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SUMMARY

 

Down-regulation of receptors involved in the recognition or transmission of inflammatory signals and
a reduced responsiveness support the concept that macrophages are ‘desensitized’ during their differ-
entiation in the intestinal mucosa. During inflammatory bowel disease (IBD) intestinal macrophages
(IMACs) change to a reactive or ‘aggressive’ type. After having established a method of isolation and
purification of IMACs, message for cathepsin D was one of the mRNAs we found to be up-regulated in
a subtractive hybridization of Crohn’s disease (CD) macrophages 

 

versus

 

 IMACs from control mucosa.
The expression of cathepsin D in intestinal mucosa was analysed by immunohistochemistry in biopsies
from IBD and control patients and in a mouse model of dextran sulphate sodium (DSS)-induced acute
and chronic colitis. IMACs were isolated and purified from normal and inflamed mucosa by immuno-
magnetic beads armed with a CD33 antibody. RT-PCR was performed for cathepsin D mRNA. Results
were confirmed by Northern blot and flow cytometrical analysis. Immunohistochemistry revealed a sig-
nificant increase in the cathepsin D protein expression in inflamed intestinal mucosa from IBD patients
compared to non-inflamed mucosa. No cathepsin D polymerase chain reaction (PCR) product could be
obtained with mRNA from CD33-positive IMACs from normal mucosa. Reverse transcription (RT)-
PCR showed an induction of mRNA for cathepsin D in purified IMACs from IBD patients. Northern
blot and flow cytometry analysis confirmed these results. Cathepsin D protein was also found in intes-
tinal mucosa in acute and chronic DSS-colitis but was absent in normal mucosa. This study shows that
expression of cathepsin D is induced in inflammation-associated IMACs. The presence of cathepsin D
might contribute to the mucosal damage in IBD.
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INTRODUCTION

 

Over the past 10 years, it has become evident that immunosur-
veillance and immune defence is a concerted performance by a
vast number of mucosal cell-types in the intestine. It is clear that
antigen processing and antigen presentation must be well regu-
lated, especially at the border between self and the multitude of
bacteria in the gut lumen.

Despite an intact epithelial barrier the mucosa may be
exposed to a low but constant level of bacterial antigens. Down-
regulation of surface receptors involved in the recognition or
transmission of inflammatory signals contributes to mucosal tol-
erance. On intestinal macrophages (IMACs) this refers to CD14
[1,2], toll-like receptors (TLRs)2 and 4 [3], HLA-DR [4], the inte-

grins CD11b/CD18 and CD11c/CD18, which are discussed as
alternative binding proteins for Gram-negative bacteria [5,6] as
well as for the T cell co-stimulatory molecules CD80 (B7-1) and
CD86 (B7-2) [4] indicating a low ability of IMACs to mediate
immune responses. Functional data, e.g. a diminished oxidative
burst activity [7–10] support the concept that IMACs are ‘desen-
sitized’ during differentiation in the intestinal mucosa. However,
mucosal inflammation changes the situation for IMACs. The
inflamed mucosa is populated by IMACs that are fully responsive
to bacterial antigens [3]. Furthermore, the expression of T cell co-
stimulatory molecules CD80 and CD86 indicates that IMACs in
inflamed mucosa have the ability to mediate immune responses
[4,11]. In addition, activation of NF-kappaB during human
mucosal inflammation indicates an involvement in the inflamma-
tory process [12].

Several cathepsins have been shown to be implicated in
antigen processing in antigen presenting cells (APCs) [13–15].
Cathepsin D plays a key role during antigen presentation by
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contributing to lysosomal proteolysis and degradation of material
into smaller fragments [16]. In cathepsin D-deficient mice, which
die around postnatal day 25 from intestinal necrosis, a lack of pro-
teolysis of proteins that regulate cell growth and tissue homeo-
stasis was suggested [17]. Vesicles with cathepsin D-digested
peptide fragments merge with vesicles containing newly synthe-
sized major histocompatibility complex (MHC) class II mole-
cules. MHC class II-molecules bind peptides derived from
internalized degraded material and are transported subsequently
to the cell surface where they present these peptides to T cells.
IMACs from patients with inflammatory bowel disease show
expression of both MHC class I and II antigens, thus allowing the
presentation of antigens to mucosal T cells. However, the neces-
sity of cathepsin D and other cathepsins for antigen presentation
is still under discussion [18].

In addition to its role during antigen presentation cathepsin D
is capable of digesting extracellular matrix proteins [19]. Similar
to the intracellularly located cathepsin D, the secreted enzyme
also shows a proteolytic potential in the extracellular space.
Cathepsin D has the potential to initiate a proteolytic cascade, to
degrade and remodel extracellular matrix resulting in the release
of fibroblast growth factor (FGF) and FGF-similiar growth fac-
tors associated with the matrix proteins [20].

Because proteases can alter extracellular matrices and base-
ment membranes [20–22] cathepsin D was also suggested to be
involved in the course of severe diseases. The usefulness of
cathepsin D levels as a prognostic factor during disease course,
however, is controversial. It has been postulated that cathepsin
D levels should be monitored as a prognostic indicator in breast
cancer [19]. Abnormal cathepsin D immunostaining patterns can
be used to predict a potential for lymphatic invasion in colorectal
carcinoma [23]. Cathepsin D protein was also found by enzyme-
linked immunosorbent assay (ELISA) in biopsy specimens from
patients with normal colon and colonic disease but a lack in
cathepsin D protein expression was found in inflamed specimens
[24].

The role of cathepsin D in antigen presentation and degrada-
tion of extracellular matrices may be of great importance for
immune reactions in the intestinal mucosa. Moreover, cathepsin
D was one of the mRNAs we found to be up-regulated in a sub-
tractive hybridization of CD macrophages 

 

versus

 

 IMACs from
control mucosa [8]. This led us to investigate cathepsin D expres-
sion in normal and inflamed intestinal mucosa.

 

MATERIALS AND METHODS

 

Animal model

 

Eighteen female Balb/c mice weighing 20–22 g (Charles River,
Germany) were used for the experiments. Except for the periods
of induction of colitis they had food and water 

 

ad libidum

 

. The
animal studies were approved by the local Institutional Review
Board.

 

Induction of acute and chronic colitis

 

For the induction of acute colitis, six mice received 5% dextran
sulphate sodium (DSS) in drinking water for 7 days. For the
induction of chronic colitis, six mice received four cycles of DSS
treatment, as described [25,26]. Each cycle consisted of 5% DSS
in drinking water for 7 days, followed by a 10-day interval with
normal drinking water. Mice used for experiments were age-
matched and had received DSS treatment simultaneously.

 

Patients

 

Endoscopic biopsies or surgical specimens were taken either from
healthy areas of the colonic mucosa of patients undergoing sur-
veillance colonoscopy or surgery for colorectal carcinoma (con-
trol patients, non-inflamed (NI) patients) or from the inflamed
colonic mucosa of patients with Crohn’s disease (CD) or ulcer-
ative colitis (UC). Histology was performed on additional biop-
sies or on the normal mucosa of surgical specimens by a
pathologist. Inflammatory bowel disease (IBD) patients were
treated with 5-ASA, or steroids, or both. One patient with CD
was treated with azathioprin. The different therapies had no
apparent influence on the results of our assays. The study was
approved by the University of Regensburg Ethics Committee.

 

Assessment of an endoscopic inflammation score in colitis

 

The  degree  of  inflammation  at  the  site  where  specimens
were taken by biopsy was graded endoscopically [12]: –, no
inflammation: +, low degree of inflammation (increased granular-
ity and friability of the mucosa in ulcerative colitis (UC) and sin-
gle small aphthous lesions in CD); + +, moderate inflammation
(mucous membranes, spontaneous bleeding and small ulcers in
UC, multiple aphtous lesions and small ulcers in CD) and + + +,
severe inflammation (large ulcers in UC and large ulcerous
lesions in CD).

Twenty-four samples from colon without detectable inflam-
mation in terms of the described endoscopic score were included
in the study as non-inflamed. Twenty-five CD and four UC sam-
ples with endoscopic scores of + +and + + + were used. Specimens
from patients with UC were taken from descending colon or sig-
moid colon, specimens from patients with CD were taken from
colon or sigmoid colon.

 

Assessment of histological score in mice

 

For the assessment of the histological score 1 cm of the distal third
of the colon was removed and scored as described [27]. Three sec-
tions obtained each at 100 

 

m

 

m distance were evaluated. Mice were
scored individually. Each score represents the mean of three sec-
tions. The histological examination was performed blinded.

Histology was scored as follows:

• epithelium (E), 0: normal morphology; 1: loss of globlet cells, 2:
loss of globlet cells in large areas; 3: loss of crypts; 4: loss of
crypts in large areas.

• Infiltration (I), 0: no infiltrate; 1: infiltrate around crypt basis; 2:
infiltrate reaching to 

 

L. muscularis mucosae

 

; 3: extensive infil-
tration reaching  the  

 

L.  muscularis  mucosae

 

 and thickening
of the mucosa with abundant oedema; 4: infiltration of the
submucosa.

The total histological score represents the sum of the epithe-
lium and infiltration score (total score = E + I).

Six control mice with a histological score of 0–1 were included
in the study as non-inflamed. Six acute and six chronic colitis mice
were included with a histological score of 4–8.

 

Antibodies

 

For the identification of cathepsin D in human mucosa rabbit anti-
human cathepsin D (A0561, IgG, DAKO, Hamburg, Germany)
and biotin-conjugated goat antirabbit secondary antibody
(E0432, Dako) were used (isotype control: rabbit immunoglobu-
lin fraction, X0903, Dako).
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Monoclonal mouse antihuman macrophage CD68 (M0814,
clone KP1, IgG

 

1

 

 

 

k

 

, Dako) and biotin-conjugated rabbit antimouse
IgG secondary antibody (Jackson Immunoresearch, Hamburg,
Germany) were applied for the identification of human IMACs
(isotype control: mouse IgG

 

1

 

 

 

k

 

, M-5284, Sigma, Taufkirchen,
Germany).

For isolation of human IMACs monoclonal mouse antihuman
macrophage CD33 MicroBeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany) were used.

For flow cytometry analysis cell suspensions were immun-
ostained with rabbit antihuman cathepsin D and fluoroscein
isothiocyanate (FITC)-conjugated antirabbit secondary antibody
(swine F(ab

 

¢

 

)

 

2,

 

 Dako).
The following polyclonal antibody was used for the identifica-

tion of cathepsin D in mouse mucosa: rabbit antimouse cathepsin
D [28] (isotype control: rabbit immunoglobulin fraction, X0903,
Dako). Secondary antibody: peroxidase-conjugated antirabbit
(goat, polyclonal, P0448, Dako). Peroxidase catalyses the deposi-
tion of a fluorophore-labelled tyramide amplification reagent
(NEL741, TSA™ Plus, PerkinElmer, Boston, MA, USA). For
chromogenic visualization a peroxidase conjugated antifluoros-
cein antibody (NEF720, NEN

 

®

 

, Boston, MA, USA) was applied.
Rat antimouse Mac-3 (IgG

 

1

 

 

 

k

 

, clone M3/84, PharMingen,
Heidelberg, Germany) and biotin-conjugated rabbit antirat sec-
ondary antibody (E0467, Dako) were applied for immunohis-
tochemical identification of mouse macropohages (isotype
control: rat IgG

 

1

 

 

 

k

 

, clone R3-34, PharMingen).

 

Demasking of paraffin embedded sections

 

Paraffin embedded human or mouse sections were cut (5 

 

m

 

m),
floated on demineralized water, placed on slides and baked for
30 minutes (min) at 60

 

∞

 

C. Slides were dewaxed for 10 min with
xylene and rehydrated in a graded ethanol series (99%, 95%, 70%
ethanol and phosphate buffered saline (PBS) pH 7·4 for 5 min
each). For demasking sections were incubated for 30 min with tar-
get retrieval solution (S3307, Dako, Hamburg, Germany) at 95

 

∞

 

C
in a microwave oven. Endogenous peroxidase was quenched for
30 min with 1% hydrogen peroxide in PBS buffer. Slides were
washed three times in PBS.

 

Immunohistochemistry in human specimens

 

For the identification of cathepsin D-positive cells in human tis-
sue, specimens were incubated with primary rabbit antihuman
cathepsin D antiserum (final concentration 5 

 

m

 

g/ml). A rabbit
immunoglobulin fraction (final concentration 5 

 

m

 

g/ml) was used
as isotype control. Biotin-conjugated goat antirabbit secondary
antibody (1/500 dilution) and consecutively the Vectastain ABC
elite standard system (#PK-6100, Vector Laboratories, Burlin-
game, CA, USA) were applied. After washing the tissue was incu-
bated with a freshly prepared solution of NovaRED

 

®

 

 (AEC,
Vector) for brown immunostaining.

To prove that mucosal macrophages express cathepsin D, the
slides were incubated for 30 min with 1% hydrogen peroxide in
PBS buffer to suppress remaining peroxidase. After three washing
steps, the specimens were incubated with mouse antihuman CD68
(final concentration 0·5 

 

m

 

g/ml). Purified mouse isotype (final con-
centration 0·5 

 

m

 

g/ml) was used as control. Subsequently biotin-
conjugated rabbit antimouse IgG secondary antibody (1/500
diluted) and the Vectastain ABC elite standard system were
applied. Slides were preincubated for 8 min in 0·01% benzidine
dihydrochloride (BDHC, Sigma) with 0·03% sodium nitroprusside

(Sigma). This was followed by incubation in the reaction medium
(0·01% BDHC, 0·005% hydrogen peroxide and 0·03% sodium
nitroprusside) for blue immunostaining. The formation of the dark
blue, granular reaction product was monitored under the micro-
scope. Immunostaining was interrupted with water. Cells were not
counterstained. For semiquantitative analysis brown cells, blue
cells and double immunostained cells was determined separately
by evaluating four high-power fields at a magnification of 400

 

¥

 

. The
percentage of double immunostained cells was calculated.

 

Immunohistochemistry in mouse specimens

 

For the identification of cathepsin D in mouse mucosa, specimens
were incubated for 30 min with blocking buffer (TNB, 0·1 

 

M

 

 Tris-
HCl, pH 7·5, 0·15 

 

M

 

 NaCl and 0·5% blocking reagent FP1020,
PerkinElmer™, Boston, MA, USA). Specimens were then placed
in TNB buffer with 1/2000 (final concentration 0·5 

 

m

 

g/ml) diluted
primary antiserum for 30 min. A rabbit immunoglobulin fraction
(final concentration 0·5 

 

m

 

g/ml) was used as isotype control. Slides
were washed in triton buffer (TNT, 0·1 

 

M

 

 Tris-HCl pH 7·5, 0·15 

 

M

 

NaCl, 0·3% Triton X-100) and incubated for 30 min with 1/500
diluted peroxidase-conjugated antirabbit secondary antibody in
TNB buffer. Peroxidase catalyses the deposition of a fluorophore-
labelled tyramide amplification reagent (NEL741, TSA™ Plus,
PerkinElmer, Boston, MA, USA). A working solution of the
amplification reagent was applied as recommended by the
manufacturer.

Slides were washed in TNT wash buffer. For chromogenic
visualization slides were incubated for 30 min with antifluoros-
cein-peroxidase antibodies 1/25 diluted in TNB buffer. After
washing the tissue was incubated with NovaRED

 

®

 

 for brown
immunostaining.

To clarify whether macrophages express cathepsin D the
slides were incubated with hydrogen peroxide in PBS buffer and
incubated with rat antimouse Mac-3 antibody or isotype control
(final concentration 0·5 

 

m

 

g/ml). Biotin-conjugated rabbit antirat
secondary antibody (1/500 diluted) were applied. The Vectastain
ABC elite standard system were used and sections were incu-
bated with benzidine dihydrochloride (BDHC), hydrogen perox-
ide and sodium nitroprusside for blue immunostaining. For
semiquantitative analysis brown cells, blue cells and double
immunostained cells were determined separately by evaluating
four high-power fields at a magnification of 400

 

¥

 

. The percentage
of double immunostained cells was calculated.

 

Flow cytometry

 

Human monocytes and IMACs were immunostained according to
a modified protocol described by Mikulka 

 

et al

 

. [29]. For flow
cytometry analysis 1 

 

¥

 

 10

 

6

 

 cells were resuspended in PBS. For fix-
ation cells were kept in 70% ice-cold methanol at 

 

-

 

20

 

∞

 

C for
60 min, washed and resuspended. To block unspecific binding
sites human AB serum was added to a final concentration of 2%.
For each immunostaining 100 

 

m

 

l of cell suspension was placed
into 1·5 ml polypropylene tubes and 2 

 

m

 

l of each antibody solu-
tion was added. Incubation was performed in the dark for 60 min
on ice to ensure specific immunostaining. Cells were washed with
PBS and resuspended in 100 

 

m

 

l PBS for further immunostaining
with secondary antibody.

Flow cytometry was performed utilizing a Coulter

 

®

 

 EPICS

 

®

 

XL-MCL

 

™

 

 (Coulter, Immunotech, Krefeld, Germany) equipped
with an argon ion laser with an excitation power of 15 mW at
488 nm. The fluorescence of 1 

 

¥

 

 10

 

4

 

 cells was collected on a four
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decades log scale through forward light scatter (FSC) and linear
scale through right angle scatter (SSC). Fluorescence for FITC
was collected at 530 nm (FL1). Analysis gates were set around
debris and intact cells on a FSC 

 

versus

 

 SSC dot plot. The fluores-
cence histograms were generated availing the gated data. Data
analysis was performed with the WIN-MDI software.

 

Isolation of human lamina propria mononuclear cells 
(LPMNCs)

 

Pieces of intestinal mucosa from surgical biopsy specimens were
incubated in calcium- and magnesium-free Hanks’s balanced salt
solution (HBSS) with 1 mmol/l ethylene diamine tetraacetic acid
(EDTA) for 30 min at 37

 

∞

 

C under gentle shaking to remove the
intestinal epithelial cells (IEC). Human LPMNCs were isolated
according to a protocol described recently [30]. Specimens were
incubated for 30 min in 2 ml PBS with 1 mg/ml collagenase type I
(= 336 U/ml), 0·3 mg/ml deoxyribonuclease (DNase I, Boe-
hringer, Mannheim, Germany) and 0·2 mg/ml hyaluronidase
without fetal calf serum (FCS) at 37

 

∞

 

C. Cells were dispersed by
passing through a 27-gauge needle by a 1–2 ml syringe, washed in
1·5 ml PBS with 500 

 

m

 

l FCS and finally submitted to Ficoll density
gradient centrifugation for 20 min at 

 

ª

 

690 

 

g

 

 (without brake) in a
Heraeus centrifuge for the isolation of mononuclear cells. The
interphase was removed carefully and washed with PBS.

 

Isolation and purification of IMACs

 

LPMNCs were isolated from normal and CD mucosa speci-
mens. IMACs were labelled with immunomagnetic MicroBeads
armed with CD33 antibody and purified two times with the help
of type AS separation columns (Miltenyi Biotec), as described
recently [30]. Briefly, LPMNCs containing magnetically labelled
IMACs were passed through an AS separation column which
was placed in the permanent magnet SuperMACS

 

®

 

. The mag-
netically labelled cells were retained in the column. After
removal of the column from the magnetic field, the retained
fraction was eluted. Eluted cells were passed through a second
AS separation column to increase purity of IMACs [30]. Final
purity of 

 

>

 

95% IMACs was confirmed by FACS analysis using
PE-conjugated goat antimouse IgG antibody (Caltag, Medac,
Hamburg, Germany).

 

Semiquantitative reverse transcription-polymerase chain 
reaction (RT-PCR) for cathepsin D

 

Poly(A)-RNA was isolated by polyT magnetic beads (Dynal,
Oslo, Norway) from CD33

 

+

 

 cells according to the manufacturer’s
protocol. Briefly, IMACs were resuspended in lysis/binding buffer
and a repeated passage of the solution through a pipette tip was
performed to obtain complete lysis. The vial was placed in the
magnetic field of a permanent magnet (MCP

 

®

 

-E-1, Dynal, Oslo,
Norway) for 5 min at room temperature to remove immunomag-
netic MicroBeads armed with CD33 antibody. The suspension was
mixed with Dynabeads Oligo (dT)

 

25

 

 and rotated on a roller for
5 min at room temperature. The lysate was washed three times
with washing buffer. Elution of mRNA from Dynabeads Oligo
(dT)

 

25

 

 was performed at 65

 

∞

 

C for 2 min in 20 

 

m

 

l elution solution.
Poly(A)-RNA was reverse transcribed with the Reverse Tran-

scription System (Promega, Madison, WI, USA) according to the
manufacturer’s protocol in a 15-min reaction at 42

 

∞

 

C. For PCR,
the primers used were as follows: 

 

b

 

-actin upstream TGA CGG
GGT CAC CCA CAC; 

 

b

 

-actin downstream CTA GAA GCA
TTT GCG GTG GAA; cathepsin D upstream CAA CAG CGA

CAA GTC CAG C; cathepsin D downstream CTG AAT CAG
CGG CAC GGC.

To test cDNAs for representation and full length genes RT-
PCR with a 5

 

¢

 

b

 

-actin, GAPDH, 6K Clathrin and 2K Clathrin
primer set from the Gene Checker

 

™

 

 Kit (Invitrogen, Leek, the
Netherlands) was performed. The PCR for cathepsin D com-
prised 25–35 cycles with denaturing at 94

 

∞

 

C for 30 s, annealing at
60

 

∞

 

C for 30 s and extension at 72

 

∞

 

C for 30 s. The PCR for the
genes from the Gene Checker

 

™

 

 Kit comprised 25 cycles with
denaturing at 94

 

∞

 

C for 30 s, annealing at 55

 

∞

 

C for 30 s and exten-
sion at 72

 

∞

 

C for 30 s. The reactions were performed in a TRIO-
Thermoblock (Biometra, Goettingen, Germany). The PCR prod-
ucts were then subjected to 1% agarose gel electrophoresis
together with a size standard 

 

F

 

X 174 Hae III (Stratagene,
Amsterdam, the Netherlands).

 

SMART

 

®

 

 PCR and blotting

 

To verify results from semiquantitative PCR, RT-PCR products
were hybridized with a 

 

32

 

P labelled probe. Poly(A)-RNA was
reverse transcribed and amplified with the SMART

 

®

 

 PCR cDNA
synthesis kit (K1052-1, Clontech, Palo Alto, CA, USA). RT was
performed at 42

 

∞

 

C for 60 min cDNA was amplified with the mod-
ified oligo(dT)- and oligo(dG) primers as described in the man-
ual. PCR was optimized for each poly(A)-RNA isolate. To
determine the optimal number of cycles: 12, 15, 18, 21 and 24 PCR
cycles were performed. Aliquots of each PCR were transferred
onto a 1% agarose/EtBr gel. Optimal numbers of PCR cycles
were determined as two cycles less than were needed to overcycle
the cDNA. Successful reverse transcription and amplification was
further tested with the Gene Checker

 

™

 

 Kit (Invitrogen, Leek, the
Netherlands).

For blotting cDNA was size-fractionated in a 1% agarose gel,
transferred onto a nylon membrane (msi, Westborough, USA)
and covalently cross-linked to the nylon membrane with a
Stratalinker

 

™

 

 1800 (Stratagene, La Jolla, USA). Prehybridization
was performed in formamide-free buffer (6

 

¥

 

SSC, 5

 

¥

 

Denhardt’s,
0·5% (w/v) SDS and 100 

 

m

 

g/

 

m

 

l tRNA) for 2 h at 65

 

∞

 

C. The oligo-
nucleotides for the production of 

 

32

 

P radioactively labelled probes
were as described above. For hybridization radioactively labelled
probe (0·5–2 10

 

6

 

 cpm/ml final concentration) was added and incu-
bated overnight at 65

 

∞

 

C. To determine the relative amounts of
cDNA, the intensities of individual cDNA bands were quantified
using a densitometer (Molecular Dynamics, Sunnyvale, USA)
and then normalized to that of 

 

b

 

-actin cDNA.

 

Statistical analysis

 

Data are expressed as mean (

 

±

 

 s.d.). Statistical analyses were per-
formed using the Mann–Whitney 

 

U

 

 rank-sum test. Differences
were considered significant with a 

 

P

 

-value of 

 

<

 

 0·05.

 

RESULTS

 

Cathepsin D mRNA expression in human IMACs

 

Human IMACs were isolated from mucosa specimens with immu-
nomagnetic MicroBeads armed with CD33 antibody as described
in Materials and methods. No specific cathepsin D product could
be amplified with RT-PCR from IMACs from control patients
with 35 cycles (Fig. 1, left lane), whereas a strong signal was
obtained with mRNA from CD IMACs (Fig. 1, right lane). Integ-
rity of the mRNA was verified by Gene Checker™ kit. RT-PCR
for five different housekeeping genes was performed and proved
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integrity of the RNA (only actin shown). The experiment was
repeated three times with IMACs from different patients.

To demonstrate the reliability of the RT-PCR we twice per-
formed blotting of linearly amplified RT-PCR products from
IMACs purified from normal mucosa and inflamed CD mucosa
specimen and hybridized with a 32P labelled probe. With PCR
products different from those used for simple RT-PCR, no specific
product was obtained from control mucosa (Fig. 2, left lane)
whereas a clear signal was visible after hybridization of radioac-
tively labelled probes with linearly amplified cDNA from CD
IMACs (Fig. 2, right lane). Densitometry revealed 0 versus 312
relative density units.

To investigate the mRNA expression pattern of other cathe-
psins we performed a comparative analysis of cathepsins B, F, L
and S mRNA expression. IMACs from patients with non-
inflamed mucosa (n = 10) showed mRNA expression for cathep-
sins B and L. In four samples weak cathepsin F mRNA expression
was detectable. In IMACs from mucosa of CD patients (n = 7) no

expression of cathepsins B, F, L or S mRNA was detectable (data
not shown).

Flow cytometrical detection of cathepsin D in human IMACs
By flow cytometrical analysis the data on cathepsin D mRNA
expression could be confirmed. IMACs were isolated and purified
from human LPMNCs from three normal, two inflamed CD and
two inflamed UC specimens as described in Material and meth-
ods. IMACs from specimens different from those used for RT-
PCR and in blotting procedures were used. No cathepsin D pro-
tein was detectable in IMACs obtained from control mucosa
(Figs 3c,d). However, IMACs isolated from patients with CD
(Fig. 3a) and UC (Fig. 3b) clearly showed intracellular expression

Fig. 1. Cathepsin D mRNA expression in CD33-positive IMACs from a
patient with non-inflamed (NI) mucosa and a CD patient. RT-PCR for
cathepsin D and b-actin as indicated. Only IMACs from mucosa of the CD
patient express significant amounts of cathepsin D mRNA. This figure is
representative for two more experiments.

NI CD

Cathepsin D 

b-Actin

Fig. 2. Analysis of linearly amplified cDNA of IMACs from NI patients
and IMACs from CD patients hybridized with a 32P labelled probe. Blot
for cathepsin D and b-actin as indicated. To avoid individual differences
responsible for results, IMACs from four inflamed specimens and from
four normal specimens were pooled. Only IMACs from mucosa of CD
patients express significant amounts of cathepsin D mRNA. This figure is
representative for one more experiment.

NI CD

Cathepsin D

b-Actin

Fig. 3. Flow cytometry analysis of cathepsin D in human IMACs from NI
patients and IMACs from CD and UC patients. Cells were immunostained
with anti-cathepsin D antibody (black histogram) or control (white histo-
gram). (a) Cathepsin D expression in IMACs from CD patients and (b)
UC patients. (c and d) Cathepsin D expression in IMACs from NI patients.
(e) Intracellular anti-CD68 immunostaining as positive control. Only
IMACs from mucosa of IBD patients showed expression of cathepsin D.
Flow cytometry analysis was performed three times for non-inflamed and
two times for CD and UC patients each.
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of cathepsin D. The fluorescence ratio of cells immunostained
with anti-cathepsin D antibody versus cells immunostained with
isotype control antibody was 1·02 ± 0·03 in IMACs from non-
inflamed patients indicating a lack of cathepsin D expression. In
patients with IBD this ratio was increased to 66·56 ± 8·52 confirm-
ing cathepsin D expression. An anti-CD68 immunostaining is
shown as positive control for intracellular immunostaining
(Fig. 3e).

Expression of cathepsin D protein in inflamed human mucosa
Immunohistochemistry with frozen sections from three non-
inflamed patients and three patients with CD with moderate to
severe inflammation (endoscopic score + +and + ++) was per-
formed to determine cathepsin D protein in the mucosa. In
specimens obtained from macroscopical normal mucosa from
patients without IBD no cathepsin D (Fig. 4a) could be
detected. In contrast, in the lamina propria of CD patients
approximately 10–20% of the cells immunostained positive for
cathepsin D (Fig. 4c) with an inhomogeneous pattern of distri-
bution. Positively immunostained cells accumulated subepithe-
lially and were preferentially detectable close to the crypts. In
the isotype controls from all patients no immunostaining could
be detected (Figs 4b,d).

Identification of the cell type expressing cathepsin D in human 
mucosa
To elucidate which cell types in the human inflamed mucosa
express cathepsin D, we applied double-labelling immunohis-
tochemistry. The distribution of immunostained cells (Fig. 4) led
us to assume that cathepsin D-positive cells might be IMACs.
Therefore we used an antibody against a typical intracellular
IMACs marker (CD68) to identify this cell population. A

sequential double-immunostaining procedure using NovaRED®

and BDHC was applied. The antibodies for the identification of
IMACs were either used for the first or the second immun-
ostaining step. The first immunostaining step was visualized with
NovaRED® (diffuse brown reaction product). The second
immunostaining step was visualized with BDHC. Immunostain-
ing of the macrophage-specific, intracellular antigen CD68
resulted in an intracellular granular or needle-like dark blue
BDHC deposit.

Immunohistochemistry with paraffin-embedded sections of
four patients without inflamed mucosa, four patients with CD
and two patients with UC with an endoscopic score of + + and +
++ was performed. In macroscopically normal specimens
obtained from non-inflamed patients no cathepsin D (Fig. 5a)
could be detected in IMACs. In contrast, in the lamina propria
of CD and UC patients 74–84% IMACs immunostained posi-
tive for cathepsin D (Figs 5c,e). This immunostaining pattern
was consistent when the cathepsin D antibody was applied in
the second immunostaining step.

Three isotype controls were performed: substitution of the
anticathepsin D antibody, the antimacrophage CD68 antibody or
both with the homologous isotype control abolished specific
immunostaining. In addition, no immunostaining was obtained if
both primary antibodies were substituted with isotype controls in
mucosa from non-inflamed patients (Fig. 5b) or CD patients
(Fig. 5d). Isotype controls with only one antibody left are shown
as an example: only blue immunostaining of IMACs was detected
in the lamina propria of a UC patient if cathepsin D isotype con-
trol antibody was applied (Fig. 5f). Only brown immunostaining
of cathepsin D-positive cells was detected in the submucosa if,
instead of anti-CD68, an isotype control antibody was applied
(Fig. 5g).

Fig. 4. Immunohistochemical detection of cathepsin D in control mucosa and inflamed intestinal mucosa. Frozen human sections were cut
and fixed in acetone for immunoperoxidase staining with a rabbit antihuman antibody. (a) No cells containing cathepsin D were detectable
in control mucosa from NI patients. (b) Isotype control in control mucosa from NI patients. (c) Cells with cathepsin D were detectable in
the lamina propria in patients with CD. (d) Isotype control in the lamina propria in patients with CD (original magnification ¥ 400). This
figure is representative for two more experiments from each group.

(a) (b)

(c) (d)
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Expression of cathepsin D protein in acute and 
chronic DSS colitis
Immunohistochemistry on paraffin-embedded sections from
three mice suffering from DSS-induced acute colitis with a histo-
logical score of 6–8, three mice with chronic DSS-induced colitis
(histological score of 4–6) and three healthy control mice (histo-
logical score of 0–1) was performed to determine cathepsin D
protein expression in the mouse colon. In specimens obtained

from control mice with macroscopically normal mucosa no cathe-
psin D protein (Fig. 6a) could be detected. In contrast, in the lam-
ina propria of mucosa from mice with DSS-induced acute colitis
(Fig. 6c) and mice with chronic DSS-induced colitis (Fig. 6e)
approximately 10–20% of the cells immunostained positive for
cathepsin D with an heterogeneous pattern of distribution. No
cathepsin D protein was detectable in intestinal epithelial cells
(IEC) in all samples under the conditions used (Fig. 6). In the iso-

Fig. 5. Identification of the cell types containing cathepsin D in the inflamed human mucosa. Cathepsin D was immunostained in a first
step. CD68 was immunostained in a second step. Positive cells were visualized with NovaRED (brown) and BDHC (dark blue) reaction
product. (a) No Cathepsin D was detected in macrophages (blue) in control mucosa from NI patients. (b) Isotype control in control mucosa
from NI patients. (c) Cathepsin D (brown) could be co-localized with macrophages (blue) in the lamina propria from a CD patient. (d)
Isotype control in the lamina propria from a CD patient. (e) Cathepsin D (brown) could be co-localized with macrophages (blue) in the
submucosa from a UC patient. (f) No immunostaining (blue) was detected in a UC patient with cathepsin D isotype control antibody in
the first immunostaining step. (g) No immunostaining of cathepsin D-positive cells (brown) was detected in a UC patient with macrophage
isotype control antibody in the second immunostaining step (original magnification ¥ 400). This figure is representative for three more
experiments.

(g)

(a) (b)

(c) (d)

(f) (e)
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type controls from all samples no immunostaining could be
detected (Figs 6b,d,f).

Identification of the cell type expressing cathepsin D in the 
murine mucosa
To elucidate which cell types in the mouse inflamed mucosa
expressed cathepsin D, we used an anti-Mac-3 antibody to iden-
tify murine IMACs. Immunohistochemistry with paraffin-embed-
ded sections from three mice with DSS-induced acute colitis with
a histological score of 6–8, three mice with chronic DSS-induced
colitis with a histological score of 4–6 and three control mice with
a histological score of 0–1 was performed to determine cathepsin
D protein in MAC-3-positive cells. In specimens obtained from
control mice with macroscopically normal mucosa no cathepsin D
(Fig. 7a) could be detected in MAC-3-positive cells. In contrast, in
the lamina propria of mucosa from mice with DSS-induced acute
colitis (Fig. 7c) and mice with chronic DSS-induced colitis
(Fig. 7e) most of the MAC-3-positive cells immunostained posi-
tive for cathepsin D and vice versa.

Three isotype controls were performed for each sample: sub-
stitution of the antimouse cathepsin D antibody, the antimouse
Mac-3 antibody, or both, with the homologous isotype controls

abolished the respective specific immunostaining. No immun-
ostaining was obtained if both primary antibodies were substi-
tuted in control mucosa from untreated mice (Fig. 7b), in the
lamina propria of mice with DSS-induced acute colitis (Fig. 7d) or
mice with chronic DSS-induced colitis (Fig. 7f).

DISCUSSION

In the present study we demonstrate an induction of cathepsin D
mRNA and protein expression in IMACs from inflamed mucosa
compared with healthy controls, as well as in a mouse model of
colitis. To elucidate possible differences of IMACs from normal
and inflamed mucosa we performed a subtractive screening by
subtracting cDNA from normal IMACs from those of CD mac-
rophages with the Clontech PCR-Select cDNA subtraction kit [8].
Overall 70 differentially expressed genes were obtained.

A search of the expressed sequence tag database revealed
that a subtracted product had > 99% homology to homo sapiens
cathepsin D (lysosomal aspartyl protease) (CTSD) mRNA
(accession number NM_001909). To show the presence of cathe-
psin D in inflammation we performed immunohistochemistry in
human and mouse tissue. Immunohistochemistry clearly showed

Fig. 6. After antigen unmasking immunoperoxidase staining was applied for immunohistochemical detection of cathepsin D in control
and inflamed mucosa. Paraffin-embedded mouse sections were cut, dewaxed and rehydrated. (a) No cells containing cathepsin D were
detectable in control mucosa from untreated mice. (b) Isotype control in control mucosa from untreated mice. (c) In acute DSS-induced
colitis cells with cathepsin D were detectable in the lamina propria. (d) Isotype control in acute DSS-induced colitis. (e) In chronic DSS-
induced colitis cells with cathepsin D were detectable in the lamina propria. (f) Isotype control in chronic DSS-induced colitis (original
magnification ¥ 400). This figure is representative for two more experiments from each group.

(a) (b)

(c) (d)

(f)(e)
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cathepsin D in cells of human patients with inflamed mucosa. In
the lamina propria from mice with acute or chronic DSS-induced
colitis inflammation, as demonstrated by macroscopic and micro-
scopic parameters, was accompanied by cathepsin D presence.
Macrophage-like distribution and frequency of the immun-
ostained cells led us to determine further the cathepsin D expres-
sion in this specific cell population.

Inflammation-associated human IMACs showed cathepsin D
mRNA and protein, as revealed by both RT-PCR and flow cytom-
etry analysis. We were not able to find any extracellular immun-
ostaining for cathepsin D. Immunohistochemistry showed no
signal for cathepsin D in IEC. On the other hand, inflammation
associated IMACs showed no cathepsins B, F, L and S mRNA
expression in RT-PCR.

The aspartic proteinase cathepsin D is a member of the large
family of cysteine proteases. Unlike other proteases, which are
mostly secretory proteins, procathepsin D is sorted to the lysos-
omes. Under normal physiological conditions neither procathep-
sin D nor cathepsin D are secreted and are found only
intracellularly. Cathepsin D is involved in antigen processing in
concerted action with the cysteine proteases cathepsins B and L

[31–34]. Cathepsins D, B and L have an endoproteolytical activity
involved in antigen processing, finely balanced in APCs, generat-
ing certain antigenic epitopes [35]. By altering the balance
between cathepsins, changes of epitopes from exogeneous anti-
gens may occur during antigen presentation. However, lysosomal
bulk proteolysis is maintained in mice deficient for cathepsin D
[17]. Despite that, a lack of limited proteolysis of proteins regu-
lating cell growth and/or tissue homeostasis was suggested [17].

Macrophages mobilize proteinases and participate in the
pathophysiological remodelling of the extracellular matrix in tis-
sue-destructive diseases such as arthritis, bone resorption,
metastasis and chronic lung damage. The tissue-damaging pro-
teinases cathepsins B and L expressed by CD68-positive human
mononuclear cells were shown to play important roles in joint
destruction and bone erosion in patients with rheumatoid arthritis
[36]. Cathepsin K is one of the key proteinases determining where
and when bone resorption will be initiated [37,38]. Levels of
cathepsins B and L may also provide prognostic values in certain
cancers [39–41]. The pathophysiological process resulting in
emphysema was suggested to involve remodelling of the extracel-
lular matrix by proteinases including cathepsins L [42] and S [43]

Fig. 7. Identification of the cell types containing Cathepsin D in the inflamed mouse-mucosa. Cathepsin D was immunostained in a first
step. MAC-3 was immunostained in a second step. Positive cells were visualized with NovaRED (brown) and BDHC (dark blue) reaction
product. (a) No Cathepsin D was detected in macrophages (blue) in control mucosa from untreated mice. (b) Isotype control in control
mucosa from untreated mice. (c) Cathepsin D (brown) could be co-localized in macrophages (blue) in the lamina propria of mice with
acute DSS-induced colitis. (d) Isotype control in acute DSS-induced colitis. (e) Cathepsin D (brown) could be co-localized in macrophages
(blue) in the lamina propria of mice with chronic DSS-induced colitis. (f) Isotype control in chronic DSS-induced colitis (original
magnification ¥ 400). This figure is representative for two more experiments from each group.

(a) (b)

(c) (d)

(f)(e)
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synthesized in human alveolar macrophages. Furthermore, in an
animal model of bleomycin-induced pulmonary fibrosis in rat
changes in the activities of several proteinases were described
[44]. During chronic inflammation, the activities of the cathepsins
L, B, H and S in isolated alveolar macrophages were found to be
increased strongly [44]. Cathepsin B activity was shown to be
stimulated in peritoneal macrophages by induction of an acute
inflammation in mice [45].

An induction of cathepsin D expression in LPMNCs from
IBD-patients has been controversial in the past. No up-regula-
tion of cathepsin D protein was found by Galandiuk and
coworkers in 1993 [24]. Lugering and coworkers found cathepsin
D both precursor and mature forms to be elevated in IBD
patients compared to normal controls [46]. Cathepsin D levels in
diseased osteoarthritic and rheumatoid synovium were elevated
compared to controls [47], although only a limited correlation
was observed between the extent of inflammation present in the
synovia and the levels of enzyme. A significant correlation
between cathepsin D activity and the degree of gingival inflam-
mation was found supporting the hypothesis of participation in
the destruction of periodontal tissues during gingivitis and
periodontitis [48].

An induced production and secretion of cathepsin D in the
mucosa of IBD patients could contribute to the destruction of
extracellular matrix and basement membrane followed by a loss
of epithelial cells and an impairment of the intestinal barrier.
However, an influence of cathepsin D induction on epithelial
damage cannot be demonstrated easily by knock-out technique as
a deletion of this enzyme is followed by early death of cathepsin
D-deficient mice [17].

Following secretion of procathepsin D into the extracellular
space and activation, mature cathepsin D can develop proteolytic
potential [19]. Cathepsin D can degrade growth inhibitors or lib-
erate angiogenic factors or growth factors such as the matrix asso-
ciated fibroblast growth factor (FGF) and FGF-similar growth
factors [20].

Down-regulation of the macrophage-specific surface antigens
[3,30] and diminished functional properties [8] may be part of an
immunological disarmament for the benefit of peripheral non-
responsiveness to abundant antigens to which the mucosa is con-
tinuously exposed. IMACs fully responsive to bacterial antigens
[4,12] with up-regulated catalytic enzymes capable of tissue
destructive activity [8] may initiate or perpetuate a dysregulated
immune response, as demonstrated in IBD.
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