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Introduction Origine Virulence Coévolution Perspectives

Il est temps de refermer le livre des maladies
infectieuses, d’annoncer que la guerre contre la
pestilence a été gagnée et de basculer les ressources
nationales vers des problèmes chroniques tels que le
cancer et les maladies cardio-vasculaires.

Attribué à William H. Stewart dans un discours du 4.12.1967
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Spellberg & Taylor-Blake (2013) On the exoneration of Dr. William
H. Stewart : debunking an urban legend, Inf. Dis. poverty, 2 :3
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infectieuses, d’annoncer que la guerre contre la
pestilence a été gagnée et de basculer les ressources
nationales vers des problèmes chroniques tels que le
cancer et les maladies cardio-vasculaires.

Attribué (à tort) à William H. Stewart dans un discours du 4.12.1967
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Introduction Origine Virulence Coévolution Perspectives

1. Darwin et Pasteur : un rendez-vous manqué ?

2. D’où viennent les maladies infectieuses ?

3. Pourquoi les parasites nuisent-ils à leurs hôtes ?

4. L’homme coévolue-t-il avec ses microbes ?

5. Vers des politiques de santé evolution-proof ?
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Introduction Origine Virulence Coévolution Perspectives

Samuel Alizon Vers une synthèse darwino-pasteurienne
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Une rencontre manquée ?

Quelle opportunité perdue ! Darwin
aurait pu trouver un matériel
expérimental merveilleux pour l’étude
de l’évolution dans les populations de
microbes – où le temps se mesure en
minutes [...] Pasteur et ses successeurs
en microbiologie auraient pu éviter
des décades de raisonnements confus
autour de la variation chez les
bactéries. La révolution des
biotechnologies aurait pu commencer
quelques décades plus tôt.
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Lederberg (1988, Social Research)
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Le Beagle dans une bouteille

• Tailles de populations

• Temps de génération

• Taux de mutation / recombinaison

• Pressions de sélection
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What did Darwin say about microbes, and how did
microbiology respond ?

evidential basis for Darwin’s theory of natural selection.
Darwin, however, intended his theory of natural selection
to cover all life.

In 1861, responding to criticisms that the simplicity of
microscopic organisms disproved his theory of natural
selection (Box 3), Darwin added an argument about the
adaptiveness of microbial organization to the third edition
of The Origin [1]. Darwin’s statements on this subject came
a few pages after the single diagram in The Origin, that of
the tree of evolutionary speciation, and are part of a
refutation of Lamarck’s ideas of the spontaneous gener-
ation of simple life-forms that make evolutionary progress
into complex ones:

‘Why have not the more highly developed forms
everywhere supplanted and exterminated the lower?
Lamarck, who believed in an innate and inevitable
tendency towards perfection in all organic beings,
seems to have felt this difficulty so strongly, that
he was led to suppose that new and simple forms
were continually being produced by spontaneous
generation. I need hardly say that Science in her
present state does not countenance the belief that
living creatures are now ever produced from inor-
ganic matter. If it were no advantage, these forms

would be left by natural selection unimproved or but
little improved; and might remain for indefinite ages
in their present little advanced condition. And
geology tells us that some of the lowest forms, as
the infusoria and rhizopods, have remained for an
enormous period in nearly their present state’ [1].

Darwin had written even earlier along these lines to his
friend, geologist Charles Lyell (1797-1875), as they dis-
cussed Lamarck’s ideas of evolution just prior to the pub-
lication of the first edition of The Origin (Lyell had read a
proof copy):

‘On the continuedCreation ofMonads.—This doctrine
is superfluous (and groundless) on the theory of
Natural Selection, which implies no necessary
tendency to progression. A monad, if no deviation
in its structure profitable to it under its excessively
simple conditions of life occurred, might remain unal-
tered from long before the Silurian Age to the present
day. I grant there will generally be a tendency to
advance in complexity of organisation, though in
beings fitted for very simple conditions it would be
slight and slow. How could a complex organisation
profit amonad? If it did not profit it there would be no
advance. The Secondary Infusoria differ but little

Figure 1. Images of microbes at the turn of the nineteenth and twentieth centuries.
Clockwise from top left: Bacillus anthracis with blood corpuscles (after Koch; from ‘Bacteriology’, in Encyclopaedia Britannica, 1911); various forms of bacteria with ‘cilia’
(ibid.); Phaeodaria (Plate 1 in Ernst Haeckel’s Kunstformen der Natur, 1904); Ciliata (Plate 3, ibid.); and Infusoria (Plate 23 in J.W. Griffith and A. Henfrey’s Micrographic
Dictionary, 3rd edition, 1875).

Opinion Trends in Microbiology Vol.17 No.8

343

• ANIMALCULE. Petit animal : terme
généralement appliqué à ceux qui ne sont
visibles qu’au microscope.

• INFUSOIRES. Classe d’animalcules
microscopiques appelés ainsi parce qu’ils ont
été observés à l’origine dans des infusions de
matières végétales. [...]

• PROTOZOAIRES. La division inférieure du

règne animal. Ces animaux sont composée

d’une matière gélatineuse et ont à peine des

traces d’organes distincts. Les infusoires, les

foraminifères et les éponges, avec quelques

autres espèces, appartiennent à cette division.

Samuel Alizon Vers une synthèse darwino-pasteurienne

Darwin (1872, 6e édition)
O’Malley (2009, Trends Microbiol)
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Evolution au temps de Pasteur

Les travaux sur la virulence et les vaccins ont
probablement fait du laboratoire de bactériologie des
années 1880 le premier lieu de recherche expérimentale
in vitro poussée au niveau cellulaire sur des
phénomènes compris comme étant des variations
biologiques et des mécanismes évolutifs.
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Mendelsohn (2002, Hist Phil Life Sci)
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Introduction : vers un synthèse Darwino-pasteurienne

Samuel Alizon Vers une synthèse darwino-pasteurienne

• Divergence disciplinaire

• Laboratoire vs. environnement

• Mécanismes vs. processus

• Réconciliation comme conséquence de la technologie
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1. Darwin et Pasteur : un rendez-vous manqué ?
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De l’origine des maladies infectieuses
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Darwin (1859)
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Les papillomavirus humains (HPV)

Articles

www.thelancet.com/oncology   Vol 11   November 2010 1053

cancer and the predominant role of types 16, 18, and 45 in 
cervical adenocarcinoma. We also provide data for the 
HPV types that are phylogenetically classifi ed as 
oncogenic, such as HPV types 26, 30, 67, 69, and 82, 
but seldom described in epidemiological studies (panel).12 
Little is known about the exact mechanism of 
HPV-associated carcinogenesis of these rare types 
because of insuffi  cient epidemiological evidence. The 
biological properties of the rare high-risk HPV types have 
only been investigated in a few studies, which included 
mostly lesions that were cervical intraepithelial neoplasms 
and a few cases of invasive cervical cancer.16

Our fi ndings confi rm that the detection of a single low-
risk HPV type, mainly HPV 6, in invasive cervical cancer is 
a rare event (16 [<1%] of 8977). Other biological markers of 
viral activity in these specimens are also being studied to 
further document whether a low-risk type can indeed 
induce cervical cancer in rare circumstances. Invasive 
cervical cancers, irrespective of histological type, related to 
HPV types 16, 18, and 45 are diagnosed an average of 4 years 
earlier than are those caused by other high-risk HPV types.

HPV 16 and HPV 18 were the two most common types 
in all regions with a relative contribution of 71%, with the 
highest relative contributions in North America (79%) 
and Oceania (79%; table 2). For adenocarcinoma, the 
global relative contribution of HPV types 16 and 18 was 
82% (table 3). Together, HPV types 16, 18, and 45 greatly 
increased the relative contribution in adenocarcinoma to 
94%, showing the restricted genotype contribution in the 
pathogenesis of adenocarcinoma. The relative 
contribution of the eight most common HPV types in all 
world regions was 91% (table 2). 

The low average age of women with invasive cervical 
cancer attributed to HPV 16 or HPV 18 has been noted 
in other studies.8,10,17,18 Our fi ndings show that cancers 
related to HPV 45 and HPV 18 arise at a much younger 
age (<50 years) than do other types and that this 
occurrence is universal. Vinokurova and colleagues17 
have reported that HPV types 16, 18, and 45 are more 
likely to be integrated into the human genome than are 
the other HPV types, and the tumours might present 
early. This fi nding is also consistent with the results of 
prospective studies that women with HPV 16 and HPV 
18 infections at study entry had a much higher risk of 
developing high-grade cervical lesions within a short 
follow-up than did women infected with other HPV 
types.19–21 HPV 45 is rare in women with normal cytology 
or low-grade lesions (0·4% and 3·7%, respectively) 
compared with HPV 16 (2·5% and 20%, respectively); 
however, it is consistently the third most common HPV 
type in invasive cervical cancer globally and in most of 
the regions.22 The early presentation of cases of invasive 
cervical cancer that are positive for HPV 45 might be 
indicative of a short time for progression to invasive 
cancer, with or without transition through the preinvasive 
stages, perhaps related to a high early integration rate.23 
The under-representation of HPV 18 and HPV 45 noted 

in preneoplastic lesions in the follow-up data of the 
Atypical Squamous Cells of Undetermined Signifi cance/
Low-Grade Squamous Intraepithelial Lesions Triage 
Study lend support to the early integration of these HPV 
types into the human genome.24 

Whether massive screening had an eff ect on the HPV 
genotype distribution by age among women with invasive 
cervical cancer in developed countries is diffi  cult to 
assess. The younger age of women presenting with 
invasive cervical cancers that are positive for HPV types 
16, 18, and 45 was consistent across study regions with 
substantially diff erent uptake of screening. This age 
variation is relevant for rationalisation of the newly 
proposed screening policies and patient management 
protocols by use of specifi c genotype information.10,24,25 In 
our study, twice (4% [17 of 407]) as many women younger 
than 30 years had invasive cervical cancers that were 
positive for HPV 45 than did those with HPV types other 
than 16, 18, or 45 (2%, [28 of 1605]). Wheeler and 
colleagues10 suggested that cervical screening could be 
delayed in HPV-vaccinated cohorts in the USA because 
of the late presentation of cases with HPV types that were 
not HPV 16 or HPV 18. Our fi ndings of the early 
presentation of cases of invasive cervical cancer that were 
positive for HPV 45 suggest that this genotype should 
also be considered in type-specifi c screening protocols 
and that women who are positive should be off ered 
increased surveillance that includes the endocervical 
zone, which is the site of most of the adenocarcinomas. 

The carcinogenic mechanism of several HPV types is 
not known. Some types are rarely identifi ed in human 
cancers—such as HPV 6 or HPV 11—but are common in 

Figure 1: Cumulative relative contribution of the eight most common 
human papillomavirus (HPV) types as single-type and multiple-type 
infections by histological category of invasive cervical cancer
LE=lower estimate of type-specifi c contribution. HE=higher estimate of the type-
specifi c contribution. SCC=squamous cell carcinoma. ADC=adenocarcinoma.
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Figure 2. Phylogeographic distribution of the 1680 HPV16 sequences encompassing the LCR, 

E6 and L2 genome loci. 
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mostly lesions that were cervical intraepithelial neoplasms 
and a few cases of invasive cervical cancer.16
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further document whether a low-risk type can indeed 
induce cervical cancer in rare circumstances. Invasive 
cervical cancers, irrespective of histological type, related to 
HPV types 16, 18, and 45 are diagnosed an average of 4 years 
earlier than are those caused by other high-risk HPV types.
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and Oceania (79%; table 2). For adenocarcinoma, the 
global relative contribution of HPV types 16 and 18 was 
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and that women who are positive should be off ered 
increased surveillance that includes the endocervical 
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Origine des HPV16A
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Figure 3. Timeline of divergence for the archaic and modern human ancestors and HPV16. 
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Figure 4. Cartoon timeline depicting interbreeding and subsequent gene flow of archaic 

alleles from Neanderthals and Denisovans into modern humans and the proposed sexual 

transmission of HPV16A lineage to the ancestors of modern human populations in Eurasia.  
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Les mutations neutres comme marqueur de la propagation

• On séquence de plus en plus les génomes des microbes

• En comparant les génomes microbiens issus d’infections différentes,
on peut inférer des phylogénies

• On peut dater les événements de divergence dans la phylogénie

• La manière dont les microbes se propagent laisse des traces dans
leurs génomes

• Les origines chez peuvent être récentes (VIH, ebola)
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2. D’où viennent les maladies infectieuses ?

3. Pourquoi les parasites nuisent-ils à leurs hôtes ?
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Théorie de l’avirulence

• Virulence : diminution de valeur sélective
d’un hôte due à l’infection

• La mort de l’hôte nuit à la transmission

• Les interactions hôte-parasites devraient
évoluer vers l’avirulence.

Samuel Alizon Vers une synthèse darwino-pasteurienne

Smith (1904, Science)
Méthot (2012, Hist Phil Life Sci)
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Pourtant la virulence persiste...
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Évolution d’un trait par sélection naturelle

• Variabilité entre les individus

• Effet sur la valeur sélective des individus

• Héritabilité des individus à leur descendance

• (Ici, un « individu » est une infection)

Samuel Alizon Vers une synthèse darwino-pasteurienne

Lewontin (1970, Ann Rev Ecol Syst)
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Déroulement d’une infection par le VIH
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Variabilité de la charge virale asymptotique (HIV-1B)
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Charge virale et virulence (HIV-1B)
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Charge virale et infectiosité (HIV-1)
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Un optimum évolutif atteint ?
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La virulence d’une infection est-elle héritable ?
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DISCUSSION

Viral�adaptation�to�specific�immune�responses�restricted�by
HLA�molecules,�as�documented�in�Caucasians�at�the�popula-
tion�level,11 would�be�expected�to�favor�immune�escape�in�vi-
rologically�linked�transmitter�and�seroconverter�hosts�with�sim-
ilar�HLA profiles.�Our�analyses�here�demonstrated�that�partial
HLA allele�sharing�was�a�common�phenomenon�among�Zam-
bian�couples�with�documented�intracouple�HIV-1�transmission
between�1995�and�2002,�but�sharing�between�the�transmitting

and� the� seroconverting�partner�accounted�for� only� modestly
higher�early�VL�in�the�seroconverter.�Although�not�statistically
significant,�higher�mean�VLs�were�seen�with�HLA-A and�B than
with�DRB1 allele�sharing,�and�the�greatest�elevation�in�mean
VL�due�to�sharing�occurred�in�seroconverters�sharing�HLA-B
locus�alleles.�That�observation�is�noteworthy�for�its�consistency
with�the�strong�association�of�HLA-B allele�sharing�with�trans-
mission�among�these�couples,�as�determined�by�relative�haz-
ards�of�HIV�transmission�during�entire�follow-up�periods�(M.
T.�Dorak�et�al.,�unpublished�observations).�Nevertheless,�even
under�circumstances�favoring�prior�specific�adaptation�of�the
transmitted�virus,�seroconverting�partners�seemed�as�capable�of
controlling�initial�viremia�as�were�transmitters,�at�least�in�the
early�months�following�HIV-1�infection.

Several�mechanisms�may�account�for�our�findings.�First,�as
in�any�other�population,�most�Zambians�are�heterozygous�(car-
rying�two�different�alleles)�at�each�of�the�highly�polymorphic
34 HLA-A,�HLA-B,�and�HLA-DRB1 loci;�two�individuals�rarely
share�all�six�alleles.�Since�allele�sharing�is�only�partial�(Table
3),�viral�adaptation�to�one�individual’s�HLA profile�might�have
only�limited�impact�on�immune�control�in�a�different�individ-
ual.�Second,�allele�sharing�is�typically�among�the�more�com-
mon�alleles�(e.g.,�A*02,�B*53,�and�DRB1*1503),�none�of�which
individually�demonstrated�a�strong�influence�on�the�variability
in�virus�load�in�this�cohort.14 Third,�because�transmitter�VL�is
the�major�predictor�of�HIV-1�transmission�among�Zambian�cou-
ples,28 new�seroconverters�available�for�analyses�here�had�part-
ners�whose�VL�was�higher�than�average,�and�the�probability�of
detecting�even�higher�VL�in�those�seroconverters�would�be�lim-
ited.�Fourth,�HLA�molecules�are�only�part�of�the�host�immune
response�system;�their�function�is� tightly�regulated�by�others
like�accessory�proteins,�chaperones,�cytokines,�and�chemokines.
Accordingly,�HLA�allele�sharing�does�not�necessarily�translate
to�sharing�of�antigen�presentation.�Indeed,�studies�in�commer-
cial�sex�workers�in�Kenya�have�demonstrated�that�the�identical
HLA�molecules�often�target�different�sets�of�HIV-1�epitopes,

TANG�ET�AL.22

TABLE 3. HLA�ALLELE SHARING AND LOG10 HIV-1�RNA�LEVEL (VIRUS LOAD 5 VL)�IN SEROCONVERTERS

INFECTED WITH VIRUS DOCUMENTED AS IDENTICAL TO THAT OF TRANSMITTER

Log10 VL:�Mean�6 SD GLM
Total�number�of�shared�allelesa (no.�of�subjects) p valueb

HLA-A,�HLA-B,�and�DRB1 loci�in�all�seroconverters�(n 5 115)
0�allele 4.46 6�0.91�(n 5 37) —
1–2�alleles 4.63 6�0.77�(n 5 70) 0.30
2–4�alleles 4.50 6�0.77�(n 5 27) 0.25
3–4�alleles 4.44 6�0.71�(n 5 8)0 0.96
HLA-A,�HLA-B,�and�DRB1 loci�in�female�seroconverters�(n 5 72)
0�allele 4.41 6�0.95�(n 5 28) —
1–2�alleles 4.57 6�0.73�(n 5 39) 0.82
3–4�alleles 4.47 6�0.66�(n 5 5)0 0.89
HLA-A and�HLA-B loci�only�in�all�seroconverters�(n 5 115)
0�allele 4.47 6�0.82�(n 5 51) —
1�allele 4.62 6�0.83�(n 5 55) 0.34
.1�allele 4.75 6�0.67�(n 5 9)0 0.34
$1�allele 4.64 6�0.80�(n 5 64) 0.25

aThe�maximum�number�of�shared�allele�at�the�three�target�loci 5�0–6�(expected)�and�0–4�(observed).
bGLM,�generalized�linear�model�statistics.

FIG.�1. Linear�correlation�between�log10 HIV-1�RNA�level
(virus�load 5 VL)�in�epidemiologically�linked�transmitters�and
seroconverters.� The� analyses� involved� 72� male-to-female
(MTF)�and�43�female-to-male�(FTM)�transmission�events�for
a�total�of�115�Zambian�couples.�The�plot�is�gated�by�the�mean
value�on�each�axis;�VL�is�higher�(p , 0.0001,�Table�1)�in�trans-
mitters�(donors)�than�in�seroconverters�(recipients).�In�the�un-
adjusted� linear� model,� seroconverter� log10 VL 5 3.19 1
0.27 3 transmitter�log10 VL.
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Évolution de la virulence du VIH

• Variabilité du trait entre les infections

• Effet du trait sur la valeur sélective des infections (R0)

• Héritabilité du trait d’une infection à la suivante
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Évolution de la virulence du VIH

Articles
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Deterioration of HIV-RNA in stored samples is another 
potential issue: HIV-RNA quantifi cation has been 
introduced into the clinical routine since 1996, thus most 
of the plasma viral load measurements for the initial years 
of the epidemic were done retrospectively on frozen 
samples. However, the increasing trends in set-point 
plasma viral load seen in our study continue after 1996, 
and the estimates of the deterioration rate in frozen 
samples are low,27 and are not enough to fully explain 
changes before 1996.

Another issue is the high percentage of participants 
with missing information about HIV-1 subtype (72%) or 
ethnic origin (54%) in our data, because these factors 
can aff ect baseline CD4 cell count and plasma viral loads 
and how they change over time.18,28 The increasing 
proportion of non-white individuals (mainly of African 
ancestry) infected with non-B HIV-1 subtypes, and the 
likely changing socioeconomic profi le of our study 
population could have some eff ect on our results. 
However, when we refi tted our models restricted to 
white MSM, a group most probably dominated by 
subtype B infection, or to individuals originating from 
industrialised countries, we found no major deviations 
from our main fi ndings.

Our study included data only from seroincident cohorts 
because all participants have well estimated dates of 
seroconversion. Thus, biases that could result from 
individuals entering the cohorts at diff erent stages of the 
disease are unlikely. However, there are diff erences in the 
methods used to determine the seroconversion date in our 
study with laboratory evidence of acute infections being 
more frequent in recent years. These diff erences could 
lead to an increased proportion of individuals entering the 
cohorts with very high plasma viral loads. This mechanism 
though cannot fully explain the observed trends because 
the models we used included adjustments for the method 
of seroconversion determination and the length of the 
interval between the last negative and fi rst positive HIV 
test, which is a marker for acute infection.29 Additionally, 
the use of all available measurements from all study 
participants within models that take into account the 
longitudinal evolution of plasma viral load and CD4 cell 
count from seroconversion onwards should be protective 

Panel: Research in context

Systematic review
We initially searched PubMed from Jan 1, 1990, to July 15, 
2014, for English language publications with the following 
query: HIV AND (“set point” OR “CD4 count” OR “virulence”) 
AND (“trends” OR “evolution” OR “temporal”). The search 
yielded 435 articles and we identifi ed those that addressed 
changes in HIV-1 virulence over time either directly (ie, 
through survival or AIDS-free time)5–8 or indirectly through 
post-seroconversion CD4 cell counts and slope or viral load 
set-point.9–13 The search was expanded by browsing related 
citations including those from virulence studies. A recent 
meta-analysis21 was also thoroughly checked for potential 
additions to the list of studies with objectives comparable 
with those of our work. Findings from these studies were not 
consistent because some suggested an increase11–13 and others 
a decrease in HIV-1 virulence over time.5–7 Some studies did 
not detect any signifi cant temporal changes.8–10 Results from 
the meta-analysis of Herbeck and colleagues21 were 
consistent with increased virulence of HIV-1 over the course 
of the epidemic. Our results showed that the HIV viral set-
point has increased by about 0·5 log10 copies per mL during 
the 1980s and 1990s and has become stable thereafter. 
During the same period, post-seroconversion CD4 cell counts 
have decreased by about 200 cells per μL.

Interpretation
In this study, the largest to investigate changes in HIV 
virulence, we show systematic changes in two of the most 
important prognostic markers of HIV infection in the last 
30 years, consistent with increased HIV-1 virulence and 
transmission risk. Our results and those of other studies are in 
agreement with the hypothesis of adaptive evolution of HIV-1 
in the human population.22–24 These fi ndings emphasise the 
important need for early HIV testing and engagement with 
care given the implications for treatment and prevention.

Figure 3: Estimated plasma viral load set-point by calendar year of seroconversion
(A) Main analysis of the full dataset, (B) sensitivity analysis of the dataset restricted to white men, infected through 
sex between men (MSM), (C) sensitivity analysis of the dataset restricted to individuals with a midpoint method of 
seroconversion determination and a test interval less than 180 days, and (D) sensitivity analysis of the data 
artifi cially censored at 3 years after seroconversion. All estimates are based on multivariable mixed models, and are 
shown for white MSM, aged 30–39 years at seroconversion, entering the cohorts within 180 days from their 
estimated seroconversion, with seroconversion dates being estimated through the midpoint method with a HIV 
test interval of more than 12 weeks. Viral load set-point approximated as viral load 1 year after seroconversion. 
Shaded area is 95% CI.
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Pourquoi les parasites nuisent-ils à leurs hôtes ?

• La virulence (α) est le plus souvent
un coût pour le parasite : R0 = β/α

• Elle peut persister si elle n’est pas
contre-sélectionnée

• Elle peut être sélectionnée via des
compromis évolutifs : R0 = β(α)/α
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1. Darwin et Pasteur : un rendez-vous manqué ?

2. D’où viennent les maladies infectieuses ?

3. Pourquoi les parasites nuisent-ils à leurs hôtes ?

4. L’homme coévolue-t-il avec ses microbes ?

5. Vers des politiques de santé evolution-proof ?

Samuel Alizon Vers une synthèse darwino-pasteurienne
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Prévalence de la drépanocytose
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Prévalence du paludisme
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Superdominance
Les hétérozygotes laissent plus de descendance
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Causes de mortalité aux USA
PERSPECTIVE

n engl j med 366;25 nejm.org june 21, 20122336

measures of morbid-
ity and of the impact 
disease has on peo-
ple’s ability to lead 
meaningful, produc-

tive lives. But such measures, in-
cluding disability- and quality-
adjusted life-years, reduce the 
complex experience of disease to 
a single coefficient.

A population’s disease status 
can also be gauged by lists of 
common diagnoses at clinics or 
hospitals, but no single measure 
definitively characterizes a popu-
lation’s burden of disease. Choos-
ing among metrics is as much 
about values and priorities as 
about science, and it directly af-
fects health policy. Whereas ad-
vocates of clinical and research 
funding for cardiovascular dis-
ease might use mortality data to 
support their claims, mental 
health advocates can cite morbid-
ity measures in seeking greater 
resources. Data on causes of child-
hood mortality would justify cer-
tain priorities; analyses of health 
care spending would justify others. 
An ideal, sophisticated health pol-

icy would integrate all measures 
to form a holistic map of the 
burden of disease, but in practice 
competing interests use different 
representations of disease burden 
to recommend particular policies.

Accounting for the Burden  
of Disease

Regardless of the metric chosen, 
any map of the burden of disease 
exposes disparities within and 
among populations. Two aspects 
of the burden of disease have re-
mained particularly vexing: chang-
es over time in the prevailing 
diseases and the persistence of 
health inequalities.

By examining the many new 
diseases that have appeared over 
the past two centuries, historians 
have categorized the ways in which 
diseases emerge. New causes (e.g., 
severe acute respiratory syndrome, 
motor vehicle accidents, radiation 
poisoning), new behaviors (ciga-
rette smoking, intravenous drug 
use), and even the consequences 
of new therapies (insulin trans-
forming the course and manifes-
tations of diabetes) can produce 

new diseases. Changing environ-
mental and social conditions can 
increase the prevalence of once-
obscure ailments (myocardial in-
farction, lung cancer, kuru, and 
“mad cow” disease). New diagnos-
tic technologies and therapeutic 
capacity can unmask previously 
unrecognized conditions (hyper-
tension). New diagnostic criteria 
can expand a disease’s boundar-
ies (hypercholesterolemia, depres-
sion). Changing social mores can 
redefine what is or is not a dis-
ease (homosexuality, alcoholism, 
masturbation). New diseases can 
emerge as the result of conscious 
advocacy by interested parties 
(chronic fatigue syndrome, sick 
building syndrome). HIV–AIDS 
alone demonstrates many of these 
modes of emergence. The emer-
gence, recognition, and impact of 
disease are never just a bioscien-
tific process; the advent of a new 
disease always involves social, 
economic, and political processes 
that shape its epidemiology and 
influence our understanding and 
response.

The interaction between the 
biologic and the social is equally 
apparent in the decline of a dis-
ease. Cannonball injuries, a fre-
quent cause of concern in 1812, 
disappeared from the Journal, 
only to be replaced by a new and 
more terrible litany of war-related 
injuries. Neurasthenia, a wide-
spread phenomenon of depleted 
nervous energy in the late 19th 
century, has disappeared, but 
traces of it have remained recog-
nizable in other diagnoses 
throughout the past century. In 
some cases, a disease’s decline 
clearly resulted from medical ac-
tion. Immunizations eradicated 
smallpox and may someday erad-
icate polio. Genetic screening 
has led to dramatic reductions in 
Tay–Sachs disease, thalassemia, 

The Burden of Disease and Medicine’s Changing Task
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            An interactive 
graphic showing 

causes of death from 
1900 through 2010 is 

available at NEJM.org 
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Coût à la résistance aux antibiotiques
Transmission de Mycobacterium tuberculosis

also gives the proportion of simulations that resulted in extinction
of tuberculosis. Increased cure rates lead to local eradication with
high probability after 60 y.

The methodology used here has heavy computatational demands
that constrain the level of realism of the model. However, a
cross-validation of our results is possible because the data from
Cuba consist of the same isolates typed with two different markers.
The shared epidemiological history of these two datasets should
produce estimates that differ only in mutation rate. This is broadly
what we observe. Indeed, we find that the mutation rate of IS6110
is 5–10 times higher than that of spoligotypes [see supporting
information (SI) Appendix], agreeing with previous results (24).

Discussion
This study reveals relatively high fitnesses of resistant strains in
Cuba and Estonia. These high values may reflect an inconsistency
in treatment programs in these countries from the 1950s to the
1990s. There may have been long periods of ineffective treatment—
indeed, Estonia now has one of the highest rates of multidrug
resistance in the world (1). The intermittent presence of drugs and
the resulting transmission of resistant strains would have given
drug-resistant strains collectively more time within untreated hosts.
This may have allowed mutations to evolve that compensate for the
fitness cost, resulting in higher relative fitness for resistant strains.
In contrast, the lower estimate of the fitness of drug-resistant strains
in Venezuela is consistent with the early introduction of an effective
national tuberculosis-control program (1936) (1) and a steady
decrease in tuberculosis prevalence since 1939 (23). These results
support previous evidence that circulating strains have lower fitness

cost (6), suggesting that resistant strains in regions with ineffective
control strategies have higher fitness.

We found a high proportion of drug-resistant cases due to
transmission compared with the evolution of resistance due to
treatment failure in Estonia and Cuba. For these countries, we
confirm the interpretation of (10) and others that transmission of
resistant strains is the major contributor to the drug resistance
problem. This observation suggests that it may be effective to
allocate resources to containing the transmission of resistant strains.
The relative contribution of transmission in Venezuela is likely to
be lower, although it is still high enough to consider focusing on
blocking transmission.

Factors other than drug resistance, including host and bacterial
factors, are likely to confer differential fitnesses among strains.
Previous work provides a method for detecting differences in
transmission rates among different genotypes (25). That study
showed, however, that these differences are generally not large and
do not occur frequently. Nevertheless a more complex model in
conjunction with more detailed data may provide opportunities to
further develop our methods to better characterize the dynamics of
resistance. For example, stochastic models with multiple states of
resistance such as that of (26) can be used to further our under-
standing of the emergence of multidrug-resistant or extensively
drug-resistant tuberculosis.

Accurate estimates of parameters such as the cost of resistance
are important for the design of public health measures and pre-
dicting epidemiological outcomes. Future prevalence of drug re-
sistance has been intensely debated (3, 7, 18), and projections
depend on knowledge of strain fitnesses. Under the modeling
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Fig. 2. Marginal posterior distributions. (A) The transmission cost c. (B) The rate of evolution of resistance !. (C) The relative fitness !RS of resistant strains
compared with sensitive strains. The isolates from Venezuela were genotyped by using spoligotyping (spol.); isolates from Estonia were typed by using IS6110;
isolates from Cuba were typed by using both spoligotyping and IS6110-typing. (D) The proportion of resistant cases in the population that arose through
treatment failure leading to the evolution of resistance from sensitivity.
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é
d
e
d
i
s
t
r
i
b
u
t
i
o
n

Pays PNT isoniazide
Estonie 1997 1956
Cuba 1963 1950

Venezuela 1936 1950

WHO/HTM/TB/2004.343, p.296

Luciani et alii (2009, Proc Nat Acad Sci USA)



Introduction Origine Virulence Coévolution Perspectives
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further develop our methods to better characterize the dynamics of
resistance. For example, stochastic models with multiple states of
resistance such as that of (26) can be used to further our under-
standing of the emergence of multidrug-resistant or extensively
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Figure 1.1: The rise in severity and variability of clinical signs after infection with
Marek’s disease virus. Diagram taken from Nair (2005) and redrawn.

CD4+ T cells, holding latent virus (although the source of these CD4+ T cells is

contested in di↵erent models (Baigent and Davison, 2004)), which eventually

results in malignant tumours. This final stage may occur weeks or months post

infection.

Both the “latent” and transformative stages are non-productive since no repli-

cation nor progeny release occur and gene expression is limited. Both cy-

tolytic phases are semi-productive since non-enveloped intranuclear particles

are produced. Fully productive infection occurs solely in the FFE, which has

been estimated to take place around 13 dpi once the virus has migrated dur-

ing latency via the peripheral blood lymphocytes Baigent and Davison (2004).

However more recent quantitative estimates have found significant quantities

of MDV in the feather tips at 7 dpi (Baigent et al., 2005).

Note that the “latent” stage in the infection pathway is defined via gene expres-

sion and immunological response. However, this di↵ers from the epidemio-

gists’ definition of ‘latent period’, which is defined as the delay between infec-

tion and infectivity (Anderson and May, 1992; Murray, 2002; Britton, 2003).

Using this definition current estimates of the ‘latent period’ for MDV there-

fore stand around 6-7 days (Baigent et al., 2005). The latter definition will be

used throughout this thesis from Chapter 2 onwards when the epidemiology

of MDV will be focused on.

Clinical signs are varied and result in morbidity and mortality (Baigent et al.,

13
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L’évolution de la virulence liée aux vaccins ?
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Vaccins imparfaits et évolution de la virulence
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Gandon et alii (2001, Nature)
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Démonstration expérimentale

birds were infected with either of those hyperpathogenic strains, they survived for 30 days or
more (Fig 2A), allowing substantial viral shedding (S2 Fig). All co-housed sentinels conse-
quently became infected (Fig 2B) and went on to die as a result of MDV infection (Fig 2C).
Thus, in accordance with the imperfect-vaccine hypothesis, vaccination enabled the onward
transmission of viruses otherwise too lethal to transmit, putting unvaccinated individuals at
great risk of severe disease and death.

Interestingly, the viral strain 595 was slightly less virulent than the other two viruses (taking
a day longer to kill half of the unvaccinated birds, and 6 d longer to kill them all) (Fig 2A). This
slightly reduced mortality rate prolonged the viral shedding from unvaccinated birds, so that
about 100-fold more virus was shed into the environment by the 595-infected cohort than
from the cohorts infected by the two more lethal strains (S2 Fig). This was evidently sufficient
for transmission, because all co-housed sentinels eventually became infected (Fig 2B) and
went on to die (Fig 2C). Thus, slight reductions in lethality can be sufficient to allow onward
transmission. Nonetheless, even for strain 595, vaccination led to more rapid infection of senti-
nels (Fig 2B; median time to positivity 9 d earlier than in unvaccinated birds, p< 0.05), thus
increasing the rate at which secondary cases were generated, a critical determinant of both viral
fitness and case incidence in a rising epidemic.

Fig 1. Impact of vaccination onmortality and viral shedding of five strains of MDV. Experiment 1. Groups of 20 Rhode Island Red chickens were
unvaccinated (dotted lines, light shading) or HVT-vaccinated (solid lines, dark shading) at 1 d of age and challenged with viral strains HPRS-B14 (black), 571
(purple), 595 (green), Md5 (blue), or 675A (red) 8 d later. Viral strains vary in virulence in unvaccinated hosts, and vaccination protects against death (top
panels, with strains arranged in order of increasing virulence from left to right.). Vaccination suppresses the concentration of virus in dust, but by keeping
hosts alive, prolongs the infectious periods of hyperpathogenic MDV (middle panels). This means that cumulative number of virus genome copies (VCN)
shed per bird is suppressed by vaccination for the least virulent strain and enhanced by several orders of magnitude for the most virulent (bottom panels).
Error bars and shaded regions indicate 95% confidence interval (c.i.) Raw data can be found at http://dx.doi.org/10.5061/dryad.4tn48.

doi:10.1371/journal.pbio.1002198.g001
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Maternally Derived Antibody
The high mortality rates we observed in unvaccinated chickens infected with our most virulent
strains are due to early mortality syndrome, which involves the rapid onset of paralysis, dis-
orientation and an inability to feed and move, followed by death [30–33]. In today’s modern
industry, parental birds are almost always vaccinated against MDV, which results in the trans-
fer of maternal antibody to chicks. These antibodies appear to be protective against the early
mortality syndrome [30–33]. This raises the prospect that vaccination of laying hens could also
permit onward transmission of viral strains that would be too lethal to otherwise transmit from
offspring birds. We tested this possibility with further experiments using our most (675A) and
least (HPRS-B14) virulent virus strains, again in Rhode Island Red birds, but this time

Fig 2. Vaccination enhances transmission of hyperpathogenic MDV. Experiment 2. Groups of ten birds
were HVT-vaccinated (solid lines) or not (dotted lines) and experimentally infected with one of our three most
virulent MDV strains, 595 (green), Md5 (blue) and 675A (red), and co-housed with ten unvaccinated sentinel
birds. Vaccination prolonged the survival of experimentally infected birds (A), ensuring that sentinel birds
became infected (B) and, hence, died (C). In B and C, solid lines denote sentinels cohoused with vaccinated
experimentally infected birds and dotted lines denote sentinels cohoused with unvaccinated experimentally
infected birds. Raw data can be found at http://dx.doi.org/10.5061/dryad.4tn48.

doi:10.1371/journal.pbio.1002198.g002
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Démonstration expérimentale

birds were infected with either of those hyperpathogenic strains, they survived for 30 days or
more (Fig 2A), allowing substantial viral shedding (S2 Fig). All co-housed sentinels conse-
quently became infected (Fig 2B) and went on to die as a result of MDV infection (Fig 2C).
Thus, in accordance with the imperfect-vaccine hypothesis, vaccination enabled the onward
transmission of viruses otherwise too lethal to transmit, putting unvaccinated individuals at
great risk of severe disease and death.

Interestingly, the viral strain 595 was slightly less virulent than the other two viruses (taking
a day longer to kill half of the unvaccinated birds, and 6 d longer to kill them all) (Fig 2A). This
slightly reduced mortality rate prolonged the viral shedding from unvaccinated birds, so that
about 100-fold more virus was shed into the environment by the 595-infected cohort than
from the cohorts infected by the two more lethal strains (S2 Fig). This was evidently sufficient
for transmission, because all co-housed sentinels eventually became infected (Fig 2B) and
went on to die (Fig 2C). Thus, slight reductions in lethality can be sufficient to allow onward
transmission. Nonetheless, even for strain 595, vaccination led to more rapid infection of senti-
nels (Fig 2B; median time to positivity 9 d earlier than in unvaccinated birds, p< 0.05), thus
increasing the rate at which secondary cases were generated, a critical determinant of both viral
fitness and case incidence in a rising epidemic.

Fig 1. Impact of vaccination onmortality and viral shedding of five strains of MDV. Experiment 1. Groups of 20 Rhode Island Red chickens were
unvaccinated (dotted lines, light shading) or HVT-vaccinated (solid lines, dark shading) at 1 d of age and challenged with viral strains HPRS-B14 (black), 571
(purple), 595 (green), Md5 (blue), or 675A (red) 8 d later. Viral strains vary in virulence in unvaccinated hosts, and vaccination protects against death (top
panels, with strains arranged in order of increasing virulence from left to right.). Vaccination suppresses the concentration of virus in dust, but by keeping
hosts alive, prolongs the infectious periods of hyperpathogenic MDV (middle panels). This means that cumulative number of virus genome copies (VCN)
shed per bird is suppressed by vaccination for the least virulent strain and enhanced by several orders of magnitude for the most virulent (bottom panels).
Error bars and shaded regions indicate 95% confidence interval (c.i.) Raw data can be found at http://dx.doi.org/10.5061/dryad.4tn48.

doi:10.1371/journal.pbio.1002198.g001

Vaccines and the Evolutionary Emergence of Virulent Strains

PLOS Biology | DOI:10.1371/journal.pbio.1002198 July 27, 2015 4 / 18

Maternally Derived Antibody
The high mortality rates we observed in unvaccinated chickens infected with our most virulent
strains are due to early mortality syndrome, which involves the rapid onset of paralysis, dis-
orientation and an inability to feed and move, followed by death [30–33]. In today’s modern
industry, parental birds are almost always vaccinated against MDV, which results in the trans-
fer of maternal antibody to chicks. These antibodies appear to be protective against the early
mortality syndrome [30–33]. This raises the prospect that vaccination of laying hens could also
permit onward transmission of viral strains that would be too lethal to otherwise transmit from
offspring birds. We tested this possibility with further experiments using our most (675A) and
least (HPRS-B14) virulent virus strains, again in Rhode Island Red birds, but this time

Fig 2. Vaccination enhances transmission of hyperpathogenic MDV. Experiment 2. Groups of ten birds
were HVT-vaccinated (solid lines) or not (dotted lines) and experimentally infected with one of our three most
virulent MDV strains, 595 (green), Md5 (blue) and 675A (red), and co-housed with ten unvaccinated sentinel
birds. Vaccination prolonged the survival of experimentally infected birds (A), ensuring that sentinel birds
became infected (B) and, hence, died (C). In B and C, solid lines denote sentinels cohoused with vaccinated
experimentally infected birds and dotted lines denote sentinels cohoused with unvaccinated experimentally
infected birds. Raw data can be found at http://dx.doi.org/10.5061/dryad.4tn48.

doi:10.1371/journal.pbio.1002198.g002
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Vaccins et antibiotiques sauvent des vies !
PERSPECTIVE

n engl j med 366;25 nejm.org june 21, 20122336

measures of morbid-
ity and of the impact 
disease has on peo-
ple’s ability to lead 
meaningful, produc-

tive lives. But such measures, in-
cluding disability- and quality-
adjusted life-years, reduce the 
complex experience of disease to 
a single coefficient.

A population’s disease status 
can also be gauged by lists of 
common diagnoses at clinics or 
hospitals, but no single measure 
definitively characterizes a popu-
lation’s burden of disease. Choos-
ing among metrics is as much 
about values and priorities as 
about science, and it directly af-
fects health policy. Whereas ad-
vocates of clinical and research 
funding for cardiovascular dis-
ease might use mortality data to 
support their claims, mental 
health advocates can cite morbid-
ity measures in seeking greater 
resources. Data on causes of child-
hood mortality would justify cer-
tain priorities; analyses of health 
care spending would justify others. 
An ideal, sophisticated health pol-

icy would integrate all measures 
to form a holistic map of the 
burden of disease, but in practice 
competing interests use different 
representations of disease burden 
to recommend particular policies.

Accounting for the Burden  
of Disease

Regardless of the metric chosen, 
any map of the burden of disease 
exposes disparities within and 
among populations. Two aspects 
of the burden of disease have re-
mained particularly vexing: chang-
es over time in the prevailing 
diseases and the persistence of 
health inequalities.

By examining the many new 
diseases that have appeared over 
the past two centuries, historians 
have categorized the ways in which 
diseases emerge. New causes (e.g., 
severe acute respiratory syndrome, 
motor vehicle accidents, radiation 
poisoning), new behaviors (ciga-
rette smoking, intravenous drug 
use), and even the consequences 
of new therapies (insulin trans-
forming the course and manifes-
tations of diabetes) can produce 

new diseases. Changing environ-
mental and social conditions can 
increase the prevalence of once-
obscure ailments (myocardial in-
farction, lung cancer, kuru, and 
“mad cow” disease). New diagnos-
tic technologies and therapeutic 
capacity can unmask previously 
unrecognized conditions (hyper-
tension). New diagnostic criteria 
can expand a disease’s boundar-
ies (hypercholesterolemia, depres-
sion). Changing social mores can 
redefine what is or is not a dis-
ease (homosexuality, alcoholism, 
masturbation). New diseases can 
emerge as the result of conscious 
advocacy by interested parties 
(chronic fatigue syndrome, sick 
building syndrome). HIV–AIDS 
alone demonstrates many of these 
modes of emergence. The emer-
gence, recognition, and impact of 
disease are never just a bioscien-
tific process; the advent of a new 
disease always involves social, 
economic, and political processes 
that shape its epidemiology and 
influence our understanding and 
response.

The interaction between the 
biologic and the social is equally 
apparent in the decline of a dis-
ease. Cannonball injuries, a fre-
quent cause of concern in 1812, 
disappeared from the Journal, 
only to be replaced by a new and 
more terrible litany of war-related 
injuries. Neurasthenia, a wide-
spread phenomenon of depleted 
nervous energy in the late 19th 
century, has disappeared, but 
traces of it have remained recog-
nizable in other diagnoses 
throughout the past century. In 
some cases, a disease’s decline 
clearly resulted from medical ac-
tion. Immunizations eradicated 
smallpox and may someday erad-
icate polio. Genetic screening 
has led to dramatic reductions in 
Tay–Sachs disease, thalassemia, 

The Burden of Disease and Medicine’s Changing Task
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Coévolution intra-hôte
Le VIH évolue au cours d’une infection (niveaux de sélection)
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Rambaut et alii (2004, Nat Rev Microbiol)
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Coévolution intra-hôte
Le VIH coévolue avec le système immunitaire
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Richman et alii (2003, PNAS)



Introduction Origine Virulence Coévolution Perspectives

L’homme et les microbes coévoluent-ils ?

• L’homme évolue mais bien
moins vite que ses parasites

• « Coévolution » entre système
immunitaire et microbes
évoluant rapidement

• « Coévolution » entre politiques
de santé publique et microbes
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1. Darwin et Pasteur : un rendez-vous manqué ?

2. D’où viennent les maladies infectieuses ?

3. Pourquoi les parasites nuisent-ils à leurs hôtes ?

4. L’homme coévolue-t-il avec ses microbes ?

5. Vers des politiques de santé evolution-proof ?
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L’orthodoxie de la forte dose

Il n’est pas compliqué de rendre les
microbes résistants à la pénicilline en
laboratoire en les exposant à des
concentrations trop faibles pour les
tuer, [. . . ] Moralité : si vous utilisez
de la pénicilline, utilisez-en assez.

Sir Alexander Fleming (1945)
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« L’orthodoxie » de la forte dose
Infections par Clostridium difficile
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forte dose forte dose forte dose

Read et alii (2012, PNAS)
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« L’orthodoxie » de la forte dose
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forte dose forte dose forte dose

faible dose faible dose faible dose
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Compétition microbienne
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Test avec Plasmodium chabaudi et souris
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Huijben et alii (2013, PLoS Pathogens)
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Test avec Plasmodium chabaudi et souris
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Épidémie d’ébola en Afrique de l’Ouest (2013-2016)Special Report

n engl j med 375;6 nejm.org August 11, 2016 591

Rosanda. Throughout this epidemic, the sites 
where new cases would be found, or where trans-
mission would persist, were largely unpredictable.

During the West African epidemic, distinct 
generations of cases were visible on scales large 
and small. The time series of confirmed cases 
from the whole of Guinea compiled during the 
115 days after the main period of exponential 
growth had stopped show a periodicity of 16 
days, which is roughly the serial interval, cover-
ing approximately seven generations of cases 
(Fig. 2B). Clearly, interventions were not effective 

in breaking the cycle of transmission in Guinea 
up to January 2015.

 Effec t of Interventions

The duration of epidemic growth in each region 
of each country, and the number of people at 
risk, were determined in part by the timing and 
magnitude of the interventions against Ebola. 
After the epidemic peak in each country, the 
case incidence declined most quickly in Liberia 
and more slowly in Sierra Leone and Guinea 

An animated map 
with timeline is
available at 
NEJM.org

Figure 3. Geographic Distribution of Confirmed Cases of Ebola Virus Disease in Guinea, Liberia, and Sierra Leone, 
up to April 10, 2016.

Confirmed cases are coded according to village where possible (60% of cases) and are otherwise coded according to 
county, district, and prefecture (administrative level 2).
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in each of the three countries (Fig. 1A). In Sierra 
Leone, where the geographic spread from the 
epicenter to the capital was slowest, the main 
period of growth lasted 22 weeks from the end 
of May (week 22 of 2014) to early November, 
with case incidence doubling every 5.1 weeks 
(Fig. S2 in the Supplementary Appendix). In Libe-
ria, where the movement of infection from epi-
center to capital was faster than in Sierra Leone, 
growth lasted 15 weeks from mid-June (week 
25), with a doubling time of 2.8 weeks. Guinea 
reported the shortest and fastest period of sus-
tained exponential growth — for 9 weeks from 
early July (week 28), mainly in the southeast, with 
the case incidence doubling every 1.9 weeks.

Had exponential growth continued at this pace 

in all three countries, the total number of con-
firmed and probable cases would have exceeded 
20,000 by November 2.10 If growth continued at 
the same rate until early 2015, there would have 
been many more cases.11 It turned out that case 
incidence peaked at 950 confirmed cases in the 
final week of September 2014. The total numbers 
of confirmed cases reported during the epidemic 
were 3358 in Guinea (plus 456 probable cases; 
suspected cases were resolved and not reported), 
3163 in Liberia (1879 probable, 5636 suspected), 
and 8706 in Sierra Leone (287 probable, 5131 
suspected). The numbers of confirmed cases per 
100,000 population were 32, 87, and 137, respec-
tively (with respective population sizes of 10.6 
million, 3.6 million, and 6.4 million people). 

Figure 1. The Ebola Epidemics in Guinea, Liberia, and Sierra Leone.

Panel A shows numbers of cases of Ebola virus disease confirmed nationally each week during 2014 and 2015. Panels B, C, and D show 
the weekly numbers of confirmed cases for 10 of 17 regions (administrative level 1) that reported the majority of cases in each country. 
Lines with long dashes denote regions centered on country capitals (Conakry, Monrovia [South Central] and Freetown [Western]), and 
lines with dots denote sites of initial infection (epicenters) in Nzérékoré in southeast Guinea, in north central Liberia, and in eastern 
 Sierra Leone. Lines with short dashes denote other regions that accounted for the majority of cases. (Note the differences in the y-axis 
scales in the panels.)
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Phylodynamique

/ http://www.sciencemag.org/content/early/recent / 28 August 2014 / Page 7 / 10.1126/science.1259657 
 

 

  Fig. 3. Molecular dating of the 2014 outbreak. (A) BEAST dating of the separation of the 2014 lineage from 
Middle African lineages (SL = Sierra Leone; GN = Guinea; DRC = Democratic Republic of Congo; tMRCA: Sep 
2004, 95% HPD: Oct 2002 - May 2006). (B) BEAST dating of the tMRCA of the 2014 West African outbreak 
(tMRCA: Feb 23, 95% HPD: Jan 27 - Mar 14) and the tMRCA of the Sierra Leone lineages (tMRCA: Apr 23, 95% 
HPD: Apr 2 - May 13); probability distributions for both 2014 divergence events overlayed below. Posterior support 
for major nodes is shown. 
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Nombre d’infections
secondaires (R0)

Grenfell et alii (2004, Science)
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Saulnier et alii (2017)
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Domestiquer les microbes ?
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forte dose forte dose forte dose
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Domestiquer les microbes ?
Bactériothérapie fécale
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Pour un synthèse Darwino-pasteurienne

Samuel Alizon Vers une synthèse darwino-pasteurienne

• Le monde microbien est façonné par les politiques de santé
publique (ou leur absence)

• Il est important d’avoir un temps d’avance sur les microbes

• Épidémiologie évolutive et écologie évolutive

• Réconcilier les mécanismes avec les processus et étudier les
microbes dans leur environnement
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6. Concepts

7. VIH

8. Coévolution

9. Résistance

10. Phagothérapie
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Concepts d’évolution pour maladies infectieuses

• Évolution biologique : comment un trait d’intérêt change au cours
des générations du fait de modifications héritables

• Individu : un microbe ou un hôte infecté ?

• Trait d’histoire de vie de l’hôte infecté

• Génération : d’une infection à la suivante

• Valeur sélective : nombre d’infections secondaires (R0)

Samuel Alizon Vers une synthèse darwino-pasteurienne
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Évolution de la virulence du VIH

Articles

e124 www.thelancet.com/hiv   Vol 1   December 2014

Deterioration of HIV-RNA in stored samples is another 
potential issue: HIV-RNA quantifi cation has been 
introduced into the clinical routine since 1996, thus most 
of the plasma viral load measurements for the initial years 
of the epidemic were done retrospectively on frozen 
samples. However, the increasing trends in set-point 
plasma viral load seen in our study continue after 1996, 
and the estimates of the deterioration rate in frozen 
samples are low,27 and are not enough to fully explain 
changes before 1996.

Another issue is the high percentage of participants 
with missing information about HIV-1 subtype (72%) or 
ethnic origin (54%) in our data, because these factors 
can aff ect baseline CD4 cell count and plasma viral loads 
and how they change over time.18,28 The increasing 
proportion of non-white individuals (mainly of African 
ancestry) infected with non-B HIV-1 subtypes, and the 
likely changing socioeconomic profi le of our study 
population could have some eff ect on our results. 
However, when we refi tted our models restricted to 
white MSM, a group most probably dominated by 
subtype B infection, or to individuals originating from 
industrialised countries, we found no major deviations 
from our main fi ndings.

Our study included data only from seroincident cohorts 
because all participants have well estimated dates of 
seroconversion. Thus, biases that could result from 
individuals entering the cohorts at diff erent stages of the 
disease are unlikely. However, there are diff erences in the 
methods used to determine the seroconversion date in our 
study with laboratory evidence of acute infections being 
more frequent in recent years. These diff erences could 
lead to an increased proportion of individuals entering the 
cohorts with very high plasma viral loads. This mechanism 
though cannot fully explain the observed trends because 
the models we used included adjustments for the method 
of seroconversion determination and the length of the 
interval between the last negative and fi rst positive HIV 
test, which is a marker for acute infection.29 Additionally, 
the use of all available measurements from all study 
participants within models that take into account the 
longitudinal evolution of plasma viral load and CD4 cell 
count from seroconversion onwards should be protective 

Panel: Research in context

Systematic review
We initially searched PubMed from Jan 1, 1990, to July 15, 
2014, for English language publications with the following 
query: HIV AND (“set point” OR “CD4 count” OR “virulence”) 
AND (“trends” OR “evolution” OR “temporal”). The search 
yielded 435 articles and we identifi ed those that addressed 
changes in HIV-1 virulence over time either directly (ie, 
through survival or AIDS-free time)5–8 or indirectly through 
post-seroconversion CD4 cell counts and slope or viral load 
set-point.9–13 The search was expanded by browsing related 
citations including those from virulence studies. A recent 
meta-analysis21 was also thoroughly checked for potential 
additions to the list of studies with objectives comparable 
with those of our work. Findings from these studies were not 
consistent because some suggested an increase11–13 and others 
a decrease in HIV-1 virulence over time.5–7 Some studies did 
not detect any signifi cant temporal changes.8–10 Results from 
the meta-analysis of Herbeck and colleagues21 were 
consistent with increased virulence of HIV-1 over the course 
of the epidemic. Our results showed that the HIV viral set-
point has increased by about 0·5 log10 copies per mL during 
the 1980s and 1990s and has become stable thereafter. 
During the same period, post-seroconversion CD4 cell counts 
have decreased by about 200 cells per μL.

Interpretation
In this study, the largest to investigate changes in HIV 
virulence, we show systematic changes in two of the most 
important prognostic markers of HIV infection in the last 
30 years, consistent with increased HIV-1 virulence and 
transmission risk. Our results and those of other studies are in 
agreement with the hypothesis of adaptive evolution of HIV-1 
in the human population.22–24 These fi ndings emphasise the 
important need for early HIV testing and engagement with 
care given the implications for treatment and prevention.

Figure 3: Estimated plasma viral load set-point by calendar year of seroconversion
(A) Main analysis of the full dataset, (B) sensitivity analysis of the dataset restricted to white men, infected through 
sex between men (MSM), (C) sensitivity analysis of the dataset restricted to individuals with a midpoint method of 
seroconversion determination and a test interval less than 180 days, and (D) sensitivity analysis of the data 
artifi cially censored at 3 years after seroconversion. All estimates are based on multivariable mixed models, and are 
shown for white MSM, aged 30–39 years at seroconversion, entering the cohorts within 180 days from their 
estimated seroconversion, with seroconversion dates being estimated through the midpoint method with a HIV 
test interval of more than 12 weeks. Viral load set-point approximated as viral load 1 year after seroconversion. 
Shaded area is 95% CI.
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Variabilité de la virulence des infections par le VIH
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P
r
o
p
o
r
t
i
o
n
c
u
m
u
l
é
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La délétion CCR5∆32 confère une
résistance à l’infection par le VIH

Le nombre de copies du gène
KIR est inversement corrélé à la
charge virale

Quelques mutations (SNPs) expliquent ≈ 22% de la variance de la charge virale
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Pelak et alii (2011, PLoS Biol)

Fellay et alii (2007, Science)
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Samuel Alizon Vers une synthèse darwino-pasteurienne
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Phylogénie comparative
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Héritabilité de la charge virale

In spite of significant heritability being found

in previous work on the Rakai data [34], we did

not consistently find heritability in this cohort.

Although they are not strictly comparable, the

results from the previous studies of the Rakai

and Swiss data suggest that heritability is higher

in the latter cohort, and this may underlie the

differences in our results. However, the best esti-

mate for h2 from the Rakai data was high (0.51)

(Table 1).

Six different subdivisions of the Netherlands data

were analysed using PP and Pagel’s !, and only a

single positive result was found with one statistic

(!) in one subdivision, suggesting that heritability

is close to the detection borderline. It was estimated

at h2 = 0.52 (Table 3), which falls high within the

range of previous estimates [30].

It is interesting that the Swiss cohort shows more

apparent heritability than theNetherlands in spite of

a similar transmission routes and genetic back-

grounds. One potential explanation would be differ-

ences in coverage. The prevalence in Switzerland is

higher (0.4% compared with 0.2%) [63], but so is the

sample size (661 compared with 416) which sug-

gests similar levels of coverage, which are reportedly

high in both cohorts [47, 64]. In the Swiss dataset,

the mean SPVL of the Strict group is significantly

higher than that of the rest (P = 0.0004), and the

same is true of the MSM over non-MSM

(P = 0.003) [36]. The same is not true of these two

categories in the Netherlands cohort (data not

shown), which suggests that viral virulence geno-

types are less structured in this cohort and may

explain lower heritability.

The exclusion of non-Strict individuals generally

increased the level of significance, but this was

dependent on the cohort and the method. In the

Swiss cohort, the exclusion increased significance

when using the PP and HC methods, but not other-

wise (Table 2). In the Netherlands cohort, the exclu-

sion increased significance markedly when using

Pagel’s !, but not as much using PP (Table 3).

Understanding why the Strict population exhibits

higher heritability than whole sample may be an im-

portant step in both estimating and understanding

the mechanisms behind heritability. Simple models
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Figure 1. Heritability estimated by ABC in all subdivisions of the Swiss data. The subdivision is written above the plot. Results

from the PP method are in red, and from Pagel’s ! in blue, with the overlap in purple

216 | Shirreff et al. Evolution, Medicine, and Public Health
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Héritabilité de la charge virale

N couples Heritability Study (reference) Country, subtype(s) Adjustments

97 36% (6 to 66%) Hollingsworth et al. (17) Uganda, mostly A, D, and recombinants Age, sex, subtype, symptomatic genital
ulcer disease (GUD)

141 44% (19 to 69%) Lingappa et al. (18) Partners in Prevention (14 sites in East
and Southern Africa), diverse subtypes

Age, sex, subtype, sexually transmitted
infection, GUD, circumcision, hormonal

contraceptive use, source partner
characteristics

195 26% (8 to 44%) Yue et al. (19) Zambia, mostly C Age, sex, HLA, HLA sharing between
partners

433 33% (20 to 46%)
Overall summary

estimate (weighted by
standard error)

Box 1. Heritability quantifies the effect of viral genotype on SPVL.

In quantitative genetics, the heritability of a trait is the proportion of the
variance in the phenotypic value observed in a population that is attribut-
able to genotype (13). This measure indicates the importance of genetic
variation in shaping phenotypic variation. Recently, this concept has been
applied to infectious diseases: For HIV, the heritability of a phenotypic trait
(such as virus load) is the proportion of variance in this trait that is at-
tributable to viral genetic factors. Because SPVL is a feature of the natural
history as a whole, heritability of SPVL is defined with respect to the en-
semble of genotypes of viruses that infect and evolve within the host. The
simplest study design to measure heritability in SPVL is to look at the sim-
ilarity in trait values between individuals in couples in which transmission is
strongly suspected to have occurred (16–21). If SPVL is indeed heritable
from one infection to the next, there should be similarity between a “re-
cipient” and “donor” viral load. More technically, broad-sense heritability
(conventionally denoted h2) is estimated by the slope of the regression line
(r) of the recipient viral load on the donor viral load (supplementary ma-

terials). Estimates of r obtained by independent studies have been quite
consistent, despite differences in their presentation due to differences of focus:
Few studies have presented h2 as the key summary statistic. Estimates of h2,
adjusted for many confounders, are shown for several studies in Table 1. An
alternative design for estimating heritability, inspired by the phylogenetic
comparative method, is to use virus sequence data from each host to recon-
struct a phylogeny of infections and estimate the relationship between virus
genetic relatedness and SPVL (Fig. 3). On the basis of this approach, Alizon et al.
(15) found that up to 59% of variance could be explained by viral genotype.
Variation among heritability estimates obtained in different studies should
not necessarily be taken as an expression of the uncertainty of the individual
estimates because heritability is a measure that also depends on the pop-
ulation in which it is estimated (13). For example, a very low-diversity epi-
demic resulting from an explosive burst of transmissions would exhibit
lower heritability than would a high-diversity mature epidemic because of
low background diversity in genotypes against which to make comparisons.

Table 1. Summary of estimates of heritability of SPVL from transmission couples in sub-Saharan Africa, and overall aggregate
summary estimate. Studies reviewed here were selected as studies of transmission among heterosexual couples in sub-Saharan Africa.

Fig. 3. Phylogenetic proximity yields sim-
ilar values for heritable traits. Shown is
the phylogeny of HIV isolated from 134 Swiss
men who have sex with men with well-defined
SPVL (indicated by the color of tips). Heri-
tability is estimated by comparing phyloge-
netic proximity to similarity in SPVL (15).

21 MARCH 2014 VOL 343 SCIENCE www.sciencemag.org1243727-4

REVIEW
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Découverte de nouvelles molécules

n engl j med 372;12 nejm.org march 19, 2015 1169

clinical implications of basic research

pneumococci), Clostridium difficile, Bacillus anthracis, 
and enterococci, including multidrug-resistant 
strains. Teixobactin is similarly potent against 
Mycobacterium tuberculosis, a pathogen against which 
there is a current and urgent unmet medical 
need. In vivo studies in the mouse corroborated 
the activity of teixobactin against methicillin-
resistant S. aureus, and even after multiple rigorous 
attempts, the authors could not select teixobactin-
resistant mutants of S. aureus or M. tuberculosis.

This work represents a notable advance for the 
discovery of antibiotics that target gram-positive 
bacteria and M. tuberculosis. Gram-negative bacte-
ria, like the producing species, are resistant to 
teixobactin because they lack one of the targets 

and because of the barrier effect of their outer 
membrane, which gram-positive bacteria do not 
have. The expectation is that tapping into a res-
ervoir of microorganisms that is approximately 
100 times as large as the reservoir that could be 
tested previously will provide fertile ground for 
the discovery of new compounds with activity 
against multidrug-resistant gram-negative bac-
teria like acinetobacter, pseudomonas, and carba-
penemase-resistant Enterobacteriaceae. These 
pathogens are extremely urgent public health 
threats, and a new vein to fuel an antimicrobial-
discovery pipeline is welcome. That said, it can 
take years for a discovery to yield an approved, 
commercial product.

Traditional Antibiotic Search

iChip-based Antibiotic Search

Soil is cultured directly 
onto culture medium

Yields 1% bacterial 
recovery

Colonies are cultured 
and grown, with up to 
40% bacterial recovery

The iChip is seeded with soil dilutions 
such that an average of one bacterial 
cell is placed in each microchamber; 
the iChip is then placed back into soil

Next steps:

• Optimize growth
   of organisms

• Recover cell extracts

• Test against bacteria 

• Purify active compounds

Soil 
sample

Figure 1. Two Methods of Culturing Microorganisms from Soil.

The traditional search for antibiotic agents involves culturing soil directly onto culture medium (e.g., an agar plate), which detects an 
estimated 1% of organisms present. Ling and colleagues4 used an isolation chip (iChip).5 After dilutions of soil are inoculated so that 
approximately one bacterial cell goes into each agar-filled chamber, the device is placed back in the soil. Many more bacteria survive and 
grow in the iChip than do on a traditional agar plate and, once established, are more likely to grow in vitro.

The New England Journal of Medicine 
Downloaded from nejm.org at INIST CNRS CS10310 on November 28, 2016. For personal use only. No other uses without permission. 

 Copyright © 2015 Massachusetts Medical Society. All rights reserved. 
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Domestiquer les microbes
Infection par Clostridium difficile dans des souris

untreated mice that received C. difficile spores was similar to that
of untreated mice over 21-day period monitored. We used PCA to
generate orthogonal combinations of OTUs that explained the
maximum variance between samples. Using this approach we
were able to delineate regions in PCA space that are typical of ileal
and cecal microbiota from untreated mice in PCA plots (Fig. 6D).
In addition, the microbiota of untreated mice that received C.
difficile spores remained within the same PCA space as untreated
mice not receiving C. difficile for the 21-day period monitored
(Fig. 6D).

Administration of clindamycin induced dramatic and rapid
changes in intestinal microbiota composition. One day after a
single dose of clindamycin, the cecal microbiota underwent pro-
found losses of Lachnospiraceae and Barnesiella populations and
became dominated by Enterobacteriaceae species (Fig. 7). Analysis
of ileal samples revealed a similar trend, with increased Enterobac-
teriaceae proportions and contractions of previously dominant
populations, which were modest for Lactobacillus but substantial
for Turicibacter. These initial alterations in microbiota composi-
tion post-clindamycin treatment were reproducible across three

independently housed mouse colonies (Fig. 7). The intestinal mi-
crobiota of mice treated with C. difficile spores alone resembled
those of untreated mice, and no shifts in intestinal microbiota
composition over the 3 week period monitored were detected
(Fig. 8A and B). Treatment with clindamycin, however, resulted in
marked expansion of the Enterobacteriaceae species, and this ini-
tial period of dominance was followed by multiple shifts in micro-
biota composition over the next 4 weeks (Fig. 8C and D). From
days 2 through 7, the relative abundance of Akkermansia species
increased in the cecum, peaking at day 4 but contracting by day 7.
The relative proportion of Enterobacteriaceae decreased during
this period, but re-emerged as the dominant population by day 7.
Subsequently, unclassified Mollicutes species increased to become
the dominant population from day 14 through the final sample
collection on day 28. During this period, the relative abundance of
Enterobacteriaceae species decreased (Fig. 8D). These shifts in the
cecal microbiota were largely mirrored in the ileum, although in-
creases in Mollicutes from days 14 to 28 were relatively small com-
pared to those in the cecum. In addition, Lactobacillus remained a
major component of the ileal microbiota throughout the time

FIG 7 Clindamycin treatment alters the composition of the microbiota. Mice from three separately housed colonies were administered clindamycin (200 !g) on
day !1, and samples of cecal and ileal content were obtained for analysis on the days indicated. Each bar represents the microbiota of an individual mouse.

FIG 8 Clindamycin and C. difficile infection alter intestinal microbiota composition. Mice were administered clindamycin (200 !g) intraperitoneally on day !1
and/or inoculated with C. difficile spores on day 0, and samples of cecal and ileal content were obtained from a representative mouse from three separately housed
colonies on the days indicated. Each bar represents the pooled microbiota of three separately housed mice on the indicated day. The most predominant bacterial
phylotypes are color coded as indicated.

Clindamycin-Induced Susceptibility to C. difficile

January 2012 Volume 80 Number 1 iai.asm.org 69

 on Novem
ber 27, 2016 by IRD-CENTRE DE DO

CUM
ENTATIO

N
http://iai.asm

.org/
Downloaded from

 

Samuel Alizon Vers une synthèse darwino-pasteurienne
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Phagothérapie
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Phagothérapie
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