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Abstract

Background: Allergic asthma is a Th2-type chronic inflam-
matory disease of the lung. It is characterized by infiltration
of eosinophils, neutrophils, mast cells and T lymphocytes
into the airways. Th2 cytokines like interleukin (IL)-4, IL-5 and
chemokines like eotaxin are increased in the asthmatic re-
sponse. The processing and presentation of exogenous an-
tigens is important in the sensitization to an allergen. Ca-
thepsin E (Ctse) is an intracellular aspartic endoprotease
which is expressed in immune cells like dendritic cells (DCs).
It was found to play an essential role in the processing and
presentation of ovalbumin (OVA). The aim of the present
study was to investigate the inhibition of Ctse in two dif-
ferent experimental models of allergic airway inflamma-
tion. Methods: Ctse wild-type (Ctse**) and Ctse-deficient
(Ctse™) bone marrow-derived DCs (BMDCs) were pulsed
with OVA/OVA peptide and cocultured with OVA transgenic

T Il (OT 1I) cells whose proliferation was subsequently ana-
lyzed. Two different in vivo asthma models with Ctse*’* and
Ctse™ mice were performed: an acute OVA-induced and a
subchronic Phleum pratense-induced airway inflammation.
Results: Proliferation of OT Il cells was decreased when co-
cultured with BMDCs of Ctse™~ mice as compared to cells
cocultured with BMDCs of Ctse*’* mice. In vivo, Ctse defi-
ciency led to reduced lymphocyte influx after allergen sen-
sitization and challenge in both investigated airway inflam-
mation models, compared to their control groups. Conclu-
sion: Ctse deficiency leads to areduced antigen presentation
in vitro. This is followed by a distinct effect on lymphocyte
influx in states of allergic airway inflammation in vivo.
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Introduction
Cathepsin E (Ctse) is an intracellular aspartic protease

of the pepsin superfamily that exists as a disulfide-linked
homodimer with a molecular mass of approximately 90
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kDa and as a monomer of 43 kDa [1]. It is highly homolo-
gous to the analogous aspartic protease cathepsin D [2].
Ctse is mainly present in cells of the immune system, in-
cluding antigen-presenting cells (APCs) such as dendrit-
ic cells (DCs), macrophages (Mph) [3], lymphocytes [4],
and is also present in microglia [5], Langerhans cells and
interdigitating reticulum cells [6]. It has also been detect-
ed in gastric [1] and lung epithelial cells [7]. Depending
on the species and cell type, Ctse has been reported to be
localized in different cellular compartments, such as
plasma membranes [8], endosomal structures [5, 9], the
endoplasmic reticulum and the Golgi apparatus [5, 10,
11]. Studies with Ctse-deficient mice (Ctse™~) have shown
that they do not exhibit any phenotypic alterations when
reared under specific pathogen-free conditions [4]. These
mice were fertile and showed normal breeding behavior.
Kept under non-pathogen-free conditions, these mice
developed atopic dermatitis-like skin lesions [12] and
showed increased susceptibility to bacterial infections
[13]. Ctse has been suggested to play a role in antigen pro-
cessing via the major histocompatibility complex class II
(MHCII) [2]. The involvement of Ctse in antigen process-
ing was first shown by Bennett et al. [14] in 1992. A Ctse-
specific inhibitor of Ascaris lumbricoides was used in this
study, and the authors were able to demonstrate that Ctse
is essential for ovalbumin (OVA) processing by murine B
cells. Related results were achieved using cathepsin D-
deficient mice to study the role of Ctse in antigen presen-
tation by microglia [15] and DCs by additional blocking
of Ctse with a new synthesized inhibitor called MPC6 [3].

DCs are bone marrow-derived migratory cells that are
present in most tissues, including the gut [16] and the
lung [17]. Their major role is to sample environmental
antigens (Ag) and to present antigenic peptides in the lo-
cal lymph node [18]. In APCs, two distinct proteolytic
events are required to trigger the MHC II pathway, the
processing of the invariant chain and the processing of
antigen substrates [19, 20].

Recent evidence indicates that aspartic proteases such
as cathepsin D and Ctse are required for both invariant
chain and Ag processing [20-23]. Ctse was found to play
an essential role in the processing and presentation of the
full OVA protein but not of OVA-derived peptides. More-
over, in DCs, Ctse is present in the early endosomes and
is involved in the processing of exogenous antigens [2].
This processing and the presentation of exogenous anti-
gens are important in the sensitization to an allergen.
This allergen can activate DCs to break the process of tol-
erance and promote Th2 responses such as allergic asth-
ma [24].
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Allergic asthma is a chronic type-2 Th2 inflammatory
disease of the airways affecting approximately 300 mil-
lion individuals worldwide [25]. Over the past 30 years,
the prevalence of asthma has increased dramatically in
many Western countries and is now greater than 10%
[26]. Allergic asthma is induced by the sensitization to an
allergen. This process begins with the uptake of an anti-
gen by airway DCs [27]. These DCs migrate to draining
mediastinal lymph nodes to prime naive T cells [28, 29].
These allergen-specific T cells enter the airways where
they reside, even during asymptomatic periods [30, 31].
Reexposure to the antigen triggers a Th2-driven allergic
inflammation characterized by the release of Th2-asso-
ciated cytokines, such as interleukin (IL)-4 and IL-5, re-
cruitment of eosinophils, mucus hypersecretion, smooth
muscle cell hyperreactivity and airway remodeling [32].
As reported, lung DCs are required for the development
of the Th2 phenotype of allergic asthma and their essen-
tial role in this disease has been shown [29].

In view of the reported involvement of Ctse in the pro-
cessing and presentation of exogenous Ag in DCs, which
are essential for the initiation and maintenance of allergic
asthma, we hypothesized that an inhibition of Ctse would
lead to a decrease in allergic airway inflammation be-
cause of decreased antigen processing and presentation
of the allergen. In the present study, we evaluated the ef-
fect of Ctse deficiency in a model with acute OVA-in-
duced airway inflammation and in another model with
subchronic airway inflammation induced by grass pollen
(Phleum pratense extract).

Materials and Methods

Mice

Ctse™~ mice (6-8 weeks old) were generated by the authors by
gene targeting in HMI1 embryonic stem cells. Before the study
commenced, all mice had been backcrossed onto the C57BL/6N
genetic background for 10 generations and maintained under spe-
cific pathogen-free conditions. All animals were kept in a regular
12-hour light/dark cycle with food and water ad libitum. The an-
imal experiments reported here were conducted in compliance
with the German Animal Welfare Law and with the European
Communities Council Directive 86/609/EEC for the protection of
animals used for experimental purposes. All experiments were
performed according to a reviewed protocol approved by the An-
imal Ethics Committee (permit No. 06/1177 and 08/1610; compe-
tent authority ‘Niedersichsisches Landesamt fiir Verbraucher-
schutz und Lebensmittelsicherheit’).

In vitro Antigen Presentation
Bone marrow-derived dendritic cell (BMDC) generation was
performed according to a protocol adapted from Lutz et al. [33].
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Briefly, bone marrow cells were rinsed out of femur and tibia of
Ctse wild-type (Ctse*/*) and Ctse-deficient (Ctse”") mice and re-
suspended in RPMI 1640 (with 1% penicillin-streptomycin, 10%
fetal calf serum and 2 mM (-mercaptoethanol (all from Sigma,
Taufkirchen, Germany)). 30 X 10° cells were seeded into a tissue
culture flask with granulocyte Mph colony-stimulating factor (fi-
nal concentration 20 ng/ml; Sigma), and were cultured for 9 days.
On day 8 BMDCs were transferred to a 24-well cell culture plate.
The BMDCs were stimulated with or without 5 pg lipopolysac-
charide (LPS; Sigma) for 24 h and were pulsed with either 50 g
OVA peptide or with different concentrations of OVA (1, 0.5, 0.1
mg/ml; both from Sigma). On day 9 the BMDCs were cocultured
with OVA-transgenic T cells (OT II cells). On day 11 the cocul-
tured cells were marked with *H-thymidine and on day 12 prolif-
eration of the OT II cells was analyzed.

Acute Model of Allergic Airway Inflammation Induced by

Intraperitoneal Sensitization

Ctse*’* and Ctse™~ mice were sensitized as described previous-
ly [34]. Briefly, mice were sensitized intraperitoneally with 10 pg
OVA (grade VI; Sigma) combined with 1.5 mg aluminum hydrox-
ide (alum; AI(OH);; Imject Alum, Pierce, Rockford, Ill., USA) in
200 pl saline on days 0, 14 and 21. Animals in the control group
received saline combined with alum instead. On days 27 and 28 the
animals were exposed to 1% OVA aerosol for 20 min. Twenty-four
hours later they were sacrificed by injection of an overdose of pen-
tobarbital sodium. Bronchoalveolar lavage (BAL) was performed
by rinsing twice with 0.8 ml phosphate-buffered saline (PBS).

Chronic Model of Airway Inflammation Induced by Airway

Sensitization

Ctse™* and Ctse”’~ mice were sensitized as described previ-
ously [35]. Briefly, animals were sensitized intranasally with P.
pratense extract (9 g major allergen in 50 wl sodium chloride;
ALK Abello, Horsholm, Denmark) on 2 consecutive days per
week over a period of 11 weeks. Control mice received sodium
chloride (NaCl). On day 72 the mice were sacrificed by injection
of an overdose of pentobarbital sodium. Blood was collected via
the vena cava and BAL was performed by rinsing twice with 0.8
ml PBS. Lungs were filled with diluted OCT kryotek (1:3 in PBS;
Sakura Finetek, Staufen, Germany) and frozen in liquid nitrogen
for the preparation of lung cryosections.

Plasma Sampling

Mice were bled via the vena cava. Heparin plasma was pre-
pared by centrifugation at 150.000 g for 10 min and preserved at
-20°C for determination of P. pratense-specific IgG and IgE.

Bronchoalveolar Lavage

BAL was performed by flushing twice with 800 wl PBS. BAL
fluid was centrifuged and supernatants were stored at -20°C for
cytokine measurement. Cells were resuspended and counts were
determined electronically (CASY, Schirfe Systems, Germany). To
this end 0.5 X 10%/ml cells were loaded on a cytospin and stained
according to Pappenheim and a differential cell count of 300 cells
per slide was performed.

Lung Histology
After BAL lungs were filled with OCT (1:3 in PBS) and snap-
frozen in liquid nitrogen. Cryosections (14 wm) were obtained
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and stained according to Azan novum. Cryosections were
stained with nuclear fast red aluminum sulfate solution (Merck,
Darmstadt, Germany) for 40 min, washed twice with aqua bidest
and incubated with 5% phosphotungstic acid hydrate (Merck)
for 10 min. After two washing steps with aqua bidest, the cryo-
sections were stained with a mixture of aniline blue and orange
G (both from Sigma, Munich, Germany) for 1 min and 20 s.
Cryosections were washed twice with aqua bidest, incubated
with isopropanol and fixed with xylene (both from Roth, Karls-
ruhe, Germany).

Cytokine Measurement

1L-4,1L-5,1L-13,IFN-vy and eotaxin-1 (CCL11) concentrations
were determined in duplicates by enzyme-linked immunosorbent
assay (ELISA; Duoset, R&D Biosciences, Wiesbaden-Norden-
stadt, Germany) in pg/ml according to the instructions given in
the user manual. The lower limits of quantification were 15.6 pg/
ml for IL-4, 31.3 pg/ml for IL-5, 62.5 pg/ml for IL-13, 31.3 pg/ml
for IFN-x and 7.8 pg/ml for eotaxin-1.

P. pratense-Specific IgG and IgE in Plasma

P. pratense-specific plasma IgG and IgE concentrations were
determined by ELISA. A 96-well plate was coated overnight with
1 wg recombinant P. pratense (Biomay, Vienna, Austria). On the
next day the plate was washed five times with wash buffer (PBS
with 0.1% Tween). After blocking and incubation of the samples,
the 96-well plate was coated with either 0.2 pug/ml of the horserad-
ish peroxidase (HRP)-conjugated IgG antibody (Abbiotec, Co-
logne, Germany) or 2 pg/ml of the HRP-conjugated IgE antibody
(Serotec, Diisseldorf, Germany) to measure the amounts of P.
pratense-specific IgG and IgE.

In vivo Antigen Processing with DQ™ OVA

Ctse™* and Ctse™~ mice received 50 pg DQ™ OVA (Invitro-
gen, Karlsruhe, Germany) and 0.1 pg LPS (Sigma, Taufkirchen)
intranasally on 3 consecutive days under isoflurane anesthesia.
Control mice were untreated. DQ™ OVA is a self-quenched con-
jugate of OVA that exhibits bright green fluorescence upon pro-
teolytic degradation. On day 4 mice were sacrificed by pentobar-
bital sodium injection. Lung tissue was resected, disrupted and
digested with 2 mg/ml collagenase type III (Worthington Bio-
chemical Corp., Lakewood, N.J., USA) and 0.1% DNase I (Roche
Diagnostics, Mannheim, Germany) during a 30-min incubation
period at 37°C. The digested tissue was homogenized and filtered
through a steel sieve with pore size of 100 wm. After lysis of eryth-
rocytes, CD11c* cells were isolated by magnetic cell sorting
(Miltenyi Biotec, Bergisch Gladbach, Germany). The CD11c*-en-
riched cells were stained with allophycocyanin (APC) monoclo-
nal antibody (mAb) to CD11c and phycoerythrin (PE) monoclo-
nal antibody to MHC class II or the appropriate isotype controls
(all from BD Biosciences, Heidelberg, Germany) and used for flu-
orescence-activating cell sorting (FACS; FACSaria, BD Bioscienc-
es). DCs were identified and defined as CD11c¢* MHC IIMigh cells,
whereas tissue Mph were defined as CD11c*MHC 11" pheno-

type.

In vivo Antigen Presentation with OT II Cells

OT II cells were isolated from lymph nodes and spleens of OT
II-transgenic mice. After determination of the number and via-
bility of the cells, spleen and lymph node cells were stained with
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Table 1. Primer sequences of the analyzed cathepsins and the housekeeping gene PBGD

Gene Sequence Product size
Cathepsin B Sense 5'-agg gtt gcg ttc ggt gag-3’ 350 bp
Anti-sense 5'-cag gga atg gtg tat gg-3’

Cathepsin C Sense 5'-gag aaa atg agc ctg cga ga-3’ 374 bp
Anti-sense 5’-tct tee acc acc cca aaa-3’

Cathepsin D Sense 5-gtc gtc ttt gat act gge tce t-3' 270 bp
Anti-sense 5'-ctg ctt ggt ggc ttc tec-3’

Cathepsin E Sense 5'-cag tcc gac aca tac acg-3’ 154 bp
Anti-sense 5'-tgg cct ggc tee ttg ac-3’

Cathepsin H Sense 5’-aag att caa gcc cac aac ca-3’ 307 bp
Anti-sense 5'-cag cca aag aca gca ttt tc-3’

Cathepsin K Sense 5'-gct tgg cat ctt tcc agt ttt-3' 200 bp
Anti-sense 5"-gca ggc gtt gtt ctt att cc-3’

Cathepsin L Sense 5'-ctt ttg get get cte tge tt-3’ 297 bp
Anti-sense 5"-cct cce ctt ctt gtg ctt c-3’

Cathepsin S Sense 5'-act gtg gac tgg aga gag aag g-3’ 370 bp
Anti-sense 5"-ctt tca ggg cat cct cgt-3’

PBGD Sense 5'-atc cag gtc cct gtt cag caa gaa-3’ 181 bp
Anti-sense 5'-cat taa gct gee gtg caa cat cca-3’

carboxyfluorescein succinimidyl ester (CFSE) and injected intra-
venously into Ctse™* and Ctse”~ mice. On the next day the Ctse*'*
and Ctse”’~ mice were challenged with 1% OVA aerosol for 1 h
(sensitized mice) or with NaCl aerosol (control mice). Four days
later, the Ctse*’* and Ctse”~ mice were sacrificed by injection
of an overdose of pentobarbital sodium. Lung-draining lymph
nodes were removed, mashed on a gossamer and stained with an-
tibodies specific for the surface markers CD4, Ly5.1, CD44, CD25
and anti-TCR-V5.1 bio (biotin) OT II for OVA transgenic T cell
receptor (Invitrogen; BD Bioscience) or the appropriate isotype
controls (all from BD Bioscience). The CFSE profile was assessed
for TCR-VB5.1 OT II-positive cells by flow cytometry (LSRII, BD
Bioscience).

Generation of BMDCs

BMDC generation was performed according to a protocol
adapted from Lutz et al. [33]. Briefly, bone marrow cells were
rinsed out of femur and tibia of naive C57/BL6N mice and, follow-
ing red blood cell lysis, resuspended in tissue culture medium
consisting of RPMI-Glutamax (Gibco, Invitrogen) with 1% peni-
cillin-streptomycin (Lonza, Verviers, Belgium), 5% fetal calf se-
rum, 50 wM B-mercaptoethanol and granulocyte Mph colony-
stimulating factor (final concentration 20 ng/ml; both from Sig-
ma, Taufkirchen). 5 X 10° cells/well were seeded into 6-well tissue
culture plates and cultured for 10 days. The in vitro-generated
BMDCs were stored directly in RLT buffer for real-time PCR or
in lysis buffer for Western blot analysis.

Lung DC Isolation

Lung tissue was resected, disrupted and digested with 2 mg/
ml collagenase type III (Worthington Biochemical Corp.) and
0.1% DNase I (Roche Diagnostics) during a 30-min incubation
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period at 37°C in a shaking water bath. The digested tissue was
homogenized and filtered through a steel sieve with a pore size of
100 pm. After lysis of erythrocytes, CD11c" cells were isolated by
magnetic separation (Miltenyi Biotec). The CD11c*-enriched cells
were stained with allophycocyanin (APC) labeled antibody to
CDl1c and PE-labeled antibody to MHC class II or the appropri-
ate isotype controls (all from BD Biosciences) and used for FACS
(FACSaria, BD Biosciences). DCs were identified and defined as
CDl11c* MHC I1"i¢" cells, whereas contaminating tissue Mph were
defined as MHC I phenotype. The sorted DCs were stored di-
rectly in RLT buffer for real-time PCR or in lysis buffer for West-
ern blot analysis.

Cell Surface Markers on BMDCs and Lung DCs

Before using the in vitro-generated BMDCs and isolated lung
DCs for PCR experiments, cells were stained for different cell sur-
face markers such as PE-labeled MHC 1, allophycocyanin (APC)
labeled CD1Ic, fluorescein isothiocyanate (FITC)-labeled CD86
and CD40 (all from BD Biosciences) and FITC-labeled CD80
(AbD Serotec, Oxford, UK) or the appropriate isotype controls
(BD Biosciences; AbD Serotec) and were analyzed by flow cytom-
etry (FACSaria, BD Biosciences).

Real-Time PCR and Quantification

From in vitro-generated BMDCs and isolated lung DCs of
naive C57BL/6 mice, RNA was extracted using RNeasy Plus kit
and reverse transcribed with Omniscript RT kit or Sensiscript
RT kit (all from Qiagen, Hilden, Germany). cDNA was analyzed
for the expression of cathepsins B, C, D, E, H, K, L and S by real-
time PCR and was normalized to the housekeeping gene por-
phobilinogen deaminase (PBGD; table 1 shows primer sequenc-
es of the analyzed cathepsins and the housekeeping gene PBGD).

Pilzner et al.



Standards and samples

Fig. 1. Real-time PCR analysis of in vitro-
generated BMDCs and isolated lung DCs.
cDNA of in vitro-generated BMDCs and
isolated lung DCs was analyzed for the ex-
pression of cathepsins B, C, D, E, H, K, L
and Sand the housekeeping gene PBGD by
real-time PCR. Target gene expression was
quantified using Light Cycler Fast Start
DNA Master SYBR Green. For quantifica-
tion, plasmids of the appropriate cathep-
sins were used as standards. a Melting
curves of standards and samples of PBGD
in BMDCs and lung DCs. b Gel electro-
phoresis of cDNA of PBGD, cathepsin B,

PBGD B C D E H K L s

500 bp

500 bp

C,D,E,H,K,LandS.

All primers were designed to be intron-spanning to avoid con-
tamination of genomic DNA. PCR products were verified via
melting curves and gel electrophoresis (fig. 1a, b). Target gene
expression was quantified using Light Cycler Fast Start DNA
Master SYBR Green (Roche Diagnostics). For quantification,
plasmids of the appropriate cathepsins were used as standards.
These plasmids were prepared according to the data sheet in-
structions of the PCR Purification Kit, the CloningP™* Kit and
the Plasmid DNA Purification Kit (all from Qiagen). After de-
termination of the DNA content of the generated plasmid stan-
dards by measuring the extinction of 260 nm by photometer, the
DNA concentration of all standards was set to 1 wg/ml and then
diluted up to 1071%. After expression analysis of the different ca-
thepsins in BMDCs and lung DCs by real-time PCR, the DNA
content and the resulting transcript numbers were determined
using the following formula and were normalized to the house-
keeping gene PBGD:

[(DNA) g/l: MWpya g/l] X 6 X 10 = transcripts mol/l
MWpna = 660 g/mol X number bp

Western Blot Analysis

Isolated lung DCs and in vitro-generated BMDCs were dis-
rupted in lysis buffer (50 mM sodium acetate, 1 mM EDTA, 0.05%
Brij, pH 5.5) by Dounce homogenization (Wheaton, Millville,
N.J., USA). A postnuclear supernatant was produced by centrifu-
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gation at 1,500 g for 10 min. Subsequently 50 pg of protein from
the postnuclear supernatant were resolved by 15% SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF) membranes.
Primary antibodies for immunodetection of cathepsins on the
PVDF membranes were goat anti-cathepsin B, anti-cathepsin L
and anti-cathepsin S (all from R&D Systems, Wiesbaden, Ger-
many; 1:500 dilution) and secondary antibody anti-goat HRP
(Sigma, Hamburg, Germany; 1:5,000 dilution). For loading con-
trol a-tubulin was detected by monoclonal antibodies (Sigma,
Munich; 1:1,000 dilution) in combination with goat anti-mouse
IgG (Calbiochem/Merck, Darmstadt, Germany; 1:1,000 dilution)
as secondary antibody. Detection of the peroxidase-labeled sec-
ondary antibodies was performed by enhanced chemilumines-
cence reaction (Thermo Scientific, Rockford, Ill., USA) and visu-
alization using the Lumi-Imager system and Lumi-Analyst soft-
ware (Roche Diagnostics).

Statistical Analysis

Data are displayed as means * standard error of the mean
(SEM) for the indicated number of experiments. To detect sig-
nificant differences between groups statistical analyses using
the t test or analyses of variance (ANOVA) with Bonferroni’s
multiple comparison test were performed (GraphPad Prism®
software, version 4.03). p values <0.05 were considered to be sig-
nificant.
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Fig. 2. Expression of cathepsin E in lung and spleen of Ctse*/* and Ctse™~ mice. a Representative image of PCR
products from reverse-transcribed RNA isolated from lungs of Ctse*’* and Ctse™~. Ctse was detected by the
primer pair 5-CAG TCC GAC ACA TAC ACG-3'/5"-GG CCT GGC TCC TTG AC-3' and the positive control
B-actin by the primer pair 5-ACC CAG GCA TTG CTG ACA GG-3'/5"-GGA CAG TGA GGC CAG GAT GG-
3'. Cycling conditions: 95°C for 15 s, 60°C for 30 s, 72°C for 30 s for 50 cycles. b Western blot analysis of Ctse
in spleens of Ctse*’* and Ctse™'~ mice; loading control B-actin. Mw = Molecular weight marker; +RT/-RT = with
reverse transcription (cDNA)/without reverse transcription (RNA).

Results

Expression of Cathepsin E in Lung and Spleen of

Ctse"’* and Ctse™~ Mice

The strain of Ctse’~ mice used in the present study
had recently been generated by the authors and back-
crossed for 10 generations to the C57BL/6N genetic back-
ground. Ctse™'~ mice are viable and fertile with no gross
phenotypes. RT-PCR analysis of mRNA samples from
the lungs of mice confirmed the absence of Ctse expres-
sion in the Ctse™~ mice (fig. 2a). Their spleen contains
large numbers of immune cells that are known to produce
high amounts of Ctse. Western blot analysis of spleens
from Ctse*’* and Ctse”~ mice confirmed the absence of
the protease in the gene-targeted animals on the protein
level (fig. 2b).

Reduced Proliferation of OT II Cells Cocultured with

BMDCs of Ctse™~ Mice

To investigate whether Ctse deficiency has an effect on
antigen presentation, we generated BMDCs of Ctse™/*
and Ctse”~ mice. BMDCs were stimulated with or with-
out LPS in combination with OVA peptide or different
concentrations of OVA. OT Il cells incubated with BMDC
of Ctse™~ mice showed a significantly diminished prolif-
eration compared to OT II cells cocultured with BMDCs
of Ctse*’* mice. The reduced proliferation of OT II cells
was shown by stimulation with OVA peptide as well as
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with different concentrations of OVA with LPS. Without
LPS there was also a significant reduction in the prolif-
eration of OT II cells incubated with BMDCs of Ctse™~
mice and stimulated with OVA, but there was no dimin-
ished proliferation when cells were stimulated with OVA
peptide (fig. 3a, b). Consequently, Ctse deficiency im-
paired BMDC-mediated antigen presentation of OVA in
vitro.

Ctse Deficiency Leads to Reduced Lymphocyte Influx

after OVA Sensitization and Challenge

Based on the impaired presentation of OVA by Ctse ™/~
DCsinvitro we hypothesized that Ctse deficiency in DCs
might lead to a reduced development and progression of
acute OVA-induced allergic airway inflammation in vivo.
As shown in figure 4a, the Ctse deficiency in Ctse”~ mice
resulted in an inhibition allergen-induced infiltration of
T lymphocytes (p = 0.06) into the lung, whereas in the
sensitized Ctse*’* group lymphocyte numbers were in-
creased. OVA sensitization and challenge resulted in a
significant increase in eosinophils in both sensitized
Ctse* and Ctse™~ groups compared to their respective
control groups, without showing a difference in eosino-
philic infiltration between Ctse** and Ctse™~ mice. Mph
cell counts were not affected by the administration of
OVA. In both positive groups, increased cell counts of
neutrophil granulocytes were present (fig. 4a). As shown
in figure 4b, the cytokine IL-5 increased significantly in

Pilzner et al.
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Fig. 3. Reduced proliferation of OT II cells cocultured with BMDCs of Ctse™~ mice. BMDCs of Ctse™/* (white
bars) and Ctse™'~ mice (grey bars) were stimulated with medium (Med), OVA peptide (Pep) or different concen-
trations of OVA (1, 0.5 and 0.1 mg/ml) without (a) or with (b) LPS and were cocultured with OT II cells. T cell
proliferation was analyzed via the thymidine assay. Bars represent mean * SEM of n = 3.

Table 2. Cytokines and chemokines in BAL fluid from Ctse*’* and Ctse™’~ mice in the subchronic model of al-

lergic airway inflammation

Cytokine/chemokine ~ Ctse™* ctrl (n=12) Ctse*’* sens (n=6) Ctse” ctrl (n=12) Ctse”" sens (n = 12)
(pg/ml)

1L-4 60.58 £3.27 35.72£2.07* 55.96 +6.23 39.19+4.96

IL-5 72.12£9.72 66.17 £13.88 56.72+£5.19 52.11£8.02

IL-13 b.d. b.d. b.d. b.d.

Eotaxin 73.73£6.62 51.23%£3.75 42.25%5.7 52.88£4.34

Cytokine/chemokine levels in pg/ml in BAL fluid were measured using ELISA. * p < 0.05 in the t test. b.d. =
Below detection limit; sens = mice sensitized with P. pratense extract; ctrl = control mice receiving saline.

Ctse**and Ctse™'~ OVA groups without showing a differ-
ence between Ctse*’* and Ctse”~ mice, the chemokine
eotaxin was not affected by administration of OVA, and
the cytokines IL-4 and IFN-x were below detection limit.

Reduced Lymphocyte Infiltration in Ctse”~ Mice after

P. pratense Sensitization

To further address the question of whether Ctse defi-
ciency plays a role in a sensitization via the airways,
Ctse*’* and Ctse™'~ mice were sensitized intranasally with
P. pratense extract over a period of 11 weeks. As in the
OVA-induced airway inflammation model, the sensi-
tized Ctse’~ group showed inhibited lymphocyte infil-
tration, but this was not significant (fig. 5a). The airway
sensitization resulted in a significant increase in eosino-

Allergic Airway Inflammation and
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phils in both positive groups, but there was no difference
in eosinophilic infiltration between Ctse™* and Ctse™~
mice after sensitization. In addition, Mph cell counts
were increased, but this effect was significant only in the
Ctse™* group. The cell number of neutrophils showed no
difference in all groups (fig. 5a). As shown in figure 5b,
there was a significant increase in P. pratense-specific IgG
and IgE in plasma after administration of P. pratense ex-
tract over 11 weeks. This reflects the sensitization to P.
pratense; however, there was no difference between
Ctse*’* and Ctse™’~ mice, neither in IgG nor in IgE. As is
known from other chronic models, cytokines returned to
normal levels (table 2). Figure 5¢c shows lung cryosections
stained according to Azan novum. Sensitized animals
showed an increase in cell infiltration (red cell plasma),
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Fig. 5. Reduced lymphocyte infiltration in
Ctse™'~ mice after P. pratense sensitization.
Ctse*’* and Ctse™~ mice were sensitized with
P. pratense extract (Ctse*’* sens, Ctse™~ sens)
over a period of 11 weeks. Control mice re-
ceived NaCl (Ctse*’* ctrl, Ctse™~ ctrl). a BAL
differential cell count. b P. pratense-specific
IgG and IgE in plasma. ¢ Histology of lung
cryosections after Azan novum staining
showed cell infiltration (red nuclei of the
cells), mucus covering the epithelium (blue),
goblet cells (red) and collagen connecting tis-
sue (blue) in both sensitized groups. Magni-
fication X20; inset X100. Bars represent
mean = SEM of n = 12 (Ctse*’* ctrl, Ctse ™/~
ctrl, Ctse™~ sens) or n = 6 (Ctse*’* sens). * p <
0.05 by one-way ANOVA with Bonferroni
correction. ns = Nonsignificant.
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Fig. 6. No difference between lung DCs and Mph of Ctse*’* and Ctse™~ mice in DQ™ ovalbumin processing.
Ctse*’* and Ctse™~ mice received 50 pg DQ™ OVA and 0.1 ug LPS (Ctse*/* sens, Ctse™'~ sens). Control groups
were untreated (Ctse*/* ctrl, Ctse™’~ ctrl). Upper panels show MHC II expression and autofluorescence of both
control groups, lower panels show MHC II expression and the processed DQ™ OVA of both sensitized groups
(DQ™ + LPS) for Mph (light grey) and DC (dark grey) of Ctse*’* and Ctse™~ mice. n = 2.

Table 3. Mean fluorescence intensity of processed DQ™ OVA in lung DCs and lung Mph from Ctse*’* and
Ctse™~ mice

Group Ctse** DCs Ctse** Mph Ctse”’~ DCs Ctse”/~ Mph
Control 338 746 334 819
Sensitized 14,497 70,725 19,326 88,239

Ctse*’* and Ctse™’~ mice received DQT‘M OVA and LPS (sensitized). Control mice were untreated. DCs were
identified and sorted as CD11ct MHC I1™8h cells, whereas tissue Mph were separated by MHC-II'" phenotype
and were analyzed for DQ™ OVA processing. n = 1 (Ctse*/* ctrl, Ctse™~ ctrl), n = 2 (Ctse*’* sens, Ctse™~ sens).

mucus covering the epithelium (blue), goblet cells (red)
and collagen connecting tissue (blue) compared to con-
trol mice. The sensitized groups thus showed clear signs
of remodeling processes. But again, in terms of histologi-
cal staining, there was also no difference between Ctse*’*
and Ctse™~ mice.
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No Difference between Lung DCs and Mph of Ctse™'*

and Ctse™~ Mice in the Processing of DQ™ OVA

To study mechanisms of antigen processing in Ctse*'*
and Ctse™~ mice, DQ™ OVA was used. DQ™ OVA is
a self-quenched conjugate of OVA that exhibits bright
green fluorescence upon proteolytic degradation.

Pilzner et al.
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Fig.7. No difference in proliferation of injected OT II cells in lung-
draining lymph nodes of Ctse*’* and Ctse~ mice. a CFSE-labeled
OT 1I cells were injected intravenously into Ctse*’* and Ctse™~
mice. Animals were challenged with OVA aerosol (sensitized).
Control mice received saline aerosol. Four days later, lung-drain-
ing lymph nodes of Ctse*'* and Ctse™'~ mice were isolated and the
CESE proliferation profile for the OT II cells (CD4", Ly5.1%) was
assessed. OT II cells were stained for different cell surface markers

Ctse™* and Ctse”~ mice received intranasally DQ™
OVA combined with LPS on 3 consecutive days. Control
mice were untreated. Dendritic cells were identified as
CD11c* MHC I1Migh cells, whereas tissue Mph were sep-
arated by MHC II'°" phenotype. As shown in figure 6
and table 3, there was no difference between Ctse*’* and
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such as CD25. Upper panels show the proliferation profile of both
control groups (NaCl), lower panels show the proliferation profile
of OVA-sensitized Ctse*’* and Ctse™"~ mice. b The left figure shows
the percentage of non-proliferated OT II cells in both control and
sensitized groups and the right figure shows the percentage of pro-
liferated OT 1II cells for both control and sensitized groups. Bars
represent mean = SEM of n = 2 (Ctse*™/* ctrl, Ctse”’~ ctrl) orn = 6
(Ctse™’* sens, Ctse™~ sens). * p<0.05 by t test; ns = nonsignificant.

Ctse”~ mice in the processing of DQ™ OVA, neither
regarding Mph nor DCs. Mph of both control groups
showed higher mean fluorescence intensity compared
to DCs of both negative groups because of their auto-
fluorescence.
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Fig. 8. Expression of cell surface markers on BMDCs and lung
DCs. In vitro-generated BMDCs and isolated lung DCs of
C57BL/6 mice were stained for different cell surface markers such
as PE-labeled MHC II, APC-labeled CD1Ic, FITC-labeled CD40,
CD80 and CD86, or the appropriate isotype controls and were
analyzed by flow cytometry. DCs were identified and defined as
CDl11ct MHC 11" cells, whereas tissue Mph were defined as
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MHC I1'°" phenotype. a Dot plot and histograms of the cell sur-
face markers MHCII, CDl11¢, CD40, CD80 and CD86 on BMDCs.
b Dot plot and histogram of the cell surface markers MHC 1,
CDl11c, CD40, CD80 and CD86 on lung DCs. Dot plots and his-
tograms show representative results of three independent experi-
ments.
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Table 4. Concentration, number of transcripts and ratio of the cathepsins B, C, D, E, H, K, L and S in BMDCs and lung DCs normal-

ized to the housekeeping gene PBGD

BMDCs Lung DCs Ratio

concentration transcripts concentration transcripts

g/l mol/l g/l mol/l
Cathepsin B 4.22x1078 9.13x 10° 1.33x107 2.87 x 108 0.136
Cathepsin C 9.18x107° 1.58 x 10° 1.75x 10710 3.77 X107 0.082
Cathepsin D 9.51%x107° 2.10 x 10° 1.47 X107 3.24x 108 0.668
Cathepsin E 6.35x 10712 1.44 x 10° 1.31x 10712 2.98x10° 0.894
Cathepsin H 1.37 X107 3.00 X 108 2.50x 10710 5.47 X 107 0.783
Cathepsin K 1.75x 1071 3.92x10° 7.49 x 10711 1.68 X 107 18.561
Cathepsin L 6.64%x107 1.46 x 108 1.04x 1071 2.29%x10° 0.068
Cathepsin S 3.63%x10°8 7.82%x10° 2.96x 107 6.37 X 108 0.352

From in vitro-generated BMDCs and isolated lung DCs of naive C57BL/6 mice, RNA was extracted, reverse-transcribed with Om-
niscript or Sensiscript and cDNA was analyzed for expression of cathepsins B, C, D, E, H, K, L and S by real-time PCR and were nor-
malized to the housekeeping gene PBGD. The concentration, the number of transcripts and the ratio of the cathepsins B, C, D, E, H,

K, L and S in lung DCs to BMDCs were analyzed.

No Difference in Proliferation of Injected OT II Cells

in Lung-Draining Lymph Nodes of Ctse*’* and Ctse™"

Mice

To find out whether Ctse deficiency has an effect on
antigen presentation in vivo, we intravenously injected
Ctse*’* and Ctse”~ mice with CFSE-labeled OT II cells.
After exposure to OVA or NaCl aerosol, the lung-drain-
ing lymph nodes of the Ctse*’* and Ctse™~ mice were iso-
lated 4 days later and the CFSE proliferation profile for

Allergic Airway Inflammation and
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the OT II cells (CD4", Ly5.1*) was assessed by flow cy-
tometry. There was no difference in proliferation of in-
jected OT cells between sensitized Ctse*’* and Ctse™/~
mice (fig. 7a, b).

Expression of Cell Surface Markers on BMDCs and

Lung DCs

In vitro generated BMDCs and isolated lung DCs were
stained for different cell surface markers such as PE-la-

Int Arch Allergy Immunol 2012;159:367-383 379



Cathepsin B
(%]
8 %]
E-
3 3
25 . .
= @&® <+« 2 chain-shaped cathepsin B
50 B - .
= ~ &= <« Tubulin
.
Cathepsin L
20 . . .
—= @8 .« Heavy-chain cathepsin L (active)
30 +«— o-Tubulin
Cathepsin S
37 .
— +«—— Pro-cathepsin S
25 . .
—_— ##  «—— (Cathepsin S (active)
50 - .
—— v . +— «-Tubulin
V] V]
a a
o =
c o
=)
-

Fig. 10. Western blot analysis of cathepsins B, L and S in isolated
lung DCs and in vitro-generated BMDCs. DCs from lung and
bone marrow were disrupted and homogenized in lysis buffer.
Fifty micrograms of protein from the postnuclear supernatant
were resolved by 15% SDS-PAGE and transferred onto PVDF
membranes. Cathepsins were detected by the primary antibodies
anti-cathepsin B, S and L and the secondary antibody anti-HRP.
As a control, a-tubulin was used. Detection of the peroxidase-
labeled secondary antibodies was performed by enhanced chemi-
luminescence reaction (and visualization using the Lumi-Imager
system and Lumi-Analyst software).

beled MHC II, APC-labeled CD11c, FITC-labeled CD40,
CD80 and CD86 or the appropriate isotype controls, and
were analyzed by flow cytometry. As shown in figure 8a,
BMDC expressed MHC II, CD11c and CD86 on their cell
surface and were negative for CD40 and CD80.

Isolated lung DCs were identified and defined as
CDI11c"MHC 11"8? cells, whereas contaminating tissue
Mph were separated by MHC IT'°" phenotype. As shown
in figure 8b, lung DCs were CD11c", showed high MHC
IT expression compared to tissue Mph, and were negative
for CD40, CD80 and CDS86 after isolation.

380 Int Arch Allergy Immunol 2012;159:367-383

Real-Time PCR Analysis of in vitro-Generated

BMDC:s and Isolated Lung DCs

From in vitro-generated BMDCs and isolated lung
DCs of naive C57BL/6 mice, RNA was extracted and re-
verse-transcribed with Omniscript or Sensiscript, and
c¢DNA was analyzed for the expression of cathepsin B, C,
D, E, H, K, L and S, and the housekeeping gene PBGD
by real-time PCR. Table 4 shows the concentration, the
number of transcripts and the ratio of the cathepsins B,
C,D,E, H, K, Land S in lung DCs to those in BMDCs.

Cathepsins B, S, D and C were expressed most and ca-
thepsin L and E were expressed least in in vitro-generated
BMDC:s. In isolated lung DCs, cathepsins S, D and B were
expressed most and cathepsins L and E were expressed
least. Figure 9 shows the ratio of expression of the differ-
ent cathepsins in lung DCs and BMDCs. Cathepsins B, C
and L were expressed 10 times less in lung DCs compared
to BMDC:s, cathepsin S was expressed three times less in
lung DCs, and cathepsin K was expressed 20 times more
in lung DCs compared to BMDCs. Cathepsins D, E and
H showed no difference in expression in lung DCs com-
pared to BMDCs. PCR products were verified via melting
curves (fig. 1a) and gel electrophoresis (fig. 1b).

Western Blot Analysis of Cathepsins B, L and S in

in vitro-Generated BMDCs and Isolated Lung DCs

Isolated lung DCs and in vitro-generated BMDCs
were disrupted in lysis buffer. Fifty micrograms of pro-
tein from the postnuclear supernatant were resolved by
15% SDS-PAGE and transferred onto PVDF membranes.
Cathepsins were detected by the primary antibodies anti-
cathepsin B, S and L and the secondary antibody anti-
HRP. a-Tubulin was used as a control. Detection of the
peroxidase-labeled secondary antibodies was done by en-
hanced chemiluminescence reaction (and visualization
using the Lumi-Imager system and Lumi-Analyst soft-
ware). As expected, the proteins of cathepsins B, L and S
were found at lower quantities in isolated lung DCs than
in in vitro-generated BMDC:s (fig. 10).

Discussion

Kakehashi et al. [36] were able to show that Ctse defi-
ciency leads to enhanced OT cell activation in BMDCs
due to increased expression of CD80, CD86 and CD40
compared to Ctse*’* mice in vitro. They saw a reduction
in OT cell activation in bone marrow-derived Mph be-
cause of decreased expression of costimulatory mole-
cules. In contrast, we found a reduction in OT II cell pro-

Pilzner et al.



liferation primed by BMDCs of Ctse™~ mice. In our in
vitro study, OT II cells incubated with BMDCs of Ctse™~
mice showed significantly diminished proliferation com-
pared to OT II cells cocultured with BMDCs of Ctse*'*
mice. Incubation of OT II cells with bone marrow-de-
rived Mph showed no difference between Ctse”~ and
Ctse*’* mice (unpubl. data). Other in vitro studies were
also able to show a reduction in proliferation of murine B
cells and BMDCs by blocking Ctse with inhibitors. They
demonstrated that Ctse plays an important role in the
class I MHC antigen processing and presentation path-
way [3, 14]. An explanation for these discrepancies was
maybe shown by Yee et al. [37]. They found that Ctse ex-
pression is negatively regulated by the MHC class II
transactivator (CIITA). This is a non-DNA-binding tran-
scription factor which activates and is required for the
expression of MHC II and other genes related to antigen
presentation. This regulation of Ctse by CIITA might ei-
ther inhibit or promote antigen processing and presenta-
tion [2, 37, 38].

The evidence that the absence of Ctse leads to a re-
duced antigen presentation in vitro could offer new ther-
apeutic opportunities in allergic diseases such as allergic
asthma. In allergic asthma, the processing and presenta-
tion of exogenous antigens or allergens is an essential
mechanism in the sensitization to an allergen. This aller-
gen can activate DCs to break the process of tolerance and
promote the Th2 response in allergic asthma [24]. As
mentioned above, Ctse participates in antigen processing
and presentation, and therefore plays a role in the sensi-
tization phase of allergic asthma. Ctse deficiency could
lead to a decrease in allergen processing and presentation
and thus to a decrease in allergic airway inflammation.

Therefore, acute OVA-induced and subchronic P.
pratense-induced airway inflammation, as established in
our lab [35], were investigated in Ctse*’* and Ctse ™~ mice.
These two airway inflammation models showed a re-
duced infiltration of lymphocytes in Ctse™'~ mice, where-
as in the sensitized Ctse*’* group lymphocyte numbers
were increased. These results supported the findings
from the in vitro experiment. There was no difference,
however, between Ctse™* and Ctse™™ mice in eosinophil-
ic infiltration, Mph numbers and in neutrophilic infiltra-
tion in both investigated types of airway inflammation,
although Ctse deficiency has been reported to impair
chemotaxis and cell adhesion in Mph due to a decrease in
several cell-surface receptors such as CCR2 and CD18 or
CD29 [39]. The acute model of airway sensitization ex-
hibited a significant increase in IL-5, showing the infil-
tration of eosinophils, but there was also no difference

Allergic Airway Inflammation and
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between sensitized Ctse*’* and Ctse”~ mice. In both in-
vestigated airway inflammations models, other cyto-
kines such as IL-4, IL-13 and the chemokine eotaxin
showed low levels and no difference between all groups,
because these cytokines and the chemokine were secreted
in the induction phase of inflammation and returned to
normal levels [40]. The airway sensitization in the sub-
chronic protocol resulted in a significant increase in P.
pratense-specific IgG and IgE in the plasma of sensitized
mice, which monitors sensitization to grass pollen aller-
gen in mice, as previously shown [41]. Ongoing inflam-
mation results in structural remodeling, including air-
way wall thickening, subepithelial fibrosis, and goblet cell
hyperplasia, collectively known as airway remodeling
[40]. These structural changes could be seen in sensitized
Ctse*’* and Ctse™~ mice of the subchronic model. Sensi-
tized Ctse™* and Ctse”~ mice showed an increase in cell
infiltration, mucus covering the epithelium, goblet cells
and collagen connective tissue compared to both control
groups. Sensitized animals exhibited clear signs of re-
modeling processes, but again, in terms of histological
staining there was no difference between Ctse*’* and
Ctse™~ mice.

To investigate the mechanism of antigen processing
and presentation in Ctse** and Ctse™~ mice in the lung,
experiments with DQ™ OVA and with OT II cells were
performed. We used DQ™ to examine the mechanism of
antigen processing in Ctse*'* and Ctse™'~ mice. There was
no difference between Ctse** and Ctse™~ mice in the pro-
cessing of DQ™ OVA, neither with regard to Mph nor
DC, although Ctse was reported to be involved in OVA
processing [41].

In the in vivo study with OT II cells mice which were
challenged with OVA aerosol showed a significant in-
crease in proliferation of the injected OT II cells com-
pared to the controls, indicating that the proliferation of
OT II cells is antigen-specific. However, there was no dif-
ference in proliferation between Ctse™* and Ctse™~ mice,
although Ctse has been reported to play a role in antigen
presentation in vitro [3].

Ctse™~ mice showed no T lymphocyte infiltrations in
the sensitized groups of induced airway inflammation,
but behaved similarly to Ctse*’* mice with regard to eo-
sinophilic recruitment. Ctse deficiency led to no altera-
tion in antigen processing and presentation in vivo. An
explanation for this may be based on the redundancy of
the inflammatory cascade. In this respect, compensatory
effects may be provided by other proteases present in the
lung. Real-time PCR analysis of the expression of differ-
ent cysteine and aspartic cathepsins in isolated lung DCs
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of naive C57/BL6 mice showed a lower content of Ctse
transcripts (2.98 X 10° mol/l), compared to transcripts of
cathepsins S, D and B (6.37 X 108 mol/l, 3.24 X 103 mol/l,
2.87 x 10® mol/l). It was also reported that there was a
natural Ctse deficiency in the immune system of C57/BL6
mice [42]. Our real-time PCR results support these find-
ings.

Cathepsin S is the best characterized cathepsin, ex-
pressed predominantly in APC, namely DC and B cells
[43]. Evidence for its crucial role in antigen processing
and presentation was found in cathepsin S-deficient
mice. In these mice, APC failed to express MHC class II
peptide complexes on their surfaces and therefore they
poorly induced T cell proliferation [44].

The aspartic protease cathepsin D is reported to be in-
volved in antigen processing and presentation [45, 46].
The cysteine protease cathepsin B was shown to be ele-
vated in murine lung DCs after infection with influenza
A virus leading to enhanced processing and presentation
of other antigens such as allergens [47]. In a study with
blocking of cathepsins D and B, cathepsin B was found to
play an important role in antigen processing, while ca-

thepsin D is involved in degradation of the invariant
chain in ovalbumin-immunized mice [48]. Thus other
cathepsins such as cathepsins S, D and B are higher ex-
pressed in lung DCs and therefore countervail the lack of
Ctse in vivo.

Summarizing the present data, Ctse deficiency has an
effect on the antigen processing and presentation in vitro.
Investigating this effect in an acute airway inflammation
model, lymphocyte infiltration in Ctse™'~ mice was inhib-
ited without affecting infiltration by other inflammatory
cells. Therefore, a distinct role of Ctse in states of allergic
airway inflammation can be assumed.
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