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Intended Learning Objectives

Specific objectives of this session:

1. Learn about spatial dynamics of Borgetella pertussis

2. Learn about the fitness changes of Bordetella pertussis and
relation with vaccine types
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Outline @

This session consists of the following elements:
Introduction to the session

Part I: Global spatial spread of B. pertussis
1.1. B. pertussis clustering within locations
1.2. Spatial spread of B. pertussis within countries and across continents

Part I1I: Vaccine-Induced Fitness Changes in B. pertussis
2.1. Methods to estimate changes in fitness
2.2. Impact of vaccine type change on Bp genotypes’ fithess



Introduction



B. pertussis global epidemiology

® Incidence greatly reduced since 1980s.
= \Vaccination levels are typically high (>90%)

" However, persistent transmission is still
observed.

= Reasons for persistence are still unclear?
= Pathogen adaptation?
* Acellular vaccines waning
and asymptomatic carriage?

1: Yeung et al., 2017, 2: Jackson and Rohani, 2014, 3: WHO, 2020

Number of cases

Yearly number of cases & immunisation coverage
Source: WHO data3
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—
Country-specific situation @6

EUROPEAN CENTKE FOR
CASEASE PREVENTION
AND CONTROL

Reported cases in 2017

Case count
F_ O ¢ ; ‘ | f\; 1,000,000
| L g v = 10000 = Persistent transmission observed?
nsig a0 o in all countries.
: . 100
WHO, 2020 - -—amimi. . il " Not reported

Historical Recent vaccine:

vaccine:  Acellular (ACV), = Different vaccines exist.

Whole-cell (WCV)  containing:
= Pertussis toxin (PT)
= Fimbria 2 & 3 (fim2 & 3)
= Pertactin (PRN)
= Filamentous
Haemagglutinin (FHA)

- v

3: WHO, 2020, 4: Lefrancq & Bouchez et al., 2022




. Please download and install the
slido

Slido app on all computers you use °

Do you think pertussis is mostly
endemic, or spreads across
locations?

(D Start presenting to display the poll results on this slide.



slido Please download and install the f-
Slido app on all computers you use Y o |

What type of pertussis vaccine
in implemented in your country?

(D Start presenting to display the poll results on this slide.



Country-specific situation @ C

Reported cases in 2017

‘ oo = Persistent transmission observed3.
; w\e l 100,000
How fast is Pertussis spreading
across spatial scales?
WHO, 2020 Not reported
Yacclcl)ré? gga%?rtiﬁtlons
D:’EI{ :.—oe; % :Iisrical Rec;ntaccine' ) H eteroge-neity n timin-g of
o] — o vaccine: Acellular (ACY), introductions and vaccine types.
gize| —————0—  Whole-cell (WCV)  containing: -
| — — " Pertussis toxin (PT) How are vaccines impacting
preland] = o » Fimbria 2 & 3 (fim2 & 3) i .
o] = Pertactin (PRN) Pertussis strains
cancn] w e — = Filamentous h lation level?
T > Haemagglutinin (FHA) N at the population leve J

1940 1960 1980 2000 2020

3: WHO, 2020, 4: Lefrancq & Bouchez et al., 2022 | ‘



Key questions @c

Part 1: How fast is Pertussis spreading across spatial scales?

Part 2: How are vaccines impacting circulating strains?




Genetic epidemiology can help @Eéc
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Genetic epidemiology can help @

By combining information of:

(1) ®

where people live when they get sick  the bacterial genomes

» We can answer these key questions on pertussis circulation



Global genomics project @&

A
Joint work with Institut Pasteur Paris 800 1 o1
_ 600 § ) J ‘
§4°°' 1935 " 1955 I197§> 1995
3343 whole genomes from 1935 to 2019, from © 0o lI
23 countries: N __s==____i|I|Ill_
- 1012 from France 2000 2005 2010 2015 2020
« 320 sequences from Europe: Belgium, Czech Year of collection
Republic, Denmark, Spain, Finland, Italy, Ireland, B
The Netherlands, Norway, Sweden and The UK.
« 2012 from GenBank .

For each isolate, we have:
« Date of sampling (year)
« Location of sampling Continents

Bl Africa B America [ Asia W Australia W Europe

Lefrancq & Bouchez et al., 2022



Timed-tree reconstruction

= We used genome-wide single nucleotide
polymorphism variation (SNPs) to reconstruct

tree with BEAST.

Initial observations
» Little diversity, only a few key changes
» Lots of mixing across continents

» However, looking at trees can only tell

us so much:
» Not quantitative descriptions
» Biased by when and where

sequences were isolated

Lefrancq & Bouchez et al., 2022
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Part I: Global spatial spread of B. pertussis

Lefrancq & Bouchez et al., 2022 16



B. pertussis clustering within locations @ C

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL
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B. pertussis clustering within locations @c
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» Only 1-2% of pairs of cases from the same location and infected within the same
year had closely related sequences (MRCA<2y).

» Strong evidence that there are many independent co-circulating
transmission chains consistent with a long-term endemic transmission.

Lefrancq & Bouchez et al., 2022



Investigating spatial spread of B. pertussis

l
MRCA+ | A Same
| location
B

+—>

Effective ; Time
genetic lbetween

distance [nfections

= time to |
MRCA :
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Investigating spatial spread of B. pertussis

|

MRCA+ | A Same
|
I

location
B

) ] > |' ] >
Effective ; Time
genetic lbetween

distance [nfections

= time to |
MRCA :

| <1 year
_ #pairs {MRCA € window & same year & given location}

p. =
S # pairs{same year & given location} pr o b
Pre
p # pairs{MRCA € window & same year & dif f location} !
ref —

# pairs{same year & dif f location}

» By conditioning on spatial and temporal location of sequences, this approach minimizes
the impact of underlying sampling biases with which cases were sequenced.

Salje et al., 2018



Investigating spatial spread of B. pertussis @&

Within regions

in France
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Investigating spatial spread of B. pertussis

Spatial clustering

of cases \ﬁ;
1

Risk ra

Within regions
in France
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Investigating spatial spread of B. pertussis @

Within regions

. | thin
Spatial clustering cop., M France

of cases \{
1

Rate of spread / 0 5 10 15 20

across French Time to MRCA (years)
regions

Risk ra

Lefrancq & Bouchez et al., 2022



Investigating spatial spread of B. pertussis
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» Clustering within US states is very similar to that observed within European countries.

» It takes a few years for B. pertussis to be well mixed across France,
Europe/US and continents.

Lefrancq & Bouchez et al., 2022



Questions?



Part 2: Vaccine-Induced Fithess Changes
of B. pertussis

Lefrancq & Bouchez et al., 2022 26



Fitness changes of B. pertussis genotypes @ C

Genotypes based on virulence factors,
defined by the alleles of ptxP, fim3 and expression of PRN orr-
fim3-2 (¢ @
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Fitness changes of B. pertussis genotypes @ C

DISEASE PREVENTION

Genotypes based on virulence factors,
defined by the alleles of ptxP, fim3 and expression of PRN

1940 1960 1980 2000 2020
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Investigating changes in B. pertussis fithess @&
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= We consider 6 different genotypes, based on the ptxP,
fim3 types and prn deficiency.

= Fit a logistic model to the relative abundance of each
genotype i with respect to a choslen ref genotype

)

firer(t) = 1 +( T

— 1) e—T'it
fi,ref,O
withi € {genotypes} \ re f

where f; ...r o is the relative abundance of the genotype i
compared to genotype ref at time 0

= We estimate the fithess advantage of each genotype:
» Same across all countries
» Independently on the WCV and ACV eras

0



Example of fits obtained @Eéc

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

France
ptxP1 / fim3-1 ptxP3 / fim3-1 ptxP3 / fim3-2
PRN+ PRN- PRN+ PRN- PRN+ PRN-
1 - . 1 - . 1 - . 1 - . 1 - . 1 - .
Qo - ; - . ; . . ;
5 05- f 0.5 - 0.5 - ‘§ 0.5- M& 0.5 - §
O - - - . i . - .
O o #hﬂhuﬁl 0 - 0 : 0 : 04 :

1980 2000 2020 1980 2000 2020\ 1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020

Year of ACV

Data on genotypes implementation



Example of fits obtained

France

ptxP1 / fim3-1
PRN+

ptxP3 / fim3-1
PRN+

PRN-
. 1 -

0.5 - :
. Mr “K

1980 2000 2020

1 -

Proportion

O _ .
1980 2000 2020

1980 2000 2020 1980 2000 2020

Year of ACV

Data on genotypes implementation

ptxP3 / fim3-2
PRN+

0 _ .
1980 2000 2020

Model fit

1 -

0.5 -

PRN-

0 -

1980 2000 2020



Fits obtained across countries @E{Sc

ptxP1 / fim3-1 ptxP3 / fim3-1 ptxP3 / fim3-2

prn+ prn- prn+ prn- prn+ prn-
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Lefrancq & Bouchez et al., 2022 d



Fithness estimate of each genotype @c

Fithess estimates of each genotype

( ptxP1/fim3-1 ) ( ptxP3/fim3-1 ) (  ptxP3/fim3-2 )
PRN+ PRN- PRN+ PRN- PRN+ PRN-
1.5 -
” :
: o +
j§ 1 1 - ¢ + + ¢ + ¢
(N
0.75- +

WCV ACV  WCV ACV WCV ACV WCV ACV WCV ACV WCV ACV

» The ptxP3/fim3-1/PRN- genotype is the fittest in ACV era.
» Vaccine switch (WCV to ACV) is associated with large changes of fitness.

Lefrancq & Bouchez et al., 2022



Fithness estimate of each genotype @\Sc

[ |
SEane

Effect of the

WCYV to ACV switch
= — PRN+
2 157 _prw |
3 | » The PRN-deficient strains are on
% average 1.1 times more fit after the
o ] ‘ % ‘ vaccine switch.
=
©
T 0.754
m | p— | | p— | [ p— |

txP1 DtxP3 OtxP3

im3-1 im3-1 Im3-2
Genotype

Lefrancq & Bouchez et al., 2022



lido Please download and install the f-
Sl Slido app on all computers you use Y o |

How long does it take for the vaccine switch to
induce a fitness change?

(D Start presenting to display the poll results on this slide.

2



Time it takes for the vaccine to change selection pressure @c

Model comparison to test different delays between vaccine
implementation and change in fitness

15
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Difference to the best WAIC
o
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o - ® +
-10 -5 0 5 10
Year of the switch in fithess
(year since implementation of any ACV)



In summary @C

List of learning points in this session:

Part I: Global spatial dynamics of Bordetella pertussis

Evidence of many independent co-circulating transmission chains within locations, consistent
with a long-term endemic transmission.

Bp spreads both nationally and internationally in just a few years.

Part II: fithess of the different genotypes, and the effect of vaccine types

Genotypes have largely different fitness.

The implementation of ACV is associated with a fitness shift, especially of prn-deficient
genotypes.

All in all, it suggests that future work needs to reconcile the rapid spread between
countries with the history of vaccination to better understand maintenance of 5.

pertussis.



Limitations & perspectives ecc

Biased sampling: sequences mostly from High Income Countries.

Unexplained dynamics: we cannot explain the dynamics in China.

ptxP1 / fim3-1 ptxP3 / fim3-1 ptxP3 / fim3-2
PRN+ PRN- PRN+ PRN- PRN+ PRN-

1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020 1980 2000 2020

Proportion

Only 6 genotypes considered: we might be missing the true underlying causal
variants.

Effect of the SARS-CoV-2 pandemic? This study was done on isolates up to 2019,
but social distancing measures have had an effect on Bp spread and strain diversity.

Lefrancq & Bouchez et al., 2022



Thank you for your attention!

Questions?



L
Further reading @’ C

More on this study (article): N. Lefrancg & V. Bouchez, ef a/. Global spatial dynamics and vaccine-
induced fitness changes of Bordetella pertussis. Sci. Transl. Med. (2022)

More on B. pertussis epidemiology and evolution (book): Rohani, Peiman, and Samuel Scarpino
(eds), Pertussis: Epidemiology, Immunology, and Evolution (Oxford, 2018)

More on general modelling infectious diseases (book): Keeling, Matt J., and Pejman Rohani.
Modeling Infectious Diseases in Humans and Animals. Princeton University Press (2008)
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https://www.science.org/doi/10.1126/scitranslmed.abn3253
https://www.science.org/doi/10.1126/scitranslmed.abn3253
https://doi.org/10.1093/oso/9780198811879.001.0001
https://doi.org/10.1093/oso/9780198811879.001.0001
https://doi.org/10.2307/j.ctvcm4gk0.
https://doi.org/10.2307/j.ctvcm4gk0.
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