
Summary. Background. Lipopolysaccharide (LPS)
induced inflammation often leads to lung injury, in
which pulmonary recruitment of neutrophils plays a
pivotal role. Inflammatory processes are influenced by
CD26/DPP4, highly expressed in lungs. Asthma induced
CD26/DPP4 deficient (CD26/DPP4-) Fischer (F) 344
rats suffering from a transport block in the rER caused
by a point mutation showed reduced pulmonary
inflammation and reduced expression of immuno-
modulating surfactant proteins (SP). The degree of LPS
induced lung injury in CD26/DPP4 deficient rats has not
been investigated so far.

Objective. We hypothesize that LPS induced lung
injury leads not only to an attenuated inflammation but
also to a reduced SP expression and decreased structural
damage in CD26/DPP4- rats. 

Methods. Both genotypes were intratracheally
instilled with 250 µl LPS or with 250 µl 0.9% NaCl.
Nine hours later animals were killed and either
bronchoalveolar lavage was carried out to determine
inflammatory cells and surface tension or lung blocks
were removed and processed for histology,
immunohistochemistry, electron microscopy or qRt-PCR
analyses and Western Blot analyses.

Results. Signs of acute lung injury, such as structural
damage of the blood gas barrier occurred only
sporadically in both genotypes. LPS-induced
CD26/DPP4- rats showed decreased gene expression of

SP-A and SP-D and reduced signs of lung inflammation
associated with a reduced alveolar influx of
macrophages and neutrophils. 

Conclusions. Less pulmonary inflammation
combined with less structural alterations and minor
expression of immunomodulating SP may be an
indication of the critical role of CD26/DPP4 in
regulating lung inflammation.
Key words: Collectins, CD26/DPP4, Ultrastructure,
Inflammation, LPS

Introduction

Several pathological signs, such as inflammation,
diffuse alveolar damage, increased capillary
permeability, interstitial and alveolar oedema, influx of
inflammatory cells, as well as deficiency of the
surfactant system are associated with lung injury or even
acute lung injury (ALI) (Rojas et al., 2005; Matute-Bello
et al., 2008). The syndromes lead to a mortality of more
than 30% (Rubenfeld et al., 2005; Singh et al., 2014).
Due to high mortality and highly unsatisfactory
therapeutic strategies, lung injury is a major problem in
modern critical care medicine. There are different
experimental animal models to investigate acute lung
injury (Matute-Bello et al., 2008; Martin and Matute-
Bello, 2011). Human sepsis is frequently responsible for
acute lung injury (ALI). Therefore, the gram-negative
bacterial endotoxin lipopolysaccharide (LPS) is often
used to induce ALI, causing intrapulmonary changes in
the distribution of neutrophils and alterations in the lung
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parenchyma (Matute-Bello et al., 2008; Wang et al.,
2008; Martin and Matute-Bello, 2011). LPS, a glycolipid
of the outer membrane of gram-negative bacteria is
composed of the apolar lipid head group called lipid A
and a chain of repeating disaccharides. LPS binds to a
specific LPS binding protein (LPB) and forms a complex
that activates the CD14/TLR4 receptor on monocytes
and macrophages and other cells triggering the
production of inflammatory cells (Matute-Bello et al.,
2008). LPS also influences parts of the surfactant
system, predominantly the hydrophilic surfactant
proteins (SP) A and D (collectins) because of their
immunomodulatory functions (Wright, 2005). Thus,
intratracheally administered LPS results in increased
levels of SP-A and SP-D in the lavage fluid (McIntosh et
al., 1996). SP-A and SP-D do not only interact with the
pathogens, but also bind to a number of candidate
receptors (Kishore et al., 2006), for example, to the LPS-
receptor (TLR4/MD-2) complex in a Ca2+-dependent
manner, and modulate LPS binding to alter LPS-induced
cellular responses (Yamada et al., 2006). 

CD26/DPP4 is a multifunctional type II cell surface
glycoprotein widely expressed on T cells, B cells and
natural killer (NK) cells as well as on epithelial,
endothelial and acinar cells of a variety of tissues
predominantly in kidneys and lungs (Mentlein, 1999;
Ohnuma et al., 2008a; Klemann et al., 2016). It is
composed of a short cytoplasmic domain of six amino
acids, a transmembrane region of 22 amino acids, and an
extracellular domain of 738 amino acids with DPP4
activity, which selectively removes the N-terminal
dipeptide from peptides with proline or alanine in the
second position (Mentlein, 1999; Ohnuma et al., 2008b).
DPP4 enzymatic activity modulates and regulates the
function of different peptides and chemokines (Mentlein,
2004; Klemann et al., 2016). Different physiological and
pathological processes are influenced by CD26/DPP4,
such as binding to extracellular matrix molecules
(collagen, fibrinogen), immune responses (T-cell
activation and proliferation, chemotaxis, truncation of
chemokines), inflammatory and infectious diseases
(Klemann et al., 2016). We could already verify the role
of CD26/DPP4 in the pathogenesis of asthma using the
model of ovalbumin-induced airway inflammation
(Schmiedl et al., 2010; Stephan et al., 2013). In the
asthma model we found that genetic CD26/DPP4
deficiency resulted in decreased airway inflammation
with reduced eosinophils and activated T-cells combined
with decreased expression of the immunomodulating SP-
A and SP-D as well as SP-B (Schmiedl et al., 2010).
Furthermore, it was shown by others that CD26/ DPP4
can serve as the co-stimulatory molecule for T-cell
activation and promote inflammation (Gorrell et al.,
2001). In addition, pharmacological inhibition has anti-
inflammatory effects by reducing expression of
inflammatory genes (Dobrian et al., 2011; Makdissi et
al., 2012). Not least, it was recently shown that
pharmacological inhibition reduces LPS induced lung
injury (Kawasaki et al., 2018) and fibrosis (Suzuki et al.,

2017).
However, the influence of genetic CD26/DPP4

inhibition on the degree of LPS induced lung
inflammation and SP expression was not clear. 

Therefore, the aim of this study was to induce lung
injury by airway instillation of LPS in order to prove the
hypothesis that, compared to wild type Fischer (F344)
rats, in CD26/DPP4 deficient (CD26/DPP4-) F344 rats 

1) the pulmonary inflammation is reduced combined
with a less pronounced neutrophil influx, 

2) the immunomodulatory SP-A and SP-D are
differently expressed, 

3) the lung parenchyma exhibits less pronounced
structural alterations.
Materials and methods

Experimental animals

Two substrains of male Fischer rats, inbred wild-
type F344 rats (F344/Ztm) and CD26/DPP4-deficient
(F344/Crl(Wiga)SvH-Dpp4) rats lacking DPP4 activity
(mean weight 270 g) were kept under specific pathogen-
free conditions and had access to food and water ad
libitum. Experiments were approved by the local
governmental authorities and met the NIH Guidelines
for the Care and Use of Laboratory Animals [NIH
Publication No. 85. reprint 2002]. At the age of 3
months, rats were used for the experiments.
LPS-instillation

Lungs of both groups were intratracheally instilled
with 250 µl 0.9% NaCl (sham controls) or with 250 µg
smooth LPS (E. coli 0127:B8, from Sigma, Germany) in
250 µl 0.9% NaCl. First, short isoflurane / oxygen
inhalation anesthesia was performed. The rats were fixed
in a hanging position on an inclined plane at an angle of
30° and instilled with LPS or NaCl solution via an
intubated modified metal cannula. After this procedure
the rats recovered for 9 hours. 
Dissection of animals

Rats were anesthetized with isoflurane 9h after NaCl
or LPS instillation. A flexible latex mask connected with
a nebulizer was placed on the nose. After opening the
abdominal wall aortic blood was collected, the animals
were killed by aortic exsanguination. A cannula was
inserted into the trachea for bronchoalveolar lavage
(BAL), inflation or instillation of fixation fluids.
Subsequently the heart lung block was removed from the
chest for further processing. 
Bronchoalveolar lavage

A cannula was inserted into the trachea in situ, and
the lungs were lavaged four times with portions of 5 ml
0.9% NaCl solution (n=5 per strain and treatment). BAL
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fluid (BALF) was stored in tubes for further processing
(e.g. flow cytometry analyses, surfactant function
analyses, cell counting). Additionally, small pieces from
each lobe were snap frozen for further analyses.

After centrifuging the BAL fluid at 200 g for 10 min,
the pellets were resuspended and quantified after
staining with Tuerk’s solution (Merck, Darmstadt) in a
Neubauer counting chamber. The total number of cells in
the BAL fluid was normalized to the recovered volume
of the BAL fluid. 
Surfactant preparation from BALF and functional
surfactant analysis

Preparation of surfactant and functional analysis was
done as previously described (Schmiedl et al., 2010).
Briefly, cell-free BALF was centrifuged at 60000g at
4°C for one hour. After resuspension and adjustment to
1.33 µmol phospholipid/ml with 154 mM saline/1.5
mM, CaCl2 minimal surface tension was determined
using a pulsating bubble surfactometer (Electroetics Co,
Amherst, New York, USA). 
Processing of lungs 

After cannulation and aortic exsanguination (n=5 per
strain and treatment) the right main bronchus was inflated
and then ligated. The left lung was instilled with 5 ml
cryo-gel “Tissue Tec” (OCT, Torrance, CA, USA)/PBS
[1:3], frozen on dry ice and then stored in the freezer at -
20°C. The lobes of the right lung were separated and
frozen by liquid nitrogen for further analyses. The upper
lobe was used for PCR, the middle lobe for western blot.
The lower lobe was cut in fixation solution into 1 mm3
tissue blocks and fixed by immersion fixation.
Histology

The frozen left lungs were cut completely from
costal toward the hilum using a cryomicrotome (Microm
HM 560). Applying the systematic random section
protocol 40 μm and 9 µm thick sections from the costal,
middle and hilum region were prepared and mounted on
Super Frost® slides or poly-l-lysin/ aqua destillata (1:5)
coated slides. Three sections (9 µm) of left lungs from
different topographic parts (costal, medial and lung
hilum) were stained with hematoxylin and eosin (H&E). 
Immunohistochemistry

From different systematic randomly sampled
topographic parts (costal, medial and lung hilum) of the
left lung, three 9 µm sections were immunostained for
SP-A and three 40 µm sections were immunostained for
SP-D and ED-1. Therefore, the polyclonal rabbit anti-
human antibody SP-A (AB3420, 1:100) and the rabbit
anti-mouse antibody SP-D (AB3434, 1:500, Chemicon
International Inc., Temecula, Canada) were used. For
detection of the primary antibody, the rabbit

ImmunoCruz Staining system cs-2051 was applied
according to the manufacturer’s instructions (Santa Cruz
Biotechnology, Inc. Heidelberg, Germany) (Schmiedl et
al., 2010). Double staining was carried out with anti SP-
D, 1:500 (Chemicon International Inc, Temecula,
Canada) and ED-1 (1:200, Serotec, Oxford, UK) for a
better evaluation of macrophages. After dehydration in
methanol/acetone (10 min) the endogenous peroxidase
activity was blocked (5 min peroxidase bloc) and
incubation with 5% goat serum followed (20 min). The
diluted primary antibody was added to the specimen
(incubation: SP-A 2 hours, SP-D 24 hours). After
incubation with primary antibody, incubation followed
with a biotinylated goat-anti-rabbit-IgG (30 min) and a
preformed streptavidine/biotin-peroxidase complex (30
min) serving as the second and third layer
(ImmunoCruz™ Staining System, Santa Cruz
Biotechnology, Inc. Heidelberg, Germany). Incubation
with ED-1 (dilution 1:500) using the APAAP technique
followed (Schmiedl et al., 2010). All steps were carried
out at room temperature in a humidified chamber.
Sections were counterstained with hematoxylin.
Scoring system

To evaluate the alveolar and bronchial inflammation
in more detail we determined the percentage of alveoli
or bronchi with intraalveolar or peribronchial and
intraluminal infiltration of inflammatory cells according
to the following classification: inflammation of alveoli:
less than five cells: mild, more than five cells: moderate,
more than 10 cells: severe. Inflammation of bronchi: less
than 10 cells: mild, 11 to 50 cells: moderate, >50 cells:
severe.
Morphometry

All morphometric methods were performed
according to the guidelines for quantitative assessment
of lung structure (Hsia et al., 2010). Morphometrical
analyses were carried out on a light microscope (Nikon
Eclipse 80 I microscope (Tokyo, Japan) connected to a
digital camera) as described in detail (Schmiedl et al.,
2009, 2010; Hupa et al., 2014). The volume densities
(VV) and surface densities (SV) were determined using a
multipurpose test system. The following parameters
were determined using the point (P) and intersection (IS)
counting method: 
VV (septa/par); % = Psepta/Pparenchyma × 100
VV (airspace/par; %) = Palveoli/Pparenchyma × 100
SV(septa/par); 1/µm = 4 × IS septa/P parenchyma × L
V/S-ratiosepta (mean wall thickness, µm) = Psepta × L/4
× ISsepta

The relative surface fraction of SP-A labelled AEII
in alveolar epithelium (%) was determined by the
intersection counting method using the following
formula:
Q=IS (SP-A labelled AEII) / IS (epithelial surface) x 100
(Schmiedl et al., 2010).
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Counting of neutrophil granulocytes 

Three 10 µm cryostat sections per lung were used
for evaluating the number of neutrophil granulocytes.
The neutrophils located in interalveolar septa were
counted and stated as cell count per square millimeters
(cell density) using the following formula: 
Q=(number x grid size (400x400 µm)) / area of interest
100x100 µm
(Schmiedl et al., 2009; Hupa et al., 2014).
Determination of SP-D stained cells using the optical
disector method

Three immunostained 40 µm sections per lung were
used for evaluating the SP-D labelled AEII and the SP-
D/ED-1 labelled alveolar macrophages. We used the
optical disector, a stereological designed-based counting
technique, which takes X, Y, and Z-axis of a histological
section into account and therefore counting of cells
within a 3D counting frame meeting different counting
rules is possible (Sterio, 1984). Using the optical
disector two optical sections were compared in each test
field. The distance between the sections (disector high)
was adjusted to 7 µm. The counting frame size was 75
µm (Schmiedl et al., 2010). SP-D labelled AEII and
macrophages were only counted if their nucleus was
seen in focus in the look up section but not in the
reference section. Doing so, cells were counted
independent of their size and an underestimation or
overestimation of the number of cells was avoided
(Sterio, 1984; West et al., 1991; von Hörsten et al., 2000;
Hosseini-Sharifabad and Nyengaard, 2007). 

The optical disector was carried out with the
fractionator of the Stereo Investigator Version 6 software
(Micro Bright Field Inc. Williston, VT, USA) of the
stereo investigator system (MicroBrightField Inc.,
Williston, Vermont, USA) (von Hörsten et al., 2000). 
Electron microscopy

The lung lobe was cut into 1mm3 tissue blocks,
which were randomly selected and fixed by immersion
in fixation. The fixation solution was composed of 1.5 %
glutaraldehyde (Agar Scientific Limited, Essex, UK) and
1.5% formaldehyde, freshly prepared from
depolymerized paraformaldehyde (Merck Chemicals,
Darmstadt, Germany), in 0.15 M HEPES buffer (Sigma-
Aldrich, Hamburg, Germany), total osmolarity of 800
mosmol/l and a vehicle osmolarity of 300 mosm/kg at
pH 7.35) for at least 3h. After repeated rinsing in 0.15 M
HEPES buffer and in 0.1 mmol/l cacodylate buffer
(Plano, Wetzlar, Germany), stabilization of
predominantly unsaturated lipids was achieved by
postfixation with 1% osmium tetroxide (Plano, Wetzlar,
Germany) in 0.1 M cacodylate buffer followed by
rinsing in 0.1 M cacodylate buffer (2x5 min). After twice
rinsing in distilled, water specimens were stained en bloc
overnight (12-18 h) with a mixture of equal portions of

uranyl-acetate and water (half-saturated aqueous uranyl
acetate solution (1:1) (Agar Scientific LTD, Stansted,
Essex, UK) at 4-8°C. Cell suspensions were dehydrated
in an ascending series of acetone (J. T. Baker, Deventer,
The Netherlans) (70%, 90%, 100%) and embedded in
epon (SERVA Feinbiochemica GmbH & Co, Heidelberg,
Germany). Ultra-thin sections (70 nm) were cut using an
ultra-microtome (Reichert Ultracut S, München,
Germany), collected on nickel grids (Plano, Wetzlar,
Germany) and stained with lead citrate (Merck,
Darmstadt, Germany), and uranyl acetate.

Finally, ultra-thin sections (70 nm) were stained with
lead citrate and uranyl acetate, and examined with an
electron microscope (Morgagni 268, FEI, Eindhoven,
The Netherlands). Micrographes of representative areas
were taken with a digital camera (Veleta TEM camera,
Olympus Europa Holding GmbH, Hamburg, Germany).
Western Blot

Protein samples (25 µg) were subjected to
polyacrylamide-gel electrophoresis under reducing
conditions. Separated proteins were transferred to a
nitrocellulose membrane. SP-A and SP-D were detected
using rabbit anti-SP-A antibody (dilution 1:5000) and
monoclonal mouse anti-SP-D (dilution 1:5000) as
primary antibodies (both antibodies: Chemicon,
Hofheim, Germany). Horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulins (0.1 μl/ml) (Zymed
Laboratories Inc., Soth San Francisco, CA, USA) were
used as secondary antibodies. The blots were developed
with ECL reagents (Amersham, Buckinghamshire, UK),
and analysed with a chemiluminescence detection
system (Synoptics, Ltd., Cambridge, UK). For Western
blot analysis tissue from up to 6 lungs in each group was
used. For comparisons at first SP-A or SP-D obtained
from lung blocks of controls was transferred on the
membrane and immunoblotted. Then SP-A or SP-D of
CD26/DPP4+ control and LPS-induced lungs were
immunoblotted as well as of CD26/DPP4- control and
LPS-induced lungs. Finally, surfactant proteins of LPS-
induced wild type and CD26/DPP4 deficient lungs were
transferred and immunoblotted. Immunoblots were
evaluated by densitometry using Image Quant™
(Amersham Biosciences, Freiburg, Germany). The
values were normalized to the housekeeping protein
Actin for a better comparison of the values. 
Realtime-PCR

Total RNA was prepared from lung tissue samples
using PeqGold solution (Peqlab Biotechnologie,
Erlangen, Germany) according to the manufacturer’s
instructions. Total RNA (1 µg) each was reverse-
transcribed using Omniscript®-reverse transcriptase
(Qiagen, Hilden, Germany) with oligo-p(dT)15 primers
following the manufacturer`s protocol in a final volume
of 20 µl. The PCR was performed using the
QuantiTect™SYBR®Green PCR Kit (Qiagen) on a
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MX4000 PCR cycler (Stratagene, La Jolla, CA, USA).
RPL 13a was used as housekeeping gene. 

Primers for SP-A and SP-D were: SP-A for 5’-
CTAAGTGCTGCCCTCTGACC-3’; SP-A rev 5’-
AGGAGCCATACATGCCAAAC-3’; SP-D for 5’-
ATGGCCAAAGTGTTGGAGAC-3’; SP-D rev 5’-
CGTGCCCACATCTGTCATAC-3’.

Primers for RPL 13a were: RPL 13a for 5’-
CCCTCCACCCTATGACAAGA-3’; RPL 13a rev 5’-
TTCCGGTAATGGATCTTTGC-3’.

The linearity of the assay was proved by serial
dilution of standard. 
Fluorescence-activated cell sorting analysis

Analyses of BALF were run on a flow cytometer
(BD FaCSCanto, Heidelberg, Germany). The cells were
counted depending on size in the forward scatter and
depending on granularity in the sideward light scatter.
Using the program cell quest (Becton Dickinson, San
Jose, CA, USA) the count of granulocytes,
lymphocytes and monocytes was determined.
Furthermore, using the commercially available
monoclonal antibody OX61 (Serotec, Oxford, UK)
CD26 was detected as described earlier (Kruschinski et
al., 2005; Skripuletz et al., 2007). 
Statistics

A critical value for significance of p<0.05 was tested
by One way Anova correted with the Hol-Sidak’s
multiple comparisons test or with the unpaired two-
tailed t-test with Welch’s correction. All data represent
means ± SD, if not indicated otherwise. All statistical
analyses were performed using Sigma Stat 2.0 and
GraphPad Prism 4. 
Results 

Verification of CD26/DPP4 deficiency 

The lack of CD26 expression in CD26/DPP4 rats
had already been proved (Karl et al., 2003a,b;
Kruschinski et al., 2005; Schade et al., 2008). Using
flow cytometry it was shown that T receptor cells of
BALF samples from CD26/DPP4 deficient rats exhibited
no relevant CD26/DPP4 expression (Kruschinski et al.,
2005). Furthermore, the CD26/DPP4 enzyme activity
tested in EDTA plasma (Karl et al., 2003b) and BALF
samples (Schade et al., 2008) was significantly reduced
in CD26/DPP4 deficient rats. 

Flow cytometry studies of blood showed further that
the blood cell number of CD26/DPP4+ rats (n=5) was
5.27±1.03x106 and that of CD26/DPP4 deficient rats
(n=5) was 5.01±1.01x106 and therefore comparable.
However, the percentage of CD26 positive cells in blood
of CD26/DPP4+ rats was 52.99±10.8% and in blood of
CD26/DPP4 deficient rats to 0.25±0.16% (p<0.0001).

In the BALF of CD26/DPP4+ rats (n=5) and
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Fig. 1. Absolute cell numbers in the BALF determined by flow cytometry
(Means ± SD, *p<0.05).

CD26/DPP4- rats 25.23±5.84 x 106 and 16.51±6.8x106
cells were found. In CD26/DPP4+ rats, 23.03±4.25% of
the BAL cells expressed the CD26/DPP4 molecule
whereas in CD26/DPP4- rats 0.30±0.56% bound the
CD26/DPP4 marker. 
Degree of Inflammation

Strain dependent differential increase of
inflammatory cells after LPS challenge

Nine hours after LPS instillation a significant
increase in the absolute number of inflammatory cells
was found in the BALF of both strains compared to
controls (all groups n=6). There was a significant
increase from 7.9±3.53x106 to 48.40±2.24x106 cells in
the BALF of the CD26/DPP4+ group and from
4.65±2.1x106 to 31.4±2.95×106 in the CD26/DPP4-
group. However, the cell numbers in the CD26/DPP4-
animals were significantly lower than in the
CD26/DPP4+ rats. Looking at the cell subsets, also
significantly strain dependent differences were visible
(Fig. 1). In the BALF of CD26/DPP4- rats significantly
less polymorphonuclear granulocytes (PMN) were found
than in the BALF of wild types. 

Compared to controls, the morphological correlate
of lung inflammation was visible in lung parenchyma of
both substrains 9 h after LPS challenge. More
inflammatory cells were visible than in controls (Fig. 2a-
d). 

Inflammatory cells around bronchi and in alveoli
occurred more frequently in the LPS challenged
CD26/DPP4+ group than in the CD26/DPP4- group (Fig.
3a-d). Semiquantitative evaluation exhibited that
moderate and severe peribronchial inflammation
occurred in nearly 40% of bronchi in CD26/DPP4+ lungs
and in 20% of bronchi in lungs of the CD26/DPP4- rats.
In the bronchial airways of wild type lungs a moderate



inflammation was found in 25% of bronchi and a severe
inflammation in 5% of bronchi, whereas in the
CD26/DPP4- lungs nearly 10% of bronchi showed a
moderate inflammation and less than 5% a severe
inflammation.

However, the percentage of alveoli with more than
five migrated luminal inflammatory cells (Fig. 3c,d) was
significantly higher in CD26/DPP4+ compared to
CD26/DPP4- rats (Table 1). To get more information
about strain dependent distribution of neutrophil
granulocytes in alveolar septa (Fig. 2a-d, 3c-d), we
determined the neutrophil cell density in lung
parenchyma. There was an increase from 13.40±2.7
(n=5) to 56.83±6.61 granulocytes/mm2 (n=6) in alveolar
septa of inflamed CD26/DPP4+ lungs (SEM; p<0.08).
Whereas in CD26/DPP4- lungs the granulocyte density

amounted to 74.00±9.57 cells/mm2 in alveolar septa of
controls (n=5) and 189.70±28.27 cells/mm2 (n=6; SEM;
p<0.05) in septa of LPS induced lungs. Thus, more
neutrophils occurred in the pulmonary airspace of NaCl
and LPS induced wild types, and more neutrophils were
found in the pulmonary septum of NaCl and LPS
induced CD26/DPP4 deficient rats. 

Strain dependent increase of alveolar macrophages
in LPS induced lungs

To elucidate the parenchymal distribution of
activated macrophages, we determined the absolute
number of activated ED1 labelled alveolar macrophages
in lung parenchyma with and without binding or uptake
of SP-D as opsonin using double immunolabelling (Fig.
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Fig. 2. Histology of lung parenchyma (H&E staining). a. CD26/DPP4 positive lung. b. CD26/DPP4 deficient lung shows mainly normal parenchyma with
small septa and normal sized alveoli. c. LPS induced CD26/DPP4 positive lung with numerous inflammatory cells in the alveoli and more or less
thickened septa interalveolaria. d. LPS induced CD26/DPP4 deficient lung with inconspicuous lung parenchyma. However, inflammatory cells occurred
predominantly in the septa.



4). There were no differences in the count of double
labelled alveolar macrophages in controls of both
subtypes (Fig. 4a,b,d). After LPS administration the
count of labelled alveolar macrophages did significantly
increase in both subtypes, however, in the CD26/DPP4-
lungs a significantly lower number of labelled
macrophages was determined (Fig. 4a,c,e).

Strain dependent SP labelling of alveolar epithelial
cells in LPS induced lungs

SP-A and SP-D labelling of alveolar epithelial type
II cells (AEII) was also comparable in controls. The
relative surface fraction of SP-A labelled AEII was
9.55% in CD26/DPP4+ and 8.23% in controls of both
strains (Fig. 5a,b,d). The total cell count of SP-D

labelled AEII was comparable in both controls (Fig.
6a,b,d). 

After LPS induced lung inflammation, there was a
significant increase of SP-A labelled AEII fraction by
52% in comparison to the CD26/DPP4+ controls and a
significant increase by 24% in comparison to the
CD26/DPP4- controls (Fig. 5a,c,e). Comparing the
values of both strains, 9h after LPS application values in
the DPP4/CD26 deficient group were 14% lower than in
the wild type group without reaching significance (Fig.
5a). After LPS application the total number of SP-D
labelled AEII increased significantly in the wild type
group by 300% and in the CD26/DPP4 deficient group
by 80% (0<0.07) (Fig. 6a,c,e). Comparing the values of
both strains after LPS induction, significantly higher
values were found in the wild type CD26/DPP4+ strain. 
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Fig. 3. Light microscopic H&E stained sections showing representative regions of nonparenchyma and parenchyma of lungs 9h after instillation with
LPS. Numerous inflammatory cells are localized in the wall of bronchi and in the peribronchial space of CD26/DPP4+ (a) and CD26/DPP4- (b) rats and
in alveoli and alveolar septa of CD26/DPP4+ (c) and CD26/DPP4-rats (d). Wild-type rats showed a more pronounced infiltration of the peribronchial and
alveolar space than CD26/DPP4-deficient rats.



Strain dependent surfactant protein expression after
LPS administration 

Using western blot and densitometry the protein
tissue content of SP-A and SP-D was determined.
Comparing CD26/DPP4+ (n=3) and CD26/DPP4- (n=3)
controls, the content of SP-A was 0.66±0.08 and
0.57±0.08 arbitrary units respectively, the content of SP-
D amounted to 0.27±0.04 and 0.24±0.02, respectively. 

After LPS administration in CD26/DPP4+ rats (n=6
each) SP-A increased from 1.15±0.05 to 1.28±0.11
arbitrary units without reaching significance. The
CD26/DPP4+ rats (n=6 each) showed also no differences
of SP-D content after LPS application (0.99±0.15 vs.
0.94±0.24 arbitrary units).

In LPS-induced CD26/DPP4- (n=6 each) rats SP-A

also increased from 1.36±0.13 to 1.72±0.10 arbitrary
units without reaching significance. SP-D values did not
differ between controls (n=6) and LPS induced
CD26/DPP4 deficient animals (n=6) (0.72±0.26 vs.
0.64±0.06 arbitrary units). 

Comparing LPS induced CD26/DPP4+ (n=6) and
CD26/DPP4- (n=6) rat lungs, the content of SP-A was
2.07±0.41 and 1.72±0.09 arbitrary units, respectively
without reaching significance. The content of SP-D
amounted to 1.00±0.13 in CD26/DPP4+ rats (n=6) and to
0.63±0.06 arbitrary units in CD26/DPP4 deficient rats
(n=6) (p<0.05). 

Thus, there are no LPS dependent differences in the
protein expression of SP-A and SP-D. Comparing both
substrains only SP-D expression was significantly higher
in wild types compared to the CD26/DPP4 deficient
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Fig. 4. The absolute numbers of ED-1 labelled or ED-1/SP-D double-labelled alveolar macrophages was determined using the optical disector. Five
animals per group were evaluated. ED-1 labelling: red, SP-D labelling: brown. a. In both subtypes LPS application resulted in a significant increase of
alveolar macrophages. However, increased values in wild types were significantly higher than in CD26/DPP4 deficient rats (Means ± SD, *p<0.05).
Representative distribution of ED-1/SP-D labelled macrophages in lung parenchyma of control wild types (b), in lung parenchyma of LPS induced wild
types (c), in lung parenchyma of CD26/DPP4 deficient controls (d), and in lung parenchyma of LPS induced CD26/DPP4 deficient rats (e).



group.
Strain dependent gene expression of SP-A and SP-D

in controls and in LPS-induced rats 
We used qRT-PCR to determine the gene expression

of SP-A and SP-D in lung tissue of control groups and
LPS-challenged groups. Comparing the controls,
CD26/DPP4+ rats had a significantly lower SP-A gene
expression than the deficient ones (Fig. 7a). SP-D gene
expression was lower in the CD26/DPP4 deficient group
without reaching significance (Fig. 7b). 

LPS did not influence SP-A gene expression in the
wild type group. However, in the CD26/DPP4- group,
LPS induction did lead to a significant decrease of the

SP-A mRNA values (Fig. 7a). A comparison of both LPS
induced strains shows significantly lower values in the
CD26/DPP4- group (Fig. 7a). 

SP-D gene expression was reduced in both LPS
induced strains compared to controls. However, the
decrease of SP-D gene expression only reached
significance in the LPS induced CD26/DPP4+ rats (Fig.
7b). Comparing both strains after LPS induction,
significantly lower values in the deficient group were
visible (Fig. 7b).

No differences in the minimal surface tension after
LPS application independent of the strain

To examine the influence of LPS on the intraalveolar
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Fig. 5. Using the intersection counting method the surface fraction of SP-A labelled AEII on the alveolar epithelial surface was determined. Five animals
per group were evaluated. a. In both subtype groups the percentage of SP-A labelled AEII increased significantly after LPS application. Subtype
specific alterations are not visible (Means ± SD, *p<0.05). Representative SP-A labelling of lung parenchyma in CD26/DPP4 positive controls (b), in
CD26/DPP4 positive LPS induced lungs (c), in CD26/DPP4 deficient controls (d), and in CD26/DPP4 deficient LPS induced lungs (e).



surfactant activity, we determined the minimal surface
tension using the bubble surfactometer and found no
strain specific or LPS specific alterations. The minimal
surface tension amounted to 1.08±0.22 mN in sham
control wild types (n=6) and to 1.20±0.23 mN in sham
control CD26/DPP4- rats (n=6). LPS application resulted
in a slight but not significant increase to 1.43±0.23 mN
in wild types (n=6). In the LPS induced CD26/PDD4
deficient group (n=6) the minimal surface tension
amounted to 1.14±0.11 mN and was therefore
comparable with control values.

Degree of structural preservation

LPS influenced parameters characterizing lung
parenchyma

Both sham controls showed regularly developed
alveoli with small interalveolar septa (Figs. 2a,b). Using
the point and intersection counting method different
stereological parameters characterizing the structural
integrity were determined. Control values for
VV(septa/par) with nearly 14% were comparable in both
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Fig. 6. Total numbers of SP-D labelled AEII were determined using the optical disector. Five animals per group were evaluated (Means ± SD, *p<0.05).
a. SP-D labelled AEII were significantly increased. The total AEII number was additionally significantly higher than in the LPS induced CD26/DPP4
deficient group. Representative SP-D labelling of lung parenchyma in CD26/DPP4 positive controls (b), in CD26/DPP4 positive LPS induced lungs (c),
in CD26/DPP4 deficient controls (d), and in CD26/DPP4 deficient LPS induced lungs (e).



substrains (Fig. 8a). The SV(septa/par) was also
comparable in both strains (Fig. 8b). The
VV(airspace/par) as well as the VS-ratio(airspace)
exhibited no strain specific differences (Fig. 8c,d). The
wall thickness of alveolar septa amounted to 4.3 µm in
CD26/DPP4 positive and to 3.9 µm in the CD26/DPP4
deficient group (Fig. 9a). 

After LPS instillation alveoli contained more or less
infiltrated inflammatory cells. However, alterations in
the lung parenchyma were qualitatively not clearly
visible (Fig. 2c,d). Stereological analyses resulted in a
significant increase of VV(septa/par) to 22% only in
lungs of CD26/DPP4+ (wild type) rats (Fig. 8a). The
SV(septa/par) exhibited no genotype or LPS dependent
alterations (Fig. 8b). The VV(airspace/par) showed a
significant decrease compared to controls only in the
CD26/DPP4+ group (Fig. 8c). Also, the VS-
ratio(airspaces/par) decreased significantly from 27.86
µm to 22.65 µm only in the LPS induced CD26/DPP4+
group (Fig. 8d). Furthermore, in CD26/DPP4+ lungs the
septal thickness increased significantly at 42% to 6.1 µm
in wild types (9a-c). The values reached were
significantly higher than those determined in the
CD26/DPP4 deficient group. 

Strain independent LPS induced alterations of
pulmonary ultrastructure 

The fine structure of the air-blood barrier and the

alveolar epithelial cells type II (AEII) showed no strain
dependent alterations in the controls (Fig. 10a-d). The
capillary endothelium as well as the alveolar type I
(AEI) epithelium were well preserved. No swelling, no
blebbing and no discontinuities were visible. The
basement membrane was not widened. The AEII
contained numerous normally distributed lamellar bodies
(lb), densely packed with lipid lamellae. Size and
number of lb were in the range of biological variation
(Fig. 10b-d).

Both genotypes exhibited partly more or less
pronounced damage of AEI, 9h after LPS
administration, while the AEII remained unaffected and
the capillary endothelium showed less pronounced
alterations (Fig. 11a-d). However, occasionally occurring
swelling of AEI was independent of the presence of
neutrophils or macrophages. In both groups, more or less
connective tissue in the alveolar septa was visible. 
Discussion

Using LPS to induce lung injury we were able to
verify that the expression of CD26/DPP4 partly modifies
the degree of inflammation, as already shown in our
asthma model (Schmiedl et al., 2010). LPS induced lung
inflammation as well as expression of immuno-
modulating SP and structural alterations were less
pronounced in the CD26/DPP4 deficient rats. We
demonstrated that CD26/DPP4 positive rats exhibit
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Fig. 7. Gene expression of immunomodulating SPs was determined with rt qPCR. Five animals per group were evaluated (Means ± SD, *p<0.05). 
a. SP-A mRNA showed significantly higher levels in wild type controls than in CD26/DPP4 deficient controls. LPS application exhibited no alterations in
wild types, but a significant decrease of SP-A mRNA in CD26/DPP4 deficient lungs. b. SP-D mRNA decreased in both strains after LPS application
reaching significance in the wild types only. Compared to LPS induced wild types significantly lower values were determined in LPS induced
CD26/DPP4 deficient rats.



significant distinct signs of inflammation combined with
higher levels, predominantly of SP-D, than the
CD26/DPP4- deficient rats. Furthermore, alveolar
recruitment of neutrophils in response to lung injury also
heavily depends on the presence and activity of
CD26/DPP4. 
Animal models to induce lung injury

There are numerous animal models to induce lung
injury. However, no model can comprise and depict all
of the characteristics of lung injury and especially acute

lung injury (ALI) in humans (Matute-Bello et al., 2008).
The tracheal application of LPS as a component of the
outer membranes of gram-negative bacteria is regarded
as a model for ALI caused by pulmonary infection.
Compared to other models based on clinical disorders
such as mechanical ventilation, hyperoxia, aspiration,
sepsis or administration of special drugs such as
bleomycin or oleic acid, the application of LPS is
already the second leading animal model for ALI
(Matute-Bello et al., 2008; Hu et al., 2017). However, as
other animal models the LPS model does not adequately
reproduce the full characteristics of human ALI, because
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Fig. 8. Stereological evaluation of lung parenchyma. Six animals per group were evaluated. (Means ± SD, * p<0.05). Volume density (a) and surface
density of alveolar septa (b), volume density (c) and size of airspaces (d). Significant alterations in VVsepta/par and VS -ratio airspaces after LPS
application were showen only by the LPS induced wild type group.
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Fig. 9. a. VS-ratio (septa), serving as a parameter for thickness of alveolar septa. Only the LPS challenged wild type group exhibited increased values.
Values were significantly higher than in the LPS induced CD26/DPP4 deficient group (Means ± SD, * p<0.05). Lung parenchyma of CD26/DPP4
positive (b), and CD26/DPP4 deficient rats (c).



ALI is rarely caused by any single event but more
frequently by a complex of interactions between
different risk factors comorbidities (Matute-Bello et al.,
2008). 

We used the LPS model to investigate
predominantly the distribution of neutrophils,
macrophages, immunomodulating collectins SP-A and
SP-D as variables of the inflammatory response as well
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Fig. 10. Pulmonary ultrastructure of controls: Wild type lung (CD26/DPP4+): a. Unswollen projections of alveolar epithelial cells type I (AEI) and slim
capillary endothelial cells form an intact small blood gas barrier together with their narrow basal laminae. b. Alveolar epithelial cell type II (AEII) with
numerous lamellar bodies. Lipid lamellae are more or less densely packed. CD26/DPP4- lung: c. Well preserved blood gas barrier, comparable with
that in wild type lungs. d. The AEII contains some lamellar bodies in different sizes. The distribution and density of lipid lamellae are comparable with
those in wild type lungs.



as the structural preservation dependent on the absence
of DPP4/CD26. Our LPS model reveals some of the
clinical features of human injury such as neutrophil
alveolar infiltrates and injury of the alveolar epithelium.
However, there is a species difference in the
susceptibility to LPS as well as in the response to LPS.

Rats belong to a species, which does not contain
pulmonary intravascular monocytes/macrophages
adhering to endothelial cells in pulmonary capillaries. So
an attenuation of endotoxin dependent lung injury was
found after depletion of macrophages (Sone et al., 1999;
Matute-Bello et al., 2008). Although we found an
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Fig. 11. Pulmonary ultrastructure after LPS induced lung injury: Wild type lung (CD26/DPP4+): a. Alveolar septa show sporadically swollen alveolar
epithelium. b. The structural preservation of AEII is comparable with that of controls. CD26/DPP4- lung: c. Swollen projections of alveolar epithelial cells
type I are sporadically visible. Capillary endothelium is predominantly intact. Capillaries contain more neutrophils than those in inflamed wild type lungs.
d. The AEII shows no swelling. Lamellar bodies of AEII are comparable with those in control lungs in size and distribution.



alveolar influx of neutrophils as shown by others (Fiuza
and Suffredini, 2001; O'Grady et al., 2001; de Souza et
al., 2017; Rabelo et al., 2018), the structural damage was
less pronounced in our model. This may be in
accordance with the observation that animals without
pulmonary intravascular monocytes/macrophages need
higher LPS doses to develop serious lung injury (mg/kg)
than those with intravascular monocyte/macrophages
(µg/kg) (Matute-Bello et al., 2008). Therefore, we
suggest, that LPS induced rats develop lung injury but
not acute lung injury.
CD26/DPP4 and inflammation in lung injury

Our results show clearly a decreased inflammation
in the CD26/DPP4 deficient rats and are in accordance
with results obtained in the CD26/DPP4 asthma model
(Kruschinski et al., 2005; Schmiedl et al., 2010).
Furthermore, the allergic like inflammation is more
pronounced in genetically Th2 predisposed Brown
Norway (BN) rats than in Sprague Dawley (SD), Fischer
(F) 344 or Lewis (LEW) rats (Hylkema et al., 2002),
probably as a result of a higher CD26/DPP4 expression.
Thus, it has been verified that the inflammatory response
depends on the degree of CD26/DPP4 expression in
different inflammatory disorders (Kruschinski et al.,
2005; Stephan et al., 2013; Wronkowitz et al., 2014; Sun
et al., 2017; Vliegen et al., 2017). Kruschinski and
coworkers found that reduced CD26/DPP4 dependent
pulmonary recruitment of T-cells is accompanied by
reduced inflammation (Kruschinski et al. 2005). The
increase of T-cells expressing CD26/DPP4 did not
correlate at all with the severity of inflammation
(Skripuletz et al., 2007). A plausible explanation for this
is that the stimulation and proliferation of T cells
depends on binding with CD26. Soluble CD26 activates
T cells by binding to caveolin-1, an integral membrane
protein (Ohnuma et al., 2008a). Therefore, loss of CD26
may lead to insufficient coexpression of CD26/caveolin-
1 and may result in a suppression of inflammation.
Studies using CD26/DPP4 inhibitors support our results
showing reduced inflammation in lungs of CD26/DPP4
deficient rats in the asthma and LPS model (Lee et al.,
2016). Furthermore, CD26 inhibitors, such as
teneligliptin or gene knockdown of Cav-1 or CD26 by
small interfering RNA transfection, induce anti-
inflammatory effects by specific inhibition of TLR4 and
TLR5 agonist-mediated inflammatory responses and
suppression of LPS-induced phosphorylation of IL-1
receptor-associated kinase 4, a downstream molecule of
TLR4 (Hiromura et al., 2018). Non-selective inhibitors
of DPP4-like activity, which suppress T lymphocyte
proliferation in vitro, demonstrate further the influence
of CD26/DPP4 on the regulation of T lymphocyte
activation. A significant reduction of T cell
subpopulations may be therefore also an indication of a
reduced immunologic response in the CD26/DPP4
deficient rats in the ovalbumin-induced airway
inflammation model (Schmiedl et al., 2010).

Additionally, DPP4 inhibition prevented completely
increased expression and secretion of pro-inflammatory
cytokines such as interleukin (IL)-6, IL-8 and monocyte
chemotactic protein (MCP)-1 (Wronkowitz et al., 2014).
Another indication of involvement of CD26/DPP4 in
inflammation is that long-term CD26/DPP4 inhibition
reduces atherosclerosis and inflammation by reducing
monocyte recruitment and chemotaxis (Shah et al.,
2011). 

However, an aggravation of local T helper type 1
(Th1)-dominated skin inflammation was found in
CD26/DPP4-deficient rats after Dinitrochlorobenzene
(DNCB) application (Tasic et al., 2011). Surprisingly, in
a CD26 knockout mice model of ovalbumin-induced
airway inflammation Yan et al. found an increased
eosinophil influx and increased secretion of pro-
inflammatory cytokines compared to controls,
suggesting a protective role of CD26 (Yan et al., 2012).
These contrary results could be caused by 1) differences
in the inflammatory metabolism in our used CD26/DPP4
deficient rat model and the mice knock out model, 2)
differences in matter of dose, route and time. Our group
was able to show that the protective effect of
pharmacological CD26/DPP4 inhibition depends on the
kind of inhibitor application (Stephan et al., 2013).
CD26/DPP4 and immunomodulating surfactant proteins
in lung injury

In LPS induced lung injury the collectins SP-A and
SP-D normally increased as part of the innate immune
defense (McIntosh et al., 1996; Gaunsbaek et al., 2013;
Kolomaznik et al., 2014). Both collectins have the task
of binding pathogens, regulating phagocytosis,
activating or deactivating inflammatory responses and
coordinating induction of other innate receptors (Chaby
et al., 2005; Wright, 2005; Chroneos et al., 2010).
Several receptors (SP-R210, CD91/calreticulin,
SIRPalpha, and toll-like receptors) mediate
immunological functions of SP-A and SP-D (Wright,
2005; Chroneos et al., 2010). Furthermore, both SP-A
and SP-D are involved in the clearance and
detoxification of LPS by alveolar macrophages
(Chroneos et al., 2010). Several authors demonstrated
that SP-A and SP-D reduce the incidence of LPS-
induced lung injury and indicate a strong compensation
ability in host defence (Kishore et al., 2006; Ikegami et
al., 2007; Yamazoe et al., 2008). LPS selectively induces
SP-A gene expression, possibly through TLR2-mediated
activation of c-Jun N-terminal kinase (Yamada et al.,
2006; Chuang et al., 2009). Thus, SP-A can modulate the
cellular inflammatory responses in a microbial ligand-
specific manner and SP-D can downregulate
inflammatory cell responses elicited by smooth and
rough serotypes of LPS (Ariki et al., 2012). There are
numerous inflammation models exhibiting an increased
expression of collectins (McIntosh et al., 1996; Sugahara
et al., 1996; Schmiedl et al., 2009; Kolomaznik et al.,
2014). Indeed, our results showed an increase of SP
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labelled AEII after LPS administration as shown in other
models (McIntosh et al., 1996; Sugahara et al., 1996;
Cheng et al., 2000; Haley et al., 2002; Schmiedl et al.,
2009, 2010), but without increased SP expression or SP-
A mRNA expression and even significantly decreased
SP-D mRNA expression. Depending on the
inflammation model used, there are partly contradictory
results regarding the collectin expression (Wang et al.,
2001; Schmiedl et al., 2005, 2009). This may be due to
different time intervals between instillation and removal
of the lung as well as to different animal models and
experimental protocol dependent imbalances between
synthesis, secretion and uptake by AEII and/or
macrophages. Other studies support the time-dependent
expression of surfactant proteins. Thus, tissue levels of
SP-A were increased by 6 h and peaked after 24 h,
whereas message levels of both SP were significantly
elevated at 24 h after intratracheally given LPS
(McIntosh et al., 1996). The time interval of 9 h used in
our LPS model may not have been long enough to
generate significant elevation of SP-protein expression.
However, gene expression may already be reduced
because of possible absence of LPS trigger
concentrations. An exhaustion of AEII after 9 h was
unlikely. 

Looking at the LPS induced CD26/DPP4 deficient
group, we found a significant decrease in the SP-A and
SP-D labelled AEII and in the mRNA expression of SP-
A and SP-D. The protein expression exhibited no
differences. The lower expression of the collectins in the
CD26/DPP4 deficient group compared to the wild type
group is in accordance with the reduced inflammation in
this group. Partly comparable results were found in the
asthma model also showing a lower inflammation
combined with a significantly reduced expression of
collectins in the CD26/DPP4 deficient group (Schmiedl
et al., 2010). We assume that significantly lower
numbers of stimulated alveolar macrophages in the
CD26/DPP4 deficient group caused a decline of
interleukin 1ß (IL-1ß) and tumor necrosis factor α
(TNFα) secretion, leading to reduced migration of
neutrophils in that group. Furthermore, reduced
macrophage inflammatory protein-2 (MIP-2) secreted by
epithelial cells and monocyte chemoattractant protein-1
(MCP-1) secreted by a variety of cell types may
additionally be associated with decreased pulmonary
recruitment of neutrophils and decreased recruitment of
monocytes as well as differentiation into macrophages.
We assume further that a possible decreased influx of T-
lymphocytes as shown in the asthma model (Schmiedl et
al., 2010) combined with reduced interleukin 4 (IL-4)
levels may be responsible for the unchanged SP-D
levels. Our results are confirmed by other authors, who
found 1) no changes in synthesis of collectins in mice
lacking activated lymphocytes during allergen
inflammation (Haley et al., 2002), 2) IL-1 dependent
upregulation of SP-D expression in isolated AEII (Cao et
al., 2004) and 3) increased levels of SP-A and SP-D in
mice overexpressing IL-4 (Ikegami et al., 2000). 

Consequently, the expression of SP-A and SP-D is
not only regulated by LPS-inflammation but also
depends on the expression of CD26/DPP4, which
modulates and regulates the function of different
peptides and chemokines involved in gram-negative
inflammation processes. 
CD26/DPP4 and structural preservation in lung injury

Although the period between LPS instillation and
extraction of the lung is only nine hours, in addition to
the inflammatory response we detected only in the wild
types a decrease of alveoli size as a possible result of
atelectasis, a decrease of septal volume density and an
enlargement of the septal wall as a consequence of
increasing oedema. On the ultrastructural level, the
surfactant producing AEII exhibited no abnormalities or
particularities in either group. The storage organelles of
surfactant are normally size distributed independently of
the CD26/DPP4 expression. Other authors using an
isolated rat lung perfusion model described giant
lamellar bodies 2 h after systemic application of LPS as
a result of fusion and decreased secretion of lb (Uhlig et
al., 1995; Fehrenbach et al., 1998). In the hypophase of
the alveolar space all subtypes of intraalveolar surfactant
were found. The surface tension showed no differences
between controls and LPS induced animals independent
of the CD26/DPP4 deficiency, although it has been
described that LPS increase surface tension and
influence the intraalveolar surfactant system
(Kolomaznik et al., 2017). Therefore, we left out the
time-consuming stereological determination of the
subtype distribution, as done in lungs of asthma-induced
rats (Schmiedl et al., 2003) and did not determine the
SP-B and SP-C, which are responsible for the formation
and stability of the surface active interfacial film at the
air-water interface (Weaver and Conkright, 2001;
Chroneos et al., 2010). It may be that the LPS
concentrations used are too low to change the surface
tension by inactivation of active surfactant subtypes.

Looking at the blood gas barrier, predominantly
alveolar epithelial cell type I cells (AEI) are partly
swollen. Capillary endothelial cells showed no signs of
structural alterations because of intratracheal application
of LPS, as shown by others (Menezes et al., 2005; Inoue
et al., 2009). Thus, in our LPS model the ultrastructural
damage is less pronounced than in other models for lung
injury using higher or lower LPS concentration than the
0.9 µg/bw used here. An extensive injury exhibiting
swollen and fragmented AEI and AEII as well as hyaline
membrane formation occurred 24 h after intratracheal
instillation and intraperitoneal application of LPS in
mice (Menezes et al., 2005). Five min after intratracheal
LPS instillation diffuse thickening of the alveolar wall,
abruption and fragmentation of AEI and interstitial
oedema were also found in mice using a concentration of
150 endotoxin unit (EU) (Inoue et al., 2009). Using a
higher instillation dose (maximally 3 µg/bw) in a sheep
model, intraalveolar neutrophil accumulation was
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visible, but no injury of the alveolar epithelial barrier
(Wiener-Kronish et al., 1991). Stereological analyses
after nebulization with 3mg/ml LPS (0.11 mg/bw)
exhibited an increase of pro-inflammatory cytokines,
intense cell influx, increased total septal volume, septal
thickening and decreased surface density of the alveolar
septa (de Souza et al., 2017). Furthermore, Wistar rats
showed an increased neutrophil infiltration in the
alveolar spaces and an increased septal thickness 24h
after instillation of 0.6 mg LPS/bw (Rabelo et al., 2018).
Thus, not only the concentration but also the species, the
LPS distribution and the time of exposure are critical for
the degree of damage. In our model, intraalveolar or
interstitial oedema was not clearly visible 9h after LPS
instillation. These observations are in accordance with
results of other authors, who showed that pulmonary
oedema decreased 6h after intraperitoneal LPS
application (Rojas et al., 2005). 
CD26/DPP4 and migration of inflammatory cells in lung
injury

We found a significant increase of alveolar
macrophages in lung parenchyma of both groups after
LPS induction, but the increase was significantly lower
in the CD26/DPP4 deficient group. Stimuli such as
intratracheally administered LPS therefore increase
recruitment of alveolar macrophages, differentiation and
predominantly classical activation. Our results showed
significantly more neutrophils in the BALF and in the
alveolar space of the wild types. Therefore, this is the
first report showing that recruitment of neutrophils in
response to acute lung injury heavily depends on the
presence and activity of CD26/DPP4. These data are in
accordance with our earlier results, demonstrating that
the migration of CD4-positive T cells as well as of
eosinophils was decreased in a DPP4/CD26-deficient rat
model of asthma (Schmiedl et al., 2010; Stephan et al.,
2013). Responsible for this could firstly be a modified
expression pattern of cytokines and chemokines (TNF-
alpha, MCP1, MIP2) and secondly, direct effects on the
neutrophils. CD26/DPP4 deficient neutrophils could
have altered chemotactic properties, possibly due to
reduced expression of L-selectin. The migration of
neutrophils into the lung is still dependent on expression
of receptors such as CXCR2, which bind Il-8, the main
promoting neutrophil migration chemokine (Reutershan
et al., 2006). Some of the chemokines are also substrates
of CD26/DPP4. The protective effects of CD26/DPP4-
deficiency may be associated with reduced L-selectin
downregulation upon N-Formyl-methionyl-leucyl-
phenylalanine (fMLP) activation. fMLP is a signal for
recognition of bacteria and one of the powerful
leucocyte chemotactic factors activating numerous
inflammatory responses (Sato et al., 2013). CD26/DPP4-
deficiency may reduce chemotactic capabilities of
neutrophils most likely by interfering with L-selectin
expression. Furthermore, the deficiency of CD26/DPP4
may have direct functional consequences on neutrophils

and their augmented ability to secrete cytokines.
Therefore, further studies are necessary to obtain more
information about the interrelation between CD26/DPP4
deficiency and its influence on migration activity.
Conclusion

Compared to wild types, DPP4-deficient rats exhibit
a less pronounced LPS-induced inflammation. Less
parenchymal alterations and less alveolar accumulation
of neutrophils and macrophages are accompanied by a
differential expression of SP-A and SP-D, which are
surfactant proteins with immunomodulatory functions.
Our results demonstrate a critical role of CD26/DPP4 in
the recruitment of neutrophils in ALI, indicating a novel
therapeutic concept by using CD26//DPP4- inhibitors in
the treatment of exacerbated inflammatory conditions of
the lungs.
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