default network generation algorithm to create four contact networks, representing households, schools,

workplaces, and community settings. This algorithm is described in greater detail in Kerr et al.,16 but in brief, it creates households

with h� Poisson(3) members, assigns children aged 6–22 to schools and adults aged 22–65 to workplaces with s� Poisson(20) and

w � Poisson(16) daily contacts respectively, and gives each agent an additional c � Poisson(20) contacts from others in the

community.
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Individuals who contract SARS-CoV-2 for the first time then progress through the stages of infection: exposed, infectious (asymp-

tomatic, presymptomatic, mild, severe, or critical), before either recovering or dying, with the probabilities of disease progression

dependent on age. Individuals are allowed to recover from any of the disease stages, but only critically ill individuals have a non-

zero probability of dying. The model includes individual heterogeneity in infectiousness and in the time spent in each disease state.

Recovered individuals are assumed to be susceptible to reinfection, but their relative susceptibility is modified by a factor that

reflects the degree of protective immunity afforded by their prior infection.

As well as belonging to these disease states, agents in the model also have individual attributes that govern their movement

through the model over time, such as age, infection history, vaccination history, and whether they have been tested, diagnosed,

or contact-traced.

Vaccine effectiveness over time
For these analyses, we initialized a population of 60,000 agents with the same age structure as South Africa. Each agent is assumed

to represent 1000 individuals, i.e. a population of 60 million. We introduced wild-type, Beta, Delta, and Omicron infections into the

population respectively on March 01, 2020, October 15, 2020, May 01, 2021, and October 25, 2021 with variant-specific character-

istics as described in Table S2. In the three months following the introduction of each variant, we assume that NPIs were in place that

reduced transmission by 40–70 percent relative to a baseline of no restrictions.

Vaccine efficacy is not a direct input into the model, but rather an output of our immunemodel. Population-level effectiveness varies

over time, decreasing in the immediate wake of each new wave of infections and increasing thereafter. In order to estimate how vac-

cine effectiveness varied over March 2020 to April 2022, we simulate a vaccine trial. We randomly selected agents to vaccinate for the

vaccine arm and participants with no vaccine as the placebo arm. We note that individuals with prior infection are not excluded from

either arm of the study, meaning that both the vaccine and placebo arm will be tainted by changing levels of prior immunity over time.

We then calculate vaccine efficacy and effectiveness against infection, symptomatic disease, and severe disease.

The effect of new variants
For these analyses, we again create a population of 60,000 agents, but this time we need to ensure that the simulated agents have

immunity profiles corresponding to that of the South African population in February 2022. Rather than simulating South Africa’s

epidemic directly, we use an algorithm for imprinting immunity, which is included as part of the Covasim model. Essentially, this al-

gorithm takes the overall duration and peak height of each wave and uses this to determine how many people to infect and at what

point in time. This dispenses with the need to track infections over contact networks, and is considerably faster than simulating trans-

mission over a 2 year period, although it does mean that we lose some of the nuance of infection pockets occurring within particular

socio-geographic groupings. We also imprint a history of vaccination within the population, assuming that 50 percent of the agent

population had been vaccinated by February 2022 with two doses of a vaccine with characteristics assumed based on Pfizer

vaccines in these observed trials. After imprinting immunity from the wild-type, Beta, Delta, and Omicron waves on our agent pop-

ulation, as well as the history of vaccination, each agent within the model has a level of effective NAbs (as per Equation 1) in

February 2022.

Into this population of agents, we introduce one of three hypothetical variants that vary in terms of their antigenic distance from

existing sources of immunity52,53 and their virulence (see Table). We note that these characteristics are not intended to represent

a comprehensive range of the likely qualities of newly emerging variants, but rather represent a small and illustrative subsection

of outcomes, designed to highlight the general principle of how vaccine strategies are affected by variant properties. We chose

3.5-fold more virulent than wild-type as an upper bound of virulence based upon the estimated virulence of the Delta variant. We

chose fold reductions of 2 and 50 to represent upper and lower bounds on expected antigenic drift of a new variant. In the absence

of a seasonal or known pattern of variant emergence, we randomly introduce the new variant on three dates (2, 4, and 8 months after

the introduction of the last variant).
New variant characteristics

Variant Severity Omicron fold reduction WT fold reduction

Emerged from Omicron 1 2 50

Emerged fromWT, more virulent (Delta-like) 3.5 50 2

New antigenic cluster, more virulent 3.5 50 50

Severity values refer to the change compared with wild type, and fold reduction refers to change in neutralization with each variant relative to Omicron

or all other (wild-type cluster, including prior variants and vaccines). All new variants were assumed to be 3.53 as transmissible per contact compared

with wild type. WT, wild type.
Trade-off between primary series and booster dose coverage
We begin with the population of agents with immune history. We then sweep over a combination of primary series and booster series

coverage levels, from 0 to 100 percent of the eligible population. Eligibility is defined as people over 12 years of age (matching

expanded age of vaccination) and unvaccinated for the primary series and over 12 years of age and vaccinated at least 6 months
14 Cell Reports 42, 112308, April 25, 2023
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prior for the booster dose. Both the primary and booster-dose series take three months to achieve the target coverage level. We

quantify cumulative infections, severe cases, and deaths averted compared to no vaccination for the next 10 months and assuming

no further increase in vaccination over this period.

Variant-chasing and next generation vaccines
Once again, we begin with the population of agents with immune history. To evaluate the impact of a variant-chasing vaccine strat-

egy, we consider a variant that emerges further antigenically from all prior immunity, meaning it escapes 98 percent of all prior sour-

ces of immunity. A perfectly matched vaccine is rolled out on a set of dates following introduction of the variant. We assume it takes

30 days to reach the target coverage from the date of vaccine roll-out and that the variant-specific vaccine requires two doses to

achieve the target efficacy, which we define as the same level of neutralizing antibody as the two-dose primary vaccine series.

In parallel, we explore next generation vaccines in the model by comparing the impact of vaccines with combinations of these

properties delivered today against an emergent immune evading variant 8 months following Omicron. We specifically define a

more broadly neutralizing vaccine as having complete cross-immunity against future variants and a more durable vaccine as waning

at a significantly slower rate than current vaccines.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for the correlate of protection work was performed using a Hamiltonian Monte Carlo method in Stan.
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