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abstract: Although vaccines against antigenically evolving patho-
gens such as seasonal influenza ; and are designed to protect against
circulating strains by affecting the emergence and transmission of
antigenically divergent strains, they might in theory also be able to
change the rate of antigenic evolution. Vaccination might slow anti-
genic evolution by increasing immunity, reducing the overall prev-
alence or population size of the pathogen. This reduction could de-
crease the supply and growth rates of mutants and might thereby
slow adaptation. But vaccination might accelerate antigenic evolution
by increasing the transmission advantage of more antigenically di-
verged strains relative to less diverged strains (i.e., by positive selection).
Such evolutionary effects could affect vaccination’s direct benefits to
individuals and indirect benefits to the host population (i.e., the pri-
vate and social benefits). To investigate these potential impacts, we
simulated vaccination against a continuously circulating influenza-
like pathogen in a simple population. On average, more vaccina-
tion decreased the incidence of infection. Notably, this decrease
was driven partly by a vaccine-induced decline in the rate of antigenic
evolution. To understand how the evolutionary effects of vaccines
might affect their social and private benefits, we fitted linear panel
models to simulated data. By slowing evolution, vaccination increased
the social benefit and decreased the private benefit. Thus, vaccina-
tion’s potential social and private benefits may differ from current the-
ory, which omits evolutionary effects. These results suggest that con-
ventional vaccines against influenza and other antigenically evolving
pathogens, if protective against transmission and given to the ap-
propriate populations, could further reduce disease burden by slowing
antigenic evolution.
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Introduction

By strengthening host immunity, vaccination imposes se-
lective pressures on pathogens. Pathogen strains that are
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less susceptible to vaccine-induced immunity can grow
faster within hosts and be transmitted more easily between
hosts than strains that cannot. This evolution can take
the form of increased virulence, well established in theory
(Levin and Pimentel 1981; Anderson and May 1982; Frank
1996; Gandon et al. 2001; Day and Proulx 2004; Alizon and
van Baalen 2005) and demonstrated in the increasing
virulence of Marek’s disease virus to vaccination of poultry
(Witter 1997; Atkins et al. 2013; Read et al. 2015). Patho-
gens can also evade vaccine-induced immunity by altering
the targets of the adaptive memory responses. A simple
form of vaccine-induced antigenic evolution has been shown
repeatedly in humans after rollouts of pneumococcal con-
jugate vaccines, which led to the replacement of target
serotypes (included in the vaccines) by nontarget sero-
types (Hanage et al. 2010; Pilishvili et al. 2010; Weinberger
et al. 2011; Feikin et al. 2013; Waight et al. 2015; Ladhani
et al. 2018). In this case, previously circulating nontarget
serotypes rose in prevalence as their competitors were sup-
pressed by serotype-specific vaccine-induced responses.
In contrast, other pathogens, including many RNA viruses,
regularly evolve new antigenic variants that are selected by
immunity from natural infection. This pattern of antigenic
evolution driven by rapid mutation and immune-driven
positive selection is exemplified by seasonal influenza viruses.
Effective vaccines against such antigenically evolving patho-
gens have enormous potential to reduce disease burden, but
the value of vaccines could be substantially increased or de-
creased after accounting for their evolutionary impacts in
ways that are difficult to predict.

In theory, vaccines might slow or accelerate the antigenic
evolution of antigenically evolving pathogens (Kimura 1979;
Ohta 1992; Otto and Whitlock 1997; Gog and Grenfell
2002; Boni et al. 2006; Desai and Fisher 2007; Arinamin-
pathy et al. 2012; Good et al. 2012; Kucharski and Gog
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2012; Subramanian et al. 2016). When vaccines retain some
effectiveness against antigenic variants, they can reduce the
overall prevalence of infection. By reducing the prevalence
of infection, vaccination reduces viral population size and
opportunities for antigenic escape mutants to arise. Reduced
transmission rates can lower the invasion fitness of escape
mutants (supplemental PDF, sec. 1.1; eq. [S19]; fig. S1;
figs. S1–S19 are available online) and their fixation proba-
bility (Otto and Whitlock 1997), and thereby the rate of an-
tigenic evolution. Theory and experiment further show that
when multiple asexual populations with multiple benefi-
cial mutations compete and evolve, the rate of adaptation
declines with total population size (Desai and Fisher 2007;
Good et al. 2012). Finally, in very small populations, sto-
chastic extinction dominates selection through genetic drift
(Kimura 1979; Ohta 1992). Some of these mechanisms un-
derlie predictions that a hypothetical universal influenza
vaccine, assumed to protect equally well against all circu-
lating strains, should reduce the rate of antigenic evolution
(Arinaminpathy et al. 2012). However, conventional influ-
enza vaccines might accelerate antigenic evolution if the
vaccine is ineffective against mutant strains that compete
with vaccine-targeted strains, leading to strain replacement
or vaccine escape (Boni et al. 2006; Subramanian et al. 2016).

Evolutionary effects could change the individual-level
and population-level benefits of vaccination, which we re-
fer to as the private and social benefits, respectively. Vacci-
nation confers a private benefit to vaccinated individuals by
directly reducing their risk of infection; on average, the sea-
sonal influenza vaccine reduces the within-season rate of
clinical laboratory-confirmed influenza infections in healthy
adult recipients by 41% (95% confidence interval [CI]: 36%–
47%; Demicheli et al. 2018). Vaccination also confers a so-
cial benefit to the host population by reducing the burden
of disease, although these effects are rarely measured. In
the United States, vaccinating children has reduced the
risk of symptomatic and clinical influenza infection in
unvaccinated household contacts by 30%–40% (Hurwitz
et al. 2000; Principi et al. 2003), in the local community by
up to 5%–82% (Loeb et al. 2010), and in a metropolitan
county by up to 59% (Pebody et al. 2015). In Japan, vac-
cinating children reduced mortality in the elderly by 17%–
51% (Charu et al. 2011). The valuation of private and so-
cial benefits changes according to how much vaccination
decreases the burden of disease. Increases in vaccination
coverage have positive private and social benefits until the
level required for herd immunity, at which point the dis-
ease risk (in a closed population) becomes zero, and there
is no further benefit to vaccination (Geoffard and Philipson
1997). If vaccinesslowantigenicevolution andthereby further
decrease incidence, then their social benefit increases rela-
tive to the evolution-free case. However, as the social ben-
efit decreases the risk of infection for the unvaccinated, their
private benefit may fall commensurately. This decline in
the private benefit may be attenuated if slower antigenic
evolution improves the antigenic match between the vac-
cine and circulating strains. In contrast, if vaccines accel-
erate antigenic evolution and increase incidence, then their
social benefit decreases and their private benefit increases
relative to the evolution-free case.

Empirical estimates of the benefits of influenza vaccina-
tion have so far been unable to measure such potential evo-
lutionary effects, partly because most vaccination occurs
in seasonal populations where influenza regularly becomes
extinct locally. Most studies estimating the value of influ-
enza vaccination occur in temperate populations in North
America, Europe, and Oceania (Osterholm et al. 2012; Belon-
gia et al. 2016). Although these regions have relatively
high vaccination coverage (up to ∼40%; Palache et al. 2015;
Wen et al. 2018), seasonal extinctions prevent these pop-
ulations from consistently contributing to influenza’s long-
term antigenic evolution (Bedford et al. 2010, 2015). Con-
sequently, vaccination in these regions is unlikely to have
lasting global effects. By contrast, few studies (Tam et al.
2007) have been done in so-called source populations that
contribute more to influenza’s evolution (e.g., China and
India; Bedford et al. 2010, 2015). These populations have
!1% vaccination coverage (Palache et al. 2015). Thus, al-
though the global supply of influenza vaccines can cover
up to ∼8% of the global population (Palache et al. 2015,
2017), the spatial distribution of current vaccination cov-
erage implies that vaccination is unlikely to have lasting
global effects.

To investigate how vaccination might affect a patho-
gen’s rate of antigenic evolution, we consider the conse-
quences of a hypothetical scenario in which vaccination
occurs in a closed population where an influenza-like path-
ogen circulates continuously. Unlike previous approaches,
the model allows open-ended antigenic evolution in a large
population and can thus incorporate dynamics missing
from models that assume only a few strains. Although mo-
tivated by influenza, the results are conceptually generaliz-
able to other antigenically evolving pathogens with similar
life histories. We first evaluated how different amounts of
vaccination can slow antigenic evolution and in turn de-
crease the total burden of disease. We then quantified how
the evolutionary effects change the private and social ben-
efits of vaccination relative to when evolutionary effects are
ignored.
Methods

Modeling Approach

To understand how vaccination on a global scale could af-
fect the long-term antigenic evolution of an antigenically
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evolving pathogen, we adapted an agent-based model to
simulate the transmission and evolution of an influenza-
like pathogen over 20 years in a closed, well-mixed pop-
ulation (Bedford et al. 2012). This simple model allows
us to isolate the effects of vaccination on antigenic evolu-
tion as we vary vaccination coverage, breadth, and other
factors. We chose to formulate and parameterize the model
to reproduce the ecological and evolutionary dynamics of
the seasonal influenza A/H3N2 subtype because H3N2
has circulated continuously in humans since 1968 and ex-
emplifies a successful antigenically evolving pathogen. We
do not aim to explicitly model all ecological and evolu-
tionary processes (such as metapopulation structure, sea-
sonality, temporal variation in population size, and age-
assortative mixing) and instead seek to derive general
principles for how vaccination affects pathogen evolution.

In each time step of a tau-leaping algorithm, individuals
can be born, can die, can become infected after contacting
other hosts, can recover from infection, or can be vacci-
nated. Transmission occurs by mass action, with the force
of infection given by

l(t) p b
I(t)
N

, ð1Þ

where I is the number of infected hosts. For computational
efficiency, individuals cannot be coinfected.

Antigenic phenotypes are represented as points in two-
dimensional Euclidean space (fig. 1A). This space is anal-
ogous to the main components after multidimensional
scaling of pairwise measurements of cross-reactivity in
hemagglutination inhibition (HI) assays, used to measure
antigenic difference between influenza viruses (Smith et al.
2004; Bedford et al. 2014). In HI assays, one antigenic unit
of distance represents a twofold dilution of antiserum. At
the beginning of the simulation, a single founding strain is
introduced at the endemic equilibrium in the host popu-
lation. When hosts recover from infection, they acquire
lifelong immunity to the infecting strain. In reality, immu-
nity to infecting strains of influenza appears to last on the
order of decades, if not longer (Kung et al. 1978; Nakajima
et al. 1978; Rozo and Gronvall 2015). Thus, the assumption
of lifelong immunity to the infecting strains is appropriate
over a 20-year simulation. On contact with an infected host,
the probability that the susceptible host becomes infected
is proportional to the distance dn between the infecting
strain and the nearest strain in the susceptible host’s infec-
tion history, with one unit of antigenic distance conferring a
7% absolute increase in risk (eq. [3]; Gupta et al. 2006; Park
et al. 2009; Bedford et al. 2012). Consequently, although im-
munity to the infecting strain is lifelong, immunity to circu-
lating strains in general decays over time as new antigenic
variants emerge and spread.
Each infection mutates to a new antigenic phenotype at
a rate m mutations per day. The mutation’s radial direction
is drawn from a uniform distribution, and the size (dis-
tance) is drawn from a gamma distribution with mean dmean

and standard deviation dsd (fig. 1D; table S1; tables S1–S3
are available online).
Model Validation and Choice of Parameters

We find agreement between the model’s epidemiological
dynamics when comparing against analytic expectations
without evolution, which indicates that the transmis-
sion dynamics behave as expected (supplemental PDF,
sec. 1.2; figs. S2–S5). With evolution and without vaccina-
tion, the model reproduces characteristic epidemiological
and evolutionary patterns of the seasonal A/H3N2 sub-
type (fig. 1A, 1B). We investigated the credibility of the
model without vaccination because the evolution of H3N2
appears driven by populations with negligible vaccination
rates; the dominant source populations have nearly 0%
vaccine coverage (Bedford et al. 2014; Palache et al. 2015,
2017). We chose transmission and mutation parameters
(table S1) such that simulated epidemiological and evolu-
tionary patterns most resembled qualitative patterns and
quantitative metrics observed for H3N2 (table 1; Wen et al.
2016). H3N2 has remained endemic in the human popula-
tion since its emergence in 1968 and also has low standing
genetic and antigenic diversity. Because of the stochastic
nature of the simulations, the viral population becomes
extinct 18% of the time and becomes too diverse 29% of
the time across replicate simulations. A viral population is
considered too diverse when the time separating two co-
circulating lineages (time to most recent common ancestor
[TMRCA]) exceeds 10 years (Bedford et al. 2012; Wen et al.
2016), since recent H3N2 HA lineages have coexisted for
no more than 8 years. The remaining 53% of simulations
show qualitatively influenza-like dynamics that reproduce
key epidemiological and evolutionary statistics of H3N2
(table 1).

That 47% of simulations are not H3N2-like does not
necessarily imply that the model is inaccurate. The H3N2
lineage circulating since 1968 represents only a single in-
stance of that subtype’s global evolution; future evolu-
tionary patterns may diverge from historical trends. For
example, two lineages of influenza B emerged approxi-
mately 30 years ago and have cocirculated since, demon-
strating an instance of high diversity in influenza. The un-
usually high diversity of H3N2 lineages that cocirculated
before the COVID-19 pandemic (Hadfield et al. 2018) sug-
gests that it might be capable of similar dynamics, which
were not foreshadowed by the prior few decades of ob-
servation. However, for this model we use a conservative
definition of H3N2-like evolution based on historical
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observations (Bedford et al. 2012; Wen et al. 2016). Ex-
tinctions are also not unexpected in a closed population.
A more realistic metapopulation structure might provide
some buffer against extinctions (Fox et al. 2017) but would
not change the effects of vaccination, assuming that vacci-
nation is distributed evenly in space.

While we parameterize the model to maximize the
probability of observing H3N2-like evolutionary behavior
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Figure 1: Properties of the model. A, Antigenic phenotypes are represented as red points in two-dimensional space (AG1 is antigenic di-
mension 1, and AG2 is antigenic dimension 2). The shading of the points corresponds to the time when the strains appear. Over time, new
strains appear because old strains can no longer transmit to immune hosts. Viral evolution is mostly linear in antigenic space. The amount
of evolution is calculated as the distance between the founding strain and the average phenotype of strains circulating at the end of the
simulation. Vaccine strains (triangles) are chosen at the beginning of each year by averaging the antigenic phenotype of all circulating
strains. B, Incidence per 10 days for 20 replicate simulations. Cumulative incidence (not shown) is calculated as the sum of cases over
the duration of the simulation. Although the depicted model output is without vaccination, a hypothetical vaccine distribution schedule
is shown by the bars and triangles. Strain selection occurs on the first day of each year. The vaccine is then distributed beginning 300 days
after strain selection for 120 days. The triangles indicate the time points of vaccine strain selection, and the matching colored bars indicate
the corresponding window of vaccine distribution for the selected vaccine strain. C, On contact, the risk of infection increases linearly with
the distance between the infecting strain and the strain in the host’s infection or vaccination history that minimizes the risk of infection
(eq. [3]). In this example, for illustrative purposes vaccines confer half the breadth of natural immunity (b p 0:5). However, by default we
simulate vaccines that have the same breadth as natural immunity (b p 1:0). D, The sizes of antigenic mutations are chosen from a gamma
distribution. The radial directions (not pictured) of mutations are chosen from a random uniform distribution.
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without vaccination, we recognize that vaccination has the
potential to drive the viral population into non-H3N2-like
evolutionary regimes. We examine all simulations in dif-
ferent parts of the analysis, described in the “Model Out-
put” and “Results” sections.
Modeling Vaccination

To assess the potential effects of vaccination on antigenic
evolution and disease burden, we introduced vaccination
to the host population. Vaccination occurs at an annual
vaccination coverage r (i.e., the fraction of the population
that is vaccinated each year), breadth b (relative to natural
immunity), and lag v (relative to the timing of strain selec-
tion). The vaccine strain is selected on the first day of each
year. The antigenic phenotype of the vaccine strain is the
average (in two-dimensional antigenic space) of contem-
poraneous circulating strains. In reality, strains are consid-
ered for inclusion in the vaccine if they are considered
likely to spread (e.g., those that circulate at high frequency
or those that are highly antigenically diverged; CDC
2015). By default, the vaccine is distributed for 120 days.
This schedule approximates influenza vaccine distribution
in the United States, which usually runs from September
through February and peaks in October or November, 8–
9 months after strain selection (CDC 2015). During the pe-
riod of vaccine distribution, individuals are randomly vac-
cinated at a constant daily Poisson rate according to the
specified annual vaccination coverage (eq. [2]). Improve-
ments to vaccine production (e.g., using messenger RNA
vaccines) may shorten the delay between strain selection
and vaccine deployment in the future (Newland et al. 2021):

rday p
rannual

 duration of vaccine distribution in days
: ð2Þ

Vaccination is implemented to reflect individuals’ ten-
dency to follow the same pattern of vaccination from year
to year. Observational studies in Canada and the United
States show that 65%–88% of vaccine recipients in a given
season were also vaccinated in the previous season (Mc-
Lean et al. 2014; Arevalo et al. 2020; Kwong et al. 2020; Lind-
ley et al. 2020), and 24%–40% of adults have never received
an influenza vaccine (McLean et al. 2014; Uscher-Pines et al.
2014; Arevalo et al. 2020). Accordingly, in our model vac-
cinated hosts have an 80% chance of also being vaccinated
in the next season, and 33% of hosts are never vaccinated.
Under this vaccination strategy, the annual vaccination
coverage remains constant, but the fraction of hosts who
have been vaccinated at least once increases over time
(fig. S19). The details of the implementation are described
in section 2.1 of the supplemental PDF.

We also tested the effects of the breadth of immunity
conferred by vaccination. The vaccine’s breadth b is de-
fined as the ratio of the vaccine-induced immunity to that
of infection-induced (or “natural”) immunity (fig. 1). Vac-
cines with b p 1 have breadth identical to natural immu-
nity, whereas vaccines with b ! 1 (b 1 1) have respectively
smaller (larger) breadth compared with natural immunity.
Thus, a host’s probability of infection on contact is given by

risk p P(infectionjcontact) p min

�
1, cdn,

cdv

b

�
, ð3Þ

where dn is the distance between the infecting strain and
the nearest strain in the host’s infection history, dv is the
distance between the infecting strain and the nearest strain
in the host’s vaccination history (if the host is vaccinated),
and c p 0:07 is a constant for converting antigenic dis-
tance to a risk of infection, derived from vaccination stud-
ies (Gupta et al. 2006; Park et al. 2009; Bedford et al. 2012).
By default, the breadth of vaccine-induced and natural im-
munity are equal (b p 1).
Model Output

We quantified vaccination’s effects on viral evolution and
epidemiology using four metrics: cumulative antigenic dis-
tance evolved, cumulative incidence, the probability of ex-
cessive diversity, and the probability of extinction. While
Table 1: Agreement between simulated and empirically measured epidemiological and evolutionary metrics of H3N2
Metric
 Simulated value (SD)
 Empirical estimate
TMRCA (years)
 3.80 (.52)
 3.84 (Bedford et al. 2015)

Antigenic evolutionary rate (antigenic

units/year)
 1.09 (.14)
 1.01 (Bedford et al. 2014)

Annual incidence per person (%)
 9.0 (1.0)
 9–15 (WHO 2014)

Time between infections (years, 1/annual

incidence)

11.1 (1.3)
 5–11 (Axelsen et al. 2014; Du et al. 2017;

Ranjeva et al. 2019)
Note: Simulated values are averages over 20 replicate simulations. TMRCA p time to most recent common ancestor.
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the model is parameterized to maximize the frequency
of influenza-like evolution, we still analyze non-influenza-
like behaviors (extinction and diversification) as possible
outcomes of vaccination that have yet to be observed in
reality because of low global vaccination coverage. First,
because influenza evolves roughly linearly in two anti-
genic dimensions (Smith et al. 2004; Bedford et al. 2012,
2014), we measured the cumulative amount of antigenic
evolution by calculating the antigenic distance between
the founding strain’s antigenic phenotype and the aver-
age antigenic phenotype of strains circulating at the end
of the simulation (fig. 1). We estimated cumulative anti-
genic evolution only in simulations that were not too di-
verse (TMRCA ! 10 years), since this metric is inadequate
for viral populations with deep branching. Second, we mea-
sured the burden of disease by calculating the cumulative in-
cidence, or the total number of cases over the duration of the
simulation divided by the population size (fig. 1). Third, we
calculated the probability that viral populations would be-
come too diverse (TMRCA 110 years), since vaccination
may qualitatively alter evolutionary patterns. Viral popula-
tions that are too diverse can cause high incidence because
hosts are unlikely to have immunity against distant antigenic
variants. Fourth, we calculated the probability of extinction
by calculating the fraction of simulations that became ex-
tinct out of 500 replicates.
Measuring Evolutionary Effects of Vaccination

To estimate the contribution of evolution to vaccination’s
epidemiological impact, we compared simulations in which
vaccination could affect antigenic evolution to simula-
tions where it could not (fig. S9). To generate the latter,
we created a simulation where vaccination could not affect
antigenic evolution, the “static” simulation (fig. S9). We
first ran 500 simulations of the model without vaccination
to be used as a reference. For each simulation, we recorded
the circulating strains and their relative abundances at
each time step to use as reference viral populations. The
evolution of these reference viral populations is unaffected
by vaccination, since they were obtained from simulations
without vaccination.

To run the static simulation where vaccination could
not affect antigenic evolution, we first randomly selected
one of the reference viral populations. In each time step
of the static simulation, the composition of the viral pop-
ulation was replaced with that of the reference viral pop-
ulation at the matched time step, scaled for prevalence. In
this way, vaccination could still alter the overall viral
abundance, but the rate of antigenic evolution had already
been set by the dynamics of the simulation without vacci-
nation (fig. S10). Thus, vaccination was separated from
the evolutionary process.
Estimating the Private and Social
Benefits of Vaccination

A linear panel regression model was fitted to simulated
panel data to identify the private and social benefits of vac-
cines over 20 years. The social benefit is also known as the
“indirect effect” and the private benefit is also known as
the “direct effect,” as defined in Halloran et al. (1991).

To generate panel data, we ran simulations at six annual
vaccination coverages r (0%, 1%, 5%, 10%, 20%, and 30%)
and recorded individual hosts’ dates of infection and vac-
cination. We ran 20 replicates for each unique combination
of rate and breadth and randomly sampled 2,500 individ-
uals (0.005% of the entire host population) at the end of
each simulation for analysis, yielding up to 2 million ob-
servations for each fitting. If a simulation was terminated
early because the virus became extinct before 20 years, ad-
ditional data points were filled in according to the initial
vaccination rate and assuming no new infections. We fitted
a linear panel model (eq. [4]) to the simulated longitudinal
vaccination data from multiple simulations j. Observations
are at host i level in each season t (for a hypothetical ex-
ample, see table S2). The dependent indicator variable Iijt
equals 1 if a host is infected at any point in the current sea-
son t and 0 otherwise. The indicator Vijt equals 1 if a host is
vaccinated in the current season. Analogously, lags Vijt2k

measure vaccination in period t2 k and are included to
measure the benefits of vaccination that persist from previ-
ous seasons. The vaccination rate indicators Rrij equal 1 if
the annual vaccination in the host population is equal to
r% (e.g., when the rate is 5%, thenR5ij p 1). The regression
is estimated as a linear panel model (with random effects) in
order to simplify interpretation of reported coefficients.
Standard errors are clustered at the simulation level to ac-
count for correlation in outcomes across hosts in a simula-
tion. The estimated equation is

Iijt p b0 1 b1R1ij 1 b2R5ij 1 b3R10ij 1 b4R20ij 1 b5R30ij

1b6R1ijVijt 1 b7R1ijVijt21 1 b8R1ijV ijt22

1b9R1ijVijt23 1 b10R1ijVijt24

1b11R5ijVijt 1⋯1 b15R5ijVijt24

1b16R10ijVijt 1⋯1 b20R10ijVijt24

1b21R20ijVijt 1⋯1 b25R20ijVijt24

1b26R30ijVijt 1⋯1 b30R30ijVijt24

1 ϵi 1 ujt:

The fitted coefficients estimate the absolute change in
the probability of infection given the host population’s vac-
cination coverage and an individual’s vaccination status.
We converted these absolute risks to odds ratios in keeping
with standard reporting of influenza vaccine effectiveness.
For example, ((b1 1 b0)=(1 2 (b1 1 b0)))=(b0=(1 2 b0))

ð4Þ
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gives the odds ratio of infection for an unvaccinated
individual’s risk of infection in the current season when
the population vaccination coverage is 1% relative to the
odds of infection in an unvaccinated population. The same
formula applied to bx for x ∈ f1, 2, 3, 4, 5g represents the
social or indirect benefits of vaccination under different
vaccination policies.

The model is interacted (b6 tob30) to estimate the private
benefit for each vaccination coverage. Thus, ((b6 1 b0)=
(1 2 (b6 1 b0)))=(b0=(1 2 b0)) gives the ratio of the odds
of becoming infected in the current season for a host who
has been vaccinated in the current season and is in a pop-
ulation with an annual vaccination coverage of 1% relative
to the odds of infection for a host who is in a population
with a 1% vaccination coverage but has not been vacci-
nated in 5 years. Likewise, ((b7 1 b0)=(1 2 (b7 1 b0)))=
(b0=(1 2 b0)) estimates the ratio of odds of becoming in-
fected in the current season given vaccination one season
ago and living under a 1% vaccination coverage policy rel-
ative to an unvaccinated host also living under a 1% vac-
cination coverage policy. More formally,

P10
kp6bk is the

impulse response to vaccination over 5 years and mea-
sures the total individual-level protective benefit of vacci-
nation over time when the vaccination coverage is 1%. The
same reasoning applies to the terms associated with the
other four vaccination coverages.

We also estimate the benefits of vaccination directly
from incidence to validate the regression model. To esti-
mate the social benefit (the indirect effect in Halloran
et al. 1991) for a specific vaccination coverage r, we calcu-
late the ratio of the odds of infection for an unvaccinated
host in a vaccinated population relative to the odds of infec-
tion in an unvaccinated population. For x ∈ f1, 2, 3, 4, 5g,

socialp 1 2

P(I p 1jR p r)
1 2 P(I p 1jR p r)
P(I p 1jR p 0)

1 2 P(I p 1jR p 0)

2
664

3
775#100% ð5Þ

p [1 2 exp(bx)]#100%: ð6Þ
To estimate the private benefit, we calculate an analogous
odds ratio relative to the odds of infection for an unvacci-
nated host in the same vaccinated population. For y ∈
f6, ::: , 30g,

private p 1 2

P(I p 1jV p 1 & R p r)
1 2 P(I p 1jV p 1 & R p r)
P(I p 1jV p 0 & R p r)

1 2 P(I p 1jV p 0 & R p r)

2
664

3
775#100%

ð7Þ

p [1 2 exp(by)]#100%: ð8Þ
Results

Vaccination Reduces the Average Amount of Antigenic
Evolution and Disease Burden

For an influenza-like pathogen, vaccination reduces the
average amount of antigenic evolution (Spearman’s r p
20:81, P ! :001) and incidence (Spearman’s r p 20:92,
P ! :001; fig. 2) when the breadth of immunity from vac-
cination is the same as that of infection. Without vac-
cination, the viral population evolves on average 20.7
(SD p 3:1) antigenic units and causes an average of 1.7
(SD p 0:2) cases per person over the 20-year simulation.
By reducing susceptibility in the host population and the
supply of beneficial mutations, vaccination decreases the
number of cases and the average size of surviving muta-
tions, thus weakening selection for antigenic novelty and
increasing the strength of drift. In turn, slower antigenic
evolution further reduces transmission, often driving the
virus extinct. Once extinct, the viral population can no
longer evolve or cause new infections. Above 20% vaccina-
tion coverage, extinction typically occurs within 4.1 years
(SD p 1:8; fig. S6).

Eliminating the delay between strain selection and vac-
cine distribution reduces the amount of antigenic evolution
(Wilcoxon rank-sum test, P ! :001) and incidence (Wil-
coxon rank-sum test, P ! :001) even more (fig. S7). For ex-
ample, with a 300-day delay between vaccine strain selec-
tion and distribution at 15% vaccination coverage, the
virus evolves a cumulative 9.3 (SD p 5:9) antigenic units
and causes an average of 0.45 (SD p 0:31) cases per person
over the 20-year simulation. With zero delay at the same
vaccination coverage, the virus evolves a cumulative 3.6
(SD p 3:4) antigenic units and causes an average of 0.10
(SD p 0:12) cases per person over the 20-year simulation.

Increasing vaccination coverage also decreases the prob-
ability that the viral population becomes too diverse
(fig. S8). Without vaccination, 46.5% of simulations be-
comes too diverse, whereas 34.5% and 9.0% become too
diverse at a 10% and 20% annual vaccination coverage,
respectively. Thus, the reduction in the rate of antigenic
evolution caused by vaccination includes reductions in
diversifying selection.

We next examined how much the reductions in inci-
dence could be attributed solely to the “ecological” effects
of vaccination—the reduction in prevalence and increased
extinction risk from accumulating herd immunity—versus
the combined ecological and evolutionary impacts. We ac-
complish this by comparing the outputs from simulations
where vaccination can affect antigenic evolution to sim-
ulations where vaccination cannot antigenic evolution
(“Methods,” fig. S9). Relative to the case where the
evolutionary effects are blocked, vaccination decreases cu-
mulative antigenic evolution and incidence (fig. 3). The
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maximum absolute evolutionary effect occurs at a 17.5%
annual vaccination coverage, where the virus evolves
6.0 (95% CI p 5:3–6:7) antigenic units and causes 0.25
(95% CI p 0:22–0:28) cumulative cases per person with
evolutionary effects, compared with 11.9 (95% CI p
10:9–12:9) antigenic units and 0.57 (95% CI p 0:52–0:62)
cumulative cases per person years without. At all vaccination
coverages, the virus never evolves more with vaccination
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Figure 3: The evolutionary effects of vaccination further decrease incidence and antigenic evolution. Red points represent simulations
where vaccination can affect antigenic evolution. Blue points represent simulations where vaccination cannot affect antigenic evolution.
Points show the mean cumulative antigenic evolution (A; antigenic units) and incidence (B; infections per person over 20 years) across
all simulations where vaccination does (red) or does not (blue) affect antigenic evolution for each vaccination coverage. Error bars show
95% nonparametric bootstrapped confidence intervals of the means. Data are collected from 200 total simulations for each vaccination cov-
erage and evolutionary condition with excessively diverse simulations excluded, leaving ∼150–180 simulations per rate.
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Figure 2: High vaccination coverage decreases the average amount of cumulative antigenic evolution (A) and cumulative incidence (B).
Points show mean cumulative antigenic evolution or incidence for each level of coverage. Error bars show 95% nonparametric bootstrapped
confidence intervals of the means. Densities are calculated for each coverage level, such that the sum of densities for each level equals 1. Data
are collected across 200 total simulations for each rate with excessively diverse simulations (time to most recent common ancestor of
110 years) excluded, leaving ∼150–180 simulations per rate.
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than without. Thus, the strength of positive selection is not
enough to overcome the factors that slow adaptive evolu-
tion relative to the zero vaccination case.

Eradication is achieved at lower vaccination coverage
when vaccination can affect antigenic evolution compared
with when it cannot. For example, at 36.25% coverage, vac-
cination eradicates the virus 100% of the time (within
7.4 years on average) when vaccines can affect antigenic
evolution but does so only 68% of the time (within 8.7 years
on average) when vaccines cannot affect antigenic evolu-
tion (fig. S6). This shows that vaccination slows evolution
not only through extinction but also by directly slowing
the rate of adaptation while the virus circulates.

The breadth of vaccine-induced immunity and the delay
between vaccine strain selection and distribution change
the impact of vaccination. With narrower vaccines, higher
vaccination coverage is needed to achieve the same aver-
age reductions in cumulative antigenic evolution and in-
cidence using broader vaccines (fig. S11). Regardless of
breadth, distributing vaccines immediately after strain se-
lection (i.e., distributing more antigenically matched vac-
cines) helps vaccines achieve the same average reductions
in evolution and incidence at lower vaccination coverage
(fig. S13).
Vaccine-Driven Excessive Evolution Is Rare

We examined the frequencies of simulations with “exces-
sive evolution” in a multivariate analysis to determine
whether vaccination might ever accelerate antigenic evolu-
tion through directional or diversifying selection. For this
test, we defined excessive evolution as more than 21 anti-
genic units (the average amount of evolution without vac-
cination) over the duration of the simulation or when the
TMRCA exceeded 10 years. We counted the number of ex-
cessively evolved replicate simulations for each vaccina-
tion coverage and breadth. If vaccination increases the rate
of evolution, the frequency of excessively evolved simula-
tions should be greater than that in the vaccine-free case
(fig. S15).

We found that vaccine-driven excessive evolution oc-
curs only at low to intermediate immune breadth (b p
0:1, 0.2, or 0.3) and at low vaccination coverage (fig. S14).
Among the parameters we tested, the most frequent cases
of vaccine-driven excessive evolution occur at 7.5% vacci-
nation coverage with 0.2 breadth, with 73.6% (95% CI p
69:5%–77:4%) of simulations showing excessive evolution
(compared with 67.7% [95% CI p 66:0%–69:4%] without
vaccination). In other words, even when we detect more
frequent excessive evolution, these outcomes are at most
∼9% more common with vaccination relative to without.

When the breadth of immunity from vaccination and
infection are similar (b p 1), instances of excessive evolu-
tion are no more common with vaccination than without
(fig. S15). For any vaccination coverage, however, the viral
populations that survive tend to be more evolved anti-
genically than the ones that become extinct (fig. S11). This
does not mean that vaccination accelerates antigenic evo-
lution. Apparent increases in the amount of antigenic evo-
lution among surviving viral populations generally reflect
selection among simulations (not among viruses within a
simulation) for fast-evolving populations, which appear at
the same rate without vaccination.
Ignoring the Evolutionary Effects of Vaccination
Incorrectly Estimates the Private and Social

Benefits of Vaccination

We next quantified the private and social benefits of vacci-
nation to understand how ignoring evolutionary effects
might bias measurements of the epidemiological effects
of vaccination. We collected panel data consisting of indi-
vidual hosts’ vaccination and infection histories from sim-
ulations where vaccination could affect antigenic evolution
and simulations where it could not affect antigenic evolu-
tion and then fitted linear panel models to these data (“Es-
timating the Private and Social Benefits of Vaccination,”
eq. [4]). We define the social benefit as 1 minus the ratio
of the odds of infection for unvaccinated hosts in a popu-
lation vaccinated at a given rate relative to the odds in an
unvaccinated population (eq. [5]). The social benefit thus
measures the relative reduction in the odds of infection
due to vaccination in the population. We define the private
benefit as 1 minus the odds of infection having been vac-
cinated relative to the risk of infection having not been
vaccinated in a population vaccinated at the given rate
(eq. [7]). These metrics are the same as the direct (stan-
dardly reported as vaccine effectiveness; Osterholm et al.
2012; McLean et al. 2014; Skowronski et al. 2017) and in-
direct effects of vaccination (Halloran et al. 1991).

Across all levels of coverage, the evolutionary impact
of vaccination increases its social benefit. For example,
when vaccination affects antigenic evolution, at 10% an-
nual vaccination coverage, unvaccinated hosts are 49.1%
(95% CI p 48:0%–50:1%) less likely to be infected in a
vaccinated compared with an unvaccinated population
(fig. 4; table S3). When vaccination cannot affect antigenic
evolution, an unvaccinated host in a population vaccinated
at the same rate is only 21.7% (95% CI p 20:7%–22:8%)
less likely to become infected (fig. 4; table S3). The same
trend holds from 5% to 30% vaccination coverage. At 1%
vaccination coverage, the reduction in incidence from vac-
cination is so small that the impact of evolution on social
benefits is indiscernible.

As the social benefit rises, the private benefit falls. This
is due to a mechanical relationship between the social and
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Figure 4: Comparison of the social (A) and private (B) benefits of
vaccination when vaccination can or cannot affect antigenic evolution
at 1%, 5%, 10%, 20%, and 30% annual vaccination coverages. Odds
ratios are calculating using coefficients from a linear panel model fit-
ted to the last 17 years of simulated hosts’ infection and vaccination
histories (eq. [4]; table S3). Vaccination continues at the same rate af-
ter extinction, with no new infections. Mean estimates and 95% con-
fidence intervals are shown. Red lines represent simulations where
vaccination can affect antigenic evolution (dynamic). Blue lines repre-
sent simulations where vaccination cannot affect antigenic evolution
(static). Points are jittered vertically for visualization.
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private benefit. A large social benefit implies a large reduc-
tion in incidence. However, as incidence falls, the marginal
reduction in the risk of infection that an individual gains
from being vaccinated decreases. At 10% annual vaccina-
tion coverage, vaccinated hosts are 22.0% (95% CI p
19:7%–24:4%) less likely to be infected relative to unvac-
cinated hosts when vaccination does affect evolution,
compared with 33.7% (95% CI p 30:8%–36:6%) less likely
when vaccination does not affect evolution (fig. 4; table S3).
Again, the same trend holds from 5% to 30% vaccination
coverage. Although in theory improved antigenic match
between the vaccine and circulating strains at high vacci-
nation coverage (fig. S17) could increase the private bene-
fit at higher vaccination coverage, we find that the overall
evolutionary impact of vaccination reduces the private
benefit.

We find similar results when calculating the social ben-
efit directly from incidence (fig. S16). The general patterns
are also similar with a vaccine that has half the breadth
of natural immunity (b p 0:5; table S3).
Discussion

We found that vaccination against an influenza-like path-
ogen typically slows its rate of antigenic evolution and
thereby reduces disease burden beyond the immediate im-
pact of vaccination on transmission. This is a previously
unrecognized potential benefit of vaccination against anti-
genically evolving pathogens that could lower the thresh-
old for eradication. The evolutionary effects of vaccination
on antigenic evolution affect private and social benefits
differently. Evolutionary effects increase the social bene-
fit of vaccination and concomitantly decrease the private
benefit compared with when evolutionary effects are omit-
ted. Thus, while the evolutionary effects of vaccination
may yield a large public health benefit by further reduc-
ing incidence, they may decrease personal incentives to
vaccinate.

The model is calibrated to reproduce epidemiological
and evolutionary features of influenza A/H3N2, but we ex-
pect these results to generalize to other fast-evolving path-
ogens. For instance, SARS-CoV-2 and previously endemic
human coronaviruses mutate more slowly than influenza
A viruses and show evidence of antigenic evolution (Edridge
et al. 2020; Dejnirattisai et al. 2021; Eguia et al. 2021; Kistler
and Bedford 2021; Madhi et al. 2021; Starr et al. 2021; Yadav
et al. 2021). It has been suggested that vaccination strate-
gies that do not confer nearly perfect protection against
COVID-19 could increase the emergence and spread of
SARS-CoV-2 variants due to heightened selection within
hosts from partial immune pressure (Bieniasz 2021; Saad-Roy
et al. 2021). A contrasting hypothesis posits that within-
host selection for SARS-CoV-2 and other acute respiratory
viruses, including influenza, is inefficient (Cobey et al.
2021). Instead, the overriding evolutionary effect of vac-
cination is to slow adaptation by reducing the emergence
and spread of antigenic variants, which are assumed un-
able to escape vaccine-induced immunity completely. Our
results provide support for this hypothesis. New strains
in our model are extremely unlikely to be perfect escape
mutants (i.e., have large antigenic distance from all prior
strains), resulting in a decline in incidence and prevalence,
and we find that viral adaptation is reliably slowed for all
but the narrowest breadths of vaccine-induced immunity.
This result is largely consistent with expectations from pop-
ulation genetics that the rate of adaptation should decline
with total population size (Desai and Fisher 2007; Good
et al. 2012). However, our model makes the simplifying
assumption that the rate of mutant generation scales line-
arly with prevalence. It thus cannot investigate scenarios
where partially immune hosts might facilitate unusually
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high rates of antigenic evolution. Other models suggest that
at least for influenza, such within-host dynamics are not
a driving force in global evolution (Morris et al. 2020).

Although our simulations show vaccines typically slow
evolution and drive extinction of an influenza-like patho-
gen, other models predict faster evolution or higher inci-
dence under different assumptions. Immune pressure can
accelerate antigenic evolution when some consequences of
finite population sizes and constraints on escape are ig-
nored (Boni et al. 2006). In contrast, stochastic extinctions
in our agent-based model weaken selection in small viral
populations. Vaccines can also accelerate antigenic evolu-
tion locally when the generation of mutants occurs inde-
pendently of population size or vaccination status, for ex-
ample, when antigenic variants are introduced at a fixed
rate (Subramanian et al. 2016; Zarnitsyna et al. 2018; Saad-
Roy et al. 2021). In our model, strains can emerge only sto-
chastically by mutation in infected hosts, so novel strains
are less likely to appear when prevalence is low. In sum-
mary, the stochastic and individual-based features of our
model allow for open-ended evolutionary outcomes. Mech-
anisms that slow down and speed up evolution interact
simultaneously, with the net effect of vaccination being
slower antigenic evolution.

While our simple model is intended to test general hy-
potheses, practical aspects of vaccination complicate the
translation of our model to real-world applications. We
highlight three illustrative examples for influenza. First, in-
fluenza vaccination is concentrated in a few temperate
populations (e.g., in the United States and Europe) rather
than in the populations that contribute most to influ-
enza’s evolution (East Asia, South Asia, and Southeast
Asia; Bedford et al. 2010, 2015; Palache et al. 2015). Con-
sequently, current vaccination likely has limited impact
on influenza’s persistence because the populations that
sustain influenza circulation are mostly unvaccinated. Sec-
ond, the influenza vaccine appears to protect only par-
tially against infection, even when there is a good antigenic
match between vaccine and circulating strains (Skowronski
et al. 2017; Cobey et al. 2018; Lewnard and Cobey 2018).
Thus, the effective amount of vaccine-induced protec-
tion in a population is probably lower than coverage esti-
mates would suggest, and protection is lower still if vac-
cination reduces disease (the typical end point for vaccine
effectiveness studies) more than transmission. This implies
higher coverage or a more immunogenic vaccine might
be necessary to achieve the impacts described here. Third,
a different model might be needed if some fraction of vac-
cinated or infected individuals have distinctly different im-
mune responses (e.g., some individuals fail to respond to
the vaccine or have especially strong immune responses;
Nakajima et al. 2000; Cobey and Pascual 2011; Lewnard
and Cobey 2018; Georgieva et al. 2019).
Improved understanding of a pathogen’s fine-scale evo-
lutionary and immunological dynamics might shift the
expected impact of vaccination. For instance, the rate of
vaccine-driven evolution is sensitive to transmission rates
and the distribution of mutation sizes (Wen et al. 2016).
We chose transmission and mutation parameters such that
the simulated epidemiological and evolutionary dynamics
match those of H3N2 (Bedford et al. 2012; Wen et al. 2016).
Increasing the mutation rate, skewing the distribution of
mutation sizes toward large mutations, and increasing
the transmission rate each increase the rate of antigenic
evolution and the tendency for viral populations to diver-
sify (Bedford et al. 2012; Wen et al. 2016). While our model
assumes that an individual’s immune responses against
multiple infections or vaccinations are independent, im-
munity from prior influenza infection or vaccination af-
fects subsequent immune responses (Smith et al. 1999).
Consistent with this hypothesis, there is evidence that influ-
enza vaccination history (McLean et al. 2014; Skowronski
et al. 2017) and recipient age (also a proxy for infection his-
tory; McLean et al. 2015) affect vaccine efficacy and cross-
reactivity. Heterogeneity in adaptive immune responses
could require more complex representations of pathogen
evolution in strain space (e.g., multiple antigenic maps;
Cobey and Hensley 2017).

We found that vaccination against an influenza-like
pathogen is unlikely to accelerate evolution, assuming that
the breadth of vaccine-induced immunity is similar to that
of natural immunity. In simulations, vaccine-driven ac-
celerated antigenic evolution occurs only when the breadth
of vaccine-induced immunity is much narrower than that of
natural infection, and then only at low vaccination cover-
age. The relative breadths of vaccine-induced and natural
immunity are uncertain, especially since the basis of protec-
tion from infection is not precisely known. For influenza,
vaccines and natural infection induce similarly broad anti-
body responses to the top of the hemagglutinin surface pro-
tein (i.e., as measured by serum HI), suggesting comparable
breadth of immunity (Fonville et al. 2014), although vac-
cines typically do not match circulating strains at (or some-
times even contain) the neuraminidase. However, unlike
infection, inactivated vaccines cannot induce cross-reactive
CD81 T cell responses (He et al. 2006), which would suggest
narrower breadth of vaccine-induced immunity. Immune
memory affects the specificity of responses to influenza an-
tigens (Davenport and Hennessy 1956, 1957; Linderman
et al. 2014; McLean et al. 2014; Cobey and Hensley 2017;
Zost et al. 2017; Kwong et al. 2020; Lindley et al. 2020), in-
cluding the breadth of vaccine-induced and natural immu-
nity, in ways that are still challenging to predict.

In theory, universal vaccines that immunize against all
strains necessarily slow antigenic evolution by not dis-
criminating between antigenic variants (Arinaminpathy
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et al. 2012). Our results, however, suggest that conven-
tional vaccines against antigenically evolving pathogens
already have this potential. For influenza, increasing sea-
sonal vaccine immunogenicity and coverage, especially in
populations that contribute substantially to influenza’s
evolution, could help realize similar evolutionary bene-
fits. However, if vaccination further reduces disease bur-
den, people may require more incentives to get vaccinated
(Chapman and Coups 1999; Brewer et al. 2007; Galvani
et al. 2007).
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