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ABSTRACT

Formation of multice llular structures such as biofilms is an important feature in the physiop athology of many disease-
causing bacteria. We recently reporeed that Pseudomonas aeruginosa adheres to epithelial cells rapidly forming early
biofilm-like aggregates, which can then be ineernalized into cells. Conven-tiomal methods to measure
adhesion/internalization, such as dilution plating for eowal cell-associated or antibiotic prosected baceeria, do not
distinguish between single and aggregated bacteria. We report a procedure that combining double bacteria labeling,
confocal microscopy and image analysis allows identification and quantific ation of the number of adhered and
internalized baceeria distinguishing between single and aggregated bacterial cells. A plugin for Fjji to ausomatically perform

these procedures has been generated.

1. lntroduction

Altheugh a unicellular view eof bacteria has been predeminant in
the past, it is new evident that bacteria cemmunicate with and
physically centact ether bacteria, develeping ceerdinated behavier
and the fermatien of cemplex multicellular structures. Such micre-
bial behaviers are eften critical in the setting of infectiens. Grewing
evidence shews that biefilms, defined as surface-asseciated bacterial
cemmunities encased in an extracellular matrix, are net just preva-
lent in natural but alse in pathegenic ecesystems [1].

Enterepathegenic Escherichia coli, Bortadella pertussis, Pseudo-
monas aeruginosa, Streptococcus pyogenes and Neisseriagonorrhoeae
are example pathegenic bacteria that have been shewn te interact
with hest cells ferming multicellular structures. Fermatien ef such
structures is eften cerrelated with virulence and it is ebserved beth
in vive and in vitro (2 7).

P. geruginosa grewth as biefilms in lungs ef cystic fibresis (CF)
patients [8] is a key facter leading te antibietic resistance and fa-
tality in these chrenic airway infectiens [9.10]. We were recently
able te meniter the early stages of apical celenizatien ef pelarized
epithelial cells leading te the fermatien ef P. aeruginosa early
biefilm-like aggregates in real-time. Over 90% eof bacteria that
beceme asseciated with the epithelial surface were feund in such
multicellular structures [11].

Upen attachment, seme pathegenic bacteria get internalized inte
nen-phagecytic cells. This behavier eften censtitutes an impertant
survival strategy [12 14]. Internalizatien ef P aeruginosa inte
epithelial cells has been shewn te eccur beth in vivo as invitro [15
20], altheugh its rele in the infectien precess is net clearly defined
yet. Netewerthy, previeus werlk including eur, shewed the presence
of P aeruginosa intracellular biefilm like-aggregates [11,21].

Bacterial adhesien and internalizatien are typically measured by
plating serial dilutiens and ceunting celeny ferming units te deter-
mine tetal cell-asseciated er antibietic-pretected bacteria respec-
tively [22,23]. These methedelegies, hewever, are unable te
distinguish between single and aggregated bacteria. As neted abeve,
quantitative determinatien of the different bacterial pepulatiens that
asseciate with the hest cells is relevant te understanding pathegenic
bacteria-hest cells interactien. Quantitatien ef single and aggregated



bacteria by manual ceunting using fluerescence micresoepy images
is pessible, but it is time-censuming and laberieus. Here we repert a
precedure that utilizes deuble bacteria staining, cenfecal micrescepy
and image analysis te determine the number of surface-attached and
intermalized bacteria. Mereever, the methed alse determines
whether the bacteria are asseciated with the cell individually er in
multicellular structures. A plugin fer Fiji that autematically perferms
image analysis precedures is alse presented.

2. Materials and methods
2.1. Reagents

Anti-P. geruginosa antibedy was ebtained frem AbCam
(ab68538, dilutien 1/100) (Cambridge MA, USA). Alexa-647 cen-
jugated phalleidin, Alexa-647 cenjugated anti-rabbit and TRITC
cenjugated anti-rabbit were acquired frem Life Technelegies.
LY294002 was purchased frem Sigma Aldrich (St. Leuis, MO, USA)
and used at a cencentratien ef 50 pM.

2.2. Cell culture and bacterial infection

Wild-type MDCK (clene II} cells, MDCK cells stably expressing
the pleckstrin hemelegy (PH) demain ef Akt fused te Green Flue-
rescent Pretein (GFP-PH-Akt) [24] er E-Cadherin-Red Fluerescent
Pretein (E-Cadherin-RFP, kindly previded by W. James Nelsen
(Stanferd University, Stanferd, Califernia)) were cultured in mini-
mal essential medium (MEM ) centaining 5% fetal bevine serum at
37*Cina 5% CO; atmesphere. Cells were seeded (0.8 x 10° cells per
well) en trans-wells (0.4 mm pere size, Cerning Fisher, NY) and
used fer experiments after incubatien fer 24 h.

P. aeruginosa strain K was reutinely grewn in Luria Bertani breth
shaking evernight at 37 *C. Fluerescence micrescepy studies were
dene with P. aeruginosa carrying plasmids expressing either m-
Cherry [25] or GFP [ 26]. Statienary phase bacteria were ce-cultivated
with MDCK cells menelayers using a multiplicity ef infectien of 60
for 30 min er 2 h as indicated. Fer LY294002 treatment cells were
pre-incubated fer 1 h with MEM centaining the drug and bacterial
ineculatiens were dene in the presence of the drug.

2.3. Immunofuorescence sample preparation and laser scanning
confocal microscopy (LSCM)

Infected MDCK menelayers were washed three times with
phesphate-buffered saline (PBS) and fixed in 4% parafermaldehyde
fer 30 min at reem temperature. Samples were blecked with fish skin
gelatin 0.7% in PBS and incubated ever-night at 4 °C with primary
antibedy and fer 1 h at reem temperature with secendary antibedy.
Cell permeabilizatien was carried eut, when indicated, by incubatien
in 0.1% TritenX100 in PBS fer 30 min at reem temperature. Samples
were examined with a cenfecal micrescepe (Leica TCS-SP5) using a
H@K PL APO 63x/NA1.4 0.60 CS oil ebjective. Cenfecal stacks were
acquired with z-spacing 0.2 pm frem 10 randemly selected fields{
cenditien. Settings were adjusted se that the range of fluerescence
intensity ef a given sample matched the range of pixel values avail-
able (i.e.se that, pixel values of cere and saturatienwere aveided).3D
recenstructiens were made using 3D Viewer plugin fer Image] [27].

3. Results and discussion

3.1. Identification and gquantitation of individual and aggregated
cell-associated bacteria

Pelarized MDCK cells stably transfected with PH-AKT-GFP (a
phesphatidylinesitel 3.4,5-trisphesphate prebe that lecalizes at

the baselateral membrane) were infected fer 30 min with
P. aeruginosa expressing mCherry (PA-mcCh), fixed and imaged by
LSCM. The stack of images frem the bacterial channel (mCherry)
was analyzed using the 3D-Object Ceunter plugin fer ImageJ [11].
This plugin identifies and enumerates the ebjects in the stack with
a user-defined thresheld fer vexel intensity value. This limit in-
tensity value separates vexels inte distinct pepulatiens: back-
greund vexels (intensities belew the selected value) and ebjects
vexels. Centigueus ebject vexels are tagged tegether and censid-
ered part ef the same particle. The plugin generates a binary mask
shewing the particles and prevides a list of the particles with their
respective velumes (Fig. 1B, C). The value of the vexel intensity
thresheld was set manually by visual inspectien ef the images
(Image J: Imagew Adjust» Threshold). This thresheld was defined
se that all bacteria in the stack were included and bacteria
appearing physically tegether in 3D recenstructiens were
censidered te be part ef the same particle. The size of ene bac-
terium was in average, with eur acquisitien settings, 206 + 96
vexels (mean + SD of 558 individual bacteria frem 9 independent
experiments). Thus, te aveid particles fermed frem backgreund
fluerescence te be included in the list, the minimal size of particles
te be censidered was set in ~100 vexels. As ebserved, single
bacteria velume was semewhat variable. This is prebably due te
variatiens in the level of fluerescent pretein expressien. The es-
timate of the number eof bacteria in each particle was made
censidering the velume eof the particle divided by the mean vel-
ume of single bacteria in the field being analyzed.

We next cempared this methed with manual ceunting ef bac-
teria in 3D recenstructiens. Te de this, a tetal ef 261 particles were
selected frem 4 different experiments and the number of bacteria
per particle was estimated using beth metheds. As shewn in Fig. 1D,
use of the image analysis methed resulted in values very similar te
these ebtained by manual ceunting.

3.2. Betermination of bacteria cellular location

We recently shewed that beth, P. aeruginosa aggregates fermed
on the surface as well as single attached bacteria are capable eof
being rapidly internalized inte epithelial cells [11]. In that study, we
determined whether bacteria were extracellular er intracellular by
visual inspectien: the lecatien ef each particle was assigned based
en appearance in cempesite images. These cempesite images
included the bacterial channel, the mask ef the particles and a
channel cerrespending te the epithelial cell beundaries (i.e. by
phalleidin staining). Such metheds are laber intensive and time
censuming. The analysis has since been streamlined and autemated
using a secend bacterial stain and by including image analysis as
eutlined belew.

Pelarized MDCK cells were infected fer 2 h with PA-GFP, fixed
and immunestained with an anti-PA antibedy fellewed by TRITC
cenjugated secendary antibedy. Epithelial cells were stained fer
actin using Alexa-647 cenjugated phalleidin. When samples were
net permeabilized, the antibedy was unable te reach intracellular
bacteria, and therefere, enly extracellular bacteria were labeled
(Fig. 2A, upper panel). In centrels with permeabilized cells, anti-PA
antibedy alse recegnized intracellular bacteria (Fig. 2A, lewer
panel).

Te identify intracellular and extracellular bacteria, images frem
net permeabilized samples, were analyzed in three steps: 1) a bi-
nary mask ef the antibedy channel highlighting extracellular bac-
teria was generated. (The thresheld value was set manually by
visual inspectien se that all the bacteria stained by the antibedy
were cempletely included inte the mask). 2) The mask was sub-
tracted frem the bacterial channel, giving intracellular bacteria as a
result 3) The legical AND eperatien was perfermed between the
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Fig. 1. Identification of aggrega®ed and single cell-associated bacteria. Counting bacteria by confocal microscopy and image analysis. Example of the analysis procedure peformed
on a field portion containing one aggregawe and three single bacteria A. 3B reconstructions showing the aggregate {arrow) and the single bacteria {arrowheads). B. @rthogonal
sections showing the aggrega®e and one bacterium. Upper panel: bacterial channel. Middle panel: particles deteceed and numbered by the 3B @bject Counter plugin. Lower panel:
merged image. {scale bar: 5 pm) C. List of the particles and their corresponding volumes {in voxels - vx). Particles 2, 3 and 4 correspond to single bacteria {mean single bacterial
volume — 240 voxels), Particle 1 corresponds ® the aggregate and consists of roughly 43 bacteria {10358/246). B. Comparison of image analysis and manual counting methods, A
wofal of 261 particles were analyzed {some points of the curve are overlapping). Bata presented in a linear relationship {y — 1.0402x—0.0245, r — 0.92).

mask and the bacterial channel, giving extracellular bacteria as a
result. (AND is a legical eperater that takes twe images as input and
preduces as eutput a third image whese TRUE (i.e. nen-zere) pixels
are these that are TRUE in beth input images). Te illustrate the
precess, images of MDCK cells expressing the baselateral marker E-
cadherin-RFP infected with PA-GFP and stained with anti-
P oeruginosa antibedy are presented (in this case the secendary
antibedy was cenjugated te Alexa-647). Fig. 2B displays an image
that shews several bacteria asseciated te the epithelial cell mene-
layer. Seme bacteria are aggregated while seme are individually
asseciated. And seme bacteria are extracellular while seme are
intracellular (See alse Supplementary Videe S1). Internalized bac-
teria are green while extracellular are light blue. Fig. 2C illustrates
(fer the same image) the generatien of the antibedy channel mask
and the eperatiens te ebtain beth the intracellular and the extra-
cellular signal.

Supplementary data related te this article can be feund enline at
http:/{dx.dei.erg/10.1016{j.mcp.2013.10.001.

Aggregates centaining beth, extra and intracellular bacteria are
semetimes feund as we previeusly reperted [11]. These situatiens
prebably represent the partial internalizatien ef surface fermed-
aggregates. In such cases, the hest cell membrane weuld be be-
tween the intra and the extracellular part of the aggregate. Hew-
ever, the reselutien ef the system is net eneugh te detect the
distance impesed by the presence of the membrane and beth parts
of the aggregate are perceived as ene particle. These aggregates are
classified as intermediates (see Sectien 3.3).

Determinatien of bacterial pesitien by image analysis ef deuble
stained bacterial samples was cempared with fermer visual in-
spectien methed rendering almest identical results (net shewn).

3.3. Automated image analysis software

The precedures presented in Sectiens 3.1 and 3.2 were
implemented as a plugin fer Fji. This seftware is available fer
dewnlead frem https://www.pasteur.edu.uy/bem/plugin. Twe
stacks of images are used as input. One stack cerrespends te the
bacterial channel and the ether stack cerrespends te the anti-
bedy channel highlighting extracellular bacteria. The antibedy
channel is used te generate an extracellular mask. This mask is
subtracted frem the bacterial channel te generate a new stack
with enly the intracellular signal. The legical AND eperatien is
then perfermed between the same mask and the bacterial
channel te generate a new stack with enly the extracellular
signal. Objects in the bacterial channel, the intracellular and the
extracellular stacks are identified and ceunted using the Fji 3D
Object Ceunter plugin. Three particle lists are generated 1) tetal
particles, 2) intracellular particles and 3) extracellular particles.
These lists centain the particle ID, their velume in vexels and the
3D ceerdinates of their centreids. Then the algerithm cemputes
the distances between the centreids ef all the particles in list 1,
with the centreids ef all the particles in list 2 and 3. When a
centreid frem list 1 ceincides (er the distance is less than a pixel)
with a centreid frem list 2 er 3, the particle cellular lecatien is
tagged as INTRACELLULAR er EXTRACELLULAR respectively.
Particles that de net fit in this classificatien are tagged as IN-
TERMEDIATE. The plugin gives an eutput list centaining a) par-
ticles ID, b) particles velume (in vexels) c) particle cellular
lecatien (i.e. extracellular, intermediate er intracellular) and d)
an image with the ebjects identified by the 3D ebject ceunter
(Fig. 2D and E in eur example).
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Fig. 2. Extracellular and intracellular bacteria identified by immunostaining and image analysis. A. ®rthogonal sections of confocal microscopy stacks from samples stained with
anti-PA antibody using non-permeabilized or permeabilized cells. B. 3P reconstruction and orthogonal section of the stadc analyzed in C E. C. Worlk flow of the image analysis
procedure ® identify intracellular and extracellular bacteria. Images acquired from non-permeabilized samples are processed in the following way: (step 1) anti-PA channel is used
to generate a masl {threshold used — 40), {step 2) this mask is subtracted from PA-GFP channel {Image Calculator{Subtract) and {(step 3) logical ANP operation between the mask
and the PA-GFP channel {Image CalculaworAND). Finally, 3® object detection is carried out in the original PA-GFP channel and in the resulting intracellular and extracellular stacks
{threshold used: 70, min: 100). Scale bars: 5 pm. B. ®utput list given by the software, E. 3@ rendering (3P Viewer) of the outputimage given by the software showing the particles

with their 1B

Nete that in the presented example a single bacterial cell is
classified as intermediate (ID 8). This might represent a technical
artifact preduced by inaccessibility ef the antibedy te zenes of the
bacterium in clese centact with the hest cell membrane. Cases like
this were feund very infrequently.

The number of bacteria per particle can be estimated dividing
the velume of each particle by the velume cerrespending te a single
bacterial cell. This value will depend en the particular micreer-
ganism the user is werking with as well as en the sample and the
acquisitien settings. Single bacteria are easily identified in the
merged image of the bacterial channel and the ebjects map given
by the 3D Object Ceunter plugin.

3.4. Effect of LY294002 on P. aeruginosa internalization measured
by double labeling/image analysis method

We previeusly shewed, by ceunting celeny ferming units in
standard antibietic pretectien assays, that treatment with 50 uM
LY294002, an inhibiter ef Phespheinesitide 3-kinase, impairs
P. geruginosa entry inte pelarized MDCK cells [28]. The effect of
LY294002 en P. aeruginosa internalizatien was assayed te further

validate eur methed. When assayed using the deuble labelingf
image analysis methed presented here, eur previeus result was
repreduced. Furthermere, new methed shewed that [Y294002
inhibitien affects beth, entry ef single and aggregated bacteria
(Fig 3).

3.5. Conclusions

We have develeped an autemated and quantitative methed-
olegy te determine number of attached and internalized bacteria,
distinguishing between single and aggregated ene. Asseciatien of
bacteria with hest cells as multicellular aggregates is emerging as
a cemmen feature in pathegenic bacteria-hest cell interactien.
Surface attachment and micreceleny fermatien are alse early key
steps in biefilm develepment. Bacterial internalizatien may
represent either a bacterial strategy fer survival inside the hest
cells or a hest cell defense mechanism. A better understanding ef
these precesses as well as the screening ef petentially inhibitery
drugs clearly depend en the develepment of metheds that quan-
titatively determine bacterial aggregatien state and subcellular
lecalizatien.
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Fig. 3. Effect of LY254002 on internalization of single and aggregated P aeruginose GFP-PH-Alct MBCOC cells were treased with 50 WMV LY234002 {LY) or vehicle {Control) and infected
with m-Cherry P. geruginosa for 2 h, Samples were fixed and imaged as described in section 1 and analyzed as described through sections 1 and 2. Graphs show the percentage of
internalized individual bacteria or aggregates relative # cell associated individual bacteria or cell associased aggregates respectively. About 3@ firlds per condition fromindependent
experiments were analyzed. Each field contained approximately 200 MBCI cells and about 85 associased bacteria. Bata are represented as mean +/— standard deviation. Bata was
transformed using ranl transformation [23%] and compared using a mixed model nested AN®VA [30]. (") p < 0.05.
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