
Leptospira interrogans Binds to Cadherins
Karen Evangelista1, Ricardo Franco2, Andrew Schwab2, Jenifer Coburn1,2*

1 Graduate Program in Microbiology, Immunology, and Molecular Genetics, Medical College of Wisconsin, Milwaukee, Wisconsin, United States of America, 2 Division of

Infectious Diseases, Department of Medicine, Medical College of Wisconsin, Milwaukee, Wisconsin, United States of America

Abstract

Leptospirosis, caused by pathogenic species of Leptospira, is the most widespread zoonosis and has emerged as a major
public health problem worldwide. The adhesion of pathogenic Leptospira to host cells, and to extracellular matrix (ECM)
components, is likely to be necessary for the ability of leptospires to penetrate, disseminate and persist in mammalian host
tissues. Previous work demonstrated that pathogenic L. interrogans binds to host cells more efficiently than to ECM. Using
two independent screening methods, mass spectrometry and protein arrays, members of the cadherin family were
identified as potential L. interrogans receptors on mammalian host surfaces. We focused our investigation on vascular
endothelial (VE)-cadherin, which is widely expressed on endothelia and is primarily responsible for endothelial cell-cell
adhesion. Monolayers of EA.hy926 and HMEC-1 endothelial cells produce VE-cadherin, bind L. interrogans in vitro, and are
disrupted upon incubation with the bacteria, which may reflect the endothelial damage seen in vivo. Dose-dependent and
saturable binding of L. interrogans to the purified VE-cadherin receptor was demonstrated and pretreatment of purified
receptor or endothelial cells with function-blocking antibody against VE-cadherin significantly inhibited bacterial
attachment. The contribution of VE-cadherin to leptospiral adherence to host endothelial cell surfaces is biologically
significant because VE-cadherin plays an important role in maintaining the barrier properties of the vasculature. Attachment
of L. interrogans to the vasculature via VE-cadherin may result in vascular damage, facilitating the escape of the pathogen
from the bloodstream into different tissues during disseminated infection, and may contribute to the hemorrhagic
manifestations of leptospirosis. This work is first to describe a mammalian cell surface protein as a receptor for L. interrogans.
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Introduction

Leptospirosis is a globally widespread zoonotic infection caused

by spirochetes of the genus Leptospira. The genus contains free-

living non-pathogenic species as well as several species that are

pathogenic for humans and/or animals. The disease in humans

varies from a mild, non-specific, self-limited illness to an acute life-

threatening infection (Weil’s disease) with kidney failure, myocar-

ditis, liver dysfunction, and sometimes pulmonary hemorrhage.

Both domesticated and wild animals can serve as reservoirs from

which humans acquire the disease, either through direct contact

with the animals’ tissue or fluids, or indirectly through contact with

water or mud containing leptospires shed by reservoir animals in

the urine. In addition to the costs to human life and health,

leptospirosis can also lead to livestock and companion animal

losses, potentially leading to adverse impacts on human well-being

on several levels.

Persistently infected reservoir animals harbor the spirochete in

the proximal convoluted tubules of the kidney and chronically

excrete Leptospira through the urine. Leptospira species enter the

body through mucous membranes of the eyes, nose or throat and

via cuts or abrasions in the skin. During clinical disease,

widespread damage to the endothelium may be seen (reviewed

in [1]). It is likely that Leptospira interactions with endothelial and

kidney proximal tubule epithelial cells are critical to the

dissemination and persistence of the organism, but the mecha-

nisms of these interactions remain poorly understood. The

adhesion of Leptospira interrogans to endothelial, fibroblast, kidney

epithelial, and monocyte-macrophage cell lines cultured in vitro has

been demonstrated [2–8]. In most cases, virulent strains bind more

efficiently than avirulent or non-pathogenic (saprophytic) strains

[2,8–11]. The attachment of saprophytic strains such L. biflexa sv.

Patoc to host cell monolayers is considered by many to be non-

specific, as in some systems the bacteria bind inert surfaces like

glass and plastic just as efficiently [2,10]. Even if cell specific

binding by L. biflexa is seen, it is less efficient than that by L.

interrogans. In addition, penetration of MDCK and endothelial cell

layers was also associated with infectious vs. saprophytic Leptospira

[11,12]. The majority of studies on Leptospira adherence, however,

have focused on host proteins found in the plasma or extracellular

matrix (ECM) [3,13–38], not the cell surface receptors that may

allow the bacteria to alter mammalian signaling cascades to their

own benefit. In this work, we focused on identification of

mammalian cell surface proteins that serve as receptors for

Leptospira interrogans.

Materials and Methods

Reagents
The purified proteins tested in this study were superfibronectin

and fibronectin from human plasma (Sigma-Aldrich, St. Louis,

MO); human recombinant vitronectin (Upstate, Lake Placid, NY);
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recombinant VE-cadherin (Human CD-144, cadherin-5), recom-

binant E-cadherin (Human cadherin-1), and recombinant ICAM-

2 (Human CD102) (Bioclone Inc, San Diego, CA); Human

integrins a3b1, a5b1, avb3 and avb5 (Chemicon International,

Temecula, CA), and aIIbb3 (purified in the laboratory as previously

described [39]). We observed that there is some batch-to-batch

variation in the different commercial preparation in L. interrogans

binding, as was the case for B. burgdorferi binding to integrins

(unpublished observations). Cell culture reagents were purchased

from Invitrogen/Life Technologies (Grand Island, NY), other

reagents were purchased from Sigma-Aldrich or Thermo Fisher

Scientific (Waltham, MA).

Bacterial culture
Leptospira interrogans serovar Copenhageni (pathogenic, strain

Fiocruz L1–130) was provided by Dr. David Haake (UCLA, Los

Angeles, CA). This strain was reisolated by infection of hamsters,

and then stored at passage 1 and 2 in liquid nitrogen. Frozen

aliquots were thawed and passaged in liquid Ellinghausen-

McCullough-Johnson-Harris (EMJH) medium [40] supplemented

with rabbit serum and 5-fluorouracil. The bacteria used for the

radioactive binding assays were at low passage (#6 passages from

hamster isolates). This strain has a 50% lethal dose range of 37–

104 in hamsters [12,41,42] and the genome sequence was

previously reported [43]. L. interrogans serovar Canicola (strain

23606, known to be virulent according to the American Type

Culture Collection (ATCC) and L. biflexa serovar Patoc (avirulent;

strain 23582) were obtained from the ATCC (Manassas, VA).

Radiolabeled bacteria were prepared by supplementing the

medium with 35S methionine plus cysteine (PerkinElmer, Boston,

MA) and stored in aliquots at 280uC as previously described [9].

For individual experiments, aliquots of bacteria were thawed,

resuspended in 10 ml of EMJH medium and pelleted for

30 minutes at 2,6836 g. The supernatant was removed and

bacterial pellet was resuspended in Dulbecco’s modified Eagle

medium (DMEM) supplemented with bovine serum albumin

(BSA) to 1%. Motile leptospires were counted by dark-field

microscopy using a Petroff-Hausser counting chamber. The

bacterial suspension was adjusted to 76106/ml and dispensed

50 ml/well in 96-well plates. There is some batch-to-batch

variation in the radiolabeling and binding efficiencies of 35S

labeled leptospires, so data are shown as the % inoculum bound

rather than absolute number of bacteria. All manipulations of

living Leptospira were performed within a biosafety cabinet.

Mammalian cell culture
The human macrovascular endothelial cell line EA.hy926,

provided by Dr. C.-J. Edgell (University of North Carolina,

Chapel Hill, NC) [44], was grown in DMEM with high glucose

supplemented with 10% heat-inactivated fetal bovine serum (FBS)

(Gibco, Grand Island, NY), 1 U/mL penicillin, 1 mg/mL strep-

tomycin, 2 mM L-glutamine, and hypoxanthine-aminopterin-

thymidine (HAT) medium supplement (Sigma-Aldrich) in a

humidified atmosphere of 5% CO2 as previously described [11].

The human microvascular endothelial cell line HMEC-1 [45] was

grown in MCDB 131 medium and supplemented with 15% heat-

inactivated FBS (Hyclone, Logan, UT), 2 mM L-glutamine,

10 ng/ml epidermal growth factor (EGF), 1 mg/ml hydrocortisone

and 25 mM HEPES. The human Caco2BBE intestinal carcinoma

cell line, a kind gift from Dr. Michael Dwinell (Medical College of

Wisconsin), was cultured in DMEM (4 g/L glucose) supplemented

with 10% (v/v) heat-inactivated FBS (Gibco, Grand Island, NY),

2 mM L-glutamine, and 10 mM HEPES (Gibco, Grand Island,

NY). The human epithelial cell lines HEp-2 (laryngeal carcinoma)

and HK-2 (proximal renal tubule) were purchased from the

ATCC. HEp-2 cells were cultured in Eagle’s Minimum Essential

Medium supplemented with 10% FBS while HK-2 cells were

grown in keratinocyte serum-free medium supplemented with

50 mg/ml bovine pituitary extract and 5 ng/ml human recombi-

nant EGF (Gibco, Grand Island, NY). All cell lines were grown in

the presence of 100 U/ml penicillin and 100 mg/ml streptomycin

at 37uC under 5% CO2.

For bacterial adhesion assays, the cells were plated at 50%

confluence in 96 well plates and then incubated for 2 days to reach

confluence. The cells were incubated for an additional 1–2 days at

37uC, 5% CO2 to reach post-confluence, while viability was

maintained. Prior to the addition of radiolabeled leptospires, the

cell layers were washed 36 with 200 ml/well phosphate-buffered

saline, and incubated for one hour in culture medium without

antibiotics.

Bacterial adhesion assays
Purified proteins were diluted to 0.01, 0.03 or 0.1 mM using

sterile HBSC (25 mM HEPES pH 7.6, 150 mM NaCl, 1 mM

MgCl2, 1 mM MnCl2, and 0.25 mM CaCl2) supplemented with

0.01 trypsin inhibitory units/mL (TIU/ml) aprotinin and 1 mM

benzamidine. The proteins were plated on pre-chilled 96-well

Linbro plates (MP Biomedicals, Solon, OH) at 50 ml/well in

quadruplicate along with a HBSC buffer-only control and BSA

(plated at 0.1 mM) controls. The plates were left overnight at 4uC,

then washed with 200 ml/well HBSC and blocked with 1% BSA in

DMEM for 1 hour at 4uC on a rocker. The wells were then

washed with HBSC buffer before adding the bacteria. 35S-labeled

leptospires were added at approximately 3.56105 bacteria/well in

DMEM +1% BSA. In binding saturation assays, 16103–16106

radiolabeled L. interrogans were incubated with wells coated with

0.03 mM receptor. To quantify the inoculated bacteria, the

inoculum suspension was also added to 8 wells on a 96-well

Luma scintillation plate (Packard, Meriden, CT). The Luma plate

was left to dry at room temperature. The assay plate was

centrifuged at 6706 g for 20 minutes and then incubated for

1 hour at 37uC under 5% CO2. Unbound bacteria were then

Author Summary

Leptospirosis is a globally widespread bacterial infection
caused by pathogenic species of the genus Leptospira. The
disease manifestations of leptospirosis range from mild,
non-specific illness to a severe disease that includes multi-
organ failure, widespread damage to blood vessels, and
hemorrhage. Attachment to human or animal cells is likely
to be important to the ability of the bacteria to spread and
to cause disease. In this study, members of the cadherin
family were identified as mammalian cell receptors that
bind Leptospira. Cadherins are cell surface proteins that
function to maintain cell-cell integrity by anchoring
neighboring cells together. Disease-causing L. interrogans,
but not the non-infectious L. biflexa, binds to cells that line
blood vessels and VE-cadherin, the predominant cadherin
found in this cell type. The binding of bacteria was
reduced in the presence of antibodies against VE-cadherin,
supporting the role of this protein in bacterial attachment.
The attachment of L. interrogans to the inner lining of the
vessels via VE-cadherin may result in damage, facilitating
the escape of the pathogen from the bloodstream into
different tissues, and may contribute to the hemorrhagic
manifestations of leptospirosis. This work is first to identify
a mammalian cell surface protein as a receptor for L.
interrogans.
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washed away with 36200 ml/well with HBSC. Sodium dodecyl

sulfate (SDS) 1% in dH2O was added to each well for 10 minutes

to solubilize the bound bacteria. The contents of each well were

transferred to a corresponding well in a Luma plate and left to dry

at room temperature. Bound bacteria were quantified by

scintillation counting in a plate counter (Perkin Elmer Microbeta2

2450 Plate Reader), and the percent inoculum bound determined

for each well in a quadruplicate set by subtracting the no bacteria

background, then dividing by the average of the inoculum well

counts.

For inhibition assays, purified VE-cadherin immobilized on

plates was blocked with 1% BSA in DMEM for 1 hr at room

temperature. Function blocking anti-VE-cadherin antibody clone

BV9 (Abcam, Cambridge, MA) at different concentrations was

added to wells and incubated for 1 hour at 37uC, 5% CO2.

3.56105 radiolabeled L. interrogans resuspended in DMEM

supplemented with 1% BSA was added to each well, and

incubated for 1 hr at 37uC, 5% CO2. The bound bacteria were

determined as described above.

Binding to cell layers was performed using essentially the same

protocol covered earlier. The cell monolayers were infected with

3.56105 or 76105 radiolabeled L. interrogans serovar Copenhageni

which resulted in a multiplicity of infection (MOI) of 10 or 20, as

detailed in the Figure Legends. For competition assays, post-

confluent cell monolayers cultured on 96-well plates were

incubated for 30 minutes at 37uC, 5% CO2 with function blocking

(anti-VE-cadherin clone BV9, Abcam, Cambridge, MA) or control

(purified mouse IgG2a, Chemicon International, Temecula, CA)

antibodies resuspended in phosphate-buffered saline (PBS). 35S L.

interrogans resuspended in PBS instead of DMEM, was added to

monolayers pretreated with antibodies at an MOI = 10. The

integrity of the monolayers was assessed visually prior to the

addition of SDS. Bacterial attachment was assessed as previously

described.

Endothelial cell membrane protein extraction
The human macrovascular endothelial cell line EA.hy926 (#10

passages from the source) was grown to confluence in 10 BD

Falcon T225 tissue culture flasks (Fisher Scientific, Hanover Park,

IL) at 37uC under 5% CO2. The cells were washed with PBS and

lifted from the tissue culture flasks with 10 mM EDTA in PBS.

The cells were pelleted in 2 tubes and collected by centrifugation

at 1686 g for 10 minutes at ambient temperature. The

supernatant was discarded and each pellet was resuspended in

20 mL of HBSC supplemented with 0.01 TIU/ml aprotinin and

1 mM benzamidine. The tubes were centrifuged again at 1686 g

for 10 minutes and the supernatant discarded. The pellets were

each resuspended in 500 mL of HBSC with aprotinin, benzami-

dine, and PMSF (phenylmethane sulfonyl fluoride) to a final

concentration of 1 mM and transferred to a 1.5 mL microfuge

tube. The tubes were then placed in a beaker filled with 95%

ethanol and dry ice. Once the contents had frozen, they were

quickly thawed under running warm water, taking care to keep the

contents cool by constant inversion. The freeze-thaw procedure

was repeated once more, then the lysed cell samples were

centrifuged at 16,1006 g for 5 minutes at 4uC. The supernatant

was completely removed, and the pellet was resuspended in

500 mL of 25 mM octylglucoside in HBSC (HBSCO) with

aprotinin and benzamidine, then rocked gently for 1 hour at

4uC. The tubes were then centrifuged at 16,1006g for 5 minutes

at 4uC and the supernatant containing the soluble proteins was

transferred to 1.5 mL microfuge tubes and stored at 280uC.

Aliquots of each fraction were tested for L. interrogans binding

activity, and the octylglucoside supernatant, containing the

majority of the activity (not shown), was further fractionated.

Extraction with Triton X-100 abolished the ability to bind L.

interrogans (data not shown).

Protein fractionation and LC-MS analysis
A HiTrap DEAE FF 5 mL column (GE Healthcare, Piscat-

away, NJ) was connected to a GE AKTA Explorer 100 FPLC

Protein Purification System with Unicorn 5.2 workstation software

(GE Healthcare) at 4uC. The lines were washed with 5 mL of

dH2O followed by 5 mL of HBSCO. A 500 ml sample of the

EA.hy926 octylglucoside supernatant was then injected onto the

column. HBSCO was run through the column until the UV

absorbance decreased to a steady state, indicating that all the

unbound protein had been washed off. A gradient formed by

HBSCO alone and supplemented with 1 M NaCl was then

allowed to run for 100 min.

Attachment of L. interrogans to the different endothelial

membrane protein fractions was assessed by dilution of samples

of the fractions to 1:10 in HBSC. The diluted fractions were then

plated 50 ml/well in pre-chilled Linbro plates and incubated

overnight at 4uC. After washing and blocking as described earlier,

wells were incubated with 3.56105 radiolabeled L. interrogans for

1 hr at 37uC, 5% CO2. The percentage of inoculated bacteria

bound was determined as described above.

For LC-MS analysis of fractions to which L. interrogans bound,

the fractions with activity were separated by SDS-PAGE [46]

adjacent to neighboring fractions with no binding activity. The

gels were stained with silver, and bands unique to the fractions

with binding activity were excised and destained, then washed and

treated with DTT followed by iodoacetamide. After washing and

drying, the bands were digested with trypsin, and the resultant

peptides were extracted, then analyzed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) using a Surveyor

NanoLC interfaced to an LTQ linear ion trap mass spectrometer

(Thermo Scientific, Waltham, MA). Proteins were identified by

searching the data against the human subset of the Uniprot 54

database using Sequest software (Thermo Scientific). Results of the

database search were filtered with Epitomize then analyzed with

Visualize, open-access software developed at the Medical College

of Wisconsin. Proteins that met the following criteria were

considered confident identifications: minimum peptide probability

of 0.95, minimum protein probability of 0.95, and a minimum

peptide count of 3.

Protein array
Human protein arrays printed on glass slides were obtained

from RayBiotech (Norcross, GA). A blocking solution of HBSC

+1% BSA was added to each well for one hour. The solution was

siphoned off using an ultrafine pipet tip, and then L. interrrogans

serovars Copenhageni or Canicola at 1010 bacteria/mL in

DMEM plus 1% BSA were added. The bacteria were incubated

with the arrays at 37uC for one hour or three hours. The slides

were gently rocked every half hour. At the end of the incubation,

the bacteria were siphoned off gently and the wells were washed

46with HBSC. Bound bacteria were fixed with 3% paraformal-

dehyde in PBS for 30 minutes. The wells were washed 46 with

Tris-buffered saline (TBS; 25 mM Tris pH 7.5, 150 mM NaCl),

then blocked with 16 TBS with 1% BSA. Rabbit anti-LipL32

(generous gift of Dr. David Haake) at 1:10,000 dilution in TBS +
BSA was incubated with the arrays for 1 hour on a rocker at 4uC.

After washing the arrays with TBS, kit-supplied biotinylated anti-

rabbit IgG was incubated for one hour at 4uC. The arrays were

again washed with TBS, then probed with kit-supplied Alexa fluor

555-conjugated streptavidin for one hour at 4uC, per the

Leptospira interrogans Binds to Cadherins
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RayBiotech instructions. After washing 46 with TBS, the slides

were dried by centrifugation in the vertical position for three

minutes at 1,000 rpm and sent to RayBiotech for scanning and

analysis.

Immunoblot analysis
The expression of receptors in various cell lines was determined

by immunoblot analysis. Briefly, post-confluent cell monolayers

were washed with PBS and collected with a cell scraper. The cells

were homogenized in lysis buffer (50 mM HEPES, 150 mM NaCl,

1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100,

1 mg/ml leupeptin, 1 mM benzamidine and 0.01 TIU/ml

aprotinin). Protein concentrations were determined using the

Bradford Protein assay (Bio-Rad, Hercules, CA). Equal amounts of

total cell lysate (15 mg total protein per lane) were resolved by 10%

SDS-PAGE under reducing conditions. The proteins were

transferred onto a polyvinylidene difluoride (PVDF) membrane

(Immobilon, Millipore, Billerica, MA) and blocked with 5% milk

in TBS overnight at 4uC. The membranes were probed with anti-

pan cadherin antibody (polyclonal, dilution 1:250; Invitrogen,

Camarillo, CA), and antibodies against receptors VE-cadherin

(clone BV9, dilution 1:100; Novus, Littleton, CO), E-cadherin

(clone HECD-1, dilution 1:500; Calbiochem, San Diego, CA), N-

cadherin (clone GC-4, dilution 1:200; Sigma-Aldrich, St. Louis,

MO) and ICAM-2 (polyclonal, dilution 1:2,000; R&D Systems,

Minneapolis, MN). Purified proteins were used to verify antibody

reactivity by immunoblot when possible. As a loading control, the

membranes were also probed with anti-GAPDH antibody (clone

14C10, dilution 1:1,000; Cell Signaling Technology, Danvers,

MA). Bound primary antibodies were detected with goat anti-

rabbit, anti-rat or anti-mouse secondary antibodies conjugated to

alkaline phosphatase (AP) (dilution 1:10,000; Promega, Madison,

WI), and visualized by use of the chromogenic substrates 5-bromo-

4-chloro-39-indolyphosphate (BCIP) and nitro-blue tetrazolium

(NBT) (Sigma-Aldrich, St. Louis, MO).

Results

Identification of mammalian cell surface receptors for L.
interrogans

While a number of laboratories have reported that leptospires

bind to cell layers grown in vitro, most investigations have focused

on interactions of these bacteria with serum or extracellular matrix

proteins. To begin to identify mammalian cell surface receptors for

L. interrogans, we used a macrovascular endothelial cell line,

EA.hy926, to which the pathogen L. interrogans serovar Copenha-

geni Fiocruz L1–130 binds efficiently (Figure 1). As previously

reported for this and other cell lines [9], binding to the cells is

considerably more efficient than to the ECM deposited by the

cells. Because our previous work had suggested that L. interrogans

binds chondroitin sulfate proteoglycans and additional, non-

proteoglycan receptors, we set out to identify proteinaceous

receptors for L. interrogans. Extracts of EA.hy926 endothelial cell

membranes were fractionated on a DEAE-sepharose column over

a continuous NaCl gradient, and the fractions tested for the ability

to bind radiolabeled L. interrogans (representative data shown in

Figure 2). Fractions with maximal leptospiral binding activity were

analyzed by gel electrophoresis followed by LC/MS-based

identification of the bands following trypsin digestion. Several

bands were unique to the fractions with L. interrogans binding

activity; we profiled 16 bands that were well-separated in the gels

and reproducible between two independent fractionations of

EA.hy926 cells. There were additional bands that could not be

resolved sufficiently for excision from the gel, regardless of the

percentage of acrylamide in the gels, and therefore were not

analyzed. LC/MS identifications revealed that the active fractions

contained proteins present in adherens junction complexes, i.e.

cadherin family members and associated intracellular proteins

(Table 1). Other components present in these fractions were a

variety of cytokeratins types I and II. These were not considered

relevant for further evaluation as part of this work, as these are

primarily intracellular intermediate filament proteins.

As a second approach to the identification of human cell surface

proteins that could serve as receptors for L. interrogans, we

employed commercially available protein arrays. The arrays

contain 234 different protein targets, as well as both negative

and positive controls for the kit-supplied detection reagents. The

arrays were probed with L. interrogans serovars Copenhageni (strain

Fiocruz L1–130) and Canicola (strain 23606) for 1 or 3 hours as

per our usual protocol for adhesion studies. The results for the 1

and 3 hour incubations were internally consistent. Fluorescence

signals for the 3-hour time point are shown in Figure 3, Table 2

(data are shown after background subtraction), and Table S1, and

support cadherins as substrates for L. interrogans attachment.

Although the mass spectrometry results did not identify VE-

cadherin, immunoblot analysis of the EA.hy926 fractions separat-

ed by DEAE-sepharose chromatography indicate VE-cadherin

was present is some but not all of those with L. interrogans binding

activity (data not shown). Interestingly, however, the array results

also showed high L. interrogans attachment to several of the TNF

receptor superfamily (TNFRsf) members, and to ICAM-1, -2, and

-3. Thus two independent sets of data support the involvement of

cadherins in L. interrogans attachment to endothelial cells.

Additional candidate receptors identified using this approach will

be further evaluated in future work.

Attachment of Leptospira to purified cadherins
To directly test the possibility that cadherins are receptors for L.

interrogans, we tested two purified, commercially available cadher-

ins, VE- and E-cadherin, for L. interrogans binding by immobilizing

the proteins in 96 well plastic dishes and probing with 35S-labeled

Figure 1. Leptospira interrogans binds to EA.hy926 endothelial
cells more efficiently than to ECM. Confluent cell layers were left
intact, or lifted with EDTA to remove all cells from the ECM without
degrading receptors. The cells were pelleted, and both the cells and the
ECM were washed in medium without antibiotics prior to the addition
of 35S-labeled L. interrogans serovar Copenhageni strain Fiocruz L1–130
at an MOI of 10. After 1 hr at 37uC followed by washing, bound bacteria
were quantified. Results are shown as the mean 6 standard error of 112
replicates from multiple experiments. By one way ANOVA followed by
Tukey’s multiple comparison test, binding to lifted cells vs. the intact
layer was not significantly different, but for binding to ECM vs. either
lifted cells or intact layer, P,0.001.
doi:10.1371/journal.pntd.0002672.g001

Leptospira interrogans Binds to Cadherins

PLOS Neglected Tropical Diseases | www.plosntds.org 4 January 2014 | Volume 8 | Issue 1 | e2672



L. interrogans. In parallel, we also tested the non-pathogenic L.

biflexa serovar Patoc, which binds less efficiently to endothelial cells

than does L. interrogans [9,11]. L. interrogans bound significantly

more efficiently than L. biflexa to both VE- and E- cadherins

(Figure 4A), while there was no significant difference between L.

interrogans and L. biflexa attachment to fibronectin.

A number of additional purified cell-surface proteins were also

tested for binding by L. interrogans, including integrins aIIbb3, avb3,

a3b1, and a5b1 (to which B. burgdorferi binds [39,47–49]), and BSA

as a negative control. As shown in Figure 4B, L. interrogans bound

efficiently to both cadherins tested. We also observed a direct

relationship between bacterial attachment and the amount of

purified cadherin added to the plate (Figure 4C). Finally, as

depicted in Figure 4D, increasing numbers of L. interrogans were

incubated with a constant amount of VE-cadherin. Maximal

bacterial adherence was observed when 16104 leptospires were

incubated with 0.03 mM receptor. The dose-dependent and

saturable binding of L. interrogans to VE-cadherin indicates that

the receptor-bacteria interaction is specific. In addition, L.

interrogans bound efficiently to ICAM-2, and to fibronectin, which

was used as a positive control. Attachment to the integrins was

negligible, further demonstrating that L. interrogans-cadherin

interactions are specific.

Figure 2. Representative DEAE-sepharose fractionation of
EA.hy926 endothelial cell membrane extracts to identify
fractions to which L. interrogans bound. Top panel: FPLC system
traces. The red trace denotes absorbance at 254 nm, the blue trace
denotes absorbance at 280 nm, the brown trace denotes conductivity.
Bottom panel: Binding of L. interrogans to fractions shown in the top
panel. The ‘‘extract’’ was the octylglucoside supernatant loaded on to
the column. All fractions were diluted 1:10 in HBSC buffer without
detergent prior to dispensing into the wells. After blocking the wells,
3.56105 35S-labeled pathogenic L. interrogans serovar Copenhageni was
added to wells, and the plate was incubated 1 hour at 37uC, 5% CO2

prior to removal of non-attached bacteria by washing. Buffer with
octylglycoside, without or with NaCl, was used as a control for the start
and end of the NaCl gradient, respectively.
doi:10.1371/journal.pntd.0002672.g002

Table 1. Proteins identified by LC/MS in endothelial
membrane fractions to which L. interrogans bound efficiently.

Protein number of peptides percent coverage

desmoplakin*b 17 6.5

junction plakoglobin*b 7 11.2

annexin A2b 5 16.8

desmoglein-1*# 5 6.5

annexin A1b 4 17.3

actin, cytoplasmic 2 (c-actin)*a 3 10.1

actin, cytoplasmic 1 (b-actin)*a 3 10.1

plakophilin-1b 3 4.4

Data shown are from one of two independent fractionations of EA.hy926 cell
extracts on DEAE-sepharose. Keratin and trypsin fragments present in the
fractions that bound L. interrogans were also found in fractions with no binding
activity, and not considered likely to be biologically relevant, so were eliminated
from further analysis.
*Proteins identified in both independent experiments.
#Protein is expressed on the surface of intact cells.
aCytoskeletal protein.
bAdherens junction adaptor protein.
doi:10.1371/journal.pntd.0002672.t001

Figure 3. L. interrogans serovar Copenhageni Fiocruz L1–130
binds to a specific subset of human proteins in an array. After
incubation with the bacteria, the slides were washed and probed with
anti-Leptospira protein LipL32, then with fluorophore-conjugated
detection reagent. Shown is the human protein array probed with L.
interrogans serovar Copenhageni for 3 hours. The complete data set is
presented in Supplemental Table S1.
doi:10.1371/journal.pntd.0002672.g003
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Expression of cadherins by cell monolayers that bind L.
interrogans

The expression of cadherins in cell monolayers that efficiently bind

Leptospira was assessed by immunoblot analysis. We surveyed a panel

of epithelial and endothelial monolayers, as the ability of pathogenic

Leptospira to bind to EA.hy926 (human macrovascular endothelial),

HMEC-1 (human microvascular endothelial), and HEp-2 (human

laryngeal epithelial) monolayers in culture was previously demon-

strated [9]. Here, we also show that the human intestinal epithelial

cell line Caco2BBE and the human renal proximal tubule cell line

HK-2 are able to bind the pathogen (Figure 5A).

We examined the production of receptors by the different cell

lines that efficiently bound L. interrogans. In Figure 5B, we

demonstrated the expression of cadherins in all cell lines using

an antibody that detects endogenous levels of cadherins (pan-

cadherin; recognizes VE-cadherin, E-cadherin, N-cadherin, P-

cadherin, R-cadherin and T-cadherin). The multiple bands

observed in HMEC-1, HEp-2 and HK-2 cells suggest the presence

of more than one species of cadherin in these cell lines. The band

observed in Caco2BBE cell lysate was smaller in size compared to

the bands observed from the rest of the cell lines. To determine the

expression of specific cadherin receptors, we probed the blots with

antibodies against E-cadherin, VE-cadherin and N-cadherin. VE-

cadherin expression was observed in both endothelial cell lines

examined, but receptor production was more robust in EA.hy926

than HMEC-1 at post-confluence. Among the three epithelial cell

lines observed to bind L. interrogans, Caco2BBE was the only one in

which we were able to detect E-cadherin production. The

,120 kDa band observed migrated at the same size as the band

observed when probed with anti-pan cadherin. N-cadherin, which

is widely expressed in endothelial and epithelial cells, was detected

in all the cell lines probed. We also examined at the expression of

ICAM-2, as both the microarray data and the binding assay result

indicate L. interrogans binds to this cell surface receptor. Of all cell

lines tested, only the macrovascular endothelial cell line EA.hy926

produced ICAM-2.

Anti-VE-cadherin inhibits attachment of L. interrogans
To further assess the interaction of L. interrogans with VE-

cadherin, we determined whether blocking the receptor using

antibodies can inhibit bacterial attachment. Purified receptor

diluted to 0.1 mM and immobilized on 96-well plates was pre-

treated with increasing concentrations of a function-blocking

antibody against VE-cadherin prior to the addition of radiolabeled

L. interrogans. Inhibition of bacterial attachment was observed when

purified receptor was pre-treated with 20 mg/ml anti-VE-cadherin

antibody, resulting in a 40% decrease in L. interrogans binding

(Figure 6A). Pre-treatment of the receptor with an isotype matched

(IgG2a) control antibody at the same concentration had no

significant effect on L. interrogans attachment.

The inhibitory effect of anti-VE-cadherin antibody was also

tested on endothelial cell monolayers EA.hy926 and HMEC-1,

both of which express the VE-cadherin receptor. In several

experiments, the function-blocking antibody against VE-cadherin

did not significantly inhibit L. interrogans attachment to intact

EA.hy926 layers at 100 mg/ml. It should be noted that the

production of VE- cadherin was more robust in this cell line

compared to HMEC-1 cells, and that ICAM-2 is also produced by

Table 2. Binding of L. interrogans to select proteins in the microarray.

Protein L. interrogans sv. Copenhageni L. interrogans sv. Canicola

(signal-background)

TNFR superfamily

TROY 13, 737 8,916

TRAIL R2 9,908 7,048

OPG 9,872 4,669

GITR 8,411 4,058

TRAIL R1 5,958 6,762

NGFR 4,207 3,914

HVEM 3,818 4,786

TRAIL R4 2,797 1,976

CD30 2,313 2,498

CD40 1,183 1,404

Cadherins

P-cadherin 4,166 1,731

VE-cadherin 2,797 1,976

E-cadherin 444 146

ICAMs

ICAM-1 1,109 719

ICAM-3 903 1,247

ICAM-2 214 259

Kit negative control 1 54

Kit positive control 4,726 4,726

Data are shown for the 3 hour time point. The full data set is available online in Table S1.
doi:10.1371/journal.pntd.0002672.t002
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EA.hy926 cells. The higher level of VE-cadherin present in

EA.hy926 cells, in addition to other L. interrogans-receptor

interactions (e.g. with ICAM-2 or proteoglycans) may have

minimized the effects of the single antibody. However, pre-

treatment of post-confluent HMEC-1 monolayers, which do not

produce ICAM-2, for 30 minutes with 100 mg/ml anti-VE-

cadherin antibody resulted in a 50% reduction in L. interrogans

binding (Figure 6B), which was not observed when cells were

incubated with the IgG2a control antibody.

Discussion

For many pathogens, including L. interrogans, adherence to host

cell surfaces is thought of as an initial and important step to

Figure 4. Pathogenic L. interrogans binds to purified cadherins. Panel A: Purified receptors were diluted to 0.1 mM in HBSC buffer and
immobilized in 96 well plates, and non-specific binding sites were blocked. 3.56105 35S-labeled pathogenic L. interrogans serovar Copenhageni or
saprophytic L. biflexa serovar Patoc was added to wells, and the plate was incubated 1 hour at 37uC, 5% CO2 prior to removal of non-attached
bacteria by washing. Bound bacteria were quantified by scintillation counting. Results are shown as the mean 6 standard error of 4 replicate
determinations of the percent inoculum bound; similar results were obtained from 2 independent experiments. Pathogenic Leptospira bind more
efficiently to E-cadherin and VE-cadherin compared to the saprophytic strain (Two-way ANOVA, Bonferroni post-test, P,0.01). Panel B: The purified
proteins shown along the x axis were diluted to 0.1 mM in buffer and immobilized in 96 well plates, and attachment of 35S-labeled L. interrogans
Copenhageni was assessed by methods described for panel A. Binding of L. interrogans to each cadherin was significantly more efficient than to
fibronectin, the positive control (Tukey’s multiple comparison test, P,0.05). Panel C: Purified VE-cadherin and E-cadherin were diluted to 0.01, 0.03
and 0.1 mM in HBSC, immobilized in 96-well plates, and then incubated with 3.56105 radiolabeled bacteria for 1 hr at 37uC, 5% CO2. A dose-
dependent attachment of 35S L. interrogans was observed with increasing concentrations of receptors on the wells. Panel D: Increasing numbers of
bacteria (16103–16106) were incubated with 0.03 mM VE-cadherin or control super fibronectin immobilized on 96 well plates. The bacterial
attachment to VE-cadherin was saturable at 16104 leptospires. The percent inoculum bound for Panels C and D was determined as previously
described in Panel A and results are shown as the mean 6 standard error of 4 replicates. For all panels, bovine serum albumin (BSA) served as
negative control.
doi:10.1371/journal.pntd.0002672.g004
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establish infection. A number of laboratories have previously

published that leptospires bind to cell layers grown in vitro, and

that, in general, the pathogenic strains bind more efficiently than

do non-pathogenic strains [3,4,7,9,11,50,51]. These experiments,

however, did not evaluate binding to the cells vs. to the

extracellular matrix (ECM) deposited by the cells. We previously

established a system to examine Leptospira-host cell vs. ECM

interactions, specifically [9]. For the work reported here, we used a

macrovascular endothelial cell line, EA.hy926 and a microvascular

endothelial cell line, HMEC-1, to which the pathogen L. interrogans

serovar Copenhageni Fiocruz L1–130 binds efficiently. As

previously reported [9], binding to the cells is considerably more

efficient than to ECM deposited by the cells. Using two

independent screening approaches, mass spectrometry and protein

array, we identified members of the cadherin family as possible

surface receptors for L. interrogans. Although the mass spectrometry

results did not directly identify VE-cadherin, immunoblot analysis

indicates that VE-cadherin is present in some but not all fractions

with binding activity (data not shown). Previous work demonstrat-

ing that L. interrogans binds to proteoglycans [9], as well as the

protein array results presented here suggesting that members of

the ICAM and TNFR families are potential mammalian host cell

surface receptors, support the involvement of multiple pathways

mediating L. interrogans interactions with mammalian cells. We

then focused on the cadherins, and went on to demonstrate that

pathogenic L. interrogans binds to cadherins significantly more

efficiently than does L. biflexa. We also showed that the binding of

L. interrogans to VE-cadherin is dose-dependent and saturable, and

that the adherence to purified VE-cadherin and to endothelial cells

is significantly inhibited by a function-blocking antibody.

Our finding that cadherins, and possibly ICAMs, serve as

receptors for pathogenic Leptospira is of interest as other bacterial

pathogens have exploited cell adhesion molecules (CAMs) to

establish tight contact with the host cells [52,53]. CAMs are cell

surface receptors that mediate cell-cell or cell-ECM attachment

and include cadherins, integrins, the immunoglobulin superfamily

of CAMs (IgCAMs) and selectins [54]. Cadherins are a family of

calcium-dependent transmembrane adhesion proteins [55]. Most

cadherins are made up of an extracellular domain that allows cell-

cell interaction typically by homophilic adhesion, and a cytoplas-

mic tail that associates with catenins, forming a link to the

cytoskeleton [56]. The ability of cadherins to hold on to receptors

of another cell while being anchored to cytoplasmic proteins

reflects their fundamental roles in the organization of the

intercellular junctions and maintenance of cell-cell cohesion. A

prominent example of a bacterial pathogen engaging cadherins is

Listeria monocytogenes. This Gram-positive, intracellular pathogen

expresses internalin (InlA), which binds E-cadherin and mediates

adhesion of the bacteria to, and subsequent bacterial internaliza-

tion by, epithelial cells [51,57,58]. Recently, Fardini and

colleagues [59] identified VE-cadherin as the receptor for FadA,

an adhesin in the oral commensal Fusobacterium nucleatum.

We focused our investigation on the role of cadherins,

specifically VE-cadherin and E-cadherin, as these receptors are

widely expressed on endothelial and epithelial cells, respectively.

Both endothelial and epithelial cells represent cell types that are

relevant to Leptospira infection. As shown by western blot, all cell

lines express cadherins when probed with anti-pan cadherin

antibody that recognizes the cytoplasmic tails of the receptors.

Both EA.hy926 and HMEC-1 express VE-cadherin while

Caco2BBE is the only epithelial cell line we examined that

produces E-cadherin. All cell lines tested bind L. interrogans

efficiently, which suggest that in HEp-2 and HK-2 cells, other

species of cadherin or distinct cell surface receptors are involved in

engaging the pathogen.

Direct interaction of pathogenic Leptospira with purified VE-

cadherin and E-cadherin receptors was observed in vitro. While

both the VE-cadherin we purchased and the VE- cadherin spotted

on the array showed activity as receptors for L. interrogans, E-

cadherin in the protein array displayed weaker binding than did

the protein in the 96-well plate format. The differing results may

be due to different specific activities of the protein preparations,

but the relevance of these and all our results will need to be

verified by further experimentation in vivo.

The dose-dependent and saturable binding of L. interrogans to

VE-cadherin demonstrate that the interaction is specific. We also

demonstrated specificity of the interaction between L. interrogans

and VE-cadherin through inhibition of bacterial attachment to

both the purified receptor and an endothelial cell line by

pretreatment with a function-blocking antibody against VE-

cadherin. Although inhibition of Leptospira binding to HMEC-1

cells was apparent, that was not the case for EA.hy926 cells. By

western blot, we observed that VE-cadherin was more abundant in

this cell line compared to HMEC-1, suggesting that more receptor

molecules may be available to interact with the bacteria even in

Figure 5. L. interrogans binds to cell monolayers expressing
cadherins. Panel A: Post-confluent endothelial and epithelial mono-
layers were incubated with 35S labeled L. interrogans serovar
Copenhageni strain Fiocruz L1–130 at an MOI of 20. After 1 hr at
37uC followed by washing, bacteria bound to monolayers were
quantified and expressed as the mean 6 standard error of 8–24
replicates from multiple independent experiments. Panel B: Whole cell
lysates were prepared from post-confluent cell monolayers. The cells
were collected by scraping followed by treatment with lysis buffer.
Fifteen micrograms of the lysate were separated by 10% SDS-PAGE and
transferred to an Immobilon membrane. The membranes were probed
with antibodies against pan-cadherin (dilution 1:250), VE-cadherin
(dilution 1:100), E-cadherin (dilution 1:500), N-cadherin (dilution 1:200),
and ICAM-2 (dilution 1:2,000). A replicate membrane was probed with
anti-GAPDH antibody (dilution 1:1,000) as a loading control. Molecular
sizes of bands were determined by comparing their relative mobilities
against the set of standards. Band sizes correspond with expected sizes
described by antibody manufacturers.
doi:10.1371/journal.pntd.0002672.g005

Leptospira interrogans Binds to Cadherins

PLOS Neglected Tropical Diseases | www.plosntds.org 8 January 2014 | Volume 8 | Issue 1 | e2672



the presence of antibody. EA.hy926 also expresses ICAM-2, and

we showed interaction between the bacteria and purified ICAM-2

in vitro. The contribution of ICAM-2 as Leptospira receptor on

endothelial cells needs to be further evaluated in future work, but it

is of interest because it is a well-known ligand for the leukocyte

integrin lymphocyte function-associated antigen-1 (LFA-1) on

endothelial surfaces [60]. ICAM-2, along with other adhesion

molecules E-selectin and VCAM, has been shown to be highly

expressed in lungs of patients that succumbed to leptospirosis [61],

and is thought to participate in recruitment of inflammatory cells

and release of effectors at the infected site [62].

We were not able to reduce L. interrogans binding to Caco2BBE

cells with anti-E-cadherin antibodies. This may either be due to

the robust expression of the receptor or additional L. interrogans-

receptor interactions may minimize the effects of a single antibody,

consistent with the similar results obtained using the anti-VE-

cadherin antibody in EA.hy926 cells. We have observed that L.

interrogans attachment can be inhibited by glycosaminoglycan

(GAG) inhibitor 4-Nitrophenyl b-D-xylopyranoside (b-xyloside)

but not by its analog 4-Nitrophenyl a-D-galactopyranoside (a-

galactoside) (data not shown), implicating the role of proteoglycans

in bacterial binding to Caco2BBE cells. An additional possibility is

that the L. interrogans ligand(s) for cadherins may bind to the

receptors with higher affinity than do the antibodies tested. It is

also possible that multivalent interactions allowed by a bacterial

ligand with a host receptor result in a very stable attachment.

The mechanisms involved in Leptospira pathogenesis are not well

elucidated, but it is known that the bacteria have the ability to

disseminate within the host during early stages of infection [40]. L.

interrogans is an extracellular pathogen with no known specialized

secretion systems, but a susceptible host may carry heavy bacterial

burdens in the bloodstream (at least transiently) and in several

organs. It is thought that bacterial dissemination is enhanced by

the ability of the bacteria to disrupt endothelial layers. By transwell

migration assay, our group previously demonstrated that patho-

genic L. interrogans but not the saprophytic L. biflexa caused

disruption of the endothelial monolayer resulting in increased

transmigration of bacteria [11]. This corresponds to the

widespread endothelial damage with increased vascular perme-

ability observed in leptospirosis patients [63]. As an endothelial

junctional protein, VE-cadherin plays a major role in maintaining

the barrier properties of the vasculature [64,65]. It is tempting to

speculate that VE-cadherin plays a critical role for the L. interrogans

to attach to the vasculature, resulting in endothelial damage and

facilitating the escape of the pathogen from the bloodstream into

different tissues during disseminated infection. We hypothesize

that disruption in cell-cell interaction upon L. interrogans adherence

to endothelium may be due to attachment to VE-cadherin.

Bacterial attachment to the receptor may disrupt homophilic

receptor interactions, and/or render VE-cadherin more suscepti-

ble to enzymatic lysis leading to loss of cell-cell contact. Another

possibility is that the interaction of L. interrogans with VE-cadherin

initiates signaling pathways that ultimately result in loss of

endothelial integrity. This maybe the case for F. nucleatum, as its

binding to human umbilical vein cells (HUVECs) results in

translocation of VE-cadherin away from the adherens junction

complexes leading to endothelial permeability. This allows the

passage of the F. nucleatum, and enables other bacterial pathogens

such as E. coli to cross the endothelium [59].

L. monocytogenes attachment to E-cadherin leads to bacterial

uptake by the epithelial cells [51,57,66]. In contrast, there is no

evidence in the literature that L. interrogans primarily resides in

animal cells during infection. Barocchi and colleagues [12]

proposed that in epithelial cells, pathogenic Leptospira might be

invasive but not intracellular. The bacteria can rapidly translocate

through cell layers facilitating rapid dissemination. Whether the

initial interaction of the bacteria with host cells through cadherins

plays a role in this process needs to be investigated further.

However, Barocchi and colleagues [12] did not observe the gross

disruption of the cell layers that our group previously observed

with endothelial cell layers incubated with pathogenic Leptospira

[11]. We postulate that the binding of L. interrogans to host cells

through receptors such as cadherins does not lead to intracellular

invasion, but instead, in endothelial cells, activates a signaling

cascade that results in cytoskeleton rearrangement or receptor

recycling. Both of these events can lead to a loss in endothelial

integrity, which corresponds to the endothelial disruption observed

in vitro and to hemorrhagic events of leptospirosis that occur in vivo.

Our finding that L. interrogans attaches better to cadherins than

does the L. biflexa is consistent with previous data showing that

Figure 6. Anti-VE-cadherin inhibits L. interrogans attachment to the receptor. Purified VE-cadherin coated on a Linbro plate at 0.1 mM (Panel
A) or a post-confluent endothelial cell HMEC-1 monolayer (Panel B) was pretreated with function-blocking anti-VE-cadherin or control antibody IgG2a
prior to the addition of 3.56105 35S-labeled L. interrogans Copenhageni Fiocruz L1–130. After 1 hour incubation with L. interrogans at 37uC, 5% CO2,
the unbound bacteria were removed by washing while the bound bacteria were quantified by scintillation counting. The results are expressed as
bacterial attachment relative to untreated wells (without antibody) which was set at 1.0, and are shown as mean 6 standard error of 8–24 replicates
from multiple independent experiments. A significant decrease in the attachment of L. interrogans was observed when purified receptor was blocked
with 20 mg/ml anti-VE-cadherin and when the HMEC-1 monolayer was pretreated with 100 mg/ml anti-VE-cadherin, but no significant differences
were seen with the control IgG2a (Tukey’s multiple comparison test, P,0.001).
doi:10.1371/journal.pntd.0002672.g006
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pathogenic strains of Leptospira bind epithelial and endothelial cells

more efficiently than saprophytic strains [2,5,6,9,11]. Several

studies also demonstrated that L. biflexa adheres well to inert

surfaces such as glass and plastic [8,10,67]. Ballard and coworkers

[2] suggested that the attachment of L. biflexa to hosts is non-

specific i.e. that the mechanisms by which the saprophytes bind to

inert surfaces contribute to the ability of the bacteria to attach to

purified receptors and to cells in vitro. In contrast, pathogenic L.

interrogans attachment to endothelial cells in vitro results in the

disruption of the monolayer [11]. We propose that L. interrogans

recognizes specific receptors on the host cells, e.g. VE-cadherin,

resulting in a signaling cascade leading to loss of endothelial

integrity. This possibility will be further investigated in future

work.

The role of N-cadherin as a substrate for L. interrogans

attachment also needs to be explored, as this receptor is produced

by both epithelial and endothelial cells, as well as other cell types.

Although N-cadherin is co-expressed with VE-cadherin in the

endothelia, VE-cadherin is typically located at the intercellular

junctions while N-cadherin is largely distributed across the cell

surface [68]. N-cadherin is also the predominant cadherin in the

renal proximal tubules but is not expressed in other nephron

segments [69]. Cadherins may therefore be relevant to L. interrogans

attachment to the vasculature and to proximal tubules of the

kidney, the site of persistent colonization, in vivo.

In summary, the study reported here demonstrates the role of

VE-cadherin as a receptor of pathogenic L. interrogans in

endothelial cells. As a major determinant for maintenance and

control of endothelial cell contacts, we hypothesize that VE-

cadherin interaction with the pathogen activates signaling pathway

leading to loss of vascular integrity, facilitating bacterial dissem-

ination. The specific bacterial adhesin(s) that mediate(s) this

interaction warrant(s) identification. Understanding the mamma-

lian receptor-bacterial ligand interactions can lead to development

of vaccines targeting bacterial proteins involved during early stages

of infection. The cadherins, are the first cell surface proteins

identified as receptors for L. interrogans. In addition, the ICAMs,

TNFRsf members and other proteins identified in the array

warrant further investigation to assess their biological significance.

Supporting Information

Table S1 Complete data set of the human protein
arrays probed with L. interrogans serovar Copenhageni
and L. interrogans serovar Canicola. Shown are the

fluorescence signals (after background subtraction) for the 1 and

3-hour time points. The array coordinates are available from

RayBiotech (http://www.raybiotech.com/raybio-human-protein-

array-1-2.html’’).

(DOCX)

Acknowledgments

We thank Dr. Dara Frank and her laboratory for instruction on and use of

their FPLC system, Dr. Michael Kron for use of the plate scintillation

counter, Dr. David Haake for L. interrogans serovar Copenhageni strain

Fiocruz L1–130 and for anti-LipL32, and the staff at RayBiotech as well as

the Mass Spectrometry Facility in the Innovation Center of the Medical

College of Wisconsin for their help and suggestions. Liquid chromatog-

raphy-tandem mass spectrometry services were provided by the Medical

College of Wisconsin’s Biotechnology and Bioengineering Center Mass

Spectrometry Service Facility.

Author Contributions

Conceived and designed the experiments: KE JC. Performed the

experiments: KE RF AS. Analyzed the data: KE JC. Contributed

reagents/materials/analysis tools: KE RF JC. Wrote the paper: KE RF JC.

References

1. Adler B, de la Pena Moctezuma A (2010) Leptospira and leptospirosis. Vetrinary

Microbiology 140: 287–296.

2. Ballard SA, Williamson M, Adler B, Vinh T, Faine S (1986) Interactions of

virulent and avirulent leptospires with primary cultures of renal epithelial cells.

J Med Microbiol 21: 59–67.

3. Ito T, Yanagawa R (1987) Leptospiral attachment to extracellular matrix of

mouse fibroblast (L929) cells. Vet Microbiol 15: 89–96.

4. Merien F, Baranton G, Perolat P (1997) Invasion of Vero cells and induction of

apoptosis in macrophages by pathogenic Leptospira interrogans are correlated with

virulence. Infect Immun 65: 729–738.

5. Merien F, Truccolo J, Rougier Y, Baranton G, Perolat P (1998) In vivo apoptosis

of hepatocytes in guinea pigs infected with Leptospira interrogans serovar

icterohaemorrhagiae. FEMS Microbiol Lett 169: 95–102.

6. Thomas DD, Higbie LM (1990) In vitro association of leptospires with host cells.

Infect Immun 58: 581–585.

7. Tsuchimoto M, Niikura M, Ono E, Kida H, Yanagawa R (1984) Leptospiral

attachment to cultured cells. Zentralbl Bakteriol Mikrobiol Hyg A 258: 268–274.

8. Vinh T, Faine S, Adler B (1984) Adhesion of leptospires to mouse fibroblasts

(L929) and its enhancement by specific antibody. J Med Microbiol 18: 73–

85.

9. Breiner DD, Fahey M, Salvador R, Novakova J, Coburn J (2009) Leptospira

interrogans binds to human cell surface receptors including proteoglycans. Infect

Immun 77: 5528–5536.

10. Kefford B, Marshall KC (1984) Adhesion of Leptospira at a solid-liquid interface:

a model. Arch Microbiol 138: 84–88.

11. Martinez-Lopez DG, Fahey M, Coburn J (2010) Responses of human

endothelial cells to pathogenic and non-pathogenic Leptospira species. PLoS Negl

Trop Dis 4: e918.

12. Barocchi MA, Ko AI, Reis MG, McDonald KL, Riley LW (2002) Rapid

translocation of polarized MDCK cell monolayers by Leptospira interrogans, an

invasive but nonintracellular pathogen. Infect Immun 70: 6926–6932.

13. Atzingen MV, Barbosa AS, De Brito T, Vasconcellos SA, de Morais ZM, et al.

(2008) Lsa21, a novel leptospiral protein binding adhesive matrix molecules and

present during human infection. BMC Microbiol 8: 70.

14. Barbosa AS, Abreu PA, Neves FO, Atzingen MV, Watanabe MM, et al. (2006)

A newly identified leptospiral adhesin mediates attachment to laminin. Infect

Immun 74: 6356–6364.

15. Domingos RF, Vieira ML, Romero EC, Goncales AP, de Morais ZM, et al.

(2012) Features of two proteins of Leptospira interrogans with potential role in host-

pathogen interactions. BMC Microbiol 12: 50.

16. Pinne M, Matsunaga J, Haake DA (2012) A novel approach to identification of

host ligand-binding proteins: leptospiral outer-membrane protein microarray.

J Bacteriol 194: 6074–87.

17. Atzingen MV, Gomez RM, Schattner M, Pretre G, Goncales AP, et al. (2009)

Lp95, a novel leptospiral protein that binds extracellular matrix components and

activates E-selectin on endothelial cells. J Infect 59: 264–276.

18. Carvalho E, Barbosa AS, Gomez RM, Cianciarullo AM, Hauk P, et al. (2009)

Leptospiral TlyC is an extracellular matrix-binding protein and does not present

hemolysin activity. FEBS Lett 583: 1381–1385.

19. Castiblanco-Valencia MM, Fraga TR, Silva LB, Monaris D, Abreu PA, et al.

(2012) Leptospiral immunoglobulin-like proteins interact with human comple-

ment regulators factor H, FHL-1, FHR-1, and C4BP. J Infect Dis 205: 995–

1004.

20. Ching AT, Favaro RD, Lima SS, Chaves AD, de Lima MA, et al. (2012)

Lepstospira interrogans shotgun phage display identified LigB as a heparin-binding

protein. Biochem Biophys Res Commun 427: 774–9.

21. Chirathaworn C, Patarakul K, Saksit V, Poovorawan Y (2007) Binding of

Leptospira to extracellular matrix proteins. J Med Assoc Thai 90: 2136–2142.

22. Choy HA (2012) Multiple activities of LigB potentiate virulence of Leptospira

interrogans: inhibition of alternative and classical pathways of complement. PLoS

ONE 7: e41566.

23. Choy HA, Kelley MM, Chen TL, Moller AK, Matsunaga J, et al. (2007)

Physiological osmotic induction of Leptospira interrogans adhesion: LigA and LigB

bind extracellular matrix proteins and fibrinogen. Infect Immun 75: 2441–2450.

24. Fernandes LG, Vieira ML, Kirchgatter K, Alves IJ, de Morais ZM, et al. (2012)

OmpL1 is an extracellular matrix- and plasminogen- interacting protein of

Leptospira spp. Infect Immun 80: 3679–92.

25. Figueira CP, Croda J, Choy HA, Haake DA, Reis MG, et al. (2011)

Heterologous expression of pathogen-specific genes LigA and LigB in the

saprophyte Leptospira biflexa confers enhanced adhesion to cultured cells and

fibronectin. BMC Microbiol 11: 129.

26. Hoke DE, Egan S, Cullen PA, Adler B (2008) LipL32 is an extracellular matrix-

interacting protein of Leptospira spp. and Pseudoalteromonas tunicata. Infect Immun

76: 2063–2069.

Leptospira interrogans Binds to Cadherins

PLOS Neglected Tropical Diseases | www.plosntds.org 10 January 2014 | Volume 8 | Issue 1 | e2672



27. Ito T, Yanagawa R (1987) Leptospiral attachment to four structural components

of extracellular matrix. Nippon Juigaku Zasshi 49: 875–882.

28. Lin YP, Lee DW, McDonough SP, Nicholson LK, Sharma Y, et al. (2009)
Repeated domains of Leptospira immunoglobulin-like proteins interact with

elastin and tropoelastin. J Biol Chem 284: 19380–19391.

29. Lin YP, McDonough SP, Sharma Y, Chang YF (2010) The terminal
immunoglobulin-like repeats of LigA and LigB of Leptospira enhance their

binding to gelatin binding domain of fibronectin and host cells. PLoS ONE 5:

e11301.

30. Longhi MT, Oliveira TR, Romero EC, Goncales AP, de Morais ZM, et al.
(2009) A newly identified protein of Leptospira interrogans mediates binding to

laminin. J Med Microbiol 58: 1275–1282.

31. Matsunaga J, Medeiros MA, Sanchez Y, Werneid KF, Ko AI (2007) Osmotic

regulation of expression of two extracellular matrix-binding proteins and a
haemolysin of Leptospira interrogans: differential effects on LigA and Sph2

extracellular release. Microbiology 153: 3390–3398.

32. Mendes RS, Von Atzingen M, de Morais ZM, Goncales AP, Serrano SM, et al.
(2011) The novel leptospiral surface adhesin Lsa20 binds laminin and human

plasminogen and is probably expressed during infection. Infect Immun 79:

4657–4667.

33. Oliveira TR, Longhi MT, Goncales AP, de Morais ZM, Vasconcellos SA, et al.
(2010) LipL53, a temperature regulated protein from Leptospira interrogans that

binds to extracellular matrix molecules. Microbes Infect 12: 207–217.

34. Souza NM, Vieira ML, Alves IJ, de Morais ZM, Vasconcellos SA, et al. (2012)
Lsa30, a novel adhesin of Leptospira interrogans binds human plasminogen and the

complement regulator C4bp. Microb Pathog 53: 125–134.

35. Stevenson B, Choy HA, Pinne M, Rotondi ML, Miller MC, et al. (2007)

Leptospira interrogans endostatin-like outer membrane proteins bind host
fibronectin, laminin and regulators of complement. PLoS ONE 2: e1188.

36. Verma A, Brissette CA, Bowman AA, Shah ST, Zipfel PF, et al. (2010)

Leptospiral endostatin-like protein A is a bacterial cell surface receptor for
human plasminogen. Infect Immun 78: 2053–2059.

37. Vieira ML, Atzingen MV, Oliveira TR, Oliveira R, Andrade DM, et al. (2010)

In vitro identification of novel plasminogen-binding receptors of the pathogen

Leptospira interrogans. PLoS ONE 5: e11259.

38. Vieira ML, Vasconcellos SA, Goncales AP, de Morais ZM, Nascimento AL

(2009) Plasminogen acquisition and activation at the surface of Leptospira species

lead to fibronectin degradation. Infect Immun 77: 4092–4101.

39. Coburn J, Leong J, Erban J (1993) Integrin aIIbb3 mediates binding of the Lyme

disease agent, Borrelia burgdorferi, to human platelets. Proc Natl Acad Sci USA 90:

7058–7063.

40. Faine S, Adler B., Bolin C., and Perolat P. (1999) Leptospira and Leptospirosis.

Melbourne, Australia: MedSci.

41. Matsunaga J, Barocchi MA, Croda J, Young TA, Sanchez Y, et al. (2003)

Pathogenic Leptospira species express surface-exposed proteins belonging to the
bacterial immunoglobulin superfamily. Mol Microbiol 49: 929–945.

42. Silva EF, Santos CS, Athanazio DA, Seyffert N, Seixas FK, et al. (2008)

Characterization of virulence of Leptospira isolates in a hamster model. Vaccine
26: 3892–3896.

43. Nascimento AL, Ko AI, Martins EA, Monteiro-Vitorello CB, Ho PL, et al.

(2004) Comparative genomics of two Leptospira interrogans serovars reveals novel

insights into physiology and pathogenesis. J Bacteriol 186: 2164–2172.

44. Edgell CJ, McDonald CC, Graham JB (1983) Permanent cell line expressing

human factor VIII-related antigen established by hybridization. Proceedings of

the National Academy of Sciences of the United States of America 80: 3734–
3737.

45. Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, et al. (1992)

HMEC-1: establishment of an immortalized human microvascular endothelial

cell line. J Invest Dermatol 99: 683–690.

46. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature 227: 680–685.

47. Behera AK, Durand E, Cugini C, Antonara S, Bourassa L, et al. (2008) Borrelia

burgdorferi BBB07 interaction with integrin a3b1 stimulates production of pro-
inflammatory mediators in primary human chondrocytes. Cell Microbiol 10:

320–331.

48. Coburn J, Barthold SW, Leong JM (1994) Diverse Lyme disease spirochetes
bind integrin aIIbb3 on human platelets. Infect Immunity 62: 5559–5567.

49. Coburn J, Magoun L, Bodary SC, Leong JM (1998) Integrins avb3 and a5b1

mediate attachment of lyme disease spirochetes to human cells. Infect Immun

66: 1946–1952.

50. Ito T, Yanagawa R (1987) Attachment of antigenic variants of Leptospira to
mouse fibroblasts resisting inhibitory effect of anti-parent antiserum. Jpn J Vet

Res 35: 251–261.
51. Bonazzi M, Lecuit M, Cossart P (2009) Listeria monocytogenes internalin and E-

cadherin: from bench to bedside. Cold Spring Harb Perspect Biol 1: a003087.
52. Boyle EC, Finlay BB (2003) Bacterial pathogenesis: exploiting cellular

adherence. Curr Opin Cell Biol 15: 633–639.

53. Hauck CR (2002) Cell adhesion receptors - signaling capacity and exploitation
by bacterial pathogens. Med Microbiol Immunol 191: 55–62.

54. Juliano RL (2002) Signal transduction by cell adhesion receptors and the
cytoskeleton: functions of integrins, cadherins, selectins, and immunoglobulin-

superfamily members. Annu Rev Pharmacol Toxicol 42: 283–323.

55. Hyafil F, Babinet C, Jacob F (1981) Cell-cell interactions in early embryogenesis:
a molecular approach to the role of calcium. Cell 26: 447–454.

56. Niessen CM, Leckband D, Yap AS (2011) Tissue organization by cadherin
adhesion molecules: dynamic molecular and cellular mechanisms of morpho-

genetic regulation. Physiol Rev 91: 691–731.
57. Lecuit M, Ohayon H, Braun L, Mengaud J, Cossart P (1997) Internalin of

Listeria monocytogenes with an intact leucine-rich repeat region is sufficient to

promote internalization. Infect Immun 65: 5309–5319.
58. Mengaud J, Ohayon H, Gounon P, Mege RM, Cossart P (1996) E-cadherin is

the receptor for internalin, a surface protein required for entry of L. monocytogenes

into epithelial cells. Cell 84: 923–932.

59. Fardini Y, Wang X, Temoin S, Nithianantham S, Lee D, et al. (2011)

Fusobacterium nucleatum adhesin FadA binds vascular endothelial cadherin and
alters endothelial integrity. Mol Microbiol 82: 1468–1480.

60. Staunton DE, Dustin ML, Springer TA (1989) Functional cloning of ICAM-2, a
cell adhesion ligand for LFA-1 homologous to ICAM-1. Nature 339: 61–64.

61. Del Carlo Bernardi F, Ctenas B, da Silva LF, Nicodemo AC, Saldiva PH, et al.
(2012) Immune receptors and adhesion molecules in human pulmonary

leptospirosis. Hum Pathol 43: 1601–1610.

62. Kerr JR (1999) Cell adhesion molecules in the pathogenesis of and host defence
against microbial infection. Mol Pathol 52: 220–230.

63. Medeiros Fda R, Spichler A, Athanazio DA (2010) Leptospirosis-associated
disturbances of blood vessels, lungs and hemostasis. Acta Trop 115: 155–162.

64. Dejana E, Orsenigo F, Lampugnani MG (2008) The role of adherens junctions

and VE-cadherin in the control of vascular permeability. J Cell Sci 121: 2115–
2122.

65. Vestweber D (2008) VE-cadherin: the major endothelial adhesion molecule
controlling cellular junctions and blood vessel formation. Arterioscler Thromb

Vasc Biol 28: 223–232.
66. Mengaud J, Lecuit M, Lebrun M, Nato F, Mazie JC, et al. (1996) Antibodies to

the leucine-rich repeat region of internalin block entry of Listeria monocytogenes into

cells expressing E-cadherin. Infect Immun 64: 5430–5433.
67. Kefford B, Marshall KC (1986) The role of bacterial surface and substratum

hydrophobicity in adhesion of Leptospira biflexa serovar Patoc 1 to inert surfaces.
Microb Ecol 12: 315–322.

68. Navarro P, Ruco L, Dejana E (1998) Differential localization of VE- and N-

cadherins in human endothelial cells: VE-cadherin competes with N-cadherin
for junctional localization. J Cell Biol 140: 1475–1484.

69. Prozialeck WC, Lamar PC, Appelt DM (2004) Differential expression of E-
cadherin, N-cadherin and beta-catenin in proximal and distal segments of the rat

nephron. BMC Physiol 4: 10.

Leptospira interrogans Binds to Cadherins

PLOS Neglected Tropical Diseases | www.plosntds.org 11 January 2014 | Volume 8 | Issue 1 | e2672


