biology
letters

rshl.royalsocietypublishing.org

Research Crossmark

click for updates

(ite this article: Garnier R, Boulinier T,
Gandon S. 2013 Evolution of the temporal
persistence of immune protection. Biol Lett 9:
20130017.
http://dx.doi.org/10.1098/rsbl.2013.0017

Received: 7 January 2013
Accepted: 17 February 2013

Subject Areas:
evolution, health and disease
and epidemiology

Keywords:
host — parasite interactions, life-history theory,
immune system, maternal antibodies

Author for correspondence:
Romain Garnier
e-mail: romaing@princeton.edu

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsbl.2013.0017 or
via http://rshl.royalsocietypublishing.org.

Publishing

nforming scienc

%ﬁ Royal Society

Evolutionary biology

Evolution of the temporal persistence of
Immune protection

Romain Garnier'2, Thierry Boulinier' and Sylvain Gandon'

ICentre d’Ecologie Fonctionnelle et Evolutive, UMR CNRS 5175, Montpellier, France
2Department of Ecology and Evolutionary Biology, Princeton University, Princeton, NJ 08544, USA

The evolution of resistance to parasites has been the focus of numerous theoreti-
cal studies and several mechanisms, ranging from innate to acquired immune
responses, have been considered. Life-history theory predicts that long-lived
species should invest more resources into maintenance and immunity than
short-lived species. Here, we provide further theoretical and empirical support
for this hypothesis. First, an analysis of the evolution of the persistence of
immune protection in a theoretical framework accounting for maternal transfer
of immunity reveals that longer-lived hosts are expected to invest in more per-
sistent intragenerational and transgenerational immune responses. Controlling
for phylogenetic structure and for the confounding effect of catabolic activity,
we further showed that immunoglobulin half-life and longevity are positively
correlated in mammal species. Our study confirms that persistence of immunity
has evolved as part of elaborate anti-parasitic defence strategies.

1. Introduction

There is a large body of work focusing on the evolution of defence strategies
against parasites (reviewed in [1]). A general theoretical prediction is that host life-
span can have a huge impact on the evolution of defence strategies [2]: long-lived
hosts should invest more resources into acquired immunity than short-lived hosts
[3—4]. In other words, long-lived hosts have more to lose than short-lived ones
and are predicted to invest relatively more into survival and immunity. Although
some attention has been given to the evolution of the persistence of immune pro-
tection [3], previous theoretical studies focused on a simplified host life cycle and
overlooked the importance of the transfer of immunity across generations (see [4]).
This temporary protection, achieved in vertebrates through the transfer of
immunoglobulins, has been shown to be critical for early-life survival (reviewed
in [5]). Because producing immunoglobulins is considered a physiologically
demanding process, it has been suggested that the evolution of persistent transge-
nerational immunity is constrained by life-history traits such as lifespan [6]. In
addition to investing in more persistent immune responses in adults [3], longer-
lived species would thus be expected to display strong and durable immunity
in both exposed adults and newborns. Building on a theoretical framework we
developed previously [4], we study the evolution of the persistence of immune
protection in maternally protected and recovered individuals. We further test
the resulting prediction with a comparative approach examining the persistence
of immunoglobulins in mammals.

2. Material and methods
(a) Evolutionary model

We model a host population composed of individuals with different epidemiologi-
cal status (see the electronic supplementary material, S1 for mathematical details):
susceptible (S), infected (I), recovered (R) or passively protected by maternal immu-
nity (M). The parasite is characterized by its horizontal transmission rate 8 and its
virulence a. Recovery occurs at a rate vy, and recovered individuals can transfer their
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Figure 1. (a) Phylogenetic associations between the 19 species of mammal
included in the comparative analysis. (b) Half-life of immunoglobulin G as a
function of longevity in 19 species of mammals.

immunity passively at a rate 6 to their offspring. We assume that
immunity can be lost by R individuals at a rate 6z and by mater-
nally protected individuals at a rate 8y. These rates of loss of
immunity are related to the half-life of immune protection
(thaif) by the relation: ta; = In(2)/8;, where i = M or R.

All hosts are assumed to reproduce irrespective of their epi-
demiological status at a density-dependent rate A =r(1 — kN)
(with N=M + S + I + R, the total population size) and to
die from natural causes at a rate . This system has been detailed
elsewhere [4]; a general invasion criterion can be obtained corre-
sponding to the average number of offspring produced by a rare
mutant host in the resident population (see details in the elec-
tronic supplementary material, S1). We will assume a cost of
the persistence of the protection (§;) on the reproductive rate of
its host of the form r =ry(1 — > Cs,) with Cs, = (1/5i)k, where
i=MorR.

Under the above assumptions, it is possible to determine
the evolutionary outcome of this system using the analysis pre-
sented in [4]. In the following, we first consider a case in which
the persistence of immunity evolves independently in recovered
and maternally protected individuals. Then, we allow these two
traits to evolve when they are linked to each other.

(b) Persistence of antibodies in mammal species

We collected data on the persistence of immunoglobulin G (IgG)
for 19 species of mammal (see figure 1a and electronic supplemen-
tary material, S2). We recovered the longevity of those species from
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Figure 2. Effect of the host life expectancy on the evolutionarily stable
half-life of immune protection. (a) Persistence in recovered (g, black
arve; (5, = 0.025; 8y =0.1) and maternally protected (Oy, grey
arve; (s, = 0.025; &g = 0.1) individuals are separate traits. (b) Persist-
ence relies on a single trait (5; (s = 0.025), but the decay of protection
is slowed down in R individuals according to 7= 1/5 (plain line) or
7=1/500 (dashed line). Default parameter values: r, = 1.5, k = 0.1;
k=12 a=3 B=3 y=05

the AnAge database [7]. However, we discarded the longevity
value of the database for humans, as it is probably influenced by
recent advances in medicine and thus less evolutionarily meaning-
ful. We replaced it by the mean expected longevity for a population
of hunter—gatherers [8].

We also collected data from the literature on the basal meta-
bolic rate (BMR) as a marker of catabolic activity. Because higher
BMRs are indicative of higher catabolic activity, species with
high BMR may be expected to display lower persistence of
immunoglobulins. This information could only be obtained for
17 of the 19 species of our dataset (see the electronic supplemen-
tary material, S2). The analysis including this variable was
restricted to these species.

We used generalized least-square models accounting for
phylogenetic information to analyse the data. Phylogenetic infor-
mation for the 19 species was obtained from the Interactive Tree
of Life (figure 1a). Because the phylogenetic tree had no branch
length, we used a Grafen correlation matrix [9]. When necessary,
model selection was performed using Akaike information cri-
terion (AIC). All statistical analyses were performed using the
software R and the package “ape’ [10].

3. Results
(a) Evolutionary model

Similar to Miller et al. [3], we found that the evolutionarily
stable persistence of immune protection is an increasing and
saturating function of life expectancy (figure 24) in recovered
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Table 1. Degrees of freedom (d.f.), AIC and AAIC values for the different
models tested in the comparative analysis.

model df. AIC AAIC
 half-ife ~ longevity 4 9434 277

half-life ~ BMR 4 97.30 573
Jalflife ~ longevity + BMR 5 98 0.

half-life ~ longevity x BMR 6 108.35 16.78

individuals (&g, black curve). Moreover, investment follows a
similar pattern in maternally protected individuals when it
evolves independently (84, grey curve). Additionally, persist-
ence is always predicted to be longer in recovered than in
maternally protected individuals when the corresponding
traits evolve independently (figure 2a). Note that modifications
of the shape of the cost function can affect the evolutionary out-
come. In particular, if we use the trade-off function used by
Miller et al. [3], we can observe bistability of the evolution of
persistence. Yet, even in this case, we generally expect a
positive association between host lifespan and evolutionarily
stable levels of immune protection.

Decay of immune protection is the result of a balance
between protein catabolism and recycling mechanisms based
on receptors specific for either IgG in mammals (FcRn; [11]) or
IgY in birds (FcRY; [12]). We thus modified the previous
model so that &y = 6 and g = 87, with § (an evolving trait)
describing the common decay process in M and R individuals,
and 7 (a fixed parameter) the ability of recovered individuals
to reduce this decay by constantly synthesizing immune
compounds. The evolutionarily stable investment in half-life
depends on how effectively R individuals can slow down the
decay (figure 2b). If 7 is high enough, the investment in half-
life is an increasing and saturating function of lifespan (solid
curve). When 7 decreases and R individuals remain protected
for an extended period, investment in half-life displays a maxi-
mum for intermediate values of life expectancies (dashed curve).

(b) Comparative analysis

When considering the full dataset of 19 species of mammals,
the half-life of IgG appears to be strongly correlated with the
longevity of the species (t = 6.48, p < 0.001; figure 1b). On the
restricted dataset for which BMR values could be obtained,
the best model based on AIC retains this same effect of the
longevity of the host and an additive effect of the BMR
(table 1). There is nevertheless a noticeable difference in the
relative size of the effects of longevity and BMR in this
model (longevity: slope =0.238 + 0.031, p < 0.001; BMR:
slope = 0.024 + 0.004, p < 0.001).

4. Discussion

Life-history theory predicts a stronger investment in acquired
immune defences for long-lived species [2—4,13]. Here, we
provide theoretical and empirical support for this argument.
We show that the evolutionarily stable investment in the
duration of immune protection is expected to vary from
non-persistent specific immunity in short-lived species up to
rather persistent specific immunity in long-lived species. Our
prediction is in accordance with the outcome of a comparative

analysis of data on the half-life of one of the main effectors of n

the acquired immune response in mammals, IgG. Our analysis
reveals that, when controlling for phylogeny, longevity of a
species is a strong predictor of the half-life of its antibodies.
Moreover, this effect is still largely significant when a covariate
describing the catabolic activity of the species is added in the
model. In other words, although differences in catabolism
may partly account for differences in the persistence of anti-
bodies, the pace of life is an important determinant of the
observed pattern.

Here, we investigated the evolution of the duration of
the immune protection acquired upon recovery or through the
transfer of maternal immunity. However, even long after the
decay of specific immune compounds, re-infection with the
same pathogen allows sensitized memory cells to produce a sec-
ondary immune response. This secondary response needs less
time to be mounted and is more efficient at clearing the parasite.
This corresponds to an increased recovery rate upon secondary
infection, leading to a decreased immune period that may in
turn reduce the benefits of long-lived protection. In this
model, we also considered the situation where only one parasite
was circulating in the host population. Considering several
strains may have consequences for the persistence of immune
protection [4]. This may for instance be mediated by the exist-
ence of cross-protective mechanisms. Less-specific effectors
(than for instance antibodies) may provide protection against
several parasites at once, which may thus increase the benefits
of an increased persistence of such acquired molecules.

We have also shown that empirical data support the
prediction of a correlation between life expectancy and invest-
ment in immunity. Our analysis further suggests that long
persistence of immunoglobulins could have evolved regard-
less of differences in metabolism. The existence of active
mechanisms protecting immunoglobulins from normal cata-
bolism [11-12] also leaves room for a separate evolution
of persistence and catabolism. There are, however, several
methodological problems with the analysis of IgG half-lives
recovered from the literature. Immunological techniques
used are not standardized and to what extent this influences
the estimation of the half-life of the antibody is not known. The
half-lives we used in our analysis were also obtained in differ-
ent species exposed to different pathogens, which may result in
differently persisting antibodies. Various antigens have indeed
been shown to lead to various half-lives of protection [14],
which may be mediated by differences in the half-life of the
immunoglobulin. There is thus a need for studies where the
exposure of individuals is controlled. Finally, we showed that
the half-life of antibodies and the longevity of individuals are
strongly correlated in mammalian species, a result in accord-
ance with studies of the investment in other immune traits in
mammals [15]. Similar data were not available for other taxa
although there seems to be some evidence for variability in
the half-life of antibodies among birds, with slow-living
species displaying longer-lived antibodies ([6] and references
therein). Overall, our study suggests that the persistence of
transgenerational immunity represents an integral part of
evolved defence strategies that may have influenced the
persistence of individual immune protection.
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