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a b s t r a c t

Extracellular form of Francisella is able to cross various cell barriers and invade multiple organs, such as
skin, liver, lung and central nervous system. Transient adhesion of Francisella to endothelial cells may
trigger the process of translocation. In this report, we showed that Francisella tularensis subsp. holarctica
(Fth) is able to adhere to the endothelial cells, while ICAM-1 may serve as an adhesion molecule for Fth.
Pull down and affinity ligand binding assays indicated that the PilE4 could be the probable ligand for
ICAM-1. Further deciphering of this ligand:receptor interaction revealed that PilE4 interacts with Ig-like
C2-type 1 domain of ICAM-1. To corroborate the role of PilE4 and ICAM-1 interaction in adhesion of
extracellular form of Fth to endothelial cells, ICAM-1 was blocked with monoclonal anti-ICAM-1 antibody
prior to the incubation with Fth and numbers of adherent bacteria were counted. Blocking of the ICAM-1
significantly reduced (500efold, P < 0.05) number of adherent Fth compared to unblocked cells.
PilE4:ICAM-1 interaction unfolded here may provide a new perspective on molecules involved in the
adhesion of extracellular form of Francisella to endothelial cells and probably its translocation across
endothelial barriers.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Francisella tularensis, a causative agent of tularemia, is highly
infectious Gram-negative facultative intracellular coccobacillus. It
has been detected in more than 250 host species, including human.
F. tularensis subsp. tularensis can cause severe infection and can be
fatal if left untreated. It is to be noted that Francisella can readily
disseminate into various organs and sporadically invade the CNS.
The presence of F. tularensis subsp. holarctica (Fth) in the brain
tissues has been reported previously [1e3]. Pathogens exploit
several strategies to cross the endothelial barrier in the micro-
valsculature and disseminate into various organs. They use three
icrobiology and Immunology,
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ice, Slovakia.
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major routes to cross the endothelial barrier: 1. transcellular, 2.
paracellular, and 3. so-called Trojan horse mechanism (by means of
infected phagocytes) [4,5]. Extracellular pathogens translocate the
barrier via transcellular or paracellular routes that involve series of
events like transient tethering-type associations of pathogen to
endothelial cells, short-term dragging interactions and a stationary
adhesion. These interactions evoke signalling events in endothelial
cells, which may lead to the remodulation of cytoskeleton and may
facilitate a passage for extracellular microorganisms to cross the
barrier [5,6].

Francisella prefers intracellular environment, however its sig-
nificant extracellular phase has been documented in experimen-
tally infected mice [7]. In majority of the infected mice, Francisella
recovered from the blood was in plasma rather than leukocytes.
Authors found this distribution irrespective of size and route of
inoculum, time after inoculation or virulence of the infecting strain
[7]. It was also demonstrated that extracellular Francisella readily
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adheres to the endothelial and epithelial cells [8e10]. Hitherto,
molecular mechanisms underlying adhesion of Francisella to the
endothelial cells and its translocation across the endothelial barrier
are not fully studied.

Bacterial adhesion to the endothelial cells is usually regarded as
a two-step process: 1) initial adhesion (pilus mediated) and 2)
intimate adhesion (involves other bacterial and cellular structures)
[11]. Many pathogens have evolved diverse surface structures to
interact with host cells. Among them, filamentous pili-like struc-
tures have been documented previously on the surface of Vibrio
cholerae, Pseudomonas aeruginosa, Helicobacter pylori, E. coli, and F.
tularensis [12,13]. Although, the function of type IV pili subunits of
F. tularensis are still unclear, there is evidence that expression of PilT
and PilF is necessary for higher virulence of LVS [14].

In the present study, we assessed ability of F. tularensis subsp.
holarctica (Fth) to cross the endothelial barrier in vivo and in vitro.
Then we set out to assess an ability of Fth to adhere to the endo-
thelial cells. We also aimed to identify the receptor and ligand
involved in the adhesion. Overall experiments revealed that 1. Fth
can cross the endothelial barrier in vivo; 2. It can also cross the
endothelial barrier in vitro in the absence of leukocytes; 3. It readily
adheres to the endothelial cell surface; 4. It uses PilE4 (type IV pili
subunit) to interact with ICAM-1 molecule and adhere on the
endothelial surface.
2. Material and methods

2.1. Ethics statement

The Institute for Veterinary Medical Research, Centre for Agri-
cultural Research, Hungarian Academy of Sciences (HAS), H-1581
Budapest, Hungary, is certified by the national accreditation of
laboratory animal care. Experiment on animals was performed
according to the guidelines approved by the ethical committee.
2.2. Cultivation of Francisella

F. tularensis subsp. holarctica (Fth, neuroinvasive strain isolated
from the brain of European brown hare, Lepus europaeus; GenBank
accession number GU566694.1) was cultured on enriched choco-
late agar containing 1% glucose and 0.1% L-cystein at 37 �C for 4e5
days. Single colony from agar was inoculated into 100 ml of BHI
medium (HI media, India) enriched with 1% glucose and 0.1% L-
cystein and incubated at 37 �C for 48 h with constant shaking at
200 rpm. To inactivate bacteria, 5 ml of culture was incubated with
500 ml of gentamicin (100 mg/ml) for 24 h at 37 �C.
2.3. Bacterial cell counting

Standard CFU count was used to determine the number of
bacterial cells used in various experiments. Alternatively, in some
experiments bacteria-counting kit for flow-cytometry (Molecular
probes, USA) or qPCR was used. Bacterial cell count obtained by
flow-cytometry was correlated with CFUs. To plot a standard curve
of DNA copy number of Fth, culture with known bacterial count
(measured by flow-cytometry) was serially diluted from 5.5 � 106

to 5.5� 101 cells/ml. DNA from 1ml of diluted cultures was isolated
with DNAzol direct kit (Molecular Research centre, USA) and qPCR
was performed using qPCR Green Master mix (Jena Bioscience,
Germany) and lpnA primers in iCycler IQ5 thermal cycler (Bio-Rad,
USA). The cycling conditions were as follows: 94�C-3 min,
40 � (94 �C-15 s, 60 �C-30 s, 72 �C-45 s) and 72 �C-7 min. Standard
curve was plotted using six replicates.
2.4. Cultivation of endothelial cells and preparation of in vitro
model of endothelial barrier

Primary rat brain microvascular endothelial cells were prepared
from2-week-oldWistar rats, asdescribedpreviously [15]. Endothelial
cell clusters were plated on fibronectin and collagen type IV coated
culture dishes (for endothelial monolayer) or cell culture inserts (for
in vitro endothelial barrier; Transwell; 1 cm2; pore size 1 mm; BD
Bioscience, USA) and cultivated aswe described before [15]. In case of
culture dishes, formation of confluent monolayer was assessed by
microscopy. Trans-endothelial electrical resistance (TEER, ENDOHM-
12 chamber, WPI Europe) was measured to assess the integrity of
monolayers in in vitromodel of endothelial barrier (in Transwells).

2.5. Adhesion of Francisella to endothelial cells: adhesion assay

One ml of Fth culture containing 3.6 � 106 cells was centrifuged
and the pellet was washed with DMEM-F12-G medium. Fth cells
were added to endothelial monolayer (multiplicity of infection 1)
grown in culture dishes and incubated at 37 �C for 4 h. The incu-
bation time in adhesion assay was set according to previous works
[16,17]. Non-adherent Fth were washed with PBS and number of
adherent Fth were measured by qPCR and CFU count. In case of
qPCR, a standard curve of DNA copy number of Fth spiked in
endothelial cell culture was plotted. In short, Fth cells were serially
diluted from 5.5� 106/ml to 5.5� 101/ml. One ml of diluted culture
was pelleted and spiked in the monolayer of endothelial cells. DNA
from spiked cells was isolated with DNAzol and qPCR was per-
formed as described above targeting lpnA gene. Standard curve was
plotted using six replicates. qPCR was also performed on DNA
isolated from endothelial cells without spiking. As a negative con-
trol bacteria were incubated in the wells without monolayer.
Adhesion assay was performed in triplicates.

DNA from culture dishes of adhesion assay was isolated with
DNAzol. Number of adherent Fthwas calculated by using a standard
curve of DNA copy numbers. Some culture dishes from adhesion
assay were used for visualization of adherent Fth. In short, cultures
were fixed with 4% paraformaldehyde, permeabilized with 0.3%
Triton X/PBS for 20 min and washed with PBS. Cells were incubated
in 2% solution of skimmed milk powder for 20 min. Endothelial
cells stained with polyclonal rabbit anti-ZO-1 antibody (Invitrogen,
Carlsbad, CA, USA) followed by secondary antibody Alexa Fluor 488
goat anti-rabbit (Invitrogen). Adherent Fth on endothelial cells
were detected by monoclonal anti-Francisella antibody in mouse
(Abcam, UK) and secondary antibody Alexa Fluor 546 goat anti-
mouse (Invitrogen). All antibodies were diluted 1:1000.

2.6. Crossing of the endothelial barrier in vitro: translocation assay

One millilitre of the Fth culture containing 1 � 105 cells was
centrifuged, pellet was resuspended in DMEM/F12-G medium and
added to the luminal chamber of cell culture inserts containing
confluent monolayer. Francisella cells were also added to the
luminal chamber of empty cell culture inserts to assess free passage
of Fth across the membrane. As a negative control, inactivated Fth
were added to the luminal chamber. Inserts were incubated at 37 �C
for 8 h and the contents of luminal and abluminal chambers were
collected and centrifuged. Supernatant was discarded and DNA
from the pellet was isolated with DNAzol and purified by phenol-
chloroform-ethanol precipitation. DNA concentration was set to
20 ng/ml and used as a template for qPCR and PCR targeting lpnA
gene as described above. An aliquote of luminal and abluminal
contents was also subjected to CFU count. The endothelial mono-
layer was checked microscopically before and after the experiment
to verify integrity of the cell layer. TEER was also measured to



Table 1
Primers used in the study.

Primer Primer sequence 50-30 Accession no.

A) Identification of Francisella
lpnA F: GGAGCYTGCCATTGTAATCTTAC M32059.1
lpnA R: GYAGGTTTAGCKAGCTGTTCTA M32059.1
B) Construction of recombinant form of proteins in yeast and E. coli expression systems
ICAM-1F (yeast): AAAAAGCTTGGTGCTCAGGTATCCATC NM_012967
ICAM-1R (yeast): GTTTCTAGAGGGGAGGCGGGGCTTGTAC NM_012967
PilE1F: AAAGGATCCGCGATCCCGATGTACTCTAAC AAX14621.1
PilE1R: ATAGTCGACTCTCCCTTCTATTACTTGAGAT

GCTGATACACCTGA
AAX14621.1

PilE3F: AAAGGATCCATCCCAGCGTATTCAAACTAT AAX14621.1
PilE3R: TAAGTCGACTCTCCCTTCTATAGCGTCTTGTT

CAACTAT
AAX14621.1

PilE4F: AAAGGATCCAAAGGAATGACAATCTCAGAG AY788838.1
PilE4R: ATAGTCGACTCTCCCTTCTATCCCAATCATT

ATGAGCAT
AY788838.1

PilE5F: AAAGGATCCGCTATTCTTGCATCTATAGGT AY788839
PilE5R: ATAGTCGACTCTCCCTTCTATATTCCAGCAT

TCAGCAGG
AY788839

PilWF: CGAGGATCCACTCCAGAAACCCCTACTCGT AM233362
PilWR: ATAGTCGACTCTCCCTTCTATATCCTCTTGAT

CGGCTGC
AM233362

C) OE-PCR
rICAM-1-5 F: overlapGGTGCTCAGGTATCCATC NM_012967
rICAM-1-5 R: overlapAGGGGGGAGGCGGGGCTTGTAC NM_012967
Ig-like C2-type 1 F: overlapAGGTGCTCAGGTATCCATCCAT NM_012967
Ig-like C2-type 1 R: overlapAGGTCCACTCGCTCTGGGAA NM_012967
Ig-like C2-type 2 F: overlapACAGCAGGTGGGCAAGAAC NM_012967
Ig-like C2-type 2 R: overlapAGGAGGTCAGGGGTGTC NM_012967
Ig-like C2-type 3 F: overlapACCACAAGGGCTGTCACTGTTC NM_012967
Ig-like C2-type 3 R: overlapAGGGTCTTCTCCATCTCCAGGGTCTG NM_012967
Ig-like C2-type 4 F: overlapAATCCTGACCCTGAGCCAG NM_012967
Ig-like C2-type 4 R: overlapAGGGACTTCCCATCCACCTCCAA NM_012967
Ig-like C2-type 5 F: overlapTGGACAAGAAGGACTGC NM_012967
Ig-like C2-type 5 R: overlapAGGTCCCTGGTGATACTCCC NM_012967

Restriction enzyme site is indicated as underlined. Overlaps are the nucleotide sequences used in the OE-PCR; details of this sequences are described in our open access
publication [23].
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before and after incubation with Fth. The experiment was made in
triplicates.

2.7. Assessment of crossing of the bloodebrain barrier in vivo: CNS
invasion

Six Wistar rats (Charles River Laboratories Inc., USA, ~300 g)
were infected via intra peritoneal route with 5 � 105 Fth. One
Wistar rat was used as a negative control and was injected with
normal saline. Moribund rats were euthanized with CO2. Three
weeks after challenge non-infected rat was sacrificed. After gross
pathological examination, tissue samples (cerebrum and cere-
bellum) were collected and fixed in 8% neutral buffered formalin.
Four-micron thick sections of formalin-fixed and paraffin-
embedded tissue samples were stained with hematoxylin and
eosin, and examined by light microscopy. For immunohistochem-
istry, sections were dewaxed and incubated in 3% H2O2 solution for
10 min and in 2% solution of skimmed milk powder for 20 min. The
sections were incubated overnight at 4 �C with anti-Fth hyperim-
mune serum (Lab-Nyúlkft., Hungary) diluted 1:20,000 in PBS.
Antibody binding was detected with anti-rabbit antibodies with
HRP-labelled polymer as per manufacturer's instructions
(EnVisionTM þ Kit; Dako, Denmark). Non-infected rat brain served
as negative control. For some sections antiserum was replaced by
PBS to rule out the possibility of any nonspecific binding.

2.8. Identification of the probable receptor on endothelial cells
interacting with ligand of Francisella: ligand capture assay

Membrane proteins of endothelial cells and proteins of Fthwere
isolated with ProteoJet membrane protein extraction kit (Thermo
Scientific, USA) as per manufacturer's instructions. Proteins of Fth
were immobilized on nitrocellulose membrane; non-specific
binding sites were blocked with blocking agent (Pierce) and hy-
bridized with membrane proteins of the endothelial cells. After
stringent washing, interacting proteins were eluted and resolved
on SDS-PAGE. A methodology including relevant negative controls
is detailed in our previous work [15]. Protein band from SDS-PAGE
was identified by peptide mass fingerprinting (PMF) as described
previously [18].

2.9. Overexpression of rICAM-1

Protein coding region of rat ICAM-1 (26th to 545th amino acids),
was amplified (accession number: NM_012967; primers in Table 1),
PCR product was digested with XbaI and HindIII enzymes (Thermo
Scientific, USA) and cloned into the pYEBME-1 expression vector
(patent pending e No. 000892011, Slovak patent office). Detailed
description of the vector, all steps in cloning, transformation and
overexpression of the proteins are described in our previous work
[19]. Overexpressed 6x His-tagged ICAM-1 was purified using Ni-
NTA (Qiagen, Netherlands) under native conditions as per the
manufacturer's instructions.

2.10. Identification of interacting partner of rICAM-1 by pull-down
assay on magnetic beads

Purified rICAM-1 was incubated for 1 h with magnetic beads
loaded with Co2þ metal ions (MB-IMAC kit, Bruker-Daltonics, Ger-
many). After incubation, beads were placed in a magnetic separator
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and washed with washing buffer provided in the kit. Beads were
hybridized with membrane proteins of Fth resuspended in binding
buffer provided in the kit or only in binding buffer as negative
control. After overnight incubation at 4 �C, tube was placed into the
magnetic separator and supernatant was discarded. Beads were
washed with wash buffer and the tube was placed again in the
magnetic separator to collect beads on one side. Proteins bound to
rICAM-1 were eluted with elution buffer provided in the kit, frac-
tionated on SDS-PAGE, visualized by coomassie blue and identified
by PMF [18].

2.11. Preparation of recombinant forms of proteins of Francisella

Protein coding regions of PilE1, PilE3, PilE4, PilE5 and PilW were
amplified by PCR and amplicons were gel purified. Primers are
shown in Table 1. Amplicons were digested with BamHI and SalI
enzymes (Thermo Scientific, USA) and ligated into previously
digested vector pQE-30UA-GFP (in house modified pQE-30 vector
from Qiagen, GFP tag inserted at C terminus of protein of interest).
Purification, transformation, overexpression of proteins and lysis of
bacteria was performed as described previously [20]. Lysate con-
taining His-tagged pili subunits were purified with metal affinity
chromatography (Clontech, USA).

2.12. Affinity ligand binding assay to assess binding ability of pili
subunits to endothelial proteins

Membrane proteins of endothelial cells were extracted by Pro-
teoJet Membrane Protein Extraction kit and fractionated on
NuPAGE 2D well polyacrylamide gel (Invitrogen, 400 mg of proteins
per well). Proteins were electrotransferred onto a nitrocellulose
membrane and membranes were cut into vertical strips. Strips
were blocked in 2% BSA-TTBS and incubated with rPilE1, rPilE3,
rPilE4, rPilE5 and rPilW resuspended in 0.5% BSA-TTBS. Bound rPil
subunits were detected by Ni-HRP conjugate diluted at 1:5000 in
1% BSA-TTBS for 1hr and visualized with Super-Signal West Pico
chemiluminiscence substrate (both Pierce, Thermo Scientific, USA).
Signals were captured on X-ray film.

2.13. Line blotting for assessment of interaction between Francisella
ligands and ICAM-1

rICAM-1 diluted in TBS was loaded on a PVDF membrane
(Immobilon P, Millipore, USA) placed into the Miniblotter® using
simple diffusion method [21]. Concentration of rICAM on the
membrane was 100 ng/mm2. Membrane was dismantled from
Miniblotter, blocked in 1% BSA-TTBS and then mounted again into
the Miniblotter, however with the lanes carrying protein rotated at
90�. Lanes were then filled with each of the GFP-tagged rPil sub-
units diluted in TBS to a final concentration 0.5 mg/ml. As negative
control, one lane was filled only with TBS. Miniblotter was incu-
bated for 1 h, lanes were washed with TTBS and anti-GFP HRP
antibody (Pierce, Thermo Scientific, USA, 1:10,000 in 1.5% BSA-
TTBS) was loaded in each lane. After 1 h of incubation membrane
was taken out of Miniblotter and subjected for chemiluminiscence
reaction as described above.

2.14. Pull-down assay on affinity beads

Recombinant PilE4 was bound onmetal affinity beads according
to the manufacturer's instructions (Clontech, USA). After binding,
beads were washed with wash buffer [15] and incubated overnight
at 4 �C with membrane proteins of endothelial cells. Beads were
washed twice with wash buffer and twice with MilliQ water. Pro-
tein complex was eluted and proteins were identified by PMF as
described in our publications [18,22]. As a negative control, mem-
brane proteins of endothelial cells were incubated directly with
metal affinity beads. As an input control, rPilE4 was bound on af-
finity beads, washed, eluted and subjected to MALDI mass
spectrometry.

2.15. Assessment of interaction between PilE4 and ICAM-1 domains

Six truncated forms of ICAM-1 (full-length ICAM-1 and each of
five Ig-like C2-type domains) were constructed by overlap-
extension (OE) PCR and in vitro translation exactly as described
before by us [23]. Primers used in OE PCR are depicted in Table 1.
Truncated ICAM-1 fragments were immobilized on PVDF mem-
brane. Membrane was blocked in 2% BSA-TTBS for 1 h and then
incubated with rPilE4 (70 ng of total protein, resuspended in 1%
BSA-TTBS) for 1 h. After incubation membrane was washed and
incubated with Ni-HRP and subjected for chemiluminiscence as
described above. As an input control, ICAM-1 fragments were
immobilized on a membrane and detected with anti-Myc HRP
antibody (diluted at 1:10,000 in 1% BSA in TTBS) and chem-
iluminiscence substrate. As a negative control, membrane with
ICAM-1 fragments was incubated with Ni-HRP conjugate for 1 h
and subsequently subjected to chemiluminiscence.

2.16. Blocking of ICAM-1 and its influence on Fth adhesion

Endothelial cells were cultivated in 6 well plates and pre-
incubated with anti-ICAM-1 antibody in mouse (0.25 mg/cm2,
Abcam) for 45 min before addition of Fth (MOI e 1; 3.6 � 106 cells
per well) suspended in DMEM-F12 medium. Francisella were
incubated for 4 h at 37 �C. Non-adherent Fthwere washed with PBS
and genomic DNA was isolated by DNAzol. qPCR based on ampli-
fication of lpnA gene was performed as described above. The
endothelial cells without pre-incubation were served as positive
control. Endothelial cells incubated only with anti-ICAM-1 anti-
body were used as negative control. Wells without endothelial cell
monolayer incubated with ICAM-1 and then Fthwere also served as
negative control. Experiment was conducted in triplicates. Paired t-
test (STATGRAPHICS plus 5.1) was used to assess variation in the
adhesion of Fth on the blocked and unblocked endothelial cells.
Simultaneously, adherent Fth were also calculated with CFU count.
In some wells, pre-incubation of endothelial cells with non-
relevant antibodies (anti-CD40 antibody and anti-ZO-1 antibody,
both in the mouse, same subclass, Abcam) was also performed to
rule out non-specific blocking that may occur due to IgG molecule.

2.17. Homology modelling and docking

The homology modelling for PilE4 was performed using Mod-
eller [24]. The crystal structure of the glycolate oxidase (PDB entry:
1AL7), MutS alpha (PDB entry: 208B) and renalase (PDB entry:
3QJ4) were used for the modelling of PilE4. As a template for the
modelling of the Ig-like C2-type 1 domain the crystal structure of
the human intercellular adhesion molecule-1 (PDB entry: 1IAM)
was used. Energy minimization and molecular dynamics simula-
tions were performed as described previously [25]. 3D structural
conformation of ICAM-1 and PilE4 was performed using the dock-
ing suite ZDOCK, version 3.0 [26].

3. Results

3.1. Adhesion of Fth to endothelial cells and it crossing across the
endothelial barrier

Adhesion of bacteria to endothelial cells is a crucial step in its



Fig. 1. Adhesion of Francisella on endothelial cells and translocation across endothelial barrier. Panels A represents confluent monolayer of endothelial cells stained with polyclonal
rabbit anti-ZO-1 followed by secondary antibody Alexa Fluor 488 goat anti-rabbit. Panel B depicts adherent Fth (red dots) on endothelial cells (magnification 100x) detected by
monoclonal anti-Francisella antibody and Alexa Fluor 546 goat anti-mouse secondary antibody. Please note that majority of the bacteria were seen extracellularly, however some of
them were also intracellular. In both panel A and B Scale bar ¼ 50 mm. Panel C and E represents translocation assay performed with live bacteria. Panel D and F represents
translocation assay performed with inactivated bacteria. Francisella was added to the luminal chamber of endothelial barrier and the presence of Francisella in the luminal and
abluminal chamber was detected by qPCR (grey columns) or CFU (dark columns). Positive control e genomic DNA of Francisella used in qPCR. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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paracellular or transcellular translocation across the barrier. In
adhesion assay performed with qPCR, we found an average of
4.7� 105 (standard deviation 1.1� 103) adherent Fth on endothelial
cells, while 3.9 � 105 (standard deviation 2.1 � 103) CFU were
observed on enriched chocolate agar. Francisella adhered on the
endothelial cells are shown in panel B of Fig. 1. When Francisella
were incubated in the culture dishes without endothelial cell
monolayer, negligible number of Francisella (1.2 � 102 standard
deviation 24.6, qPCR or 0.6 � 102 standard deviation 14, CFU), were
detected.

Pathogens use various routes of translocation to cross endo-
thelial barriers like transcellular, paracellular and/or by means of
infected phagocytes. Molecular mechanisms underlying the pas-
sage of Francisella across the endothelial barrier are not yet clear. To
reveal an ability of extracellular form of Francisella to cross the
endothelial barrier, an in vitro model of endothelial barrier was
constructed and a translocation assay was performed. Pathogens
that solely rely on Trojan horse mechanism (like strictly
intracellular pathogens) fail to translocate in vitro model of the
endothelial barrier in the absence of leukocytes.

Prior to preparation of endothelial barrier on cells culture in-
serts (Transwell), free movement of live Fth across the cell sup-
porting membrane was necessary to assess. This was achieved by
incubating live and inactivated Fth on cell culture inserts without
endothelial cells. The presence of live Fth in abluminal chamber
(Fig.1, panels C to F) confirmed that supportingmembrane poses no
hindrance for bacterial movement from luminal to abluminal
chamber.

In the translocation assay performed in vitro, we found presence
of live Fth in abluminal chambers (Fig. 1, panels C and E), however,
Fth inactivated with gentamicin were unable to cross the barrier
and get entry into the abluminal chambers (Fig. 1, panels D and F).
This indicates that Fth may possess an ability to cross the endo-
thelial barrier without help of leukocyte, either via transcellular or
paracellular route of translocation. No rupture of the endothelial
cells layer was noticed under the microscope after translocation



Fig. 2. Immunostaining of Fth in the brains of infected rats. Positive immunostaining with anti-Francisella antibody (arrows) was observed in the parenchyma of frontal cortex (A
and B). Extensive positive immunohistochemical staining was observed in the choroid plexus (C). No staining was observed in the brains of non-infected animals (D). Scale
bar ¼ 20 mm (A, B, D), 200 mm (C).
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assay. The TEER value remained unchanged before and after
translocation assay (before incubation with Fth e TEER
11 ± 0.21 Ucm2, after incubation - TEER 12 ± 0.45 Ucm2).

Blood-brain barrier, lined by brain microvascular endothelial
Fig. 3. Ligand Capture Assay. Proteins of Fth fractionated by PAGE and electro-
transferred on the nitrocellulose membrane were hybridized with the surface proteins
of endothelial cells. After hybridization, interacting proteins were stripped and
concentrated. Proteins were subsequently fractionated on SDS-PAGE and visualized by
silver staining. Lane 1, Fth membrane proteins; lane 2, negative control # 1 e nitro-
cellulose membrane carrying proteins of Fth was blocked and subjected for stripping,
band at 50 kDa indicates protein present in blocking buffer; lane 3, proteins of the
endothelial cells hybridized with proteins of Fth on membrane, interacting proteins
were stripped, arrow depicts the band that was cut out and analyzed with mass
spectrometry; lane 4 - negative # 2 - nitrocellulose membrane without proteins of Fth
was blocked and incubated with the proteins of endothelial cells. A single band at
50 kD indicates that there is no non-specific interaction between the blocking agent
and the proteins of endothelial cells.
cells, is considered as the most difficult obstacle for the pathogens.
Thuswe tested an ability of Fth to cross the endothelial barrier in rat
and invade the CNS. Multiple Fth cells were detected within the
lumen of the blood vessels as well as in the extravascular tissues
mainly in the parenchyma of the frontal cortex (Fig. 2, panels A and
B). Immunohistochemistry also revealed presence of bacteria in the
choroid plexus of the infected animals (Fig. 2, panel C).

Overall results indicated that Fth could cross the endothelial
barrier, eventually also the bloodebrain barrier. Results also
showed the ability of Fth to cross the endothelial barrier in vitro in
the absence of leukocytes, which indicates that Fth might not
entirely rely only on Trojan horse mechanism, but might also
exploit paracellular or transcellular way.
Fig. 4. Identification of Fth protein interacting with ICAM-1. Lane 1, rICAM-1 was
captured on MB-IMAC beads and eluted; lane 2, rICAM-1 was captured on MB-IMAC
beads, hybridized with membrane proteins of Fth and complex was eluted; lane 3,
rICAM-1 was excluded from assay. Arrow indicates the protein band was cut from the
gel and subjected for peptide mass fingerprinting.
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3.2. ICAM-1: putative adhesion molecule for Fth on endothelial cells

Adhesion of bacteria on the endothelial cell surface is a crucial
step to initiate the process of paracellular or transcellular trans-
location. A ligand capture assay was performed to identify a re-
ceptor on the endothelial cells involved in the adhesion of Fth. After
hybridization of membrane proteins of endothelial cells with the
proteins of Fth, interacting protein candidates were stripped and
separated on PAGE, in which a prominent band at approximately
60 kDa was observed (Fig. 3, lane 3). In case of negative controls
(Fig. 3, lanes 2 and 4), a single band of the blocking agent (single
protein blocking agent) indicated that none of the proteins from the
endothelial cells interacted nonspecifically to the blocking agent.
PMF performed for the excised protein band (60 kDa) revealed that
ICAM-1 (gi:6981068, 5 peptides matched, 94 score, significance
threshold <0.05) might be the probable receptor for Fth on the
endothelial cells.
Fig. 6. Interaction between rPilE4 and proteins of endothelial cells. Panel A e rPilE4
3.3. Type IV pili subunit of Fth interacts with rICAM-1

To identify the ligand of Fth interacting with ICAM-1, recombi-
nant ICAM-1 was overexpressed, immobilized on magnetic metal
affinity beads and hybridized with membrane proteins of Fth.
Interacting proteins were eluted and separated on polyacrylamide
gel. A prominent band at 35 kDa (Fig. 4, lane 2) was excised and
subjected for protein identification. Interestingly, peptide mass
fingerprinting and BLAST search for this protein revealed multiple
protein candidates with high probabilities: 1. type IV pili fiber
building block protein (type IV pilus assembly protein PilE4,
gi:89255780, 7 mass values matched, 75 score), 2. Type IV fimbrial
protein PilW (gi:336446354, 6 mass values matched, 74 score).
Fig. 5. Interaction between endothelial cells receptor (ICAM-1) and type IV pili sub-
units. Panel A e Endothelial cells proteins were separated by SDS-PAGE, transferred on
nitrocellulose membrane and hybridized with recombinant PilE1, PilE3, PilE4, PilE5
and PilW subunits. Negative control, recombinant proteins were omitted from overall
protocol. Panel B e rICAM-1 was immobilized on Immobilon membrane and hybrid-
ized with recombinant PilE1, PilE3, PilE4, PilE5 and PilW. Interaction was detected with
anti-GFP antibody. As an input control, rICAM-1 was detected with Ni-HRP conjugate.
Negative control, rICAM-1 incubated with anti-GFP antibody to rule out any non-
specific antibody binding. Panel C e input control for recombinant type IV pili sub-
units. Proteins were separated on SDS-PAGE, electrotransferred and detected with Ni-
HRP conjugate.

was bound on the metal affinity beads and incubated with membrane proteins of
endothelial cells; * peak shows rPilE4, # peak corresponds to the mass of ICAM-1. Panel
B e input control, rPilE4 bound on the metal affinity beads was eluted and subjected
on MALDI-TOF analysis. Panel C e negative control, proteins of endothelial cells were
hybridized with metal affinity beads, eluted and subjected for mass spectrometry.
Proteins from both peaks (* and #) in panel A were identified by peptide mass
fingerprinting as PilE4 and ICAM-1.
Many bacteria use type IV pili to adhere to the host cells, how-
ever its role in the adhesion of Francisella to the host cells is still
unclear. The role of the PilW, a second protein candidate identified
in peptide mass fingerprinting and BLAST search, is neither fully
understood. Owing to the fact that function of IV pili subunits is still
matter of debate, we assessed if other pili subunits (PilE1, PilE3 and
PilE5) may interact with ICAM-1. Series of experiments was per-
formed to assess their ability to adhere to endothelial receptor. In
the affinity ligand binding assay, ICAM-1 was fractionated from
endothelial cell proteins on polyacrylamide gel, transferred on the
nitrocellulose membrane and hybridized with recombinant pili
subunits (PilE1, PilE3, PilE4, PilE5 and PilW). We found that among
various pili subunits only rPilE4 possess affinity to ~60 kDa protein
of endothelial cells (Fig. 5, panel A). To validate this interaction, a
line blotting was performed, in which both ligand and receptors
were in recombinant form. rICAM-1 was immobilized on a mem-
brane and hybridized with recombinant pili subunits. This experi-
ment confirmed that only PilE4 binds ICAM-1 (Fig. 5, panel B).
Affinity of PilE4 to ICAM-1 was also proved by pull-down assay,
wherein we noticed the presence of two peaks: first at 41.9 kDa
corresponding to the molecular mass of rPilE4 and the second at
the corresponding mass of ICAM-1 (Fig. 6, panel A). No peak was
noted when proteins of endothelial cells were incubated with af-
finity beads without prior PilE4 loading (Fig. 6, panel C), which
indicates that none of these proteins possesses non-specific affinity
to beads.



Fig. 7. Interaction between rPilE4 and domains of ICAM-1. Panel A e rICAM-1 and its
domains were immobilized on PVDF membrane, hybridized with purified rPilE4 and
detected with Ni-HRP conjugate. Panel B e rICAM-1 domains were immobilized on
PVDF membrane and hybridized with anti-Myc-HRP antibody (input control). Panel C
e rICAM-1 domains and rPilE4 were immobilized on PVDF membrane and hybridized
with Ni-HRP conjugate.

Fig. 8. Inhibition of adhesion of Francisella to endothelial cells. Numbers of adherent
Francisella to endothelial cells without and with preincubation of endothelial cells with
anti-ICAM-1 antibody. Numbers bacteria calculated with qPCR (grey columns) and CFU
(dark columns).
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3.4. PilE4 interacts with Ig-like C2-type 1 domain of ICAM-1

To reveal amino acid stretches involved in the PilE4:ICAM-1
interface, six truncated forms of ICAM-1 were synthesized. Five
truncated ICAM-1 encompassed each of five functional domains.
The sixth truncated form, which was used as positive control,
contained all five domains (rICAM-1-5). Truncated ICAM-1 were
immobilized first on themembrane and then hybridizedwith PilE4.
Among all truncated forms, Ig-like C2-type 1 domain and rICAM-1-
5 showed affinity to PilE4 (Fig. 7). These results suggest that
PilE4:ICAM-1 dyad formationmay bemediated through 1st domain
of ICAM-1.
3.5. Inhibition of adhesion by blocking of the ICAM-1 on endothelial
cells

To corroborate importance of ICAM-1 in adhesion of Fth on
endothelial cells, ICAM-1 was blocked with anti-ICAM-1 antibody
prior to the incubation with live bacteria. In control wells (no pre-
incubationwith ICAM-1) we found an average of 5.4� 105 adherent
Fth (DNA copy numbers in qPCR; standard deviation 0.93 � 103),
whereas in case of endothelial cells pre-incubated with anti-ICAM-
1 antibody, we found significant decrease (P < 0.05) in the number
of adherent bacteria (average 1.02 � 103, standard deviation
1.6 � 102). These results were also corroborated with CFU count
(Fig. 8). Pre-incubation of endothelial cells with non-relevant an-
tibodies (anti-CD40 and anti-ZO-1) did not cause reduction in the
number of adherent Fth. Results indicate that the ICAM-1 molecule
is important in the adhesion of Fth on endothelial cells, however, it
is important to note that adhesion of Fth was not completely
abrogated in pre-incubated endothelial cells. This suggests that
other ligandereceptor interactions may also help Fth to adhere to
the endothelial cell surface. It is also tempting to speculate that
ICAM-1 blocking may not be 100% efficient or during 4 h of incu-
bation with Fth new ICAM-1 molecules might have been expressed
to the cell surface, whereas previous ICAM-1 blocked with antibody
might have been internalized, which account for the residual bac-
terial adhesion. No adherent bacteria were found in negative
controls.

3.6. In silico prediction of PilE4:Ig-like C2-type 1 coupling

The tertiary structures of PilE4 and Ig-like C2-type 1 domain
were designed by homology modelling, because the crystal struc-
tures of those proteins are unavailable. Although the work of Har-
tung and colleges determine the structure of PilE of F. tularensis
[27], the low similarity between the Schu4 and F. tularensis subsp.
holarctica do not allow as use these models as a template for ho-
mology modelling. The structure of PilE4 was modelled by MOE
software using the 1AL7, 2O8B and 3Qj4 as a templates, which gave
the most identity with the sequence. Structurally, PilE4 is
composed mainly of a set of a helices and extensive unstructured
coils. There is likewise a set of two antiparallel beta-sheet forma-
tions near the N-terminal end of the protein. The longest pair of
beta-sheets from PilE4 aligns with the extensive interconnected
network of antiparallel beta-sheets in the Ig-like C2-type 1 domain.
The Ig-like C2-type 1 domain consists of a total of 18 beta-sheets
arranged in two main domains, joined by a short loop. Notably
only the C-terminal domain of the Ig-like C2-type 1 protein in-
teracts with PilE4, with the exception of a small hairpin loop from
the N-terminal domain of Ig-like C2-type 1 protein (Fig. 9).

4. Discussion

To disseminate into the multiple organs, bacteria have to cross
various cell barriers including the endothelial barrier present in the
blood vessels. Although, Francisella prefers intracellular environ-
ment, it is also found in the extracellular compartment like the
plasma fraction of blood [7,28]. Previously it was reported that 75%
of the Francisella were present in acellular fraction of the infected
mice [7]. Evidence of extracellular multiplication and survival of
Francisella was also speculated after evidence of the aerosol infec-
tion [29]. Till to date, scanty information is available about mech-
anisms of translocation of extracellular form of Francisella across
various barriers. Thus an ability of Fth to cross the endothelial cell
barrier in vitro in the absence of leukocytes was assessed in this
study. Crossing of the Fth in vitro indicates that extracellular form of
Francisella can translocate endothelial lining either via transcellular
or paracellular route. An ability of Fth to cross the blood brain
barrier and invade extravascular tissues of the brain was also
observed in this study. In vivo experiment, however, could not shed
light on the route of translocation (trans- or paracellular or Trojan



Fig. 9. Homology modelling and molecular docking of the PilE4 and Ig-like C2-type 1 domain. A e the homology model of PilE4, B e the homology model of Ig-like C2-type 1
domain, C e the molecular docking conformation of PilE4 and Ig-like C2-type 1 proteins.
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horse) of Fth across the barrier. Blood brain barrier is a distinctive
and protective wall composed of endothelial cells, astrocytes,
basement membrane and pericytes. Though the neuroinvasion of
Francisella is rare, few reports [1e3] have confirmed the presence of
Francisella in animal and human brain tissue.

Primary adhesion of extracellular bacteria to the endothelial
cells is a crucial step that often evokes rearrangement of the
extracellular matrix and may aids bacterial penetration across the
barrier [4,5]. Experiments carried out to identify receptor/adhesion
molecules on endothelial cells revealed that ICAM-1 is important
for Fth ligand PilE4. Previously it was reported that type IV pili in
other bacteria might promote bacterial adhesion to the endothelial
cells and activate signalling pathways. Neisserial PilE subunit is
important in pilus-mediated signalling and is required for bacterial
aggregation. PilE directly interacts with b2-adrenergic receptor and
this interaction leads to penetration of Neisseria meningitidis across
the endothelial barrier [30]. In case of Francisella, importance of
type IV pili subunits (pilF and pilT) for adhesion of bacteria to
macrophages, pneumocytes and hepatocytes was described else-
where [14]. Experiments performed to identify protein/s of Fran-
cisella interacting with ICAM-1 revealed that PilE4 of Fth is the only
interacting candidate among type IV pili subunits included in this
study (i.e. PilE1, PilE3, PilE4, PilE5 and PilW).

Previously it was shown that the PilE4 coding sequences from
LVS and OSU18 (isogenic strain) differ in the encoded subunits [31].
Predicted length of PilE4 in LVS is 301 aa, whereas in OSU18 it is
truncated to 211 aa that leads to the heterology at C terminus.
Authors also predicted that longer form of PilE4 could be found in
low-virulence strains (LVS), and a shorter truncated form in high-
virulence (OSU18) strains [31]. It is interesting to note that PilE4
of LVS was also able to interact with ICAM-1 [32]. Furthermore, we
also observed that LVS adheres and translocate across BBB in vitro
(unpublished data). The recombinant PilE4 of LVS used in our
previous work [32] and PilE4 of Fth in the present study comprised
of first 158 aa homologous residues. This suggests that C terminal
heterology caused due to the deletions in PilE4 coding sequence (as
shown in [31]) may not affect the interaction between PilE4 and
ICAM-1.

Identification of the interface between ligand and receptor is
important to know the molecular basis of the interaction and it
often helps in the development of antimicrobial therapeutics. Thus,
attempts were made to identify PilE4 binding domain of ICAM-1.
This integrin consists of five immunoglobulin superfamily do-
mains, which comprise of a sandwich of two antiparallel b-sheets
stabilized by conserved disulfide bonds [33]. The first domain
seems to be an essential ligand-binding site, as it interacts with
LFA-1, MAC-1 and fibrinogen and mediates leukocyte adhesion to
vascular endothelium [34]. Second domain binds fibrinogen, while
the third and fourth domains facilitates site for macrophage-1 an-
tigen (Mac-1, CD11b/CD18) and CD11c/CD18 attachment, respec-
tively. The fifth domain is essential for dimerization of ICAM-1 on
the cell surface [35]. We demonstrated that PilE4 of Fth interacts
with ICAM-1 through Ig-like C2-type 1 domain. Moreover, in silico
prediction of the PilE4:Ig-like C2-type 1 coupling revealed that C-
terminal part of this domain is important in the interaction with
PilE4. The first domain has also been described as a receptor for
human rhinoviruses and mediates viral uncoating during cell entry
[36].

Earlier it was reported that P5 fimbriae of Haemophilus influ-
enzae mediates binding to ICAM-1 through Ig-like C2 type 1 or 2
domain and increases expression of ICAM-1 on epithelial cells [37].
Similarly, increased expression of ICAM-1 in the endothelial cells
after challengewith neuroinvasive Borreliawas reported [15]. Work
performed by Forestal and co-workers showed upregulation of
ICAM-1 and proinflammatory molecules in the endothelial cells
infected with Francisella [38]. Role of ICAM-1 in the adhesion of
other pathogens like West Nile virus and H. influenza was reported
previously. Blocking of ICAM-1 molecule caused decrease in
adhesion of both pathogens to the cells [37,39]. Similar results were
also noted in our study, wherein significant reduction (approxi-
mately 500efold) in the adhesion of Fth was observed in endo-
thelial cells pre-incubated with anti-ICAM-1 antibody.

It should be noted that pathogens might express multiple sur-
face proteins to interact with host cells and immune system. They
might possess various ligands to adhere to the endothelial and
epithelial cell surface. Apart from the PilE4:ICAM-1 interaction,
other ligandereceptor interactions might help Francisella to adhere
to the endothelial surface. In the parallel experiments we showed
that OmpA-like protein of F. tularensis subsp. holarctica (LVS) also
interacts with ICAM-1 [40]. Further study is still ongoing to identify
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OmpA-ICAM-1 interface and understand biological significance of
this interaction.

Significant reduction in the number of adherent Fth in anti-
ICAM-1 treated endothelial cells although suggests important role
of this integrin in the adhesion of Francisella, an average of
1.02 � 103 adherent bacteria on pre-incubated endothelial cells
may indicate involvement of other ligandereceptor interaction in
the adhesion of Fth. More sensitive methods can be used to explore
such hidden proteineprotein interactions.

In summary, this study presents one of the major ligan-
d:receptor interactions in the adhesion of Francisella on the endo-
thelial cell surface. Results also show that extracellular form of Fth
is able to cross the endothelial barrier without the help of leuko-
cytes. Study also show that Fth can cross the endothelial barrier in
the brain microvasculature. Further research is needed to explore
interactions between extracellular form of Francisella and host cells.
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