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Corynebacterium ulcerans is an emerging pathogen transmitted by a zoonotic pathway with a very broad host
spectrum to humans. Despite rising numbers of infections and potentially fatal outcomes, data on the molecular basis
of pathogenicity are scarce. In this study, the interaction of 2 C. ulcerans isolates - one from an asymptomatic dog, one
from a fatal case of human infection - with human macrophages was investigated. C. ulcerans strains were able to
survive in macrophages for at least 20 hours. Uptake led to delay of phagolysosome maturation and detrimental effects
on the macrophages as deduced from cytotoxicity measurements and FACS analyses. The data presented here indicate

a high infectious potential of this emerging pathogen.

Introduction

Corynebacterium ulcerans is a pathogenic member of the genus
Corynebacterium, which is part of the family Corynebacteriaceae,
the order Actinomycetales and the phylum Actinobacteria." Within
the taxon Actinobacteria, the genera Corynebacterium, Nocardia
and Mpycobacterium form a monophyletic branch, the CMN
group, based on their unusual cell envelope composition.” The
genus Rhodococcus shares this features and is sometimes also
regarded as a member of this group, then designated as CMNR
group.>® C. ulcerans was first described by Gilbert and Stewart,
who isolated the bacteria from the throat of a patient with respi-
ratory diphtheria-like illness.” In fact, when lysogenized by a zox
gene-carrying corynephage, C. ulcerans can — as Corynebacterium
diphtheriae — produce diphtheria toxin and during the past
decade, diphtheria-like infections with toxigenic C. ulcerans have
outnumbered those caused by toxigenic C. diphtheriae in many
industrialized countries.® Moreover, during the last years, human
infections associated with C. wulcerans appear to be increasing in
various countries and can most often be ascribed to zoonotic
transmission.””® The range of mammals that may serve as a reser-
voir for human infections is extremely broad. C. ulcerans was e.g.
isolated from cattle, goats, pigs, wild boars, dogs, cats, ground
squirrels, otters, camels, monkeys, orcas and water rats.” 2

In 2011, 2 C. ulcerans strains from the metropolitan area of
Rio de Janeiro, Brazil, were sequenced: BR-AD22, isolated from
a nasal swab of an asymptomatic dog, and 809, isolated from a
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bronchoalveolar lavage (BAL) sample of an 80-year-old woman

232
>2> Based on these genome

with fatal pulmonary infection.
sequences and comparative genomics approaches, a number of
putative virulence factors were annotated, while functional data
were scarce. Up to now, data on adhesion and invasion of epithe-
lial cells, fibrinogen, fibronectin and collagen binding, antimicro-
bial profiles and arthritogenic potential of isolates were
published.?**® In the study presented here, C. ulcerans 809 and
BR-AD22 were characterized for the first time to our knowledge
in respect to their interaction with macrophages as important
part of the innate immune system in order to get deeper insight
into the pathogenicity of this emerging pathogen. The interac-
tion with macrophages was of special interest, since the closely
related animal pathogen Corynebacterium pseudotuberculosis, a
facultative intracellular bacterium, is able to survive and grow in
macrophages in order to disseminate within the host,”*? and also
the human pathogen C. diphtheriae is able to survive within

0
human macrophages.3

Results

Internalization of C. ulcerans by human macrophages

As a first approach, the interaction of human macrophages
with C. wulcerans was analyzed by fluorescence microscopy,
together with Corynebacterium glutamicum used as control. This
bacterium is non-pathogenic and was expected to be eliminated
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quickly by the macrophages. GFP-labeled bacteria were readily
internalized by human THP-1 macrophages without opsoniza-
tion or additional external primining e.g., by lipopolysaccharide.
The fate of the bacteria was monitored for 2, 8 and 20 hours.
The number of fluorescent bacteria within the macrophages
appeared to be constant or declining within the 20 hours for C.
glutamicum ATCC 13032. In contrast, a time-dependent
increase of C. ulcerans 809 and BR-AD22 within macrophages
was observed by fluorescence microscopy within this time inter-
val (Fig. 1). Similar results were obtained with the murine mac-

rophage cell line RAW 264.7 (data not shown).

Survival of C. ulcerans after internalization
by human macrophages

For a more quantitative analysis of C. ulcerans — macrophage
interaction, a replication assay was carried out and CFU were

C. ulcerans
809

C. glutamicum
ATCC 13032

20 h

Figure 1. Fluorescence microscopy of C. ulcerans and THP-1 cells. THP-1 cells were infected with C. glutamicum
ATCC 13032 pEPR1p45gfp, C. ulcerans 809 pEPR1p45gfp and C. ulcerans BR-AD22 pEPR1p45gfp at an MOI of 10
for 30 min. Extracellular bacteria were killed by the addition of gentamicin and after different time points, cells
were fixed. Nuclei were stained with DAPI, the cytoskeleton with Alexa Fluor® 647 Phalloidin and z-stack
micrographs were taken using the confocal laser-scanning microscope Leica SP5 Il and analyzed with the LAS
software suite to proof that bacteria are located inside of the macrophages. Representative pictures are shown.
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determined after adhering bacteria were killed by gentamicin
addition. When the number of bacteria within THP-1 cells was
analyzed, already after 2 hours almost no viable C. glutamicum
were detectable (Fig. 2A), indicating that the fluorescent bacteria
observed at the same and later time points by microscopy were
already irreversibly inactivated or killed by the macrophages.
When the low number of viable C. glutamicum at 2 hours post-
infection were set to 100 %, a constant decline of CFU could be
observed at the later time points (Fig. 2B). For C. ulcerans strains
809 and BR-AD22 already after 2 hours post-infection higher
CFU were detected compared to the non-pathogenic C. glutami-
cum strain. After 8 hours of macrophage infection, even a strong
increase of CFU was observed both, in relation to the number of
bacteria used for infection and in relation to the number of intra-
cellular CFU determined at 2 hours post infection (Fig. 2A, B).
This result indicates that — in contrast to C. glutamicum - C.

ulcerans is able to proliferate in

h h ithin the fi
C uicerans the macrophages within the first

BR-AD22 hours of internalization. After

20 hours, the number of CFU
declined for the C

indicating

ulcerans
strains, successful
inactivation of bacteria at this
late time point by the macro-
phages. Interestingly, with lon-
ger incubation time, cells
challenged by C. ulcerans in this
experimental set-up began to
detach from the and
showed signs of cell death, which

was analyzed in more detail in

wells

subsequent  approaches  (see
below). Taken together, in con-
trast to C. glutamicum, C. ulcer-
ans strains seem to be able to
interfere with macrophage func-
tion independent of their origin
from animal or human sources.
Similar results were obtained
with murine RAW 264.7 and
J774E macrophages indicating
that these findings are not lim-
ited to a single macrophage cell
line or exclusively to human
macrophages (data not shown).

Delay of phagolysosome
maturation by C. ulcerans

A hallmark of macrophage
function after phagocytosis is the
formation of phagolysosomes by
fusion of phagosomes and acidic
lysosomes. In order to investi-
gate the reason for the observed
growth and delay of degradation
of C

ulcerans, formation of
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Figure 2. Quantitative analysis of viable intracellular C. ulcerans in THP-1
cells. THP-1 cells were infected with C. ulcerans wild type strains 809 and
BR-AD22 at an MOI of 1 for 30 min. To kill extracellular bacteria, cells
were incubated with medium containing gentamicin and after 2 (white
bars), 8 (gray bars) and 20 h (black bars), cells were harvested, lysed and
lysates were plated on blood agar plates to recover intracellular CFU. A)
Intracellular CFU in percent referred to the inoculum, B) intracellular sur-
vival in percent referred to the bacteria that were taken up after 2 h.
Data shown are mean values of 4 independent biological replicates each
performed in triplicates + standard deviation.

acidic compartments within macrophages was monitored using a
LysoTracker dye. In parallel, Alexa Fluor® 647 Phalloidin and
DAPI staining visualized cytoskeleton and nuclei, respectively,
and corynebacteria were labeled by GFP (Fig. 3). In case of C.
glutamicum ATCC 13032, a clear co-localization of bacteria and
acidic compartments was observed already after 2 hours. After 8
and 20 hours, this co-localization was even more pronounced
with almost all bacteria located together with acidic compart-
ments. This situation differed strongly in case of C. ulcerans iso-
lates. After 2 hours, no co-localization of strain 809 or BR-AD22
with lysosomes was detected. After 8 hours, only about half of
the bacteria detected were co-localizing with lysosomes, and even
after 20 hours, a considerable number of GFP-labeled bacteria
were not co-localizing with acidic compartments. The data indi-
cate a delay of phagolysosome formation by C. ulcerans. In accor-
dance with the CFU determined (Fig. 2), the delaying effect of
809 seemed to be stronger than in case of BR-AD22.
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For an unbiased and more quantitative approach, pictures
were automatically evaluated either on the level of pixels or bacte-
rial cells. Both methods showed consistently that C. wlcerans
impairs phagosome maturation. In contrast to the non-patho-
genic C. glutamicum, which already shows approximately 60 %
co-localization after 2 hours post-infection and at least 80 % after
20 hours, the C. ulcerans strains applied show lower co-localiza-
tion at all time points investigated with less than half of the bacte-
ria  co-localized with acidic compartments after 20 hours

(Table 1).

Response of human macrophages to C. ulcerans contact

The observed delay in phagolysosome maturation gave rise to
the question whether macrophage function is impaired in general
or specifically. To address this, NFkB induction and cytokine
secretion were analyzed in response to infection with C. ulcerans.
Cells of the reporter cell line THP1-Blue NF-kB were incubated
for 20 hours with viable (Fig. 4A) and UV-killed (Fig. 4B) bac-
teria of non-pathogenic C. glutamicum ATCC 13032 and patho-
genic  C. 809 and BR-AD22. Viable
corynebacteria led to strong NF-kB activation when MOI 1 and
10 were tested independent of their pathogenicity (Fig. 4A).
When an MOI of 100 was applied, NF-kB activation by C. u/cer-
ans strains was decreased (data not shown) most likely due to det-

ulcerans  strains

rimental effects of these pathogenic bacteria on the reporter cells
(see below). Infection with dead bacteria led to a weaker NF-kB
activation, which reached the values obtained for viable cells only
in case of 10-fold higher MOIs were applied. The activation by
dead bacteria was dose-dependent; detrimental effects of UV-
inactivated pathogens were not observed (Fig. 4B), indicating
that macrophage damage is the result of an active process induced
by C. ulcerans.

Additionally, supernatants of THP-1 cells infected with C.
ulcerans with an MOI of 1 and 10, respectively, were collected at
2, 8 and 20 hours post-infection and used for determination of
IL-6 (Fig. 5A) and G-CSF (Fig. 5B) secretion. Upon receptor
binding, IL-6 and G-CSF activate JAK kinases, which then acti-
vate STAT?3 signaling leading to increased expression of the anti-
apoptotic proteins Bcl-xL and Bcl-2.>"* C. ulcerans 809 and
BR-AD22 led to rising cytokine levels with infection time
and reached concentrations of 1,000 to 1,400 pg ml™! for IL-6
and 4,500 to 6,500 pg ml™! for G-CSF, respectively.

Taken together, these data indicate functional NF-kB and
STATS3 signal transduction pathways in the macrophages, indi-
cating that delay of phagolysosome formation is caused by a spe-
cific mechanism and not a general detrimental effect of C.
ulcerans.

Killing of macrophages by C. ulcerans

As described above, a partial detachment of cells from the sur-
face of cell culture wells was observed in response to C. wulcerans
contact. This phenomenon was analyzed in more detail in subse-
quent experiments. First, different MOIs and times of infection
were tested. Detachment of cells was not observed with untreated
cells and those infected with an MOI of 1. In contrast, C. ulcerans
strains 809 and BR-AD22 applied with an MOI of 10 led to

Virulence 47



C. ulcerans
809

C. glutamicum
ATCC 13032

20h

Figure 3. Labeling and tracking of acidic organelles in THP-1 cells infected with C. ulcerans. THP-1 cells were
incubated with LysoTracker® Red DND-99 for 120 min before cells were infected with C. glutamicum ATCC
13032 pEPR1p45gfp, C. ulcerans 809 pEPR1p45gfp and C. ulcerans BR-AD22 pEPR1p45gfp at an MOI of 10 for
30 min. Extracellular bacteria were killed by the addition of gentamicin and after 2, 8 and 20 h, cells were fixed.
Nuclei were stained with DAPI, the cytoskeleton with Alexa Fluor® 647 Phalloidin and micrographs were taken
using the confocal laser-scanning microscope Leica SP5 Il and analyzed with the LAS software suite. Non-patho-
genic C. glutamicum immediately co-localize with acidic compartments (2 h) whereas pathogenic C. ulcerans
only show co-localization after longer incubation time (8 h to 20 h). Representative pictures are shown. Scale

bars: 10 pm.

malformation and detachment of cells after 8 hours. An effect,
which was not observed with C. glutamicum ATCC 13032
(Fig. 6).

Microscopic analysis of DAPI stained fragmented nuclei as a
sign of apoptotic cell death of THP-1 cells after infection with C.
ulcerans revealed only single apoptotic cells independent of the
time point analyzed, which is in accordance with the activation
of anti-apoptotic cell signaling as described above. To further
analyze the mode of cell death, FACS experiments were carried
out. First, the SubG1 technique was used as assay to measure
apoptosis rates. However, no typical SubGl fractions were
detectable for THP-1 cells infected with C. ulcerans at MOI 50
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C. ulcerans further supporting the idea that

BR-AD22 apoptosis is not involved in
macrophage death (data not
shown).

As second approach, lysis of
cells was tested. To quantify the
number of lytic cells upon C.
ulcerans infection, cells
harvested at different
points, stained with 7-AAD and

analyzed by flow cytometry after

were
time

gating and exclusion of cell
debris (Fig. 7A). Seven-AAD is
a dye that is excluded from via-
ble cells, but can penetrate dam-
aged cell membranes. In the
DNA histogram, 7-AAD posi-
tive cells show a shift to the
right and can be easily separated
(Fig. 7B).
Uninfected cells show a back-
ground level of around 10 % 7-

from viable cells

AAD  positive cells over all
points in time investigated.
Handling and infection of cells
increased this background to
about 30 % at 2 hours post-
infection. At 8 hours post-infec-
tion, the count of positive cells
increased  for all  samples
(Fig. 7B); however, when all
events are considered (Fig. 7A),
the amount of small fragments
detected was much higher for
cells infected with C. wlcerans
compared to cells infected with
C. glutamicum, indicating that
many cells were already frag-
mented due to C. ulcerans infec-
tion. These were gated out and
not considered in the count of
7-AAD positive cells, resulting
in a relatively low difference
between the After
20 hours, cells infected with C. glutamicum recover and drop

strains.

down to background level of uninfected cells, whereas cells
infected with C. wlcerans strains show about 50 % positive cells.
Furthermore, again a high amount of cell debris was observed. In
summary, a lytic cell death mechanism resembling necrosis upon
infection with C. wlcerans was indicated by this approach
(Fig. 7B, O).

In addition to the FACS assays, the release of cytosolic lactate
dehydrogenase into the supernatant as a sign of host cell damage
was measured during infection of THP1-Blue NF-kB cells with
C. ulcerans. Cells were infected for 20 hours with viable and
UV-killed C. glutamicum ATCC 13032 and C. ulcerans strains
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Table 1. Automated analysis of co-localization of bacteria with acidic compartments. At least 19 fluorescence microscopy pictures were analyzed for each

data set as described in the Materials and Methods section.

% co-localization after evaluated on pixel level

2h 8h 20 h
C. glutamicum ATCC 13032 59 82 91
C. ulcerans 809 8 35 49
C. ulcerans BR-AD22 19 29 47

% co-localization after evaluated on bacterium level

2h 8h 20 h
C. glutamicum ATCC 13032 54 80 79
C. ulcerans 809 11 34 49
C. ulcerans BR-AD22 20 29 47
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Figure 4. NF-«B activation in THP1-Blue™ NF-«B reporter cells after C.
ulcerans infection. THP1-Blue™ NF-kB cells were incubated for 20 h with
(A) viable and (B) UV-killed bacteria of the non-pathogenic C. glutamicum
ATCC 13032 and pathogenic C. ulcerans strains 809 and BR-AD22 at an
MOI of 1 (white bars), 10 (gray bars) and 100 (black bars). For viable C.
ulcerans, MOI 100 led to detrimental effects on cells and data are not
shown. Subsequently, supernatants were taken and mixed with Quan-
tiBlue SEAP detection solution leading to a change in color upon NF-«B
activation. Living C. glutamicum led to high SEAP levels in all MOls,
whereas living C. ulcerans showed lower levels at higher MOls. Infection
with dead bacteria led to a dose-dependent NF-kB activation in all cases.
Data shown are mean values of 3 independent biological replicates each
performed in triplicates + standard deviation.

809 and BR-AD22 at an MOI of 1 and 10. The non-patho-
genic C. glutamicum as well as dead C. ulcerans had no damag-
ing effect, while viable C. ulcerans strains 809 and BR-AD22
induced cell lysis as indicated by strong LDH release already at
an MOl of 1 (Fig. 8).

Factors involved in the killing of macrophages by C. wulcerans
were not characterized before. However, based on homology to
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Figure 5. Cytokine ELISA of THP-1 cells after infection with C. ulcerans.
Supernatants of THP-1 cells infected with C. ulcerans were collected at 2
(white bars), 8 (gray bars) and 20 h (black bars) post-infection and used
as samples for determination of (A) IL-6 and (B) G-CSF concentrations.
Data shown are mean values of 3 independent biological replicates each
performed in triplicates + standard deviation.
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mutant strains observed at MOI 1
could be overcome by higher
MOIs (data not shown).

C. ulcerans
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Discussion

C. ulcerans is an emerging path-
ogen, which is transmitted by a
zoonotic pathway from a wide
number of mammals to the
human host.”® In fact, in the last
decade cases of respiratory diphthe-
ria caused by C. diphtheriae were
outnumbered by C. ulcerans infec-
tons in Western Europe.6’36’37
Despite increasing numbers of
infections and the occurrence
of fatal cases, basic mechanisms of
host-pathogen interaction and spe-
cific virulence factors of C. wulcerans
are widely uncharacterized.

In the study presented here, C.
ulcerans BR-AD22, isolated from
an asymptomatic dog, and 809,
isolated from an 80-year-old
woman with fatal pulmonary
infection were characterized for
the first time to our knowledge in

respect to their interaction with

Figure 6. Detachment of THP-1 cells infected with C. ulcerans. Cells infected with non-pathogenic C. glutami-
cum or pathogenic C. ulcerans at an MOI of 10 and 1 were analyzed microscopically at 2, 8 and 20 h post-
infection, untreated cells served as negative control. Both C. ulcerans wild type strains caused detachment of
cells at MOI 10 after 8 h, and an increasing effect with longer incubation time. Cells treated with C. glutami-
cum looked healthy even after 20 h, as well as cells incubated with a lower amount of bacteria (MOI 1).

macrophages. Interestingly, the
human and animal isolate did
not differ significantly in respect
to internalization and survival

closely related pathogenic corynebacteria, different C. wlcerans pro-
teins have been annotated as putative virulence factors.”> Phospho-
lipase D (PLD) is the most important virulence factor of the
closely related C. pseudotuberculosis> This so-called ovis toxin is
involved in dissemination of this animal pathogen from the initial
site of infection to other parts of the body. Another example of a
putative virulence factor encoded in the C. wlcerans genome is
CULC22_00609, a homolog of C. diphtheriae DIP0733, which
was found recently to be involved in adhesion to and invasion of
epithelial cells and in the survival inside macrophages.>* BR-AD22
strains carrying a pld and CULC22_00609 gene distuption,
respectively, were generated and designated ELHAI and
ELHA3."% When cells were infected with these mutant strains
and LDH release was measured, at MOI 1 strain ELHAI1 showed
51 £ 16 % and ELHA3 34 £ 13 % cytotoxicity compared to the
wild type, indicating a multifactorial mechanism of macrophage
damage, which has to be analyzed in more detail in future. A com-
plex interaction is also indicated by the fact that the defect of
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within macrophages and showed
higher uptake and survival rates

C. diphtheriae
30

compared  to

strains in U937 macrophages,
supporting the high infectious potential of this emerging
pathogen.

In contrast to non-pathogenic C. glutamicum strain ATCC
13032, the C. ulcerans strains were able to multiply within mac-
rophages at least 8 hours post-infection and were able to delay
phagolysosome formation, which might be an effective mecha-
nism for immune evasion and spreading of C. ulcerans within the
body supporting the establishment and progress of infections.
Corynebacterium species are closely related to the genera Mycobac-
terium, Nocardia and Rhodoccoccus, forming the CMNR group of
Actinobacteria. The members of this group are characterized by a
complex cell wall architecture with an additional layer of mycolic
acids. Interaction with macrophages and the influence of mycolic
acids is best investigated for Mycobacterium tuberculosis. Here,
trehalose dimycolate, the cord factor, was shown to inhibit fusion
events between phospholipid vesicles inside the host macrophage
and to be involved in macrophage activation.”® Furthermore,
Rhodococcus equi, a facultative intracellular pathogen, is able to
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Figure 7. 7-AAD staining and FACS analysis of THP-1
cells infected with C. ulcerans. THP-1 cells were
infected with the non-pathogenic C. glutamicum
ATCC 13032 and pathogenic C. ulcerans strains 809
and BR-AD22 at MOI 50, uninfected cells were carried
along as negative control. After different points in
time, cells were harvested and stained with 7-AAD, a
dye that only penetrates dead cells, and analyzed by
flow cytometry. (A) Dot plots of representative sam-
ples show forward scatter versus side scatter. Gate A
excludes cell debris and small fragments like bacteria.
(B) Histograms (7-AAD signal vs. cell count) of 10,000
cells after gating. Gate B represents 7-AAD positive,
dead cells (light gray in gate A). (C) Quantitative anal-
ysis of 7-AAD positive cells at 2 (white bars), 8 (gray
bars) and 20 h (black bars). Mean values and stan-
dard deviations of at least 2 independent assays per-
formed in triplicate are depicted.

arrest phagosome maturation in macrophages
before the late endocytic stage.”® For corynebacte-
ria, data on macrophage interaction and the role
of mycolic acids are scarce. As shown previously,
outer membrane lipids of C. pseudotuberculosis
have a lethal effect on murine and caprine macro-
phages.*>*! It might therefore be worth to investi-
gate the role of mycolic acids in the interaction of
C. ulcerans with host macrophages, besides the
influence of PLD and CULC22_00609.

Flow cytometry analysis revealed a high
amount of cell debris when THP-1 cells were
infected with C. ulcerans 809 and BR-AD22 and
a strong lytic effect was found when LDH release
was tested. Together with the absence of evi-
dence for nucleus fragmentation a lytic cell death
mechanism is favored by these results rather than
apoptosis. In the past few years, several mecha-
nisms of programmed necrotic cell death besides
apoptosis have been described. These include
besides others pyroptosis and necroptosis, which
result in plasma membrane rupture. In contrast
to classical necrosis, they are initiated in response
to various intrinsic or extrinsic signals and
underlie specific signaling cascades resulting
finally in cell death (for review see??) . To
unravel the molecular background and exact
mode of cell death induction by C. wlcerans in
THP-1 cells, further investigations need to be
carried out.

A host cell damaging effect of C. ulcerans to
eukaryotic cells was already described for the epi-
thelial cell line Detroit562. Here, the transepi-
thelial resistance of cell monolayers was rapidly
reduced in response infection with C. ulcerans
809 and in a less severe mode with C. wulcerans

BR-AD22. The more aggressive behavior of C. wulcerans 809
toward epithelial cells might be due to the additional Shiga-like

. . . )
toxin thIS strain carries. 7
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Taken together, the observations made in this study hint to
the existence of more than one active mechanism of C. ulcerans

to cope with macrophage function. In line with this idea, initial
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Figure 8. LDH release of THP1-Blue cells infected with C. ulcerans. The
release of lactate dehydrogenase (LDH) as a sign of host cell damage
during infection of THP1-Blue™ NF-kB cells with C. ulcerans was mea-
sured using the cytotoxicity detection kit (Roche). (A) Cells were infected
for 20 h with the non-pathogenic C. glutamicum ATCC 13032 and patho-
genic C. ulcerans wild type strains 809 and BR-AD22 at an MOl of 1 (white
bars) and 10 (gray bars). The non-pathogenic C. glutamicum had no dam-
aging effect. However, C. ulcerans led to LDH release at MOI 1 and 10. (B)
Cells were infected with C. ulcerans mutant strains ELHAT and ELHA3 at
MOI 1 and the LDH release was compared to the corresponding wild
type strain BR-AD22 which was set to 100 %. Data shown are mean val-
ues of 3 independent biological replicates each performed in triplicates
=+ standard deviation.

sequencing of strains 809 and BR-AD22” as well as next genera-
tion sequencing of 9 C. ulcerans isolates® revealed a number of
different virulence factors, which might influence survival of this
pathogen besides the Shiga-like toxin of strain 809 as well as
PLD and DIP0733 homolog CULC22_00609 of BR-AD22.
Mutations in the genes encoding PLD and CULC22_00609 led
reduced cytotoxicity toward THP1-Blue™ NF-kB cells com-
pared to the wild type strain BR-AD22. To further investigate
the effect of these putative virulence factors, studies analyzing the
effect of purified proteins on macrophage survival would be of
high interest. Further proteins found for C. ulcerans were e.g.
neuraminidase H, endoglycosidase E, a Fic toxin homolog and a
RhuM homolog.”**

In conclusion, the emerging pathogen C. wulcerans is a potent
pathogen, which comprises a broad and varying set of virulence
factors.”” Furthermore, by acquisition of new genes, this
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repertoire can change quickly,® supporting the necessity of a con-
stant surveillance of this pathogen.** The contribution of puta-
tive virulence proteins identified so far and of other components
of the cell, like glycolipids, which play an important role in viru-
lence of C. diphtheriae, M. tuberculosis or R. equi,*®?%*>*¢ has to
be elucidated at the molecular level by genetic experiments with
defined mutants in future.

Materials and Methods

Bacterial strains and growth

Strains and plasmids used in this study are shown in Table 2.
C. glutamicum and C. ulcerans strains were grown in Heart Infu-
sion (HI) broth at 37°C. If appropriate, 50 pug ml~" kanamycin
was added. For generation of GFP expressing strains used in fluo-
rescence microscopy studies, electrocompetent C. wulcerans cells
were transformed with the plasmid pEPR1-p45¢fp and positive

clones were selected on HI agar with kanamycin.

Replication assay

THP-1 human monocytic cells cultures in 10 % FCS supple-
mented RPMI medium 1640 (containing 100 U penicillin ml™!
and 0.1 mg streptomycin ml™") at 37°C in 5 % CO, in a humi-
fied cell culture incubator. For replication assays, cells were
seeded in 24-well plates (Nunc) at a density of 2 x 10° and dif-
ferentiated by addition of 10 ng ml~" phorbol 12-myristate 13-
acetate (PMA) 24 h prior to infection. Overnight cultures of C.
ulcerans grown in HI were re-inoculated to an ODgp of 0.1 in
fresh medium and grown to an ODggg of 0.4 to 0.6. An inocu-
lum with an MOI of 1 or 10 was prepared in RPMI without anti-
biotics and 500 pl per well were used to infect the cells. The
plates were centrifuged for 5 min at 350 X g to synchronize
infection and incubated for 30 min (37°C, 5 % CO,, 90 %
humidity) to allow phagocytosis of bacteria. Subsequently, the
supernatant containing non-engulfed bacteria was aspirated, cells
were washed once with PBS and remaining extracellular bacteria
were killed by addition of 100 wg ml™" gentamicin in cell cul-
ture medium. After 2 h, cells were either lysed and intracellular
bacteria were recovered or further incubated with medium con-
taining 10 wg ml™" gentamicin for analysis at later time points
(8 h and 20 h). To recover intracellular bacteria, the medium
was aspirated and cells were lysed by adding 500 I of 0.1 % Tri-
ton X-100 in PBS. Serial dilutions of the lysate and the inoculi
were plated on blood agar plates (Oxoid) using an Eddy Jet Ver-
sion 1.22 (IUL Instruments). After incubation at 37°C for
2 days, the number of colony forming units (CFU) was deter-
mined. The ratio of bacteria used for infection (number of colo-
nies on inoculum plates) and bacteria in the lysate (number of
colonies on the lysate plates) multiplied with 100 gave the per-
centage of viable intracellular bacteria at different time points.
When the survival of intracellular bacteria in THP-1 cells was
analyzed over the time, the number of CFU at 2 h was set to 100
% and later time points were calculated based on this value. The
assay was performed in 4 biological replicates each performed in
triplicates and means and standard deviations were calculated.
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Table 2. Strains, cell lines and plasmids used in this study.

Strain, cell line or plasmid Description/genotype Reference/source
C. glutamicum

Strains

ATCC 13032 type-strain, non-pathogenic 50
Corynebacterium ulcerans

809 isolated from an 80-year-old woman with fatal pulmonary infection 24
BR-AD22 isolated from an asymptomatic dog 3

ELHA1 BR-AD22 pld::pK18mob-pld’, phospholipase D-deficient mutant 3

ELHA3 BR-AD22 CULC22_00609:pK18mob-CULC22_00609’ >

Cell lines

THP-1 human leukemic monocytic cells s
THP1-Blue NFxB THP-1 cells with stable integrated NFxB inducible SEAP reporter construct Invivogen
RAW 246.7 murine leukemic macrophages 52

J774E mannose receptor-expressing clone of the J774 mouse macrophage cell line 3
Plasmids

pEPR1-p45gfp P45, gfpuv, Km®, rep, per, T1, T2

54

Fluorescence microscopy

For qualitative analysis of intracellular CFU, THP-1 cells
were infected with GFP-expressing bacteria and analyzed by fluo-
rescence microscopy. THP-1 cells were seeded one day prior to
infection in a density of 1 x 10’ cells on sterile coverslips in
24-well plates. Overnight cultures of C. glutamicum or C. ulcer-
ans strains transformed with plasmids encoding gfp cultivated in
HI medium containing kanamycin were re-inoculated to an
ODgop of 0.1 in fresh medium, harvested at the beginning of the
exponential growth phase and used to infect macrophages as
described above. After different time points, the medium was
aspirated and cells were fixed by addition of 500 wl 4 % parafor-
maldehyde in PBS and incubated for 20 min at 37°C. Undil fur-
ther staining, cells were stored in PBS at 4°C. For subsequent
analysis by microscopy, coverslips were incubated with 30 pl of
Alexa Fluor® 647 Phalloidin diluted 1:200 in Image-iT™ FX
Signal Enhancer (Molecular Probes, Life Technologies) for
45 min in the dark to stain the cytoskeleton of THP-1 cells. After
washing twice with PBS, the coverslips were dried and embedded
on glass slides in ProLong® Gold antifade mountant with DAPI
(Molecular Probes, Life Technologies) and samples were stored
in the dark at 4°C. Micrographs were taken with the confocal
laser scanning microscope Leica SP5 CLSM-1P (Leica Microsys-
tems) and analyzed with the LAS software suite.

Staining of acidic compartments in infected THP-1 cells

To analyze if C. wlcerans co-localizes with acidic compart-
ments, THP-1 cells we were treated with 200 nM LysoTracker®
Red DND-99 (Molecular Probes, Life Technologies), a red fluo-
rescent dye that stains acidic compartments in live cells, 2 h
before infection. Then, cells were infected and further treated as
described for fluorescence microscopy above.

Automated analysis of fluorescence microscopic images

The analysis of bacteria on fluorescence images poses a
demanding challenge as the bacteria tend to stick together and
form clusters. To circumvent this problem, i.e. to avoid the prob-
lem of segmentation of single bacteria, data were analyzed with
the software tool CaeT* in 2 ways. In the first approach the area
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of all bacteria was analyzed on pixel level. For this purpose, an
adaptive threshold algorithm® based on k-means clustering®
was applied to the images of the GFP channel to determine pix-
els, which belong to bacteria. If intensities of corresponding pix-
els in the LysoTracker® Red DND-99 channel exceeded an
empirically determined threshold, the pixels were regarded as co-
localized. For all images the proportion between the number of
co-localizing pixels and the total number of pixels of bacteria was
determined. The second method was based on the evaluation of
images at bacterial cell level. For this purpose, pixels belonging to
bacteria which had been calculated in the first method, were
grouped into regions. To prevent the analysis of cell clusters,
these regions were filtered according to a statistical shape model
to analyze exclusively single bacteria. The single bacteria had to
reach a minimum average intensity in the LysoTracker® Red
DND-99 channel to be positive for co-localization with acidic
compartments. Then, the proportion between the number of
positive bacteria and the total number of bacteria was
determined.

FACS apoptosis assay (SubG1 analysis)

For analysis of apoptotic cell death induced by infection with
C. ulcerans, cells were stained with PI and the SubG1 peak was
analyzed by FACS. Four x 10° THP-1 cells were seeded 24 h
prior to infection in 12-well plates and differentiated by addition
of 10 ng ml~' PMA. Cells were infected with C. ulcerans at an
MOI of 50 as described above. After different time points, cells
were harvested and fixed. To collect all cells, the supernatant
with potentially detached cells was saved. Cells were washed once
with 50 mM EDTA in PBS, detached by incubation for 5 to
10 min with trypsin at 37°C, and washed with 10 % FCS in
PBS. Then everything was combined and centrifuged at 350 x g
for 10 min. The supernatant was carefully removed and the cell
pellet was washed once with 10 % FCS in PBS. The cell pellets
were resuspended in 500 pl ice-cold PBS and 3 ml of 70 % etha-
nol (—20°C) were added dropwise under vortexing. Fixed cells
were stored up to 2 weeks at 4°C. For staining, cells were har-
vested by centrifugation (500 X g, 10 min), and cell pellets were
resuspended in 1 ml extraction buffer (9 parts 50 mM
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Na,HPOy, 1 part 25 mM citric acid, 0.1 % Triton X-100, 0.01
% NaN3, pH 7.8) to extract low molecular weight DNA, trans-
ferred to a FACS tube and centrifuged again (500 x g, 10 min).
Finally, cells were stained by adding 400 .l of the staining buffer
(10 mM PIPES, 0.1 N NaCl, 2 mM MgCl,, 0.1 % Triton X-
100, 0.02 % NaN3, pH 6.8), 25 ul 10 mg ml~! RNase in PBS
and 20 pl 1 mg ml™" PI dissolved in ddH,O. Until flow cyto-
metric analysis on a BD FACS Canto II, samples were incubated

in the dark.

FACS necrosis assay (7-AAD staining)

For analysis of necrotic cell death forms in response to infec-
tion with C. ulcerans, cells were stained with 7-AAD. Four x 10’
THP-1 cells were seeded 24 h prior to infection in 12-well plates
and differentiated by addition of 10 ng ml~" PMA. Cells were
infected with C. ulcerans at an MOI of 50 as described above. At
different time points after infection, cells were harvested as
described above for the SubG1 analysis, the resulting pellet was
resuspended in 250 pl PBS but then not fixed but immediately
stained with 5 pl of the 7-AAD staining solution (BD Biosci-
ence). Uninfected cells served as negative control and cells treated
with 0.01 % Triton X-100 as positive control. Analysis was per-
formed within 10 minutes by flow cytometry on a BD FACS
Canto II after gating and excluding cell debris. Data were ana-
lyzed using Kaluza™ flow cytometry analysis software V1.1
(Beckmann Coulter).

NF-kB reporter assay

THP1-Blue™ NF-kB cells (InvivoGen) carrying a stable
integrated NF-kB-inducible secreted embryonic alkaline phos-
phatase (SEAP) reporter construct were used to analyze NF-«kB
induction by C. ulcerans. C. ulcerans strains were inoculated from
an overnight culture to an ODggg of 0.1 in fresh medium and
grown to an ODggg of 0.4 to 0.6. An inoculum with an ODgq
of 1.25 in 1,000 pl PBS was prepared and 20 pl of this inocu-
lum or of the 10" and 1072 dilutions were mixed with 180 .l
of a suspension with 5 x 10° THP1-Blue™ NF-kB cells in cell
culture medium resulting in an MOI of 100, 10 or 1. UV-killed
bacteria in the same concentrations were also carried along. After
incubation for 20 h at cell culture conditions, the 96-well plates
were centrifuged (350 X g, 5 min) and 20 pl of the cell free
supernatant was mixed with 180 wl prewarmed SEAP detection
reagent QUANTI-Blue™ (InvivoGen). After further incubation
at cell culture conditions for 3 h, the levels of NF-kB-induced
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