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ABSTRACT

Introduction: Bordetella pertussis still circulates worldwide despite vaccination. Fimbriae are
components of some acellular pertussis vaccines. Population fluctuations of B. pertussis
fimbrial serotypes (FIM2 and FIM3) are observed, and fim3 alleles (fim3-1 [clade 1] and fim3-
2 [clade 2]) mark a major phylogenetic subdivision of B. pertussis.

Objectives: To compare microbiological characteristics and expressed protein profiles between
fimbrial serotypes FIM2 and FIM3 and genomic clades.

Methods: A total of 23 isolates were selected. Absolute protein abundance of the main
virulence factors, autoagglutination and biofilm formation, bacterial survival in whole blood,
induced blood cell cytokine secretion, and global proteome profiles were assessed.

Results: Compared to FIM3, FIM2 isolates produced more fimbriae, less cellular pertussis
toxin subunit 1 and more biofilm, but auto-agglutinated less. FIM2 isolates had a lower survival
rate in cord blood, but induced higher levels of IL-4, IL-8 and IL-1[3 secretion. Global proteome
comparisons uncovered 15 differentially produced proteins between FIM2 and FIM3 isolates,
involved in adhesion and metabolism of metals. FIM3 isolates of clade 2 produced more FIM3
and more biofilm compared to clade 1.

Conclusion: FIM serotype and fim3 clades are associated with proteomic and other biological

differences, which may have implications on pathogenesis and epidemiological emergence.

Keywords: Bordetella pertussis; phylogenetic clade; serotype; fimbriae; proteomics; virulence
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ABBREVIATIONS

AC-Hly: Adenylate Cyclase Haemolysin
aPV: acellular Pertussis Vaccines

BGA: Bordet-Gengou Agar

B. pertussis: Bordetella pertussis

CFU: Colony-Forming Unit

DIA-MS: Data Independent Acquisition Mass Spectrometry
FC: Fold-Change

FDR: False Discovery Rate

FHA: Filamentous Hemagglutinin

FIM: fimbriae

LOQ: Limit Of Quantification

MOI: Multiplicity Of Infection

OD: Optical Density

PRM: Parallel Reaction Monitoring
PRN: Pertactin

PT: Pertussis Toxin

S1-PT: Pertussis Toxin Subunit 1

SS: Stainer and Scholte

WPV: whole cell pertussis vaccines
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1. Introduction
Whooping cough is a highly contagious respiratory disease whose main causative agent is the
gram-negative bacterium Bordetella pertussis [1]. Despite the introduction of whole cell
pertussis vaccines (WPV) in the late 1950s, and of acellular pertussis vaccines (aPV) in the mid
1990s in many high-income countries, pertussis strains are still circulating worldwide [2].
Among the documented evolutionary changes observed in contemporaneous B. pertussis
populations, variation in the antigens contained in vaccines are of high concern given their

potential negative impact on vaccine effectiveness [2, 3].

aPVs target 2 to 5 different B. pertussis antigens: pertussis toxin (PT), pertactin (PRN),
filamentous hemagglutinin (FHA) and the two serologically distinct fimbriae FIM2 and FIM3.
FIM2 or FIM3 major subunits have 60 % amino acid sequence identity between each other and
these fimbriae contain the common minor tip subunit FIMD [4] but are characterized by
different properties, as illustrated by different methods required for their purification [4]. B.
pertussis typically express either FIM2 or FIM3, or much less commonly, both FIM2 and FIM3
[4]. The relative frequencies of serotypes FIM2 and FIM3 have fluctuated since the introduction
of vaccination: whereas FIM2 serotype was predominant in unvaccinated populations [4], a
shift towards FIM3 serotype occurred after the introduction of pertussis vaccines [5, 6]. More
recently, a reverse trend of FIM2 reemergence is being observed in France (up to 27.9 %) and

other European countries [6, 7].

The drivers of the population fluctuations of FIM serotypes remain unclear. At the molecular
level, the expression of fimbriae is regulated both by the BvgA/S two component system and
by the length of a homopolymeric tract located in the promoter sequence of genes fim2 and fim3
[4, 8]. At the population level, one possibility is that vaccine-induced immune pressure might
drive evolutionary shifts in the type and level of expression of fimbriae; but as not all acellular

pertussis vaccines contain fimbrial proteins[4, 9], recent shifts in serotype may be linked to
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frequency-dependent selection [4, 9]. Another possibility is that variable biological properties
between isolates of the two FIM serotypes would impact colonization, carriage, transmission,
and immune escape of B. pertussis isolates [10]. In favor of the latter hypothesis, some studies
described a role of fimbriae in strain agglutination and biofilm formation properties [11, 12],

as well as in the regulation of initial inflammatory responses to pertussis infection [13].

B. pertussis populations are phylogenetically structured into clades that have emerged
successively and are marked by key mutations in genes encoding aPV antigens, such as in the
Ptx promotor (from ptxP1 to ptxP3), the genes for subunit A of Ptx (from ptxA2 to ptxAl), and
pertactin (from prnl to prn3 and prn2) [3]. An important landmark mutation is also observed
in the fim3 gene itself, which displays the two predominant alleles fim3-1 and fim3-2 [2, 3].
B. pertussis isolates of serotype FIM2 are mainly observed in the fim3-1 clade (clade 1), while
FIM3 isolates represent the vast majority of isolates of both fim3-1 and fim3-2 (clade 2).
Whereas clade 1 is ancestral, clade 2 evolved in the 1980s (wPV period) and, in France, has
subsequently increased rapidly in frequency (up to 42 %, observed in year 2019), especially
during the aPV period [2, 3, 14]. Differential susceptibility to vaccine-induced immunity, or
biological differences between fim3-1 and fim3-2 isolates in terms of disease severity and
transmission, could be associated with this emergence [3]. However, phenotypic variation

between clades 1 and 2 remains to be investigated.

To provide novel insights into the drivers of emergence of FIM serotypes and fim3 clades of B.
pertussis, we investigated the biological variation among them, including in vitro vaccine
antigen expression, biofilm formation, autoagglutination, global proteomics, and

immunological features.
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2. Materials and methods

2.1 Selection of B. pertussis isolates
From a set of 1120 B. pertussis isolates with available genomic sequences in the National
Reference Center (NRC) for Whooping Cough and other Bordetella infections, we selected for
this study 19 isolates (e.g., Fig. S1), all from infants under 6-month-old with whooping cough
and collected between 2008 and 2019. Isolates had been serotyped to detect the production of
fimbrial proteins FIM2 and FIM3 according standard recommendations [15]. The selection
process is described in detail in the Supplementary appendix). Selected isolates (e.g., Table S1)
corresponded to 8 FIM2 isolates and 11 FIM3 isolates. Among the 11 FIM3 isolates, 6 were
from fim3-1 (clade 1) and 5 were from fim3-2 (clade 2, e.g., Table S1). All isolates of FIM2
serotype (n=8) were from clade 1 (given the absence of FIM2 isolates from clade 2), and their
comparators were therefore the 5 FIM3 isolates that also belonged to clade 1. One isolate
(CIP1672), which does not produce FHA (a protein involved in auto-aggregation properties),
and 3 additional isolates without fimbriae production (FIM-, from clade 1) were also used in

auto-agglutination and biofilm assays.

2.2 Culture conditions
B. pertussis isolates were grown at 36 +/- 1 °C for 72 h on Bordet-Gengou Agar plates (BGA)
and further grown in bacterial layer on BGA for 24 h [15]. Bacterial suspensions were prepared
in the synthetic Stainer and Scholte (SS) liquid medium [16] and calibrated to an optical density
(measured at 650 nm) value of 1 +/- 0.1 (ODeso-1). This standardized OD650-1 suspension was
i) immediately used for biological assays (auto-agglutination and biofilm assays) or, ii) 1/10

diluted in a new SS medium and cultured at 36°C with 100 RPM agitation; the culture was
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stopped at a final OD650- 1 +/- 0.1 and this suspension was used for cord blood infection or for

proteomic analyses. At each stage, the absence of BGA contamination was visually controlled.

2.3 Auto-agglutination tests
For each isolate, 4 ml of the calibrated ODsso-1 bacterial suspension prepared in SS medium
were incubated in static condition at room temperature for 4 hours. Every hour (HO, H1, H2,
H3, H4), the ODsso of the top fraction of the suspension was measured [17]. Auto-agglutination
index was calculated as follows: (ODeso initial-Ho — ODeso final-H4)*100. In each experiment,
one control isolate that does not produce FHA (CIP1672) and which is known to have very low

agglutination properties, was used [18].

2.4 Microplate biofilm assays
For each isolate, the calibrated bacterial suspension ODeso-1 prepared in SS medium was ¥4
diluted and 200 pL of this dilution were added in triplicate in 96-well plate. For each
experiment, negative controls (SS medium) were added. The plates were incubated at 37°C for
24 h and 48 h, and then washed with water to eliminate planktonic bacteria. Bacteria on the
well surface were stained with 200 uL of Crystal Violet 0.1 %/well (Sigma Aldrich, V5265 1
%) for 30 minutes [17]. Plates were washed with water and dried, Crystal Violet was then
solubilized with ethanol 95 % and ODsgs was measured [17]. For each isolate, biofilm formation
was assessed by the mean OD values obtained for the triplicates. OD values for each experiment

were corrected by subtracting the values deriving from the negative controls.

2.5 Whole blood ex vivo infection and B. pertussis survival
Fresh heparinized cord blood instead of whole blood from adult donor was used to mimic an

infection in early infancy. Cord blood samples were provided by the biocollection of the Cell
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Therapy Unit from the Biological Resources Center of Saint-Louis Hospital (Paris, France).
200 uL of whole cord blood was added to each well of a flat bottom 48-well plates and
incubated with 200 pL of bacterial suspension diluted in RPMI medium (RPMI Medium 1640
(1X) + GlutaMAXTM-I, Gibco) to the desired concentration, to reach a Multiplicity of infection
(MO, ratio bacteria/cell) of approximately 10. The plates were then incubated at 37°C and 5%
CO2 for 4 h (for bacterial survival assays) or 22 h (for cytokine assays). For survival assays,
after 4 h of whole cord blood infection, 50 ul of the suspension were serial diluted and plated
on BGA to estimate B. pertussis survival. Survival was expressed as a percentage of the initial
B. pertussis load. Anti-PT IgG antibody concentrations were measured in all cord blood
samples (they were originated from 9 different donors) used in this study (kit Savyon
SeroPertussis™ Toxin IgG 1231-01D); all of them had IgG titers < 40 Ul/ml and were therefore

considered seronegative.

2.6 Cytokine measurements
After 22 h of whole cord blood cells incubation with B. pertussis, the plates were centrifuged
at4 °C (1500 rpm) and 150 pl of serum was collected, aliquoted and then stored at -20 °C. Then
19 analytes (cytokines, chemokines, growth factor and adhesins) were measured in the sera
(e.g., Table S2), using the Human Magnetic Luminex Assay 20 Plex kit (R&D systems,
LXSAHM-20) and the Bioplex 200 technology according to the manufacturer’s

recommendations. Data analyses are detailed in the Supplementary appendix.

2.7 Measurement of cellular protein expression by two complementary MS proteomic
approaches
For each strain, 1 ml of standardized ODsso-1 suspension was transferred in an Eppendorf tube

and centrifuged during 10 min at 4 °C and at 8000 rpm. The pellet was suspended in 100 ul of



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

a Urea Buffer 8M/Tris HCI 0.1M lysis buffer and then sonicated during 5 cycles of 30 seconds
and frozen at -80 °C before use for proteomic characterization.

PRM (Parallel Reaction Monitoring) is a proteomic method [19, 20], allowing the absolute
quantification of targeted proteins. In PRM a set of unique peptides are used as surrogates and
specifically targeted. The method is based on the identification/quantification of endogenous
peptides related to their isotopically-labeled counterparts used as standards and spiked into each
sample. Here, we targeted the 6 main virulence factors produced by B. pertussis (PT, FHA,
PRN, FIM2 and FIM3, AC-Hly) all of which except AC-Hly are included in acellular vaccines.
Proteins quantities were expressed in nanograms.

We then used a large-scale proteome analysis based on Data Independent Acquisition Mass
Spectrometry (DIA-MS) [21]. DIA-MS mode consists in consecutive precursor isolation
windows which are fragmented to obtain complex product ion spectra used to match with a
Bordetella reference spectral library that we constituted considering the proteomes of B.
pertussis strains Tohama | (Uniprot: UP000002676) and B1917 (Uniprot: UP000031744). All

details regarding proteomic methods used are found in the Supplementary appendix.

2.8 Data processing and statistical analyses
For each isolate, levels of proteins quantified by PRM, and OD values from biofilm, auto-
agglutination and survival assays were expressed in median and interquartile range. All graphs
and figures were obtained with GraphPad Prism 8.4.3. Dot blots differences between groups of
isolates (isolates of FIM2 vs. FIM3 serotypes, and from clade 1 vs. clade 2) were identified
with nonparametric Mann Whitney U test or Kruskal-Wallis tests followed by post-hoc multiple

comparisons Dunn’s test, when appropriate.
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Cytokine heatmaps were made and analyzed with Qlucore OMICS explorer 3.7 (version
1.1.463), and cytokine dot plots with GraphPad Prism 8.4.3. A p-value < 0.05, or an adjusted
p-value value for Luminex assays < 0.05 was considered statistically significant.

For DIA-MS, data from three biological samples for each condition (replicates) were analyzed
and compared between groups of isolates. When comparing two biological conditions, proteins
exhibiting less than six quantified values in at least one biological condition were discarded
from the list to ensure a minimum of replicability. Next, proteins without any value in one or
the other biological condition have been considered as proteins quantitatively present in a
condition and absent in another. They have therefore been set aside and considered as
differentially abundant proteins. After log2 transformation of the intensities of the leftover
proteins, missing values were imputed using the “impute.mle” function of the R package imp4p
[22]. Proteins with a fold-change (FC) under 2 (i.e. absolute log2(FC)<1) have been considered
not significantly differentially abundant. Statistical testing of the remaining proteins (having a
fold-change over 2) was conducted using a limma t-test thanks to the R package limma [23].
An adaptive Benjamini—Hochberg procedure was applied on the resulting p values thanks to
the function “adjust.p” of R package cp4p [24], using the ‘slim’ method to estimate the
proportion of true null hypotheses among the set of statistical tests [25]. The proteins associated
to an adjusted p-value inferior to a false discovery rate (FDR) of 1% have been considered as
significantly differentially abundant proteins. Finally, the proteins of interest are therefore those
which emerge from this statistical analysis supplemented by those which are absent from one
condition and present in another. Results of these differential analyses are summarized in
volcano plots and heatmaps. Heatmaps display the mean z-scores of proteins with small p-
values along the biological samples. A z-score is a log2(intensity) value minus the average
divided by the standard deviation of the log2(intensity) values of a protein in all the samples. A

mean z-score have been computed from z-scores of the 3 replicates of a same biological sample.
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Hierarchical clustering on the left side of heatmaps are estimated from the mean z-scores using

a Pearson correlation-based distance and the Ward’s method.

3. Results

3.1 FIM2 isolates produce more fimbriae and less cellular S1-PT than FIM3 isolates

To investigate whether the cellular abundance of key virulence factors (S1-PT, FHA, PRN and
AC-HIy) was variable according to the FIM serotype, we quantified their absolute levels as well
as the major subunits of fimbriae FIM2 and FIM3, using a targeted proteomics approach by
PRM (e.g., Table S3). For this, 6 FIM3 and 8 FIM2 isolates (total n=14, all genotyped as ptxP3,
fim3-1) were used (e.g., Fig. S1). All isolates presented a similar median generation time (hence
growth rate) in SS medium: 7.04 hours for FIM3 and 7.46 hours for FIM2 isolates (p=0.23,
e.g., Fig. S2), even though we noticed a higher dispersion for FIM2 isolates, with generation
times ranging from 5.65 to 8.15 hours.

As expected, FIM2 and FIM3 isolates produced almost exclusively FIM2 and FIMS3,
respectively. When compared to FIM3 isolates, median levels of fimbriae produced by FIM2
isolates were much higher (2.80 ng of FIM2 vs. 0.75 ng of FIM3, p=0.0012, e.g., Fig. S3),
whereas the median levels of S1-PT produced by FIM2 isolates were lower (1.30 ng vs. 2.10
ng, p=0.004) (e.g., Fig. 1). No significant difference in levels of the three other tested virulence
factors (FHA, PRN and AC-Hly) was observed (e.g., Fig. 1). Of note, a residual production of
FIM2 was observed in FIM3 isolates, as well as FIM3 in FIM2 isolates (<10!ng) as already

reported [8].

3.2 FIM2 isolates are characterized by a lower auto-agglutination and a higher biofilm
formation compared to FIM3 isolates

As B. pertussis can adapt to its environment through a higher persistence via agglutination or
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biofilm formation [26], we evaluated these properties on the same 14 isolates. Three FIM
deficient (FIM-) isolates were used as controls. At 4 hours of incubation, we observed a much
lower auto-agglutination in FIM2 isolates compared to the FIM3 ones, with a median Auto-
Agglutination Index (IAA) of 7.00 vs. 91.67, respectively (p=0.002; e.g., Fig. 2A). A significant
IAA difference between FIM2 and FIM3 isolates was already observed as of H2 (IAA-H2 of
2.71 vs 89.11, p=0.002, data not shown). The IAA of FIM2 isolates was comparable to control
(FHA-) isolates (p > 0.99). Measurement of biofilm formation by Crystal Violet revealed that
FIM2 isolates produced more biofilm than FIM3 isolates, with a median OD595nm at 24 hours
of 1.11 vs. 0.35 (p=0.007), and at 48 hours 2.30 vs. 0.79 (p=0.01), respectively (e.g., Fig. 2A
and 2C). The 3 FIM- isolates had comparable auto-agglutination and biofilm formation

properties as the FIM3 ones (e.g., Fig. 2A-C).

3.3 FIM2 isolates induce a distinct cytokine release profile, when compared to FIM3
isolates

To analyze bacterial resistance to whole blood bactericidal activity and immunological ex vivo
processes induced by B. pertussis according to serotype, we used human cord blood, considered
to reflect the neonatal conditions. The survival rate was lower for FIM2 isolates than for FIM3
isolates (median survival rate: 3.62 % vs. 22.00 %, respectively, p=0.04; e.g., Fig. 2D).

Levels of cytokines and chemokines were also measured in sera following ex vivo cord blood
infection by using FIM2 or FIM3 isolates (Fig. 3). After infection, levels of inflammatory
markers were elevated for 16/19 measured proteins (adjusted p-value=0.049) as compared to
non-infected cord blood (e.g., Fig. S4). Among these 16 markers, we observed markedly higher
levels of IL-4 and higher levels of IL-8 and IL-1f and almost no IL-2 secretion and lower levels
of IL-6 following infection with FIM2 isolates, when compared with FIM3 isolates (adjusted

p-value=0.049, e.q., Fig. 3).
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3.4 Isolates from clade 2 produce more FIM3 and more biofilm

To investigate biological differences between B. pertussis genomic clades, we selected 11 FIM3
isolates: 6 from clade 1 and 5 from clade 2 (n=11). These isolates presented a similar median
generation time (hence growth rate) in SS medium: 7.04 hours and 6.86 hours for isolates from
clade 1 and 2, respectively (p=0.43, e.g., Fig. S2). Absolute quantification of proteins by PRM
revealed that isolates from clade 2 expressed more FIM3 than those from clade 1 (median levels
of FIM3: 1.06 ng vs. 0.59 ng, respectively, p=0.004, e.g., Fig. 4). No difference in protein
abundance of other tested proteins (S1-PT, FHA, PRN and AC-HIy) was observed between
isolates from clade 1 and 2 (e.g., Fig. 4). Auto-agglutination properties were similar between
isolates from clade 1 and 2 (p=0.19, e.g., Fig. 5A). Levels of biofilm production were higher in
clade 2 than in clade 1 isolates after 24 hours of incubation (median OD595nm at 0.86 vs. 0.35,
respectively, p=0.011; e.g., Fig. 5B), but this did not reach significance at 48 hours (p=0.14,
e.g., Fig. 5C).

We also proceeded to an in vitro cord blood infection by 4 FIM3 B. pertussis isolates (2 from
clade 1 and 2 from clade 2). A difference in terms of survival was observed between clades but
without reaching significance (median survival rates: 3.40 % vs. 22.0 % vs. for clades 2 and 1,
respectively, p=0.09, e.g., Fig. 5D). Levels of cytokines and chemokines were also measured
in sera following in vitro cord blood infection. As previously observed, levels of inflammatory
markers were overall elevated, with 14/19 measured proteins significantly elevated compared
to non-infected cord blood (adjusted p-value<0.05, e.g., Fig. S5). However, no significant

difference was observed between isolates from genomic clades 1 and 2.

3.5 Large-scale proteome analysis of B. pertussis circulating isolates
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To test whether the abundance of B. pertussis proteins, beyond the main virulence factors, could
vary according to serotype (FIM2 vs FIM3) and to genomic clade (clade 2 vs clade 1), we
performed a large-scale proteomics analysis using DIA-MS to obtain a comprehensive view of
the proteome [21, 27]. In all samples, we detected a total of 2,482 different proteins (Table S4).
The median number of proteins detected per isolate was 2,407 (ranging from 2,298 to 2,440,
which represents 64.6 to 68.6% of the entire B. pertussis proteome that contains a median value
of 3,555 encoded proteins [28]. 2,111 proteins (85.05%) were detected in all the samples (in all
the 3 replicates of all the strains) with similar distribution of intensities suggesting relatively
consistent quantification of proteins. Based on the pre-defined stringent selection criteria
(llog2(FC)|>1, p-value<1%), 15 proteins were found differentially abundant when comparing
FIM2 and FIM3 isolates. In addition, one protein, the replication-associated recombination
protein A (WP_003814028.1), was only detected in FIM2 isolates. Of note, 26.7 % of proteins
represented in Fig 6B were known to be bvg-regulated [29]. Among the 15 differentially
expressed proteins, 12 were more abundant in FIM2 isolates, among which FIM2, a
molybdenum transport system permease ModC (Q7VUJ4), a ferredoxin (Q7VS61), a putative
zinc-binding dehydrogenase (Q7VT48) and the ferric siderophore receptor BfrC (Q7VT87)
(e.g., Fig 6., Table S5). The three less abundant proteins in FIM2 isolates were a putative
exported protein (Q7VUI9), a urease accessory protein UreD (POA4R4), and a ribosomal
subunit interface protein (WP_019247685.1). We did not observe a differential expression
among proteins involved in B. pertussis biofilm formation [30, 31]. Of note, the Bordetella
intermediate protein A BipA (Q7VZ27), involved in B. pertussis colonization and biofilm
formation [30], tended to be slightly more abundant in FIM2 than in FIM3 isolates
(Jlog2(FC)|=0.68 ; p-value=0.09, e.g., Table S5). Concerning proteins represented in Figure 6B,
we found interactions among some of them using STRING interaction network (https://string-

db.org/) [32]. Proteins of these networks could be associated with virulence patterns.
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A first network grouped some proteins encoded by genes localized within the “his ” operon, and
involved in histidine biosynthesis (Q7VZ1,2,3 &4 and Q7VSY6,8 &9). Histidine biosynthesis
and transport genes can be regulated by a variety of mechanisms including a repressor protein
and various RNA structures, such as transcriptional attenuators and T-box riboswitches [33].
Observed variations in histidine biosynthesis could affect bacterial fitness. A second network
included genes of 2 proteins (Q79GQ2 &5) from T3SS named Bcr4 and BerH1 and a third one
contained 2 proteins (Q7VT48 &50), one of them being a putative zinc binding
deshydrogenase. Not all the proteins from his or T3SS operons were found differentially
expressed in our proteomic analysis: some were not detected, and some were just below
significance. For all these proteins related either to T3SS or to iron metabolism, metal transport
metabolic pathways can be connected as expression of type 111 secretion system can be affected
by several factors such as iron starvation, which leads to an upregulation of T3SS genes in the
ancestral species B. bronchiseptica [34]. Targeted transcriptomic and proteomic analyses
focused on all the proteins contained in these operons could help solving this issue.

When comparing FIM3 isolates from clades 1 and 2, 22 proteins were differentially produced
(Jlog2(FC)|>1, p-value<0.1 %), e.g., Fig. S6, Table S6). Of note, 27.3% of proteins represented
in Fig S6B were known to be bvg-regulated according to Moon et al [29]. Among them, 12
proteins were more abundant in isolates from clade 2, including FIM3 (as P17835 and as
WP_019248658.1; e.g., Table S6). We also identified the ferric siderophore receptor BfrC
(Q7VT8Y7), a putative zinc-binding dehydrogenase (Q7VT48), a putative membrane protein
(Q7VYP6) and a putative cold shock-like protein (Q7VSQ7). Ten proteins were less abundant
in clade 2 isolates (e.g., Fig. S6), including a multidrug resistance protein NorM (Q7VYS9), a
putative exported protein (Q7VUI9), a putative inner membrane efflux protein (Q7VWD9), a
putative 2-hydroxyacid dehydrogenase (Q7VU57), and two proteins involved in T3SS (proteins

Q79GQ1 and Q7VWI3). We did not observe between clades a differential expression of
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proteins involved in B. pertussis biofilm formation [30, 31]. However, BipA (Q7VZ27) was
slightly more abundant in clade 2 than clade 1 isolates (|log2(FC)|=0.42; p-value=0.09). FIM2

was also detected in isolates from the two clades without significant difference.

4. Discussion
Here, we analyzed the abundance of major virulence factors, whole cell proteomes, and other
biological differences, of B. pertussis. We used a combination of two highly innovative
proteomic approaches, PRM and DIA-MS. Previous proteomic studies on B. pertussis used
rather gel-based proteomics approaches [35, 36]. Whereas the most recent proteomics studies
based on mass spectrometry obtained 20 to 30% coverage of B. pertussis theorical proteome
[37, 38], we reached more than 60% coverage highlighting the power of our technology to
analyze bacterial proteomes. Such high coverage was reported in previous DIA analysis of the
E. Coli proteome [39]. Furthermore, the previous studies on B. pertussis proteome aimed to
compare recently circulating isolates to historical ones, or recent isolates according to PRN
expression status and ptxP and fhaB alleles [37, 40-42], whereas here we compared expression
levels of vaccine antigens as well as whole proteome according to FIM serotype and fim3 clade,
using a large set of isolates. Our study design enables us to address the association of these
variations with precise phenotypic features, enabling the formulation of specific hypotheses on

the impact of recent molecular changes.

4.1 Differences in fimbriae production and its association with biofilm formation

The recent increase of FIM2 serotype observed in some European countries [6, 7], raised the
question of possible differences between serotypes at the global proteome level and their
implications on specific biological properties. The variations of FIM2 and FIM3 production we
observed for each isolate were assessed from five highly reproducible biological replicates,

indicating that possible heterogeneities among individual cells within cultures were negligible.
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Here, we found that one prominent difference between FIM serotypes was the higher
production of fimbriae by FIM2 isolates. This result confirms but also quantifies, previous
findings observed with electron microscopy [4, 43]. In addition, our phenotypic experiments
showed that FIM2 isolates produced more biofilm, suggesting a correlation between levels of
fimbriae and biofilm formation. This correlation has already been observed in other pathogens
[44], but a direct causality still needed to be investigated in B. pertussis. Here, the observed
variations in biofilm formation could also be due to proteins other than fimbriae that are
differentially produced or organized at the cell surface in isolates of different FIM serotype;
Our whole proteome analyses showed slightly higher levels of BipA proteins in FIM2 isolates
compared to FIM3 ones. BipA, an intermediate phase protein, was described as the most
abundant surface-exposed protein in B. pertussis biofilms [30] and reported to prevent auto-
agglutination and to promote biofilm formation by B. holmesii isolates [45]. BipA could
therefore explain the variable auto-agglutination and biofilm formation properties of FIM2 and
FIM3 isolates. Interestingly, we also observed that FIM3 isolates from the recently emerged
clade 2 also produces more fimbriae than those from clade 1; this property of clade 2 is also
associated with more biofilm formation and a tendency for higher BipA production. Further
investigations are needed to determine whether the difference in biofilm formation is a
consequence of the expression levels of fimbriae or an indirect effect of other proteins such as
BipA. Overall, this work puts forwards the hypothesis that the drivers of emergence of both
FIM2 and clade 2 may be linked to adhesion and biofilm properties.

In our study, we observed a much lower auto-agglutination of FIM2 isolates compared to FIM3
ones. FHA is the main protein involved in auto-agglutination in B. pertussis [46]. Protein
quantification by PRM revealed that all tested B. pertussis isolates produce similar amounts of
FHA. Fimbriae proteins are also known to be involved in autoagglutination of B. pertussis [12],

with a higher autoagglutination observed in strains producing high FIM3 levels. This suggests
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that either the nature of serotype 2 fimbriae, or their high expression levels at the bacterial
surface, may interfere with FHA agglutination properties. Cooperation between fimbriae and
FHA for adhesion and immune modulation has been suggested in B. bronchiseptica [47]. The
FIMD adhesin might also be of importance in these possible interactions, as its involvement on
human cells adhesion has been demonstrated [48]. We did not identify any difference in FIMD
production between FIM2 and FIM3 isolates by the DIA proteomic approach, however future
studies are needed to explore cell surface conformational modifications associated with FIM
production levels and their potential impact on bacteria-bacteria adhesion rather than on human

cell adhesion.

4.2 Differences in other vaccine antigens production

Concurrently with the change in FIM serotype, the recent emergence of isolates that do not
produce PRN (PRN-) has been reported in many countries with high acellular vaccine coverage
(e.g., in France since 2007 to 2019 from 5.6 to 52.1%) [6, 49]. To avoid interference with this
effect, our study only included isolates that produce PRN, and we did not observe any difference
in terms of PRN levels between isolates from FIM2 and FIM3 serotypes. This suggests a similar
vaccine-driven selective pressure for PRN loss on all B. pertussis isolates, regardless of FIM
serotype. Indeed, although PRN deficiency was first observed in FIM3 isolates, more recently

this was also identified within FIM2 isolates, in Spain [50] and Slovenia [51].

Our PRM analysis showed that FIM2 isolates display lower levels of cellular-associated
fraction of S1-PT, when compared with FIM3 isolates. This is a potentially important
observation raising the possibility of a differential virulence of FIM2 isolates. The ptx and ptl
genes, encoding PT subunits S1-S5 and PT secretion system respectively, are co-transcribed
under the control of the B. pertussis ptx promoter (ptxP) [52]. At the genomic level, ptx-ptl

locus and fim encoding genes are not related. Here, FIM2 and FIM3 isolates are both
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characterized by a ptxP3-type promoter, excluding variations of ptxP as an explanatory factor.
In a landmark work, Mooi et al. have suggested that ptxP3 emerging lineages produced more
PT than ancestral ptxP1 ones [53]. However, other teams suggested that ptxP3 is not an up-
promoter and therefore should not affect PT expression (Stibitz S., International Bordetella Lab
Meeting 2021. “unpublished”). Here, we note that the FIM serotypes of the 8 isolates used by
Mooi et al. (also controlled by the French NRC for Bordetella infections) were not
homogeneous: 2 ptxP1 isolates produced FIM2. Hence, the Mooi et al. ptxP1-ptxP3 comparison
may have been affected in part by the fimbriae serotype of isolates, rather than solely by the
ptxP1-ptxP3 genotypes. Further investigations of isogenic mutants are needed to determine
whether fimbriae proteins can interfere with levels of intracellular PT, and whether similar

findings are observed at the transcriptome and secretome levels.

4.3 Differences in cytokine profiles in whole cord blood induced by B. pertussis isolates

In our study, we showed that FIM2 isolates had lower survival rate in blood and induced higher
secretion of IL-4, IL-8 and IL-1f than FIM3 isolates. Since infants of less than 3-months are
the most vulnerable population to pertussis, using this experimental in vitro setup [54], which
reflects the response immune signatures of young infants, was considered to be relevant [55].
IL-4 is involved in the regulation of inflammation and Th2 response [56], IL-8 induces
chemotaxis in target cells and stimulates phagocytosis [57] and IL-1p is a potent pro-
inflammatory cytokine that is crucial for host-defense responses to infection [58]. Conversely,
FIM3 isolates were associated with more IL-2 and 1L-6 secretion; IL-2 is involved in T-cell and
Th1 response [59] and IL-6 is a key pro-inflammatory cytokine associated to the stimulation of
acute phase proteins [60]. Interestingly, natural infection and immunization with wPVs both

induce a pattern of Th1/Th17 response, while aPVs induce a Th2 response [61, 62], similarly
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to our in vitro results on whole blood stimulation with FIM2 isolates. The differences found
here between FIM2 and FIM3 induction are remarkable and suggest a distinct immune reaction
profile depending on B. pertussis serotype. FIM2 and FIM3 have been copurified and integrated
jointly in fimbriae-containing aPVs. It has been shown that FIM2 is more immunogenic than
FIM3 [4, 63, 64], in terms of antibody responses which is mostly Th2-dependent [61-63]. Our
findings might be of importance in vaccine development, which needs to clearly identify the
respective role of FIM2 and FIM3 on induction or modulation of immune responses.
Interestingly, Kroes et al. suggested mild immunological activation of human airway
epithelium by 3 different B. pertussis strains from unknown serotype, associated with the
secretion of IL-6, CXCLS8/IL-8 and the enrichment of genes involved in bacterial recognition
and innate immune processes [65]. Our results suggest that these previously published results
should be interpreted with regard to the serotype of the isolates that were studied. Further
investigations are needed to make a link between these observations especially because they

are using different study models (whole blood and epithelium).

4.4 Differences in proteome profiles

Most of B. pertussis virulence factors are regulated by the master two-component bvgAS
system [29]. In our dataset, less than 30% of differential proteins were known as bvg-regulated.
Most of the differential proteins identified with our large-scale proteome analysis of B. pertussis
circulating isolates were related to transport of metal chemicals such as molybdenum, iron or
zinc. Molybdenum has been described in other bacterial species such as Pseudomonas
aeruginosa, to participate in anaerobic respiration, virulence, biofilm formation or intracellular
survival within macrophages [66]. The higher levels of molybdenum transport system permease
ModC (Q7VUJ4) in FIM2 isolates may be related to a greater biofilm production with FIM2
isolates [67]. Ferric siderophore receptor bfrC (Q7VT87) and ferredoxin (Q7VS61) were also

more abundant in FIM2 isolates; as iron is crucial for Bordetella adaptation to nutrient
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limitation [68], this finding suggests that FIM2 isolates may be more efficient at acquiring iron,
which may have an impact on bacterial growth, fitness and survival. In our experiments, we
used SS medium that contains iron as ferrous sulfate, which might have impacted our data;
additional experiments on iron-restricted SS medium would be necessary to further investigate
differential iron-regulated protein expression by FIM2 or FIM3 B. pertussis isolates. The
proteins found more abundant in clade 2 also include iron or zinc related proteins, providing
interesting hypotheses as to the evolutionary success of clade 2 and the impact of metal
metabolism in B. pertussis evolution: there were some interesting commonalities between the
phenotypic novelties observed in the two emerging groups FIM2 and fim3-2 from their
ancestors, in particular the increase in the expression of certain proteins such as FIM, iron or
zinc metabolism proteins. This suggests that similar selective pressures are acting, leading to
parallel evolution in emerging B. pertussis populations. Whereas the role of aPV vaccines that
contain FIM proteins may drive the evolution towards higher levels of FIM expression, iron

metabolism evolution might be driven by host adaptation, which is still recent for B. pertussis

[3].

In conclusion, our study suggests that ongoing evolutionary shifts of B. pertussis towards
expression of FIM2 rather than FIM3, and through emergence of clade 2, are associated with
higher FIM fimbriae production and biofilm formation, potential immune escape, and
differential metal metabolism. Furthermore, the lower cellular levels of PT in FIM2 isolates
may impact B. pertussis virulence. These evolutionary observations raise important hypotheses
that await experimental demonstration using FIM isogenic mutants to define the mechanisms

behind these important phenotypic differences.
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Figure Legends

Fig. 1: Abundance of 4 proteins involved in virulence by FIM2 and FIM3 isolates based on PRM absolute quantification
Cellular abundance of 4 different virulence factors: (A) S1-PT, (B) PRN, (C) FHA, (D) FIM and (E) AC-Hly, were measured by
PRM [in grams (g)] in 8 FIM2 isolates (FR5510, FR5810, FR5862, FR5994, FR6156, FR6440, FR6762, FR6845, blue dot) and 6
FIM3 isolates (FR4887, FR5031, FR5333, FR5782, FR5893, FR6167, black dot). Each dot represents the mean protein amount of 5
independent experiments. Levels of measured proteins are represented in median and interquartile. P-value <0.05 of the Mann-Whitney
test between FIM2 and FIM3 serotype group was considered significant.

Fig. 2: Auto-agglutination, biofilm formation and survival in blood of FIM2 and FIM3 isolates

Biological phenotypes of 8 FIM2 isolates (FR5510, FR5810, FR5862, FR5994, FR6156, FR6440, FR6762, FR6845, blue dot), 6 FIM3
isolates (FR4887, FR5031, FR5333, FR5782, FR5893, FR6167 black dot), were compared in terms of: (A) Auto-agglutination
property based on an auto-agglutination index (ODeso nm at HO- ODeso nm at H4)*100, (B) Biofilm formation after 24 hours and (C)
48 hours of incubation (Crystal Violet 0.1% ODsgsnm). The 3 FIM- isolates (FR4922, FR4925, FR5167, orange dot) and one isolate
that do not produce FHA (CIP1672, Ctrl, grey dot) were used as controls. (D) Bacterial survival rate (%) after 4 hours in whole cord
blood (MOI=10) was quantified in CFU/ml for a subset of 2 different FIM2 (FR5862, FR6440, in blue) and 2 FIM3 (FR4887, FR5333,
in black) isolates. Each dot represents the mean of 3 independent experiments for each isolate. Measures of 1A, Biofilm and survival
are represented in median and interquartile. P<0.05 of the Kruskall Wallis followed by Dunn’s comparison for auto-agglutination and
biofilm and Mann Whitney test between FIM2 and FIM3 for survival, was considered significant.

Fig. 3: Cytokine release after infection of whole cord blood cells by FIM2 and FIM3 isolates

Cord blood [28] from healthy donors (n=9) was infected ex vivo with FIM2 isolates (FR5862 and FR6440, expected MOI of 10, 6.55
X 107to 1.84 x 108 CFU/mlI) or FIM3 isolates (FR5333, expected MOI of 10, 7.7 x 107 to 3.5 x 108 CFU/ml). Analytes were measured
in whole blood supernatants after 22 hours of infection using a panel of 19 cytokines/chemokines (Human Magnetic Luminex Assay
20 Plex kit) (A) The heatmap represents a hierarchical clustering of all the cytokines, chemokines and growth factors differentially
secreted (adjusted p-value<0.05) upon stimulation with FIM2 isolates (in blue) and by FIM3 isolates (in black). Cytokines are
expressed as pg/ml and log transformed with blue to red colors representing lower to higher expression respectively. Levels (in pg/ml)
of (B) IL-4, (C) IL-8, (D) IL-2 and (E) IL-6 in whole cord blood following infection with FIM2 (in blue) and FIM3 (in black) isolates
are represented in median and interquartile. Each dot represents an experiment. P-value <0.05 of the Mann-Whitney test between FIM2
and FIM3 serotype group was considered significant.

Fig. 4: Abundance of 4 proteins involved in virulence by FIM3 isolates from clade 1 and 2 based on PRM absolute
guantification

Cellular abundance of 4 different virulence factors: (A) FIM3, (B) S1-PT, (C) PRN, (D) AC-Hly, (E) FHA, were measured by PRM
[in grams (g)] in 6 FIM3 isolates from clade 1 (FR4887, FR5031, FR5333, FR5782, FR5893, FR6167) and 5 isolates from clade 2
(FR3977, FR4930, FR5468, FR5730, FR5771). Each dot represents the mean of 5 independent experiments for each isolate. Levels
of measured proteins are represented in median and interquartile. P-value <0.05 of the Mann-Whitney test between FIM2 and FIM3
serotype group was considered significant.

Fig. 5: Auto-agglutination, biofilm formation and survival in blood of B. pertussis isolates from clade 1 and 2.

Biological phenotypes of 6 FIM3 isolates from clade 1 (FR4887, FR5031, FR5333, FR5782, FR5893, FR6167, black dot) and 5 FIM3
isolates from clade 2 (FR3977, FR4930, FR5468, FR5730, FR5771, green dot) were compared in terms of: (A) Auto-agglutination
property based on an auto-agglutination index (OD650nm at HO — OD650 nm at H4)*100, (B) Biofilm formation at 24 hours and
(C) 48 h of incubation (Crystal Violet 0.1% OD595nm). One isolate that do not produce FHA (CIP1672, Ctrl, grey dot) was used as
control. (D) Bacterial survival rate (%) after 4 h in whole cord blood (MOI=10) was quantified in CFU/ml for a subset of 2 FIM3
isolates from clade 1 (FR4887, FR5333, in black) and 2 FIM3 isolates from clade 2 (FR4930, FR5730, in green) and expressed in %.
Each dot represents the the mean of 3 independent experiments for each isolate. Levels of each measure are represented in median and
interquartile. P<0.05 of the Kruskall Wallis followed by Dunn’s comparison test for auto-agglutination, and Mann Whitney test
between clade 1 and clade2 for biofilm and survival, was considered significant.

Fig. 6: Large-scale proteomic analysis according to FIM serotype

8 FIM2 isolates (FR5510, FR5810, FR5862, FR5994, FR6156, FR6440, FR6762, FR6845) and 6 FIM3 isolates (FR4887, FR5031,
FR5333, FR5782, FR5893, FR6167) were used for the DIA-MS acquisition. Our pre-defined selection criteria were a |log2(FC)|>1
with an adjusted p-value<0.01 and a FDR<1%). (A)Volcano plot showing the differential proteins between FIM2 and FIM3 isolates.
Each dot represents the mean protein amount of 3 independent replicates. The red dots represent proteins that are significantly more
abundant and the blue dots proteins that are significantly less abundant in FIM2 compared to FIM3 isolates. (B) Heatmap display the
mean z-scores of proteins with small p-values (p-value<l %) along FIM2 and FIM3 isolates. Hierarchical clustering on the left side
of the heatmap is estimated from the mean z-scores using a Pearson correlation-based distance and the Ward’s method.
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