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SUMMARY

Two members of the ADAM (a disintegrin and metalloprotease)-family, MADDAM and decysin,
were described as dendritic cell (DC) maturation markers. We are interested in monocyte
differentiation and investigated in particular the expression pattern of both genes during the
differentiation of human monocytes into DC and macrophages (MAC). Both genes are weakly
expressed in freshly isolated monocytes. In immature DC decysin mRNA was absent, even
after induction of the terminal differentiation of DC by CD40L or tumour necrosis factor-o
(TNF-a). Only in DC maturated by lipopolysaccharide (LPS) strong signals of decysin mRNA
were detected. However, MADDAM mRNA was expressed in immature DC and the expres-
sion was markedly increased after induction of the terminal DC differentiation by various
stimuli. In contrast, MAC showed a high constitutive decysin mRNA expression, but
expressed no MADDAM mRNA. On protein level similar results of MADDAM expression
were obtained. Stimulation of MAC by LPS did not induce MADDAM mRNA expression,
while decysin mRNA expression was strongly increased. Further investigations revealed that
the well-known inducer of MAC differentiation, 1a,25-dihydroxyvitamin D5 up-regulated
decysin mRNA expression during the differentiation of primary monocytes and myelomo-
nocytic THP-1 cells into MAC. In vivo decysin mRNA expression was only detected in human
colon, but not in other tissues we examined. Accordingly, isolated intestinal MAC expressed
decysin mRNA. In conclusion, decysin and MADDAM mRNA expression were regulated in an
opposite way during monocyte differentiation: MADDAM mRNA and protein was mainly
detected in DC, whereas decysin mRNA expression was mainly found in MAC. Therefore only

MADDAM, but not decysin is a suitable marker for human monocyte-derived DC.

INTRODUCTION

Macrophages (MAC) and some subpopulations of dendritic
cells (DC) resemble each other in several functions and surface
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antigen expression as they originate from the same myeloid
progenitor cells.! In vitro both cell types can be generated from
human blood monocytes under different culture conditions. The
differentiation of MAC is induced by culturing of monocytes
with human serum? while DC are generated from monocytes in
the presence of fetal calf serum (FCS), interleukin-4 (IL-4) and
granulocyte—macrophage colony-stimulating factor (GM-CSF).*~
The signals that determine whether the monocytic progenitor
cells differentiate in vivo into MAC or DC are still being
discussed. Randolph and colleagues showed that phagocytosis
is an important key event for DC differentiation, but not for
MAC differentation.® Another factor that may play a role in this
decision is la,25-dihydroxyvitamin Ds. In vitro, 1a,25-dihy-
droxyvitamin Dj; initiates the differentiation of monocytes into
MAC even under serum-free conditions; ® but suppresses DC
differentiation.’~'> Several genes are known to be regulated by
la,25-dihydroxyvitamin D3 during monocyte differentiation.
One of these genes is MADDAM (metalloprotease and disin-
tegrin dendritic cell antigen marker) also called ADAM19."
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Because of its expression which is absent in MAC, but strongly
present in DC, MADDAM is a useful molecular marker for the
distinction between myeloid DC and MAC."?

MADDAM belongs to the ADAM-family that represents a
fast-growing family of mainly transmembrane glycoproteins
with a high similarity to the ‘snake venom metalloproteases
and disintegrins’.'*'® So far more than 30 members of the
ADAM-family are identified in different species. These proteins
comprise several protein modules, the prodomain, the metallo-
protease and disintegrin domain, the cysteine-rich region, the
EGF-repeat domain, the transmembrane region and the cyto-
solic tail. Because of their special structure they are engaged in
different functions'” such as shedding of extracellular proteins
like tumour necrosis factor-a (TNF-a), cell-cell fusion and
adhesion and/or intracellular signaling.'>'®2

Beside MADDAM, another member of the ADAM-family,
decysin, is also described as a gene expressed in monocytes and
mature DC.>* The aim of our study was to compare the
expression pattern of decysin and MADDAM during monocyte
differentiation and to investigate the regulation of decysin
expression by la,25-dihydroxyvitamin Dj, an inducer of
MAC differentiation and suppressor of DC maturation.

MATERIALS AND METHODS

Chemicals

All chemical reagents used were purchased from Roche (Mann-
heim, Germany) unless otherwise noted. CD40L-transfected
murine fibroblasts were kindly provided by Joachim L.
Schultze.? 1a,25-dihydroxyvitamin D5 was a gift from Roche
(Basel, Switzerland) and LPS extracted from Salmonella abortus
equi was kindly provided by Chris Galanos (Freiburg, Germany).

Cell separation and culture

Blood mononuclear cells of healthy donors were isolated by
leukapheresis and gradient centrifugation over Ficoll/Paque
(Pharmacia, Freiburg, Germany). Subsequently a counter-
current centrifugation in a J6M-E centrifuge (Beckmann,
Miinchen, Germany) was performed as described in order to
obtain purified monocytes.® The purity (>90%) of the mono-
cytes was determined by morphology and expression of CD14
antigen. After isolation monocytes were cultured at a density of
10° cells/ml with RPMI (Biochrom, Berlin, Germany) supple-
mented with 50 mM mercaptoethanol, antibiotics (0-5 U/ml
penicillin and 0-5 mg/ml streptomycin), 1 mM sodium pyru-
vate, 1x minimal essential medium (MEM) non-essential
amino acids, 1x MEM vitamins and 0-22 mg/ml L-glutamine
(Gibco BRL, Eggenstein, Germany).

Differentiation of monocytes into macrophages was
achieved by cultivation of monocytes for up to 7 days in Petri
dishes containing medium and 2% human AB-serum (Sigma,
Deisenhofen, Germany) in the absence or presence of 1077 M
la,25-dihydroxyvitamin Dj. In order to obtain DC, monocytes
were seeded in culture flasks for up to 7 days with medium
containing 10% FCS (Bio Whittaker, Taufkirchen, Germany),
35 ng/ml human recombinant GM-CSF (Sandoz-Essex,
Munich, Germany) and 500 U/ml human recombinant IL-4
(Promocell, Heidelberg, Germany). For induction of terminal
DC differentiation 10 ng/ml TNF-o (Promocell), 10 ng/ml
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lipopolysaccharide (LPS) or paraformaldehyde-fixed CD40L-
transfected murine fibroblasts (ratio DC/fibroblasts = 1 : 1)
were added at day 5 and the cells were cultured for 2 days.”’>°

Cells of the myelomonocytic cell lines THP-1 and HL-60
were cultured in RPMI supplemented with the additives used for
monocytes and 10% FCS. The differentiation of these cells into
MAC-like cells was triggered by 107" M la,25-dihydroxy-
vitamin D; or 107 % M phorbol myristate acetate (PMA) for
up to 2 days.’*

Intestinal MAC were isolated from biopsy specimens of
inflamed and normal mucosa by collagenase digestion and
purified by magnetic cell sorting (Miltenyi Biotech, Bergisch
Gladbach, Germany) with anti-CD33 magnetic beads as pre-
viously described.**** Final purity of >95% MAC was con-
firmed by fluorescence-activated cell sorting (FACS) analysis
using phycoerythrin (PE)-conjugated goat anti-mouse immuno-
globulin G (IgG; Caltag, Hamburg, Germany). The study was
approved by the University of Regensburg Ethics Committee.

RNA preparation

Total RNA was extracted from primary cells and cell lines by the
method of Chomczynski and Sacchi®® and mRNA of intestinal
MAC was isolated by polyT magnetic beads (Dynal, Oslo,
Norway) from CD33™ cells according to the manufacturer’s
protocol.

Flow cytometry

Cells were harvested, washed twice with cold phosphate-buffered
saline (PBS) containing 0-1% sodium azide and 0-6 mg/ml
human immunoglobulin and incubated for 30 min at 4° with
specific monoclonal antibodies conjugated with fluorescein
isothiocyanate (FITC) or PE. The following antibodies were
used: CDla-PE (Coulter, Krefeld, Germany), CDI14-FITC
(Coulter) and CD83-PE (Immunotech, Marseille, France). Con-
trol cells were stained with the respective isotypes. After two
washes, cells were fixed with 1% paraformaldehyde in PBS and
analysis was performed using a FACScan (Becton Dickinson,
Mountain View, CA).

Northern blot analysis

Total RNA (10 pg/lane) was electrophoretically separated on an
1% agarose formaldehyde gel, transferred to nylon membranes
(Magna NT, MSI, Westborough, MA) and UV cross-linked. The
cDNA fragment of decysin complementary to the nucleic acids
+622 bp to +1127 bp** was **P-labelled with gene-specific
primers and Klenow enzyme (Roche). Hybridization was per-
formed overnight at 65° in church buffer (0-5 M sodium
phosphate buffer pH 7-2, 7% sodium dodecyl sulphate
(SDS), 1 mM ethylenediaminetetraacetic acid (EDTA) and
150 pg/ml tRNA). For RNA loading control membranes were
rehybridized with an 18S rRNA-oligonucleotide (5'-ACG GTA
TCT GAT CGT CTT CGA ACC-3') labelled by T4 Kinase (5'-
End Labelling Kit, Amersham, Amersham, UK).

Western blot analysis

After lysis of the cells (60 mM Tris/HCI with pH 6-8, 2% SDS,
5 mM EDTA, 10 mM dithiothreitol, 1 mM phenylmethylsulpho-
nyl fluoride) the samples were boiled for 10 min at 95°,
separated on a 10% SDS-polyacrylamide gel electrophoresis
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(PAGE) gel and transferred to Hybond-ECL membranes (Amer-
sham). Membranes were incubated overnight by 4° in blocking
puffer (PBS with 5% bovine serum albumin) before incubation
for 1 hr in blocking buffer containing the polyclonal antibody
RP1 against the propeptide domain of human ADAM19 (Triple
Point Biologics, Portland, OR) in a concentration of 1 pg/ml
and 0-05% Tween-20. After three washing steps with blocking
buffer containing 0-05% Tween-20, membranes were incubated
for 1 hr in blocking buffer with horseradish peroxidase-con-
jugated goat anti-rabbit immunoglobulins (1 : 2500 diluted;
DAKO, Hamburg, Germany) and 0-05% Tween-20. After three
washes in PBS with 0-05% Tween-20, signals were developed
with ECL Western blotting reagents (Amersham) according to
the manufacturer’s instructions and detected by exposition to
Kodak film.

Reverse transcriptase—polymerase chain reaction (RT-PCR)
cDNA of intestinal MAC was obtained by using the Reverse
Transcription System of Promega (Mannheim, Germany) fol-
lowing the manufacturer’s instructions. For amplification of the
cDNAs the following primer pairs were used:

Decysin: 5'-TGG TGT GAA GAG CAC TGA CGG GAA
AC-3' (sense); 5'-GGC CCA GCT CAT GTG ACA TCA CTC
C-3’ (antisense); B-actin : 5'-TGA CGG GGT CAC CCA CAC
TGT GCC CAT CTA-3’ (sense); 5'-CTA GAA GCATTT GCG
GTG GAC GAT GGA GGG-3 (antisense).

The amplification of cDNA was performed with 1 uM sense
and antisense primer, 25 pM of each deoxynucleotide tripho-
sphate and 5 U Taq DNA polymerase (Roche) in a total volume
of 50 pl. The following PCR conditions were used: 94°, 30 s,
65° (Decysin PCR) or 68° (B-actin PCR), 30 s and 72°, 2 min
for up to 40 cycles (Decysin PCR) or 35 cycles (3-actin PCR).
The high number of cycles were used because of the low amount

of available cDNA of isolated intestinal MAC. After amplifica-
tion 8 pl of the PCR products were analysed in an 1-5% agarose
gel containing 0-5 pg/ml ethidium bromide.

RESULTS

Decysin and MADDAM expression in monocytes,
MAC and DC

Decysin and MADDAM are described as specific markers of
activated/mature DC and we compared the expression pattern of
both genes in freshly isolated monocytes, monocyte-derived
MAC and monocyte-derived immature and mature DC. The
terminal maturation of DC was achieved by stimulation of the
cells with TNF-a, LPS or CD40L. In order to control the DC
maturation stage the cells were characterized by flow cytometry
and stained with antibodies against the CD1a antigen (marker
for DC), the CD14 antigen (marker for monocytes/MAC) or
against the CD83 antigen (marker for mature DC) (Fig. 1a). As
expected, immature and mature DC expressed no CD14 antigen
and immature DC were negative for CD83 staining. DC term-
inal differentiated by TNF-a, LPS or CD40L stimulation
showed a strong expression of CD83 antigen (Fig. 1a).

In freshly isolated monocytes decysin and MADDAM
were weakly expressed. However, monocyte-derived MAC
expressed high levels of decysin mRNA, while the expression
of MADDAM mRNA was completely absent in MAC (Fig. 1b).
Immature DC generated from monocytes cultured for 7 days
with IL-4 and GM-CSF showed no decysin expression, but
expressed MADDAM mRNA. Terminal differentiation of
these DC by TNF-a, LPS or CD40L led to a strong increase
of MADDAM mRNA expression. In contrast, only in DC
maturated by LPS stimulation a strong induction of decysin
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Figure 1. Comparison of decysin and MADDAM expression in monocytes, MAC and DC. Monocytes were cultured along the MAC
differentiation pathway or along the DC differentiation pathway. The terminal differentiation of the immature DC (—) was induced by
stimulation with TNF-a, LPS or CD40L-transfected fibroblasts (Fb CD40L). As control nontransfected fibroblasts (Fb) were used. (a)
The phenotype and maturation stage of the DC was monitored by flow cytometry. The DC were stained for CD1a, CD14 and CD83.
Filled histograms represent staining with the specific antibodies and open histograms represent isotype controls. In addition, the mean
fluorescence intensity is shown. (b) Northern blot analysis with P**-labelled cDNA of MADDAM and decysin were performed with
RNA of monocytes, MAC and immature and mature DC. As RNA loading control membranes were rehybridized with an 18S rRNA-

oligonucleotide.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 450-457



Inverse regulation of decysin and MADDAM/ADAM 19 during monocyte differentiation 453

233 000 MW —
132 000 MW —
112 000 MW — — — N ADDAM
(100 000 MW)
53 000 MW —

MO MAC DC DC/
LPS

—— — DL

Figure 2. MADDAM expression on protein level. Western blot ana-
lysis with a polyclonal antibody against the propeptide domain of the
human ADAM19/MADDAM was performed with cell lysates of mono-
cytes, MAC and immature and mature DC. As control Western blot
analysis with a polyclonal antibody against actin was carried out.

expression was found, while triggering of the DC maturation by
TNF-a or CD40L stimulation did not induce decysin expres-
sion. (Fig. 1b). On protein level a similar pattern of MADDAM
expression was observed during monocyte differentiation.
While monocytes and MAC showed a very weak expression
of MADDAM protein, a strong signal was detected in DC.
However, there was no difference between immature and mature
DC (Fig. 2).

Influence of LPS on decysin expression in MAC

In contrast to LPS, TNF-a and CD40L had no effect on decysin
mRNA expression. This indicated that the increase of decysin
mRNA expression by LPS is based on an activation event and
independent of the terminal DC differentiation. Therefore, we
considered whether LPS is also involved in the regulation of
decysin expression in MAC. We stimulated MAC overnight
with 100 ng/ml LPS or for comparison with 200 U/ml inter-
feron-y (IFN-v), another strong stimulus for MAC activation.
LPS-activation of MAC resulted in a strong increase of decysin
expression, while the decysin expression of INF-y activated
MAC was only weakly affected (Fig. 3). In contrast to decysin,
the expression of MADDAM was not altered by LPS or INF-y
in MAC, as its expression was absent in non-stimulated and
stimulated MAC (Fig. 3).

Regulation of decysin expression during differentiation of
monocytes into MAC

In order to investigate in particular the time course and regula-
tion of decysin expression especially by 1a,25-dihydroxyvita-
min Dj during the differentiation of monocytes into MAC we
cultured monocytes for up to 7 days with human AB serum in
the absence or presence of 1a,25-dihydroxyvitamin D;. After a
period of 48 hr a weak induction of decysin mRNA expression
was found in monocytes cultured with human serum alone that
was further increased during the following 3 days. At day 7 of
culture a slight decrease of decysin expression was found. When
we cultured the monocytes in combination of human serum and
la,25-dihydroxyvitamin Dj the induction of decysin expression
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Figure 3. Decysin and MADDAM expression in activated MAC.
Northern blot analysis was carried out with a decysin- and MADDAM-
specific radioactive probe in order to investigate decysin and MADDAM
expression in nonactivated MAC (—) or MAC activated overnight with
LPS or IFN-y. As RNA loading control membranes were rehybridized
with an 18S rRNA-oligonucleotide.
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Figure 4. Decysin expression during the differentiation of monocytes
into MAC. Monocytes were cultured for the indicated time with human
serum in the absence (—) or presence of 1a,25-dihydroxyvitamin Dj
(VD). Northern blot analysis was performed with a P*%labelled cDNA
of decysin and as RNA loading control membranes were rehybridized
with an 18S rRNA-oligonucleotide.

occurred earlier (after 24 hr) compared to serum alone, but in
the later progress of differentiation no difference between both
culture conditions was found (Fig. 4).

Regulation of decysin expression in THP-1 cells

For further verification of decysin expression in MAC we used
an alternative to generate MAC-like cells in vitro. We cultured
the human myelomonocytic cell lines THP-1 and HL-60 in the
presence of PMA or la,25-hydroxyvitamin D;. THP-1 cells
showed only a weak constitutive expression of decysin mRNA,
but cultivation of the cells with 1a,25-dihydroxyvitamin D3
revealed a strong decysin mRNA expression after 48 hr
(Fig. 5a). Compared to la,25-dihydroxyvitamin D; PMA
showed a weaker influence on decysin expression. However,
the combination of both stimuli strongly increased decysin
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Figure 5. Decysin expression in human myelomonocytic cell lines. Decysin expression was examined during the differentiation of
THP-1 cells and HL-60 cells into MAC-like or DC-like cells by Northern blot analysis with a P**labelled cDNA of decysin. As RNA
loading control membranes were rehybridized with an 18S rRNA-oligonucleotide. (a) The differentiation of THP-1 cells into MAC was
induced by stimulation of the cells for up to 2 days with 1a,25-dihydroxyvitamin D; (VD), PMA or the combination of both stimuli. (b)
THP-1 and HL-60 cells were cultured along the DC differentiation pathway by adding of the calcium ionophore A23178 (Ca) for up to
2 days to the culture. For comparison the cells were in parallel cultured with 1o,25-dihydroxyvitamin D5 (VD).
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Figure 6. Expression of decysin mRNA in human tissue. (a) Northern blot analysis was performed with a P> -labelled cDNA of
decysin and RNA of different human tissues. As RNA loading control membranes were rehybridized with an 18S rRNA-
oligonucleotide. (b) RT-PCR of human intestinal MAC was carried out. The MAC were isolated from biopsies of patients with
ulcerative colitis (lanes 1 and 3) and Morbus Crohn’s disease (lane 4) or from biopsies of non-inflamed colon (lane 2). The control
without DNA is shown in lane 5. For control of equal cDNA amounts used for PCR actin cDNA was amplified.

expression in THP-1 cells than 1a,25-dihydroxyvitamin D5
alone (Fig. 5a). In contrast to THP-1 cells, HL-60 cells do
not express decysin mRNA after 2 days of culture with 1a,25-
dihydroxyvitamin D3 (Fig. 5b).

As described by Koski and colleagues THP-1 and HL-60
cells can also differentiate into DC-like cells after stimulation
with the calcium ionophore A23178 for up to 2 days.*”*®
Similar to the results obtained by Northern blot analysis with
monocyte-derived DC, we found no expression of decysin
mRNA in THP-1 or HL-60 cells differentiating along the DC
pathway (Fig. 5b).

Distribution of decysin expression in different
human tissues

Decysin expression in different tissues of the gut, such as the
small intestine and appendix, has already been shown.”* As
MAC are distributed in many different tissues like lung and
kidney, we investigated the expression of decysin in various
tissues. In liver, kidney, lung, heart, brain, thymus and placenta

decysin expression was absent, only in the colon a strong
decysin mRNA expression was found (Fig. 6a).

In order to investigate whether MAC present in the gut
expressed decysin, MAC were isolated by magnetic cell sorting
from intestinal biopsies of patients with ulcerative colitis (lanes
1 and 3) and Morbus Crohn’s disease (lane 4) or from biopsies of
non-inflamed colon (lane 2). The expression of decysin mRNA
was examined by RT-PCR which revealed decysin mRNA
expression in intestinal MAC isolated from inflamed (lanes
1, 3 and 4) and non-inflamed biopsies as well (lane 2; Fig. 6b).

DISCUSSION

Members of the ADAM-family such as ADAM9, ADAMI10,
ADAMI15 and ADAMI17 are ubiquitously expressed in
humans,**~*? while the expression of decysin and MADDAM
seems more restricted.'>** A common feature of decysin and
MADDAM is their description as markers for mature DC
derived from either monocytes or CD34-positive cells,'*>*
indicating a role of these members of the ADAM-family for
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the DC differentiation, but not MAC differentiation. However,
our results revealed a strong expression of decysin in MAC, but
no expression in immature DC. In addition, we and Vandena-
beele et al.*® detected no decysin expression in monocyte-
derived CD40L-activated DC, although decysin was originally
characterized as a gene expressed in these cells.>* Accordingly,
monocyte-derived MAC, cells of the monoblastic cell line
THP-1 cultured along the MAC differentiation pathway
expressed high levels of decysin mRNA as well, but in the
myeloblastic HL-60 cells** that show a less differentiated mono-
cytic phenotype than THP-1 cells* no decysin expression was
observed after induction of MAC differentiation. In contrast to
decysin, MADDAM mRNA and protein expression was as
previously described found in immature and mature DC, but
not in MAC."? Therefore, decysin and MADDAM are inversely
regulated during the differentiation of monocytes into DC and
MAC. Based on its high expression in MAC decysin is not an
appropriate marker for human monocyte-derived DC, which
was already shown for the murine system.*¢

Beside CD40L, TNF-a and LPS are well-known inducers of
terminal differentiation of DC resulting in mature DC, which
differ in their morphology and function.*’ However, all of them
show an up-regulation of the DC maturation markers CD83° and
MADDAM, useful tools for the distinction between DC and
MAC. Like CD40L, TNF-a had no effect regarding the decysin
mRNA expression in DC. However, triggering of DC matura-
tion by LPS led to a strong induction of decysin expression.
Also in MAC, LPS stimulation strongly increased decysin
mRNA expression, while no MADDAM expression was found
in MAC even after LPS stimulation. Therefore, the LPS-depen-
dent induction of decysin expression is most likely an LPS
activation event and not dependent on terminal DC differentia-
tion indicating that LPS is an important regulator of decysin
expression. In line with these findings a strong expression of
decysin was found in different tissues of the bowel** the only
organ where LPS is found at high concentrations in vivo. As we
found decysin expression in MAC isolated from intestine, MAC
are most likely the source of decysin expression in this tissue. In
other MAC-containing tissues like lung or kidney no decysin
expression was found. Beside LPS, the key enzyme for the
conversion of 25-hydroxyvitamin D3 into the 1a,25-dihydroxy-
vitamin D3 the 25-hydroxyvitamin D3;—1a-hydroxylase is also
present in the epithelial cells of the bowel.*® Therefore two
important regulators of decysin expression, LPS and 1a,25-
dihydroxyvitamin D3, are available in the bowel, which may
explain the strong decysin expression especially in this tissue.
As MAC are also able to produce 1a,25-dihydroxyvitamin D3 in
high concentrations after LPS stimulation,*>*° they could reg-
ulate decysin expression in an autocrine and paracrine way. Also
in DC stimulated by LPS conversion of 25-hydroxyvitamin D;
into la,25-dihydroxyvitamin D; was observed (own unpub-
lished data) indicating a correlation between 1a,25-dihydroxy-
vitamin D3 production and decysin expression. A regulatory
effect of 1a,25-dihydroxyvitamin D3 was already described for
other members of the ADAM-family, the ADAMI2 and
ADAM19/MADDAM 3! that suggests a general role of this
secosteroid in the regulation of members of the ADAM-family.

Decysin has no transmembrane region and was recently
characterized as a secreted metalloprotease.*® The function
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of decysin remains still unclear. Decysin produced by MAC
may be involved in the shedding of membrane- or matrix-bound
proteins in the inflammatory microenvironment comparable to
ADAM9, ADAM10 and ADAM17/ TACE, which cleaves fibro-
nectin, gelatin, TNF-a or macrophage colony-stimulating fac-
tor-receptor,?>40-33:54

In conclusion, decysin is a maturation-associated gene in
MAC and not a suitable marker for the distinction of monocyte-
derived DC and MAC. The regulation of decysin by LPS and
la,25-dihydroxyvitamin D3 suggests a role of decysin in
inflammation.
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