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Abstract

Pathogens that are resistant against drug treatment are widely observed. In contrast, pathogens
that escape the immune response elicited upon vaccination are rare. Previous studies showed that the
prophylactic character of vaccines, the multiplicity of epitopes to which the immune system responds
within a host, and their diversity between hosts delay the evolution and emergence of escape mutants in
a vaccinated population. By extending previous mathematical models, we find that, depending on the
cost of the escape mutations, there even exist critical levels of immune response diversity that completely
prevent vaccine escape. Furthermore, to quantify the potential for vaccine escape below these critical
levels, we propose a concept of escape depth which measures the fraction of escape mutants that can
spread in a vaccinated population. Determining this escape depth for a vaccine could help to predict its
sustainability in the face of pathogen evolution.

Introduction

Both drug treatment and vaccination induce an evolutionary pressure on pathogens. However, while drug-
resistant pathogens are widely observed, pathogens that evolved the capability to escape the immune response
primed by a vaccine are rare [1]-[4]. Vaccines, in contrast to drug treatment, work prophylactically, which
reduces the probability that an escape mutant emerges by de novo mutation compared to drug treatment [1].
Additionally, vaccines work indirectly by eliciting immune responses, and thus profit from the characteristics
of a fine-tuned system that has evolved over millions of years to prevent and clear infections [5], [6].

The immune responses elicited upon vaccination differ from person to person [7], whereas drug treatment
often targets the same and a limited number of pathogen functions within each individual. The diversity of
immune responses appears on two levels: the various epitopes to which the immune system responds within a
vaccinated individual and the diversity of these epitopes between individuals. An epitope is the part of a
antigen to which an antibody attaches, often, a single mutation in the epitope can confer escape from specific
antibodies [8], [9]. The diversity in epitopes can be observed by studying antibody repertoires elicited by
individuals upon vaccination, which recently became possible due to novel bioinformatical and statistical
methods [10]. Such studies have shown that the antibody repertoires elicited after a tetanus vaccination,
that exists of up to 100 clones [1], [11], barely overlap between individuals [1], [12]. Similarly, in a study of
a pneumococcal polysacharide vaccination, all four donors elicited an antibody repertoire with an unique
fingerprint [13]. Besides being based on factors such as age [14], [15], sex [16] and genetic background [17]-[19],
twin studies have shown that this diversity is partly stochastic [20], [21].

The multiplicity of epitopes to which the immune system responds within a host increases the number
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Figure 1: Representation of the modelled diversity of immune responses within and between individuals. Upon
vaccination, each individual can elicit an immune response against epitopes of the pathogen selected from a
larger set of epitopes. Every unique combination of immune responses is referred to as a vaccination-type. (©)
M. Baldachin. Scientific illustrator. www.mishabaldachin.com.

of mutations needed to escape its immune system [1]. The between-host diversity in immune responses hinders
escape mutants to spread in the population once they have emerged [1]. Kennedy and Read (2017) show,
based on a mathematical model, that both, the prophylactic character and multiplicity of therapeutic targets
delay the expected time at which escape mutants can emerge and have a synergistic effect when they are
combined [1]. We aim to go beyond Kennedy and Read by specifying the conditions of the diversity in immune
responses upon vaccination that can prevent escape mutants to spread at all. Moreover, we aim to understand
the relative role of the multiplicity of immune responses against epitopes within an individual compared to
their diversity between individuals.

To find conditions that prevent the spread of vaccine escape mutants, we use a mathematical model. This
mathematical model includes a multiplicity of within-host immune responses against epitopes of the pathogen
and between-host diversity of these responses (see Figure 1). Besides the wild-type pathogen, the model also
includes escape mutants. These escape mutants contain one or multiple mutations in epitopes which allow
them to escape the immune response an individual elicits against these epitopes. To capture the complex
dynamics of the wild-type and multiple escape strains, we propose a new concept: the escape depth, which
we define as the fraction of possible escape mutants that can spread in a vaccinated population. The escape
depth allows us to quantify the ability of the pathogen to escape from a vaccine on a continuous scale and
identify parameter values for which a vaccine is evolution proof.

Results

To investigate the conditions under which the spread of an escape mutant in a vaccinated population is delayed
or prevented, we extended McLean’s model (1995) to include within-host multiplicity and between-host
diversity in the epitopes to which the immune system responds [22]. In our model, a vaccinated individual
elicits an immune response against epitopes selected from a larger set that represents the total diversity in
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targeted epitopes. Each unique combination of responses against epitopes is referred to as a vaccination-type
(see Figure 1). Pathogen mutants can escape the response against an epitope by a single mutation in this
epitope. The cost of such an escape mutation is modelled by a decrease in the transmission rate of the mutant.
To be precise, the transmission rate decreases with 10% for each additional mutation. Similar to the original
McLean model, we assume that all possible escape mutants are present in the population at low levels before
vaccination starts. Also, we assume that the vaccine has an efficacy of only 20% for preventing infection with
an escape mutant.

Figure 2 shows the dynamics of the model for a single immune response per individual and either two
or eight different responses between individuals (vaccination-types). This Figure illustrates what has been
described by Kennedy and Read before: increasing the diversity in immune responses upon vaccination delays
the expected rise of escape mutants. Here we investigate this qualitative pattern in more depth.

In Figure 2, we evaluated the model for a finite time. To determine whether an escape mutant could
potentially spread at a later time we calculated the reproduction number for each mutant type. The re-
production number is the expected number of secondary cases due to one primary infected individual. A
reproduction number larger than one will enable the mutant to spread in the population. The reproduction
number of an escape mutant in a completely susceptible population without any other pathogens is referred
to as the basic reproduction number (Rp). The reproduction number of an escape mutant in a population
where all other types of mutants with fewer escape mutations have already had the opportunity to spread is
referred to as the endemic reproduction number (R.).

In general, the reproduction number can be calculated by taking the product of the transmission rate
of the pathogen, the average infectious period and the number of susceptibles that can be infected. In
our model, we assume m escape mutations resulting 2™ escape mutant strains that each have their own
reproduction number. Because escape mutations carry a transmission cost, the escape mutants differ in their
transmission rate, [3,,. The average infectious period in our model is given by the inverse of the clearance rate
&, which we assume to be the same for each pathogen strain.

Lastly, the basic reproduction numbers of the pathogen strains are affected by the diversity of immune
responses elicited by the vaccine within and between the hosts. To capture this diversity, we define a set of A/
vaccination-types, and the escape matrix J, ,, which equals one if mutant m can escape vaccination-type
n € N and is zero otherwise. We assume that escape mutations do not make a strain completely refractory
the a given immune response. If a strain carries all mutations required to escape the immune responses within
a vaccinated host it can infect it by a factor r less than an unvaccinated host. Without any escape mutations
a vaccinated host is by a factor s > r less susceptible to infection.

The calculation of reproduction numbers relies on the levels of the number of unvaccinated and vacci-
nated susceptibles, S and V, respectively. The basic reproduction number Ry can be calculated by using the
levels of S and V in the disease-free equilibrium, while the endemic reproduction number R, requires their
levels endemic equilibrium.

Between-host diversity of immune responses

Figure 4A and B show that the reproduction numbers of the escape mutants decrease for increasing between-
host diversity of immune-responses with only one response within individuals. The basic reproduction number
is shown for up to 70 vaccination types, where the endemic reproduction is limited to 11 vaccination types
due to computational limitations. To simplify the interpretation of the many reproduction numbers shown in
Figure 4A and B, we introduced the concept of escape depth. The escape depth is defined as the fraction of
possible escape mutants that has a reproduction number above 1 and could thus spread in the vaccinated
population (see Figure 4C and D). With an escape depth of 1 each possible mutant could spread, whereas
an escape depth of 0 indicates that none of the mutants could spread. This last case would imply that the
vaccine is completely evolution-proof (in our model only). The continuous scale between these two extremes
helps to quantify and compare the evolutionary sustainability of vaccines. Figure 4C and D show that the
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Figure 2: The dynamics of the mathematical model for a single within-host immune response and (A) 2
vaccination-types or (B) 8 vaccination types. Both panels show the number of non-vaccinated susceptibles
(dark blue), vaccinated susceptibles (light blue), individuals infected with wild type pathogen (dark green)
and individuals infected with one of the escape mutants. The number of individuals infected with an escape
mutant are colored based on the number of mutations in the escape variant: light green for a single mutation
to dark red for 8 mutations.
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Figure 3: Equation for the reproduction number (either basic (Rg) or endemic (R.)) of an escape mutant
with m mutations. The constant ﬁTm is the product of the transmission rate and the infectious time. This
is multiplied with the number of individuals that can get infected by the pathogen type: unvaccinated
susceptibles (blue), vaccinated individuals which can get infected by all pathogens with an efficacy of (1 — s)
(yellow), and the vaccinated individuals with an immune response that this pathogen can escape and infect

with efficacy (s — r).

escape depth of the model decreases with an increase of the number of vaccination types. Starting from 37
vaccination types, the escape depth based on the basic reproduction number is even zero, meaning that the
vaccine can not be escaped for these levels of between-host diversity.

Effect of model parameters on the escape-depth

The escape depth based on the basic reproduction number allows us to analyze the sensitivity of the model
to three important model parameters. First, we evaluate the effect of the efficacy of the vaccine against the
escape mutants. In the standard model, this value is fixed to 20%. In Figure 5A the value ranges from 0%
to 95%, which is the efficacy of the vaccine for the wild type pathogen. The escape depth decreases faster
towards O for a high efficacy of the vaccine towards the escape mutants than for low values, but independently
of the exact value the escape depth will decrease to 0 for increasing number of vaccination types in the system.

Secondly, we evaluated the effect of the vaccine coverage in the model (see Figure 5B). The escape depth
decreases fastest with the number of vaccination types when the vaccination coverage is high.

Thirdly, the cost of an escape mutation is varied, i.e. the decline in transmission rate per additional
mutation. The escape depth decreases fastest when the cost of mutation is high. For low cost values (smaller
than 2.5%), the escape depth does not decrease for the range of vaccination types we have evaluated.

Our model and analysis thus provide a rational and quantitative basis for evaluating the evolutionary
sustainability of a vaccine, which can be predicted from its efficacy, coverage, and the fitness cost of escape.

Within host multiplicity compared to between-host diversity of immune responses
against epitopes

So far, we have considered vaccine-induced immune responses that only differ between individuals. However,
it is known that a single host can respond against multiple antigens and epitopes of a pathogen [11], [12]. In a
next step, we therefore consider vaccines that induce the same immune response in different individuals, but
multiple responses within them. We assume that a mutant can only escape such an immune response fully if it
has a mutation in each epitope, against which the vaccination-type responds, and partial escape mutants are as
susceptible to the immune response as the wild-type while still carrying a transmission cost. Figure 6A shows
how the basic reproduction number changes for an increasing number of within-host immune responses. We
find that the basic reproduction number of partial escapes are unaffected by number of within-host epitopes.
However, the basic reproduction number of the full escape mutant decreases when the number of within-host
epitopes increases. This is due to the increased cost of the full escape mutant which is larger when the vaccine
elicits more immune responses within a host.
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Figure 4: (A) The basic reproduction number and (B) the endemic reproduction number for escape mutants
with varying number of escape mutations (ranging from 0 (light violet) to 70 (light green)) for increasing
between-host immune diversity while there is a single immune responses within each individual. (C) The
escape depth, i.e. the fraction of the escape mutants that has the potential to spread, against the number of
vaccination types in the model. (D) Escape depth of the model based on the endemic reproduction number
against the number of vaccination types in the model.
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Figure 5: The effect of (A) the efficacy of the vaccine against escape mutants, (B) the fraction of newborns
vaccinated, and (C) the mutation cost on the escape depth for an increasing number of vaccination types.
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Figure 6: (A) The basic reproduction number for an increasing number of within-host epitopes to which
the immune system responds upon vaccination in a model where there is no variation in responses between
individuals. (B) The escape depth against the cost of an escape mutation for three different scenarios: one
immune response against a single epitope per individual and 120 unique responses against epitopes in total
(black); 14 different immune responses against epitopes per individual and 16 in the population (red); 119
immune responses against epitopes per individual and 120 immune responses in the population (blue).

Additionally, we tested the relative contribution of the within-host multiplicity of immune responses and the
between-host diversity in preventing the spread of escape mutants. To this end, we construct three scenarios
that cover the conceivable range of possibilities from extremely low to very high within-host multiplicity, while
keeping the between-host diversity constant at 120 vaccination types. We then compare the escape depth in
these three scenarios 6B).

The first scenario allows for one immune response against a single epitope per individual and 120 unique
responses against epitopes in total. The second scenario has 14 different immune responses against epitopes
per individual and 16 in the population, again resulting in 120 vaccination types. The third scenario has 119
immune responses against epitopes per individual and 120 immune responses in the population.

For low costs of escape, the vaccine with low within-host multiplicity, as described in the first scenario,
has the highest, while the vaccine with high within-host multiplicity displays the lowest escape depth. Thus
vaccines with low within-host multiplicity are predicted to be evolutionary least sustainable. This is due to the
fact that for such vaccines a single mutation can already confer escape. Vaccines with intermediate within-host
multiplicity show intermediate sustainability. When the mutation cost is high, the patterns changes: both, the
vaccine with low and high within-host multiplicity are predicted to be most evolutionary sustainable. Thus,
the escape depth, and hence the predicted evolutionary sustainability, is affected by a complex interaction
between the cost of escape and the within-host multiplicity.

Discussion

Consistent with previous studies, our model shows that the potential of an escape mutant to spread within
a vaccinated population decreases with an increase in the diversity in immune responses upon vaccination,
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i.e. the number of vaccination-types in the population. We further show that, when the diversity in immune
responses is large enough, the spread of escape mutants is predicted to be even completely preventable. This
critical diversity depends on the cost of an escape mutation, the vaccination coverage and the efficacy of the
vaccine against escape mutants. To summarize the complex escape dynamics in our model with multiple
immune reponses and pathogen strains, we propose the new concept of the escape depth.

Additionally, our analyses showed that, for the prevention of vaccine escape, the between-host diversity
of epitopes, to which the immune system responds, is more important than the multiplicity of these epitopes
within hosts. However, one important effect of responding against multiple epitopes within a host is that
it makes it harder for an escape mutant to emerge de novo, as it needs multiple mutations to escape the
immune response of a single individual. This effect is not included in our model, because we assume that
all escape mutants are already present in the population at low levels. Therefore, the advantage of having
multiple immune responses with an individual is likely underestimated in our analysis.

Throughout the study, we have used the term evolution proof cautiously. Even for model scenarios where the
predicted escape depth is zero, vaccine escape mutants could emerge and spread in reality. The reason for this
is that escape mutants could pick up compensatory mutations that relieve the cost of the escape mutations,
while we exclude such compensatory mutations in our simulations. Thus the cost of escape, which is central
in our analysis of vaccine sustainability, could evolve to zero in the long run.

Our predictions agree with experimental findings involving the prokaryotic CRISPR-Cas system. Within this
system, bacteria can acquire immunity against a pathogen, such as a bacteriophage, by inserting a spacer
derived from the DNA of the pathogen into the CRISPR locus [23], [24]. Even for the same pathogen, this
spacer can differ between bacterial cells [25]. Van Houte et al. (2016) showed that the probability that a
pathogen goes extinct when invading a bacterial population increases with the spacer diversity [26]. Thus, our
main finding, that diversity in immune responses decreases the probability that escape mutants spread, is
supported in phage-bacteria systems.

In their inspiring perspective Kennedy and Read [1] list several examples of vaccine escape in systems
with low immune diversity that are consistent with the epidemiological dynamics predicted by our model.
First, the vaccine against Hepatitus B Virus (HBV) elicits immune responses against one epitope and a single
mutation confers vaccination escape [27], [28]. As a result, vaccine escape mutants evolved shortly after the
introduction of the vaccine [29]. Second, escape mutants of Yersinia Ruckeri, that causes Enteric redmouth
disease (ERD) in fish, emerged after the introduction of a first monovalent vaccine [30]-[32]. This escape can
be caused by four different single mutations which all effect the same pathway [1], [31]. On the other hand, one
of the best-known examples of vaccination escape, Marek’s Disease Virus (MDV), which causes a viral infection
in chicken [33], is not well described by our model. This is because the MDYV strain used as a live vaccine,
rather than inducing protective immune responses, works by occupying the target cell niche of the pathogenic
MDYV strain [34]. As a consequence, escaping from the MDV vaccine can be accomplished, not by avoid-
ing the detection by immune responses, but by increasing the competitive ability against the vaccine strain [35].

In the current SARS-CoV-2 pandemic, there is concern that a vaccine resistant mutant already exists
[36] or will emerge [37]. Our model uses realistic assumptions for a pandemic situation, as, due to the high
case numbers world wide, we can assume that many possible mutants are around. The natural immune
response against SARS-CoV-2 is diverse [38], therefore, immune responses upon vaccination might be diverse
as well. Determining the diversity of responses following vaccination against COVID-19 will thus allow us to
obtain a clearer picture about the sustainability of COVID-19 vaccines.

The question of why drug-resistant pathogens are so widely observed, while vaccination-escape mutants
are not, has been addressed with mathematical models previously [1], [22]. With the present paper, we are
contributing to this growing body of work by not only investigating the impact of immune diversity on the
potential to delay the spread of escape mutants, but to prevent their spread altogether. Most crucial for the
potential spread of escape mutants are their fitness costs. Thus, determining the diversity of vaccine-induced
immune responses within individuals and the population, as well as the costs of escape mutations could allow
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us to better predict the sustainability of vaccines in the face of pathogen evolution.

Methods and Materials
The model

We use a mathematical model to investigate under which conditions the diversity in immune responses against
epitopes can prevent the spread of vaccine escape mutants in a vaccinated population. Our model is an
extension of McLean’s (1995) model [22]. The model starts with a susceptible, non-vaccinated population (S).
A wild-type infectious pathogen can infect the susceptible population with transmission rate 8. Individuals
infected with the wild-type are indicated with I*. After twenty years, a vaccination program starts and 80
percent of the newborns are vaccinated with a vaccine that has an efficacy of 95 percent for the wild-type
pathogen. There is also an escape mutant present in the system, for which the vaccine is only 20 percent
efficient. Individuals infected with either type of pathogen who recover are immune to both pathogen types
for the rest of the simulation.

We expanded McLean’s model to include diversity in immune responses upon vaccination. As indicated
in Figure 1, each individual can elicit an immune response against a variety epitopes and each unique
combination of immune responses against epitopes forms a vaccination-type. Figure 7 represents a model
where six vaccination-types are possible. We assume that all immune responses against epitopes are equally
distributed over the population. Besides the wild-type pathogen, there are also various escape mutants
around. Each escape mutant contains a mutation in one ore multiple of the epitopes the immune system
can recognize. In Figure 7, compartment I represents individuals that are infected with the wild-type or
one of the escape mutants. All possible escape mutants exist before vaccination starts. The death rate of
vaccinated and unvaccinated individuals is equal, as well as the rate at which individuals leave any of the
infected compartments. The advantage of escaping any of the immune responses against epitopes comes at a
cost. Therefore, we let the transmission rate at which a mutant can spread decay with 10 percent for each
mutation. The full system of ODE equations that describes this model can be found in the Supplementary
material, as well as a table with a description and the value of all model parameters.

Calculation of Reproduction Numbers

In our deterministic model, an escape mutant can only spread in the population, when it has a reproduction
number larger than one. Therefore, we analyse the model to find analytical expressions as well as numerical
values for the reproduction number of each escape mutant. We do this for both the reproduction number in a
fully naive population, so without any other escape mutants around (the basic reproduction number Ry), and
in a situation where all other escape mutants that have less escape mutations where already able to spread (the
endemic reproduction number R,). The general equation for both reproduction numbers is shown in Figure 3
and is a combination of the transmission rate of the pathogen type (3), the duration of the infectious period
(%) and the number of individuals that can be infected by this pathogen type. For the basic reproduction
number, this number of individuals is calculated using the disease free equilibria for the number of vaccinated
and non-vaccinated susceptibles: S = U=p)A 3nd V = 2. For the endemic reproduction number of each
pathogen type, we used the equilibria values of the number of non-vaccinated and vaccinated individuals in a
system where all other pathogen types with less mutations have already spread. These cannot be calculated
analytically and are therefore calculated numerically.

Technical Implementation

The modelling was done in R (version 3.4.1) [39] using an automatized code that allows for an arbitrary
number of vaccination-types and epitopes against which the immune system responds. All code is available
on https://gitlab.ethz.ch/jbouman/ Vaccine escape open. The deSolve package [40] is used to numerically
solve the system of differential equations. Additionally the function as.set from the sets package is used to
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Figure 7: Schematic representation of the model when each individual can elicit an immune response against
two different epitopes upon vaccination and there are four different epitopes in the system. S represents
the compartment of unvaccinated susceptibles and V' the vaccinated individuals that elicit one of the six
vaccination-types. The compartment Pathogen shows the wild type virus and all possible escape mutants. I
are individuals infected with either the wild-type pathogen or one of the escape mutants.
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create a set with all possible escape mutants [41]. Endemic equilibria are found by solving the ODE system
for its roots, using the multiroot-function from rootSolve [42], [43].
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Supplementary Material

Full Model Description

The model depicted in Figure 7 is described by the equations below for one vaccination-type per individual.
A description of all parameters and their value used for the simulations is shown in Table .

as
2 = (L= DA = S(BUIY 4 BT + B515 + 4 By + o+ BT o1 ) — S
A%
5 = DA =VA((L= )BT + B} 4 o BT o) + D (s = 1)BRT3) — VA
neN
d‘/Q w yw ere ere € €
= boA=Va((L= )BT + B0F o+ BIE )+ D (s = 1)B5 1) — nVa
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div
die
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The set of equations that describes the complete model. The meaning of the different parameters is described in
table . AV is the set that contains all vaccination-types, J, , equals one if mutant m can escape vaccination-type
n € N and otherwise zero.
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Parameter | Meaning Value
S Number of non-vaccinated susceptibles Initial value: 9000
V; Number of vaccinated susceptibles that elicit | Initial value: 0

vaccination-type ¢

A Number of individuals infected with the wild-type | Initial value: 10
pathogen

I? Number of individuals infected with an escape mutant | Initial value: 1 for each type @
of type i

P Fraction of newborn susceptibles that will be vacci- | 0.9

nated starting after three years of the simulation

A Birth rate 2000 per year

BY Transmission rate for the wild-type pathogen 0.0017

B¢ Transmission rate for the escape mutant indicated | Dependent on scenario
with 4

fi Fraction of wvaccinated individuals that elicits L

A . ) number of vaccination-types
vaccination-type ¢

s efficacy of vaccination for the wild-type pathogen 0.95

r efficacy of vaccination on pathogen that can escape | 0.2
this vaccination-type

L Death rate for vaccinated and non-vaccinated suscep- | 0.02 per year
tible population

1 Rate at which individuals leave any of the infected | 25 per year
compartments (due to death or recovery)

Table S1: Description of all model parameters and their values.
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Supplementary Result Figures
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Figure S1: (A) The number of susceptible individuals (non-vaccinated) at the equilibrium of the system with
varying number of vaccination types and for a selection of mutants available in the system. (B) The number
of susceptible vaccinated individuals at equilibrium.
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