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Maladies transmissibles

• Cause majeure de mortalité
- paludisme, tuberculose, VIH

• Autres coûts 
- « morbidité » 
- reduction de la fértilité

• Epidémiologie : comprendre & prédire



Epidémiologie

• Quelles maladies peuvent envahir ?
• Quel type de dynamique ?

– maladies épidémiques
– maladies endémiques

• Qu’est-ce que on peut faire contre ?
– établir aspects clés
– vaccination, quarantaine, etc.

(Anderson & May 1991)



Evolution

• Les parasites évoluent !
• Déjà adaptés aux défences 

naturelles de l’hôte
– Resistance
– Immunité

• Intervention humaine qu’une 
facteur de plus 

• Conséquences évolutives ?
– Ewald 1994



Tuberculose





Ebola: reported cases

•  



Ebola: cases per time unit



Ebola: cases per time unit



Ebola: cumulative cases
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Ebola is evolving

Wikipedia



Ebola evolution: consequences?

Wikipedia



Myxomatosis in rabbits



Myxomatosis in Australia
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Evolutionary Theory  
in a Nutshell

‘Fitness is maximised’

OK. But by whom or what ?



Levels of organisation

population
competition, predation, epidemiology, social interactions

individual
birth, death, development, behaviour

within-individual
physiology, learning, infection, immune response

ecosystem
biodiversity, nutrient cycles



Host-Virus Interactions



Epidémiologie

β paramètre de transmission
µ mortalité de base
α mortalité induite, virulence

Individu
↓

Population

dS
dt

=[host reproduction]�µS�bSI

dI
dt

=bSI� (µ+a)I



Virulence
• augmentation mortalité par le parasite

– variation considérable
+ Ebola virus : 0.5 day-1

+ Influenza : 0.05 – 0.005 day-1

+ Campilobacter (estomac) : 0.00005 day-1

+ Escherichia coli : 0 – 0.05 day-1

•  « morbidité, » stérilisation
– pas considérés ici



bS̄
µ+a

> 1

Taux de reproduction de base

Population sans parasites en équilibre

[host reproduction]= µS̄

bS̄ > µ+a
Parasite envahit si

Taux de reproduction de base
R0 > 1



R0 easy to calculate?



« Dynamique adaptative »

• théorie des jeux dans un cadre 
écologique

• pour deriver la valeur sélective (fitness)
+ en lieu de simplement supposer l’expression

• pour predire la réponse evolutive
+ stratégies evolutivement stable
+ branchement évolutif

Articles par Metz, Kisdi, Geritz, Law, Rand, Dieckmann…



Epidémiologie + Evolution

I souche residente, J souche mutante

dS
dt

=[host reproduction]�µS�βSI
dI
dt

=βSI� (µ+α)I

= �β⇤SJ

=
dJ
dt

=β⇤SJ� (µ+α⇤)J



L’invasion des mutants
• Resident I en équilibre endemique

dI/dt = 0

• Le mutant J envahit si
dJ/dt > 0

(quand il est rare, J << I)

• Invasion si R0
β⇤S̄
µ+α⇤ > 1
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L’invasion des mutants
• Resident I en équilibre endemique

dI/dt = 0

• Le mutant J envahit si
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Une contrainte…
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mortalité de l’hôte (µ + α∗)



Myxomatosis in Australia

1950s

1960s

virulence

tr
an

sm
is

si
bi

lit
y



Levels of organisation

population
competition, predation, epidemiology, social interactions

individual
birth, death, development, behaviour

within-individual
physiology, infection, immune response

ecosystem
biodiversity, nutrient cycles







Emergent fuzziness

Very often spatial and temporal boundaries of 
emerging entities are not clear-cut



Parasite heterogeneity

Multiple infection  

Mutation



within-individual
physiology, infection, immune response

Levels of organisation

population
competition, predation, epidemiology, social interactions

individual
birth, death, development, behaviour

ecosystem
biodiversity, nutrient cycles



Apologies to 
Daumier



Infections multiples

• parasites partagent leurs hôtes
• reduit transmission en long terme
• favorise transmission en court terme
• mène à une virulence augmentée

+ Eshel 1977 
+ Levin & Pimentel 1981
+ Nowak & May 1994
+ van Baalen & Sabelis 1995



Modèles compétition intra-hôte
• Superinfection

– la souche la plus virulente remplace les 
autres
– (Levin & Pimentel 1981, Nowak & May 1994)

– chaque souche a une chance de gagner
– Gandon et al. 2001, 2002)

• Coinfection
– les souches coexistent à l’intérieur de 

l’hôte
– (Eshel 1977, van Baalen & Sabelis 1995)



Superinfection

S

I J



E+E+Superinfection

�σ(α,α⇤)β⇤JI+σ(α⇤,α)βJI

+σ(α,α⇤)β⇤JI�σ(α⇤,α)βJI

dS
dt

=[host repr.]�µS�βSI�β⇤SJ

dI
dt

=βSI� (µ+α)I

dJ
dt

=β⇤SJ� (µ+α⇤)J



Superinfection

σ : Aggressivité intra-hôte



Invasion

le mutant envahit si

fitness ≠ taux de reproduction de base ! 

b⇤S̄ +sb⇤Ī
µ+a⇤+sbĪ

> 1

R0 =
b⇤S̄

µ+a⇤



`
• virulence optimale maximise

• en contraste avec cas simple, dépend 
de plein de choses
– densité hôtes saines,
– densité hôtes infectés (avec souche 

residente)
– stratégie de la souche residente

b⇤S̄ +sb⇤Ī
µ+a⇤+sbĪ



Parasites

Typically have highly structured populations

within-host

among-host

in terms of

dynamics

genetics



Transmission

• βxy infections par unité de temps
• Proportionnel rencontres individus 

sains et infectés
• Double densité : 4 fois plus de 

rencontres ?!?
• Structure de contact



Graham

John

Chris

EJ

James

Martin

Joel

Lisa

Jacquie

Linda

14th October 1996, 
University of Warwick

Network model:
are my friendsʼ friends friends of mine?

with kind permission by
W.John Edmunds

Minus



Probabilistic Cellular Automata

A lattice of sites

empty

healthy

infected

states



Probabilistic Cellular Automata



Probabilistic Cellular Automata

+ Nice toys

+ Colourful movies

– Difficult to generalise

– Difficult to test



within-individual
physiology, infection, immune response

Levels of organisation

population
competition, predation, epidemiology, social interactions

individual
birth, death, development, behaviour

ecosystem
biodiversity, nutrient cycles





n: number of contacts

hypovirulentvirulent

(many) (few)

Regular lattice



Many candidate units of adaptation:

A genetic strain?

A quasispecies?

An infection?

A cluster of infections?

A clone?

An individual?

…ATTGCGAAAATCCTCATAAGGCAC…
…ATTGTGAATATCCTCATAAGGCAC…
…ATTGCGAATATCCTCACAAGGCAC…

Parasites

…ATTGCGAATATCCTCATAAGGCAC…

Fig. 5. Kinetics of antigen expression and the effectiveness of RT-CTL. Kinetics of virus production by CD4+ TCL2H7 cells
infected with recombinant HIV-12.1EN (a, b), or HIV-12.1RN (c, d). Extracellular p24 levels were quantified in cultures initiated with
3×105 CD4+ T cells, containing a number of infected cells proportional to approximately 17 ID50, together with no (open circles),
3×105 (a and c; closed circles) or 3×104 (b and d; closed circles) RT-CTL. The CD8/CD4 cell ratio in cultures containing RT-CTL
(triangles) was assessed by flow cytometry. (e-h) Dynamics of life, 7AAD–, CD4+ T cells during the culture period in absence (open
diamonds) or presence (closed diamonds) of RT-CTL; (e-h correspond to the same cultures as a-d). Data are presented as event
count (×10–3) acquired in 90 s from 200- l samples. Similar results were obtained in three independent experiments.

RT-CTL, even at low density (Fig. 5c, d). No changes
were observed in the primary sequence of the recombi-
nant nef genes of the virus recovered at the end of the
experiment (data not shown).

2.6 Effect of CTL on CD4+ T cells in the presence
of HIV

In the same experiment we followed the number of viable
CD4+ cells. In absence of CTL, the number of CD4+ cells
declined concurrently with the increasing virus levels,
indicating that cell death was related to virus production
(Fig. 5e–h). In presence of RT-CTL, CD4+ cell death
occurred later and paralleled the delay in the HIV-12.1EN

production (Fig. 5e, f). The enhanced control of HIV-12.1RN

reproduction by the RT-CTL was associated with contin-
ued proliferation of the CD4+ cells (Fig. 5g, h), similarly to
uninfected CD4+ cell cultures (data not shown). Thus,
expression of the RT-epitope as part of the nef gene not
only rendered the RT-CTL more effective in inhibiting
virus reproduction, it also enabled them to protect the
CD4+ cell population from virus-related cell death.

3 Discussion

3.1 Different effectiveness of CTL directed
against early or late HIV proteins

This study provides evidence for the contribution of early
target cell recognition to the capacity of HIV-1-specific
CTL to control HIV reproduction in CD4+ T cell popula-
tions. Previously reported data indicated that CTL
directed against the early Rev protein prevented slightly
more virus production during a single infection cycle
than CTL directed against the late RT protein; 97% and

92% reduction by 48 h after infection, respectively
[26]. Here, residual progeny virus could start successive
infection cycles and the small difference was shown to
increase markedly over time. After 10 days, the Rev-
specific CTL had prevented at least 2 log10 more virus
production than a similar number of RT-specific CTL,
which was not compensated for by tenfold more effector
cells. These results are in line with the notion that if CTL
are to be antivirally active, they have to lyse infected cells
within a given time window [27], and that small differ-
ences in their capacity to reduce virus production can
have dramatic effects on overall virus control due to the
capacity of virus populations to expand exponentially
[11, 28].

2648 C. A. van Baalen et al. Eur. J. Immunol. 2002. 32: 2644–2652



Take-home messages

Whenever we talk of ‘the’ parasite or ‘the’ 
host, we should stop and reflect a minute 
about what we mean by it.

Units of adaptation exist but may be spread 
over different levels of organisation and 
difficult to characterise.



Apologies to Gustave Doré
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