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Bordetella pertussis targets the basolateral membrane of
polarized respiratory epithelial cells, gets internalized,
and survives in intracellular locations
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Abstract

The airway epithelial barrier is a continuous highly organized cell layer that separates the exterior from the underlying mucosal
tissue, preventing pathogen invasion. Several respiratory pathogens have evolved mechanisms to compromise this barrier, invade
and even reside alive within the epithelium. Bordetella pertussis is a persistent pathogen that infects the human airway epithelium,
causing whooping cough. Previous studies have shown that B. pertussis survives inside phagocytic and nonphagocytic cells, suggesting
that there might be an intracellular stage involved in the bacterial infectious process and/or in the pathogen persistence inside the
host. In this study we found evidence that B. pertussis is able to survive inside respiratory epithelial cells. According to our results, this
pathogen preferentially attaches near or on top of the tight junctions in polarized human bronchial epithelial cells and disrupts these
structures in an adenylate cyclase-dependent manner, exposing their basolateral membrane. We further found that the bacterial
internalization is significantly higher in cells exposing this membrane compared with cells only exposing the apical membrane. Once
internalized, B. pertussis mainly remains in nondegradative phagosomes with access to nutrients. Taken together, these results point
at the respiratory epithelial cells as a potential niche of persistence.
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Introduction

Whooping cough is a re-emerging respiratory disease caused by
Bordetella pertussis. Despite years of vaccination, it is still a ma-
jor cause of infant morbidity and mortality worldwide. One of
the causes of its re-emergence is the suboptimal formulation of
current vaccines that fail to prevent respiratory tract coloniza-
tion and bacterial transmission (Warfel et al. 2014), eventually en-
abling circulation of the pathogen among highly vaccinated pop-
ulations (Esposito et al. 2019). Because the human is the only host
for this pathogen, the epidemiological situation seems to indi-
cate the existence of asymptomatic carriers who eventually be-
come sources of transmission (Cherry et al. 2005). The location
of the pathogen in these reservoirs is still under investigation.
Bordetella pertussis was historically considered as an extracellular
pathogen, but previous studies from our group and others have
shown that this bacterium might be an intracellular facultative
pathogen (Hellwig et al. 1999, Lamberti et al. 2008, 2010, 2016,
Jakub et al. 2020, Petrackova et al. 2020). We showed that B. per-
tussis can survive inside immune cells, such as neutrophils and
macrophages, and within phagosomes that do not fuse with lyso-
somes (Lamberti et al. 2008, 2010). We further found evidence
pointing at macrophages as a potential niche of bacterial persis-
tence (Lamberti et al. 2010, 2016, Valdez et al. 2016, 2021).
Bordetella pertussis is transmitted by aerosolized droplets and
the first interaction between the bacterium and the host takes
place in the respiratory tract. The human respiratory epithelium

constitutes a continuous polarized cell layer that plays a major
role in host immunity and immune response modulation (Hasan
et al. 2018). Cells in this layer are laterally joined to each other by
an apical junctional complex comprising tight junctions and the
underlying adherens junctions (Anderson and Van Itallie 2009).
Beneath this apical junctional complex are desmosomes and gap
junctions that provide mechanical strength and intercellular ion
channels, respectively (Anderson and Van Itallie 2009). Tight junc-
tions restrict the free diffusion of membrane components de-
lineating the boundaries between the apical and the basolateral
membrane in polarized epithelial cells (Hasan et al. 2018). They
also guarantee the integrity and barrier function of the epithe-
lium, preventing pathogen invasion from the respiratory tract lu-
men (Hasan et al. 2018). Several respiratory pathogens, however,
have evolved mechanisms to compromise this barrier and infect
the host through the epithelium. Depending on the pathogen, the
outcome of these infections might lead to bacterial intracellular
survival with or without intracellular replication, or to the spread
of the infection (Bertuzzi et al. 2019). Among others, Burkholderia
species were found to be able to disrupt the epithelial barrier (Duff
et al. 2006) and survive in the intracellular location (Burns et al.
1996, Martin and Mohr 2000). Pseudomonas aeruginosa was found to
be able to alter the epithelial barrier integrity (Halldorsson et al.
2010) and persist inside the cells (Malet et al. 2022). Nontypeable
Haemophilus influenzae also disrupts barrier integrity (Clarke et al.
2011) and survives in lung epithelial cells, eventually developing
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an intracellular niche that plays a major role in chronic infec-
tions (Clementi et al. 2014). Although previous studies addressing
the intracellular survival of B. pertussis in respiratory cells showed
very low invasion, they also demonstrated that this pathogen is
able to survive inside these cells for days (Bassinet et al. 2000,
Gueirard et al. 2005, Lamberti et al. 2013) and even repopulate the
extracellular medium once released from the intracellular com-
partment (Lamberti et al. 2013). These studies were performed in
sub-confluent cultures without formed tight junctions and, there-
fore, with incompletely polarized cells that might lack relevant
features of respiratory epithelial cells. The existence of basolateral
and apical membranes in host cells usually plays a central role in
the outcome of the interaction between the cell and the pathogen.
For instance, P. aeruginosa binds to different receptors in basolat-
eral and apical membranes through different virulence factors,
resulting in different host cell response to the infection (Bucior et
al. 2010, 2012). Campylobacter jejuni (Bouwman et al. 2013) and H.
influenzae (Wegele et al. 2020) were also shown to differentially in-
teract with apical and basolateral membranes in epithelial cells,
promoting invasion, preferentially through the latter.

Abetter understanding of B. pertussis interaction with the respi-
ratory epithelial barrier might provide some clues about the infec-
tious process and persistence strategies of this pathogen. In this
work we studied the initial interaction of B. pertussis with polar-
ized respiratory epithelial cells in order to gain some insight into
the eventual relevance of the apical and basolateral membranes
in the bacterial attachment, internalization and intracellular fate.

Materials and Methods

Bacterial strain and growth conditions

Bordetella pertussis strain Tohama I was used in this study. In
some experiments, BpGR4, a Tohama-derivative strain lacking fil-
amentous hemagglutinin (FHA) expression (Locht et al. 1992), and
BpACyaA, a Tohama-derivative strain lacking CyaA expression
(Cerny et al. 2015), were used. Bacteria were stored at -70°C and
recovered by growth on Bordet Gengou agar (BGA; Difco Labora-
tories, Detroit, MI, USA) plates supplemented with 15% (v/v) de-
fibrinated sheep blood at 36°C for 3 days. Virulent (Bvg+) bacteria
were subsequently seeded on Stainer-Scholte (SS) liquid medium,
cultured for 20 h at 36°C and used in the experiments. Animal han-
dling and all procedures were in compliance with the Argentinian
animal protection Law 14346.

Cell culture and differentiation

The simian virus 40 large T antigen-transformed human
bronchial epithelial cell line 16HBE140- was kindly provided by
Dieter Gruenert (Cozens et al. 1994). Cells were recovered from
frozen stocks and maintained in Minimal Essential Medium (MEM;
Gibco, Grand Island, NY, USA) supplemented with 10% v/v fetal
bovine serum (Gibco) at 37°C in 5% CO, in fibronectin (Sigma
Chemical Co., Saint Louis, MO, USA) and collagen (Sigma Chemi-
cal Co.) coated culture flasks (Jet Biofil, Guangzhou, China). Rou-
tine subcultures for the cells were performed at 1:6 split ratios
by incubation with 0.05% (w/v) trypsin-EDTA (Gibco) for 10 min
at 37°C. For monolayer differentiation, 5 x 10° cells were seeded
on collagen-coated coverslips on 24-well tissue culture plates (Ep-
pendorf, Hamburg, Germany) with MEM supplemented with 10%
v/v fetal bovine serum for 7 days with culture medium renewed
every second day. For the differentiation into small groups or is-
lands, 5 x 10° cells were seeded on coated coverslips and cultured
as stated for monolayers. Cell polarization was monitored by oc-

cludin staining. Cells were fixed in 4% paraformaldehyde, washed
with PBS and incubated for 10 min at room temperature with
PBS containing 50 mM NH4Cl (Merck Millipore, Darmstadt, Ger-
many). After two washing steps, the cells were further incubated
overnight with mouse monoclonal antibodies against occludin
(Invitrogen, Waltham, MA, USA) in PBS containing 0.1% (v/v) Tri-
ton X-100 and 0.2% (w/v) bovine seroalbumin (BSA; Sigma). After
washing with PBS, the cells were incubated with Cy3-conjugated
F(ab")2 fragments of goat anti-mouse IgG (Molecular Probes, Eu-
gene, OR, USA). Then coverslips were mounted with anti-fading
agent (Invitrogen, Carlsbad, CA, USA) and microscopic analy-
ses were performed using a confocal laser scanning microscope
(model TCS SP5; Leica, Wetzlar, Germany).

Attachment assays

For attachment assays, 7-day-polarized island or monolayers
grown on coated coverslips were incubated with wild type B. per-
tussis at a multiplicity of infection (MOI) of 20 bacteria per cell in
MEM supplemented with 0.2% w/v BSA at 37°C with 5% CO,. In
some assays, cells were incubated with BpGR4 at a MOI of 200.
After 5 h of infection, cells were washed three times with PBS to
remove nonattached bacteria and fixed in 4% w/v paraformalde-
hyde, washed with PBS then incubated for 10 min at room tem-
perature with PBS containing 50 mM NH,Cl. Surface-bound and
internalized bacteria were discriminated by a two-step labeling
procedure followed by fluorescence microscopy analysis, as previ-
ously described (Lamberti et al. 2010). Briefly, surface-bound bac-
teria were detected by incubation of the cells with rabbit anti-B.
pertussis serum for 30 min at room temperature, followed by incu-
bation with FITC-conjugated goat F(ab’)2 fragments of anti-rabbit
IgG (Jackson ImmunoResearch, West Grove, PA, USA) for another
30 min at room temperature. To determine the number of intra-
cellular bacteria, after two washes with 0.2% BSA (PBS), the cells
were permeabilized by incubation with PBS containing 0.1% w/v
saponin (Sigma) and 0.2% w/v BSA for 30 min, followed by a fur-
ther incubation for 30 min at room temperature with rabbit anti-
B. pertussis serum in the presence of 0.1% w/v saponin and 0.2%
(w/v) BSA. After three washes, the cells were incubated with Cy3-
conjugated F(ab')2 fragments of goat anti-rabbit IgG (Jackson Im-
munoResearch) for 30 min at room temperature. After washing,
the samples were analyzed by fluorescence microscopy under a
confocal laser scanning microscope (model TCS SP5; Leica). The
numbers of extracellular (red and green) and intracellular (red)
bacteria were evaluated by examination of at least 100 eukary-
otic cells. When indicated, bacteria were preincubated for 15 min
with heparin (1 ug mL~1) (Sigma) prior to infection (Menozzi et al.
1994). The heparin was maintained throughout the experiment. At
the concentration used, heparin treatment did not affect epithe-
lial cell viability, as determined by trypan blue dye exclusion. In
addition, the drug did not affect bacterial viability or growth rate
under the conditions tested. When indicated, cells were incubated
with the wild type B. pertussis or BpACyaA, a Tohama-derivative
strain lacking CyaA expression (MOI: 0.2) in MEM supplemented
with 0.2% w/v BSA at 37°C with 5% CO,. After 24 h of infection,
cells were washed three times with PBS to remove nonattached
bacteria and were fixed in 4% w/v paraformaldehyde, washed with
PBS and incubated for 10 min at room temperature with PBS con-
taining 50 mM NH4Cl. After two washing steps, the cells were
further incubated overnight with mouse monoclonal antibodies
against occludin in PBS containing 0.1% w/v saponin (Sigma) and
0.2% w/v BSA (Sigma). To determine total bacteria, cells were
incubated for 30 min at room temperature with rabbit anti-B.



pertussis serum in the presence of 0.1% w/v saponin and 0.2%
(w/v) BSA. After washing with PBS containing 0.1% w/v saponin
and 0.2% w/v BSA, the cells were incubated with Cy3-conjugated
F(ab’)2 fragments of goat anti-mouse IgG (Molecular Probes) and
FITC-conjugated goat F(ab’)2 fragments of anti-rabbit IgG (Jackson
ImmunoResearch) for another 30 min in PBS containing 0.1% w/v
saponin and 0.2% w/v BSA. Then coverslips were mounted with
anti-fading agent (Invitrogen) and microscopic analyses were per-
formed using a confocal laser scanning microscope (model TCS
SP5; Leica). In all experiments, a minimum of 150 eukaryotic cells
were examined per sample.

In selected assays, the Tight Junction Organization Rate (TiJOR)
was calculated using Image] software macro (Terryn et al. 2013) to
assess the disruption of the tight junction network. TJJOR was cal-
culated by evaluating entire series of images obtained by confocal
microscopy.

Semipermeable membrane cell culture and
infection

For monolayer integrity assays, 5 x 10° cells were seeded on
coated 12-mm semipermeable Transwell inserts (3-pm pore size;
Corning Costar, Bodenheim, Germany) in submerged conditions
with MEM supplemented with 10% v/v fetal bovine serum for 7
days with culture mediumrenewed every second day both in api-
cal and basolateral compartments. To confirm the functional in-
tegrity of the epithelial cell layers, transepithelial electrical re-
sistance (TEER) was measured with a Millicell ERS-2 Volt-Ohm
meter (Millipore, Billerica, MA, USA). Epithelial cell layers grown
(as described above) consistently showed TEER values of ~350
Q.cm? within 1 week of seeding. Cultured monolayers showing
a minimum TEER value of 350 Q.cm? were incubated with wild
type B. pertussis or BpACyaA, a Tohama-derivative strain lacking
CyaA expression (MOI: 20) in MEM supplemented with 0.2% w/v
BSA. After 5 h of infection, samples from basolateral compart-
ments were taken and serial dilution plated to enumerate colony-
forming units (CFU).

Intracellular trafficking

Bacterial intracellular trafficking was investigated by confocal
laser scanning microscopy as described previously (Lamberti et
al. 2010) with minor modifications. Briefly, 7-day-polarized mono-
layers grown on coated coverslips were incubated with wild type B.
pertussis (MOI: 20) suspended in MEM supplemented with 0.2% w/v
BSA 4 at 37°C, washed three times with PBS to remove nonat-
tached bacteria and incubated for 1 h at 37°C in MEM sup-
plemented with 10% fetal bovine serum with 100 pg mL~! of
polymyxin B sulfate (Sigma), an antibiotic that cannot penetrate
mammalian cells (Lee et al. 1990), to kill the remaining extracel-
lular bacteria. Polymyxin B concentration was then reduced to
5 ug mL~! until the end of the experiment. Samples of cells taken
at 5 and 48 h post-infection were fixed in 4% w/v paraformalde-
hyde, washed with PBS and incubated for 10 min at room tem-
perature with PBS containing 50 mM NH,4Cl. For immunofluores-
cence staining of intracellular and extracellular bacteria, surface-
bound bacteria were detected by incubation of the cells with rab-
bit anti-B. pertussis serum for 30 min at room temperature, fol-
lowed by incubation with FITC-conjugated goat F(ab’)2 fragments
of anti-rabbit IgG for another 30 min at room temperature. For
intracellular bacteria staining and colocalization with intracel-
lular markers, after two washes with 0.2% BSA (PBS), the cells
were permeabilized by incubation with PBS containing 0.1% w/v
saponin and 0.2% w/v BSA for 30 min, followed by an incuba-
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tion for 30 min at room temperature with either mouse anti-
human LAMP-2 (CD107b) monoclonal antibodies (Pharmingen,
San Diego, CA, USA) plus rabbit anti-B. pertussis serum or mouse
anti-human cathepsin D monoclonal antibodies (R&D Systems,
Minneapolis, MN, USA) plus rabbit anti-B. pertussis serum in the
presence of 0.1% w/v saponin and 0.2% (w/v) BSA. After three fur-
ther washes, the cells were incubated with Cy3-conjugated F (ab’)2
fragments of goat anti-rabbit IgG and Alexa-647-conjugated don-
key anti-mouse antibodies (Jackson ImmunoResearch) for 30 min
at room temperature. Then coverslips were mounted with anti-
fading agent (Invitrogen) and microscopical analyses were per-
formed with a confocal laser scanning microscope (model TCS
SP5; Leica). In all experiments, a minimum of 100 eukaryotic cells
were examined per sample.

For transferrin uptake assays, infection was performed as de-
scribed above and, at 5 and 48 h post-infection, the cells were de-
pleted of transferrin by three washes and a subsequent incubation
in MEM containing 1% BSA for 10 min and further incubated for
30 min with Alexa-Transferrin-594 (Molecular Probes) in an ex-
cess of BSA (1%) to saturate nonspecific endocytosis. Finally, the
cells were fixed in 4% w/v paraformaldehyde and surface-bound
and intracellular bacteria stained as described in this section. At
least 50 intracellular bacteria per sample were analyzed for colo-
calization with transferrin in each experiment.

Colocalization analyses were conducted using Im-
ageJ (http://rsb.info.nih.gov/ij/) and the “ViewSD” plugin
(https://nanoimaging.de/View5D/) for manual determination.
The analysis was performed for each phagosome, generating a
histogram that combined information from the Cy3 (bacteria),
and Alexa-647 (LAMP-1 or cathepsin D) or Alexa-594 (Transferrin)
channels. Positive colocalization was established when the red
histogram overlapped with the green histogram. Colocalization
was further validated using the “Colocalization threshold” plugin
(https://imagej.net/plugins/colocalization-threshold).

Fluorescence in situ hybridization and
colocalization with lysosomes

Fluorescence in situ hybridization (FISH) studies were performed
as previously described with minor modifications (Valdez et al.
2016). Briefly, 7-day-polarized monolayers were incubated with
wild type B. pertussis (MOI: 20) in MEM supplemented with
0.2% w/v BSA at 37°C with 5% CO,. After 4 h of infection, cells
were washed three times with PBS to remove nonattached bac-
teria and incubated for 1 h at 37°C in MEM supplemented with
10% fetal bovine serum with 100 pg mL~* of polymyxin B sul-
fate (Sigma) to kill the remaining extracellular bacteria. After
this incubation, polymyxin B concentration was reduced to 5 pg
mL~! until the end of the experiment. Forty-eight hours after in-
fection, the cells were incubated with or without 200 nM Lyso-
Tracker DND-99 (Molecular Probes) for 15 min at 37°C and fixed
in 4% w/v paraformaldehyde. Hybridization of intracellular bacte-
ria in PFA-fixed infected cells with fluorescently labeled oligonu-
cleotides was performed as described elsewhere (Valdez et al.
2016) with minor modifications. The Alexa 488-conjugated DNA
probe EUB338 (5'-GCTGCCTCCCGTAGGAGT-3') was designed for
rRNA of eubacteria (Manz et al. 1993). A non-EUB338 DNA probe,
complementary to EUB338, was used as a negative control. Bac-
terial detectability depends on the presence of enough ribosomes
per cell, hence providing qualitative information on the physiolog-
ical state of the bacteria on the basis of the number of ribosomes
per cell. EUB338 or non-EUB388 was added to a final concentra-
tion of 10 nM each in the hybridization buffer. The hybridization
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buffer contained 0.9 M NaCl, 20 mM Tris/HCl, pH 7.4, 0.01% (v/v)
sodium dodecyl sulfate (SDS) and 35% (v/v) formamide. Hybridiza-
tion was carried out for 2 h at 46°C in a humid chamber, followed
by a 30-min wash at 48°C. The washing buffer contained 80 mM
NacCl, 20 mM Tris/HCl, pH 7.4, 0.01% (v/v) SDS and 5 mM EDTA (pH
8). The cells were mounted onto glass slides with anti-fading agent
(Invitrogen) and microscopical analyses were performed with a
confocal laser scanning microscope (model TCS SP5; Leica).

Intracellular survival

For intracellular survival, polymyxin B protection assays were per-
formed as previously described (Lamberti et al. 2010). Briefly, 7-
day-polarized monolayers were incubated with wild type B. per-
tussis (MOI: 20) in MEM supplemented with 0.2% w/v BSA at 37°C
with 5% CO,. After 4 h of infection, cells were washed three times
with PBS to remove nonattached bacteria and incubated for 1 h
at 37°C in MEM supplemented with 10% fetal bovine serum with
100 pug mL~* of polymyxin B sulfate to kill the remaining extra-
cellular bacteria. After this incubation, polymyxin B concentra-
tion was reduced to 5 pg mL~! until the end of the experiment.
Five and 48 h after infection, the monolayers of cells were washed
three times with PBS and incubated with trypsin-EDTA to detach
the cells from the well. Next, the cells were lysed in sterile water,
and serial dilutions of the lysates were rapidly plated onto bBGA
plates to enumerate CFU. Viable intracellular bacteria were ex-
pressed as the number of viable bacteria per well.

Statistical analysis

The Student’s t-test (95% confidence level) or ANOVA was used
for statistical evaluation of the data. The significance of the dif-
ferences between the mean values of the data analyzed by ANOVA
was determined with the least-significant-difference test ata 95%
confidence level. The results are shown as mean =+ SD.

Results

Bordetella pertussis attachment to polarized
epithelial cells

In order to investigate B. pertussis interaction with polarized
epithelial cells we first set up the experimental model using
16HBE140- cells. This immortalized human bronchial epithelial
cell line has retained the characteristics of the original primary
cells and is able to polarize in vitro (Cozens et al. 1994). As pre-
viously described (Grumbach et al. 2009), these cells developed
a monolayer of cells with tight junctions between them after 7
days of in vitro culture on fibronectin and collagen-coated cov-
erslips in submerged conditions (Fig. 1a). To investigate bacterial
attachment, a monolayer of 7-day-polarized cells was incubated
with B. pertussis at a MOI of 20 for 5 h at 37°C, washed to remove
nonattached bacteria, stained and analyzed by fluorescence mi-
croscopy. As can be seen in Fig. 1b, many bacteria (35 + 4% of the
bacteria, n = 3) were found attached near the intercellular bound-
aries and on top of the tight junctions, although this area is only
a small fraction of the exposed surface.

Bordetella pertussis effect on the tight junctions

Previous studies have shown that purified adenylate cyclase toxin
(CyaA) compromises tight junction integrity (Hasan et al. 2018).
During infection, the presence of B. pertussis attached near the
tight junctions might affect the integrity of these structures due
to the local release of this virulence factor. In order to evaluate
this hypothesis, we infected 7-day-polarized monolayers with wild

type B. pertussis (Bp) or an isogenic mutant strain deficient for
CyaA expression (BpACyaA) at a low multiplicity of infection (MOI:
0.2) and let the infection progress for 24 h. The monolayers were
then washed, fixed and stained to address tight junction integrity
by fluorescence microscopy. Fig. 2a shows that the wild type B. per-
tussis disrupted the staining pattern of tight junctions, whereas
the CyaA-deficient mutant strain did not. These results were con-
firmed quantitatively by calculating the TiJOR for representative
confocal images of each condition. As can be seen in Fig. 2b, the
monolayer infection with the wild type strain caused the disrup-
tion of the occludin network, while the infection with the CyaA-
deficient strain did not. These results indicate that B. pertussis has
the ability to disrupt tight junction integrity in a CyaA-dependent
manner.

We next investigated whether B. pertussis is able to cross the ep-
ithelial monolayer and the role of CyaA in the process. To this end,
16HBE140- monolayers were grown in 3.0-um pore-size semiper-
meable membranes and further incubated with either wild type
B. pertussis or the isogenic strain defective for CyaA expression at
a MOI of 20. The infecting bacteria were seeded in the apical com-
partment. Samples of the culture medium from the apical and the
basolateral compartments were plated to enumerate CFU 5 h after
infection. Fig. 2c shows that only the wild type strain was recov-
ered from the basolateral compartment, indicating that B. pertus-
sis was able to cross the epithelial monolayerin a CyaA-dependent
way.

Bordetella pertussis internalization

Tight junction disruption exposes the basolateral membrane and
the subcellular space of the epithelium. Previous studies have
shown that many pathogens invade the epithelial cells more ef-
ficiently through the basolateral membrane compared with the
apical membrane (Bucior et al. 2010, Bouwman et al. 2013, Wegele
et al. 2020). Therefore, in order to address the eventual relevance
of this tight junction disruption and basolateral membrane expo-
sure, we next evaluated B. pertussis attachment to cells that ex-
pose this membrane. To this end, we used 7-day-polarized cells
grown into small groups (islands) that allow evaluation of B. per-
tussis interaction with cells that expose apical and basolateral
membranes (inner and outer cells of the island, respectively). The
cells were incubated with B. pertussis (MOI: 20) for 5 h, washed and
surface-attached, and internalized bacteria were discriminated by
double-staining fluorescence microscopy. Fig. 3a shows the distri-
bution of bacteria in these islands of polarized cells. Fig. 3b shows
that the number of bacteria associated with the outer cells that
expose the basolateral membrane was significantly higher than
that associated with the inner cells. Taking into account that the
outer cells expose a larger membrane surface area than the in-
ner cells, the increased attachment might not necessarily mean a
preference of B. pertussis for the basolateral membrane, although
it does indicate an efficient attachment to this membrane. In ad-
dition to this high attachment, Fig. 3c further shows that the per-
centage of bacteria internalized by the outer cells was signifi-
cantly higher than the percentage of bacteria internalized by the
inner cells. Taken together, these results indicate that B. pertussis
efficiently attaches to cells that expose basolateral membranes
and that the bacterial internalization rate in these cells is higher
than in those that only expose the apical membrane.
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(B)

Figure 1. Bordetella pertussis attachment to polarized epithelial cells. Seven-day-polarized 16HBE140- cells were incubated with wild type B. pertussis
(MOI: 20) for 5 h at 37°C, washed with PBS and fixed with 4% paraformaldehyde. Bacteria were stained using rabbit polyclonal antibodies against B.
pertussis followed by F(ab’)2 fragments of FITC-conjugated goat anti-rabbit antibodies (green). Tight junctions were stained using mouse monoclonal
antibodies against occludin followed by F(ab’)2 fragments of Cy3-conjugated goat anti-mouse secondary antibodies (red). Panel (A) shows an
uninfected monolayer with intact tight junctions. Panel (B) shows the bacteria attached to the monolayer. The images shown are representative of

three independent experiments (scale bar: 5 um)

Heparin inhibitable binding domain of FHA is
involved in B. pertussis attachment to the
basolateral membrane

FHA is the main adhesin of B. pertussis, and its importance in bac-
terial colonization of the respiratory tract is well known. In order
to evaluate the relative contribution of FHA in the bacterial at-
tachment to the basolateral and the apical membrane, islands of
polarized cells were incubated with wild type B. pertussis (Bp) or an
isogenic mutant strain lacking the expression of FHA (BpAFHA).
After 5 h of incubation at 37°C, the cells were washed to remove
nonattached bacteria and stained to determine the number of at-
tached bacteria by fluorescence microscopy. Because the attach-
ment of the FHA-deficient strain proved to be significantly lower
than the wild type strain, a higher MOI was used for BpAFHA in
order to get a reliable readout (namely, Bp MOI: 20; BbAFHA MOLI:
200). Fig. 4a shows that the bacterial attachment was significantly
lower in the absence of FHA, even although the MOI used for this
strain was 10 times higher than the MOI used for the wild type
B. pertussis, confirming the central role of FHA in the bacterial at-
tachment to these cells. In addition, Fig. 4a shows a greater de-
crease in bacterial attachment to the basolateral membrane com-
pared with the apical membrane in the absence of FHA, highlight-
ing the relevance of this adhesin for this interaction.

Previous studies identified different binding domains of FHA.
Among them, a heparin-inhibitable lectin-like domain was found
relevantin B. pertussis attachment to epithelial cells (Menozzi et al.
1991, Hannah et al. 1994, Menozzi et al. 1994). This binding domain
interacts with sulfated polysaccharides that were found prefer-
entially expressed in the basolateral membrane of polarized cells
(Bucior et al. 2010). To gain some insight into the FHA-dependent
B. pertussis attachment to basolateral membranes, we investigated
the role of this domain in the bacterial attachment to polarized
cells by competition assays using heparin. To this end, bacteria
were incubated with 1 mg mL~! heparin during 15 min prior to
5-h incubation (MOI: 20) with islands of 7-day-polarized cells in
the presence of heparin. Control assays were performed incubat-
ing untreated bacteria with cells in the absence of heparin at the
same multiplicity of infection. Bacterial attachment was analyzed
by fluorescence microscopy. Fig. 4b shows that the presence of

heparin determined a significant decrease in the bacterial attach-
ment to the outer cells, while the bacterial attachment to the in-
ner cells was not affected. This result suggests that the heparin-
binding domain of FHA plays a central role in B. pertussis attach-
ment to the basolateral membrane of epithelial cells. On the other
hand, the absence of differences in bacterial attachment to inner
cells in the presence or absence of heparin suggests that this do-
main is not particularly relevant for the bacterial attachment to
the apical membrane.

Bordetella pertussis intracellular trafficking

In order to evaluate the fate of B. pertussis once internalized, we
evaluated the bacterial intracellular trafficking by means of con-
focal microscopy. Seven-day-polarized cells were incubated with
B. pertussis (MOI: 20) for 4 h, washed to remove nonattached bac-
teria and treated for 1 h with 100 pg mL~! polymyxin B to kill
extracellular bacteria. After this, antibiotic concentration was re-
duced to 5 ug mL~! until the indicated time points. At 5 and 48 h
post-infection, cells were fixed, stained and analyzed by confocal
microscopy. Fig. 5 shows that ~90% of internalized bacteria colo-
calized with the late endosomal marker LAMP-2 5 h after infec-
tion. That percentage of colocalization with this specific marker
remained without significant changes until the end of the exper-
iment, at 48 h. The colocalization of B. pertussis with the lysoso-
mal marker cathepsin D was low at 5-h post-infection and did not
show significant changes over time. We then evaluated whether
intracellular bacteria have access to extracellular nutrients via
the recycling pathway. Forty-eight hours post-infection the cells
were pulsed with Alexa-594-conjugated transferrin and its colo-
calization with B. pertussis was evaluated by confocal microscopy.
Fig. 6 shows that B. pertussis colocalizes with transferrin 48 h post-
infection, suggesting that the intracellular bacteria have access to
extracellular nutrients through the host cell recycling pathway.

Taken together, these results suggest that the majority of in-
tracellular bacteria avoid the trafficking to degradative lysosomes
and remain in phagosomes with access to extracellular nutrients,
even at long times post-infection.
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Figure 2. Bordetella pertussis effect on tight junctions. Seven-day-polarized 16HBE140- cells were incubated with wild type B. pertussis (BpWT, MOL: 0.2)
or an isogenic adenylate cyclase-deficient strain (BpACyaA, MOI: 0.2) for 24 h at 37°C, washed with PBS and fixed with 4% paraformaldehyde. Bacteria
were stained using rabbit polyclonal antibodies against B. pertussis followed by F(ab’), fragments of FITC-conjugated goat anti-rabbit antibodies
(green). Tight junctions were stained using mouse monoclonal antibodies against occludin followed by F(ab’), fragments of Cy3-conjugated goat
anti-mouse antibodies (red). Panel (A) shows the occludin staining patterns and bacteria attached to the cells upon infection with wild type B. pertussis
or the CyaA-deficient strain. Uninfected cells were used as the control. The images shown are representative of three independent experiments (scale
bar: 5 um). Panel (B) shows the tight junction organization rate (TJOR) values for cells infected with wild type B. pertussis or the CyaA-deficient strain.
Uninfected cells were used as the control. TJJOR values were calculated for representative images using ImageJ software. Seven-day-polarized
16HBE140- grown on semipermeable inserts (3-pum pore size) were incubated with wild type B. pertussis or the CyaA-deficient strain (MOI: 20). Five
hours after infection, samples from the basolateral compartment were plated to enumerate colony-forming units (CFU). Panel (C) shows the number
of CFU/well recovered for each strain. Means + SD of three independent experiments are shown in each case (x P < 0.05)

Bordetella pertussis intracellular survival

Because the results obtained in the intracellular trafficking stud-
ies suggested that B. pertussis might persist alive inside these ep-
ithelial cells, we next investigated the viability of internalized bac-
teria by means of FISH staining at 48 h post-infection. To this end,
7-day-polarized cells were incubated with B. pertussis (MOI: 20) for
4 h, washed to remove nonattached bacteria and treated for 1 h
with 100 pug mL~" polymyxin B to kill extracellular bacteria. Af-
ter this, antibiotic concentration was reduced to 5 pg mL~! un-
til the end of the experiment. At 48 h post-infection, cells were
pulsed with LysoTracker™, fixed and metabolically active bacte-

ria were stained by FISH and analyzed by confocal microscopy.
Fig. 7a shows that 48 h after infection there are intracellular bacte-
ria metabolically active that do not colocalize with the acidotropic
dye LysoTracker™.

We next evaluated the bacterial intracellular survival by
polymyxin B protection assays. To this end, 7-day-polarized cells
were incubated with B. pertussis (MOI: 20) for 4 h, washed to re-
move nonadherent bacteria and treated for 1 h with 100 pg mL~?
polymyxin B to kill extracellular bacteria. After this, antibiotic
concentration was reduced to 5 ng mL~* and cell samples were
taken at 5, 24 and 48 h post-infection. At each time point, cells
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Figure 3. Bordetella pertussis internalization. Seven-day-polarized 16HBE14o- cells grown into islands were incubated with wild type B. pertussis (MOI: 20)
for 5 h at 37°C, washed with PBS and fixed with 4% paraformaldehyde. Surface-bound bacteria were stained using rabbit polyclonal antibodies against
B. pertussis followed by F(ab’), fragments of FITC-conjugated goat anti-rabbit antibodies (shown in green). To determine intracellular bacteria the cells
were permeabilized and the bacteria were stained using rabbit polyclonal antibodies against B. pertussis followed by F(ab’), fragments of
Cy3-conjugated goat anti-rabbit antibodies (shown in red). Cell nuclei were stained using DAPI (shown in blue). Panel (A) shows the distribution of
cell-associated B. pertussis. In the right panels, internalized bacteria are indicated with arrowheads. Images representative of three independent
experiments are shown. Panel (B) shows the number of total bacteria associated with the inner and outer cells. Panel (C) shows the percentage of total
attached bacteria that were internalized by inner and outer cells. Means + SD of three independent experiments are shown in each case. Significant
differences in the number of bacteria/cell and in the internalization percentage were observed between the inner and outer cells (x P < 0.05)

were detached, lysed and serial dilutions were plated to enumer-
ate CFU counts. Fig. 7b shows that the intracellular survival re-
mained high over the whole time of the experiment, indicating
that bacterial intracellular killing was very low. This result is in
agreement with the low bacterial colocalization with lysosomal
marker cathepsin D and the colocalization with transferrin over
the time post-infection.

Discussion

Bordetella pertussis incidence has increased over recent years de-
spite the high vaccination coverage. One of the reasons proposed
for this resurgence is the transmission from infected, usually
asymptomatic, individuals vaccinated with currently used vac-
cines (Althouse and Scarpino 2015, de Graaf et al. 2020). Although
these vaccines efficiently prevent the symptoms of the disease,
they fail to prevent host colonization and transmission (Warfel et
al. 2014). Furthermore, the immunity induced by these vaccines
wanes rapidly (Mooi et al. 2014) and adults who do not receive
booster doses have low or undetectable antibody levels, unless re-
cently exposed to the pathogen. The lack of antibodies allows B.
pertussis attachment to the respiratory epithelium (Van Den Berg
et al. 1999, Rodriguez et al. 2006) and prevents the induction of
an efficient bactericidal response by immune cells (Lamberti et
al. 2008, 2010, Kroes et al. 2022), eventually enabling the infection
and the pathogen persistence within the host.

The airway epithelium is the first barrier against pathogen
invasion and plays a major role in host immunity. Success-
ful pathogens, however, developed different strategies to sub-
vert these defense mechanisms and develop airway infections
(Bertuzzi et al. 2019). The results of the present study reveal new
aspects of B. pertussis interaction with respiratory epithelial cells
that might play a relevant role in the infectious process. Our re-
sults suggest a potential mechanism of cellular infection compris-
ing bacterial attachment next to the tight junctions followed by
the disruption of these structures by bacterial toxins and the sub-
sequent attachment to and internalization mainly through the
basolateral membrane. After internalization, this pathogen seems
able to survive intracellularly within nondegradative vesicles.

We here found that B. pertussis binds around or on top of the
tight junctions in polarized monolayers. This attachment pattern
has been observed in others such as P. aeruginosas (Lee et al. 1999)
and enteropathogenic Escherichia coli (Aroeti et al. 2012). The fac-
tors that mediate this attachment pattern are not completely un-
derstood for those pathogens. In the case of B. pertussis, the doc-
umented lipid raft enrichment near tight junctions (Nusrat et al.
2000) might help to explain the observed tropism because they
have been reported as B. pertussis-docking platforms in cellular
membranes (Lamberti et al. 2009).

Our results showed that, after attachment, B. pertussis disrupts
the tight junctions in a CyaA-dependent way. Previous studies per-
formed with purified CyaA have already shown that this toxin af-
fects the transepithelial electrical resistance of cell monolayers
by disrupting these structures (Hasan et al. 2018). In this study, we
found that CyaA delivered by the attached bacteria disrupts tight
junctions. Studies performed in semipermeable inserts showed
that the wild type B. pertussis, but not the CyaA-defective mu-
tant, was able to cross the epithelial barrier at early times post-
infection. Although we cannot rule out an eventual contribution
of bacterial transcellular transport across the epithelial mono-
layer in this experimental set-up, these results are consistent with
the tight junction disruption mediated by CyaA shown by our re-
sults and those obtained by others (Hasan et al. 2018). The bac-
terial binding near junctional complexes might enable a local
concentration of CyaA high enough to disrupt cell-to-cell unions.
Tight junction disruption exposes the basolateral membranes and
the sub-epithelial space. The results presented in this study show
that B. pertussis attaches to cells exposing the basolateral mem-
brane and are internalized more efficiently through this mem-
brane. In this scenario, CyaA opening of tight junctions might pro-
mote infection by increasing the exposed cell surface and by favor-
ing internalization through the basolateral membrane. Although
FHA was found to be involved in bacterial attachment to both the
apical and basolateral membranes, our findings suggest a stronger
dependence of bacterial attachment to the basolateral membrane
on FHA compared with the attachment to the apical membrane.
FHA contains different binding domains that mediate bacterial
attachment to the different targets on the host cells. The better
known domains are an Arg-Gly-Asp (RGD) tripeptide involved in
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Figure 4. Heparin inhibitable binding domain of FHA is involved in B. pertussis attachment to the basolateral membrane. Seven-day-polarized
16HBE14o0- cells grown in islands were incubated with wild type B. pertussis (BpWT, MOL: 20) or an isogenic FHA-deficient mutant (BpAFHA, MOI: 200)
for 5 h at 37°C, washed with PBS and fixed with 4% paraformaldehyde. Panel (B): Bordetella pertussis previously incubated with or without 1 mg mL~?
heparin for 15 min (+ Heparin and - Heparin, respectively) were incubated for 5 h at 37°C with islands of 7-day-polarized 16HBE140- cells in the
presence or absence of 1 mg mL~" of heparin, respectively. The cells were then washed with PBS and fixed with 4% paraformaldehyde. In both cases,
surface-bound bacteria were stained using rabbit polyclonal antibodies against B. pertussis followed by F(ab’), fragments of FITC-conjugated goat
anti-rabbit antibodies (green). To determine intracellular bacteria, the cells were permeabilized and the bacteria were stained using rabbit polyclonal
antibodies against B. pertussis followed by F(ab’), fragments of Cy3-conjugated goat anti-rabbit antibodies. Cell nuclei were stained using DAPI (shown
in blue). Panel (A) shows the number of total bacteria per inner or outer cell for BpWT and BpAFHA. Panel (B) shows the number of total bacteria per
inner or outer cell for BpWT in the presence or absence of heparin. Means + SD of four independent experiments are shown in each case (x P < 0.05;

xk P < 0.01). Panel (C) shows representative images of the distribution of cell-associated B. pertussis in each case

attachment to macrophages and monocytes (Relman et al. 1990,
Ishibashi et al. 1994); a carbohydrate recognition domain involved
in attachment to macrophages and epithelial cells (Prasad et al.
1993); a mature C-terminal domain proposed to mediate attach-
ment to immune and epithelial cells (Julio et al. 2009); and a do-
main that displays a lectin-like activity that targets heparin and
other sulfated polysaccharides (Menozzi et al. 1991). Recent stud-
ies suggested that the FHA-heparin interaction could be relevant
for B. pertussis attachment to macrophages (Golshani et al. 2022).
Our results suggest that this interaction is also involved in the
bacterial attachment to the basolateral membrane as the pres-
ence of heparin specifically reduced bacterial attachment to cells
exposing this membrane, while attachment levels remained un-
changed in cells only exposing apical membranes. This is in agree-
ment with the reported polarized expression of sulfated polysac-
charides that were found mainly present in the basolateral mem-

brane (Bucior et al. 2010). Accordingly, the presence of heparin did
not affect the bacterial attachment to the apical membrane. We
assume that the bacterial attachment to the apical membrane is
mainly mediated by other domains of FHA because, although the
presence of heparin did not affect the bacterial attachment to this
membrane, the lack of expression of FHA also determined a sig-
nificant drop in bacterial attachment to cells, exposing only the
apical membrane. As found for other pathogens (Bucior et al. 2010,
Bouwman et al. 2013, Pedersen et al. 2017, Wegele et al. 2020), the
bacterial internalization through the basolateral membrane was
also higher compared with the internalization through the apical
membrane. In the case of B. pertussis, the basolateral expression
of B1 subunit of wsB1 integrin (VLA-5) in polarized epithelial cells
(Pilewski et al. 1997, Roger et al. 1999) might be involved in this
differential internalization rate. This integrin was found involved
in B. pertussis internalization upon interaction with the RGD do-
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Figure 5. Bordetella pertussis intracellular trafficking. Seven-day-polarized 16HBE14o0- cells were incubated with wild type B. pertussis (MOI: 20) for 4 h at
37°C, washed three times with PBS and further incubated with 100 pg mL~! polymyxin B for another hour. After this, the cells were incubated with

5 ng mL~* polymyxin B until the indicated time points. At these time points, samples of cells were washed with PBS and fixed with 4%
paraformaldehyde and permeabilized. Bacteria were stained using rabbit polyclonal antibodies against B. pertussis followed by F(ab’), fragments of
Cy3-conjugated goat anti-rabbit antibodies (shown in red). LAMP-2 (CD107b) was stained with mouse monoclonal antibodies followed by F(ab’),
fragments of Alexa-647-conjugated donkey anti-mouse antibodies (shown in green). Cathepsin D (CTSD) was stained with mouse monoclonal
antibodies followed by F(ab’), fragments of Alexa-647-conjugated donkey anti-mouse antibodies (shown in green). Panel (A) shows representative
confocal images showing bacterial colocalization with LAMP-2 and cathepsin D 48 h post-infection. Panel (B) shows the percentage of internalized B.
pertussis colocalizing with each marker. Means + SD of five independent experiments are shown in each case (scale bar: 5 pm)

Figure 6. Bordetella pertussis access extracellular nutrients. Seven-day-polarized 16HBE140- cells were incubated with wild type B. pertussis (MOI: 20) for
4 h at 37°C, washed three times with PBS and further incubated with 100 ug mL~! polymyxin B for another hour. After this, cells were incubated with
5 pg mL~! polymyxin B. Forty-eight hours after infection the cells were pulsed with Alexa-594-conjugated transferrin (green) for 30 min, fixed, and the
bacteria were stained as stated in Fig. 5. Bordetella pertussis colocalization with transferrin 48 h post-infection is seen in yellow. Twenty-three confocal

planes were acquired by confocal microscopy and processed using ImageJ software to obtain a Z-stack. Orthogonal views (XZ and YZ) show an
intracellular bacteria colocalizing with transferrin (scale bar: 5 pm)
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Figure 7. Bordetella pertussis fluorescence in situ hybridization and intracellular survival. Seven-day-polarized 16HBE14o0- cells were incubated with wild
type B. pertussis (MOI:20) for 4 h at 37°C, washed and further incubated with 100 pg mL~* polymyxin B for another hour. The cells were then incubated
with 5 ng mL~! polymyxin B until the indicated time points. For fluorescence in situ hybridization and colocalization with LysoTracker™, samples of
cells were pulsed with the acidotropic marker for 15 min and subsequently fixed with 4% paraformaldehyde. After this, intracellular viable bacteria
were green fluorescent-labeled by fluorescent in situ staining with an Alexa-488-conjugated EUB-338 probe. For Polymyxin B protection assays, after
antibiotic treatment, the cells were detached at the indicated time points by trypsin-EDTA treatment, lysed with 0.1% p/v saponin and serial dilution
plated to determine CFU counts. Panel (A) shows metabolically active B. pertussis stained with EUB338-Alexa-488 probe (shown in green) and
lysosomes labeled with LysoTracker™ (shown in red) at 48 h post-infection (scale bar: 5 um). Panel (B) shows the mean number of intracellular CFU at

each time point. Means + SD of three independent experiments are shown

main of FHA in alveolar and bronchial epithelial cells (Ishibashi
et al. 2001). Taking into consideration these previous results and
ours, a two-step mechanism for basolateral attachment and inter-
nalization of B. pertussis in polarized epithelial cells might be pro-
posed. This mechanism would comprise an initial bacterial-cell
interaction mainly mediated by heparan sulfate-derived proteo-
glycans, followed by the bacterial internalization with the even-
tual involvement of asB; integrin. A similar mechanism was pro-
posed for Chlamydia spp. involving a first interaction with heparan
sulfate proteoglycans that eventually leads to a subsequent bind-
ing to different host receptors, such as mannose receptor, epider-
mal growth factor receptor, ephrin receptor A2 and B4 integrin,
leading to the pathogen internalization (Di Pietro et al. 2019).
Once internalized, most of the bacteria followed a nonbacteri-
cidal pathway because 48 h after internalization a high percent-
age of the internalized B. pertussis were still alive, as determined
by polymyxin B protection assays. Accordingly, our results showed
that intracellular bacteria have access to extracellular nutrients
and are metabolically active at long times post-infection. After
internalization, most of the intracellular bacteria seem able to
inhibit phagolysosomal fusion, as found before in immune cells
(Lamberti et al. 2016, Valdez et al. 2016). Only ~20% of the inter-
nalized bacteria were found in degradative lysosomes positive for
cathepsin D 48 h after infection. Because most of the intracellu-
lar bacteria were found in LAMP-2 positive phagosomes, the high
intracellular survival seems to indicate that the bacteria might re-
main alive in vesicles decorated only with late endosomal mark-
ers. It was previously shown that LAMP-1/2 and cathepsin D mark-
ers do not always colocalize (Cheng et al. 2018), suggesting the ex-
istence of nondegradative LAMP-1/2 positive vesicles. Many bac-
terial pathogens that survive within epithelial cells reside in late
endosomal vesicles that do not fuse with lysosomes. Among them,
C.jejuni (Bouwman et al. 2013), Burkholderia cenocepacia (Sajjan et al.
2006), Helicobacter pylori (Terebiznik et al. 2006) and uropathogenic
E. coli (Mysorekar and Hultgren 2006) are examples of pathogens
that are able to remain alive within epithelial cells inside vesicles
that acquire late endosomal markers such as LAMP-1/2, but not
lysosomal markers like cathepsins. The high intracellular survival
observed in this study, together with previous studies reporting
intracellular survival in cell lines (Bassinet et al. 2000, Gueirard
et al. 2005, Lamberti et al. 2013) and in primary airway models

(Sivarajanetal. 2021), seem toindicate that the respiratory epithe-
lium might constitute a previously underestimated niche of per-
sistence. The bacterial ability to survive inside these cells could
favor the persistence in the host respiratory tract by providing
a safe environment where this pathogen can avoid immune de-
fense mechanisms during the development of the infectious pro-
cess. Because B. pertussis was previously described as being able
to repopulate the extracellular medium once released from the
intracellular compartment (Lamberti et al. 2013), it is tempting to
speculate that this safe intracellular environment could be a stage
in the infection process after which B. pertussis could infect other
cells such as macrophages or even another host.

As stated, apart from constituting a physical barrier, the airway
epithelium is also a relevant player in host immunity. While both
the phagocytic capacity and the antimicrobial activity of epithelial
cells are considerably lower than those displayed by professional
phagocytes, the vast number of epithelial cells would determine a
rather relevant contribution to pathogen uptake and degradation,
unless the pathogen is able to hijack the host defensive response.
The results presented here suggest that B. pertussis is able to evade
intracellular killing, therefore exploiting internalization by the air-
way epithelial cells as a means to persist and/or disseminate the
infection. This ability to survive in the intracellular location could
be relevant during respiratory tract colonization, contributing to
explaining the difficulties in controlling B. pertussis infection and
highlighting the need for better vaccines to prevent the develop-
ment of intracellular infections of this pathogen.
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