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Abstract

Background Psecudomonas aeruginosa (PA) is the most important opportunistic pathogen in causing nosocomial infections
and, furthermore, poses a permanent threat for severe chronic infections in patients with cystic fibrosis or COPD. The trans-
membrane protein CD26 with dipeptidyl peptidase-4 (DPP4) activity shows an increased expression in inflamed tissue. We
tested whether CD26/DPP4 deficiency leads to reduced inflammation and decreased structural damage when infected with PA.
Methods CD26/DPP4* and CD26/DPP4 rats were instilled intratracheally with NaCl (controls) or with PA. Six hours later,
bacterial distribution was detected with the in vivo imaging system 200 (IVIS). Lungs were then processed for molecular
biology, light and electron microscopy and analyzed qualitatively, quantitatively and stereologically. Bacterial numbers were
determined in homogenized lungs.

Results Compared to saline treated controls, in both infected groups (1) the acinar airspace was significantly increased, (2)
the volume density of the alveolar epithelium was significantly decreased, (3) the septal thickness was significantly reduced,
(4) more than 40% of the alveolar epithelial surface was damaged, and up to 36% of the epithelial surface was covered with
edema. In infected CD26~ rats, the increase in lung weight was significantly less pronounced, the portion of edematous
alveolar airspace was significantly lower and the part of edema interspersed with PA was decreased significantly.
Conclusions CD26/DPP4 deficiency resulted in reduced pulmonary edema under sublethal PA infection, implicating a role
for CD26 in infection progression. The partly pronounced structural damage may mask further possible influences of CD26
on the inflammatory response.
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a deficient motility and a partial surviving in phagosomes
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used in different mouse infection models [6-9].
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Pulmonary surfactant, a mixture of lipids and proteins
covers the distal airspaces and reduces surface tension at the
air liquid interface. Among the four surfactant proteins (SP-
B, SP-C, SP-A, SP-D) the both last ones play as collectins
an important role in host defense mechanisms of the lung
[10, 11]. They bind and agglutinate various microorganisms
and pathogen-derived components, act as opsonins and may
possess direct inhibitory effects on bacterial growth. Fur-
thermore, SP-A and SP-D operate with immune cells, acti-
vate various cellular functions, and regulate inflammatory
cellular responses by associating with cell surface pattern-
recognition receptors [10, 11]. It was found that the col-
lectins enhance the clearance of PA by stimulating alveolar
macrophages to phagocyte PA and modulate the inflamma-
tory response in the lungs [12].

However, PA produces enzymes, predominantly elastase,
which leads to the degradation of SP-A and SP-D as shown
by degradation assays with PA and several different clini-
cal isolates obtained from the sputum of patient with cystic
fibrosis [13].

The transmembrane glycoprotein CD26/DPP4 (dipeptidyl
peptidase-4) is expressed on epithelia and endothelia, as well
as on lymphocytes and occurs as a soluble form. The sec-
ond highest expression of CD26/DPP4 was found in lungs
[14, 15]. CD26/DPP4 is involved in inflammatory processes,
because its dipeptidyl peptidase activity cleaves paracrine
chemokines such as Rantes (regulated on activation normal
T cell expressed and secreted), stromal cell-derived fac-
tor, eotaxin and macrophage-derived chemokine [14, 15].
Interestingly, NH2 terminal truncation of the chemokine
granulocyte chemotactic protein-2 (CXCL6) does not alter
the chemotactic activity of neutrophils. NH, terminal pro-
cessing of an isoform of macrophage inflammatory peptide
1 o (MIP-1a) increases the chemotactic activity [16]. Fur-
thermore, CD26/DPP4 induces T cell co-stimulation and
interleukin-2 (IL-2) production [17]. So co-stimulated T
cells may have a particular role in acquired immune reac-
tions, such as antigen specific host defense against different
diseases such as infection [18]. Additionally, soluble CD26
enhanced transendothelial T cell migration [19]. There is an
association between the degree of inflammation and CD26/
DPP4 expression [20]. Using CD26/DPP4 inhibitors in a
lung ischemia/reperfusion model, predominantly a signifi-
cant improvement of gas exchange, a better preservation of
parenchymal ultrastructure and reduced neutrophil infiltra-
tion were found [21]. Furthermore, application of an CD26/
DPP4 inhibitor decreased serum DPP4 activity, BAL protein
concentration, cell number and pro-inflammatory cytokine
levels, and reduced pathological histological findings of lung
injury such as edema, neutrophil invasion and disruption of
lung tissue in LPS challenged mice lungs [22]. Moreover, a
reduced inflammation of lung parenchyma combined with
a reduced airway specific recruitment of T-cells [23] and
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decreased expression of surfactant proteins was found in
asthma induced CD26/DPP4 deficient (DPP4/CD267) rats
compared to CD26/DPP4 positive rats (wild types) [24].

Thus, CD26/DPP4 may influence the degree of different
inflammations in many and varied ways. However, there is
only less information about the influence of CD26/DPP4
expression on the degree of structural preservation and
inflammation during infection. It was known that CD26/
DPP4 is a receptor for the Middle East Respiratory Syn-
drome Coronavirus (MERS-CoV). In a transgenic mouse
model globally expressing codon-optimized human dipep-
tidyl peptidase 4 (hDPP4), MERS-CoV infection aggravated
pneumonia and led to multi-organ damage within the first
days [25].

So the question arises, whether there is a interrelation
between CD26/DPP4 expression and the degree of infection,
structural preservation and inflammation as well as expres-
sion of collectins in infected lungs.

Therefore, we carried out this study to characterize the
pulmonary distribution of PA and to determine the degree of
structural alterations in lung parenchyma light and electron
microscopically using morphometric methods as well as to
determine the expression of collectins with the aim to verify
the hypothesis that the lack of CD26/DPP4 activity dampens
the degree of PA dependent infection.

Materials and methods
Animals and bacterial infection

Adult wild type F344 rats of the inbred strain [F344/Ztm]
and CD26/DPP4 rats of the inbred strains [F344/Crl(Wiga)
SvH-Dpp4™] and [F344/DuCrjSvH-Dpp4™] completely
lack in CD26/DPP4 activity [26] were used as control and
experimental groups. Microbiologic monitoring during
breeding and maintenance of the rats were done according
to FELASA recommendations, all procedures performed on
rats were approved by the local authorities (LAVES, Olden-
burg, Germany, file nr.: 0815-24).

Control wild type and CD26/DPP4 deficient rats have
been intratracheally instillated with 1 ml sterile 0.9% NaCl
suspension.

In the experimental group, we used the TBCF10839
strain, a cystic fibrosis (CF) airway germ, whose virulence
had been already established [6, 8]. For in vivo imaging,
luminescent derivatives of the strain were generated by
integrating a luxCDABE luciferase reporter gene operon
into the bacterial chromosome. Therefore, a miniCTX-lac-
luxplasmid was isolated from recombinant Escherichia coli
Topo-one-shot CTX-lac-lux cells [27] and integrated site-
specifically to the attB-site of the PA chromosome via elec-
troporation [28, 29].
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The bacteria were grown in LB-(Luria—Bertani) broth
overnight to its stationary phase. The suspension was cen-
trifuged at 5000 g and rinsed with phosphate-buffered saline
(PBS). By spectrophotometry at 600 nm the optical density
(OD) was adjusted and the number of colony forming units
(CFU) extrapolated from a standard growth curve [6, 9].
For the verification of the CFU an aliquot was plated on
LB-agar plates.

PA diluted in sterile PBS (1 x 10'° CFU/ml) suspension
were inoculated directly into the trachea of anaesthetized rats
as previously described [30]. Control wild type and CD26/
DPP4 deficient rats have been intratracheally instillated with
1 ml sterile 0.9% NaCl suspension. After inoculation up to
1 ml air was blown into the lungs to ensure that the whole
volume of the bacterial suspension had spread in the lung. A
multiparametric score was used to evaluate the animals gen-
eral condition and the susceptibility to bacterial infection,
whereas 0 is unaffected and > 11 is moribund [31, 32]. The
parameters vocalization, piloerection, attitude, locomotion,
breathing, curiosity, nasal secretion, grooming and dehydra-
tion were used. Each one has been characterized by the fol-
lowing degrees: 0 (normal), 1 (partly deficient), 2 (deficient),
respectively.

In vivo imaging system 2000 (IVIS)

Bacterial distribution 6 h after infection was verified addi-
tionally with the IVIS 200 [29].

Tissue processing

6 h after inoculation, rats were killed by exsanguination.
The trachea was cannulated, the lung dilated with air and the
left principal bronchus ligated. After excision the right lung,
the liver and the spleen were stored in PBS buffer contain-
ing 0.2% of a tenside solution (IGEPAL CA 630, Sigma),
then homogenized and serial dilutions plated for determin-
ing organ bacterial numbers [30]. Total viable counts per
organ were determined after 24 h incubation at 37 °C. The
left lung was immersion fixed in 1.5% glutaraldehyde and
1.5% paraformaldehyde in 0.15 M HEPES buffer for 24 h.
Afterwards lung weight and volume via water displacement
were determined. After embedding in agar, the lung was cut
from apical to basal into equidistant 2 mm thin slices using
a tissue cutter. Samples for light and electron microscopy
were processed as described earlier [9].

Quantitative analysis

Samples were taken randomized to give each area of the lung
the same chance to get analyzed [33]. Stereological measure-
ments were carried out on semithin sections using the new-
Cast software on the light microscope Leica DM6000B and

using the software Stepanizer® on digital electron micro-
scopic pictures of ultrathin sections, which were taken on
the transmission electron microscope Morgani™ 2000 [34].

The following volume densities (Vy,) and surface densities
(Sy) were determined [35]:

Air spaces: Vy(alveoli+ alveolar ducts/par).

Alveolar septa: Vy(septa, par), Sy(septa/par).

Airspaces with edema: Vy(edema, airspace).

Absolute volumina and surfaces were determined by mul-
tiplying the V4, and Sy, with the lung volume.

The mean alveolar septal thickness was determined as
septal volume to surface ratio and the alveolar size as alveo-
lar volume to surface ratio. The surface fraction of intact and
damaged alveolar epithelium was determined additionally

electron mlcroscoplcally: Ssepi intact/epi total = [epi intacl/Iepi total
[%].

Western blot analyses

Homogenization of frozen lung samples and protein iso-
lation was carried out using NucleoSpin® RNA/Protein
assay #740933.250 (Macherey/Nagel, Diiren Germany) as
described by the manufacturer. Protein content was deter-
mined using the Protein Quantification Assay #740967.50
(Macherey/Nagel, Diiren Germany) according to the
manufacturer’s protocol. Proteins were separated by 10%
SDS—polyacrylamide gel electrophoresis using 20 pg of each
sample. Separated proteins were transferred to PVDF mem-
branes after equilibration in ethanol and blotted for 40 min
(400 mA). The blots were incubated with the primary anti-
body polyclonal anti-SP-A (AB3420-1, Merck Millipore,
Darmstadt, Germany, polyclonal antibody SP-D (Anti-
SFTPD HPA0444582_R40747, Sigma life science, St. Louis,
MO, USA) or polyclonal antibody anti-a-tubulin (2144, Cell
Signaling). The antibodies, diluted in 3% BSA 1:1000, were
incubated overnight. After 15 min rinsing with Tris-buffered
saline and Tween20 (TBST), incubation with the secondary
antibody goat anti rabbit (111-036-144, Dianova), diluted in
3% BSA 1:20,000, ensued for 1 h. 30 min rinsing in TBST
followed by incubation in TBS for 10 min. The protein-anti-
body complexes were incubated with 10 ml Western Bright
enhanced chemiluminiscence (ECL) substrate (Biozym) for
detection and visualization in the ChemiDoc Touch Imaging
System (Bio-Rad Laboratories, BMBH Miinchen, Germany).

Western Blots were evaluated by densitometry and nor-
malized to a-tubuline.

Quantitative real-time PCR
The following primers for the SPs and the housekeep-

ing gene (HKG, B-Actin), SP-A and SP-D were used as
described below:
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B-Actin (Actb): (fw): ATC CTC TTC CTC CCT GGA
GA.

(rev): AGG ATT CCA TAC CCA AGA AGG A.

SP-A (fw): CCTGCAGGCTCTGTATGTGG.

(rev): TGCACTTGATACCAGCGACA.

SP-D (fw): AGGAAGAATCTGCCATGCT.

(rev): AAGACTAGGGTGCACGTGTT.

Frozen lung samples were homogenized using the
NucleoSpin® RNA/Protein assay #740933.250 (Macherey/
Nagel, Diiren Germany) according to the manufacturer’s
guidelines. Determination of RNA content was carried
out in the NanoDrop™ spectral spectrophotometer 2000
(Thermo Fisher Scientific, Braunschweig, Germany). The
RNA was reverse transcribed into the complementary DNA
using the iScript™ cDNA Synthesis Kit (#1708891;Bio-Rad
Laboratories, Miinchen Germany) according to the manu-
factures guidelines. Transcript levels of Sps and the house
keeping gene were analyzed by qRT- PCR using the iTaq™
universal SYBR® Green supermix (Bio-Rad Laboratories,
Miinchen). We performed the reactions using the CFX384
Touch™Real-TimePCR Detection System (BioRad Labo-
ratories, Miinchen, Germany). After activation for 3 min at
95 °C, 40 cycles of 5 s denaturation at 95 °C and annealing
at 60 °C for 10 s followed. Results were expressed as mean
AACq values normalized to f-Actin.

Statistical analysis

All values are presented as mean + SD. Values were
tested for significance (p <0.05) by a two-tailed ¢ test or
by ANOVA (multiple comparisons), if normal distribution
was present or Kruskal-Wallis test, if normality test failed.
(Graph Pad Prism 6.0).

Results
Disorders of general condition

Using a score characterizing the general health, saline
treated controls showed immediately after saline applica-
tion and after 6 h an undisturbed general normal condition.
Compared to controls PA infected animals exhibited reduced
motoric patterns and decreased attention, general conditions
were moderately disturbed 2 h after instillation without sig-
nificant strain dependent differences and 6 h after infection
the general condition was disturbed extremely. The rats had
strong breathing troubles and breathed very irregularly.
The CD26/DPP4* rats exhibited a general condition score
of 4.8+ 1.6 (n=12) after 2 h and 8.6 +0.8 (n=12) after
6 h. The score amounts to 6.3 + 1.3 (n=12) after 2 h and to
8.9+0.9 (n=12) after 6 h in the CD26/DPP4" rats. Both
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groups were profoundly troubled and in a bad health condi-
tion without statistical differences.

In vivo imaging

Using the IVIS200, 6 h after inoculation bacterial infection
of the airways and of both lungs was identified without strain
dependent alterations (Fig. 1a, b). However, only large num-
bers of germs could be detected by bacterial luminescence.

Ex vivo imaging revealed a high intensity in lung lobes
(Fig. 1c, d). CFU values were slightly higher but not signifi-
cantly different in the substrains (CD26/DPP4": 4,49 +2.18
x 10'° CFU, CD26/DPP4™: 2.84 +1.80 x 10"7).

Lung weight and volume

Lung weight was significantly higher in the animals of the
experimental groups (Table 1) than in animals of the con-
trol groups. Furthermore, the CD26/DPP4" rats exhibited
a significantly lower weight compared to the wild types
(p <0.05). Lung volumes showed high variation and, there-
fore, did not differ in controls and infected lungs (Table 1).

CFU values

Huge amounts of PA were determined in homogenized
lungs, liver and spleen without strain specific differences
(Table 2).

Macroscopic results and lung parenchyma of saline
treated sham controls

Lungs of both subtypes showed no signs of hemorrhage
or other pathological alterations. Lung parenchma of both
genotypes exhibited normally expanded ductus alveolares
and alveoli with small septa. No edema was detected. Also
the fine structure showed regularly formed air blood bar-
riers as well as intact alveolar epithelial cells type II with
numerous lamellar bodies (Fig. 2). Lung parenchyma was
well preserved.

Macroscopic results of infected lungs

The infected lungs clearly showed changes in colour below
the visceral pleura (beige, brown, red) resulting from differ-
ent degrees of infiltration and hemorrhage (Fig. 3a).

Lung parenchyma of infected lungs

The PA-infected rats showed heterogeneous distribution pat-
terns of germs, edema and structural alterations in lungs,
due to intratracheal instillation of the bacteria, independent
of the genotype. On the light microscopic level lung areas
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Fig.1 Pictures captured with the “in vivo imaging system 2000 in the oro-nasal region. A moderate signal in the trachea and the right

(IVIS)”. In vivo recording of a narcotized rat after intratracheal instil- lung is obvious. ¢, d Ex vivo recordings 6 h after intratracheal instil-
lation of 1x10'® cfu PA/rat. a Immediately after intratracheal instilla- lation of removed lungs of CD26/DPP4 deficient and positive rats. An
tion with a strong signal in the trachea and a weak signal in the right inhomogeneous distribution of the germs in the lung lobes is clearly
lung, b 6 h after instillation with a strong signal in the left lung and visible

Table 1 Lung weight and

. Genotype, n=9 Saline inoculation PA inoculation

vo'lume of controls and infected Mean + SD . .

animals Weight Volume Weight Volume
CD26/DPP4* 0.56+0.04 g 1.31+0.57 cm® 2.59+023 ¢ 2.02+0.35 cm®
CD26/DPP4~ 0.53+0.05 ¢ 1.43+0.81 cm? 2.07+0.03 g 1.73£0.25 cm?

jl'ab'le 2 CFU/g values of PA Genotype, n=6 6 h after PA inoculation

in liver and spleen of infected

animals Lung, Mean+SD Liver, Mean + SD Spleen, Mean +SD
CD26/DPP4* 17.1 x 10°+ 1.5 x 109 20.0 x 10°+£11.3 x 109 87.4 x 10+£60.5 x 10°
CD26/DPP4~ 21.5x 10+2.6 x 109 31.0 x 10%+£5.1 x 10° 41.3 x 10°+28.1 x 10°
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Fig.2 Lung parenchyma of control rats. CD26/DPP4 positive rat: a light microscopy, b electron microscopy; CD26/DPP4 deficient rat: ¢ light

microscopy, d electron microscopy

with alveoli strongly or completely filled with edematous
liquid alternated with areas exhibiting less pronounced or no
edema. Frequently the alveolar fluid included more or less
numerous germs and blood cells (Fig. 3b—d). Looking at the
non-parenchyma, the wall of bronchi and vessels was largely
free of infiltrates (Fig. 4a). Occasionally perivascular edema
filled with immune cells was visible (Fig. 4b).

On the electron microscopic level, the alveolar epithelial
cells type II (AEII) showed no signs of damage (Fig. 4c, d).
However, alveolar edema filled with bacteria was clearly
visible frequently (Fig. 4d, e) and the alveolar epithelial sur-
face and capillary endothelium partly exhibited no structural
integrity (Fig. 5). Thinning of alveolar epithelium up to den-
udation of the basement membrane, epithelial fragmentation
and constrictions (‘blebbing’) were often visible as signs
of epithelial damage (Fig. 5a—d). Protein rich edema partly
containing germs covered damaged alveolar epithelium
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frequently. Compared to controls (Fig. 6a) cell-cell-con-
nections between alveolar epithelial cells, especially the
tight-junctions, were extended and blurred (Fig. 6b). Active
and inactive intraalveolar surfactant formations were partly
associated with germs (Fig. 6¢, d). So PA was found within
unilamellar (inactive subtypes) and multilamellar vesicles
as well as within tubular myelin (active subtypes). Not
infrequently surfactant subtypes and germs were covered
with alveolar edematous fluid (Fig. 6¢, d). The alveoli were
partly filled with indefineable cell debris (Fig. 7a). Alveolar
macrophages containing numerous PA partly in apparently
dissolving cytoplasm occurred sporadically in the alveolar
space (Fig. 7b). In places, the structural integrity of the
alveolar septum was abolished (Fig. 7c). A crossing of bac-
teria in capillaries appeared very rarely. The alveolar space
revealed not only alveolar macrophages but also neutrophils
containing phagocytosed germs (Fig. 7d).
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Fig.3 Morphology and light microscopy of infected lungs 6 h after
infection. a Whole left rat lung. b Lung parenchyma with atelectatic
and dilated alveoli. Alveolar edema is irregularly distributed (tolui-
dine-blue staining). ¢ Less pronounced edema () in some alveoli

Stereological results
Light microscopy (Table 3)

The Vy/(alveoli+ducti/par) as a parameter for the airspace
distal of the terminal bronchi amounted to 82.31 +6.64%
in CD26/DPP4™" and to 82.35 +8.23% in CD26/DPP4" rats
(n=35, respectively). PA infection did not change signifi-
cantly the Vy, of airspaces (CD26/DPP4*: 88.74 +2.55%,
CD26/DPP47: 82.51 +£9.02%, n =6, respectively). Further-
more, the total volume of airspaces in the controls with val-
ues of 1.10+0.46 cm® (CD26/DPP4™") and 1.06 +0.68 cm?
(DPP4/CD267) was in the same range in both genotypes
after PA infection (1.53 +0.21 cm® and 1.41 +0.20 cm?)
without strain specific differences.

The Vg-ratio (alv,sept) as a reference space inde-
pendent parameter for the size of alveoli showed with
16.91+2.82 um (CD26/DPP4%) and 16.64 +3.23 pym
(CD26/DPP47) in controls comparable values. After infec-
tion, a significant reduction in alveolar size independent of
the genotype was found (CD26/DPP4*: 13.62 +1.33 um;

(toluidine-blue staining). d Part of lung parenchyma showing germs
and inflammatory cells in alveoli completely filled with edematous
fluid (toluidine-blue)

CD26/DPP47: 13.87 +1.31 pm) without strain dependent
differences.

The degree of edema in alveoli and ductus alveolares was
determined by V. (edema/airspace). After infection in CD26/
DPP4" rats 27 + 14% and in the CD26/DPP4 ™ rats 13 + 10%
of alveolar airspace was filled with alveolar fluid. There was
a significant difference between both genotypes (p <0.05).
The total edema in airspaces (V(edema/lung)) amounted to
0.44+0.34 mm? in wild types and to 0.22+0.15 mm? in
CD26/DPP4™~ animals each after infection. There was no
significance because of the high variation.

Furthermore, genotype specific differences were found
in the portion of PA in edematous fluid. 28 +9% of edem-
atous airspaces in CD26/DPP4* lungs and 15+9% in
the CD26/DPP4~ lungs were filled with PA (p <0.05).
The septal surface fraction covered with edematous fluid
amounted to 39.46 + 1.00% in CD26/DPP4* rats (n=3) and
to 30.06 +£7.89% in CD26/DPP4™ rats (n=4) (p <0.057).

The Vy(septa/par) amounted to 12.80+4.14% and to
14.80 +5.48% in wild type and CD26/DPP4~ controls.
PA-instillation did not change the septal volume densities

@ Springer



536

M. Neuhaus et al.

Fig.4 Light and electron microscopy of infected lungs 6 h after
infection. a Bronchus and artery without peribronchial edema (tolu-
idine-blue staining). b Perivascular edema with inflammatory cells
(toluidine-blue staining). ¢ Intact alveolar epithelial type II cells

(10.89+1.70% and 12.67 + 1.38%). However, the absolute
septal volume (V(septa/lung)) was significantly changed after
infection (CD26/DPP4*: 0.16 +0.07 cm® to 0.27 +0.06 cm?;
CD26/DPP47: 0.16 +0.04 cm® to 0.23 +0.02 cm?®).

The Sy(septa/par) exhibited comparable values with
0.037 +£0.008 um?*/um? vs 0.039 +0.011 um*um? in both
control groups. Interestingly, after infection the septal sur-
face density significantly increased to 0.053 +0.004 um?/
um? in CD26/DPP4" and to 0.052+0.004 pm?*/um? in CD26/
DPP4" rats. The total septal surface increased significantly
from 466.64 + 113.45 cm? to 938.52+ 174.73 cm? in CD26/
DPP4* and from 458.17 +191.82 cm? to 834.89 +51.37 cm?
in deficient rats. No genotype specific differences were
found.

Mean alveolar septal thickness (z) in controls
was 7.12+2.0 pm in lungs of CD26/DPP4" rats and
6.97+2.76 um in lungs of CD26/DPP4™ rats. There was a
significant decrease in the infected lungs to 4.17+0.79 um
in CD26/DPP4* rats and to 4.91 +0.34 um in CD26/
DPP4™ rats without genotype specific differences.
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(AEII) covered by unilamellar vesicles (ulv) and tubular myelin
(tmy). d Intact AEII and intralveolar edema. e Protein rich intraalveo-
lar edema containing germs and inactive intraalveolar surfactant (uni-
lamellar vesicles)

Electron microscopy (Table 3)

After infection the Vy,(epi/septa) was significantly (p <0.01)
lower than in control groups independent of the genotype
(CD26/DPP4*: 56.93+9.00%, n=9 vs 63.62+6.01%,
n=3; CD26/DPP4™: 50.89 +8.99%, n=9 vs 65.61 +5.11%,
n=3). The Vy(endo/septa) exhibited comparable values
independent of the genotype or infection (CD26/DPP4™:
8.09+3.22% vs 7.62+2.59%, CD26/DPP4™: 7.20+2.36%
vs 6.14 +0.18%). The V(interstitium/septa) exhibited sig-
nificantly (p <0.02) higher values in the infected group com-
pared to the controls independent of the genotype (CD26/
DPP4*: 34.98 +10.23% vs 28.76 +3.43%, CD26/DPP4~:
41.91+8.28% vs 28.25+4.83%).

Alveolar epithelial damage characterized as loss of
continuity, thickening of the basement membrane as well
as constrictions, blebbing, swelling or loss of the alveo-
lar epithelium was evaluated as percentage of damaged
alveolar epithelial surface in relation to the whole surface.
After infection, 41.80+ 13.30% in the CD26/DPP4* and
42.70 +5.60% of the alveolar epithelial surface in the CD26/
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Fig.5 Electron microscopy of infected lungs 6 h after infection. a
Alveolar septum with interstitial edema covered with alveolar edema-
tous fluid. Germs are visible. Bulging out of a part of alveolar epi-
thelial cell (blebbing) (\,). b Loss of epithelial continuity by inter-
ruption of epithelial lining, basement membrane is denuded. (\). ¢

DPP4~ rats was damaged. Furthermore, 36.79 +12.8% and
30.06 +7.9% of the epithelial surface were covered with
edematous fluid in CD26/DPP4* and in CD26/DPP4 ™ rats.
In control groups the mean thickness of air-blood-
barrier was 7,=2.84 +£0.05 um in CD26/DPP4" rats and
7.=2.39+0.34 um in CD26/DPP4~ rats. After infec-
tion the 7, was 1.42+0.30 um in CD26/DPP4* rats and
7,=1.35+0.32 um in deficient rats. There are significantly
lower values in the infected group than in the control.

Discontinuous alveolar epithelium () is covered by alveolar protein
rich fluid. d Partly thinned alveolar epithelium, partly lifted from the
basement membrane. Germs and cell detritus within the alveolar fluid
are visible

Expression of SP-A and SP-D

No alterations were found in mRNA expression of SP-A
and SP-D in lungs of controls and infected rats independ-
ent of the subtype (Table 4). The SP-A protein expression
seemed to be higher in infected animals compared to con-
trols (Fig. 8a), however, a quantitative evaluation was not
possible due to the small sample size. The SP-D protein
expression did not differ between controls and infected ani-
mals (Fig. 8b).
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Fig.6 Electron microscopy of infected lungs 6 h after infection.
Alveolar epithelium with regular cell-cell contacts (), control
group. b—d Infection group. b Partly swollen alveolar epithelium with
dissolved cell-cell contacts (\,). Apparent partly desquamation of
alveolar epithelium (*). ¢ Differently thick alveolar epithelium laying

Discussion
Bacterial distribution

On the base of murine experiments done with a lower bac-
terial dose and resulting in an inhomogeneous pulmonary
distribution without structural damage [9], we chose a
higher infective dose for rats to get more information about
the place of transfer to the vascular bed and the pattern of
PA-induced structural damage. The used dose caused a
pronounced clinical picture. We classified the rats’ condi-
tion independent of the genotype as moderately troubled
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on a partly discontinuous basement membrane (\,), alveolar edema,
germs partly in contact with multilamellar (*) and unilamellar vesi-
cles. d Multiple germs surrounded by active and inactive surfactant
formations, tubular myelin (tmy), lamellar body like structures (Ibl),
multilamellar vesicle (mlv), unilamellar vesicle (ulv)

2 h after instillation and as profoundly disturbed 6 h after
instillation, indicating that the animals could not cope
sufficiently with the infection. Therefore, we stopped the
experiment there, sacrificed the rats and analyzed their
lungs. The high CFU numbers implicate a strong bacterial
proliferation in the lungs, which obviously could not be
controlled by the defense system, although we saw a lot of
alveolar macrophages and neutrophils with engulfed bacte-
ria, indeed partly destroyed. Neutrophils are crucial in host
immune defense against PA-infections [36]. The used strain
TBCF10839 is able to sustain phagocytosis by neutrophils
and is even able to proliferate within immune cells [37].
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Fig.7 Electron microscopy of infected lungs 6 h after infection.
Alveolar septa with pronounced epithelial damage (\,), intraalveolar
edema and germs. Due to strong infection classification of tissue is
partly impossible, cell detritus (¥). b Damaged alveolar macrophage

However, bacterial division stages in defense cells were
not clearly visible, probably because the normally expo-
nential bacterial growth gets to the stationary phase. The
bacteria had not been digested in the defense cells, which
is in accordance with phagocytosis experiments with iso-
lated leucocytes, in which the non-piliated PA survived in
phagosomes and, furthermore, disrupted the phagosomal
membrane, grew and divided in the cytoplasm, which was
proved by electron microscopy [5].

However, we did not find PA taken up by AEII, as seen
before in a mouse model 1 h after inoculation [9]. The main
cause may be that generally only a minority of adherent
non-piliated bacteria were internalized by epithelial cells.

with numerous engulfed PA, intraalveolar edema, haemorrhage and
a alveolar epithelial cell type II (AEII) are visible. ¢ Discontinuous
alveolar septum with transseptal migration of PA (\,). d Neutrophil
with incorporated PA, epithelial damage (), intraalveolar edema

Adherence assays showed a comparable weak attachment
to different epithelial cells [5]. Chi et al. demonstrated
that piliated bacteria bind better to A549 cells and survive
longer within intracellular membrane bound vacuoles than
non-piliated bacteria, which are rapidly killed and digested
after internalization [38]. Therefore, the loss of forming pili
[4] may lead to a reduced or unsuccessful uptake of PA by
alveolar epithelial cells. However, complete digestion of a
few bacteria cannot be excluded, too.

Germs were predominantly observed in the alveolar space
and partly within edematous fluid. Of note, a remarkable
systemic spread of bacteria into liver and spleen with num-
bers even higher than in the lung occurred, suggesting an
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Table 3 Stereological parameters of controls and infected rats (mean + SD)

Controls, DPP4/  Controls, CD26/ Infected CD26/ Infected CD26/ p values, controls p values, inf. CD26/
CD26" rats DPP4~ rats DPP47 rats DPP4~ rats vs. infected rats ~ DPP4* vs. inf.
CD26/DPP4~ rats
Light microscopy n==6 n=6 n=6 n==6
Vy(airspace/par) (%) 82.31+6.64 82.35+8.23 88.74+2.55 82.51+9.02 0.33 0.27
V(airspace/ 1.10+0.46 1.06 +0.68 1.53+0.21 1.41+0.20 0.06 0.68
lung) (cm®)
Vs-ratio(alv/sept) 16.91+2.82 16.64 +£3.23 13.62+1.33 13.87+1.31 0.0001 0.4388
(pm)
V. (edema/air- 0 0 27+14 13+10 < 0.0001 0.14
space) (%)
V(edema/lung) (cm®) 0 0 0.44+0.34 0.22+0.15 0.0002 0.14
Sg(edema/septa) (%) 0 0 39.79+12.83 30.06+7.89 < 0.0001 0.36
V. (septa/par) (%) 12.80+4.14 14.80+5.48 10.89+1.70 12.67+1.38 0.21 0.24
Vy(septa/lung) (cm®) 0.16+0.07 0.16+0.04 0.27+0.06 0.23+0.02 0.0027 0.38
Sy(septa/par) (pm?/ 0.037+0.01 0.039+0.01 0.053+0.01 0.052+0.01 0.0002 0.96
pm’)
S(septa/lung) (pm?) 466.64+113.45  458.17+191.82  938.52+174.73  834.89+51.37 < 0.0001 0.42
Septal thickness (pm) 7.12+2.0 6.97+2.76 4.17+0.79 491+0.34 0.0042 0.69
Electron microscopy n=3 n=3 n=9 n=9
Vy(epi/septa) (%) 50.89+8.99 56.93+9.00 63.62+6.01 65.61+5.11 0.0138 0.62
Vy(endo/septa) (%) 8.09+3.22 7.20+2.36 7.62+2.59 6.14+0.18 0.54 0.35
Vy(interstitium/septa) 34.98 +10.23 41.91+8.28 28.76+3.43 28.25+4.83 0.022 0.43
(%)
Sg(damaged surf/ 0 0 41.80+13.30 42.70+5.60 < 0.0001 0.99
septa) (%)
Thickness blood/air 2.84+0.05 2.39+0.34 1.42+0.30 1.35+0.32 < 0.0001 0.12
barrier (pm)
Table 4 Genexp.ression of Genotyp Controls, AAC, values, Mean +SD PA infected animals, AAC, values,
SP-A and SP-D in controls and q Mean + SD q
infected animals
SP-A mRNA SP-D mRNA SP-A mRNA SP-D mRNA
CD26/DPP4™, 0.073+£0.338 —0.358+£0.641 0.067+0.735 —0.412+0.590
n=3, each
CD26/DPP4~, n=3, each —0.073+0.119 0.358 +0.226 —-0.857+£0.272 —0.295+0.701

early and rapid transfer in the blood (septicemia). Taken
together, we found germs in the alveolar and bronchial space
as well as in defense cells, but neither clearly in the alveolar
septa, nor in the peribronchial or perivascular space, nor
in the capillaries or vessels. Although we used the system-
atic random sampling method to guarantee that each part of
the lung has an equal chance of being evaluated and scruti-
nized ultrastructurally ultra-thin sections of numerous tissue
blocks. One possible explanation for the missing structural
correlate may be a very fast crossing of bacteria and a very
short retention period of germs in blood vessels caused addi-
tionally by increased blood flow during exsanguination. An
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additional washout of intravascular bacteria may be caused
by cutting the lung into slices and blocks as a result of
squeezing.

Structural damage

The pronounced alveolar edema seen partially light and
electron microscopically as well as the severe damage in
lung parenchyma are morphological correlates for dyspnea,
and increased nasal secretion and constitute the remark-
able increase in lung weight. Moreover, thinning and loss
of continuity of alveolar septa combined with epithelial
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Fig.8 Western Blot analysis: densitometric results and blot lines for
a SP-A and b SP-D. Line 1 shows the molecular weight marker for
western blotting, respectively

damage limited the gas exchange capacity. Interestingly,
we determined an increase in septal surface at unchanged
septal volume indicating an abolition of septal continuity,
not visible in other PA infection models [5, 6, 8, 39-43].
Thus, the infective dose as well as the selected PA strain and
its virulence factors influence the degree of inflammation
as well as structural alterations. The used PA strain has a
fully functional Type III secretion system, which enables to
express and secrete different exotoxins such as ExoS, ExoT,
ExoU and ExoY [36] as well as the Type II secretion system,
elastase, LPS, lipid A, and O-polysaccharid (O-Antigen) [5].
The alveolar edema may be the morphological consequence
of an increased permeability of the alveolar epithelial bar-
rier caused by exoenzyme S (ExoS). So 8 h after instillation
of ExoS producing PA mutants not only a dissemination in
the blood occurred, but also a significant increase in lung
water [39]. Additionally, cell-cell-interactions, especially
tight-junctions, may be opened by lysis of proteins of the

occludin- and claudin-group, which are necessary for junc-
tional stability [44, 45]. ExoS-expressing strains changed the
distribution of the tight junction proteins ZO-1 and occludin
and were able to transmigrate across polarized airway epi-
thelial monolayers [46].

Furthermore, the PA exoproducts exotoxin A (ExoA) and
elastase induced increased epithelial paracellular permeabil-
ity in primary isolates of AEII and Madin-Darby canine kid-
ney (MDCK) cells, caused by a depletion of two tight junc-
tional proteins, ZO-1 and ZO-2 [41]. The authors suggested
that PA elastase increases alveolar epithelial permeability
by damaging tight junction-associated proteins. Although
Exo0A is not primarily responsible for lung injury [39], it
may prevent junction protein synthesis [41].

Furthermore, activation of neutrophils may contribute to
basement membrane destruction and increased permeability
of the alveolar-capillary barrier. Neutrophil mediators such
as elastase can cause severe epithelial damage in infected
organs [36] and are able to degrade epithelial junctional pro-
teins [47]. Thus, epithelial damage as well as the opening
of tight junctions caused the differently pronounced alveolar
edema, but also enhanced systemic transfection [48]. The
additional increased alveolar size may be the result of a more
pronounced overextension or instability of septa as result of
degradation of elastic fibres by neutrophil and PA elastases
[49, 50].

Ultrastructurally, we also saw morphological relations
between PA and subtypes of the pulmonary surface active
agent (surfactant). PA infections are capable of attacking
pulmonary surfactant on many different fronts [51]. A higher
portion of unilamellar vesicles and lower portion of tubu-
lar myelin is considered as morphological correlate of an
increased conversion from large to small aggregates [52].
However, we saw areas with predominantly unilamellar vesi-
cles (Fig. 4c), as such with tubular myelin (Fig. 6d), but did
not determine the subtypes quantitatively. In vitro studies
have shown that the incubation of surfactant with protease
IV affects the biophysical function of surfactant [53]. So
incubating surface tension lowering large aggregates (tubu-
lar myelin, lamellar body like vesicles) obtained from the
bronchoalveolar lavage fluid (BALF) with PA protease IV
inhibited the surface tension-lowering function of LA [53].
Because of the additionally described degradation of SP-B
[51], the lipid adsorption to the air-liquid interface may be
restricted and surface tension increased, leading more fre-
quently to alveolar collapse and problems with breathing as
seen in the infected groups.

Additionally, intact surfactant prevents alveolar fluid
accumulation [54]. Thus, degradation of surfactant reduces
its anti-edematous capacity and may enhance alveolar edema
[55].

Not only PA elastase, but also neutrophil elastase is
responsible for the degradation of phospholipids and
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immunomodulating surfactant proteins (collectines) [13,
51], resulting possibly in a reduced uptake of PA first by
macrophages and then by neutrophils, because of lack or
insufficiency of the induced opsonin effect. SP-D, isolated
from the lavage fluid of silica-treated rats, significantly
enhanced the uptake of different strains of PA by rat alveo-
lar macrophages seen by means of both fluorescence and
electron microscopy [56]. Studies with collectin-knockout
mice showed that phagocytosis of bacteria by alveolar mac-
rophages was decreased 6 h after infection compared with
wild types [12]. Our molecular biological studies with only
small sample numbers showed no infection or genotype
dependent changes in collectin gene expression 6 h after
infection. Because of the high standard deviation using three
animals per group already a justifiable increase of animals
would not led to significant alterations. We assume that a PA
induced expression immediately after infection was followed
by an increased instability of collectin mRNA induced by PA
secretion products or synthesis exhaustion so that 6 h after
infection an increased gene expression is not detectable. The
elevated SP-A levels in both genotypes might be the result of
an increased protein expression. However, a statistical test
was not possible because of the small sample numbers. The
SP-D values were in the same range in all groups. The lack
of significant differences in the SP content could as well be
due to the degradation of collectins by PA secreted viru-
lence factors as already described by others. So PA elastase
degrades SP-A and, therefore, reduced the phagocytosis of
the bacteria in mouse lungs [57]. Furthermore, SP-D is also
modified by elastase leading to a 35kD fragment, in which
the degree of degradation depends on dose, time and tem-
perature [58]. The 35kD fragment was not detectable in our
blots, may be because the concentration was still too low.
Additionally, incubation of cell-free BALF with PA protease
IV resulted in degradation of both collectins [53].

It cannot be denied that the degree of structural damage
and the bad healthy condition may be partly the result of
PA induced alterations in the biophysical and immunologi-
cal effects of the surfactant system. However, our data in
conjunction with other results show, that PA predominantly
degrades the intraalveolar surfactant. The surfactant secret-
ing AEII are structurally intact and may be not affected.

CD26/DPP4 dependent differences

Except for the less pronounced edema and lower lung weight
as well as the lower portion of PA in edematous fluid, no
CD26/DPP4 dependent morphological and PA distribu-
tion differences were evaluated in this study. However, as
described by others, CD26/DPP4 is also involved in aggra-
vation of inflammation. They found (1) a CD26 mediated
costimulation of T-cells combined with production of the
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proinflammatory interleukin-2 (IL-2) [59], (2) a CD26 medi-
ated co-stimulation of CD8* T cells, which exert cytotoxic
effects predominantly via TNF-a [18], (3) a DPP4 depend-
ent cleavage of the chemokine substrate LD788 into a very
efficient monocyte attractant, enhancing lymphocyte and
monocyte chemotactic activity [60], and (4) a CD26/DPP4-
inhibitor dependent increase of the anti-inflammatory pep-
tide VIP (Vasointestinal peptide) in rats [61], diminishing
inflammatory response [15, 21]. Furthermore, using dif-
ferent CD26/DPP4 inhibitors signs of inflammation were
reduced in different lung disease models [22, 62, 63]. Not
at all, our group found a reduced inflammation in CD26/
DPP4" rats [24]. CD26/DPP4 deficiency caused less pro-
nounced recruitment of activated T-lymphocytes and eosin-
ophils [24], less pronounced neutrophil alveolar invasion
[64] and influenced cleavage of different cytokines thereby
affecting the inflammatory response as well [14].

However, in our infection model the CD26/DPP4 defi-
ciency resulted predominantly in less pronounced edema,
which confirms a possible attenuation of inflammation in
CD26/DPP4 deficient animals as described in the asthma
model.

The modest genotype dependent differences in the struc-
tural preservation after PA infection could have the following
reasons: (1) CD26/DPP4 has lesser influence on the bacterial
toxins, which are partly responsible for the structural dam-
age. (2) The pronounced structural alterations induced by
infection and inflammation mask possible genotype depend-
ent differences. (3) CD26/DPP4 performs negative and posi-
tive feedback during inflammation, so that different effects
cancel each other. (4) Our methodological equipment does
not capture potential differences in inflammation signs.
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