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Abstract

Understanding the evolutionary drivers determining the transmission rate and virulence of
pathogens remains an important challenge for evolutionary theory with clear implications to the
control of human, agricultural and wildlife infectious disease. Although disease is often very
dynamic, classical theory examines the long-term outcome of evolution at equilibrium and, in
simple models, typically predicts that Ry is maximized. For example, immune escape may lead to
complex disease dynamics including repeated epidemics, fluctuating selection and diversification.
Here we model the impact of antigenic drift and escape on the evolution of virulence and show
analytically that these non-equilibrium dynamics select for more acute pathogens with higher
virulence. Specifically, under antigenic drift and when partial cross immunity leads to antigenic
escape, our analysis predicts the long-term maximization of the intrinsic growth rate of the parasite
resulting in more acute and virulent pathogens than those predicted by classic Ro maximization.
Furthermore, it follows that these pathogens will have a lower Ry leading to implications for
epidemic, endemic behavior and control. Our analysis predicts both the timings and outcomes of
antigenic shifts leading to repeated epidemics and predicts the increase in variation in both
antigenicity and virulence before antigenic escape. There is considerable variation in the degree
of antigenic escape that occurs across pathogens and our results may help to explain the difference
in virulence between related pathogens most clearly seen in the human A, B and C influenzas.
More generally our results show the importance of examining the evolutionary consequences of
non-equilibrium dynamics.

Key Words: Cross immunity, disease emergence, virulence, immunity, antigenic escape, transient
evolution, evolution of variance, adaptive dynamics, quantitative genetics, population genetics.


https://doi.org/10.1101/2021.01.19.427227
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.19.427227; this version posted January 19, 2021. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

Introduction

Recent epidemics emphasize that infectious disease remains a major problem for human health
and agriculture [1-4] and they are increasingly recognized as important in ecosystems and
conservation [5,6]. This importance has led to the development of extensive theoretical literature
on the epidemiology, ecology and evolution of host-pathogen interactions [7-10]. Understanding
the drivers of the evolution of virulence, typically defined in the evolutionary literature as the
increased death rate of individuals due to infection, is a key motivator of this theoretical work
[8,10—14]. Generally, models assume that a higher transmission rate trade-offs against the intrinsic
cost of reducing the infectious period due to higher death rates (virulence) of rapidly dividing
strains and classically predict that evolution maximizes the parasite epidemiological R, leading to
an optimal virulence [8,10-14]. In fact, this result only holds in models where ecological
feedbacks take a constrained form, such that even relatively simple processes such as density-
dependent mortality, multiple infections and spatial structure may lead to diversification or
different optima [10,12,13,15]. Moreover, this classic evolutionary theory examines the long-term
equilibrium evolutionary outcome in the context of stable endemic diseases, but in nature
infectious diseases often exhibit complex dynamics, with potentially important impacts on
pathogen fitness [16—19].

Antibody-mediated immunity is a critical factor driving the dynamics of important infectious
diseases such as seasonal influenza, leading to selection for novel variants that can escape
immunity to the current predominant strain [20-22]. Such antigenic escape typically causes the
optimal strain of the parasite to change through time as it moves through antigenic space.
Moreover, partial cross-immunity between the different parasite strains may lead to recurrent
epidemics, fluctuations in parasite strains and potentially strain coexistence [23-26]. Current
theory has shown that the evolution of immune escape can lead to dramatic disease outbreaks [24—
26], but the implications of these epidemiological dynamics for the evolution of disease virulence
are unknown. This question is challenging in part because much of the theoretical framework used
to study virulence evolution typically considers diseases that are at an endemic equilibrium [8,10—
14]. As such we currently lack a broad theoretical understanding of the evolution of virulence in
the presence of antigenic escape, despite its importance as an epidemic process and the likely
implications of its inherently dynamical epidemic nature.

Here we examine the implications of antigenic escape for the evolution of infectious disease in the
context of the well-studied transmission/virulence trade-off [10,27]. For simplicity we first
examine analytically the case without cross-immunity and then apply a new ‘oligomorphic’
analysis that combines quantitative genetic and game theoretical approaches [28] to examine the
impact of cross-immunity that leads to antigenic jumps and epidemic outbreaks. With this analysis
we are able to study the evolutionary outcome across a range of ecological and evolutionary time
scales allowing us to examine evolutionary outcomes under non-equilibrium conditions. Our key
result is that antigenic escape selects for higher transmission and virulence due to the repeated
epidemics caused by immune escape, leading to the long-term persistence of acute pathogens.
Indeed, antigenic escape has the potential to select for infectious diseases with substantially higher
virulence than that predicted by the maximization of Ry in classic disease models leading to the
evolution of much more acute diseases.
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Modeling

We consider a population of pathogens structured by a one-dimensional antigenic trait x, so that
1(t, x) is the density of hosts infected with antigenicity strain x at time t. Following Gog and
Grenfell [29], we assume that an individual is either perfectly susceptible or perfectly immune to
a strain. A strain of pathogen can infect any host, but will be infectious only when the host is
susceptible to that strain. When a strain y of pathogen infects a host that is susceptible to a strain
x, the host may become (perfectly) immune to the strain x with probability a(x — y). This is the
partial cross immunity function between strain x and y, that takes a value between 0 and 1 and is
a decreasing function of antigenic distance |x — y| between strain x and y. The density of hosts
susceptible to antigenicity strain x at time ¢ is noted S(t, x).

Assuming that all pathogen strains have the same transmission rate f and virulence a, we can
describe the dynamics with the following structured Susceptible-Infected-Recovered model:

as(t, *
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where y is the recovery rate, and D = uc? /2 is one half of the mutation variance for the change
in antigenicity, representing random mutation in the continuous antigenic space. The dynamics for
the density of recovered hosts is omitted from (1) as it does not affect the dynamics (1) for the
densities of susceptible and infected hosts.

Invasion of a single pathogen: in our first scenario, we start with a population where all hosts
are susceptible to any strain (S(0,x) = 1) and a pathogen strain with antigenicity trait x = 0 is
initially introduced, so that 1(0,x) = €§(x), where € is a small positive constant and &§(-) is
Dirac’s delta function. The system then exhibits travelling wave dynamics in antigenicity space.
At the front of the travelling wave, I(t, x) is sufficiently small and S(t, x) is sufficiently close to
1. Eq. (1a) can then be linearized as

aI(t,x) - +Dazl(t,x) )
2 = i) + D5 @

where r = B — (y + ) is the rate of increase of an antigenicity strain before it spreads in the
population and causes the build-up of herd immunity. The system (1) asymptotically approaches
travelling waves of both pathogen antigenicity quasispecies I(t, x), which have an isolated peak
around the current antigenicity, and host susceptibility profile S(¢, x), that smoothly steps down
towards a low level after pathogen antigenicity quasispecies passes through, with a common
constant wave speed [30] (Fig 1A)

v=2x/ﬁ=2\/(,8—(y+a))D. (3)

As the width of the partial cross-immunity function o (x — y) increases, the travelling wave with
static shapes described above is destabilized (Fig #B, C), and the system shows intermittent
outbreaks that occur periodically both in time and in antigenicity space [29,31] (Fig 1B). However,
the wave speed is unchanged from (3), as the linearized system (2) towards the frontal end remains
the same irrespective of the stability of wave profile that lags behind (Fig S1).


https://doi.org/10.1101/2021.01.19.427227
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.19.427227; this version posted January 19, 2021. 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.

A Low cross immunity (w=0.2) B High cross immunity (w=0.6)

80 Time, ¢ 80 Time, ¢

fﬁﬁ';’/f;},

1.
0.8Susceptibility

0.010 0.6 profile

Infected
density 0.005
I(t,x)

Infected
density 0.005
I(t,x)

Antigenicity, x Antigenicity, x

Figure 1. Continuous antigenic drift (A) and periodical antigenic shits (B) of the model. The
orange colored surface denotes the infected density I(t, x) varying in time ¢ and intigenicty x, and
the yellow colored surface denotes the density of hosts S(¢, x) that are susceptible to antigenicity
strain x of pathogen at time t. The width of cross immunity is w = 0.2 in (A) and w = 0.6 in (B).
Other parameters are f = 2, u = 0.001,a = 0.1, y = 0.5,and D = 0.001.

Evolution of antigenic escape with cross-immunity: To predict how cross-immunity affects
the evolution of antigenic escape, we use an oligomorphic dynamics analysis [28]. We consider a
population composed of different antigenicity strains (or morphs), that can be viewed as quasi-
species. The analysis in Appendix A allows us to track the dynamics of morph frequencies, p;,
and mean trait values, X;, as:

dpi . _
Frik B — p;, (4a)
%,
T ViBs'(x;). (4b)

where s(x) is the susceptibility profile of the population, which depends on the cross-immunity
function o, §; is the mean susceptibility perceived by viral morph i, and § the mean susceptibility
averaged over the different viral morphs. Note that, in general, s(x), §; and § will be functions of
time, as the susceptibility profile is molded by the epidemiological dynamics of S(¢t, x) and I(t, x).

Equation (4a) reveals that, as expected, morph i will increase in frequency if the susceptibility of
the host population to this strain is higher on average. Equation (4b) shows that the increase in the
mean antigenicity trait of morph i depends on (i) the variance of the morph distribution, V;, (ii) the
transmission rate, and (iii) the slope of the susceptibility profile close to the morph mean x;.
Together with an equation for the dynamics of variance under mutation and selection (SI:
Appendix S1), equations (4a) and (4b) allow us to quantitatively predict the change in antigenicity
after a primary outbreak, as shown in Figure 2.

For instance, after a primary outbreak caused by a strain with antigenicity X, = 0 at t = 0, the
susceptibility profile is approximately constant and given by s(x) = (1 — 1)°™, where 1) is
the final size of the epidemic of the primary outbreak at antigenicity x = 0 (SI: Appendix S1).
Thus, for a decreasing cross-immunity function, o(x), the slope of the susceptibility profile is
positive, which selects for increased values of the mean antigenicity trait X; of a second emerging
morph (SI: Appendix S1). As the process repeats itself, this leads to successive jumps in antigenic
space. In addition, a more peaked cross-immunity function, o, yields larger slopes to the
susceptibility profile and thus selects for higher values of the antigenicity trait.
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Long-term joint evolution of antigenicity, transmission and virulence: We now extend our
analysis to account for mutations affecting pathogen life-history traits such as transmission and
virulence. To simplify, we use the classical assumption of a transmission-virulence trade-off
[8,10-14] and consider that a pathogen morph, i, has frequency, p;, mean antigenicity trait, X;,
and mean virulence @;. In Appendix S2, we show that the morph’s mean traits change as

d (»@-) ( B(a@)s' (%) )
— =G
dt \a; B'(@)s(x) — 1

where G; is the genetic (co)variance matrix, and the vector on the right-hand side is the selection
gradient. Note that, while the selection gradient on antigenicity depends on the slope of the
antigenicity profile at the morph mean, the selection gradient on virulence depends on the slope of
the transmission-virulence trade-off at the morph mean, weighted by the susceptibility profile at
the morph mean.

Assuming we can neglect the build-up of correlations between antigenicity and virulence due to
mutation and selection, the genetic (co)variance matrix is diagonal with elements V;* and V;*.
Then, as shown previously, antigenicity increases if the slope of the susceptibility profile is locally
positive, while mean virulence increases as long as B'(@;) > 1/s(x;). For a fixed antigenicity trait,
x = x*, the susceptibility profile converges towards s(x*) = (y + @)/ and the evolutionary
endpoint satisfies

B(a)
Yy +a

B'(a) =

which corresponds to the classical result of Ro maximisation for the unstructured SI model [15,27].
However, when antigenicity can evolve, selection will also lead to the build-up of a positive
covariance C between antigenicity and virulence, resulting in a synergistic effect (SI: Appendix
S2; Figure S3). As the antigenicity trait increases, the evolutionary trajectory of virulence
converges to the solution of

B'(a) =1
which corresponds to maximizing the rate of increase of pathogenr(a) = f(a) —(y +a) in a

fully susceptible population. This is equivalent to maximizing the wave speed v(a) = 24/ r(a)D,
as shown in Appendix S3. Figure 3a shows that, in the absence of cross-immunity, the ES virulence
is well predicted by r maximization. With cross-immunity (Figure 3b), virulence evolution is
characterized by jumps that reflect the sudden shifts in antigenicity due to cross-immunity.

As such antigenic escape selects for higher transmission and virulence and more acute infectious
diseases. This has parallels with the results that show that there is a transient increase in virulence
at the start of an epidemic with r rather than Ry being maximized [16,17,19,32], but it is important
to note that here we predict the long-term persistence of highly transmissible and virulent disease
strains due to the existence of antigenic escape.

Although we have so far assumed a never-ending antigenic escape process, it is easy to extend our
analysis to consider that antigenic escape is constrained by pleiotropic effects. Then, once the
antigenicity trait has stabilized, the ES virulence would satisfy

1 —p B(a)s'(x)
s(x)

B'(a) =
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where p = C/V, measures the correlation between antigenicity and virulence. Thus, the slope to
the transmission-virulence trade-off at the ESS now takes an intermediate value between 5 /(y +
«) and 1, as shown in figure 4.

Short-term joint evolution of antigenicity and virulence: Although our analysis allows us to
understand the long-term evolution of pathogen traits, it can also be used to accurately predict the
short-term dynamics of antigenicity and virulence. We now consider that a primary outbreak has
molded a susceptibility profile s(x) that we assume constant. Although this assumption will cause
deviations from the true susceptibility profile, it allows us to decouple our evolutionary
oligomorphic dynamics from the epidemiological dynamics. Figure 5 shows that the
approximation accurately predicts the jump in antigenic space and joint increase in virulence
during the secondary outbreak. The accuracy of the prediction depends on the time at which we
seed the oligomorphic dynamical system, as detailed in Appendix S1, but remains high for a broad
range of values of this initial time. Hence, our analysis can be used to successfully predict the trait
dynamics after the emergence of a new antigenic strain.
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Figure 2. Oligomorphic dynamics prediction of the emergence of antigenicity shift. (a)
Oligomorphic prediction for the change in the mean antigenicity after the primary outbreak at x =
0 (red curve), compared with that obtained by numerical simulations (blue dots). (b) Heat map
representation of the time change of the antigenic drift model (1). Parameters: f =2,y + a =
0.6, a(x) = exp(—x?/2w?) with w = 2, D = 0.001. Initially, all hosts are equally susceptible
with S(0, x) = 1. The primary pathogen strain is introduced at x = 0 with infected density 0.001.
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Figure 3. Marginal distribution of antigenicity (left) and virulence (right) in the
absence (a) or presence (b) of cross-immunity. (a) No cross immunity is assumed so that
each antigenicity genotype causes specific herd immunity: o(x — y) = §(x — y), where
6(+) is Dirac’s delta function. There are 1600 antigenic variations having equally divided
antigenicity between O and 80. (b) We assume a Gaussian cross-immunity kernel,
o(x —y) = exp(—(x — y)?/2w?), with width w = 5. There are 300 antigenic variations
having equally divided antigenicity between 0 and 300. In both panels, there are 100 viral
virulence traits each having virulence equally divided between 0 and 20, and Diffusion
constants due to mutations are D,, = 0.01 (for antigenicity) and D, = 0.01(for virulence).
The blue dashed lines show the ES virulence predicted from maximizing R0, as expected
in the absence of antigenic escape, while the red dashed lines show the predicted ES
virulence that maximizes r(a) = B(a) — (y + @) as predicted from our analysis. Other
parameters: y = 0.5, and f(a) = 5Va .


https://doi.org/10.1101/2021.01.19.427227
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.19.427227; this version posted January 19, 2021. 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.

A
B3 Transmission =)

. > O{
g o Virulence
. Effect of antigenic escape |

I 4

Figure 4. Graphical representation of the predicted ES virulence with or without
antigenic escape under the assumption of a transmission-virulence trade-off. In the
absence of antigenic escape, the ES virulence, ay, can be predicted from the maximization
of the pathogen’s epidemiological basic reproduction ratio, Ry = f/(y + @), or
equivalently by the minimization of the total density of susceptible hosts since, at
equilibrium, s* = 1/R,. The slope of the transmission-virulence trade-off at the ESS is
then 1/s* = R,. With antigenic escape, the ES virulence, ;, can be predicted from the
maximization of the pathogen’s growth rate in a fully susceptible population, ry, = f(a) —
(¥ + a). The slope of the transmission-virulence trade-off at the ESS is then 1. This holds
true in the limit of a large antigenicity trait, but intermediate values of ES virulence,
corresponding to intermediate slopes, can also be selected for if other processes constrain
the evolution of the antigenicity trait, as explained in the main text.
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Figure 5. Oligomorphic dynamics prediction of the emergence of next strain in
antigenicity-virulence coevolution. Panels (a) and (b) show the contour plots for the joint
trait distribution observed in the same simulations at t; = 104.8 (at which the
susceptibility distribution s(x) and initial moments in OMD are defined as explained in
the main body) and t, = 109 (at which the OMD projection is terminated as the infected
density increases around this time and then susceptibility distribution s(x) measured at
t = t; no longer stays constant). The overlaid dotted curves are the trajectory of mean
traits (X, @) upt = t; and t = t, observed in the simulation. Panels (¢), (d) and (e) show
the dynamics of the total density of infected hosts, mean antigenicity and mean virulence,
respectively. Parameters: y = 0.5, f(a) = 5Va , D, = 0.005, D, = 0.0002. As in Fig 2
we assume a Gaussian cross-immunity kernel, o(x — y) = exp(—(x — y)?/2w?), with
width w = 5. The oligomorphic dynamics describing the changes in the frequency p,(t) =
1 —py(t) of the currently prevailing morph at time t; and the frequency p,(t) of
upcoming morph, the mean antigenicity X;(t) and mean virulence &;(t) of the two morphs
(i = 0,1), and the within-morph variances V;* and V;# in antigenicity and virulence, as well
as the within-morph covariance C;(t) between antigenicity and virulence in each morph
(i = 0,1) are defined as (A44)-(A49) in Appendix S2.
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Discussion

We have shown how antigenic escape selects for more acute, virulent infectious diseases
with higher transmission rates that cause increased mortality in infected hosts. This result
is important given the number of important infectious diseases such as seasonal influenza
that have epidemiology driven by antigenic escape. Until recently the evolution of
virulence literature has mostly focused on equilibrium solutions that in simple models lead
to the classic idea that pathogens evolve to maximize their basic reproductive number R,
[8,10—14]. Our results show that the process of antigenic escape leading to the continual
replacement of strains [23-26], creates a dynamical invasion process that in and of itself
selects for more acute, fast transmitting, highly virulent strains that do not maximize R,.
This has parallels with the finding that more acute strains are selected temporally at the
start epidemics [24-26], but critically, in our case the result is not a short-term transient
outcome. Rather, the eco-evolutionary process leads to the long-term persistence of more
acute strains with higher transmission rates causing higher virulence. As such, antigenic
escape may be an important driver of high virulence in infectious disease.

In the simpler case where there is no cross immunity, there is a travelling wave of new
strains invading due to antigenic escape. In this case we can use established methods to
gain analytical results that not only predict the speed of change of the strains, but also the
evolutionarily stable virulence. With our model’s assumptions, without antigenic escape
we would get the classic result of the maximization of the reproductive number R, [8,10-
14], but once there is antigenic escape we show analytically that the intrinsic growth rate
of the infectious disease r is maximized. Maximizing the intrinsic growth rate leads to
selection for higher transmission leading to a much higher virulence. Effectively this is the
equivalent of an infectious disease “live fast, die young” strategy. The outcome is due to
the dynamical replacement of strains, with new strains invading the population continually
leading to a continual selection for the strains that invade better [24-26]. As such we
predict that any degree of antigenic escape will in general select for more acute faster
transmitting strains with higher virulence in the presence of a transmission-virulence trade-
off.

Partial cross-immunity leads to a series of jumps in antigenic space that are characteristic
of the epidemiology of a number of diseases and in particular, in humans, the well-known
dynamics of influenza A & B [23-26]. Here a cloud of strains remains in antigenic space
until there is a jump that, on average, overcomes the cross immunity and leads to the
invasion of a new set of strains that are distant enough to escape the immunity of the
resident strains [23—26]. In order to examine the evolutionary outcome in this scenario we
applied a novel oligomorphic analysis [28]. Again, we find that antigenic escape selects
for higher virulence with more acute faster transmitting strains being favored with again
selection leading toward the maximization of the intrinsic growth rate . Both our analysis
and simulations show that in the long term the virulence increases until it reaches a new
optima potentially of an order of magnitude higher than would be expected by the classic
prediction of maximizing R,. We show that virulence increases between each antigenic
jump, falling slightly at the next jump before increasing again until it reaches this new
equilibrium. It is also important to note that diversity in both antigenicity and virulence
increases as we move towards the next epidemic, maximizing just at the point when the
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jump occurs. This increase in diversity could in principle be used as a predictor of the next
jump in antigenic space.

Clearly the virulence of any particular infectious disease depends on multiple factors,
including both host and parasite traits, and critically the relationship between transmission
and virulence. This makes comparisons of the virulence across different infectious diseases
problematic since the specific trade-off relationship between transmission and virulence is
often unknown. However, our model shows that antigenic escape will, all things being
equal, be a driver of higher virulence favoring more acute strains. It is also important to
note that since antigenic escape is a very general mechanism that selects for higher
virulence it follows that we may see high virulence in parasites even when the costs in
terms of reduced infectious period are substantial. Amongst the influenzas, influenza C
does not show obvious antigenic escape [33] and is typically much less virulent than the
other influenzas which are the classic examples of infectious disease with antigenic escape.
Furthermore, Influenza A shows much more antigenic escape than Influenza B and again
in line with our predictions typically influenza A is the more virulent [34,35]. Clearly these
differences can be ascribed to multiple factors and indeed the higher virulence of influenza
A is often posited to be due to a more recent zoonotic emergence [36]. However, our
models suggest that the differences in the degree to which they show antigenic escape per
se may also contribute to these differences. Clearly there are also highly virulent pathogens
that do not show antigenic escape and a formal comparative analysis is confounded by
multiple factors, but the evidence from influenza is consistent with our predictions.

An important implication of our work is that it follows that antigenic escape selects for
strains with a higher virulence than the value that maximizes R, and therefore leads to the
evolution of infectious diseases with lower R,. One simplistic implication of this is that,
from this point of view, diseases with antigenic escape may be easier to eliminate and
control with vaccination. Of course, in practice the opposite is often true since producing
an effective vaccine is much more problematic when there is antigenic escape [33,37]. In
addition, it follows that epidemics will tend to be less explosive than they otherwise would
have been, having a lower peak but lasting longer, with evolution here effectively
‘flattening the curve’. Infectious diseases that show jumping antigenic escape are
characterized by repeated epidemics, but our work suggests that due to the selection for a
lower R, the eco-evolutionary feedback will have significantly impacted the pattern of
these epidemics. This is an important example of a dynamical ecological/epidemiology
feedback into evolutionary outcomes that in turn then feedbacks into the epidemiology
characteristics of the disease.

We have used oligomorphic dynamics [28] to make predictions on the waiting times and
outcomes of the antigenic jumps in our model with cross immunity. This approach tracks
both mean trait values and the changes in trait variances in models with explicit ecological
dynamics. As such it combines aspects of eco-evolutionary theory [38,39] and quantitative
genetics approaches [40,41] to provide a more complete understanding of the evolution of
quantitative traits. Our approach can assume a wide range of different ecological and
evolutionary time scales and therefore allows us to address fundamental questions on eco-
evolutionary feedbacks and on the separation between ecological and evolutionary time
scales. This is important since it allows us to test the implications of the different
assumptions of classical evolutionary theory and to better understand the role of eco-
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evolutionary feedbacks on evolutionary outcomes. Furthermore, the approach can be
applied widely to model transient dynamics, and to predict the waiting times and extent of
diversification that occurs in a range of contexts [28,42]. Here it allowed us to predict
evolutionary outcomes analytically in the dynamical context of antigenic escape.

Broadly, our results emphasize that epidemiological dynamics may have important
implications to the evolution of infectious disease. Here repeated invasions driven by
antigenic escape mutants were shown to lead to the long term evolution of more acute
virulent pathogens. It has previously been shown that newly invading parasites will
temporarily not be at the classic Ry optima [19,32], but our model shows that this more
acute parasite state is a long term optima when there is antigenic escape. Furthermore, this
long term optima leads to a more acute severe disease which is clearly of particular
importance in human health. Human coronaviruses can evolve antigenically to escape
antibody immunity [43] and moreover in principle epidemics of new variants as a novel
disease adapts to the host will lead to equivalent dynamics and evolutionary outcomes. It
also follows that interventions that impact epidemiological dynamics may also have
impacts on the evolution of pathogen traits such as virulence or transmission and it is
therefore critical that we have a broader theory of the evolution of virulence that predicts
the implications of these epidemiological effects. Furthermore, these dynamical feedbacks
are likely to be important in a range of contexts beyond infectious disease and the analytical
approaches we use here are likely to be useful in understanding dynamical evolutionary
outcomes.
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Supplementary Information

Appendix S1: Oligomorphic dynamics of antigenic escape

We consider a model of antigenic escape of a pathogen from host herd immunity on a one-
dimensional antigenicity space (x), which describes the changes in the density S(¢, x) of hosts that
are susceptible to antigenicity strain x of pathogen at time t, and the density I(¢, x) of hosts that
are currently infected and infectious with antigenicity strain x of pathogen at time ¢:

aS(t, «

LY sew | potc-wicyay, (A1)
oI(t,x) 92I(t, x)

o = BSE0I(Ex) = (v + (&%) + D——5—. (A2)

where 3, a, and y are the transmission rate, virulence (additional mortality due to infection), and
recovery rate of pathogens which are independent of antigenicity. o (x — y) denotes the degree of
cross immunity: a host infected by strain y of pathogen acquires perfect cross immunity with
probability o(x — y) but fails to acquire any cross immunity with probability 1 — o (x — y) (this
is called polarized cross immunity by Gog and Grenfell 2002). The cross-immunity kernel o (x —
y) is assumed to be a decreasing function of the distance |x — y| between strains x and y. When
a new strain with antigenicity x = 0 is introduced at time t = 0, the initial host population is
assumed to be susceptible to any antigenicity strain of pathogen: S(0,x) = 1. D = uo? /2 is one
half of the mutation variance for the change in antigenicity, representing random mutation in the
continuous antigenic space.

Susceptibility profile molded by the primary outbreak

We first analyze the dynamics of the primary outbreak of a pathogen and derive the resulting
susceptibility profile, which can be viewed as the fitness landscape subsequently experienced by
the pathogen. For simplicity we assume that mutation can be ignored during the first epidemic
started with the antigenicity stain x = 0. The density S,(t) = S(t, 0) of hosts that are susceptible
to the currently prevailing antigenicity strain x = 0, as well as the density I,(t) = I(t, 0) of hosts
that are currently infected by the focal strain change with time as

ds,

E - _Soﬁlo, (AS)
dl

5 = SoBlo = (v + @)y, (44)
dR,

T vlo. (A5)

with S;(0) = 1, [,(0) = 0, and Ry(0) = 0. The final size of the primary outbreak,

Yo = Rp(0) =1 —5y(0) = exp l_ﬁf Io(t) dtl,

is determined as the unique positive root of

o=1- e~ Po¥o, (46)
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where py = f/(y + @) > 1 is the basic reproductive number [Anderson and May, 1991].
Associated with this epidemiological change, the susceptibility profile S, (t) = S(t, x) against
antigenicity x (x # 0) other than the currently circulating strain (x = 0) changes by cross
immunity as

ds

d_tx = =S, Ba(x)],, (x # 0). (A7)
Integrating both sides of (A7) from t = 0 to t = oo, we see that the susceptibility profile s(x) =
Sy (00) after the primary outbreak at x = 0 is

s(x) = exp l—ﬁa(x) foolo(t) dtl = (1 —1)°X = e=Poo (%o, (48)

where the last equality follows from (A6). The susceptibility can be effectively reduced by cross-
immunity when the primary strain has a large impact (the fraction of hosts remained uninfected,
1 — 1y, is small) and when the degree of cross immunity is strong (o (x) is close to 1). With a
strain antigenically very close to the primary strain (x = 0), the cross immunity is very strong
(o(x) = 1) so that the susceptibility against strain x is nearly maximally reduced s(x) = 1 — ),.
With a strain antigenically distant from the primary strain, o(x) becomes substantially smaller
than 1, making the host more susceptible to the strain. For example, if the cross immunity is halved
(o(x) = 0.5) from its maximum value 1, then the susceptibility to that strain is as large as
(1 — y)%>. If a strain is antigenically very distant from the primary strain, o (x) = 0, and the host
is nearly fully susceptibility to the strain (s(x) = 1).
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A Low cross immunity (w=0.2) B High cross immunity (w=0.6)

Time, ¢

Infected 3 Infected
density 0005 density 0.005
I(t,%) I(t.x)

1.0
0.8 0.8
Susceptibility 0.6 Susceptibility g
profile profile 0.4
S(tx) S(tx) 0 2%
4
Antigenicity, x Antigenicity, x

Figure S1: Continuous antigenic drift (A) and periodical antigenic shits (B) of the model. The
orange colored surface denotes the infected density I(t, x) varying in time ¢ and intigenicty x, and
the yellow colored surface denotes the density of hosts S(¢, x) that are susceptible to antigenicity
strain x of pathogen at time t. The width of cross immunity w = 0.2 in (A) and w = 0.6 in (B). A
continuous antigenic drift solution (travelling wave of a fixed shaped profile with a constant wave
speed) loses stability around w = 0.4 and the departure from the travelling wave increases as w
increases (C). The wave speeds stay nearly constant and agree with (3) when w is varied (D). Other
parameters are f = 2, u = 0.001,a« = 0.1, y = 0.5,and D = 0.001.

Threshold for antigenic escape

Of particular interest is the threshold antigenicity distance x, that allows the antigenic escape, i.e.
any antigenicity strain more distant than this threshold from the primary strain (x > x.) can
increase when introduced after the primary outbreak. Such a threshold is determined from

BSx. () = Bs(x.) = (v + )
or
1
(1 — lpo)o'(xc) = e—poa(xc)ll)o = (Ag)
Po
With a specific choice of cross-immunity profile,

o(x) = exp l— %l (410)
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the threshold antigenicity beyond which the virus can increase in the susceptibility profile s(x)
after the primary outbreak is, from

x? 1
exp _polpo exp— 20)2 = EJ

and taking logarithm of both sides twice,

X, = w /21og1’;‘;/;:. (411)

Integrating both sides of (A2) over the whole space, we obtain the dynamics for the total density
of infected hosts, I(t) = fjoool (¢, x)dx:
dr
dt

Oligomorphic dynamics

lﬁf_ St x)p(t,x) dx — (v + a)l I®) =[5 — (v + D). (412)

where

d(t,x) =1(t,x)/I(t),

is the relative frequency of antigenicity strain x circulating at time ¢, and

[e0]

S@t) = f S(t, x)p(t, x) dx (A13)

is the mean susceptibility experienced by currently circulating pathogens. The dynamics for the
relative frequency ¢ (¢, x) of pathogen antigenicity is
d¢p _ 0%¢
=p = BlS(Ex) —SO)px) + D2
As in Sasaki and Dieckmann (2011), we decompose the frequency distribution to the sum of
several morph distributions (oligomorphic decomposition) as

B62) = ) pii(t, ) (415)

(A14)

where p;(t) is the frequency of morph i and ¢;(t, x) is within-morph distribution of antigenicity.
By definition, ¥;p; = 1and [*_¢;(t, x) dx = 1. Let

[00]

X = f x¢;(t, x) dx (A16)
be the mean antigenicity of a morph and
Vi= | G 5021000 dx = 0(e) (a17)

be the within-morph variance of each morph, which is assumed to be small, of the order of €2. Let
us denote the mean susceptibility of host population for viral morph i by S; =
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fjooo S(t,x)¢;(t,x) dx. As shown in Sasaki and Dieckmann (2011), the dynamics for viral morph
frequency is expressed as

dp; - -
- =BG =i +0(e), (A18)
while the dynamics for the within-morph distribution of antigenicity is
d¢; . 0°¢;
—o = B(S(6,0) = S)ei(6,2) + D=L (419)
From this, the dynamics for the mean antigenicity of a morph,
dx; aS 5
=Vif=— . A20
dt Vlﬁ ax x:fi + 0(6 ) ( )
and the dynamics for the within-morph variance of a morph
v, 1 _0a%S 4 5 s
It -2 Wx=f.{E[€i]_Vi}+2D+0(e ). (A21)

are derived, where §; = x — %; and E[{}] = f_oooo (x — x;)*¢;(t, x)dx is the fourth central moment
of antigenicity around the morph mean. Assuming that the morph distribution is and remains
normal (Gaussian closure), E[¢}*] = 3V and hence Eq. (A21) becomes

V2 + 2D + 0(e®). (422)

X=X

Second outbreak predicted by OMD

Equations (A18), (A20) and (A22) are general, but they rely on a full knowledge of the dynamics
of the susceptibility profile S(t,x). In order to make further progress, we use an additional
approximation by substituting Eq. (A9), the susceptibility profile over viral antigenicity space after
the primary outbreak at x = 0 and before the onset of the second outbreak at a distant position.
We keep track of two morphs at positions x,(t) and x; (t), where the first morph is that caused
the primary outbreak at x = 0, and the second morph is that emerged in the range x > x. beyond
the threshold antigenicity x. defined in Eq. (A9) (and (A11) for a specific form of a(x)) as the
source of the next outbreak.

Ass(x) = (1 —)°™ = exp[a(x) log(1 —1y)], we have

d d
é(fi) = [£ (x;) log(1 — 1/)0)] s(x),

and
d?s d?c

. _ do  _ 1 .
W(xi) = l@ (%) log(1 — ) + {a (%) log(1 — 1/)0)} ls(xi)-

Therefore, the frequency, mean antigenicity, and variance of antigenicity of an emerging morph
(i = 1) change respectively as

14


https://doi.org/10.1101/2021.01.19.427227
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.19.427227; this version posted January 19, 2021. 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.

dp,
2= ﬂ[s(xl) — s@)Ips(1 - py),

ﬂ_ 1,3 (x1) (A23)
dV1

E_'Bd Z(X)Vl + 2D,

The predicted change in the mean antigenicity is plotted by integrating Eq. (A23). As initial
condition, we choose the time when a seed of second peak in the range x > x, first appears, and
then compute the mean trait as

x(t) = xo(l - P1(t)) + X1p1 (0). (A24)

In the case of Figure 1, where § =2,y +a = 0.6, D = 0.001, and w = 2, the final size of
epidemic for the primary outbreak, defined as (7) was ¥ = 0.959, and the critical antigenic
distance for the increase of pathogen strain obtained from (A22) was x. = 2.795. The initial
condition for the oligomorphic dynamics (A23) for the second morph was then p,(t,) =
1.6 X 1078, &, (t,) = 3.239, V,(t,) = 0.2675 at t, = 41. In Figure 1, the predicted trajectory for
the mean antigenicity (A24) is plotted as red curve, together with the mean antigenicity change
observed in simulation (blue curve).

The accuracy of predicting with OMD the antigenicity and the timing of the second outbreak

Here we describe how the initial conditions for oligomorphic dynamics, i.e., the frequency, the
mean antigenicity and the variance in antigenicity of the morph that caused the primary outbreak
and the morph which may cause the second outbreak are determined. We then show how the
accuracy in prediction of the second outbreak depends on the timing for prediction.

We divide the antigenicity space into two at x = x. above which the pathogen can increase under
the given susceptibility profile after the primary outbreak, but below which the pathogen cannot
increase. We then take relative frequencies of pathogens above x. and below x., and the
conditional mean and variance in these separated regions to set the initial frequencies, means, and
variances of the morphs at the time t, when we predict the second outbreak:

_ Jy € 1(to, x) dx ~ fxoco (g, x) dx
P i P i
_ _ f;cc xI(to, x) dx B _ fxO: xI(ty, x) dx
Xo(to) = foxcl(to,x) o X1 (t) = fool(to,x) I (A25)
V) — 2 (x = o(80)) 1(t, %) dx' e = [ (x—xl(to)) I(to, x) dx

S € 1(to, x) dx [7 1(to,2) dx

We then compare the trajectory for mean antigenicity change observed in simulation (blue curve
in Figure 1) and the predicted trajectory (red curve in Figure 1) for mean antigenicity (A24) by
integrating oligomorphic dynamics (A23) with initial condition (A25) at time t = t,. Figure S1
shows how the accuracy of prediction, measured by the Kullback-Leibler divergence or L2 norm
between these two trajectories depends on the timing chosen for the prediction, t, . The second
outbreak occurs around t = 54.6 where mean antigenicity jumps from around 0 to around 5. The
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prediction with OMD is accurate if it is made for t, > 40. Figure 1 is drawn for t; = 41 where
the second peak is about to emerge (see Figure S2). Even for the latest prediction for t, = 51 in
Figure S2, the morph frequency of the emerging second quasispecies was only 0.3%, so the
prediction is still worthwhile to make.

Figure S2 shows that the prediction power is roughly constant (albeit with a wiggle) for 5 < t;, <
30 (the predicted timings are 10-15% longer than actual timing for 5 < t5 < 30), and steadily
improved for t, > 30. When the prediction is made very early <(t, < 5) the deviations are larger.

Kullback- Leibler divergence between predicted and true trajectories t=41
Actual antigenicity jump occured at t = 54.6061 ‘
25}
-10
20 .
8 =
2 =
515 2 20}
2
2 10 .o -
XL ey ettt
--------- -30F
5[
e
: -40
0 10 20 30 40 50 0 10 20 30
Time at which prediction is made X

Figure S2. The accuracy of prediction of the second outbreak as a function of the prediction
timing, using either the Kullback-Leibler divergence (left panel) (A) The KL divergence plotted

here is Ix, (P,Q) = L fttolQ(t) logQ(t)/P(t) , where Q(t) is the trajectory for mean

t1—to
antigenicity observed in simulation, and P(t) is the corresponding trajectory obtained with OMD
with using the data at t = t;, being used to set the initial condition. The right end of the comparison
in time horizon is set to t; = 80 when the second outbreak is over. (B) The logarithmic density of
antigenicity strains, I(t, x), at t = 41. A tiny seed for the second morph around x = 6 is visible.

Appendix S2: Oligomorphic dynamics for the joint evolution of antigenicity and
virulence

Let s(x) be the susceptibility of the host population against antigenicity x a specific susceptibility
profile is given by (A8) in Appendix S1 with cross-immunity function o(x) and the final size ¥,
of epidemic of the primary outbreak. Note that as in appendix S1, the susceptibility profile is in
general a function of time. The density I(x, ) of hosts infected by a pathogen of antigenicity x
and virulence a changes with time, when rare, as

ol(x, a) 021 021

o = Bs()I(x,a) — (y + ) (x,a) + Dxﬁ + D“W'
The change in the frequency ¢ (x, a) = I(x,a)/[ [ I(x, a)dxda of a pathogen with antigenicity
x and virulence a follows

(A26)

0p _ 0%¢ 0%¢
E— {W(x'a)_w}d)-}_DxW-l_DaW' (A27)
where
w(x, a) = f(a)s(x) — a, (A28)
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is the fitness of a pathogen with antigenicity x and virulence a and w = [ [ w(x, @)dxda is the
mean fitness.

Let us decompose the joint frequency distribution ¢(x,a) of the viral quasispecies as
(oligomorphic decomposition):

plra) =) ilx i, (429)
i
where ¢;(x, @) is the joint frequency distribution of antigenicity x and virulence a in morph i

(J [ ¢pidxda = 1) and p; is the relative frequency of morph i (¥;p; = 1). The frequency of
morph i then changes as

P w ZWP p
=|wi— ) wp; |ps
dt - (430)
0, _ 0%¢; 0%¢;
5% = w(x,a) —w)p;(x,a) + D, T2 + D, EPER

where w; = [ [ w(x, a)¢;(x, @) dxda is the mean fitness of morph i.

Assuming that the traits are distributed narrowly around the morph means X; =
[ [ xp;(x,@)dxda and @; = [ [ ap;(x,@)dxda, so that § =x —X; = 0(e) and {; = a —
a; = 0(e) where € is a small constant, we expand the fitness w(x, @) around the means x; and &;
of morph i,

w(x, a) = w(x;, @;) + <(3—‘:)l $i + (g—::)i Gi

L1 1/0%w 0%w azw +O(e.
2 axz gl axaa El {l CL €
Substituting this and

w = w @) + o () v o (220 ey L0 pee (e
Wi = Wit & 2\ 0x2 l, ¢ axaai i 2\ da? i i €

into (A30), we have

dp;
d}z = Wi _ijpj p; + 0(e), (431)
| ]
o _ [(ow ow 1(0%w (0w
at N <_)€l + <_)(l ts ( ) (El Vi )+ <a da > (El(l )
1/0*w 0?2 ; 92 ;
+2< ) ((l a)l bi + Dy a¢; + D, aa(l; + 0(€?). (432)
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where w; = w(%, ). (ax) =S (5), =S, (57), = S . (357), =
aa ;V (x;, &;), and ( ) = ﬁ = (x;, @) are fitness and its first and second derivatives evaluated at
the mean traits of morph i, and

V¥ = E[(x — %)?],

Ci = Ei[(x — xp)(a — @;)], (A33)

Ve = Ei[(a — @)?],

are within-morph variances and covariance of the traits of morph i. Here, E;[f(x,a)] =
[ [ f(x,@)¢p;(x, @) dx da denotes taking expectation of a function f with respect to the joint trait
distribution ¢; (x, @) of morph i.

Substituting (A32) into the change in the mean antigenicity of morph i

St [smaarda= [ [

¢ldxda—ff( + &) ¢ld€ld(l,

we have

dx; aw . aw 3

L (E) VE+ <E)ic" + 0(e?). (434)
Similarly, the change in the mean virulence of morph i is expressed as

da; aw ow\ 3

i = (E) C + (%)i"i + 0. (435)

Equations (A34)-(A35) from the mean trait change is summarized in a matrix form as

)

d /%
E(ali)za,- S 0, (436)
(3a).
where
vVr oG
G, —( f V;) (437)

is the variance-covariance matrix of the morph i.

Substituting (A32) into the right-hand side of the change in variance of antigenicity of morph i,

dc‘;;:% f f §2 ¢, dEdg; = f f &2 2% 4z,

and those in the change in the other variance and covariance, we have
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avy  1(d2 0*
d; = E(@;’:) [Ei(f?) - (V92 + <6x;:r>, [Ei(figfi) - VGl
1 62w 252 xvra l 5
+E<W> [E:(§7¢7) — ViV¥] + 2Dy + 0(€”),
dc;, 1(0%w l 5 0w
) azwl (A38)
+_(_> [E;(&:37) — CVE] + 0(€®),
2\0a? ).
dve  1(0%w 2oy oxvar s [OPW «
" :§<8x2>. [E: (70 — ViV ]+<6 Ep ) [E;(§:¢2) — CV ]
2
+%(‘;7W> [E:G) — (V)] + 2D, + O(€).

If we assume that antigenicity and virulence within a morph follow two-dimensional Gaussian
distribution for given means, variances and covariance, we should have E;(§}) =
3(Vix)2;Ei(fi3(i) =3V C, Ei(fizfiz) = VIV + ZCiza Ei(fi(f) = 3V*C;, and Ei(f?) = 3(V)?,
and hence

v _ (97w W+ 0w VEC+ OWN 2 4 9p. 4 0(es (439)
dt ~\ox?), 9x0a a2 ) G T 2Dx 0,
L
dC; _ (07w VEC+ 07w {VxV“ 2} + 0w GV 40 (A40)
dt  \oxz) i oxda) Vi da? (€,
vt _ (9%w C2 o i VEC+ OWN ey 4 2D, + 0(cS (441)
dat  \axz) " dxda daz) «+0(€),
Egs. (A39)-(A41) are rewritten in a matrix form as
dGi 2DxVix 0 5
dt = GiHiGi + < 0 ZDaVia,) + O(E ), (A42)

where

0w 0w
<6x2>i <axaa>i

0w 0w ’
<6x6a>i <6a2>i

is the Hessian of the fitness function of the morph i.

H; = (443)

In our case (A26) of the joint evolution of antigenicity and virulence of a pathogen after its primary
outbreak, the fitness function is given by w(x, @) = f(a)s(x) — a, and hence w; = B(@;)s(x;) —

@, (2) =p@s @ . (L) =p@sE -1, (22) =p@s"w . (L) =
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B'(a;)s'(x;), (axaa) = B'(a;)s'(x;), and ((ZZTV;)' = B"(a;)s(x;), where a prime on f(a) and

s(x) denotes differentiation by a and x, respectively. Substituting these into the dynamics for
morph frequencies (A31), for morph means (A34)-(A35), and for within-morph variance and
covariance (A39)-(A41), we have

i’f = [Blads(x) - Z(ﬁ (a@)s(%) - a)p; | s (A44)
Cgi = B@)s'(xIvi* + {B'(@)s(x) — 13¢;, (A45)
Ciio_;i = B(a@)s'(x)C; + {B' (a;)s(x;) — 1}V7, (A46)
d;;x = B(a)s" (x) (V)2 + 2" (a;)s' (X)VFC; + B (@)s(x;)C? + 2D,, (A47)
Cfiii = B(@)s" (XIVIC; + B'(@)s' @)VIVE — C23 + B (@)s(Z)CVE, (448)
d;/; = B(@)s" () C? + 28" (@)s' (FIVEC; + B (@)s(x)(VE)? + 2D, (449)

Equations (A44)-(A49) describe the oligomorphic dynamics of the joint evolution of antigenicity
and virulence of a pathogen for a given host susceptibility profile s(x) over pathogen antigenicity.

Of particular interest is whether the antigenicity evolution or virulence evolution accelerates each
other by allowing them evolving simultaneously than when they evolve alone. After the primary
outbreak at a given antigenicity, say x = 0, the susceptibility s(x) of host population increases
due to cross-immunity as the distance x > 0 from the antigenicity at the primary outbreak.
Combining this with the positive tradeoff between transmission rate and virulence, we see that
(0%w/axda); = B'(a;)s'(x;) > 0, and then from (A48) we see that the within-morph covariance
between antigenicity and virulence stays positive if its initial value is nonnegative:

dc;
dt o

0w o
i

If all second moments are sufficiently small initially for an emerging morph, a quick look at the
linearization of (A47)-(A49) around (V¥, C;, V;*) = (0,0,0) indicates that both V;* and V;* become
positive due to the random generation of variance by mutation, D, > 0 and D, > 0, while the
covariance stays close to zero. Then (A50) guarantees that first move of covariance is from zero
to positive, which then guarantees that C; > 0 for all t. Therefore, the second term in (A34) is
positive until the mean virulence reaches its optimum (f'(a)s(x) = 1). This means that joint
evolution with virulence accelerates the evolution of antigenicity. The same is true for virulence
evolution: the first term in (A35) (which denotes the associated change in virulence due to the
selection in antigenicity through genetic covariance between them) is positive, indicating that joint
evolution with antigenicity accelerates the virulence evolution.
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Numerical example

Figure 5 in the main body shows the oligomorphic dynamics prediction of the emergence of next
strain in antigenicity-virulence coevolution. In order to make progress numerically we assume
s(x) to be constant in the following analysis because we are interested in the process between the
end of the primary outbreak and the emergence of the next antigenicity virulence morph. A The
partial differential equations for the density of host S(¢, x) susceptible to the antigenicity strain x
at time t, and the density of hosts infected by pathogen strain with antigenicity x and virulence o

are
S t,x Amax [ *max
(&, x) = —S(t,x) f B(a)a(x —y)I(t,y,a)dyda,
at ®Xmin 0 (ASl)
oI(t,x, a) 0° 0?2

5t = [B(@)S(t,x) — (¥ + )]I(t,x, @) + (Dxﬁ + D, 322 I(t,x, @),

with the boundary conditions (3S/0x)(t,0) = (0S/0x)(t, xmax) = 0, (01/0x)(t,0,a) = (0I/
0x)(t, Xmax, 0) = 0, (01/0x)(t, x, Appin) = (0I/3x)(t, X, Amax) = 0, and the initial conditions
S(0,x) =1, and I1(0,x, @) = €6(x)6(a) where §(+) is delta function and € = 0.01. The trait
space is restricted in a rectangular region: 0 < x < X, = 300 and ap,;, = 0.025 < a <10 =
Qmax- Oligomorphic dynamics prediction for the joint evolution of antigenicity and virulence is
applied for the next outbreak after the outbreak with the mean antigenicity around x = 108 at time
t = 102. The susceptibility of host to antigenicity strain x at t, = 104.8 after the previous
outbreak peaked around time t = 102 came to an end is

s(x) = S(ty, x).
This susceptibility profile remains unchanged until the next outbreak starts, and hence the fitness
of a pathogen strain with antigenicity x and virulence « is given by

w(x,a) = B(a)s(x) — (v + a)

We divide the pathogen quasispecies into two morphs at time t, at the threshold antigenicity x,
above which the net growth rate of pathogen strain under the given susceptibility profile s(x) and
the mean antigenicity becomes positive:

w(xe, @(to)) = B(@(to))s(x) — (v + @(to)) = 0.

The initial frequency and the moments of two morphs, the strain 0 with x < x. and the strain 1
with x > x are then calculated respectively from the joint distribution I (ty, x, @) in the restricted
region {(x, @); 0 < x < x¢, Apmin < @ < Apayt and that in the restricted region {(x, a); x, < x <
Xmax Amin < & < Apmax). The frequency p; of the morph 1 (the frequency of the morph 0 is given
by po = 1 — p;), the mean antigenicity X; and mean virulence &; of the morph i, and variances
and covariance, V;*, C;, V¥ of the morph i (i = 0,1) follow (A44)-(A49), where the dynamics for
the morph frequency (A44) is simplified in this two morph situation as

dp, o o
d_pt = [B(@)s(x;y) — B(@p)s(xp) — (@ — @p)lp1 (1 — py),

with po(t) = 1 — p,(t). This is iterated from t = t, = 104.8 to t, = 107. The frequency p,of
the new morph, the population mean antigenicity X = pyX, + p1X;, virulence @ = po@y + p1 @4,
variance in antigenicity V, = p,V§* + p,V{*, covariance between antigenicity and virulence C =

PoCo + p1C;, and variance in virulence V, = poV§* + p,; V¥ are overlayed by red thick curves on
the trajectories of moments observed in full dynamics (AS51).
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In the panel (a) of Figure 5, the dashed vertical line represents the threshold antigenicity x. above
which Ry = fs(x)/(y +a) > 1 at t =t;, = 104.8 where oligomorphic dynamics (OMD)
prediction is attempted. Two morphs are then defined according to whether or not the antigenicity
exceeds a threshold x = x: the resident morph (morph 1) is represented as the dense cloud to the
left of x = x. and the second morph (morph 2) consisting of all the genotypes to the right of x =
x. with their R, greater than one. The within-morph means and variances are then calculated in
each region. The relative total densities of infected hosts in the left and right regions defines the
initial frequency of two morphs in OMD. A 2D Gaussian distribution is assumed for within-morph
trait distributions to have the closed moment equations as explained before. Using these as the
initial means, variances, covariances of the two morphs at t = t;. The oligomorphic dynamics for
11 variables (relative frequency of morph 1, mean antigenicity, mean virulence, variances in
antigenicity and virulence and their covariance in morph 0 and 1) is integrated up to t = t,. The
results are shown in red curves in the panels of second and third rows, which are compared with
the simulation results (blue curves).

The panels (c)-(e) in Figure 5 show the change in total infected density (c), mean antigenicity (d),
and mean virulence (e). Red curves show the prediction by oligomorphic dynamics from the initial
moments of each morph at t = ¢ to the susceptibility distribution s(x) = S(t,, x). Red curves in
the (d) and (e) show the OMD prediction, which is compared with the simulation results (blue
curves). The OMD predicted mean antigenicity, for example, is defined as

() = (1 = p1 ()% (®) + p1(OZ (D),
where p; (t) is the frequency of morph 1, X, and X; are the mean antigenicity of morph 0 and 1.

The red curves in the third row of Figure 5 show the OMD-predicted changes in the variance in
antigenicity, variance in virulence, and covariance between antigenicity and virulence, which are
compared with the simulation results (blue curves). The OMD predicted covariance, for example,
is defined as

C(t) = (1 —p(D)Co() + p1 (D) (1) + pr (D) (1 — 1 (1)) (o (1) — %, (D)) (@ () — @ (1))

where Cy(t) and C;(t) are antigenicity-virulence covariance in morph 0 and 1, and @, (t) and
@, (t) are mean virulence of morph 0 and 1.

Appendix S3: Selection for maximum growth rate

In this appendix, we show that a pathogen that has the strategy maximizing the growth rate in a
fully susceptible population is evolutionarily stable in the presence of antigenic escape.

At stationarity, the travelling wave profiles of [(z) and $(z) along the moving coordinate, z =
x — vt, that drifts constantly to right with the speed v are defined as

d?1(2) di(z)
=D dz? T dz

S e )
@ _ g5 f o(z - I(E) dé. (452)

+B5(@)i(2) - (v + D (2),

0= —
v dz
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with [(—o0) = [(0) = 0, S(e0) = 1.

Let j(t,x) be the density of a mutant pathogen strain with virulence @’ and transmission
rate B’ that is introduced in the host population where the resident strain is already established
(A46). For the initial transient phase in which he density of mutant is sufficiently small, we have
an equation for the change in J(t,z) = j(t, x):

2

0 d d A
a](t, z) = {D 32 tva, B'S(z) —(y + a’)}](t, z), (A53)

with the initial condition J (0, z) = €d(z), where € is a small constant and §(+) is Dirac function.

Consider a system
a—W={Da—2+vi+ﬁ”—(y+cyz’)}w (A54)
ot 0z2 0z ’

with w(0,z) = J(0,z) = €5(z). Noting that $(z) < 1, we have J(t,z) < w(t,z) for any t > 0
and z € R from the comparison theorem. The solution to (A48) is

w(t,z) = exp lr’t - %} (455)

€
VanDt

where 7' = B’ — (y + a'). This follows by noting that w(t,x)e "t follows a simple diffusion
equation dw/dt = Dd*w/dx?. By rearranging the exponents of (A49),

€ 2
w(t, z) = explat — kz] e—z°/4Dt
. VanDt (456)
< explat — kz
VanDt pl ]
where
v’ —p?
@=""2p (457)
v
k=D (458)

Here v’ = 2vr'D is the asymptotic wave speed if the mutant strain monopolizes the host
population. Therefore, if v’ < v, then a < 0, and hence w(t, z) for a fixed z converges to zero as
t goes to infinity; which in turn implies that ] (t, z) converges to zero because J(t,z) < w(t, z) for
all t and z. Therefore, we conclude that any mutant that has a slower wave speed than the resident
can never invade the population, implying that a strain that has the maximum wave speed v =

2+/rD is locally evolutionarily stable.
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