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Abstract

Bacterial pathogens have evolved multiple strategies to disassemble epithelial cell

apical junctional complexes (AJCs) and infect epithelial cells. Leptospirosis is a wide-

spread zoonotic infection, mainly caused by Leptospira interrogans, and its dissemina-

tion across host cell barriers is essential for its pathogenesis. However, the

mechanism of bacterial dissemination across epithelial cell barriers remains poorly

characterised. In this study, we analysed the interaction of L. interrogans with renal

proximal tubule epithelial cells (RPTECs) and found that at 24 hr post-infection,

L. interrogans remain in close contact with the plasma membrane of the RPTEC by

extracellularly adhering or crawling. Leptospira interrogans cleaved E-cadherin and

induced its endocytosis with release of the soluble N-terminal fragment into the

extracellular medium. Concomitantly, a gradual decrease in transepithelial electrical

resistance (TEER), mislocalisation of AJC proteins (occludin, claudin-10, ZO-1, and

cingulin) and cytoskeletal rearrangement were observed. Inhibition of clathrin-

mediated E-cadherin endocytosis prevented the decrease in TEER. We showed that

disassembly of AJCs in epithelial cells and transmigration of bacteria through the

paracellular route are important for the dissemination of L. interrogans in the host.

K E YWORD S
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1 | INTRODUCTION

The apical junctional complex (AJC) encircles pairs of neighbouring

epithelial and endothelial cells to create an adhesive network and

maintain barrier integrity (Rusu & Georgiou, 2020). Two important

types of intercellular junctions, the tight junction (TJ) and adherens

junction (AJ), are spatiotemporally regulated to form the AJC (Rusu &

Georgiou, 2020). AJs are composed of cadherins, which are trans-

membrane proteins that participate in homophilic interactions with

cadherins located on adjacent cells. TJs are composed of transmem-

brane proteins such as occludin, claudin, and junction adhesion mole-

cule (JAM) proteins (Zihni, Mills, Matter, & Balda, 2016). The
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formation and stability of the AJCs depend on the transmembrane

proteins that anchor it to the actin cytoskeleton through scaffolding

proteins (such as ZO-1 and cingulin) and coordinated signalling path-

ways involving the Rho family of small GTPases (McCormack,

Welsh, & Braga, 2013).

Bacterial pathogens have evolved strategies to hijack AJC pro-

teins in order to disturb this complex stability, and translocate through

endothelial and epithelial cells to establish an infection (Drolia &

Bhunia, 2019; Huber, 2020; Martens, Neumann, & Desai, 2018). Thus,

altering the integrity of AJCs via mechanisms such as transcriptional

and post-transcriptional downregulation, bacterial or host protease-

mediated cleavage, perturbation of host signalling pathways, disrup-

tion of the cytoskeleton, and mislocalisation of AJC proteins is impor-

tant for the dissemination and pathogenesis of several pathogens

(Devaux, Mezouar, & Mege, 2019; Singh et al., 2018; Tapia, Kralicek, &

Hecht, 2017; Ugalde-Silva, Gonzalez-Lugo, & Navarro-Garcia, 2016).

Pathogenic Leptospira, such as L. interrogans, can evade macrophage-

and complement-mediated killing after penetrating the skin and

translocate across the endothelial barrier of the blood vessels to dis-

seminate hematogenously and reach the target organs, such as the

kidney, lung, and liver (Moreno-Torres et al., 2019; Picardeau, 2017;

Toma, Okura, Takayama, & Suzuki, 2011). Studies investigating the

molecular basis of pathogenic Leptospira dissemination have utilised

in vivo or in vitro models and have provided significant insights into the

pathogenesis of L. interrogans. For example, early studies using a ham-

ster model of infection showed the ability of leptospires to actively pen-

etrate in between renal proximal tubule epithelial cells (RPTECs) via

detachment of TJs (van den Ingh & Hartman, 1986). Consistently, sub-

sequent reports on animal infection models showed the presence of

leptospires in the intercellular spaces of the liver and lung, suggesting a

paracellular route of cellular translocation (Miyahara et al., 2014;

Nikaido et al., 2019). However, conflicting reports have stated that

L. interrogans translocates the cell monolayers via a transcellular path-

way, and not through intercellular junctions (Barocchi, Ko, Reis,

McDonald, & Riley, 2002; Wunder et al., 2016). Although translational

motility is essential to enable L. interrogans to transverse tissue barriers

(Wunder et al., 2016), additional unidentified mechanisms might also be

important for leptospiral transmigration through host cells. Cultured

endothelial cells infected with pathogenic L. interrogans showed

decreased expression and mislocalisation of AJ and TJ proteins as well

as changes in the expression of several genes involved in cellular archi-

tecture, suggesting that the endothelial barrier damage is mediated by

alteration in multiple proteins of the AJC and remodelling of the actin

cytoskeleton (Martinez-Lopez, Fahey, & Coburn, 2010; Sato &

Coburn, 2017). However, the perturbation in the AJC has yet not been

reported in Leptospira-infected cultured epithelial cells.

Immunofluorescence analysis of leptospiral kidney colonisation

kinetics in a mouse infection model showed that L. interrogans

attaches to the basal membrane of the RPTECs before translocation

into the lumen (Yamaguchi et al., 2018). The number of L. interrogans-

colonised tubules was limited, suggesting that in each tubule a mini-

mal infective dose is required for bacterial translocation from the

basolateral to the apical surface (Yamaguchi et al., 2018). Ratet et al.

also showed leptospiral colonisation in a limited number of tubules

using bioluminescent leptospires (Ratet et al., 2014). However, the

mechanism by which Leptospira reaches the tubular lumen remains

unknown. Leptospira-host cell interactions have been studied in cul-

tured human kidney epithelial cell lines (Tian et al., 2006) which

showed low expression of the AJ protein E-cadherin (E-cad)

(Evangelista, Franco, Schwab, & Coburn, 2014; Wieser et al., 2008), a

putative leptospiral receptor (Kochi et al., 2019). Since decreased E-

cad expression has been documented in the liver of leptospirosis

patients (De Brito et al., 2006; De Brito, Silva, & Abreu, 2018), further

analysis of the leptospiral-RPTEC interaction in a cell culture model

resembling primary cells will contribute to our understanding of the

role of E-cad in the pathogenesis of Leptospira.

RPTECs immortalised by ectopic expression of the catalytic sub-

unit of telomerase reverse transcriptase (TERT) show the morphologi-

cal and functional properties of primary renal epithelial cells, such as

the formation of TJs, primary cilia, and domes and high expression of

E-cad (Aschauer et al., 2013; Shrestha et al., 2017; Wieser

et al., 2008). Therefore, RPTEC/TERT cells are a favourable model for

studying Leptospira-RPTEC interactions. In this study, we used

RPTEC/TERT1 cells to show that the pathogenic Leptospira disassem-

bles the AJC and that this involves E-cad endocytosis and ROCK-

dependent cytoskeletal rearrangement.

2 | RESULTS

2.1 | Leptospira interrogans localised extracellularly
after infecting RPTECs

Previous studies have shown that L. interrogans translocates cell

monolayers without altering the integrity of cell junctions (Barocchi

et al., 2002; Wunder et al., 2016). Studies have also reported the pres-

ence of leptospires in the intercellular spaces of target organs in ani-

mal models of infection (Miyahara et al., 2014; Nikaido et al., 2019;

Yamaguchi et al., 2018). To understand these conflicting results, we

developed a cell culture system of differentiated RPTECs with the

characteristics of primary RPTECs, such as uniform expression of

E-cadherin (Figure S1a). The polarity of RPTECs was gauged by the

development of a cilium at the apical domain, which was immuno-

stained with anti-acetylated tubulin antibodies (Aschauer et al., 2013)

(Figure S1b). To evaluate the infection kinetics in a wide area of the

epithelial monolayer, differentiated RPTECs were infected with

L. interrogans from the basal side, fixed at 6 hr and 24 hr post-

infection (p.i.), sectioned and observed by scanning electron micros-

copy (SEM). We observed that L. interrogans were intracellularly

localised in RPTEC/TERT1 cells at 6 hr p.i. (Figure 1a). At 24 hr p.i.,

leptospires were observed in the intercellular space (Figure 1b). Next,

to better understand the interaction between pathogenic leptospires

and RPTECs at the cellular level, we performed focused ion beam

(FIB)-SEM tomography of L. interrogans-infected RPTECs at 24 hr

p.i. (Kizilyaprak, Daraspe, & Humbel, 2014; Kizilyaprak, Stierhof, &

Humbel, 2019). Leptospires were found to be in close contact with
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the plasma membrane in the gap between two adjacent cells

(Figure 1c–f, Video S1). In proximity to the leptospires, the RPTECs

produced plasma membrane protrusions that were connected to the

bacteria (Figure 1e). These plasma membrane protrusions were rarely

observed in regions without attached bacteria. Leptospires were also

detected in vacuoles within the cell (Figure 1c, Video S1). These

results suggest that although L. interrogans are endocytosed by

RPTECs, at 24 hr p.i., a bacterial population remained extracellularly

and translocated the cell monolayer through the paracellular route.

The intracellular bacteria might either translocate through the tran-

scellular route or might be degraded in a defence response of the

epithelial cell.

2.2 | Leptospira interrogans induces a decrease in
the transepithelial electrical resistance (TEER) and
transmigrates through the RPTEC monolayer

To better understand the bacterial dynamics in close contact with the

plasma membrane, the fractions of pathogenic L. interrogans and non-

pathogenic L. biflexa that were adhered or crawled on the plasma

membrane were quantified (Xu, Koizumi, & Nakamura, 2020). At 2 hr

p.i., the percentage of L. interrogans adhering (�22%) was not signifi-

cantly different than percentage of L. biflexa (�16%). However, for

L. interrogans, the bacterial population interacting with the plasma

membrane gradually increased during the course of infection, reaching

�30% (adhering) and �20% (crawling) of the total bacterial population

at 24 hr p.i., which was significantly different from the percentages of

L. biflexa (Figure 2a). The interactions of L. biflexa with the plasma

membrane of RPTECs remained unaltered at 24 hr p.i. (�16% adher-

ing, �6% crawling) (Figure 2a). Dual immunofluorescence analysis of

the bacteria and the lysosomal marker LAMP1 at 24 hr p.i. showed

the presence of elongated L. interrogans that did not colocalise with

LAMP1 (Figure 2b). No spirochete-like bacteria were observed in

L. biflexa-infected RPTECs, suggesting that they poorly adhered to the

RPTEC cell surface. We measured TEER to assess whether the epithe-

lial cell monolayer was disturbed by leptospiral attachment (Wieser

et al., 2008). TEER gradually started to decrease in L. interrogans-

infected RPTECs at 6 hr p.i. and was significantly decreased at 24 hr

p.i. (�20% of the initial TEER value). In contrast, the TEER of

F IGURE 1 L. interrogans localises
extracellularly at 24 hr post infection in RPTECs.
Infected RPTECs were fixed at 6 hr (a) or 24 hr
post infection (b–f) and observed by SEM (a, b) or
FIB-SEM (c–f). Intracellular leptospires are
indicated by black arrows (a) and (c), and
extracellular leptospires are indicated by white
arrowheads in (b), (d) and (e). (c–f) Leptospires
were artificially differentially coloured to
distinguish individual cells, and the cell
membranes of adjacent RPTECs were coloured
blue and red to depict the location of leptospires
in relation to the plasma membrane. (c), (d) and
(e) Extracellular leptospires localised in the gap
between two adjacent cells in close contact with
the plasma membrane (white arrowheads). (f) The
red cell membrane of an adjancent cell was
removed from the image to show the attachment
of leptospires to the surface of the blue cell and
that they are in close contact with the membrane
protrusions. Scale bars: 5 μm for (a) and (b), 2 μm
for (c)–(f)
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L. biflexa-infected RPTECs was not significantly different from that of -

non-infected RPTECs (�100% of the initial TEER; Figure 2c). To bet-

ter define the time-course of the infection and determine if

L. interrogans can translocate to the apical side, we quantified cell-

associated and apically translocated bacterial DNA using real-time

PCR (qPCR). Leptospira interrogans DNA was detected on the apical

side at 6 hr p.i. when TEER had not decreased, and at 24 hr p.i. This

was further confirmed by the presence of motile spirochetes using

dark-field microscopy (Figure 2d, Figure S2). Apically translocated

L. biflexa-DNA was detectable at 24 hr p.i.; however, spirochetes were

not observed by dark-field microscopy (Figure S2). Cell-associated

bacterial DNA was significantly higher in L. interrogans-infected

RPTECs than that in L. biflexa-infected RPTECs at 6 hr and 24 hr

p.i. (Figure 2d). The cell-associated fraction of bacteria included

F IGURE 2 Analysis of the dynamics of bacteria in close contact with the RPTEC plasma membrane. RPTECs were infected with either
L. biflexa or L. interrogans and (a) the fractions of individual Leptospira cells adhering and crawling were quantified. The values are expressed as the
means ± SD of �2,000 leptospiral cells measured at each time point in randomly selected fields in three independent experiments. A schematic
diagram showing Leptospira adhering, crawling and swimming is presented on the right. (b) Representative confocal images showing the infected-
RPTECs at 24 hr post infection. Bacteria were stained with a Cy3-labelled anti-Leptospira antibody (red) and LAMP-1 with a Alexa Fluor
488-labelled antibody (green). The cell nuclei were counterstained with TO-PRO-3 (blue). Scale bar: 10 μm. (c) Monolayer integrity was evaluated
by measuring TEER. The values are the mean ± SD of four independent experiments. (d) Quantification of bacterial DNA at the apical side or cell-
associated DNA by qPCR. The values are the mean ± SD of three independent Transwells. A schematic diagram showing cell-associated and
apical Leptospira is presented on the right. (e) Cell-associated and gentamicin-protected Leptospira was quantified by the gentamicin protection
assay. The cell-associated Leptospira was recovered from the infected RPTECs in antibiotic-free medium and the gentamicin-protected Leptospira
from the infected RPTECs in gentamicin supplemented medium. The values are the mean ± SD of three independent Transwells. ND: leptospires
not detected by dark field microscope. * p < .05 and ** p < .01 versus L. biflexa at the same time point in the same cell fraction (a), or cell
compartment (d)
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internalised bacteria and pericellular bacteria that were attached

and/or were dynamically transmigrating through the plasma mem-

brane (Figure 2d). The gentamicin protection assay used to quantify

cell-associated and the gentamicin-protected (intracellularly surviving)

leptospires, showed that in L. biflexa-infected RPTECs cell-associated

leptospires decreased during the course of infection, while in

L. interrogans-infected RPTECs, cell-associated leptospires remained

pericellular (gentamicin-susceptible) at 24 hr p.i. (Figure 2e). The low

recovery of surviving leptospires after gentamicin treatment

(Figure 2e) suggested that morphologically intact intracellular lepto-

spires detected by imaging techniques (Figure 1a,c) might be killed in

a host defence response, and/or might become gentamicin sensitive

due to RPTEC plasma membrane disruption by leptospiral pore-

forming toxins (Picardeau, 2017). Together, these results indicate that

L. interrogans disrupts the integrity of the cell monolayer and transmi-

grates from the basolateral to the apical surface of polarized RPTECs.

Transmigration might occur mainly through the transcellular pathway

at the early stage of infection (~6 hr p.i.) and by the paracellular path-

way at later stages of infection (~24 hr p.i.).

2.3 | Leptospira interrogans induces E-cadherin
cleavage and mislocalisation of apical junctional
complex transmembrane proteins

Organisation and maintenance of the monolayer integrity of epithelial

cells require functional AJCs, with E-cad as a key molecule. Structur-

ally, E-cad consists of five extracellular domains, a single transmem-

brane domain and an intracellular domain (van Roy & Berx, 2008).

Sato and Coburn have reported that L. interrogans perturbs the

expression and morphology of AJ proteins in endothelial cells (2017);

thus, we hypothesized that L. interrogans might also similarly inhibit

the expression of AJC proteins in RPTECs. Therefore, we comprehen-

sively analysed the changes in transcript profiles in response to

L. interrogans infection to understand L. interrogans-induced disruption

in the RPTEC monolayer. We subjected non-infected and

L. interrogans-infected RPTECs to RNA-sequencing (RNA-seq)

and identified 86 downregulated genes and 54 upregulated genes

with a fold change >2 (q value <0.005; Tables S1 and S2). However,

none of the AJC-associated structural proteins showed a transcription

decrease (Table S1). Interestingly, myosin 7b (Myo7b), which codes for

a component of the intermicrovillar adhesion complex (Weck,

Crawley, Stone, & Tyska, 2016), showed a 4.66-fold decrease in

expression and was among the top 10 most downregulated genes

(Table S1).

Since AJC disassembly might be induced without affecting tran-

script levels, we next investigated the expression of E-cad in infected

RPTECs by immunoblot using an antibody directed to the extracellular

N-terminal fragment (NTF) (soluble domains of E-cadherin, S-E-cad).

We did not detect a significant decrease in the expression level or the

molecular weight of full-length E-cad (E-cad-FL; Figure 3a,b). Patho-

gens can induce cleavage of E-cad either by bacterial or eukaryotic

proteases to favour bacterial invasion ad transmigration (Backert,

Bernegger, Sk�orko-Glonek, & Wessler, 2018; Devaux et al., 2019).

Thus, we hypothesized that E-cad might be cleaved during

L. interrogans infection without causing a detectable decrease in the

amount of E-cad-FL, and analysed the extracellular soluble proteins.

We observed the presence of an 80 kDa E-cad-fragment, which cor-

responds to S-E-cad, on the basal side of both L. biflexa and

L. interrogans-infected RPTECs (Hoy et al., 2010). In L. interrogans-

infected RPTECs, S-E-cad was also observed on the apical side

(Figure 3a). Since cleavage of the extracellular NTF of E-cad results in

the formation of non-trans-interacting E-cad, which is preferentially

internalised (Cruz et al., 2015), we next investigated the localisation of

E-cad at the cellular level by confocal microscopy using antibodies

directed to the E-cad C-terminal fragment. E-cad levels at the plasma

membrane were decreased in L. interrogans-infected RPTECs, but not

in L. biflexa-infected RPTECs, compared to that in non-infected (n.i.)

cells (Figure 3c). This result suggested that in L. interrogans-infected

RPTECs, additional mechanisms, such as degradation of AJC compo-

nents by proteases, act together with E-cad cleavage to induce a

decrease in E-cad levels at the plasma membrane.

We considered the possibility that TJ proteins are cleaved during

L. interrogans infection of RPTEC. Since occludin is involved in the main-

tenance and regulation of the paracellular barrier, we immunoblotted

for occludin to assess the integrity of the paracellular barrier. We did

not observe occludin cleavage in L. interrogans-infected cells, and

occludin protein levels were similar to that in non-infected and

L. biflexa-infected RPTECs (Figure 3a,b). However, we observed that

occludin was displaced from the membrane of L. interrogans-infected

RPTECs, but not the membrane of L. biflexa-infected RPTECs

(Figure 3c). Analysis of infected RPTECs by FIB-SEM at 3 hr p.i. showed

an electron-dense area between adjacent cells corresponding to the

AJC and L. interrogans penetrating the intercellular side (Figure S3). Con-

sidering these results, we analysed the localization of the transmem-

brane protein claudin, which is polymerised to form TJ strands and can

be observed as contact points between two neighbouring epithelial cells

by transmission electron microscopy (TEM) (Tsukita, Tanaka, &

Tamura, 2019). The TJ strands were still present at 6 hr p.i. when

L. interrogans was localised both, intracellularly and pericellularly

(Figure 4a,b). At 24 hr p.i., TJ strands were absent, and leptospires were

observed in the paracellular space and on the apical side of RPTECs

(Figure 4c). Immunofluorescence of claudin-10 suggested intact TJ

strands in non-infected cells, but claudin-10 was also displaced from

the TJs of L. interrogans-infected RPTECs (Figure 4d). Collectively, these

results show that although E-cad cleavage is induced by both L. biflexa

and L. interrogans, the mislocalisation of TJ transmembrane proteins are

L. interrogans-specific events.

2.4 | Leptospira interrogans induces the
mislocalisation of AJC scaffold proteins and
the rearrangement of F-actin

Since L. interrogans perturbed the localisation of transmembrane TJ

proteins, we next analysed the scaffold proteins ZO-1 and cingulin.

SEBASTI�AN ET AL. 5 of 17

 14625822, 2021, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cm

i.13343 by U
niversity O

f T
he R

yukyus, W
iley O

nline L
ibrary on [19/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Scaffold proteins link transmembrane TJ/AJ proteins to the cytoskele-

ton, enabling efficient regulation of signals originating from inter-

cellular junctions (Citi, Pulimeno, & Paschoud, 2012).

Immunofluorescence analysis showed that ZO-1 and cingulin were

displaced from the AJCs of L. interrogans-infected RPTECs (Figure 5a).

Cingulin binds to ZO-1 and actin through its N-terminal globular

head domain and in well-established TJ complexes (Figure 8), and it is

detected in the insoluble fractions during protein extraction because

of its strong association with the cytoskeleton (Schossleitner

et al., 2016). We estimated cingulin levels in total protein extracts of

non-infected, L. biflexa-infected, and L. interrogans-infected RPTECs

by immunoblotting of the soluble and insoluble fractions after cell

lysis. The main cellular pool of cingulin was detected in the insoluble

fractions of non-infected and infected RPTECs. However, it was

detected significantly higher in the soluble fraction of L. interrogans-

infected RPTECs at 24 hr p.i., suggesting its dissociation from the

cytoskeleton (Figure 5b,c). In L. biflexa-infected RPTECs, cingulin was

mainly detected in the insoluble fraction, even at 48 hr p.i. (Figure 5b).

Next, to clarify if cingulin solubilisation in L. interrogans-infected

RPTECs was induced by a rearrangement of the cytoskeleton, we

focus on F-actin organisation. Leptospira interrogans caused

rearrangement of the actin cytoskeleton, as assessed by rhodamine–

phalloidin staining (Figure 5d). The most striking feature was the

decrease in the circumferential F-actin belt and the appearance of F-

actin-lined vacuoles, which did not colocalise with bacteria

(Figure 5d). Marinho et al. reported by using an animal model that

L. interrogans induces cell death of renal epithelial cells in later phases

of infection (Marinho, T�aparo, Oliveira-Júnior, Perri, &

Cardoso, 2015). To investigate if F-actin disruption and AJC disassem-

bly reflects a consequence of cell death, cell viability, and DNA

F IGURE 3 L. interrogans induces E-
cadherin cleavage and mislocalisation of
apical junctional complex transmembrane
proteins. RPTECs were infected either
with L. biflexa (bif ) or L. interrogans (int)
and compared with non-infected
(ni) RPTECs at 24 hr post infection.
(a) Immunoblotting for the AJC proteins
E-cadherin or occludin in whole cell

lysates (WCLs), undiluted whole cell
lysates (WCL 1:1), 10-fold diluted whole
cell lysates (WCL 1:10), and extracellular
compartments (apical and basal).
β-Tubulin was used as a loading control.
(b) Normalised levels of apical junctional
proteins. Each bar represents mean ± SD
of three independent experiments.
(c) Representative confocal images of
non-infected and infected-RPTECs. E-
cadherin was stained with an Alexa Fluor
488-labelled antibody (green), occludin
was labelled with a Cy3-labelled antibody
(red), and the cell nuclei were
counterstained with TO-PRO-3 (blue).
Scale bar: 20 μm. Enlarged boxes showing
internalised transmembrane proteins are
shown on the right
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fragmentation were evaluated in infected RPTECs using cisplatin as a

positive control of cell death-inducer of RPTECs (Sallustio

et al., 2013). There was not a significant decrease in cell viability in

L. interrogans-infected RPTECs (Figure 5e), although a slight increase

(~1.4%) of TUNEL positive cells was detected in L. interrogans-

infected RPTECs (Figure 5f, Figure S4). Taken together, these results

suggest that L. interrogans induces mislocalisation of TJ scaffolding

proteins and rearrangement of the cytoskeleton, inducing the dissoci-

ation of cingulin from F-actin independent of cell death induction.

2.5 | The rho-associated kinase (ROCK) signalling
pathway and clathrin-mediated E-cad endocytosis are
involved in AJC disassembly

Cingulin-mediated recruitment of the guanine nucleotide exchange

factor H1 (GEF-H1) at TJs prevents RhoA signalling activation in

polarised epithelial cells (Figure 8) (Aijaz, D'Atri, Citi, Balda, &

Matter, 2005; Citi et al., 2009). Furthermore, ROCK signalling is

involved in cytoskeletal rearrangement and disruption of homotypic

E-cadherin interactions between neighbouring cells, inducing AJC dis-

assembly (Samarin, Ivanov, Flatau, Parkos, & Nusrat, 2007). Thus, we

investigated the possibility that the RhoA/ROCK signalling pathway is

activated during the disassembly of AJCs. Selective inhibition of

ROCK with Y27632 and H1152 inhibited the formation of F-actin-

lined vacuoles and partially reduced the number of L. interrogans-

infected cells with disassembled AJCs, without preventing the TEER

decrease (Figure 6a,b, Figure S5).

E-cad within the cadherin-catenin complex interacts with F-actin

and microtubules, and creates a tightly regulated signalling platform

that physically links the AJs to the cytoskeleton (Rusu &

Georgiou, 2020) (Figure 8). The dissociation of p120 catenin from the

AJC decreases membrane stability of E-cad (Kourtidis, Ngok, &

Anastasiadis, 2013) and induces clathrin-mediated endocytosis (CME)

of E-cad, which requires the vesicular coat protein, clathrin, and the

GTPase dynamin (Cruz et al., 2015). We found that in L. biflexa-

infected RPTECs, p120 catenin localised at the cell–cell junction,

while L. interrogans induces aberrant p120 catenin localization in

infected RPTECs (Figure S6). Thus, we hypothesized that in

L. interrogans-infected RPTECs E-cad endocytosis is enhanced due to

the formation of non-trans-interacting E-cad because of NTF cleav-

age, decreased interaction of E-cad with actin filament and/or the

aberrant p120 catenin localization. To test this, we used dynasore, an

inhibitor of dynamin (Macia et al., 2006), and evaluated monolayer

integrity. Addition of dynasore 1 hr before infection, inhibited

L. interrogans-induced effects, such as TEER decrease, E-cad and

occludin mislocalisation, F-actin rearrangement and AJC disassembly

(Figure 6a–c, Figure S7a,b). RPTEC pretreatment with dynasore did

F IGURE 4 L. interrogans induces
mislocalisation of claudin-10 and
disruption of TJ strands. RPTECs were
infected with L. interrogans, and then
fixed and processed for TEM or
immunofluorescence. (a) Electron
micrographs showing intact tight junction
strands and intracellularly located (red
arrow) and paracellularly located (yellow

arrow) L. interrogans at 6 hr post infection
(p.i.). (b) A higher magnification of the
inset in (a), showing the tight junction
strands, which are indicated by blue
arrows. (c) Electron micrograph showing
disrupted TJ strands and paracellularly
located L. interrogans and on the apical
side at 24 hr p.i. (d) Representative
confocal images of non-infected and
infected-RPTECs at 24 hr p.i. Claudin-10
was stained with an Alexa Fluor
488-labelled antibody (green) and the cell
nuclei were counterstained with TO-
PRO-3 (red). Scale bars: 1 μm for (a)–(c),
25 μm for (d)
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not significantly inhibit the translocation of leptospires to the apical

side, but cell-associated L. interrogans was significantly decreased at

24 hr p.i. (Figure 6d,e; Figures S7a and S8). These results suggested

that although dynasore inhibited E-cad endocytosis, the “off-target
effects” of this inhibitor (Preta, Cronin, & Sheldon, 2015) might induce

increase transcellular leptospiral transmigration and interfere with

L. interrogans–plasma membrane interactions. To strengthen our

hypothesis that E-cad endocytosis is involved in AJC disassembly, we

investigated the effect of Pitstop2, a clathrin inhibitor (Bryant &

Stow, 2004), on L. interrogans-induced AJC disassembly. Furthermore,

we tried to avoid inhibitors “off-target effects” during the initial lepto-

spiral/RPTEC interactions and modified our protocol by adding the

inhibitors at 2 hr post infection. Dynasore and Pitstop2 prevented

TEER decrease and AJC disassembly induced by L. interrogans infec-

tion (Figure 7a–c). The modified protocol showed that, at 6 hr p.i.,

apical leptospiral DNA was significantly increased in dynasore-treated

RPTECs (Figure 7d). On the other hand, apical leptospiral DNA was

significantly decreased in Pitstop2-treated RPTECs at 24 hr post

infection. Pitstop2 did not decrease cell-associated L. interrogans, but

bacterial association to the basal membrane was observed by immu-

nofluorescence at 24 hr p.i. (Figures S9). The presence of occludin at

AJC without E-cad suggested that E-cad endocytosis preceded

occludin displacement from the membrane (Figure 7c, white arrows).

The percentage of RPTECs that showed displacement of E-cad from

the cell membrane was significantly higher than those showed

occludin displacement at 14 hr p.i. (Figure S10).

Collectively, these results suggested that E-cad endocytosis and

F-actin rearrangement induce AJC disassembly to expose cell–cell

junction membrane enabling the transmigration of crawling

L. interrogans through the paracellular route.

F IGURE 5 L. interrogans induces
mislocalisation of scaffold proteins and
rearrangement of F-actin. RPTECs were
infected either with either L. biflexa (bif )
or L. interrogans (int), and then processed
for immunofluorescence,
immunoblotting, cell viability assay or
TUNEL staining. (a) Representative
confocal images showing mislocalisation

of scaffold proteins. ZO-1 was stained
with an Alexa Fluor 488-labelled antibody
(green), cingulin was stained with a Cy-
3-labelled antibody (red); and the cell
nuclei were counterstained with TO-
PRO-3 (blue). Scale bar: 20 μm.
(b) Immunoblotting of the soluble and
insoluble fractions after cell lysis of non-
infected (ni) and L. biflexa- or
L. interrogans-infected cells at 24 hr and
48 hr post infection. β-actin was used as
a loading control. (c) Normalised levels of
cingulin (soluble). (d) Representative
confocal images showing rearrangement
of F-actin. Bacteria were stained with an
Alexa Fluor 488-labelled antibody (green),
F-Actin was stained with rhodamine-
phalloidin (red), and the cell nuclei were
counterstained with TO-PRO-3 (blue).
Scale bar: 10 μm. (e) Cell viability
determined by crystal violet assay.
Cisplatin (cis) was used as a positive
control of cell death induction. (f)
Quantification of TUNEL positive cells
(see also Figure S4). Each bar represents
mean ± SD of three independent
experiments. * p < .05 and ** p < .01
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3 | DISCUSSION

Leptospira interrogans causes a widespread life-threatening infection

called leptospirosis. Several extracellular virulence factors and motility

are associated with its virulence and are essential for traversing tissue

barriers (Picardeau, 2017; Wunder et al., 2016; Xu et al., 2020).

However, the detailed mechanisms of bacterial dissemination across

epithelial cells remain poorly characterised. In this study, we demon-

strated that L. interrogans induces displacement of AJC-associated

transmembrane and scaffold proteins, resulting in AJC disassembly

and opening of the paracellular route for the transmigration of bacte-

ria across RPTECs. Our results indicate that L. interrogans induces AJC

F IGURE 6 The ROCK signalling pathway and clathrin-mediated E-cad endocytosis are involved in AJC disassembly. (a) RPTECs were pre-
treated with Y27632 or H1152 (ROCK inhibitors), dynasore (dynamin inhibitor), or DMSO (as control) from 1 hr before infection; infected with
L. interrogans; and the percentage of cells showing marked AJC disassembly were quantified after occludin immunofluorescence staining at 24 hr
p.i. (see also Figure S5). The percentages are based on counts of at least 200 cells, and the values are presented as the mean ± SD of three
independent experiments. (b) RPTECs were pre-treated and infected as in (a), and monolayer integrity was evaluated by measuring TEER at 24 hr
post infection. (c) Representative confocal images showing the inhibition of AJC disassembly by dynasore pretreatment in L. interrogans-infected
RPTECs. E-cad was stained with an Alexa Fluor 488-labelled antibody, occludin with a Cy-3-labelled antibody, and the cell nuclei were
counterstained with TO-PRO-3 (blue). (d) Quantification of bacterial DNA at the apical side or cell-associated by qPCR after L. interrogans

infection of RPTECs treated with dynasore or DMSO as control. Data are representative of one experiment with three independent Transwells
and are shown as the mean ± SD. (e) Representative confocal images showing cell-associated leptospires at 24 hr p.i. in DMSO or dynasore-
pretreated RPTECs. Occludin was stained with an Alexa Fluor 488-labelled antibody (green), bacteria with a Cy3-labelled anti-Leptospira antibody
(red) and the cell nuclei were counterstained with TO-PRO-3 (blue). Scale bars: 20 μm.**p < .01
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disassembly through several mechanisms. Specifically, we found that

L. interrogans induces shedding of the S-E-cad fragment into the extra-

cellular milieu, ROCK-dependent cytoskeleton rearrangement and

CME of E-cad. Displacement of the E-cad pool from the membrane of

L. interrogans-infected RPTECs alters cell–cell adhesion giving rise to

dynamic changes in adhesion between epithelial cells sufficient to

drive AJC disassembly and extrusion of the adhesion-compromised

cells (Grieve & Rabouille, 2014). Since L. biflexa also induces shedding

of S-E-cad without displacement of the AJC from the membrane, our

results suggest that the levels of E-cad displaced from the cell mem-

brane should be higher than the steady-state levels of E-cad

maintained by the synthesis of new protein and recycling of old pro-

teins (Kowalczyk & Nanes, 2012). Thus, cleavage of E-cad seems to

be counteracted by E-cad turnover in L. biflexa-infected RPTECs, as

the membrane localization of E-cad and TEER in infected cells were

similar to those in non-infected cells. In L. interrogans-infected

RPTECs, E-cad membrane localization and TEER were severely

decreased due to the induction of E-cad endocytosis (Figure 8). The

intracellular food-borne pathogen Listeria monocytogenes also acti-

vates E-cad endocytosis to accelerate bacterial invasion of the intes-

tine (Pentecost, Kumaran, Ghosh, & Amieva, 2010). Thus, our results

show that extracellular bacterial pathogens as well as intracellular

pathogens can induce E-cad endocytosis to disturb cell–cell interac-

tions and disseminate in the host.

Cleavage of E-cad can be induced by exposure to lipopolysaccha-

ride (LPS), pro-inflammatory cytokines, or by host and bacterial prote-

ases. A number of pathogens have reported to secrete bacterial serine

proteases of the HtrA family, which promote the shedding of the S-E-

F IGURE 7 Pitstop2 prevents paracellular
L. interrogans transmigration. (a) RPTECs were
treated with dynasore or Pitstop2 (E-cad
endocytosis inhibitors), or DMSO (as control) from
2 hr p.i. and infected with L. interrogans.
(a) Monolayer integrity was evaluated by
measuring TEER at 24 hr post infection.
(b) RPTECs were treated and infected as in (a) and
the percentage of cells showing marked AJC

disassembly were quantified after
immunofluorescence staining of occludin. The
percentages are based on counts of at least
200 cells, and the values are presented as the
mean ± SD of three independent experiments.
(c) Representative confocal images showing
infected RPTECs. E-cad was stained with an Alexa
Fluor 488-labelled antibody, occludin with a Cy-
3-labelled antibody, and the cell nuclei were
counterstained with TO-PRO-3 (blue). Occludin
localised at membranes where E-cad had been
displaced from the membrane (white arrows).
Scale bar: 20 μm. (d) Quantification of bacterial
DNA at the apical side or cell-associated DNA by
qPCR. Data are shown as the mean of three
independent Transwells and ±SD. *p < .05
and **p < .01
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cad domain, enabling tissue invasion and transmigration (Backert

et al., 2018; Devaux et al., 2019). Leptospira interrogans encodes

Htr-A homologues (Daroz, Fernandes, Teixeira, &

Nascimento, 2020; Satou et al., 2015) that might play a role in E-cad

cleavage. E-cad has been reported as a putative leptospiral receptor

(Eshghi et al., 2019; Kochi et al., 2019), but the binding domain of E-

cad has not been determined, and further studies are needed to

determine the importance of E-cad cleavage for the retrieval of host

cell binding sites. Interestingly, a leucine-rich repeat (LRR) protein

from Leptospira santarosai (LRR20) binds to the NTF of E-cad and

induces the expression of neutrophil gelatinase associated lipocalin

(NGAL) in renal HK2 cells (Hsu et al., 2020). NGAL contributes to

the innate immunity of the host by reducing iron concentration to

limit bacterial growth (Forster et al., 2017). Thus, reducing the

expression of E-cad at cell surface might be a bacterial strategy for

decreasing NGAL expression and evading the host defence

response. Although the role of S-E-cad in L. interrogans infection is

unknown, an E-cad-binding LRR protein (LIC10831) that is secreted

by L. interrogans into the extracellular milieu has been identified, and

it might counteract the biological effects of S-E-cad (Eshghi

et al., 2019). The surface protein internalin A of L. monocytogenes

binds to the NTF of E-cad and shedding of S-E-cad in

L. monocytogenes infected cells was proposed as an innate form of

pathogen defence by acting as a decoy receptor (da Silva Tatley,

Aldwell, Dunbier, & Guilford, 2003).

Previous studies that analysed L. interrogans translocation through

cell monolayers focused on intracellular bacteria and the bacteria that

are released into the medium after translocation and concluded

that bacterial transmigrate through the transcellular pathway

(Barocchi et al., 2002). In agreement with previous studies, we found

that at the early stage of infection (~6 hr p.i.), bacteria transmigrated

through the monolayer without affecting TEER (Barocchi et al., 2002;

Wunder et al., 2016). FIB-SEM tomography of L. interrogans inter-

acting with RPTECs showed that, at 24 hr p.i., a bacterial population

remained extracellularly but in close contact with the plasma mem-

brane of RPTECs. This bacterial population was either adhered to or

crawling on the RPTECs. Leptospires exhibit crawling motility, which

allow them to persistently travel long distances over surfaces and they

remain attached to the plasma membrane of the tubular lumen to

avoid its clearance through the urine in order to establish a kidney

infection. Thus, we believe that not only the release of bacteria into

the medium, but also the leptospiral association with host cell during

and after transmigration are key pathogenic features and warrant

evaluation for understanding L. interrogans pathogenesis.

The AJC spatiotemporally regulates the activation of Rho family

GTPases, and thus the organisation of the cytoskeleton; however,

this equilibrium can be perturbed by mechanical stresses and patho-

logical cues (cytokines and bacterial toxins), leading to AJC disrup-

tion (Citi, Guerrera, Spadaro, & Shah, 2014). The organisation of the

apical actin cytoskeleton in polarized epithelial cells consists of

F IGURE 8 Proposed model of AJC
disassembly by L. interrogans RPTEC infection.
(a) Attachment to and crawling of L. interrogans on
the plasma membrane, (b) cleavage of E-cad,
(c) clathrin-mediated internalisation of E-cad and
(d) ROCK-dependent cytoskeleton rearrangement
act together to disrupt the epithelial cell
monolayer. These events are concomitant with
the displacement of (e) the TJ membrane and

scaffold proteins (occludin, claudin-10, cingulin
and ZO-1) from the membrane. Further (f)
activation of the RhoA/ROCK-signalling pathway,
due to the release of cingulin from the
cytoskeleton and failure to inhibit GEF-H1 at TJs,
or dysregulation of an unidentified pathway might
enhance AJC disassembly
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apical microvillar actin bundles, TJ-linked F-actin, and the circumfer-

ential F-actin belt connected to AJs (Figure 8) (Ivanov, Parkos, &

Nusrat, 2010). Induction of signalling pathways by inflammatory

mediators results in junction disassembly and a consequent decrease

in TEER (Ivanov et al., 2010). Leptospiral LPS, which is involved in

adhesion and crawling, can induce the release of proinflammatory

cytokines in infected cells (Tahara et al., 2018). We found that

L. interrogans induces a ROCK-dependent cytoskeleton

rearrangement and the formation of F-actin-lined vacuoles. Similar

F-actin-lined vacuoles have been previously reported in disruption

of the intestinal epithelial barrier by proinflammatory cytokines and

in kidney epithelial cells that have lost cell polarity (Utech

et al., 2005). Thus, the effect of the host immune response on AJC

integrity and loss of cell polarity warrant further investigation.

Apical-basolateral polarity in epithelial cells is regulated by intrinsic

polarity proteins and signals from the adjacent cells, and a loss of

polarity and microvilli disorganisation might be consequences of

AJC disassembly (Pelaseyed & Bretscher, 2018). A previous study

using a mouse model of infection showed that leptospiral kidney

colonisation altered the organisation of the RPTEC brush border

(Yamaguchi et al., 2018). Here, we found a transcriptional decrease

in myo7b, which encodes a protein that links microvillar actin bun-

dles to the cytoplasmic domain of cadherins for proper localisation

of the intermicrovillar adhesion complex and for microvilli stability

(Weck et al., 2016), suggesting that L. interrogans might disturb the

microvilli structure. The direct binding of leptospiral proteins with

host proteins also needs to be considered, since macromolecular

interactions involving E-cad and microbial factors can lead to

increase endocytosis (Dash, Duraivelan, & Samanta, 2021), potenti-

ate GEFH1-dependent RhoA activation for TJ disruption

(Huber, 2020) and perturb epithelial polarity (Tapia et al., 2017).

In conclusion, the use of an RPTEC/TERT1 cell infection model

to study the pathogenic mechanisms of L. interrogans allowed us

to mimic the paracellular route of leptospiral transmigration

reported previously in in vivo studies and provided an opportunity

to identify and analyse new players in leptospiral pathogenesis.

Our results clearly show that L. interrogans induces AJC disassem-

bly and furthers our understanding of the process of bacterial dis-

semination in the host. Mechanisms of AJC disassembly induced by

enteropathogenic and enterohemorrhagic Escherichia coli include

several integrated pathways, such as actin rearrangement, microtu-

bule network disruption, vesicle traffic disruption and inhibition of

the renewal of TJ proteins (Ugalde-Silva et al., 2016). In

L. interrogans-infected RPTECs, E-cad endocytosis and ROCK-

dependent cytoskeleton rearrangement induce AJC disassembly.

The increase in cingulin in the soluble fraction suggested that cin-

gulin failed to inhibit GEFH-1 at TJs, possibly inducing a RhoA/

ROCK-dependent feed forward loop that further drives F-actin

rearrangement. However, we could not rule out the role of other

Rho regulatory proteins such as p120-catenin which is altered in

L. interrogans- infected RPTECs (Schackmann, Tenhagen, van de

Ven, & Derksen, 2013) (Figure 8). Moreover, the tight interactions

of L. interrogans with the plasma membrane and efficient

propulsion of L. interrogans using back -and forth movements can

facilitate their invasion through AJCs and apply an additional

mechanical force to enhance AJC disassembly (Abe, Kuribayashi,

Takabe, & Nakamura, 2020).

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial strains and culture conditions

Leptospira interrogans serovar Manilae strain UP-MMC-NIID

(Koizumi & Watanabe, 2004) was propagated in 3-week-old specific

pathogen-free C3H/HeJ mice to maintain the virulence. All animal

experiments were performed in accordance with the guidelines for

the care and use of laboratory animals of the University of the

Ryukyus (Okinawa, Japan). Experimental protocols were approved by

the Committee for Animal Experiments at the University of the

Ryukyus (Permit Number: A2018071).

Leptospira interrogans, after no more than three passages, and

L. biflexa serovar Patoc strain Patoc I strains were routinely cultured in

Ellinghausen-McCullough-Johnson-Harris (EMJH) broth at 30�C sta-

tionary. Leptospira interrogans was diluted 20-fold and L. biflexa was

diluted 40-fold in fresh EMJH and cultured for 3 days with shaking at

30�C for cell infection experiments.

4.2 | Cell culture

RPTEC/TERT1 (ATCC® CRL-4031™) cells were grown in Dulbecco's

Modified Eagle Medium/Nutrient Mixture F-12 Ham (DMEM/F-12

Ham; Sigma-Aldrich) supplemented with 5 pM triiodothyronine, 10 ng/ml

recombinant human epidermal growth factor, 3.5 μg/ml ascorbic acid,

5 μg/ml transferrin, 5 μg/ml insulin, 8.65 ng/ml sodium selenite and

100 μg/ml G418. The cells were seeded at a density of 1.3 � 106 cells

per well in polyethylene terephthalate hanging cell culture inserts, with a

pore size of 1 μm (Millipore), in the upper chamber of a six-well plate or a

chamber slide to measure the kinetics of bacterial attachment to the

plasma membrane. Cells were maintained in a humidified incubator at

37�C and 5% CO2 for 7–10 days after reaching confluence to allow

monolayer maturation, and medium was exchanged every 2 days. The

transepithelial electrical resistance (TEER) of the monolayers was mea-

sured using a Millicell-ERS cell resistance indicator (Millipore). After sub-

traction of the value of a cell-free filter (blank), the mean TEER value was

expressed as Ωcm2. The TEER of cells before infection was designated as

the baseline values. The percentage TEER relative to the baseline value

was calculated using the following formula: (TEER of experimental wells/

baseline TEER of experimental wells) � 100%.

4.3 | Cell infection

The cells were infected with leptospires at a multiplicity of infection (-

MOI) of 100 from the basolateral side containing supplement-free
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DMEM/F-12 Ham medium. In the experiments involving the use of

inhibitors, they were added from 1 hr before infection (Figure 6,

Figures S5–S8) or from 2 hr pi (Figure 7, Figure S9). The inhibitors

used were 20 μM Y27632 (Nacalai), 20 μM H1152 (Adipogene),

60 μM dynasore (Sigma-Aldrich), or 7.5 μM Pitstop2 (Sigma-Aldrich).

Cells were then incubated at 37�C and 5% CO2 during infection and

lysed for RNA, DNA or protein extraction or fixed for electron micros-

copy, immunostaining or cell death analysis.

To determine the relative number of gentamicin-protected and

cell-associated bacteria, at 5 hr p.i. infected cells were transfer to a

six-well plate containing pre-warmed DMEM/F-12 Ham medium con-

taining gentamicin (40 μg ml�1) or DMEM/F-12 Ham without antibi-

otic, respectively. Infected RPTECs were lysed with 300 μl of distilled

water at 6 hr or 24 hr p.i., and 100 μl of each lysate were two-fold

diluted with EMJH broth on 96-well plates. The plates were incubated

at 30�C for 1 day or 2 days for L. biflexa and L. interrogans, respec-

tively. The limiting dilution, which showed surviving leptospires, was

determined by dark-field microscope (Nikaido et al., 2019).

4.4 | Electron microscopy (SEM, TEM, and FIB-
SEM tomography)

Infected RPTECs were pre-fixed at 6 and 24 hr p.i. with 2.5% glutaral-

dehyde in phosphate buffer (PB; 0.1 M, pH 7.4), and then were post-

fixed with 1% osmium tetroxide in the same buffer. Specimens were

stained overnight en bloc with a 2% (w/v) uranyl acetate aqueous

solution and embedded in epoxy resin according to standard protocol.

For SEM of a wide-area, semi-thin sections (ca. 250 nm thickness)

were stained with lead citrate solution (Reynolds, 1963) and observed

under a scanning electron microscope (TM3030; Hitachi, Japan) using

the backscattered electron mode, with accelerating voltage at 15 keV.

SEM was carried out in the Research Laboratory Center at the Univer-

sity of the Ryukyus. Images shown were processed by inverting black/

white.

Volume microscopy was performed using a focused ion beam

scanning electron microscope (Helios 650; FEI Company, Eindhoven,

The Netherlands). Milling was performed with a gallium ion beam at

30 kV and 770 pA, and the imaging was done at 1.5 keV, 800 pA,

6,144 � 4,096 pixel frame size, 6 μs dwell time, with 65 Å pixel size,

and 200 Å section thickness (Kizilyaprak, Longo, Daraspe, &

Humbel, 2015). After milling at 52�, the fresh surface was tilted to 90�

and imaged normal to the electron beam (see accompanying video of

Kizilyaprak et al., 2015). The images were aligned with IMOD using

cross-correlation (Kremer, Mastronarde, & McIntosh, 1996) .

For high resolution-TEM, ultra-thin sections (60 nm thick) were

stained with lead citrate solution (Reynolds, 1963) and examined with

a transmission electron microscope (Talos L120C; Thermo Fisher Sci-

entific, Eindhoven, The Netherlands) at 120 keV acceleration voltage,

and images were recorded using a Ceta 2 M16 4 k � 4 k camera

(Thermo Fischer Scientific, Eindhoven, The Netherlands).

4.5 | Adhesion-crawling assay

Swimming, adhering and crawling Leptospira cells were performed as

previously described (Xu et al., 2020). Briefly, RPTECs were observed

using a dark-field microscope (Eclipse-Ci; Nikon, Japan; Objective

lens: Plan 20�/0.40, Plan 40�/0.65, Nikon; Condenser: Dark field

Condenser Oil 1.43–1.20, Nikon) and recorded using a CMOS-camera

(DMK23U021; Imaging Source, Taipei, Taiwan) at 30 frames per sec-

ond. The fractions of adhering, crawling, or swimming cells were mea-

sured using an Image J software (NIH, MD, USA) and VBA macros in

Microsoft Excel. Adhering or crawling cells were distinguished from

swimming cells by a difference in the focus, and adhering cells were

discriminated from crawling cells based on the criteria of both

crawling speed (<1 μm/s) and the slope of the mean square displace-

ment (MSD) versus time double-logarithmic plot (<0.5). The MSD

slopes of diffusive crawling with lower net migration were ~1, as the

directivity of crawling increased, the value got closer to

2 (Xu et al., 2020).

4.6 | Quantitative real-time PCR

One millilitre of the apical culture supernatant or lysed infected

RPTECs were used for DNA extraction as described previously

(Toma & Suzuki, 2020). Two microliters of DNA and 0.5 μM of both

the forward and reverse primers for the lipL32 gene in L. interrogans

as described by Bourhy, Bremont, Zinini, Giry, and Picardeau (2011),

and the 16S rRNA gene in L. biflexa as described by Thibeaux

et al. (2018), were added to a mixture containing Brilliant III SYBR

Green QPCR master mix (Stratagene, Agilent Technologies). The

total number of bacteria was determined using a standard curve

generated by the serial dilution of genomic DNA extracted from in

vitro-cultivated bacteria as described previously (Toma

et al., 2011).

4.7 | RNA sequencing

RNA was isolated from infected RPTECs by using TRIzol and the

RNeasy Mini kit (Qiagen) according to the manufacturer's instruc-

tions. Total RNA was quantified and qualified using the Agilent Tape

Station 2,200 (Agilent Technologies). Sequencing libraries were gen-

erated using the NEBNext® Ultra™ FNA Library Prep Kit for

Illumina® (NEB, USA). Libraries were sequenced on an Illumina

HiSeq platform, and 125 bp/150 bp paired-end reads were gener-

ated. Prior to differential gene expression analysis, for each

sequenced library, the read counts were adjusted by the edgeR pro-

gram package through the scaling normalisation method. Differential

expression analysis was performed using the DEGSeq R package

(1.20.0). The p values were adjusted using the Benjamini and

Hochberg method.
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4.8 | Immunostaining

For the analysis of AJC proteins, RPTECs were fixed in cold-methanol

for 15 min, permeabilized, and blocked with 5% bovine serum albumin

(BSA) and 1% Triton X-100 in Tris-buffered saline (TBS; 50 mM Tris

and 150 mM NaCl [pH 7.4]) for 15 min. For the dual immunostaining

of bacteria and LAMP-1 and F-actin staining, infected cells were fixed

with 2% paraformaldehyde in phosphate-buffered saline for 2 hr, at

4�C and washed twice with TBS. The membrane was detached from

the hanging culture inserts before immunostaining.

Antibodies were diluted in TBS containing 1% BSA and 0.1% Tri-

ton X-100. The primary antibodies were a rabbit polyclonal anti-

L. interrogans diluted (1:500 dilution; kindly provided by Sharon YAM

Villanueva, University of the Philippines), anti-L. biflexa (1:500; Affinity

BioReagents), anti-LAMP1 (1:200; sc-20,011, Santa Cruz), mouse

monoclonal anti-E-cadherin (1:50; sc-8,426, Santa Cruz),

mouse monoclonal anti-acetylated tubulin (1:100; T7451, Sigma-

Aldrich), rabbit monoclonal anti-E-cadherin (1:50; #3195, Cell Signal-

ling), mouse monoclonal anti-occludin (1:50; sc-133,256, Santa Cruz),

rabbit polyclonal anti-claudin-10 (1:50; ab52234 Abcam), rabbit

monoclonal anti-ZO-1 (1:200; #13663, Cell Signalling), mouse mono-

clonal anti-cingulin (1:50; sc-365,264, Santa Cruz), and mouse mono-

clonal anti-p120 catenin (1:50; sc-23,872, Santa Cruz). F-actin was

stained with a 1:1,000 dilution of rhodamine phalloidin (Abcam). Cells

were counterstained with a 1:100 dilution of TO-PRO™-3 (Invitrogen)

to label the DNA. Secondary antibodies, purchased from Jackson

ImmunoResearch, used for immunofluorescence analysis included

anti-rabbit Alexa 488- (1:100; #711–545-152), Cy3- (1:100; #711–

165-152) or Alexa 647–conjugated (1:100, #711–605-152); and anti-

mouse Alexa 488- (1:100; #715–545-151) or Cy3-conjugated (1:100;

#715–165-151). The compiled Z-stack images were acquired on a

Leica TCS-SPE confocal laser-scanning microscope after mounting

with SlowFade™ Diamond Antifade Mountant (Invitrogen) using

LEICA LAS AF acquisition software (Leica Microsystems).

4.9 | Immunoblots

Infected cells were lysed with a mild lysis buffer (20 mM Tris–HCl,

pH 7.4, 150 mM NaCl, 0.1% NP-40 supplemented with a protease

inhibitor cocktail [Roche]) and cell lysates were collected with a cell

scrapper for centrifugation. The supernatant was analysed as the solu-

ble fraction, and the pellet was resuspended in TBS buffer and

analysed as the insoluble fraction. Both fractions were mixed with

Laemmli sample buffer (Laemmli, 1970) and heated for 10 min at

100�C. The insoluble fractions were sonicated for 3 min. Proteins in

the supernatants of infected RPTECs (apical and basal sides) were pre-

cipitated with 10% trichloroacetic acid. The samples were separated

by 7.5% or 10% sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis and further processed for western blotting.

Primary antibodies used for western blotting included rabbit poly-

clonal anti-E-cadherin (1:2,000; sc-7,870, Santa Cruz), mouse monoclo-

nal anti-occludin (1:100; sc-133,256, Santa Cruz), rabbit monoclonal

anti-β-tubulin (1:2,500; #2128, Cell Signalling), mouse monoclonal anti-

cingulin (1:100; sc-365,264, Santa Cruz), and a rabbit polyclonal anti-

β-actin (1:1,000; #4967, Cell Signalling). The secondary antibodies were

a horseradish peroxidase (HRP)-anti-rabbit antibody (1:50,000; #111–

035-144, Jackson ImmunoResearch), HRP-anti-mouse (1:10,000;

#715–005-150, Jackson ImmunoResearch) and m-IgGκ BP-HRP

(1:1,000; sc-516,102, Santa Cruz). Bands were analysed using ImageJ

software and protein levels normalised to a loading control.

4.10 | Cell death analysis

For the crystal violet assay, fixed cells were stained with 0.1% crystal

violet solution. After extensive washing, the dye was eluted and

analysed at 595 nm. The TUNEL assay was performed with the Dead-

End fluorometric TUNEL system (Promega) as recommended by the

manufacturer. Cisplatin (Wako) was used as a positive control.

4.11 | Statistical analysis

Statistical analysis was performed using the unpaired two-tailed Stu-

dent's t tests. Differences were considered significant at p < .05.
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