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SUMMARY
SARS-CoV-2 variants of concern exhibit varying degrees of transmissibility and, in some cases, escape from
acquired immunity. Much effort has been devoted to measuring these phenotypes, but understanding their
impact on the course of the pandemic—especially that of immune escape—has remained a challenge. Here,
we use amathematical model to simulate the dynamics of wild-type and variant strains of SARS-CoV-2 in the
context of vaccine rollout and nonpharmaceutical interventions. We show that variants with enhanced trans-
missibility frequently increase epidemic severity, whereas those with partial immune escape either fail to
spreadwidely or primarily cause reinfections and breakthrough infections. However, when these phenotypes
are combined, a variant can continue spreading even as immunity builds up in the population, limiting the
impact of vaccination and exacerbating the epidemic. These findings help explain the trajectories of past
and present SARS-CoV-2 variants and may inform variant assessment and response in the future.
INTRODUCTION

The second year of the COVID-19 pandemic has been domi-

nated by variants of concern (VOCs)—SARS-CoV-2 lineages

that have driven resurgent waves of the disease, often more se-

vere than earlier waves. As of November 11, 2021, the World

Health Organization recognizes four VOCs: Alpha (lineage

B.1.1.7), which was first identified in the United Kingdom; Beta

(B.1.351), first reported in South Africa; Gamma (P.1), believed

to have originated in Brazil; and Delta (B.1.617.2 and AY.x sub-

lineages), first detected in India. Initially reported in late 2020

or early 2021, these four variants have now reached every conti-

nent except Antarctica (World Health Organization, 2021).

The spread of these variants has been attributed to some com-

bination of enhanced transmissibility and partial immune

escape. Alpha is estimated to be 43%–100%more transmissible

than wild type (WT) (Davies et al., 2021; Volz et al., 2021) but is

similarly neutralized by convalescent sera (Planas et al., 2021a;

Supasa et al., 2021; Wang et al., 2021b) and is not associated

with an increased risk of reinfection (Graham et al., 2021). There

is some uncertainty regarding the transmissibility and immune

escape of Beta because estimates of these quantities are

inversely correlated. If immune escape is minimal, Beta may be

up to 50% more transmissible than WT (Tegally et al., 2021).

However, there is considerable evidence suggesting a moderate

degree of immune escape, with significantly reduced neutraliza-

tion by convalescent sera (Cele et al., 2021; Planas et al., 2021a;
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Wang et al., 2021b; Wibmer et al., 2021; Zhou et al., 2021); mul-

tiple studies have also reported that 40%–50% of convalescent

serum samples exhibit no neutralizing activity against Beta virus

or pseudovirus (Planas et al., 2021a; Wibmer et al., 2021; Zhou

et al., 2021). However, T cell responses may remain largely intact

even when antibody responses are compromised (Geers et al.,

2021; Tarke et al., 2021). Gamma is believed to be 70%–140%

more transmissible than WT (Faria et al., 2021) and perhaps

has some degree of immune escape, with a modest reduction

in neutralization by convalescent sera (Wang et al., 2021a).

Gamma may reduce protection against reinfection by 21%–

46%, although, as with Beta, estimates of transmissibility and

immune escape are correlated (Faria et al., 2021). Finally, multi-

ple analyses suggest that Delta is at least 60% more transmis-

sible than Alpha (Allen et al., 2021; Dagpunar, 2021), and prelim-

inary results suggest moderately reduced neutralization by

convalescent serum (Hoffmann et al., 2021; Planas et al., 2021b).

The appearance of these variants has taken place against a

backdrop of accelerated vaccine development and rollout.

Numerous candidate COVID-19 vaccines entered phase III trials

in the latter half of 2020, andmany began distribution in late 2020

or early 2021. As of November 7, 2021, over 7 billion vaccine

doses have been administered, but coverage remains highly var-

iable: over 70% of people in high- and upper-middle-income

countries have received at least one dose versus 40% of people

in lower-middle-income countries and 4% of those in low-in-

come countries (Mathieu et al., 2021). In the first several months
er 22, 2021 ª 2021 The Author(s). Published by Elsevier Inc. 6229
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after vaccination, most authorized vaccines demonstrate at least

70% efficacy against symptomatic COVID-19, and a few

approach or exceed 90% efficacy (Abu-Raddad et al., 2021; Ba-

den et al., 2021; Haas et al., 2021; Polack et al., 2020; Sadoff

et al., 2021; Voysey et al., 2021). Instances of severe disease

are relatively rare in vaccinated individuals, and deaths exceed-

ingly rare, so estimates of efficacy against severe outcomes tend

to be imprecise, but true efficacy against severe disease and

death is likely very high for most vaccines.

Along with evidence for partial escape from naturally acquired

immunity, there is mounting evidence that vaccines may offer

reduced protection against some variants. There is little evi-

dence to suggest that Alpha evades vaccine-induced immunity;

neutralization by post-vaccination sera is similar to WT (Collier

et al., 2021; Geers et al., 2021; Muik et al., 2021; Planas et al.,

2021a; Supasa et al., 2021; Wang et al., 2021b), and minimal dif-

ferences in vaccine effectiveness have been observed (Dagan

et al., 2021; Emary et al., 2021; Haas et al., 2021; Kustin et al.,

2021). However, studies report markedly reduced neutralization

of Beta by post-vaccination sera (Becker et al., 2021; Garcia-

Beltran et al., 2021; Geers et al., 2021; Lustig et al., 2021; Planas

et al., 2021a; Zhou et al., 2021), and some observational studies

suggest moderately lower vaccine effectiveness (Abu-Raddad

et al., 2021; Kustin et al., 2021; Madhi et al., 2021), although

others show no reduction (Mor et al., 2021). There is evidence

suggesting slightly reduced neutralization of both Gamma

and Delta by post-vaccination sera (Dejnirattisai et al.,

2021; Hoffmann et al., 2021; Liu et al., 2021; Lustig et al.,

2021; Planas et al., 2021b; Wang et al., 2021a); in the case of

Delta, vaccine effectiveness may be reduced as well (Lopez Ber-

nal et al., 2021).

For individuals, the implications of variants with partial vaccine

escape are straightforward: protection decreases linearly with

the product of the reduction in efficacy and the variant’s fre-

quency in the population. Estimating the risk to an entire popula-

tion is more complex. Due to the nonlinearity of epidemiological

dynamics, population outcomes do not simply mirror those of in-

dividuals; for instance, a 30% reduction in vaccine efficacy does

not translate to 30% fewer infections prevented or 30%more in-

fections in vaccinated individuals. The same goes for transmissi-

bility: a 50% increase in the average number of secondary infec-

tions from each case does not necessarily produce a

proportional increase in the total number of infections.

The difficulty in predicting population-level outcomes from

variant phenotypes has limited our ability to distinguish between

variants of greater and lesser impact. ‘‘Variant of concern’’ is an

umbrella designation that indicates the possibility of adverse

consequences but not the probability ormagnitude of those con-

sequences. This may be a reflection of how challenging it is to

quantify phenotypes like transmissibility, immune escape, and

disease severity. Even with precise estimates, however, the

leap from phenotype to population impact can be complex.

The situation would be more straightforward if variants existed

in a vacuum, but they are part of a complex dynamical system.

Variants may have selective advantages, but they are numeri-

cally disadvantaged by their late arrival, and the extent to which

a variant overcomes this disadvantage depends on the timing of

its emergence as well as its phenotype. Vaccination complicates
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the picture further: not only can it alter the balance between

WT and variant, but it does so gradually, as vaccine rollout typi-

cally takesmonths. As a result, two variants with identical pheno-

types could meet different fates simply by emerging under

different circumstances.

The fact that population-level outcomes cannot be easily pre-

dicted from variant phenotypes does not mean that phenotypes

are uninformative with respect to impact. Modeling can be used

to examine outcomes across a range of scenarios, and exam-

ining the set of possible outcomes can inform our understanding

of a variant’s potential impact. Here, we use a mathematical

model to simulate the emergence and spread of different vari-

ants during the epidemic phase in populations that are control-

ling transmission through nonpharmaceutical interventions

(NPIs) and vaccination. We focus on three hypothetical variants,

which have enhanced transmissibility, partial immune escape,

and both, respectively. We compare these variants in key out-

comes, including the total number of infections and the num-

ber/percentage of infections averted by vaccination, to assess

the population-level impact of different variant phenotypes.

Since the relative impact of different variants may depend on

the circumstances, we also consider how population outcomes

are affected by the timing of vaccine rollout, vaccine efficacy,

vaccination coverage, and discontinuation of NPIs. Finally, we

present several secondary analyses that explore how our find-

ings are affected by changing key model parameters and

assumptions.

RESULTS

A full description of the model can be found in the STAR

Methods, but we include a short overview here to give context

for the results. The following describes the default model condi-

tions and assumptions, but analyses varying many of these as-

sumptions are included in the results.

The model is an extended susceptible-infected-recovered

(SIR) compartment model, which includes two strains—wild

type (WT) and variant—as well as vaccination. The WT is

assumed to have a basic reproduction number of 2.5, which is

reduced to 1.5 by NPIs that remain in place throughout the simu-

lation. Both the variant and the vaccine are introduced at spec-

ified times midway through the epidemic, and the vaccine is

distributed at a constant rate until 100% coverage is reached.

The vaccine is assumed to be 95% effective against WT, with ef-

ficacy against the variant proportional to cross-reactivity be-

tween the strains. Infection is assumed to confer sterilizing im-

munity against the infecting strain; protection against the other

strain is proportional to the degree of cross-reactivity, which is

assumed to be symmetrical. The model is run for a simulated

duration of three years, except where noted otherwise, and we

assume no waning of immunity over this period (a key reason

why the results of this model should not be extrapolated beyond

the epidemic phase). All simulations assume a population size of

100 million individuals.

The purpose of the model is to examine the impact of two key

phenotypes—transmissibility and immune escape—on the pop-

ulation dynamics of emerging variants and the course of SARS-

CoV-2 epidemics. In order to disentangle the effects of these
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traits and to explore their interactions, we consider three hypo-

thetical variants: variant 1, with 60% increased transmissibility

relative to WT; variant 2, with 40% immune escape (60%

cross-protection); and variant 3, with both of these phenotypes.

We also model a neutral variant, designated variant 0, which is

effectively identical to WT and serves as a baseline for compar-

ison with other variants. These variant phenotypes (or alternative

phenotypes where applicable) are also listed for reference at the

end of all figure legends.

Some existing variants probably have greater transmissibility

and/or lower immune escape than reflected in these parameter

values. Since our findings suggest transmissibility has a larger

impact than immune escape, we deliberately use a low estimate

of transmissibility and a high estimate of immune escape to avoid

reinforcing this result. Although 40% immune escape lies at the

upper end of the range of estimates for existing variants, higher

degrees of escape are theoretically possible, if perhaps difficult

to evolve (Kennedy and Read, 2017). Secondary analyses

considering variants with higher and lower degrees of immune

escape are included in the results.

Model behavior is analyzed in terms of the number of infec-

tions, which, when summed over the course of a simulation, we

denote by epidemic size. We emphasize the number of infec-

tions, rather than the cases or individuals infected; the former

denotes only those infections that are detected, while the latter

ignores the fact that individuals may be infected more than

once. We assume that epidemic size is roughly proportional

to key outcomes such as total hospitalizations and total deaths

and therefore use this outcome as a principal metric for com-

parison, although in some cases we distinguish between infec-

tions in susceptible and recovered/vaccinated individuals, as

the latter are less likely to suffer severe disease and death.

We also measure the population impact of vaccination by

calculating the difference in epidemic size between simulations

with and without vaccination.

Ability to increase to high frequency is driven primarily
by transmissibility, not immune escape
We start by examining the dynamics that result when variants are

introduced into WT epidemics in the absence of vaccination. As

expected, variant 0 (the neutral variant) behaves identically to

WT: its growth and decline occur at the same times and at the

same rates, only in smaller numbers (Figure 1A). In contrast, var-

iants 1 and 3, which both have enhanced transmissibility, spread

faster than WT and quickly rise to high frequency. Variant 2, with

partial immune escape, does not, and it infects far fewer people

than WT over the course of the simulation (Figure 1B). When

vaccination is added, variant 1 is rapidly controlled, as is variant

2, despite being partially refractory to the vaccine (Figure 1A).

Although vaccination ‘‘flattens the curve’’ of variant 3 by

reducing its transmission rate, it is unable to completely control

this variant, which has a combination of enhanced transmissi-

bility and immune escape.

Variants do not necessarily undermine the population-
level impact of vaccination
Calculating the number of infections averted by vaccination

in the simulations from Figure 1A, we find that, surprisingly,
variants do not necessarily reduce the population-level impact

of vaccination. Compared to simulations with the neutral

variant, vaccination averts as many or more variant infections,

as well as more infections overall, in simulations with all

three of the other variants (Figures 1C and 1D). For variants 1

and 2, vaccination also averts a higher percentage of variant

infections (Figure 1E) and an equal or greater percentage of

total infections (Figure 1F) compared to the neutral variant;

however, this is not the case for variant 3. Thus, although

immune escape reduces vaccine efficacy for an individual,

it does not always follow that an emerging variant with partial

immune escape will diminish the population impact of

vaccination.

Epidemic size is affected more by transmissibility than
by partial immune escape
We next vary the timing of vaccine rollout—changing both the

time at which vaccination begins and the rate at which the

rollout proceeds—to examine how variants with different phe-

notypes behave across a range of vaccination scenarios. We

find that the total number of infections is nearly identical be-

tween variant 0 (the neutral variant) and variant 2, which has

partial immune escape (Figure 2A); the number and percentage

of infections averted by vaccination are likewise similar (Figures

2B and 2C). (Later, we show that these outcomes can change if

control measures are significantly reduced, if both WT and

variant are highly transmissible, or if the degree of immune

escape is very high.) In contrast, variants 1 and 3, which both

have enhanced transmissibility, can significantly increase

epidemic size; the potential increase is particularly great for

variant 3, which also has partial immune escape (Figure 2A).

As noted above, the number of infections averted by vaccina-

tion is sometimes greater for variants 1 and 3 than for the

neutral variant (Figure 2B). This occurs because these variants

generate substantially more infections in the absence of vacci-

nation; if a large enough fraction of these are prevented by

vaccination, then more infections are averted in total. However,

the percentage of total infections averted by vaccination is not

much higher than with the neutral variant in any of the scenarios

examined and is sometimes markedly lower, especially for

variant 3 (Figure 2C).

Population-level outcomes are more sensitive to
vaccination start time than the duration of vaccine
rollout
Naturally, epidemic size increases when the start of vaccination

is delayed or the pace of vaccine rollout slows (Figure 2A), and

the reverse is true of vaccination impact: as vaccine rollout is de-

layed or slowed, the number and proportion of infections averted

decrease (Figures 2B and 2C). These outcomes appear to be

more sensitive to vaccination start time than the pace of vaccine

distribution; a 1-month delay in starting vaccination impacts out-

comes more than a 1-month increase in the duration of vaccine

rollout. The sensitivity to vaccination start time is particularly pro-

nounced for variants 1 and 3, which have increased transmissi-

bility. Higher transmissibility increases the rate at which cases

grow, which means the epidemic peaks earlier. A delay in start-

ing vaccination can result in the peak of the epidemic being
Cell 184, 6229–6242, December 22, 2021 6231



Figure 1. Sample dynamics of hypothetical variants

(A) Dynamics of WT and variant strains without vaccination (top row) and with vaccination (bottom row), shown on log scale. Solid/black lines, WT; dashed/

colored lines, variants; gray shading, vaccine rollout. Subsequent panels reference the simulations in (A).

(B) Total infections with WT and variants with and without vaccination (log scale). Black bars, WT; colored bars, variants; solid bars, without vaccination; hatched

bars, with vaccination.

(C) WT and variant infections averted by vaccination (log scale). Black bars, WT; colored bars, variants.

(D) Total infections (WT + variant) averted by vaccination (linear scale). Dashed line, total infections averted in simulation with variant 0.

(E) Percentage of variant infections averted by vaccination (linear scale). Dashed line, percentage averted in simulation with variant 0.

(F) Percentage of all infections averted by vaccination (linear scale). Dashed line, percentage averted in simulation with variant 0. In all simulations, the variant is

introduced at 9 months; in simulations with vaccination, vaccine rollout starts at 12 months and is spread over 6 months. Variant phenotypes are as follows:

variant 0, identical toWT; variant 1, 60%greater transmissibility; variant 2, 40% immune escape; variant 3, 60%greater transmissibility and 40% immune escape.
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missed entirely, even if the pace of vaccine distribution is high

(Figure 2D). However, if vaccination begins early, the effect on

the final size of the epidemic can be considerable because it

starts to take effect when the epidemic is still small, even if the

rollout is slow.
6232 Cell 184, 6229–6242, December 22, 2021
Reinfections and breakthrough infections remain rare
with moderate immune escape unless aided by
transmissibility
In any scenario involving variants, especially variants with im-

mune escape, it is important to consider how many infections



Figure 2. Epidemic size and vaccination impact vary with the time of vaccine introduction and pace of vaccine rollout

(A) Total infections (WT + variant) in simulations with each hypothetical variant, for varying rates of vaccination (duration, x axis) and time of vaccine introduction

(start time, y axis); shaded contours represent total infections.

(B) Number of infections averted by vaccination.

(C) Percentage of infections averted by vaccination. Variant introduced at 9 months in all simulations.

(D) Dynamics ofWT and variant 1 in simulations with theminimum andmaximum values for vaccination duration (fast = 3months; slow = 12months) and start time

(early = 9 months; late = 18 months). In each panel, the point on the y axis indicates the total number of infections over the entire simulation. Solid/black line, WT;

blue/dashed line, variant; gray shading, vaccine rollout. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility;

variant 2, 40% immune escape; variant 3, 60% greater transmissibility and 40% immune escape.
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occur in people with immunity from prior infection or vaccination

as a means of distinguishing between the potential to infect peo-

ple with acquired immunity and the actual occurrence of such in-

fections. In addition, infections in those with immunity are likely

to be less severe than infections in susceptible (immunologically

naive) individuals, so distinguishing between infections in sus-

ceptible and recovered/vaccinated hosts may better reflect

epidemic severity. We therefore separated infections into those

occurring in recovered/vaccinated individuals and those in indi-
viduals with no history of infection or vaccination (primary infec-

tions). Total numbers of primary infections exhibit the same pat-

terns as overall epidemic size (Figures 2A and 3A), but infections

in recovered and vaccinated individuals exhibit different

behavior.

Reinfections and breakthrough infections (which we define as

active, transmissible infections in previously infected and

vaccinated individuals, respectively) are negligible in simulations

with variants 1 and 2 (Figures 3B and 3C). Reinfections and
Cell 184, 6229–6242, December 22, 2021 6233



Figure 3. Breakdown of infections by immune status (primary infections versus reinfections/breakthrough infections)

(A) Total primary infections.

(B) Total infections in recovered and vaccinated individuals (reinfections and breakthrough infections).

(C) Percentage of all infections occurring in recovered/vaccinated individuals (reinfections/breakthrough infections), starting from the time of variant emergence.

Variant introduced at 9 months in all simulations.

(D) Dynamics ofWT and variants, stratified by host immune status (susceptible versus recovered/vaccinated). The points on the y axis indicate the total number of

primary infections (circles) and reinfections/breakthrough infections (triangles). Black lines, WT; colored lines, variants; solid lines, primary infections; dashed

lines, infections in recovered/vaccinated individuals; gray shading, vaccine rollout (starting at 12months and lasting 6months). Variant phenotypes are as follows:

variant 0, identical toWT; variant 1, 60%greater transmissibility; variant 2, 40% immune escape; variant 3, 60%greater transmissibility and 40% immune escape.
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breakthrough infections do occur with these variants (Figure 3D)

but in small numbers, comprising less than 4% of all infections

(WT + variant). This suggests that neither enhanced transmissi-

bility nor amoderate degree of immune escape necessarily leads

to significant numbers of reinfections/breakthrough infections.

(Later, we show that immune escape variants do have the poten-

tial to produce widespread reinfections and breakthrough infec-

tions under some circumstances.) However, a combination of

partial immune escape and increased transmissibility produces
6234 Cell 184, 6229–6242, December 22, 2021
significant numbers of reinfections and breakthrough infections,

accounting for up to 80%of all infections (WT + variant) following

emergence (Figure 3C).

When control measures are weakened, the impact of
variants with enhanced transmissibility plus partial
immune escape is even greater
In the default model, aside from vaccine rollout, we assume

optimal control measures: vaccination coverage reaches



Figure 4. Epidemic size in scenarios with reduced control measures

(A) Total infections when nonpharmaceutical interventions (NPIs) are lifted once vaccination coverage reaches 50% (in default model, NPIs are maintained

indefinitely).

(B) Total infections with vaccination coverage reduced from 100% to 50%.

(C) Total infections with vaccine efficacy against WT reduced from 95% to 70%.

(D) Dynamics of WT and variant 3 with earlier/faster versus later/slower vaccine rollout and 100% vaccination coverage versus 50% coverage. Simulation

conditions as follows: earlier/faster vaccine rollout = starting at 9 months and lasting 3 months (100% coverage) or 1.5 months (50% coverage); later/slower

rollout = starting at 12months and lasting 6months (100% coverage) or 3 months (50% coverage). Solid/black line, WT; green/dashed line, variant; gray shading,

vaccine rollout; dashed red line, 50% vaccination coverage. In each panel, the point on the y axis indicates the total number of infections over the entire

simulation. Variant introduced at 9 months in all simulations. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility;

variant 2, 40% immune escape; variant 3, 60% greater transmissibility and 40% immune escape.
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100%, vaccine efficacy against WT is 95%, and NPIs are main-

tained indefinitely. We now explore how the impacts of different

variants are affected by weakening control measures in various

ways. We again run simulations in which we vary the timing of

vaccine rollout and consider three changes to control measures:

lifting NPIs once vaccination coverage reaches 50% (Figure 4A),

reducing the final vaccination coverage to 50% (Figure 4B), and

reducing the vaccine efficacy versus WT to 70% (Figure 4C). (In
the following section, we discuss a fourth scenario in which these

three changes are implemented simultaneously.) In all three sce-

narios, we find that variant 2 still has a negligible impact on

epidemic size, while epidemic size is markedly increased for

variant 1 and especially variant 3. However, the difference be-

tween these two variants is larger than in the default model, sug-

gesting that partial immune escape has a greater impact in these

scenarios. Unlike in the default model (Figure 2A), epidemic size
Cell 184, 6229–6242, December 22, 2021 6235



Figure 5. Scenario with multiple changes to control measures (vaccination coverage reduced to 50%, vaccine efficacy reduced to 70%, and

NPIs lifted when 50% of the population is vaccinated)

(A) Total infections.

(B) Percentage of variant infections composed of reinfections and breakthrough infections. Variant introduced at 9 months in all simulations. Variant phenotypes

are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility; variant 2, 40% immune escape; variant 3, 60% greater transmissibility and 40%

immune escape.
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with variant 3 is considerable even when the vaccine rollout is

early and fast. Variant 3 has the highest threshold for control:

increased transmissibility means that transmission must be

reduced by a larger amount to bring it under control, and partial

immune escape means that a higher level of vaccination is

required to achieve a given reduction in transmission. This is

especially true early on, when there is less infection-induced im-

munity, which also helps to control transmission. Thus, the

impact of weakening these control measures is particularly pro-

nounced with earlier and faster vaccine rollout (dynamics shown

in Figure 4D for the case where vaccination coverage is reduced

from 100% to 50%).

Sufficiently weak controlmeasures can lead to a second
wave of infections with immune escape variants
We now consider the first of three scenarios in which the

behavior of these hypothetical variants differs from the general

findings above. For each scenario, we highlight the differences

and consider the underlying dynamics.

Above, we describe simulations in which control measures are

weakened by lifting NPIs, reducing vaccination coverage, or

decreasing vaccine efficacy. We now consider simulations in

which these three changes are implemented simultaneously (Fig-

ure 5), and the results differ from previous findings in two ways.

Thefirst is that the timingof the vaccine rollout hasnoclear impact

onepidemicsize, suggesting that theweakenedcontrolmeasures

are not able to bring any of the variants fully under control. Indeed,

for variants 0, 1, and 3, the dynamics look similar to those

observed in the absence of vaccination (Figures 6A compared

with 6V, 6B compared with 6W, and 6D compared with 6Y). Sec-

ond, the epidemic size is dramatically increased in simulations

with variant 2, in many cases exceeding the levels seen in the
6236 Cell 184, 6229–6242, December 22, 2021
absence of vaccination (Figure 5A; also refer to Figure 2A). The in-

crease is caused by a secondwave of variant infections following

the initial WT epidemic (Figure 6X); this second wave occurs in a

‘‘Goldilocks zone’’ in which the frequency of recovered/vacci-

nated hosts is sufficient to control the WT but not the variant.

Higher levels of acquired immunity—induced either by vaccina-

tion or by widespread infection—are able to control the spread

of both strains (Figures 6C, 6G, 6K, 6P, and 6T).

The second wave—and indeed any large second wave in a

population with high levels of acquired immunity—is necessarily

comprised predominantly of reinfections and breakthrough in-

fections (Figure 5B), which tend to be milder than primary infec-

tions. When WT and variant waves occur simultaneously, as

seen with variant 3 (Figure 6Y), the frequency of reinfections

and breakthrough infections is lower (Figure 5B), as fewer recov-

ered and vaccinated hosts are available to be (re)infected.

Degree of immune escape affects the propensity for a
second wave of variant infections
Asmentioned in the introduction, variants with less than 40% im-

mune escape have almost certainly arisen already, while variants

with higher degrees of immune escape are at least a theoretical

possibility. It stands to reason that these differences would affect

the dynamics of immune escape variants, and so we now

consider simulations in which we assign higher or lower values

of immune escape to variants 2 and 3. In one set of scenarios,

we assume 20% escape (or 80% cross-protection between

WT and variant), while in the other we assume 80% escape

(20% cross-protection). In both cases, we still assume a 60% in-

crease in transmissibility for variants 1 and 3.

In general, a lower degree of immune escape does not qualita-

tively change our findings (Figures S1 and S2), except that



Figure 6. Dynamics of WT and variants in simulations with varying combinations of control measures
(A–D) No vaccination, but NPIs are in place throughout.

(E–H) Default model conditions (NPIs in place throughout, 100% vaccination coverage, 95% vaccine efficacy against WT).

(I–L) NPIs lifted when vaccination coverage reaches 50%.

(M–Q) 50% vaccination coverage.

(R–U) 70% vaccine efficacy.

(legend continued on next page)
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variant 2 does not cause a secondwave in the scenario with mul-

tiple changes to control measures (Figure S2X), resulting in fewer

reinfections/breakthrough infections and fewer infections total

(Figures S1G and S1H). In contrast, a very high level of immune

escape significantly enhances the spread of variants 2 and 3 and

limits the ability of vaccination to control these variants (Figures

S3 and S4). Although the resulting epidemics are similar in size

(Figure S3G), a higher proportion of variant 2 infections occur

in recovered or vaccinated individuals, hinting at a lower disease

burden (Figure S3H). The reason for the difference again lies in

the timing of WT and variant waves; variant 2 peaks later than

WT (Figures S4C, S4G, S4K, S4P, S4T, and S4X), which allows

more recovered and vaccinated hosts to accumulate in the pop-

ulation, whereas variant 3 and WT peak simultaneously,

providing fewer opportunities for reinfection and breakthrough

infection (Figures S4D, S4H, S4L, S4Q, S4U, and S4Y).

When all strains are highly transmissible, populations
acquire high levels of immunity favoring immune escape
variants
In the default model, we assume the WT strain has R0 = 2.5,

similar to the SARS-CoV-2 virus that dominated through most

of 2020. However, variants with significantly increased transmis-

sibility—first Alpha, followed by Delta—subsequently replaced

these less transmissible strains, effectively becoming—at least

transiently—new wild types. We now consider a scenario in

which the WT is highly transmissible, similar to Delta, with R0 =

6. (To avoid confusion with the default WT, we designate this

alternative strain WTD and denote the associated variants by

1D, 2D, and so on.) To better approximate the circumstances in

which these highly transmissible variants emerged, we assume

that the vaccine rollout begins before or shortly after WTD ap-

pears, and because the spread of highly transmissible strains

is accelerated (occurring over shorter time frames), we assume

that variants emerge three months after WTD. Variant pheno-

types are the same as in the default model but defined with

respect to WTD; for instance, variant 1D has R0 = 9.6.

The key difference from earlier scenarios is that vaccination

and/or a large WTD epidemic always generate high levels of im-

munity in the population prior to emergence of the variant. The

resulting lack of susceptible hosts is sufficient to limit the spread

of variant 1D (Figure 7A) but not variant 2D or 3D. The latter vari-

ants are able to spread even when the entire population is vacci-

nated prior to their emergence (Figures 7B and 7C), although

these infections are necessarily all breakthrough infections. For

these variants, early and fast vaccine rollout has less impact

on the total epidemic size (Figure 7D) but leads to an epidemic

in which themajority of infections are breakthroughs and reinfec-

tions, which are generally mild (Figure 7E). As a result, earlier/

faster vaccine rollout does reduce the total number of primary in-

fections, a possible proxy for disease burden (Figure 7F). How-

ever, this is mainly attributable to the impact of vaccination on
(V–Y) Combination of three conditions (50% vaccination coverage, 70% vaccine e

point on the y axis indicates the log10 total number of infections. Variant introduced

at 12 months and lasts 6 months if final coverage is 100% and 3 months if final

shading, vaccine rollout; dashed vertical line, 50% population vaccinated. Varian

transmissibility; variant 2, 40% immune escape; variant 3, 60% greater transmis
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WTD, which means that vaccination must be timed to avert the

WTD epidemic rather than subsequent waves of immune escape

variants.

Qualitative findings are largely robust to changing
structural model assumptions
Finally, we re-examine our findings after varying two aspects of

the model structure. First, we change the way NPIs are imple-

mented in the model. In the default model, NPIs simply reduce

the transmission rate by 40%. The resulting dynamics are easy

to interpret and analyze, but in reality, the dynamics of SARS-

CoV-2 have been characterized by multiple waves that are at

least partly driven by changes in the intensity of NPIs (e.g.,

mask use, social distancing, etc.). We developed an alternative

implementation of the model in which the virus is kept in check

by stronger NPIs that come into effect when prevalence exceeds

a threshold (see STAR Methods). The findings (Figure S5) are

largely similar to those of the default model, except that variant

1 does not perform as well, especially compared to variant 3.

This occurs because sufficiently strong control measures can

keep even highly transmissible variants in check, especially

when complemented by vaccination and cross-immunity. The

degree to which this occurs in practice will depend on the

strength of NPIs, the responsiveness to case numbers (e.g.,

thresholds and lags for implementation), and the transmissibility

of the variant.

Lastly, the default model assumes that immunity reduces the

probability of infection by decreasing the rate of movement

from uninfected to infected states (so-called ‘‘leaky’’ immunity).

An alternative construction assumes that a given individual either

does or does not develop immunity to a given strain following

infection or vaccination (termed ‘‘all-or-nothing’’ immunity). Us-

ing an alternate model with all-or-nothing immunity (see STAR

Methods), we obtain results that are qualitatively indistinguish-

able from leaky immunity, although the epidemic size is lower

with all-or-nothing immunity (Figure S6) since some fraction of

recovered and vaccinated individuals are completely refractory

to infection.

DISCUSSION

In this work, we use a mathematical model to characterize the

population-level impact of SARS-CoV-2 variants with different

phenotypes across a wide range of scenarios. We find that var-

iants with enhanced transmissibility invade easily in susceptible

populations, while variants with partial immune escape do not;

the latter can sometimes produce a second wave of infections,

but these primarily occur in recovered and vaccinated individ-

uals, who typically experiencemild disease. Although the impact

of partial immune escape on its own is relatively mild, variants

with a combination of enhanced transmissibility and immune

escape increase not just the total size of the epidemic but also
fficacy, and NPIs lifted when 50% of population vaccinated). In each panel, the

at 9months in all simulations; in simulationswith vaccination, the rollout begins

coverage is 50%. Solid/black lines, WT; colored/dashed lines, variants; gray

t phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater

sibility and 40% immune escape.
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the number of primary infections in susceptible hosts, who are

more likely to suffer severe illness or death. Thus, partial immune

escape can have severe consequences, but mainly when paired

with enhanced transmissibility.

It is important to note that variant phenotypes are context-

dependent, defined with regard to the strain with which they

are competing. For instance, in our model, variant 3 has

enhanced transmissibility as well as partial immune escape,

and this variant considerably increases the severity of the

epidemic when WT is the dominant strain. However, if variant 1

was to replace WT, then variant 3 would no longer have a trans-

missibility advantage and would essentially become variant 2.

In this case, variant 3 would either fail to invade or cause a sec-

ond wave consisting largely of reinfections and breakthrough

infections.

These findings advance our understanding of the dangers

posed by different variants. Currently, both the World Health Or-

ganization and the US Centers for Disease Control (CDC) and

Prevention designate certain strains as ‘‘VOCs’’ using similar

criteria, which include evidence of immune escape, vaccine

escape, and/or enhanced transmissibility. In general, variants

are not assigned threat levels or differentiated status, although

the CDC would recognize variants with clear evidence of signif-

icant vaccine escape as ‘‘variants of high consequence.’’ Our

findings suggest that variants with enhanced transmissibility

have a strong tendency to invade and can significantly worsen

an epidemic. Partial immune escape, in the absence of

enhanced transmissibility, becomes a substantial proportion of

the epidemic only when population immunity is in a ‘‘Goldilocks

zone’’—strong enough to impose effective selection but not so

strong as to control transmission—and when invasion does

occur, the variant primarily causes breakthrough infections and

reinfections, which are usually mild.

These results provide a theoretical basis to understand the

behavior of existing variants, anticipate the behavior of future

variants, and develop appropriate strategies to mitigate the

impact of VOCs in populations across the world. Our findings

are consistent with the global sweeps by highly transmissible

variants Alpha and Delta, as well as the failure of Beta

(which shows evidence of partial immune escape) to reach

high frequency in most areas. The ability to find patterns of

risk by modeling different variants across a wide range of

scenarios suggests that this is a useful approach to identify

variant phenotypes of particular concern. Lastly, our work under-

scores the importance of vaccination on a global scale, as

quickly as possible, to mitigate the impact of present and future

variants.
Figure 7. WTD and variantD dynamics in simulations with full control m

(A) Dynamics of WTD and variant 1D in simulations with different start times and

(B) Dynamics of WTD and variant 2D.

(C) Dynamics of WTD and variant 3D. In (A)–(C), points on the y axis indicate the

fections (triangles); gray shading indicates vaccine rollout.

(D) Total infections in simulations with each hypothetical variant.

(E) Percentage of all infections which occur in recovered/vaccinated individuals

(F) Total number of primary infections. In all simulations, WTD and variantD are in

assumed to be 100%and 95%, respectively, and NPIs aremaintained throughout

follows: variant 0D, identical to WTD; variant 1D, 60% greater transmissibility; varia

immune escape.
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Limitations of the study
An obvious limitation of our model is that it does not allow for the

circulation of multiple variants. In reality, variants compete with

one another as well as WT, and this may lead to complex

behavior that is difficult to predict from pairwise interactions. It

is particularly challenging to anticipate the dynamics of a system

with multiple variants that each have some degree of enhanced

transmissibility and immune escape, as the relative fitness of

these strains may change as the level of immunity in the popula-

tion increases. Additional modeling is therefore required to un-

derstand the risks associated with multiple variants circulating

simultaneously.

We also use epidemic size as a rough proxy for the burdens of

disease andmortality, stratifying only by immune status (suscep-

tible versus recovered/vaccinated). More nuanced and useful

estimates may be obtained by accounting for the gradual reduc-

tion of the infection fatality ratio, the age distribution of infections,

and other details that affect morbidity andmortality. Ourmodel is

strictly focused on what happens to a variant following its emer-

gence; the stochastic phenomenon of emergence itself is not

considered here. The emergence of new variants is affected by

control measures, such as NPIs and vaccination, that limit the

size of the infected population and alter the strength of selection

on different traits (Ashby and Thompson, 2021). This will be an

important dimension to consider in future work, as the optimal

strategies to minimize transmission of a particular variant may

or may not be aligned with the best strategies to limit emergence

(Ong et al., 2021; Sheikh et al., 2021).

Finally, the work presented here analyzes epidemic dynamics

and does not consider phenomena that will be important deter-

minants of endemic dynamics—most notably, the waning and

boosting of immunity. Future work will need to consider the im-

pacts of waning immunity, reinfection, boosters, and updated

vaccines to understand how future variants could shape the bur-

dens of infection and disease in the years to come.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R version 4.1.0 R Core Team https://www.r-project.org/

RStudio version 1.4.1717 RStudio Team https://www.rstudio.com/
RESOURCE AVAILABILITY

Lead contact
Requests for further information should be directed to and will be answered by the lead contact, Mary Bushman (mbushman@hsph.

harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d This study did not use or generate data aside from the reproducible output of the mathematical model.

d All original code, including that needed to generate the figures in the main text and supplemental information, has been depos-

ited in Open Science Framework and is publicly available as of the date of publication. The digital object identifier (DOI) is listed

in the key resources table.

d Any additional information required to use or analyze the model described in this paper is available from the lead contact upon

request.

Two-strain model with vaccination This paper; Open Science Framework https://osf.io/z9x2p/
METHOD DETAILS

Model
Overview

Weuse an ordinary differential equation (ODE) compartment model to simulate the dynamics ofWT and variant strains of SARS-CoV-

2 in the context of nonpharmaceutical interventions (NPIs) and vaccine rollout. The model is an extended version of the standard SIR

(susceptible-infected-recovered) model framework with two key changes. First, themodel tracks two viral strains, which are denoted

strain 1 (WT) and strain 2 (variant). Second, themodel allows for strain-specific immunity to be acquired via infection and vaccination.

In addition, the model is implemented with a wrapper that enables various events, such as variant emergence, vaccine rollout, or

intensifying/relaxing control measures, to occur at pre-specified times and/or in response to the state of the system.

Infection states

In this compartment model, individuals are classified according to their current infection status as well as their infection and vacci-

nation history. Four types of compartments exist: S (susceptible), I (infected), R (recovered), and V (vaccinated). Subscripts further

distinguish between infection states and infection histories within the I, R, and V classes (see below).
State variable Definition

S Susceptible

IiS Infected with strain i, previously susceptible

IiSðVÞ Infected with strain i, previously susceptible, vaccinated during current infection

Ri Recovered from strain i

IiR Infected with strain i, previously recovered (from strain j)

IiRðVÞ Infectedwith strain i, previously recovered (from strain j), vaccinated during current infection

Rij Recovered from both strain i and strain j

V Vaccinated (never infected)

(Continued on next page)
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Continued

State variable Definition

IiV Infected with strain i, previously vaccinated

Vi Vaccinated and recovered from strain i

IiVðjÞ Infected with strain i, previously vaccinated, previously recovered from strain j

Vij Vaccinated and recovered from both strain i and strain j
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Parameters

Movement between compartments is the result of three processes: infection, recovery, and vaccination. Infection is a mass-action

process resulting from contact between infected individuals and individuals with partial or total susceptibility to infections. All indi-

viduals infected with a given strain are assumed to be equally infectious, with transmission rate b for WT and ð1 + lÞb for the variant

(see Variant phenotypes). All infected individuals also have the same average duration of infectiousness, which is the inverse of the

recovery rate, g. Individuals may have varying susceptibility to each strain, depending on prior infection and/or vaccination. Upon

recovery, individuals develop sterilizing immunity against the infecting strain and partial protection against the non-infecting strain;

the degree of cross-protection is given by f.

Once vaccine rollout is initiated (see Simulation Overview), a fixed number of individuals are vaccinated per day, but these individ-

uals are drawn only from eligible compartments. By default, all unvaccinated individuals are eligible. The parameters kI and kR control

the vaccine eligibility of infected and recovered individuals, respectively. Vaccination takes place in a single dose and is assumed to

take effect immediately, unless the recipient is currently infected, in which case the vaccine takes effect upon recovery. The vaccine is

assumed to havemaximum efficacyu against a perfect antigenic match. The degree of antigenic mismatch between the vaccine and

strain i is given by ai. Both infection-induced and vaccine-induced immunity are assumed to be durable, lasting longer than the dura-

tion of the simulations; waning of immunity is not included in the model.
Parameter Definition Default value

N Population size 108

R0 Reproduction number (WT) 2.5

g Recovery rate 1/14 days-1

b Transmission rate R0g
N

f Cross-reactivity between WT and variant 1 or 0.6

u Maximum vaccine efficacy 0.95

a1 Antigenic mismatch between vaccine and WT 0

a2 Antigenic mismatch between vaccine and variant 1� f

kI Eligibility of infected individuals for vaccination; 1 = eligible, 0 = ineligible 1

kR Eligibility of recovered individuals for vaccination; 1 = eligible, 0 = ineligible 1

l Increase in transmissibility of variant relative to WT 0 or 0.6

t2 Time of variant introduction 9 months

tvax Start of vaccine rollout Varies

v Daily per-capita vaccination rate Varies

c Final vaccination coverage 100%

r Reduction in transmission due to nonpharmaceutical interventions 0.4
Variant phenotypes

Variants are characterized in terms of two phenotypes: transmissibility and immune escape. The increase in transmissibility relative to

WT is denoted by l, giving a transmission rate of ð1 + lÞb. Immune escape is the complement of cross-reactivity between WT and

variant ð1 � fÞ. The default phenotypes of the hypothetical variants modeled are as follows:

d Variant 0 (neutral): f = 1; l = 0

d Variant 1 (more transmissible): f = 1; l = 0:6

d Variant 2 (partial immune escape): f = 0:6; l = 0

d Variant 3 (more transmissible + partial escape): f = 0:6; l = 0:6
e2 Cell 184, 6229–6242.e1–e7, December 22, 2021
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Equations

We use the shorthand pðtÞ for the per capita rate of vaccination among the eligible population. Once vaccination is initiated, a fraction

v of the population is vaccinated daily (Nv in absolute numbers), but because the eligible population fluctuates in size, it is necessary

to calculate the rate at which individuals in eligible model compartments are vaccinated. We define EðtÞ as the eligible population at

time t, and calculate EðtÞ as follows:

EðtÞ = S+ kIðI1S + I2SÞ+ kRðR1 + R2 + R12Þ+ kIkRðI1R + I2RÞ (1)
We then define pðtÞ as follows:
pðtÞ =
(
vN=EðtÞ if EðtÞ> 0
0 otherwise

(2)
In addition, because there are six infected compartments for eac
h strain, we simplify the equations by defining new state variables

representing the total number of infected individuals for each strain:

I1ðtÞ = I1S + I1SðVÞ + I1R + I1RðVÞ + I1Vð2Þ + I1Vð0Þ (3)
I2ðtÞ = I2S + I2SðVÞ + I2R + I2RðVÞ + I2Vð1Þ + I2Vð0Þ (4)
The rates of movement between compartments are shown alongs
ide the model diagram in Figure S7A. The differential equations for

the model are given below (Equations 5–24).

dS

dt
= � pS� ð1� rÞbSI1 � ð1� rÞð1 + lÞbSI2 (5)
dI1S
dt

= ð1� rÞbSI1 � kIpI1S � gI1S (6)
dI2S
dt

= ð1� rÞð1 + lÞbSI2 � kIpI2S � gI2S (7)
dI1SðVÞ
dt

= kIpI1S � gI1SðVÞ (8)
dI2SðVÞ
dt

= kIpI2S � gI2SðVÞ (9)
dR1

dt
= gI1S � kRpR1 � ð1� rÞð1�fÞð1 + lÞbR1I2 (10)
dR2

dt
= gI2S � kRpR2 � ð1� rÞð1�fÞbR2I1 (11)
dI1R
dt

= ð1� rÞð1�fÞbR2I1 � kIkRpI1R � gI1R (12)
dI2R
dt

= ð1� rÞð1�fÞð1 + lÞbR1I2 � kIkRpI2R � gI2R (13)
dI1RðVÞ
dt

= kIkRpI1R � gI1RðVÞ (14)
dI2RðVÞ
dt

= kIkRpI2R � gI2RðVÞ (15)
dR12

dt
= gðI1R + I2RÞ � kRpR12 (16)
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dV

dt
= pS� ð1� rÞð1�uð1�a1ÞÞbVI1 � ð1� rÞð1�uð1�a2ÞÞð1 + lÞbVI2 (17)
dI1V
dt

= ð1� rÞð1�uð1�a1ÞÞbVI1 � gI1V (18)
dI2V
dt

= ð1� rÞð1�uð1�a2ÞÞð1 + lÞbVI2 � gI2V (19)
dV1

dt
= kRpR1 +gI1SðVÞ +gI1V (20)
dV2

dt
= kRpR2 +gI2SðVÞ +gI2V (21)
dI1Vð2Þ
dt

= ð1� rÞð1�fÞð1�uð1�a1ÞÞbV2I1 � gI1Vð2Þ (22)
dI2Vð1Þ
dt

= ð1� rÞð1�fÞð1�uð1�a2ÞÞð1 + lÞbV1I2 � gI2Vð1Þ (23)
dV12

dt
= kRpR12 +gðI1RðVÞ + I2RðVÞ + I1Vð2Þ + I2Vð1ÞÞ (24)

Simulations
Setup

Three events occur in each simulation at designated times: introduction of a single WT infection at time t1, introduction of a single

variant infection at time t2, and the beginning of vaccine rollout at time tvax. We set t1 = 0; t2 = 9 months, and tvax˛ [9 months,

18 months] in all simulations except those with increased transmissibility of all strains, in which t1 = 3 months, t2 = 6 months, and

tvax˛ [0, 9 months]. Vaccination proceeds at a constant rate, with a fixed proportion v of the population vaccinated per day until

the maximum coverage c is reached (the duration of vaccine rollout is thus c=v). The total length of each simulation is three years,

except for simulations with an increased level of immune escape, which have a simulated duration of six years.

Nonpharmaceutical interventions

NPIs are assumed to be maintained at a constant level throughout the simulation, with two exceptions: scenarios in which NPIs

are lifted once vaccination coverage reaches 50% (see Control measures) and scenarios in which NPIs switch between high-

and low-intensity states (see Rolling lockdowns). These control measures are assumed to reduce transmission of both strains by

a factor r.

Core set of simulations

Simulations were run with each variant in combination with WT; each pair was simulated with and without vaccination (Table S1). For

each set of simulations, the start of vaccine rollout ðtvaxÞ and the duration of vaccine rollout

�
1
v

�
were varied in one-month increments

over the ranges given in Table S1.

Model outcomes
Epidemic size

Themain outcome compared across simulations is the cumulative number of infections, which is modeled as the sum of flows into all

infected compartments. Similar quantities are defined for infections in naive individuals (previously belonging to compartment S) and

in recovered/vaccinated individuals (coming from R and V compartments). The relative frequency of reinfections and breakthrough

infections is obtained by dividing the number of infections in recovered/vaccinated individuals by the total number of infections.

Impact of vaccination

Vaccine impact is obtained by comparing numbers of infections between simulations with vaccination (sets 5-8 in Table S1) to other-

wise identical simulations without vaccination (sets 1-4). If we denote the total number of infections with and without vaccination by

Yvax and Ynovax, respectively, vaccine impact can be measured in terms of the number of infections averted ðYnovax �YvaxÞ or the per-

centage of infections averted ð1 � Yvax =YnovaxÞ.
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Strain dynamics

Strain dynamics are also shown in several figures; the number of infections with strain i, or IiðtÞ, is the sum of all the infected com-

partments for strain i ðIiSðtÞ; IiSðVÞðtÞ; IiRðtÞ; IiRðVÞðtÞ; IiVðtÞ; and IiVðjÞðtÞÞ. In one instance, infections are subdivided by the immune sta-

tus of the host. Infections of naive individuals with strain i are obtained as the sum of compartments IiSðtÞ and IiSðVÞðtÞ; the latter is

included because vaccination during infection does not take effect until the infection is cleared. Infections of recovered and vacci-

nated individuals with strain i are obtained by summing the remaining infected compartments.

Varying model parameters
We run four sets of alternative scenarios in which control measures or variant properties are changed and two sets in which structural

assumptions of themodel are changed. The first set of scenarios (Control measures) is replicated across all but one of the other alter-

native scenarios, including those in the next section, Varying model structure.

Control measures

The default model configuration, with indefinite continuation of NPIs, complete vaccination coverage, and high vaccine efficacy, rep-

resents the best-case scenario in each of these areas; we therefore vary these assumptions to simulate realistic – not pessimistic –

shortcomings. We consider three ways in which control measures might suffer (Table S2): lifting NPIs when vaccine coverage rea-

ches 50%, decreasing the final vaccination coverage to 50%, and lowering the peak vaccine efficacy (againstWT) to 70%.We repeat

simulation sets 5-8 (Table S1) under each of these alternative parameterizations, as well as the combination of all three.

Lower and higher degrees of immune escape

The default model assumes that immune escape manifests as a 40% reduction in cross-reactivity with WT. This value is on the high

end of escape estimates for existing variants, but lower degrees of escape almost certainly exist, and higher degrees of immune

escape are theoretically possible. We therefore run simulations with a lower level of immune escape (20% escape or 80% cross-pro-

tection with WT) and a higher level (80% escape or 20% cross-protection). For variants with enhanced transmissibility, we still as-

sume a 60% increase in R0. We repeat the simulations listed in Tables S1 and S2 for both scenarios; simulations with a higher level

of immune escape are run for an extended duration (six years) because the occurrence of a secondwave of variant infections in some

scenarios increases the time frame over which epidemic dynamics are occurring.

Increased transmissibility of all strains

The default model assumes that the WT strain has an R0 of 2.5, which approximates the original SARS-CoV-2 virus. However, this

strain has since been replaced by more transmissible variants. We therefore run simulations in which the WT has R0 = 6; the variant

phenotypes are the same but are defined with respect to the newWT (i.e., all strains have R0R 6). We re-run the simulations listed in

Table S1 (but not those in Table S2) under this alternative parameterization; however, the timing of events is shifted, with the WT and

variant strains introduced at 3 and 6 months, respectively, and vaccine rollout beginning between 0 and 9 months.

Varying model structure
Finally, we run simulations under two alternative versions of the model which make different assumptions about nonpharmaceutical

interventions and immunity, respectively. We repeat the simulations in Tables S1 and S2 under both alternative model versions.

Rolling lockdowns

In the default model, we assume that nonpharmaceutical interventions (NPIs) are fixed at an intensity that reduces transmission by

40%. This configuration generates dynamics that are easy to understand and analyze, but is not broadly representative of the dy-

namics of the COVID-19 pandemic. In many parts of the world, relatively weak NPIs are periodically supplanted by more stringent

measures when case numbers grow too large; after a period of sustained decline, the more severe control measures are turned

off again. We use an alternative model configuration to simulate this strategy, which we refer to as ‘‘rolling lockdowns.’’

In the alternative configuration, NPIs switch between two different intensities, which reduce transmission by 30% and 70%,

respectively. The high-intensity control measures are triggered when the number of current infections – lagged by 14 days to simulate

various delays between infection and reporting – exceeds 1% of the total population. Control measures revert to the lower intensity

when the number of infections (lagged by 14 days) drops below the threshold again. Shifts between low and high intensity of NPIs

cannot occur less than 14 days apart (the length of the reporting lag), to ensure that shift n is precipitated only by events following shift

n� 1.

All-or-nothing immunity

The default model configuration assumes that partial cross-protection from infection or partial immunity from vaccination is imperfect

at the individual level, meaning the probability of infection given exposure is reduced but not eliminated, and the degree of protection

is the same for all individuals. This is sometimes called ‘‘leaky’’ immunity; an alternative formulation, termed ‘‘all-or-nothing’’ immu-

nity, does not accommodate partial protection for individuals. Upon infection or vaccination, some individuals acquire complete,

sterilizing protection, and others acquire no protection at all.

We use an alternative version of the ODEmodel described above to re-run the same scenarios with all-or-nothing immunity instead

of leaky immunity. Although the names of the state variables are largely unchanged, many are defined differently (see below). In

the default model, states are defined by history of infection and vaccination; in the alternative model, states are defined in terms
Cell 184, 6229–6242.e1–e7, December 22, 2021 e5



ll
OPEN ACCESS Article
of strain-specific immunity, regardless of how this immunity was acquired. For example, individuals in compartment Vi are vaccinated

and immune to strain i, but the compartment is not specific to a single history, as it encompasses individuals with and without prior

infection by strain i.
State variable Definition

S Susceptible

IiS Infected with strain i, previously susceptible

IiSðVÞ Infected with strain i, previously susceptible, vaccinated during current infection

Ri Recovered and immune to strain i

Rij Recovered and immune to both strain i and strain j

IiR Infected with strain i, previously recovered (from strain j)

IiRðVÞ Infectedwith strain i, previously recovered (from strain j), vaccinated during current infection

Vi Vaccinated and immune to strain i

Vij Vaccinated and immune to both strain i and strain j

V0 Vaccinated but not immune to either strain

IiVðjÞ Previously vaccinated, immune to strain j, currently infected with strain i

IiVð0Þ Previously vaccinated, not immune to either strain, currently infected with strain i
The model parameters are generally the same, except that parameters relating to partial immunity (f; u; a1; and a2) are defined in

terms of probabilities of protection, rather than degrees of protection (see below). Rates of movement between compartments are

very different from the default model (Figure S7B), as are the differential equations (Equations 25–44).
Parameter Definition Default value

f Probability of cross-protection given infection with either strain 0 or 0.6

u Maximum vaccine efficacy (probability of protection against perfect antigenic match) 0.95

a1 Probability vaccine fails to elicit immunity against strain 1 (due to antigenic mismatch) 0

a2 Probability vaccine fails to elicit immunity against strain 2 (due to antigenic mismatch) 1� f
dS

dt
= � pS� ð1� rÞbSI1 � ð1� rÞð1 + lÞbSI2 (25)
dI1S
dt

= ð1� rÞbSI1 � kIpI1S � gI1S (26)
dI2S
dt

= ð1� rÞð1 + lÞbSI2 � kIpI2S � gI2S (27)
dI1SðVÞ
dt

= kIpI1S � gI1SðVÞ (28)
dI2SðVÞ
dt

= kIpI2S � gI2SðVÞ (29)
dR1

dt
= ð1�fÞgI1S � kRpR1 � ð1� rÞð1 + lÞbR1I2 (30)
dR2

dt
= ð1�fÞgI2S � kRpR2 � ð1� rÞbR2I1 (31)
dR12

dt
= gðI1R + I2R + fI1S + fI2SÞ � kRpR12 (32)
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dI1R
dt

= ð1� rÞbR2I1 � kIkRpI1R � gI1R (33)
dI2R
dt

= ð1� rÞð1 + lÞbR1I2 � kIkRpI2R � gI2R (34)
dI1RðVÞ
dt

= kIkRpI1R � gI1RðVÞ (35)
dI2RðVÞ
dt

= kIkRpI2R � gI2RðVÞ (36)
dV1

dt
= uð1�a1Þa2pS+ ð1�uð1�a2ÞÞkRpR1 + ð1�fÞð1�uð1�a2ÞÞgI1SðVÞ + ð1�fÞgI1Vð0Þ � ð1� rÞð1 + lÞbV1I2 (37)
dV2

dt
= ua1ð1�a2ÞpS+ ð1�uð1�a1ÞÞkRpR2 + ð1�fÞð1�uð1�a1ÞÞgI2SðVÞ + ð1�fÞgI2Vð0Þ � ð1� rÞbV2I1 (38)
dV12

dt
= uð1�a1Þð1�a2ÞpS+uð1�a2ÞkRpR1 +uð1�a1ÞkRpR2 + kRpR12 + ðf + ð1�fÞuð1�a2ÞÞgI1SðVÞ

+ ðf + ð1�fÞuð1�a1ÞÞgI2SðVÞ +gðI1RðVÞ + I2RðVÞ + I1Vð2Þ + I2Vð1Þ + fI1Vð0Þ + fI2Vð0ÞÞ
(39)
dV0

dt
= ð1�uð1�a1a2ÞÞpS� ð1� rÞbV0I1 � ð1� rÞð1 + lÞbV0I2 (40)
dI1Vð2Þ
dt

= ð1� rÞbV2I1 � gI1Vð2Þ (41)
dI2Vð1Þ
dt

= ð1� rÞð1 + lÞbV1I2 � gI2Vð1Þ (42)
dI1Vð0Þ
dt

= ð1� rÞbV0I1 � gI1Vð0Þ (43)
dI2Vð0Þ
dt

= ð1� rÞð1 + lÞbV0I2 � gI2Vð0Þ (44)
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Figure S1. Epidemic outcomes for alternative model with lower degree of immune escape, related to Figures 2, 4, and 5

(A) Total infections (WT + variant) in simulations with each hypothetical variant, for varying rates of vaccination (vaccination duration, x axis) and time of vaccine

introduction (vaccination start time, y axis); shaded contours represent total infections. (B) Number of infections averted by vaccination; shading represents

number of infections averted. (C) Percentage of infections averted by vaccination; shading represents % infections averted. (D) Total infections with non-

pharmaceutical interventions (NPIs) lifted when vaccination coverage reaches 50% (default condition is NPIs continued indefinitely). (E) Total infections with

vaccination coverage reduced from 100% to 50%. (F) Total infections with baseline vaccine efficacy (against WT) reduced from 95% to 70%. (G) Total infections

with the combination of conditions D through F (vaccination coverage reduced to 50%, vaccine efficacy reduced to 70%, and NPIs lifted when 50% of the

population is vaccinated). Shading in panels D-G represents total infections. (H) Percentage of variant infections composed of reinfections and breakthrough

infections under the combined conditions of panels D through F; shading represents percentage of variant infections occurring in recovered/vaccinated in-

dividuals. Variant introduced at 9 months in all simulations. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility;

variant 2, 20% immune escape; variant 3, 60% greater transmissibility and 20% immune escape.
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Figure S2. Dynamics of WT and variants, in simulations with varying combinations of control measures, for alternative model with lower

degree of immune escape, related to Figure 6

Dynamics of WT and variants in simulations with varying combinations of control measures. (A-D) No vaccination but NPIs in place throughout. (E-H) Default

model conditions (NPIs in place throughout, 100% vaccination coverage, 95% vaccine efficacy against WT). (I-L) NPIs lifted when vaccination coverage reaches

50%. (M-Q) 50% vaccination coverage. (R-U) 70% vaccine efficacy. (V-Y) Combination of three conditions (50% vaccination coverage, 70% vaccine efficacy,

and NPIs lifted when 50% of population vaccinated). In each panel, point on y axis indicates log10 total number of infections. Variant introduced at 9 months in all

simulations; in simulations with vaccination, rollout begins at 12 months and lasts 6 months if final coverage is 100%, 3 months if final coverage is 50%. Solid/

black lines,WT; colored/dashed lines, variants; gray shading, vaccine rollout; dashed vertical line, 50%population vaccinated. Variant phenotypes are as follows:

variant 0, identical toWT; variant 1, 60%greater transmissibility; variant 2, 20% immune escape; variant 3, 60%greater transmissibility and 20% immune escape.
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Figure S3. Epidemic outcomes for alternative model with higher degree of immune escape, related to Figures 2, 4, and 5

(A) Total infections (WT + variant) in simulations with each hypothetical variant, for varying rates of vaccination (vaccination duration, x axis) and time of vaccine

introduction (vaccination start time, y axis); shaded contours represent total infections. (B) Number of infections averted by vaccination; shading represents

number of infections averted. (C) Percentage of infections averted by vaccination; shading represents % infections averted. (D) Total infections with non-

pharmaceutical interventions (NPIs) lifted when vaccination coverage reaches 50% (default condition is NPIs continued indefinitely). (E) Total infections with

vaccination coverage reduced from 100% to 50%. (F) Total infections with baseline vaccine efficacy (against WT) reduced from 95% to 70%. (G) Total infections

with the combination of conditions D through F (vaccination coverage reduced to 50%, vaccine efficacy reduced to 70%, and NPIs lifted when 50% of the

population is vaccinated). Shading in panels D-G represents total infections. (H) Percentage of variant infections composed of reinfections and breakthrough

infections under the combined conditions of panels D through F; shading represents percentage of variant infections occurring in recovered/vaccinated in-

dividuals. Variant introduced at 9 months in all simulations. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility;

variant 2, 80% immune escape; variant 3, 60% greater transmissibility and 80% immune escape.
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Figure S4. Dynamics of WT and variants, in simulations with varying combinations of control measures, for alternative model with higher

degree of immune escape, related to Figure 6

Dynamics of WT and variants in simulations with varying combinations of control measures. (A-D) No vaccination but NPIs in place throughout. (E-H) Default

model conditions (NPIs in place throughout, 100% vaccination coverage, 95% vaccine efficacy against WT). (I-L) NPIs lifted when vaccination coverage reaches

50%. (M-Q) 50% vaccination coverage. (R-U) 70% vaccine efficacy. (V-Y) Combination of three conditions (50% vaccination coverage, 70% vaccine efficacy,

and NPIs lifted when 50% of population vaccinated). In each panel, point on y axis indicates log10 total number of infections. Variant introduced at 9 months in all

simulations; in simulations with vaccination, rollout begins at 12 months and lasts 6 months if final coverage is 100%, 3 months if final coverage is 50%. Solid/

black lines,WT; colored/dashed lines, variants; gray shading, vaccine rollout; dashed vertical line, 50%population vaccinated. All simulations run for an extended

duration of six years (default condition is three years); variant introduced at 9 months; in simulations with vaccination, rollout begins at 12 months and lasts

6 months if final coverage is 100%, 3months if final coverage is 50%. Solid/black lines, WT; colored/dashed lines, variants; gray shading, vaccine rollout; dashed

vertical line, 50% vaccination coverage. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility; variant 2, 80%

immune escape; variant 3, 60% greater transmissibility and 80% immune escape.
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Figure S5. Epidemic outcomes for alternative model with rolling lockdowns, related to Figures 2, 4, and 5

(A) Total infections (WT + variant) in simulations with each hypothetical variant, for varying rates of vaccination (vaccination duration, x axis) and time of vaccine

introduction (vaccination start time, y axis); shaded contours represent total infections. (B) Number of infections averted by vaccination; shading represents

number of infections averted. (C) Percentage of infections averted by vaccination; shading represents % infections averted. (D) Total infections with non-

pharmaceutical interventions (NPIs) lifted when vaccination coverage reaches 50% (default condition is NPIs continued indefinitely). (E) Total infections with

vaccination coverage reduced from 100% to 50%. (F) Total infections with baseline vaccine efficacy (against WT) reduced from 95% to 70%. (G) Total infections

with the combination of conditions D through F (vaccination coverage reduced to 50%, vaccine efficacy reduced to 70%, and NPIs lifted when 50% of the

population is vaccinated). Shading in panels D-G represents total infections. (H) Percentage of variant infections composed of reinfections and breakthrough

infections under the combined conditions of panels D through F; shading represents percentage of variant infections occurring in recovered/vaccinated in-

dividuals. NPIs switch between low intensity (reduce transmission by 30%) and high intensity (reduce by 70%) when the prevalence of infection (lagged by two

weeks) crosses a threshold, which is set to 1% of the population. Variant introduced at 9 months in all simulations. Variant phenotypes are as follows: variant 0,

identical to WT; variant 1, 60% greater transmissibility; variant 2, 40% immune escape; variant 3, 60% greater transmissibility and 40% immune escape.
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Figure S6. Epidemic outcomes for alternative model with all-or-nothing immunity, related to Figures 2, 4, and 5

(A) Total infections (WT + variant) in simulations with each hypothetical variant, for varying rates of vaccination (vaccination duration, x axis) and time of vaccine

introduction (vaccination start time, y axis); shaded contours represent total infections. (B) Number of infections averted by vaccination; shading represents

number of infections averted. (C) Percentage of infections averted by vaccination; shading represents % infections averted. (D) Total infections with non-

pharmaceutical interventions (NPIs) lifted when vaccination coverage reaches 50% (default condition is NPIs continued indefinitely). (E) Total infections with

vaccination coverage reduced from 100% to 50%. (F) Total infections with baseline vaccine efficacy (against WT) reduced from 95% to 70%. (G) Total infections

with the combination of conditions D through F (vaccination coverage reduced to 50%, vaccine efficacy reduced to 70%, and NPIs lifted when 50% of the

population is vaccinated). Shading in panels D-G represents total infections. (H) Percentage of variant infections composed of reinfections and breakthrough

infections under the combined conditions of panels D through F; shading represents percentage of variant infections occurring in recovered/vaccinated in-

dividuals. Variant introduced at 9 months in all simulations. Variant phenotypes are as follows: variant 0, identical to WT; variant 1, 60% greater transmissibility;

variant 2, 40% immune escape; variant 3, 60% greater transmissibility and 40% immune escape.
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Figure S7. Model diagrams and rates of movement between compartments, related to STAR Methods

(A) Default model with ‘‘leaky’’ immunity. (B) Alternative model with ‘‘all-or-nothing’’ immunity. Numbered terms at right give rates of movement associated with

numbered arrows in each diagram.
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