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1 Abstract

Although vaccines against seasonal influenza are designed to protect against currently circulating strains,
they may also affect the emergence of antigenically divergent strains and thereby change the rate of antigenic
evolution. Such evolutionary effects could change the benefits that vaccines confer to vaccinated individuals
and the host population (i.e. private and social benefits). To investigate vaccinations potential evolutionary
impacts, we simulated the dynamics of an influenza-like pathogen in an annually vaccinated host population.
On average, vaccination decreased the cumulative amount of antigenic evolution of the viral population and
the incidence of disease. Vaccination at a 5% random annual vaccination rate (48% cumulative vaccine
coverage after 20 years) decreased cumulative evolution by 56% and incidence by 76%. To understand how
the evolutionary effects of vaccination might affect its private and social benefits over multiple seasons, we
fit linear panel models to simulated infection and vaccination histories. Including the evolutionary effects of
vaccination lowered the private benefits by 14% but increased the social benefits by 30% (at a 5% annual
vaccination rate) compared to when evolutionary effects were ignored. Thus, in the long term, vaccines’
private benefits may be lower and social benefits may be greater than predicted by current measurements of
vaccine impact, which do not capture long-term evolutionary effects. These results suggest that conventional
vaccines against seasonal influenza could greatly reduce the burden of disease by slowing antigenic evolution
like universal vaccines. Furthermore, vaccination’s evolutionary effects compound a collective action problem,
highlighting the importance on social policies concerning vaccination.

2 Introduction

As influenza evolves from year to year, antigenic differences between previously and currently circulating
strains contribute to low vaccine efficacy [1-4] and high incidence of influenza illness [2L|5]. While vaccines
regularly undergo reformulation to address this mismatch, vaccines may also affect antigenic evolution.
Traditional estimates of the public health benefits of influenza vaccines tend to focus on the benefits of
vaccination in the current season and assume viral evolution is unchanged by the vaccine [6H9]. Accounting
for the evolutionary impact of vaccines, however, may alter assessments of their long-term value.

In theory, seasonal influenza vaccines could slow antigenic evolution [10-13]. Universal vaccines, which
confer immunity against all antigenic variants, slow antigenic evolution by uniformly decreasing the fitness
of all strains |12]. Conventional vaccines against seasonal influenza, which confer narrower immunity, might
also slow antigenic evolution. First, by reducing the prevalence of infection, they reduce viral population size
and thus the probability that antigenic escape mutants will arise. Second, although vaccination increases
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the growth rate of antigenically distant mutants relative to less distant mutants (which can lead to strain
replacement in other pathogens [14-20]), it also increases the amount of immunity in the population. This
increased immunity reduces the growth rate or invasion fitness of escape mutants, slowing the rate of strain
replacement (SI Eq. Fig. . Finally, smaller viral population sizes increase the rate at which
different strains go stochastically extinct, weakening selection for more antigenically diverged strains.

Vaccination’s potential evolutionary effects may change the private and social benefits of vaccination.
Vaccination confers a private benefit to vaccinated individuals by directly reducing their risk of infection:
the inactivated vaccine reduces the within-season rate of influenza infections in healthy adult recipients by
up to 75% [21425]. Vaccination also confers a social benefit to the host population by reducing the burden of
disease, although these effects are infrequently measured. Vaccinating children reduces the risk of influenza
infection in unvaccinated household contacts by 30-40% [26}27], in the local community by up to 5-82% [28],
and in a metropolitan county by up to 59% [29]. The valuation of private and social benefits changes
according to how much vaccination decreases the burden of disease. If vaccines slow antigenic evolution
and thereby decrease incidence, then the social benefit increases. However, the private benefit may fall as
increased herd immunity reduces vaccines’ marginal protective benefit. As the private benefit falls, additional
incentives might be necessary to compensate for less frequent voluntary vaccination [30,31]. A reduction in
antigenic evolution from vaccination could also reduce the need to update vaccines as frequently.

Empirical estimates of the benefits of vaccination have so far been unable to measure the potential long-
term evolutionary effects of vaccination. Vaccination mostly occurs in temperate populations such as North
America, Europe, and Oceania, which do not consistently contribute to the long-term evolution of influenza
viruses [3234]. Yet this is where most studies estimating the value of vaccination take place [21,22]. By
contrast, source populations that contribute more to influenza’s evolution (e.g., China and India) have almost
zero vaccination [32H34], and few studies of vaccination occur there [35].

To assess the potential effects of vaccines on antigenic evolution, we simulated the evolutionary and
epidemiological dynamics of an influenza-like pathogen. We evaluated how different rates of vaccination
may slow antigenic evolution and in turn decrease the total burden of disease. We then quantified how the
evolutionary effects change the relative magnitude of the private and social benefits of vaccination in the
short and long term.

3 Results

3.1 Modeling approach and choice of parameters

We simulated the transmission and evolution of an influenza A H3N2-like pathogen over 20 years in a
well-mixed population [36]. Individuals infected with a strain of the virus can transmit their infection to
susceptible individuals upon contact. The risk of infection given contact depends on the antigenic identities
(phenotypes) of previous infections and the challenging strain. After recovering from infection, individuals
acquire immunity against the infecting strain, whose antigenic phenotype is represented by a point in two-
dimensional Euclidean space (Fig. ) Geometrically distributed mutations displace strains in this space
(Table Fig. ) This space is analogous to the main components after multidimensional scaling of
pairwise measurements of cross-reactivity in hemagglutination inhibition (HI) assays, where one antigenic
unit of distance represents a twofold dilution of antiserum [37,/38]. Each antigenic unit difference in distance
between strains increases susceptibility by 7% (Fig. [IC) [1}/361/39].

The model reproduces characteristic epidemiological and evolutionary patterns of H3N2 in the absence
of vaccination (Fig. ,B). Unvaccinated populations are best for model validation because they contribute
most to the evolution of seasonal influenza in reality [32/34]. We first chose transmission and mutation pa-
rameters (Table such that simulated epidemiological and evolutionary patterns were most likely to reflect
qualitative patterns observed for H3N2 [40]. H3N2 has remained endemic in the human population since
its emergence in 1968 and also has low standing diversity. Due to the stochastic nature of the simulations,
the viral population goes 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 lin-
eages (time to most recent common ancestor, or TMRCA) exceeds 10 years, since recent lineages of H3N2
have coexisted for no more than 5 years [34]. The remaining 53% of simulations that show qualitatively
influenza-like dynamics reproduce ecological and evolutionary statistics of H3N2. The viral population has
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low genealogical diversity with an average TMRCA across replicates of 3.80 years (SD = 0.52), comparable
to empirical estimates of 3.84 years [34]. The path of evolution in antigenic space is mostly constrained to
one dimension (Fig. [1]A), characteristic of H3N2’s antigenic evolution [37,/38]. Antigenic evolution occurs
at an average rate of 1.09 antigenic units per year (SD = 0.14), comparable to observed an observed rate
of 1.01 antigenic units per year [38]. The mean annual incidence is 9.0% (SD = 1.0%). Reported annual
incidence across all types of seasonal influenza ranges from 9-15% [41].
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Figure 1: Properties of the model. (A) Antigenic phenotypes are represented as points in two-dimensional
space (AG1 is antigenic dimension 1 and AG2 is antigenic dimension 2). Over time, new strains appear as
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. Strains are colored according time.
(B) Incidence per 10 days is shown. Cumulative incidence (not shown) is calculated as the sum of cases over
the duration of the simulation. Vaccines are distributed beginning 300 days after strain selection for 120
days. Note that strain selection for the following year occurs during the distribution of the current vaccine
(inset). (C) The sizes of antigenic mutations are chosen from a gamma distribution with mean and standard
deviation dpean and dsq. The radial directions (not pictured) of mutations are chosen from a random uniform
distribution. (C) Upon 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 (Egs.
In this example, vaccines confer half the breadth of immunity as natural immunity (b = 50%).

To assess the potential effects of vaccination on antigenic evolution and disease burden, we introduced
vaccination to the host population. At the beginning of each year, a vaccine strain is selected with the average
antigenic phenotype of circulating strains. In the United States, the seasonal influenza vaccine is typically
distributed from September through February. Distribution usually peaks in October or November, 9-10
months after strain selection [42]. In the model, the vaccine is distributed 300 days after strain selection and
for a period of 120 days. During distribution, individuals are randomly vaccinated at a constant daily rate


https://doi.org/10.1101/162545
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/162545; this version posted July 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

according to the annual vaccination rate (Eq. . Since individuals are randomly vaccinated each year, the
fraction of vaccinated individuals accumulates over time. At a 5% annual vaccination rate, approximately
4.9% of individuals in the population are vaccinated every year and 48.4% of the population has been
vaccinated at least once by the twentieth year (Fig. ) For the same rate, vaccination effectively renders
26.0% of individuals immune when vaccination is in equilibrium with antigenic evolution (Fig. ) We
also tested the effects of the breadth of cross-immunity conferred by vaccination. The vaccine’s breadth b is
defined as the ratio of the vaccine-induced immunity to that of infection-induced (or “natural”) immunity
x100% (Fig. [I). Vaccines with b = 100% have breadth identical to natural immunity, whereas vaccines with
b < 100% (b > 100%) have respectively smaller (larger) breadth compared to natural immunity.

We initially used two metrics to quantify the effects of vaccination on the evolution and epidemiology
of the virus. First, because antigenic phenotypes evolve roughly linearly in two dimensions [36H38], we
measured the cumulative amount of antigenic evolution by calculating the antigenic distance between the
founding strain’s antigenic phenotype and the average antigenic phenotype of strains circulating at the
end of the simulation (Fig. . Second, we measured the burden of disease by calculating the cumulative
incidence, or the total number of cases over the duration of the simulation divided by the population size
(Fig. . In calculating the amount of antigenic evolution and incidence, we included simulations where the
viral population remained endemic or went extinct, and we excluded simulations where the viral population
became too diverse (TMRCA > 10 years) because our measure of cumulative antigenic evolution is inadequate
for branching viral populations.

Because vaccination may qualitatively alter evolutionary patterns of H3N2, we also measured both the
probability that viral populations would become too diverse (TMRCA > 10 years) under different vaccination
regimes. Viral populations that are too diverse have the potential to cause high morbidity because hosts
are unlikely to have immunity against many antigenic variants. Influenza subtypes HIN1 and B evolve
antigenically slower than H3N2 but have greater genetic (and in the case of B, antigenic) diversity at any
time [34}/381143,44] Thus, we chose to examine whether vaccination, by affecting antigenic evolution, could
also impact diversification.

To estimate how much of vaccination’s epidemiological impact was due to evolutionary effects, we com-
pared simulations in which vaccination could affect antigenic evolution to simulations where it could not.
We generated the latter by first running a set of simulations without vaccination and recording strain phe-
notypes and relative abundances at every time step to use as a reference. Then, in each time step of the
simulations with vaccination, we replaced all infections with contemporary strains from an unvaccinated
reference simulation at the same frequencies. In this way, we obtained simulations in which the temporal
changes in strain frequencies were unaffected by vaccination.

3.2 Vaccination reduces the average amount of antigenic evolution and disease
burden

Vaccination reduces the average amount of antigenic evolution (Spearman’s p = —0.75, p < 0.001) and
incidence (Spearman’s p = —0.86, p < 0.001, Fig. [2)) when the breadth of vaccine-induced immunity is
the same as that of infection. Without vaccination, the viral population evolves on average 21.5 (SD =
3.3) antigenic units and causes an average of 1.8 (SD = 0.2) cases per person over the 20-year simulation.
By reducing susceptibility in the host population, vaccination decreases the number of cases and slows the
rate of antigenic evolution. In turn, slower antigenic evolution further reduces the force of infection, often
driving the virus extinct. Once extinct, the viral population can no longer evolve or cause new infections.
Above a 10% annual vaccination rate, extinction occurs rapidly, typically within 2.3 years (SD = 0.6, Fig.
. Compared to vaccines distributed 300 days after strain selection, vaccines distributed immediately
after strain selection further reduce antigenic evolution (Wilcoxon rank-sum test, p < 0.001) and incidence
(Wilcoxon rank-sum test, p < 0.001) (Fig. [S4)).
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Figure 2: High vaccination rates decrease the average amount of (A) cumulative antigenic evolution and (B)
cumulative incidence. The solid white lines show LOESSs fit to cumulative antigenic evolution and incidence
across all simulations. The dotted white lines show fits for simulations where the viral population survived
until the end of the simulation. The dashed white lines show fits for simulations where the viral population
went extinct. Shaded areas show 95% confidence intervals.

Increasing the vaccination rate also decreases the probability that the viral population becomes too
diverse (TMRCA > 10 years, Fig. [S5)). Thus, vaccination is unlikely to increase morbidity from diversifying
viral populations.

Relative to the case where the evolutionary effects of vaccination are blocked, vaccination with evolu-
tionary effects decreases both the rate of antigenic evolution and the burden of disease (Wilcoxon rank-sum
test, p < 0.001), (Fig. . Also relative to the same baseline, eradication is achieved a lower vaccination
rate. At an 8.5% annual vaccination rate (~ 20% cumulative vaccine coverage within 5 years), vaccination
eradicates the virus 100% of the time (within 3.3 years on average) when vaccines can affect evolution but
only does so 68% of the time (within 5.6 years on average) when vaccines cannot affect evolution.

Although high vaccination rates appear to increase the amount of antigenic evolution in surviving pop-
ulations, they do so by reduce the probability that less evolved strains survive.
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Figure 3: Vaccination further decreases incidence when vaccines can affect antigenic evolution compared
to when they cannot. Purple lines represent simulations where vaccination can affect antigenic evolution.
Yellow lines represent simulations where vaccination cannot affect antigenic evolution. The solid lines show
LOESS fits to cumulative (A) antigenic evolution and (B) incidence across all simulations. The dotted lines
show LOESS fits for simulations where the viral population does not go extinct. Shaded areas show 95%
confidence intervals.
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3.3 Narrow breadth of vaccine-induced immunity is associated with more anti-
genic evolution and disease burden

More vaccination always reduces the average amount of antigenic evolution and incidence across all sim-
ulations, regardless of breadth (Fig. ,B), mainly because vaccination drives strains extinct. However,
contingent on the unlikely survival of the viral population, vaccines with narrow breadth (b < 100%) are
associated with more evolved viral populations that can occasionally cause more disease than without vac-
cination (Fig. ,D). In these cases, more vaccination does not directly increase the rate of antigenic
evolution, but instead drives slow-evolving viral populations extinct while occasionally allowing persistence
of fast-evolving populations (Fig. . Thus, any apparent increase in the amount of antigenic evolution
among survivors reflects “selection” for fast-evolving populations that would also appear in the absence of
vaccination.

Compared to vaccines with 100% breadth, vaccines with narrower breadth are associated with survival
of more evolved viral populations. For example, under vaccines with a 30% breadth and a 15% annual
vaccination rate, to survive for 20 years, viral populations must evolve 15.6% more relative to no vaccination
(Wilcoxon rank-sum test, p < 0.001) (Fig. [4C). Under vaccines with moderate to large breadth (b = 50%
or 70%), surviving viral populations are further evolved (Fig. ) but the average amount of cumulative
evolution is less compared to vaccines with narrow breadth (b = 20% or 30%) (Fig. ) This is because
only the furthest evolved viral populations can survive vaccination at large breadth, while less evolved viral
populations can still survive vaccination at narrow breadth. At extremely narrow breadth (b = 5% or 10%),
even slow-evolving viral populations survive, so vaccination decreases antigenic evolution on average among
all viral populations and among surviving viral populations. Together, these results suggest that fast-evolving
viral populations are more likely to survive under vaccination using vaccines with narrow breadth.

Even though surviving viral populations are more evolved under vaccines with greater breadth, they do
not always lower incidence. For example, above a 5% annual vaccination rate using vaccines with a 50%
breadth, surviving viral populations evolve 4.5% more (Wilcoxon rank-sum test, p < 0.001) than without
vaccination but still cause 10% fewer cases (Wilcoxon rank-sum test, p < 0.001). In these situations, the
viral population’s survival requires more evolution, but strong herd immunity limits prevalence. In the limit
of 100% breadth, viral populations would theoretically have to be extremely antigenically evolved to survive,
but strong herd immunity makes survival extremely unlikely. Thus, although more antigenic evolution
usually correlates with more disease (Spearman’s p = 0.92,p < 0.001), vaccines with large breadth can instill
strong herd immunity to reduce infections.
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Figure 4: Across all simulations (A&B), vaccination decreases the average (A) cumulative antigenic evolution
and (B) incidence regardless of breadth. In the subset of simulations where the viral population does not
go extinct (C&D), vaccines with narrow breadth increase the average antigenic evolution (C) and incidence
(D). Lines are colored according to the breadth of vaccine-induced immunity. The grey dashed lines indicate
the average amount of antigenic evolution (A,C) or incidence (B,D) without vaccination. Points indicate
significant decrease (below the dashed line) or increase (above the dashed line) compared to no vaccination
according to a Wilcoxon rank-sum test (p < 0.05) performed on at least 5 replicate simulations. Complete
data are shown in Figures [S6] and [S7]

The apparent increases in cumulative antigenic evolution among surviving populations are not driven by
vaccination—but instead reflect “selection” for fast-evolving viral populations. At any breadth, the relative
likelihood of viral populations being more antigenically evolved is indistinguishable (for viral populations
that evolve more than 15 antigenic units) over different vaccination rates (Fig. . Since the underlying
distributions do not change, vaccination does not directly accelerate antigenic evolution. Instead, increased
evolution at high vaccination rates in surviving viral populations reflects eradication of slow-evolving viral
populations. When considering the extinct and surviving populations together, vaccination always decreases
the average amount of evolution on average.

Viral populations are more likely to diversify antigenically when immune breadth is small (Fig. .
However, regardless of breadth, more vaccination always decreases the probability of excess diversification
compared to no vaccination (Fig. . Thus, it is unlikely that vaccines of any breadth would contribute to
excess morbidity relative to no vaccination.

As the delay between the selection of strains and vaccine distribution falls, selection for increased anti-
genic evolution is only possible with vaccines with very narrow breadth. When vaccines are distributed
immediately after strain selection, vaccines with a 5% or 10% breadth increase the amount of antigenic
evolution (Spearman’s p = 0.15, p < 0.001) and incidence (Spearman’s p = 0.14, p < 0.001) when the
viral population survives (Fig. . As above, the amount of evolution and disease, averaged across all
simulations, decreases with vaccination regardless of breadth.
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3.4 Ignoring the evolutionary effects of vaccination overestimates the private
benefit and underestimates the social benefit of vaccination

To quantify the private and social benefits of vaccination, we collected panel data consisting of individual
hosts’ vaccination and infection histories from simulations where vaccination could affect antigenic evolution
and simulations where vaccination could not affect antigenic evolution. We then fit linear panel models to
these data. We measured the private benefit of vaccination as vaccine efficacy, or one minus the risk of
infection having been vaccinated relative to the risk of infection having not been vaccinated (Eq. @ To
measure the social benefit, we used an analogous risk ratio. The social benefit is one minus the risk of
infection in a vaccinated population relative to the risk of infection in an unvaccinated population (Eq. .
The social benefit reflects a reduction in the force of infection due to vaccination.
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Figure 5: Comparison of the private and social benefits of vaccination when vaccination can or cannot affect
antigenic evolution. Risk ratios are calculating using coefficients from a linear panel model fitted to the last 17
years of simulated hosts’ infection and vaccination histories. Mean estimates and 95% confidence intervals are
shown. Red lines represent simulations where vaccination can affect antigenic evolution. Blue lines represent
simulations where vaccination cannot affect antigenic evolution. The relative risk for a population with a
10% annual vaccination rate could not be calculated because all simulations were driven extinct within the
first 3 years.

The social benefit of vaccination rises when vaccines can affect antigenic evolution compared to when
evolutionary effects are omitted. The average risk of infection over the course of a season without vaccination
is ~10% (Table . When 5% of the host population is vaccinated annually, the average host is 60.5% less
likely to become infected compared to a host in an unvaccinated population (Fig. Table . However,
when vaccination cannot affect antigenic evolution, the average host is only 27.7% less likely to become
infected (Fig. [p] Table at the same vaccination rate. The social benefits accounting for evolution at 10%
vaccination rate could not be calculated because the virus was always eradicated quickly.

Since the evolutionary effects of vaccination further reduce the overall risk of infection in the population,
vaccinated individuals benefit less than when vaccines do not affect antigenic evolution. The reduction in
the private benefit due to evolutionary effects is a natural consequence of reduced incidence: when the
overall risk of infection is low, the marginal benefit of vaccination is lower than when incidence is high (Eq.
@. Individuals receiving the current vaccine are 36.0% less likely to become infected in the same season
compared to unvaccinated individuals when vaccines can affect evolution (Fig. [5} Table [S2)). However, when
vaccines cannot affect antigenic evolution, vaccinated individuals are 49.5% less likely to become infected
(Fig. Table . We observed similar patterns when the breadth of vaccine-induced immunity was half
that of natural immunity (Table .

By slowing antigenic evolution, vaccination prolongs its own effectiveness. When vaccination cannot
affect antigenic evolution, the private benefit decreases by 9.0% per passing year compared to only 5.6%
per passing year when vaccines can affect evolution (Fig. [5| Table|S2)). Thus, evolutionary effects cause the
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private benefits of vaccination to decay slower with time. Consequently, ignoring the evolutionary effects of
vaccines also undervalues the long-term private benefits relative to the short-term private benefits.

4 Discussion

We found that vaccination against seasonal influenza can slow antigenic evolution and thereby reduce the
disease burden beyond its immediate impact on transmission. In simulation, annual vaccination rates as
low as 10%, which imply a 28% cumulative vaccine coverage after 4 years, can reliably eradicate the virus.
The probability of survival is higher when using vaccines that confer narrow breadth, which allows fast-
evolving populations to survive, but even here vaccination usually decreases antigenic evolution. At a 5%
annual vaccination rate (33% cumulative coverage after 10 years), evolution increases the social benefits of
vaccination by 30.4% and decreases the private benefits by 13.5% compared to when evolutionary effects are
omitted. Thus, while the evolutionary effects of vaccination yield a large social benefit by reducing incidence,
they reduce the private benefit to vaccinated individuals.

Though our simulations suggest that a 10% annual vaccination rate is sufficient to eradicate influenza,
this prediction may not appear realistic since up to 8% of the global population already receives the sea-
sonal influenza vaccine each year [32]. However, vaccination is almost exclusively concentrated in seasonal
populations rather than in the populations that contribute most to influenza’s evolution [32H34]. During the
2012-2013 season, 47% of the United States and 23% of the United Kingdom populations were vaccinated [32].
By contrast, less than 1% of individuals in China and India were vaccinated over the same time period [32,45],
and these populations have contributed substantially to the evolution of seasonal influenza [34]. Moreover,
vaccination is concentrated among individuals who consistently vaccinate annually, which lessens the accu-
mulation of vaccine-induced immunity in the population over time. In the United States, up to 68.4% of
vaccine recipients get vaccinated every year [46,47]. Consecutive vaccination may also reduce vaccine effec-
tiveness potentially due to interaction with prior immune responses, although the mechanisms underlying
these effects are not well understood [23}/48,|49]. Thus, the effective amount of vaccine-induced immunity in
a population is potentially lower than vaccine coverage estimates would suggest. Reducing the rate of repeat
vaccination while maintaining high vaccination rates might partially overcome the effects of prior vaccines
and allow vaccine-induced immunity to accumulate in the population. In our model, vaccines are distributed
randomly in a single population. At a 5% vaccination rate, vaccination effectively makes ~26.0% of the
population immune to the circulating strain at the end of the simulation (Fig. )

Current estimates of vaccines’ effects likely do not capture evolutionary effects. As previously mentioned,
because most vaccination occurs in populations that do not consistently contribute to influenza’s long-term
evolution, current vaccines are unlikely to have enduring effects on influenza’s evolution to begin with [32H34].
Additionally, vaccine efficacy and effectiveness studies are conducted in small populations typically over
individual seasons [21,22]. To measure evolutionary effects, vaccine studies would have to take place over
several seasons in a population that contributes to influenza’s long-term evolution.

By affecting regional antigenic evolution, vaccination has the potential to change influenza’s phylogeog-
raphy. Presently, tropical and subtropical Asia contribute disproportionately to the evolution of H3N2
[33434,50-52], which may be due to higher regional transmission [40]. High vaccine coverage in seasonal pop-
ulations may compound the propensity for Asia to produce antigenically advanced strains that contribute
to influenza’s long-term evolution. Vaccination in Asia might have a disproportionately large impact on
influenza’s global circulation by reducing its production of antigenically advanced strains.

Our results suggest that the seasonal influenza vaccine is unlikely to accelerate antigenic evolution or cause
excess diversification. In simulations, more evolved viral populations can only survive when the breadth of
vaccine-induced immunity is much narrower than that of natural infection, and even in these cases, survival
is rare. However, vaccination and infection stimulate similarly broad collective antibody responses (measured
by serum HI) [53|, suggesting that the breadths of vaccine-induced and natural immunity are similar.

While our simulations show vaccines typically slow evolution (and drive extinction) in a single, closed
population (i.e., a global population), other studies predict faster evolution when antigenically diverged
strains are guaranteed to emerge and survive. When stochastic loss of strains is ignored, vaccination below
the threshold for invasion always increases the amount of antigenic evolution over the course of an epidemic
[54]. Similarly, vaccines also accelerate evolution in the long-term when antigenically diverged strains are
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re-introduced after extinction to cause new epidemics [55]. Such theoretical scenarios are possible on a
local scale, where external host populations can produce diverged strains. In a metapopulation, frequent
immigration may facilitate local vaccine-driven selection for diverged strains, but we would still expect slower
rates of antigenic evolution globally when vaccinating in source populations. In contrast to these scenarios,
our model simulates a closed global population with stochastic extinctions, which allows vaccination to slow
evolution.

Different distributions of mutation sizes (i.e. fitness effects) and transmission rates may change how
vaccination affects antigenic evolution. We selected mutational and transmission parameters such that the
simulated epidemiological and evolutionary dynamics match those of H3N2 [36,40]. However, in this model,
increasing the mutation rate, skewing the distribution of mutation sizes toward large mutations, or increasing
the transmission rate increases the rate of antigenic evolution and the tendency for viral populations to
diversify [36,/40]. Such changes would also increase the probability that viral populations survive to evolve
further or diversify especially under small amounts of vaccination (or vaccines with narrow breadth).

Our model assumes that an individual’s immune responses against multiple infections or vaccinations are
independent, but immunity from prior infection or vaccination affects subsequent immune responses [56].
Consistent with this hypothesis, there is evidence that vaccination history [23}48,/49] and recipient age
(potentially a proxy for infection history) [57] affect vaccine efficacy. Models that include more realistic
features of immunity might demonstrate how interactions between existing immunity and novel responses
affect the impact of vaccination on influenza’s evolution.

Although the evolutionary benefits of influenza vaccination may reduce the burden of disease, the pub-
lic health benefits may be counterbalanced by weaker personal incentives for vaccination. Vaccination’s
evolutionary benefits greatly reduce incidence, which incurs a large social benefit. However, lower overall
risk of infection reduces the private benefit to vaccinated individuals. Since individuals are less likely to
get vaccinated if they perceive a low risk of influenza infection [30] or a low vaccine effectiveness [31], the
evolutionary benefits of vaccination potentially exacerbate an existing collective action problem [58]. This
tradeoff emphasizes the significance of information campaigns, subsidies, or regulations concerning societal
vaccination.

Our results suggest that conventional seasonal influenza vaccines already have the potential to slow
antigenic evolution and eradicate seasonal influenza. Universal vaccines that immunize against all strains
necessarily slow antigenic evolution by not discriminating between antigenic variants [12]. However, despite
the fact that conventional vaccines create selective gradients among antigenic variants, our results suggest
that conventional vaccines still reduce evolution and drive extinction. Increasing vaccine coverage, especially
in populations that contribute substantially to influenza’s evolution, would help realize the evolutionary
benefits of vaccination in the long term. However, as vaccination further reduces the burden of disease,
individuals may require additional incentives to get vaccinated.

5 Materials and Methods

5.1 Model overview

We adapted an individual-based model of influenza’s epidemiological and evolutionary dynamics [36] to
include vaccination. The state of the simulation is updated using a tau-leaping algorithm. In each time
step, individuals can be born, can die, can become infected after contacting other hosts, can recover from
infection, or can be vaccinated. Transmission occurs by mass action, with the force of infection given by

I(t)

At = M)

where I is the number of infected hosts. For computational efficiency, individuals cannot be coinfected.
Antigenic phenotypes are represented as points in 2-dimensional Euclidean space, analogous to antigenic
maps produced using pairwise measurements of serum cross-reactivity [37438]. One antigenic unit corresponds
to a two-fold dilution in antiserum in a hemagglutination inhibition (HI) assay. At the beginning of the
simulation, a single founding strain is introduced at the endemic equilibrium in the host population. When
hosts recover from infection, they acquire lifelong immunity to the infecting strain. When a susceptible host
contacts an infected host, the probability that the susceptible host becomes infected is proportional to the
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distance d, between the infecting strain and the nearest strain in the susceptible host’s infection history.
The probability of infection upon contact is given by

Risk = P(infection|contact) = min{1, cd, }, (2)

where ¢ = 0.07 is a constant for converting antigenic distance to a risk of infection [1136}39].

Each infection mutates to a new antigenic phenotype at a rate ;1 mutations per day. The mutation’s radial
direction is drawn from a uniform distribution, and the size (distance) is drawn from a gamma distribution
with mean dpean and standard deviation deq.

Vaccination occurs at rate r, breadth b (relative to natural immunity), and lag 6 (relative to the timing
of strain selection). The vaccine strain is selected on the first day of each year. By default, the vaccine is
distributed for 120 days. During the period of vaccine distribution, individuals are randomly vaccinated at
a constant daily rate according to the specified annual vaccination rate.

1 year
ay — Tann X 3
Tday = Tannual 365 days ( )

By default, the breadth of vaccine-induced and natural immunity are equal. For a vaccinated individual,
the probability of infection upon contact is given by
. . . . cd,
Risk = P(infection|contact) = min{1, cdy, T} 4)
where d, is the distance between the infecting strain and the nearest strain in the host’s infection history,
and d, is the distance between the infecting strain and the nearest strain in the host’s vaccination history.

5.2 Simulation of vaccine-independent evolution

We created a simulation where vaccination could not affect antigenic evolution, the “static” simulation. We
first ran 500 simulations of the model without vaccination. 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 population was replaced with that of the reference viral population 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 was already previously set by the dynamics of the simulation without vaccination. Thus,
vaccination was separated from the evolutionary process.

5.3 Estimating the private and social benefits of vaccination

To generate panel data, we ran simulations at four annual vaccination rates r (0%, 1%, 5%, and 10%) and
recorded individual hosts’ dates of infection and vaccination. We randomly sampled 0.005% of individuals
in the host population at the end of the simulation for analysis. We defined each season 7 as starting when
vaccine distribution for year 7 begins and ending before vaccine distribution for the year 7—+1. In a simulation
J, host 4 is considered infected (I = 1) in season 7 if infected in this time interval and vaccinated (V = 1) in
season 7 if vaccinated in the same interval. We excluded hosts sampled during the vaccine period because
they could have been infected before vaccination, which would bias our estimates of vaccine efficacy.

Lijr = Bo + B1Vijr + B2Vijr—1 + ... + BsVijr—a+
Beriij + Brrsi; + BsT10i;

(5)

The coefficient (5, estimates the absolute reduction in the risk of becoming infected in the current season
from having been vaccinated in the current season. Coeflicients (s, ..., 5 estimate the reduction in the
risk of infection in the current season from having been vaccinated in prior seasons. Collectively, S1,..., (5
measure the private benefits of vaccination.
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The coefficients fg, 87, and g measure the social benefits of vaccination at 1%, 5%, and 10% annual
vaccination rates, respectively. More specifically, they estimate the absolute reduction in the risk of infection
for any host in the population given the annual vaccination rate.

To estimate vaccine efficacy (the private benefit), the absolute reduction in risk can be expressed in terms
of a relative risk.

. PI=1V=1)
P te=1—-—————= 1
rivate [ PI =1V =0) x 100% (6)
To estimate the social benefit for a specific vaccination rate R, we calculate an analogous relative risk:
Social = |1 = ZE=Ar =R 0 (7)
- P(I=1]r=0) 0
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1 Supplementary Information

1.1 Vaccination and the invasion fitness of mutants

We use invasion analysis to understand how vaccination affects the invasion fitness of antigenically diverged
strains by effectively reducing susceptibility. We develop an expression for the fitness of an invading mutant
strain to explain how the antigenic selection gradient with vaccination.

Here, S, I, and R represent the fraction of susceptible, infected, and recovered individuals. The birth
rate v and the death rate are equal, so the population size is constant. All individuals are born into the
susceptible class. Transmission occurs at rate 5, and recovery occurs at rate . We vaccinate some fraction
p of newborns. In practice, this approximates vaccination of young children, who are primarily responsible
for influenza transmission. Vaccinated individuals move into the recovered class.

% =v(l—p)—BSI—vS (S1)
dI

— =pBST —~I —vi 2
o = PSI =l —v (52)
Cil—]: =~ —vR+vp (S3)

The endemic equilibrium of Seq, leq, and Req is

Seq = 5 = o (S4)
_ 1 v(R(l-p)—1)
Ry =1- - - 202 (56)

where R, the basic reproductive number, is the number of secondary infections from a single infected
individual in a totally susceptible population.
The disease-free equilibrium (when p > 1 — R%)) is

Sp=g=1-p (S7)
Ij—g=0 (S8)
Ry—o=p (S9)
We introduce a single invading mutant I’ = % To find the growth rate of the mutant, we develop

an expression for the amount of immunity against the mutant strain. The single mutant has an antigenic
phenotype d antigenic units away from the resident. The conversion factor between antigenic units and
infection risk is notated by c. Thus, the susceptibility to the mutant is given by min{cd, 1}, and immunity
to the mutant is max{1 — ¢d,0}. For convenience, we assume cd < 1.

We can decompose Rqq into immunity conferred by recovery natural infection R, and immunity conferred
by vaccination R,:

1 l/(RO - 1)

Ry=1-—-22—"° S10
e 3 (510)
vRop

R, = S11
3 (511)
Req = Rn + Rv (812)

The fraction of the population immune to the invading strain from previous infection is denoted R’'.
Assuming that vaccines confer a breadth of immunity relative to natural immunity b,
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d
R = (1—cd)Ry+ (1= 5)R, (S13)
Note that when the mutant and resident are identical (d = 0), the immunity to the invading strain is identical
to the immunity against R’ = Req. Allowing for coinfection, the fraction susceptible to the invading strain
is

1
’ /
S 1 (S14)

—1-R (S15)

for large N. When the vaccination rate exceeds 1— R%), the resident is eradicated and S’ and R’ are calculated
using the disease-free equilibrium.

The invasion fitness s of the mutant relative to the endemic strain is the difference between the per-capita
growth rates. Note that since the resident is in equilibrium, dI/dt = 0.

1dl’ 1dI
SZFE—TEZWS/—(’H‘V)}—O (S16)
=858~ (v+v) (S17)

The value of s increases with greater distance between the mutant and resident, but decreases as more hosts
become vaccinated (Fig. ) The expected s can be used to determine the effect of vaccine coverage on

the expected invasion fitness of the mutant 8%—;5). E(s) is a function of the expected distance of a mutant

E(d). In our model, we assume gamma distributed mutation sizes with a mean dyean of 0.3 antigenic units
and standard deviation dsq of 0.6 antigenic units (Fig. [S2C).

We decompose 31271(:) to understand how vaccines affect susceptibility and resistance to change the invasion

fitness of the mutant.
OE(s) B OE(s) 05’ OR/ OR, (S18)
op 95 OR’ OR, Op

cE(d), vR
= AV - =)

) (519)

Since 1 — %@ > 0 (i.e. one cannot be more than 100% immune to infection), vaccination must decrease

the expected invasion fitness of the mutant ag—;‘q) < 0, slowing evolution. This decrease is attributed to

vaccination reducing susceptibility to the mutant by increasing immunity (g—g < 0 and 88—12 > 0) against

any mutant. Larger breadth of vaccine-induced immunity (b) also decreases the expected invasion fitness.
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2 Supplementary tables and figures

Table S1: Parameters

Parameter Value Reference
Intrinsic reproductive number (Ry) 1.8 [59;60]7
Duration of infection 1/~ 5 days |61]
Population size N 50 million  (see text)
Birth/death (turnover) rate v 1/30 year—! [62]
Mutation rate p 10-* day ™" (see text)
Mean mutation step size dmean 0.6 antigenic units  (see text)
SD mutation step size dsq 0.3 antigenic units  (see text)
Infection risk conversion ¢ 0.07  [1,36.39]
Duration of simulation 20 years

Annual vaccination rate r 0.0-0.2 year—!

Breadth of vaccine-induced immunity b 100%

Temporal lag between vaccine strain selection and distribution 6 300 days
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Figure S1: (A) Vaccine coverage and (B) effective vaccine-induced immunity over time calculated from
simulations. (A) The fraction of individuals who have been vaccinated at least once accumulated over time
and saturates at 50%. (B) The effective amount of vaccine-induced immunity in the population is calculated
using the mean antigenic distance between circulating strains and the vaccinated hosts’ vaccine strains. At
any given time, the effective vaccine immunity is % vap min {0,1 — ¢dyy, }, where N is the host population
size, p is the fraction of vaccinated, v; is the vaccine strain received by individual ¢, x is the average circulating
strain, d is the antigenic distance between the strains, and c is a constant that converts between antigenic
distance and risk. The horizontal line indicates the theoretical eradication threshold in an antigenically
homogenous population 1 — 1/Ry.
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Figure S2: (A) High vaccination rates decrease the invasion fitness of mutant strains. For a given vaccination
rate, the invasion fitness of a mutant increases with antigenic distance. However, the invasion fitness of a
mutant at a given distance decreases as vaccine coverage increases. An example profile of invasion fitnesses
is shown for d = 0.2 (the red line) in (B). Above the invasion threshold for the resident (p > 1 — 1/Ry),
the mutant must be increasingly more distant to invade. The white curve shows the invasion threshold,
where the invasion fitness for the mutant strain is zero. Mutants above the above the curve can invade,
while mutants below the curve cannot. (C) Density of gamma distributed mutations with a dmean = 0.3 and
dsq = 0.6.
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Figure S3: High vaccination rates increase the probability of extinction and shorten the average time to
extinction. (A) Points show the fraction of simulations where the viral population went extinct before 20
years. (B) Density of times to extinction. The solid white line shows the average time to extinction across
these simulations.
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Figure S4: With no temporal lag between vaccine strain selection and distribution, increasing the vaccination
rate quickly decreases the average amount of (A) cumulative antigenic evolution (A) and (B) incidence. The
solid white line shows a LOESS fit to cumulative antigenic evolution and incidence across all simulations.
The dotted white line shows a LOESS fit to cumulative antigenic evolution and incidence for simulations
where the viral population did not go extinct. Shaded areas show 95% confidence intervals.
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Figure S5: Increasing the vaccination rate increases the probability that the viral population will go ex-
tinct (B) and decreases the probability of exhibiting influenza-like dynamics (A) or excessive diversification
(TMRCA > 10 years) (C). Lines are colored according to the breadth of the vaccine. Data are collected
from 500 replicate simulations per unique combination of vaccination rate and vaccine immune breadth
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Figure S6: Density plots of complete simulation data corresponding to Figure[dl The solid white lines show
a LOESS fit to cumulative antigenic evolution or incidence across all simulations. The dotted white lines
show a LOESS fit to cumulative antigenic evolution or incidence for simulations where the viral population
did not go extinct. Shaded areas show 95% confidence intervals.
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Figure S7: The distributions of cumulative antigenic evolution are profiles along each vaccination rate
shown in figure For a given breadth, the upper distributions (above 12 units of antigenic evolution) are
indistinguishable by the Wilcoxon rank sum test, indicating that more vaccination does not directly increase
the amount of antigenic evolution. More vaccination selects for fast-evolving viral populations without
changing the underlying distribution of cumulative antigenic evolution.
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Figure S8: With no temporal lag between vaccine strain selection and distribution, only vaccines with
extremely narrow breadth (5% and 10% of natural immunity) permit more frequent survival, and can cause
increased (B) antigenic evolution and (C) incidence. The solid lines show averages across all simulations,
while dotted lines show averages over simulations where the viral population did not go extinct. Lines are
colored according to the breadth of vaccine-induced immunity.

Table S2: Private and social benefits of vaccination. In the static model, vaccination cannot affect antigenic
evolution. In the dynamic model, vaccination can affect antigenic evolution. Statistics are computed using a
linear panel model on longitudinal panel data of simulated hosts’ infection and vaccination histories. Robust
standard errors shown in brackets are clustered by simulation.

Probability of infection in the current season (7)

Static (x1072) Dynamic (x1072)

Constant 9.91 %k 9.9k
[0.35] [0.23]
Vaccinated in current season (1) -4.65%** -3.34%%%
[0.20] [0.32]
Vaccinated 1 season ago (7-1) -3.627%%* -2.78%H*
[0.18] [0.33]
Vaccinated 2 seasons ago (7-2)  -2.65%** -2.05%**
[0.13] [0.24]
Vaccinated 3 seasons ago (7-3) -1.47Hx -1 74
[0.19] [0.22]
Vaccinated 3 seasons ago (7-4) -1.28%*% -1.08%+*
[0.20] [0.16]
Vaccination rate = 1% -0.95%* -0.93%*
[0.46] [0.47]
Vaccination rate = 5% 2.7k -5. 75k
[0.50] [0.65]
Vaccination rate = 10% -2.42%*%
[0.35]
Observations 1,627,500 987,500
Number of hosts 140,000 87,500
Vaccine efficacy (%) 46.95 33.58
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Table S3: Private and social benefits of vaccination for a vaccine that provides half the immune breadth
of natural immunity (b = 50%). In the static model, vaccination cannot affect antigenic evolution. In the
dynamic model, vaccination can affect antigenic evolution. Statistics are computed using a linear panel
model on longitudinal panel data of simulated hosts’ infection and vaccination histories. Robust standard
errors shown in brackets are clustered by simulation.

Probability of infection in the current season (7)

Static (x1072)  Dynamic (x1072)

Constant 9.63*** 9.84%%*
0.25 ] [0.44]
Vaccinated this season (7) -3.48%4* -3.22%4%
0.19 ] [0.22]
Vaccinated 1 seasons ago (7-1)  -2.00%** -1. 72K
0.16 ] [0.22]
Vaccinated 2 seasons ago (7-2) -0.88%*** -0.82%**
0.14 ] [0.19]
Vaccinated 3 seasons ago (7-3) -0.08 0.26
0.15 ] [0.19]
Vaccinated 4 seasons ago (7-4) 0.19 0.27
0.19 ] [0.20]
Vaccination rate = 1% 0.68 -0.20
[0.44 | [0.53]
Vaccination rate = 5% -1.50%** -0.34
[0.41 ] [0.50]
Vaccination rate = 10% -0.91 -4.85%H*
[0.88] [1.11]
Observations 1,727,500 927,500
Number of hosts 155,000 82,500
Vaccine efficacy (%) 36.10 32.68
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