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proteins have been proposed to play a role in host
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The glucocorticoid-inducible transmembrane pro-
ein CD163 is a member of the scavenger receptor
ysteine-rich (SRCR) family which is expressed exclu-
ively on human monocytes and macrophages. The ex-
ression of the protein is significantly downregulated

n response to phorbol 12-myristate 13-acetate (PMA)
y a yet unknown mechanism. We now demonstrate
hat PMA induces shedding of a soluble form of CD163
ather than internalization, revealing a novel regula-
ory mechanism for a member of the SRCR family.
isindolylmaleimide I was shown to inhibit phorbol
ster-induced shedding, thus implying an involvement
f protein kinase C (PKC). Furthermore, cleavage
ould be prevented by protease inhibitors. Therefore,
e suggest that PMA-induced activation of PKC leads

o protease-mediated shedding of CD163. These results
ndicate a specific release mechanism of soluble CD163
y human monocytes which could play an important
ole in modulating inflammatory processes. © 1999

cademic Press

The CD163 antigen is a member of the scavenger
eceptor cysteine-rich (SRCR) superfamily (1). Al-
hough a growing number of new members of this
rotein family has been recently identified, little is
nown about the regulation and function of these pro-
eins. All known members of the type B SRCR-domain-
ontaining proteins are expressed on the surface of
ells associated with the immune system (2). One
roup B SRCR family member, Spa, has no transmem-
rane or cytoplasmic domain and is secreted (3). The
iochemical functions of SRCR-domains have not been
etermined with certainty; however, it is assumed that
ost of these domains are involved in binding to other

ell-surface or extracellular molecules. The SRCR-
1 To whom correspondence should be addressed at Institut für

xperimentelle Dermatologie, Von-Esmarch-Str. 56, 48149 Münster,
ermany. Fax: 149 251 835 6549. E-mail: hogger@uni-muenster.de.
Abbreviations used: SRCR, scavenger receptor cysteine-rich; PMA,

horbol 12-myristate 13-acetate; PKC, protein kinase C; FP, Fluti-
asone-17-propionate; BIM, bisindolylmaleimide.
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efense (4), but their function has not yet been defined
onclusively (5–7).
The 130-kDa transmembrane CD163 glycoprotein is

estricted to human monocytes and macrophages. The
rotein expression is markedly induced by glucocorti-
oids in vitro and in vivo (8). In addition, it is regularly
ound in acute and chronic inflammatory lesions. Dur-
ng experimental gingivitis and under allergic contact
czema CD163-positive macrophages appeared prefer-
ntially in the late inflammatory phase (9, 10). Thus,
his population was considered to have some function
n down-regulating the inflammatory process. This was
upported by the observation that the population of
D163-positive macrophages secrete proteins with
nti-inflammatory properties (11).
Recently, it has been found that treatment of CD163-

ositive monocytes with PMA resulted in a rapid de-
rease of antigen density, as assessed by immunofluo-
escence flow cytometry using the specific CD163-
ecognizing monoclonal antibodies RM3/1 and Ki-M8
12). However, the mechanism of this downregulation
emained to be established. In the present study we
emonstrate that human monocytes release a soluble
orm of CD163 following PMA treatment, a process
hich was strongly inhibited by protease inhibitors.
e discuss a PKC-regulated shedding as the physio-

ogical mechanism of generation of soluble CD163.

ATERIALS AND METHODS

Reagents. Fluticasone-17-propionate (FP) was a generous gift
rom Glaxo Wellcome (Greenford, UK). Phorbol 12-myristate 13-
cetate was from Sigma (Deisenhofen, Germany) and complete mini
rotease inhibitor cocktail tablets with or without EDTA were sup-
lied by Boehringer-Mannheim (Mannheim, Germany). Bisindolyl-
aleimide I (BIM) was purchased from Calbiochem (Bad Soden,
ermany).

Antibodies. Monoclonal antibody Ki-M8 against CD163 was pur-
hased from BACHEM Biochemica (Heidelberg, Germany). The
onoclonal RM3/1 antibody was previously generated and charac-

erized by our group (10). Mouse isotype control IgG1 and FITC-
onjugated goat anti-mouse IgG were from Dianova (Hamburg, Ger-
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rom DAKO Diagnostika (Hamburg, Germany).

Cell culture. Monocytes were isolated from pooled buffy coats by
two step density gradient centrifugation in Ficoll–Hypaque and

ercoll (Pharmacia, Freiburg, Germany) as previously described
13). The cells (purity $ 90%) were cultivated at a density of 2 3 106

ells/ml in Teflon bags (Heraeus, Hanau, Germany) in McCoy’s 5A
edium (Biochrom, Berlin, Germany) supplemented with 15% FCS,
mM glutamine and antibiotics. To upregulate CD163, monocytes
ere stimulated with FP (1028 M) for 2 days.

Preparation of supernatants and cell lysates. After 2 days of
ultivation, monocytes were harvested by centrifugation and resus-
ended in PBS at a titer of 1 x 107 cells/ml. Aliquots of 1 ml were
timulated with or without PMA (1028 M) for 1 h at 37°C. Where
ndicated, cells were preincubated with inhibitors for 10 min at 37°C.
ells were pelleted by centrifugation and supernatants were col-

ected. Cell pellets were lysed with 100 ml cold lysis-buffer (1%
ctylthioglucopyranoside in TBS, 1 mM CaCl2, complete-mini EDTA-
ree) on ice, and lysates were precleared by centrifugation at 10.000g
or 10 min at 4°C.

Western blot. Supernatants and cell lysates were subjected to
DS–PAGE under non-reducing conditions in 6% gels in a sample
uffer containing 0.1% SDS and transferred to nitrocellulose mem-
ranes. Membranes were incubated for 30 min in blocking buffer
TBS, 0.1% Tween 20, 5% skim milk powder) and probed with Ki-M8
ntibody (4 ng/ml in blocking buffer) for 1 h. Bound antibody was
etected by peroxidase-conjugated goat anti-mouse IgG (1:2000 in
locking buffer) and enhanced chemiluminescence using the ECL kit
Amersham, Freiburg, Germany) according to manufacturer’s in-
tructions.

Flow cytometry. Expression of CD163 on monocytes was deter-
ined by FACScan analysis. Monocytes were permeabilized using

he Cytofix/Cytoperm Kit according to the manufacturers’ instruc-
ions (Pharmingen, Hamburg, Germany). Monocytes were incubated
ith mAb RM3/1 (3 mg/ml) for 45 min on ice. Mouse IgG1 was

ncluded as an isotype control at the same concentration. The cells
ere subsequently stained with FITC-labeled goat anti-mouse IgG

or 20 min on ice. The fluorescence intensity of 104 cells was mea-
ured by FACS analysis (FACscan, Becton–Dickinson, Heidelberg,
ermany). The parameters used were 488 nm excitation wavelength,
50 mW and logarithmic amplification. The antigen density of RM3/1
ositive cells were obtained from the main fluorescence channel at
10 to 530 nm using Lysis software (Becton–Dickinson).

ESULTS

Downregulation of CD163 by PMA. Treatment of
P stimulated monocytes with PMA results in rapid

oss of surface expression of CD163 by a yet unknown
echanism (12). To investigate whether the removal of

he protein is accomplished by internalization, FACS-
nalysis of non-permeabilized in comparison to perme-
bilized monocytes was performed to determine
hanges in intracellular CD163 concentration. After
timulation with PMA for 1 h at 37°C the amount of
urface bound as well as intracellular CD163 was
arkedly diminished versus FP stimulated control in
on-permeabilized and permeabilized cells, respec-
ively (Fig. 1). This favors a shedding mechanism of the
rotein rather than an internalization.

PMA induces shedding of CD163. Western blot
nalysis of cell lysates and culture supernatants re-
ealed that PMA-treated monocytes release a soluble
111
orm of CD163 (Fig. 2). In control monocytes not
reated with PMA, CD163 is detected only in the cell
ysate (lane 2) whereas the supernatant of the cell
ysate shows no positive signal with the Ki-M8 anti-
ody (lane 1). In contrast, after PMA-stimulation,
D163 could be detected in the supernatant of PMA
timulated monocytes (lane 3) while the amount of
embrane-bound CD163 was strongly reduced (lane 4).

Prevention of CD163 shedding by PKC inhibitor.
MA and other active phorbol esters are known to
ctivate PKC (14). Therefore, we investigated the in-
olvement of PKC in shedding of CD163. PMA reduced
ell surface expression of CD163 (Fig. 3, lanes 1 and 2).
he effect of PMA was abolished when monocytes were
reincubated for 10 min with bisindolylmaleimide I
BIM, 10 nM), a specific inhibitor of PKC (lane 3). The
KC inhibitor alone without PMA treatment has no

nfluence on the release of soluble CD163 (lane 4).
herefore, the PMA-induced release of CD163 sug-
ested a role for protein phosphorylation in the shed-
ing process.

Protease inhibitors reduce PMA-induced release of
oluble CD163. To investigate whether proteases are
nvolved in the release of soluble CD163, we examined
he effect of a protease inhibitor cocktail (complete, 1
ablet/ml) against serine-, cysteine- and metallopro-
eases on CD163 shedding. Again, PMA reduced cell
urface expression of CD163 (Fig. 4, lanes 1 and 2).
retreatment of monocytes with inhibitor cocktail 10
in before addition of PMA prevented release of
embrane-bound CD163 (lane 4), while the protease

nhibitor cocktail alone had no effect of CD163 surface
xpression (lane 3).

FIG. 1. Downregulation of CD163 by PMA. FACS analysis of
ermeabilized and non-permeabilized human monocytes stimulated
ith the glucocorticoid FP and PMA. Mean and standard deviation of

our samples from independent experiments are given. Cells were
mmunostained with the specific CD163 recognizing mAb RM3/1.
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ISCUSSION

In this report we have demonstrated the generation
f a soluble form of the CD163 transmembrane protein,
member of the SRCR family. CD163 shedding in vitro
as strongly induced by PMA and a PKC-regulation of

he cleavage mechanism was involved in the genera-
ion of soluble CD163.

The present study demonstrates for the first time the
hedding of a member of the SRCR family. Besides
D163, group B of the SRCR family includes the cell
urface proteins CD5 (15) and CD6 (16), predominantly
xpressed by mammalian T cells and some specialized
cells, WC1 (17, 18), expressed by gd T cells in cattle,

nd Spa (19), which is found in lymphoid tissue. Spa is
n example for a structurally different protein since it
as no transmembrane domain and is supposed to be
ecreted. For the other group B members of the SRCR
amily a shedding mechanism has not yet been re-
orted.
In this context, proteolytic modulation of membrane

roteins has shown to be an important regulatory
echanism in cell biology. Ectodomain shedding can

onvert membrane-anchored growth factors into dif-

FIG. 2. Influence of PMA on shedding of CD163. Monocytes
pretreated 2 days with fluticasone propionate) were not further
timulated (lanes 1 and 3) or stimulated with 1028 M PMA for 45 min
lanes 2 and 4). Supernatants (lanes 1 and 2) and cell lysates (lanes
and 4) were resolved by 6% SDS–PAGE and analyzed by Western

lot with mAb Ki-M8 against CD163.

FIG. 3. Effect of the PKC inhibitor BIM on the PMA-induced
D163 shedding. Monocytes were pretreated for 10 min with BIM

10 mM) (lanes 3 and 4) and then incubated with 1028 M PMA (lanes
and 3). Cell lysates were subjected to Western blot analysis with
Ab Ki-M8 against CD163.
112
usible factors, membrane receptors into competitors of
heir own ligand (20) or accessories to ligand binding
21), and cell adhesion receptors into products no
onger capable of mediating physical interactions with
ther cells or components of the extracellular matrix
22). These membrane-associated proteins include, but
re not limited to, cytokines and growth factor precur-
ors such as Fas ligand and TNFa (23, 24), receptors
or cytokines such as IL-6 (25), and adhesion molecules
uch as L-selectin and ICAM-1 (26, 27).
No clear similarity can be found between the various
embrane proteins that undergo ectodomain shed-

ing; in particular, no sequence similarity can be found
ithin the cleavage sites of these molecules. Consider-

ng the wide range of membrane molecules that are
nown to be shed from leukocytes, it is most likely that
variety of different proteases mediate the shedding of

hese molecules (28). Recently, generation of a soluble
rotein form has been suggested to be mediated by
secretases,” a group of enzymes with shedding func-
ion. Though structural characterization of these group
f membrane protein secretases is poor, they are
nown to share common features such as sensitivity to
etalloprotease inhibitors and activation by phorbol

sters (29). The release of most soluble cytokine recep-
ors and growth factors is strongly enhanced by PMA
for reviews see 21, 30), a process which could be also
emonstrated for the CD163 protein. Since phorbol
sters are potent activators of PKC (14) we could con-
equently establish that the cleavage of CD163 by
MA involves a PKC-dependent mechanism.
A truncated, soluble form of CD163, consisting of the

rst three scavenger receptor domains consisting on
verage of 110 residues, followed by 27 residues, has
een postulated by Law et al. (1). However, this hypo-
hetical soluble form with a calculated molecular mass
f approximately 45 kDa has never been detected. The
oluble form of CD163 we describe here cannot be
istinguished by SDS–PAGE from that of the trans-
embrane molecule of 130 kDa. This clearly suggests a

leavage proximal from the cell membrane. Therefore,

FIG. 4. Inhibition of CD163 shedding by a protease inhibitor
ocktail. Monocytes were pretreated for 10 min with a protease
nhibitor cocktail (lanes 3 and 4) and subsequently stimulated with
028 M PMA (lanes 1 and 2). Cell lysates were analyzed by Western
lot with mAb Ki-M8 against CD163.



the ectodomain of this protein appears to be shed by
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MA-activated proteases at or near the cell surface as
eported for the shedding of many other membrane
rotein ectodomains (31, 32) and is thus a novel regu-
atory mechanism for CD163.

The observation reported in this study further calls
ttention to the biological importance of selective pro-
eolytic cleavage in regulation of cell function. The
recise physical function of CD163 remains to be elu-
idated, but this membrane protein has been impli-
ated in the down-regulation of the inflammatory pro-
ess. Shedding of CD163 by phorbol esters might serve
s an in vitro model for an additional insight into the
unction of CD163 in monocytic cells. The character-
zation of tissue- or receptor-specific proteases in-
olved, as well as the identification of specific inhibi-
ors, could possibly open up a field of broad biological
nd pharmacological relevance in the control of inflam-
atory processes.

CKNOWLEDGMENTS

The work was supported by the Deutsche Forschungsgemeinschaft
Ho 1548/3-1). The expert technical assistance of Heike Berheide is
reatly appreciated. This work is part of the thesis of Anne Droste.

EFERENCES

1. Law, S. K. A., Micklem, K. J., Shaw, J. M., Zhang, X.-P., Dong,
Y., Willis, A. C., and Mason, D. Y. (1993) Eur. J. Immunol. 23,
2320–2325.

2. Resnick, D., Pearson, A., and Krieger, M. (1994) Trends Biochem.
Sci. 19, 5–8.

3. Gebe, J. A., Kiener, P. A., Ring, H. Z., Li, X., Francke, U., and
Aruffo, A. (1997) J. Biol. Chem. 272, 6151–6158.

4. Krieger, M. (1997) Curr. Opin. Lipidol. 8, 275–280.
5. Takamatsu, H.-H., Kirkham, A., Michael, R., and Parkhouse, E.

(1997) Eur. J. Immunol. 27, 105–110.
6. Whitney, G. S., Starling, G. C., Bowen, M. A., Modrell, B., Siadak,

A. W., and Aruffo, A. (1995) J. Biol. Chem. 270, 18187–18190.
7. Van de Velde, H., von Hoegen, I., Luo, W., Parnes, J. R., and

Thielemans, K. (1991) Nature 351, 662–665.
8. Zwadlo-Klarwasser, G., Bent, S., Haubeck, H.-D., Sorg, C., and

Schmutzler, W. (1990) Int. Arch. Allergy Appl. Immunol. 91,
175–180.

9. Zwadlo, G., Voegeli, R., Schulze-Osthoff, K., and Sorg, C. (1987)
Exp. Cell Biol. 55, 295–304.
113
Peridontal Res. 24, 106–112.
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