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The rising incidences of infections with multidrug-resistant (MDR) Gram-negative bacteria including Pseudomonas aeruginosa
(PA) have gained increasing attention in medicine, but also in the general public and global health politics. The mechanisms under-
lying opportunistic pathogen—host interactions are unclear, however. To address this, we challenged secondary abiotic IL10™ mice
deficient for Toll-like receptor-4 (TLR4 ™~ x IL10™"), the main receptor of the Gram-negative cell wall constituent lipopolysaccha-
ride, with a clinical MDR PA isolate. Despite higher intestinal colonization densities, apoptotic colonic epithelial cell numbers were
lower in TLR4™™ x IL10”" mice as compared to IL1I0”" controls at day 14 postinfection (p.i.), whereas proliferating/regenerating
cells had increased in the latter only. Furthermore, PA-colonized TLR4”~ x IL10™" mice displayed less distinct innate and adaptive
immune cell responses in the colon as compared to IL10™~ counterparts that were accompanied by lower nitric oxide concentrations
in mesenteric lymph nodes in the former at day 14 p.i. Conversely, splenic NO levels were higher in both naive and PA-colonized
TLR4-deficient IL10” mice versus IL10” controls. Remarkably, intestinal MDR PA was able to translocate to extra-intestinal in-
cluding systemic compartments of TLR4 "~ x IL10”" mice only. Hence, MDR PA-induced intestinal and systemic immune re-
sponses observed in secondary abiotic IL10™" mice are TLR4-dependent.

Keywords: Pseudomonas aeruginosa, multidrug-resistant Gram-negative bacteria, colonization resistance, susceptibility to infec-
tion, gut microbiota shifts, secondary abiotic (gnotobiotic) IL10-deficient mice, pro-inflammatory immune responses, bacterial
translocation, Toll-like receptor-4, lipopolysaccharide

Introduction

The fine-tuned interactions of immune cells, pattern rec-
ognition receptors such as Toll-like receptors (TLR), and
evolving signaling pathways are pivotal for preventing the
host from invading (opportunistic) pathogens and for bac-
terial clearance [1, 2]. TLR4 is the receptor for sensing cell
wall constituents such as lipopetide and lipopolysaccha-
ride (LPS) derived from Gram-negative bacteria including
Pseudonomas aeruginosa (PA) [2—4]. Besides LPS, this
aerobic opportunistic pathogen harbors a diverse arsenal
of virulence factors facilitating adhesion and invasion,

further immune escape, establishment, and persistence
within the host [5, 6]. Particularly in hospitalized patients
with deprived immune functions, PA is one of the most
common nosocomial pathogens responsible for severe in-
fections with significant mortality [7]. Acute PA-related
morbidities include ventilator-associated pneumonia, in-
fections of surgical sites, burn wounds, and of the urinary
tract [8]. Furthermore, PA is a frequent cause for chronic
pulmonary infections in patients suffering from chronic
obstructive lung disease, bronchiectasis, or cystic fibrosis,
for instance [9, 10]. Given its preferential growth in moist
environments, water bottles, sinks, and respiratory equip-
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ment constitute typical reservoirs in the health-care-asso-
ciated setting, whereas due to its adhesive properties, PA
might be acquired from any contaminated surfaces, instru-
ments, and objects on wards [7, 11]. The human gastro-
intestinal tract, however, needs to be considered as internal
source for subsequent infections, even though PA is not
regarded as part of the commensal intestinal microbiota
[11, 12]. Particularly antimicrobial treatment, however,
compromising the colonization resistance exerted by the
complex intestinal microbiota and physiologically pre-
venting the host from (opportunistic) pathogenic infection
[13], facilitates human PA colonization. An earlier study
revealed that intestinal PA colonization rates of patients in-
creased with duration of hospitalization [11]. Remarkably,
an intestinal PA carriage before admission to an intensive
care unit (ICU) has been shown to be associated with
an up to 15-fold increased risk for subsequent PA infec-
tion as compared to non-colonized patients [14]. Particu-
larly the rise of emerging multidrug-resistant (MDR) PA
strains expressing extended spectrum, including metallo-
B-lactamases, carbapenemases, or 16S rRNA methylases
during the past years [10, 15, 16], has prompted the World
Health Organization (WHO) in the beginning of 2017 to
rate MDR Gram-negative bacteria including PA as seri-
ous threat for human health with an urgent need for novel
treatment options [17].

Recent surveys revealed that PA could be more fre-
quently detected in the intestinal tract of patients with
underlying intestinal inflammatory diseases such as ir-
ritable bowel syndrome [18] or ulcerative colitis [19].
Even though the pathogenic properties of PA are well
known, there is a large gap in knowledge regarding the
crosstalk between mere intestinal carriage of MDR PA
and innate immunity. In the present study, we therefore
assessed whether 1) intestinal colonization, 2) macro-
scopic and microscopic sequelae, 3) intestinal and sys-
temic pro-inflammatory immune responses, and 4) bac-
terial translocation to extra-intestinal including systemic
compartments following peroral MDR PA challenge of
secondary abiotic IL10” mice occurred TLR4-depend-
ently.

Materials and methods

Mice and broad-spectrum antibiotic treatment

Female and male IL10” mice and IL10” mice lacking
TLR4 (TLR4" x IL107") (all in C57BL/10ScSn back-
ground) were bred and housed within the same specific
pathogen-free unit of the Forschungseinrichtungen fiir Ex-
perimentelle Medizin (FEM, Charité — University Medi-
cine Berlin). Immediately after weaning (i.c., at the age
of 3 weeks), sex-matched mice of either genotype were
subjected to a broad-spectrum antibiotic treatment as de-
scribed earlier [13, 20]. In brief, mice were transferred to
sterile cages and treated with a quintuple antibiotic cock-
tail consisting of ampicillin plus sulbactam (1 g/l; Ratio-

pharm, Ulm, Germany), vancomycin (500 mg/l; Cell
Pharm, Hannover, Germany), ciprofloxacin (200 mg/l;
Bayer Vital, Leverkusen, Germany), imipenem (250 mg/l;
MSD, Haar, Germany), and metronidazole (1 g/l; Frese-
nius, Bad Homburg, Germany) via the drinking water ad
libitum for 4 months. Cultural and culture-independent
(i.e., 16S rRNA based molecular) quality control measures
revealed virtual absence of bacteria in fecal samples as
described previously [13, 21].

Bacterial strain and murine challenge

The MDR P. aeruginosa isolate was initially isolated
from respiratory material of a patient with nosocomial
pneumonia and kindly provided by Prof. Dr. Bastian
Opitz (Charité — University Medicine Berlin, Berlin, Ger-
many). Notably, the bacterial strain exhibited exclusive
antimicrobial sensitivity to fosfomycin and colistin [22].
Before peroral challenge, the P. aeruginosa isolate was
grown on Cetrimide agar (Oxoid) for 48 h in an aerobic
atmosphere at 37 °C. Three days before peroral bacterial
association, the antibiotic cocktail was withdrawn and
replaced by sterile water (ad libitum) to assure antibiotic
washout [20, 23]. Mice were perorally challenged with
10° colony forming units (CFU) of the MDR P. aerugi-
nosa strain by gavage in a total volume of 0.3 mL PBS as
reported earlier [22].

Cultural analysis of P. aeruginosa

To assess intestinal colonization properties of P. aerugino-
sa, fecal samples were homogenized in sterile PBS. Serial
dilutions were then streaked onto Columbia agar supple-
mented with 5% sheep blood and Cetrimide agar (both
Oxoid, Germany) and incubated in an aerobic atmosphere
at 37 °C for 48 h in order to assess intestinal P. aeruginosa
loads, as described previously [22].

Clinical conditions

Macroscopic and/or microscopic abundance of fecal blood
was assessed in individual mice on a daily basis by the
Guajac method using Haemoccult (Beckman Coulter/
PCD, Germany) as reported earlier [23-25].

Sampling procedures

Mice were sacrificed at day 14 postinfection (p.i.) by iso-
flurane treatment (Abott, Germany). Tissue samples from
spleen, liver, kidney, mesenteric lymph nodes (MLNSs),
ileum, and colon were removed under sterile conditions.
Intestinal samples were collected from each mouse in par-
allel for microbiological, immunological, and immuno-
histochemical analyses.
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Bacterial translocation

At day of necropsy, P. aeruginosa loads were determined
in homogenates of whole tissue ex vivo biopsies derived
from MLN, liver (approximately 1 cm®), kidney, and
spleen. Serial dilutions (dissolved in sterile PBS) were
cultured on Columbia agar supplemented with 5% sheep
blood and Cetrimide agar (both Oxoid) for 2 days at 37 °C
under aerobic conditions.

The respective weights of feces or tissue samples were
determined by the difference of the sample weights before
and after asservation. The detection limit of viable bacteria
was =100 CFU per gram.

Immunohistochemistry

Five-micrometer-thin paraffin sections of colonic ex
vivo biopsies were used for in situ immunohistochemi-
cal analysis as reported previously [24, 26]. In brief,
primary antibodies against cleaved caspase-3 (Aspl75,
Cell Signaling, Beverly, MA, USA, 1:200), Ki67 (TEC3,
Dako, Glostrup, Denmark, 1:100), F4/80 (no. 14-4801,
clone BM8, eBioscience, 1:50), CD3 (no. N1580, Dako,
1:10), FOXP3 (FJK-16s, eBioscience, San Diego, CA,
USA, 1:100), and B220 (eBioscience, 1:200) were used
to detect apoptotic cells, proliferating cells, macro-
phages/monocytes, T lymphocytes, regulatory T cells
(Treg), and B lymphocytes, respectively. The average
numbers of positively stained cells within at least six
high power fields (HPF, 0.287 mm? 400x magnifica-
tion) were determined by an independent blinded in-
vestigator.

Nitric oxide detection

Ex vivo biopsies (approximately 1 cm?) derived from colon
and ileum (cut longitudinally and washed in PBS), as well
as from MLN and spleen were placed in 24-well flat-bot-
tom culture plates (Falcon, Germany) containing 500 mL
serum-free RPMI 1640 medium (Gibco, Life Technolo-
gies) supplemented with penicillin (100 U/ml, Biochrom,
Germany) and streptomycin (100 pg/ml; Biochrom). After
18 h at 37 °C, culture supernatants were tested for nitric
oxide (NO) secretion by the Griess reaction as described
earlier [20].

Statistical analysis

Mean values, medians, and levels of significance were
determined using Mann—Whitney U test or Wilcoxon
test. Two-sided probability (p) values <0.05 were con-
sidered significant. Experiments were reproduced twice.
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Ethics statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU)
with approval of the commission for animal experiments
headed by the “Landesamt fiir Gesundheit und Soziales”
(LaGeSo, Berlin; registration numbers G0097/12 and
G0039/15). Animal welfare was monitored twice daily by
assessment of clinical conditions.

Results

Intestinal colonization properties of MDR P. aeruginosa
in secondary abiotic ILI0™" mice lacking TLR4

We first generated secondary abiotic TLR4-deficient
IL10”" mice and IL10”" counterparts to assure stable in-
testinal MDR PA colonization. In order to prevent mice
from potential colitogenic stimuli derived from the com-
mensal intestinal microbiota, mice were subjected to a
4-month course of broad-spectrum antibiotic treatment
(via the drinking water) immediately after weaning (i.e.,
3 weeks post partum). To assure antibiotic washout, the
antibiotic cocktail was withdrawn 3 days prior bacterial
challenge. At day 0, mice were perorally subjected to 10°
viable PA (a clinical MDR isolate) by gavage and bacterial
colonization properties were followed up in fecal samples
by culture. As early as 24 h p.i., both TLR4" x IL107"
mice and IL10”" control animals harbored high median
PA loads of approximately 10® CFU per gram feces (Fig.
1). At days 7, 10, and 14 p.i., respective fecal PA counts
in IL10”" mice were slightly lower as compared to day 1
p.i. (p <0.01; Fig. 14), whereas this held true for TLR4 '
x IL10”" mice at the end of the observation period (i.e.,
day 14 p.i.; p <0.001; Fig. 1B). Interestingly, at day 7 p.i.
and later on, fecal PA numbers were higher in TLR4 " x
IL10”" mice as compared to IL10”" counterparts at re-
spective time points (p < 0.01-0.001; Fig. I). At day 14
p.i., mean PA loads were up to two orders of magnitude
higher in both ileum and colon of TLR4 " x IL10™" versus
IL10™" mice (p < 0.001; Fig. 2). Hence, MDR PA could
stably establish in the intestinal tract of mice irrespective
of their genotype, but with higher colonization densities in
TLR4-deficient IL10™ mice.

Macroscopic and microscopic inflammatory sequelae
following MDR P. acruginosa colonization of secondary
abiotic IL10™" mice lacking TLR4

Stable intestinal colonization of secondary abiotic IL107"
mice with high loads of MDR PA did not lead to overt mac-
roscopic (i.e., clinical) sequelae, given that neither the mice
did display any symptoms such as abundance of fecal blood,
diarrhea, or wasting nor could a shrinkage of intestinal
lengths (as a macroscopic parameter for intestinal inflam-
mation [20, 23]) be observed upon necropsy (not shown).
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Fig. 1. Kinetic analysis of intestinal multidrug-resistant P. aeruginosa colonization properties following peroral association of sec-
ondary abiotic IL10™" mice lacking TLR4. Secondary abiotic (A) IL10-deficient (IL10™"; closed circles) and (B) TLR4-deficient
IL10™" mice (TLR4™ x IL107"; closed triangles) were generated by broad-spectrum antibiotic treatment as described in Materials
and methods section. Following peroral challenge with a clinical multidrug-resistant P. aeruginosa strain at day (d) 0, intestinal colo-
nization densities were determined in fecal samples until d14 postinfection by culture and expressed as colony forming units per gram
(CFU/g). Numbers of mice harboring P. aeruginosa out of the total number of analyzed mice (in parentheses), medians (black bars),
and significance levels (p values) determined by Wilcoxon and Mann—Whitney U test are indicated. Asterisks illustrate significant
differences between genotypes at defined time points (*p < 0.05; **p < 0.01; ***p < 0.001), # indicates significant differences (p <
0.001) between dO and respective time points thereafter. Data shown were pooled from at least three independent experiments

We therefore assessed potential inflammatory respons-
es upon MDR PA colonization on microscopic level. Given
that apoptosis constitutes a well-established parameter for
histopathological grading of intestinal inflammation [13],
we quantitatively determined apoptotic cells numbers in
large intestinal epithelia applying in situ immunohisto-
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chemistry. Whereas PA colonization did not induce apo-
ptosis in mice of either genotype, apoptotic colonic epithe-
lial cell numbers were lower in PA-colonized TLR4 ™~ x
IL10”" mice as compared to IL10”" counterparts at day
14 p.i. (p < 0.01; Fig. 34). We further determined Ki67+
cell numbers in colonic epithelia indicative for cell pro-
liferation and regeneration counteracting potential MDR
PA-induced intestinal inflammatory responses. Interest-
ingly, Ki67+ counts slightly increased within 14 days post
MDR PA challenge in IL10™ (p < 0.05; Fig. 3B), but not in
TLR4-deficient IL10” mice (n.s.; Fig. 3B). Hence, despite
higher intestinal colonization densities, colonic apoptotic
cells numbers were lower in TLR4 7~ x IL10”" mice as
compared to IL107" controls at day 14 p.i., whereas pro-
liferating/regenerating cells had increased in the latter only.

Fig. 2. Intestinal loads of multidrug-resistant P. aeruginosa fol-
lowing peroral challenge of secondary abiotic IL10™" mice lack-
ing TLR4. Secondary abiotic IL10-deficient (WT IL107"; closed
circles) and TLR4-deficient IL10™" mice (TLR47 IL10™;
closed triangles) were perorally challenged with a clinical mul-
tidrug-resistant P. aeruginosa strain. Two weeks thereafter, the
intestinal bacterial loads were quantitatively assessed in luminal
samples taken from the ileum and colon by culture and expressed
as colony forming units per gram (CFU/g). Numbers of mice har-
boring P. aeruginosa out of the total number of analyzed mice
(in parentheses), medians (black bars), and significance levels
(p values) determined by Mann—Whitney U test are indicated.
Data shown were pooled from three independent experiments
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Fig. 3. Apoptotic and proliferating intestinal epithelial cells following peroral multidrug-resistant P. aeruginosa colonization of
secondary abiotic IL10™" mice lacking TLR4. Secondary abiotic IL10-deficient (IL107"; circles) and TLR4-deficient IL10”" mice
(TLR4™™ x IL107"; triangles) were perorally challenged with a clinical multidrug-resistant P aeruginosa strain (PA; closed symbols).
Two weeks thereafter, the average numbers of colonic epithelial (A) apoptotic (positive for caspase 3, Casp3+) and (B) proliferating
cells (positive for Ki67; Ki67+) were determined in six high power fields (HPF, 400x magnification) per animal in immunohistochemi-
cally stained large intestinal paraffin sections. Non-infected mice (N; open symbols) served as negative controls. Numbers of mice (in
parentheses), means (black bars), and significance levels (p values) determined by the Mann—Whitney U test are indicated. Data shown

were pooled from two independent experiments

Colonic innate and adaptive immune cell responses
following MDR P. aeruginosa colonization of secondary
abiotic IL10™"" mice lacking TLR4

We next addressed whether stable colonization of sec-
ondary abiotic TLR4-deficient IL10”" mice with MDR
P. aeruginosa was accompanied by an increased influx of
innate and adaptive immune cell subsets into the large in-
testinal mucosa and lamina propria applying quantitative
in situ immunohistochemistry of colonic ex vivo biopsies.
Within 14 days following PA colonization, numbers of in-
nate immune cells including macrophages and monocytes
had increased in the colonic mucosa and lamina propria of
both IL10™" and TLR4~ x IL10”" mice (p < 0.001 and
p <0.05, respectively; Fig. 44). These increases, however,
were far less pronounced in TLR4-deficient IL10™" mice
as compared to IL10™" controls (p < 0.001; Fig. 44). In
fact, TLR4 "~ x IL10"" mice displayed only one third of
F4/80+ colonic cell numbers that had been observed in
IL10"" mice at day 14 p.i. (Fig. 44). Intestinal PA colo-
nization further resulted in elevated numbers of adaptive
immune cell subsets such as T lymphocytes and Tregs in
the large intestines of IL10™", but not TLR4™" x IL107~
mice (p < 0.001 and p < 0.05, respectively; Fig. 4B,C).
At day 14 p.i., colonic numbers of T lymphocytes, Tregs,
and B lymphocytes were lower in TLR4-deficient IL10 "
mice as compared to IL10™ controls (p < 0.001, p < 0.05,
p <0.01, respectively; Fig. 4B—D). Of note, already in the
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basal state, colonic Treg counts were lower in the former
than the latter (p < 0.05; Fig. 4C). Hence, TLR4 deficiency
of PA-colonized IL10”" mice is associated with less dis-
tinct innate as well as adaptive immune cell responses in
the large intestines.

Intestinal and systemic nitric oxide secretion following
peroral MDR P. acruginosa association of secondary
abiotic ILI0”" mice lacking TLR4

Next, we addressed whether the observed intestinal im-
mune cell responses upon MDR PA challenge of second-
ary abiotic IL10”" mice lacking TLR4 were accompanied
by local or even systemic secretion of the pro-inflamma-
tory mediator NO. At day 14 p.i., NO concentrations were
increased in the colon of TLR4-deficient IL10™ mice only
(p<0.05; Fig. 54), whereas in IL10”~ counterparts at least
a trend towards elevated colonic NO levels could be ob-
served (n.s. due to high standard deviation; Fig. 54). In the
ileum, however, the opposite was true, given that increased
NO concentrations could be measured in PA-colonized
IL10” mice only (p < 0.05; Fig. 5B). Furthermore, In
MLN, NO secretion was less pronounced in IL10”" mice
lacking TLR4 as compared to IL10™ controls mice at day
14 pi. (p <0.01; Fig. 5C).

Remarkably, MDR PA-induced pro-inflammatory im-
mune response could be observed also systemically, given
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that NO secretion was increased in splenic ex vivo biop-  not TLR4-deficient IL10" animals at day 14 following PA
sies derived from IL10”" mice (p < 0.05; Fig. 5D), but  colonization (n.s.; Fig. 5D). Interestingly, splenic NO con-
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Fig. 4. Colonic innate and adaptive immune cell responses following peroral multidrug-resistant P. aeruginosa association of second-
ary abiotic IL10”" mice lacking TLR4. Secondary abiotic IL10-deficient (IL10™"; circles) and TLR4-deficient IL10™" mice (TLR4 ™~
x IL107"; triangles) were perorally challenged with a clinical multidrug-resistant P aeruginosa strain (PA; closed symbols). Two
weeks thereafter, the average numbers of colonic macrophages and monocytes (positive for F4/80), T lymphocytes (positive for CD3),
regulatory T cells (positive for FOXP3), and B lymphocytes (positive for B220) were determined in six high power fields (HPF, 400x
magnification) per animal in immunohistochemically stained large intestinal paraffin sections. Non-infected mice (N; open symbols)
served as negative controls. Numbers of mice, means (black bars), and significance levels (p values) determined by the Mann—Whitney
U test are indicated. Data shown were pooled from two independent experiments
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centrations were approximately 30% higher in both naive  cretion in MLN of TLR4-deficient IL10”" as compared to
and PA-colonized TLR4™ x IL10” mice as compared to  IL10"" controls, whereas, conversely, systemic NO levels
respective IL107 counterparts (p < 0.01; Fig. 5D). Hence, ~ were higher in both naive and PA-colonized TLR4-defi-
MDR PA colonization induced less distinct nitric oxide se-  cient IL10™ mice.
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Fig. 5. Intestinal and systemic nitric oxide secretion following peroral multidrug-resistant P. aeruginosa association of secondary
abiotic IL10”" mice lacking TLR4. Secondary abiotic IL10-deficient (IL10™; circles) and TLR4-deficient IL10” mice (TLR4 ™~ x
IL107"; triangles) were perorally challenged with a clinical multidrug-resistant P. aeruginosa strain (PA; closed symbols). Two weeks
thereafter, nitric oxide concentrations were measured in supernatants of ex vivo biopsies derived from (A) colon, (B) ileum, (C) mes-
enteric lymph nodes (MLN), and (D) spleen. Non-infected mice (N; open symbols) served as negative controls. Numbers of mice
(in parentheses), means (black bars), and significance levels (p values) determined by the Mann—Whitney U test are indicated. Data
shown were pooled from two independent experiments
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Translocation of MDR P. aeruginosa
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Fig. 6. Bacterial translocation to extra-intestinal compartments
in multidrug-resistant P. aeruginosa-colonized secondary abi-
otic IL10”" mice lacking TLR4. Secondary abiotic IL10-defi-
cient (WT IL107"; white bars) and TLR4-deficient IL10™" mice
(TLR4™ x IL107"; black bars) were perorally challenged with
a clinical multidrug-resistant P. aeruginosa strain (day 0). Two
weeks thereafter, viable bacteria were detected in ex vivo biop-
sies derived from mesenteric lymph nodes (MLN), liver, kidney,
and spleen by culture and the cumulative translocation rates out
of three independent experiments indicated in %. Numbers of
animals harboring the P. aeruginosa strain out of the total num-
ber of analyzed animals are given in parentheses

Bacterial translocation following MDR P. aeruginosa
colonization of secondary abiotic ILI0”" mice lacking
TLR4

We finally addressed whether systemic immune responses
upon PA colonization of TLR4-deficient IL10™ mice were
associated with bacterial translocation from the intestinal
tract to extra-intestinal including systemic compartments.
In fact, at day 14 p.i., viable MDR PA could be cultured
from MLN, liver, and kidney as well as from spleen of
TLR4™" xIL10™" mice in 27.3%, 18.2%, 9.1%, and 18.2%
of cases, respectively, but in none of challenged IL107
animals (Fig. 6). Hence, intestinal MDR PA was able to
translocate to extra-intestinal including systemic compart-
ments in TLR4-deficient IL10” mice only.

Discussion

Given a large gap in knowledge regarding the crosstalk
between mere intestinal carriage of MDR Gram-negative
strains including PA and innate immunity, we were able to
show in the present study for the very first time that fol-
lowing peroral challenge with a clinical MDR PA strain,
TLR4 deficiency of secondary abiotic IL10”" mice was
accompanied by 1) higher MDR PA colonization densi-
ties and bacterial translocation frequencies, but by 2) less
distinct colonic epithelial apoptosis and 3) innate as well
as adaptive immune responses in the large intestines, by
4) less NO secretion in MLN, but conversely, 5) higher
systemic NO concentrations in both naive and colonized

TLR4-deficient IL10” mice as compared to IL10™~ coun-
terparts.

We here applied the secondary abiotic IL10”" mouse
model for the following reasons. First, preceding broad-
spectrum antibiotic treatment not only mimics the clinical
scenario posing the (mostly immune-compromised) pa-
tients at high risk for MDR PA acquisition and subsequent
infection in the hospital setting, particularly when admit-
ted to the ICU [12, 14], but also provides an important host
immunity-depriving factor due to the gene deficiency of
the important anti-inflammatory molecule IL10 [23]. Since
the complex and diverse intestinal microbiota constitutes
a very efficient barrier preventing the host from infection
with (opportunistic) pathogens from outside [13, 27, 28],
we accomplished stable colonization of the clinical MDR
PA strain in the gastrointestinal tract of secondary abiotic
mice. In addition, given that conventional IL10™" mice
usually develop chronic colitis due to TLR ligands de-
rived from their own commensal gut microbiota [29], we
had challenged IL10”" mice with broad-spectrum antibi-
otic treatment starting immediately after weaning [23, 30].
This gave us furthermore the opportunity to observe po-
tential large intestinal inflammatory responses upon MDR
PA challenge that were not commensal microbiota-related.
In fact, in previous studies, we were able to show that
within 1 week following peroral infection with the entero-
pathogen Campylobacter jejuni, secondary abiotic IL10"~
mice developed severe non-selflimiting enterocolitis with
bloody inflammatory diarrhea [23, 30]. This was, however,
not the case when mice were associated with a commen-
sal Escherichia coli strain that had been isolated from the
murine gut before [23]. In line with these results, peroral
challenge with PA in the present study did neither result
in any overt macroscopic (i.e., clinical symptoms) nor in
microscopic (i.e., histopathological) sequelae including
apoptosis of colonic epithelia. TLR4-deficient IL107"
mice, however, displayed even lower numbers of large in-
testinal apoptotic cells as compared to IL107" controls at
day 14 p.i. This TLR4-dependent effect was accompanied
by lower colonic numbers of both innate and adaptive im-
mune cells in TLR4-deficient IL10”" mice versus IL107"
counterparts despite higher bacterial colonization densities
in the small and large intestines of the former. In line with
PA-induced effects observed here, Pseudomonas lipid A,
a core moiety of Gram-negative bacterial LPS, has been
shown to activate NF«B signaling via TLR4 resulting in
pro-inflammatiry cytokine secretion [31]. Subsequently to
the infection site recruited innate immune cells further ac-
celerate against PA-directed host responses [6].

At the first sight, the NO data sets obtained in dif-
ferent parts of the intestinal tract are inconclusive, given
that, in the colon, PA-induced NO secretion could be ob-
served in TLR4-deficient IL10 mice, whereas, at day 14
p.i., elevated NO concentrations could by measured in the
ileum of IL10”" mice only. At the moment, however, we
can only speculate about these results. It is well known
that distinct molecules involved in pathogen recognition
and innate immune functions, particularly cytokines of
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the IL10 cytokine family, can exert dichotomous mode
of actions depending on the anatomical compartment,
respective immune cell equipment, and surrounding cy-
tokine milieu [32-35]. For instance, as shown by us and
others, IL-22 (also being part of the IL10 cytokine fam-
ily) exerts anti-inflammatory properties in the large in-
testines [33], whereas it has pro-inflammatory functions
in the small intestinal tract [36—38]. Furthermore, lower
NO levels could be measured in draining MLN of PA-
colonized TLR4-deficient mice as compared to IL107"
counterparts, whereas, conversely, NO secretion was
more pronounced in the spleen of the former as compared
to the latter at day 14 p.i. It is tempting to speculate that
TLR4 deficiency was associated with less recruitment of
leucocytes from the spleen to the lymph nodes draining
the infection sites. More pronounced splenic NO secre-
tion in TLR4-deficient IL10”" mice, however, might also
have been due to the observed higher translocation rates
given that viable PA originating from the intestinal tract
had gained access to extra-intestinal tissue sites includ-
ing liver and kidney as well as to systemic compartments
such as the spleen.

Conclusion

We conclude that TLR4-dependent signaling of PA LPS
is important for intestinal and extra-intestinal including
systemic host responses upon challenge with MDR PA.
Furthermore, TLR4-mediated detection of PA LPS is es-
sential for maintaining intestinal barrier function which
subsequently prevents from extra-intestinal PA transloca-
tion with potentially fatal systemic spread. Future studies
need to further unravel the molecular mechanisms under-
lying the orchestrated interplay between intestinal carriage
of opportunistic pathogens such as MDR Gram-negative
bacteria inclduing PA and host immunity in health and dis-
ease including intestinal inflammatory comorbidities.
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