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The phagocytic clearance of apoptotic cells is essential to prevent chronic inflammation and autoimmunity. The
phosphatidylserine-binding protein milk fat globule-EGF factor 8 (MFG-E8) is a major opsonin for apoptotic cells, and MFG-
E8� /� mice spontaneously develop a lupus-like disease. Similar to human systemic lupus erythematosus (SLE), the murine
disease is associated with an impaired clearance of apoptotic cells. SLE is routinely treated with glucocorticoids (GCs), whose
anti-inflammatory effects are consentaneously attributed to the transrepression of pro-inflammatory cytokines. Here, we show
that the GC-mediated transactivation of MFG-E8 expression and the concomitantly enhanced elimination of apoptotic cells
constitute a novel aspect in this context. Patients with chronic inflammation receiving high-dose prednisone therapy displayed
substantially increased MFG-E8 mRNA levels in circulating monocytes. MFG-E8 induction was dependent on the GC receptor
and several GC response elements within the MFG-E8 promoter. Most intriguingly, the inhibition of MFG-E8 induction by RNA
interference or genetic knockout strongly reduced or completely abolished the phagocytosis-enhancing effect of GCs in vitro
and in vivo. Thus, MFG-E8-dependent promotion of apoptotic cell clearance is a novel anti-inflammatory facet of GC treatment
and renders MFG-E8 a prospective target for future therapeutic interventions in SLE.
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The elimination of apoptotic cells is fundamentally important
for the maintenance of tissue homeostasis in multicellular
organisms.1–3 It prevents the onset of secondary necrosis and
the concomitant leakage of cytotoxic and autoantigenic
intracellular contents, which potently can trigger tissue
damage, chronic inflammation and autoimmunity.4,5 For their
timely removal, apoptotic cells expose several ‘eat-me’
signals, including phosphatidylserine (PS), on their cell
surface. PS, in turn, is recognized either directly by various
phagocyte receptors, such as TIM-1, � 3, � 4, BAI-1 and
stabilin-2,6–9 or indirectly by opsonizing bridging proteins and
their corresponding receptors.10,11 Milk fat globule-EGF factor
8 (MFG-E8), which bridges externalized PS on the apoptotic
cell surface to anb3 or anb5 integrins on the phagocyte, has a
central role in this scenario.12–15 MFG-E8� /� mice exhibit an
autoimmune phenotype closely resembling human systemic
lupus erythematosus (SLE), which is characterized by a
profound enlargement of lymphoid organs, the appearance of
anti-nuclear and anti-dsDNA autoantibodies, deposition of
immune complexes in the kidney and consecutively glomerulo-
nephritis.16,17 In addition, there is accumulating evidence
that human SLE is associated with impaired apoptotic cell

clearance.5,18 A standard treatment for chronic inflammatory
diseases, like SLE, is the application of glucocorticoids (GCs),
whose broad-range anti-inflammatory effects largely are
currently attributed to a general transrepression of pro-
inflammatory cytokines by interfering with the activity of
diverse transcription factors, including NF-kB.19 However,
systemic GC treatment is accompanied by many adverse side
effects, including insulin resistance, osteoporosis, glaucoma,
skin atrophy or disturbed wound healing, which often limit GC
applicability in the long run.20 Consequently, novel and
molecularly targeted therapies for chronic inflammatory and
autoimmune diseases are urgently required.

Here, we present a novel aspect of GC-mediated anti-
inflammation. We show that GC-dependent transactivation of
MFG-E8 expression enhances the clearance of apoptotic
cells. Our results reveal a strong positive correlation between
high-dose prednisone therapy and MFG-E8 mRNA expres-
sion in peripheral blood monocytes of patients with chronic
inflammation. In vitro application of dexamethasone (Dex)
resulted in a profound induction of MFG-E8 expression on
mRNA as well as on protein level. This was specifically
observed in certain myeloid cells and was dependent on the
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GC receptor (GR), as well as several GC response elements
(GREs) within the MFG-E8 promoter. Macrophages, which
had been treated with Dex, displayed a substantially
enhanced capacity to engulf apoptotic cells but not synthetic
microspheres or fragments of secondary necrotic cells.
Importantly, the phagocytosis-enhancing effect of Dex was
strongly reduced or completely abolished by inhibition of
MFG-E8 induction by RNA interference or genetic knockout
in vitro and in a mouse model of irradiation-induced thymus
atrophy.

In conclusion, our study identifies MFG-E8-dependent
promotion of apoptotic cell clearance as a novel anti-
inflammatory aspect of GC treatment and renders MFG-E8,
as well as the regulation of its expression in myeloid cell
subsets, prospective targets for future therapeutic interven-
tions in chronic inflammatory diseases.

Results

GC treatment leads to upregulation of MFG-E8 expression
in certain myeloid cells. MFG-E8 is a crucial engulfment
factor in the phagocytic synapse of apoptotic cell
clearance—a process whose defects are well-known to
be associated with chronic inflammation and autoimmunity in
SLE.4,5,12,16,18 The present study was designed to examine
whether monocytes of patients with chronic inflammatory
disorders display reduced expression levels of MFG-E8. To
this end, we measured MFG-E8 expression in peripheral
blood monocytes of normal healthy donors and patients with
chronic inflammatory rheumatic diseases (rheumatoid arthritis,
SLE, dermatomyositis and Sjögren’s syndrome, for patients’
data see Supplementary Table 1) by quantitative real-time
RT-PCR (qRT-PCR). We did not detect a significant
reduction in MFG-E8 mRNA levels in any of the patients’
samples (Figure 1a). Instead, we observed that some of the
patients’ samples displayed profoundly increased MFG-E8
mRNA levels. Careful analysis of the clinical records
revealed that six out of seven patients, who were receiving
more than 35 mg/week prednisone, exhibited an elevated
expression of MFG-E8 mRNA (Figure 1b). It should be noted
that this clear-cut association between high-dose prednisone
administration and increased mRNA expression was exclu-
sively observed for MFG-E8 and not for the other engulf-
ment-related genes tested (Supplementary Table 2).

The close association between high-dose prednisone
treatment and increased MFG-E8 mRNA levels (Figure 1b)
strongly suggested that GC treatment might be causative for
the upregulation of MFG-E8 expression. When we stimulated
differentiated THP-1 macrophages with Dex in vitro, we
observed a dose-dependent induction of MFG-E8 expression
on mRNA, as well as on protein level (Figure 1c). No such
effect was seen with the close MFG-E8 relative develop-
mental endothelial locus-1 (Del-1)21 or the known GC-
inducible gene annexin A1 (Anx A1).22 Interestingly, the
majority of MFG-E8 remained associated with the macro-
phages as confirmed by ELISA measurements of cellular
lysates and cell-free culture supernatants (Figure 1e). Most
likely, immediately upon its secretion MFG-E8 binds to anb3/5

integrins, which are abundantly expressed on the

macrophage cell surface. Similar findings (cell-association
of newly synthesized MFG-E8 upon GM-CSF-dependent
induction) were reported by Jinushi et al.23 Kinetic analyses
revealed that the Dex-mediated induction of MFG-E8
expression in THP-1 macrophages was rather slow, becoming
measurable on mRNA and protein level at B4 h and 8 h after
stimulation, respectively. Maximal induction was detected
after 24 h (Figure 1d). Again, no or only a marginal, transient
induction of Anx A1 or Del-1 mRNA expression was observed.
Most importantly, the Dex-dependent upregulation of MFG-
E8 expression was specific for certain subsets of myeloid
cells, as it was only detected in primary monocytes, the
monocytic cell lines THP-1, U937 and Mono Mac 6, and
macrophages derived thereof, but not in primary human
foreskin fibroblasts, murine NIH3T3 fibroblasts or phyto-
hemagglutin (PHA)-stimulated lymphoblasts (Figure 1f). For
comparison, we also analyzed the mRNA expression of anb3

integrins in these cells but did not detect an upregulation in
response to Dex treatment as in case of MFG-E8
(Supplementary Figures 1A and B).

GC treatment specifically promotes the engulfment of
apoptotic cells by macrophages. Previous studies had
shown that GC treatment of macrophages results in
enhanced phagocytic uptake of apoptotic cells.24 However,
the underlying molecular mechanisms largely remained
elusive. Next, we therefore examined whether GC applica-
tion generally improves the phagocytic capacity or if the
enhanced engulfment is specific for apoptotic cells. To this
end, we fed control or Dex-treated THP-1 macrophages with
different classes of phagocytic prey: apoptotic cells, 6 mm
microspheres and fragments of secondary necrotic cells.
Interestingly, Dex treatment only promoted the phagocytosis
of apoptotic prey (Figure 2a) suggesting that Dex specifically
enhances the internalization of apoptotic cells (most likely as
a result of improved recognition) and not the process of
phagocytosis in general.

Dose–response analyses revealed that the phagocytosis-
enhancing effect of Dex paralleled the induction of MFG-E8
protein expression. Both became traceable in the presence of
1 nM Dex reaching a saturation level at B100 nM Dex
(Figure 2b). Both followed a similar kinetics becoming
detectable around 8 h and attaining a maximum B24 h after
stimulation (Figure 2c), and again, the Dex-dependent
enhancement of phagocytosis was specifically observed for
apoptotic cells, but not for 6mm microspheres or fragments of
secondary necrotic cells, respectively.

In order to extend our experiments to other macrophage
populations, primary human macrophages obtained from
peripheral blood monocytes by differentiation in the presence
of M-CSF or GM-CSF, as well as differentiated U937
macrophages, were employed. All of them confirmed the
Dex-dependent promotion of apoptotic cell engulfment
(Figures 2d and e and Supplementary Figures 2A and B). In
contrast, no comparable effect was observed with murine
NIH3T3 fibroblasts expressing the MFG-E8 receptor anb3

integrin (Supplementary Figure 2C). These cells were capable
of phagocytosing apoptotic neutrophils when purified MFG-E8
was applied exogenously (Supplementary Figure 2C), but
they failed to upregulate endogenous MFG-E8 expression in
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the presence of Dex – apparently because they are not of
myeloid origin (Figure 1e).

Two recent studies provided evidence for the Dex-
dependent upregulation of Mer tyrosine kinase (MerTK) and
for the involvement of the serum-derived opsonin Protein S in

GC-mediated enhancement of apoptotic cell engulfment.25,26

Next, we therefore compared the phagocytosis of apoptotic
cells in the presence and absence of serum, and observed a
Dex-dependent increase in the presence of serum confirming
the results from McColl et al.25 and Zahuczky et al.26

Figure 1 Enhanced expression by certain myeloid cells of MFG-E8 in response to treatment with glucocorticoids. (a) MFG-E8 mRNA expression was examined in
peripheral blood monocytes from normal healthy donors (NHD, n¼ 13) and patients with chronic inflammatory rheumatic diseases (CIRD, n¼ 29) by qRT-PCR. The relative
mRNA levels were normalized on 18S rRNA and calibrated on the mean value of the NHD population. (b) Results from (a) plotted against the weekly dose of prednisone (Pred)
the patients were receiving. n¼ 13 for NHD, n¼ 15 for CIRD patients with 0 mg/week Pred, n¼ 7 for CIRD patients withr35 mg/week Pred and n¼ 7 for CIRD patients with
435 mg/week Pred. (c) PMA-differentiated THP-1 macrophages were treated with dexamethasone (Dex) for 24 h. MFG-E8 expression was examined on mRNA level by
qRT-PCR and protein level by non-reducing SDS-PAGE with subsequent immunoblot analysis (loading control vinculin). The relative mRNA levels were normalized on 18S
rRNA and calibrated on the untreated control population (means±S.D. from triplicates from one representative out of two experiments). Relative mRNA levels of Annexin A1
(Anx A1) and developmental endothelial locus-1 (Del-1) were measured as controls. (d) THP-1 macrophages were treated with 1 mM Dex for 0–24 h. MFG-E8 expression was
examined on mRNA and protein level as in (c) (means±S.D. from triplicates from one representative out of two experiments). (e) MFG-E8 protein levels were quantified in
culture supernatants and cellular lysates of dexamethasone-treated THP-1 macrophages treated as in (c) by ELISA. Means±s.d. of triplicates are depicted. (f) Primary
human monocytes, monocytic cells lines, monocyte-derived primary human macrophages, macrophages differentiated from THP-1 or U937 cells, human foreskin fibroblasts,
murine NIH3T3 fibroblasts and PHA-stimulated human lymphoblasts were treated with dexamethasone (Dex) for 24 h and MFG-E8 expression was examined on mRNA level
by qRT-PCR as in (c). Mean values of duplicates from one representative out of 3 experiments are shown
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However, the Dex-mediated enhancement of apoptotic cell
ingestion in the absence of serum apparently derives from a
serum-independent engulfment system, such as MFG-E8
and the corresponding phagocyte receptor anb3/5 integrin
(Supplementary Figure 2D).

GC treatment leads to direct, GR-dependent transactivation
of MFG-E8 expression via various GREs in the MFG-
E8 promoter and prolongs MFG-E8 mRNA stability.
Next, we elucidated the molecular mechanisms of GC-
dependent MFG-E8 induction in further detail. GCs are
known to enhance target gene expression either directly via
GR-controlled cis-acting GREs or indirectly via the GR-
dependent induction of additional transcription factors, which
subsequently drive target gene expression in trans.19 In silico

promoter analyses of the 1 kb region upstream of the
transcription start site disclosed several full- and half-site
GRE consensus motifs within the human MFG-E8 promoter
(Figure 3a). Hence, it was conceivable that GC-mediated
MFG-E8 induction was directly regulated via GR-dependent
transactivation at the GREs. This hypothesis was confirmed
by qRT-PCR analyses of THP-1 macrophages, which had
been treated with Dex in the presence or absence of the
GR antagonist RU486 or the protein synthesis inhibitor
cycloheximide (CHX) (Figures 3b and c). RU486 completely
abrogated MFG-E8 induction in response to treatment with
Dex, whereas CHX was not inhibitory. Thus, the GR but no
de novo synthesized, additional transcriptional regulator
was required for Dex-dependent induction of MFG-E8
expression. To identify the GREs essentially involved in the

Figure 2 Dexamethasone treatment dose- and time-dependently leads to enhanced uptake of apoptotic cells by macrophages. (a) PMA-differentiated THP-1
macrophages were treated with or without 1 mM Dex for 24 h and subsequently were fed with different ratios of apoptotic THP-1 cells, 6 mm microspheres or secondary necrotic
fragments. After 2 h of incubation, phagocytosis was assessed flow cytometrically and is given as percentage of macrophages with ingested material (means±S.D. from
quadruplicates from one representative out of three experiments). (b) THP-1 macrophages were treated with Dex for 24 h and subsequently applied to a phagocytosis assay
with a ratio of 1 : 1 apoptotic THP-1 cells, 6mm microspheres or secondary necrotic fragments, respectively. Phagocytosis was assessed as in (a) (means±S.D. from
quadruplicates from one representative out of three experiments). (c) THP-1 macrophages were treated with 1 mM Dex for 0–24 h. Uptake of apoptotic THP-1 cells (ratio 1 : 1)
was measured as in (a) (means±S.D. from quadruplicates from one representative out of three experiments). (d) Primary human macrophages differentiated with M-CSF
from peripheral blood monocytes were treated with or without 1 mM Dex for 24 h and applied to a phagocytosis assay with autologous apoptotic neutrophils as in (a).
Means±S.D. from quadruplicates from one representative out of two experiments are shown. (e) Primary human monocyte-derived macrophages were treated with Dex for
24 h and phagocytosis of autologous apoptotic neutrophils (ratio 1 : 2) was determined as in (b) (means±S.D. from quadruplicates from one representative out of two
experiments)
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transactivation process, we tested several luciferase reporter
constructs comprising various parts of the 1 kb region of the
human MFG-E8 promoter (Figure 3e) for their Dex respon-
siveness in reporter assays (Figure 3d). We observed the
strongest Dex-dependent induction with the constructs
containing all of the predicted GREs or lacking only the
putative GRE half-site at position þ 1. The deletion mutant
deficient in the predicted GRE half-sites at -449 and -251
displayed a slightly decreased Dex responsiveness and the
construct lacking the full GRE at -667 showed the weakest
response. Hence, we conclude that the Dex-dependent
induction of MFG-E8 expression was mainly driven by the
GRE at -667 with minor contribution of the two GRE half-sites
at -449 and -251.

Apart from their effects on transcription, GCs modulate
target gene expression on the post-transcriptional level,
particularly by controlling mRNA stability.27 To clarify whether

this also applies to MFG-E8, we measured the decay of MFG-
E8 mRNA in the presence or absence of Dex after inhibition of
transcription by actinomycin D (ActD). We observed a Dex-
dependent stabilizing effect resulting in a nearly twofold
prolonged half-life of the MFG-E8 mRNA (Figure 3f).

GC-dependent transactivation of MFG-E8 expression is
crucial for the promotion of apoptotic cell clearance. To
address the crucial question whether the induction of MFG-
E8 expression is responsible for the Dex-dependent
enhancement of apoptotic cell engulfment by macrophages,
we inhibited MFG-E8 induction by RNA interference.
Transfection with the MFG-E8-specific siRNA resulted in
reduced Dex-mediated promotion of phagocytosis in com-
parison with the scrambled control oligonucleotide in THP-1
macrophages, as well as in primary M-CSF-differentiated
macrophages (Figure 4a; Supplementary Figure 3A).

Figure 3 Different GREs in the promoter region of human MFG-E8 are required for dexamethasone-dependent MFG-E8 expression. (a) Schematic map of putative GREs
within the minus 1000-bp region of the human MFG-E8 promoter. Positions of GREs and restriction sites are numbered according to NM_00592. (b) THP-1 macrophages were
treated with Dex in the presence or absence of 10 mM RU486 for 24 h. MFG-E8 mRNA levels were quantified by qRT-PCR as in Figure 1c (means of duplicates from one
representative out of two experiments). (c) THP-1 macrophages were treated with Dex in the presence or absence of 10 mg/ml of cycloheximide (CHX) for 24 h. MFG-E8
mRNA levels were assessed as in Figure 1c (mean values of duplicates from one representative out of two experiments). (d) Schematic map of the MFG-E8 promoter
constructs employed in (e). (e) Different regions of the human MFG-E8 promoter cloned into pGL3 Basic (see (d)) were lipofected into THP-1 macrophages for 5 h and
subsequently cells were treated with Dex for 16 h. Luciferase activities were measured in cellular lysates and calibrated on the corresponding untreated control populations
(mean values±S.D. of triplicates from one representative out of three experiments). (f) THP-1 macrophages were treated with or without 1 mM Dex for 2 h before RNA
synthesis inhibition with 100 ng/ml actinomycin D. The decay of MFG-E8 mRNA was measured by qRT-PCR. Half-lives (t1/2) of MFG-E8 mRNA were determined and are
depicted in the plot (means of duplicates from one representative out of two experiments)
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However, a residual phagocytosis-enhancing effect of Dex
treatment was still detected in MFG-E8-knockdown cells.
This might be owing to the fact that MFG-E8 induction on
mRNA, as well as on protein level, was clearly reduced but
not completely blocked (Figures 4b and c; Supplementary
Figure 3B). Therefore, we analyzed the effect of Dex
treatment on the phagocytosis of apoptotic thymocytes by
thioglycollate-elicited macrophages of MFG-E8� /� or wild-
type C57BL/6 mice, respectively. A clear Dex-mediated
enhancement of apoptotic cell phagocytosis was measurable

in the wild-type macrophages (Figure 4e) even though the
Dex-dependent induction of MFG-E8 mRNA was not as
intense as in the human system (Figure 4d). Most impor-
tantly, the Dex-dependent promotion of phagocytosis was
completely absent in the MFG-E8� /� macrophages, which –
as to be expected – did not express any detectable MFG-E8
mRNA at all.

Finally, we employed a mouse model of irradiation-induced
thymus atrophy in order to evaluate our findings in vivo. Wild-
type C57BL/6 mice or MFG-E8� /� mice were treated with

Figure 4 Inhibition of MFG-E8 expression by RNA interference or genetic knockout results in reduced phagocytosis promotion by dexamethasone treatment. (a) THP-1
monocytes were electroporated with an MFG-E8-specific siRNA oligonucleotide or the corresponding scrambled sequence before being differentiated into macrophages and
treatment with Dex for 24 h. Phagocytosis of apoptotic prey cells was measured as in Figure 2b (means±S.D. from quadruplicates from one representative out of two
experiments). (b) MFG-E8 knockdown, macrophage differentiation and Dex treatment of THP-1 cells were carried out as in (a) and MFG-E8 mRNA expression was assessed
by qRT-PCR. Relative mRNA levels were normalized on 18S rRNA and calibrated on the untreated scramble-transfected control population (means of duplicates from one
representative out of two experiments). (c) MFG-E8 knockdown, macrophage differentiation and Dex treatment of THP-1 cells were carried out as in (a) and MFG-E8 protein
expression was detected by immunoblot analysis as in Figure 1c (one representative out of two experiments). (d) Thioglycollate-elicited peritoneal macrophages were
prepared from wild-type and MFG-E8-knockout mice. In vitro macrophages were treated with 500 nM Dex for 24 h before quantitation of MFG-E8 mRNA by qRT-PCR (means
of duplicates). In MFG-E8� /� cells, no MFG-E8 mRNA was detected. The inlay shows examples of the primary amplification curves. (e) Macrophages were prepared and
treated as in (d). Subsequently, phagocytosis of apoptotic third-party thymocytes was measured and is depicted as phagocytic index (percentage of macrophages with
ingested material � mean of internalized prey cell fluorescence) normalized on the corresponding untreated control population (n¼ 8). P-values were calculated by
heteroskedastic, unpaired, two-tailed Student’s t-test analysis
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1 mg/kg/week Dex intraperitoneally for 1 week. Then, in order
to induce thymocyte apoptosis, mice were irradiated with
0.5 Gy, and thymus atrophy was determined on the basis of
the residual thymus mass as percentage of the non-irradiated
controls (Figures 5a and b). At 8 h after irradiation, the
thymus weight decreased in average to 80% (wild type) or

87% (MFG-E8� /� ) of the non-irradiated controls, respec-
tively, with no significant difference between wild-type and
MFG-E8� /� animals (P¼ 0.49). Importantly, wild-type mice
that had been pre-treated with Dex for 1 week revealed a
significant acceleration of thymus atrophy (mean residual
thymus mass 8 h after irradiation, 66%), which was not

Figure 5 Dex-induced acceleration of irradiation-induced thymus atrophy is dependent on MFG-E8. (a) Schematic of the experimental setup. (b) C57BL/6 and MFG-E8� /�

mice were treated with 1mg/kg/week Dex i.p. (for C57BL/6 n¼ 6, for MFG-E8� /� n¼ 4) or vehicle (for C57BL/6 n¼ 6, for MFG-E8� /� n¼ 5) for 1 week (Dex was applied
in seven daily doses). Then, mice were irradiated with 0.5 Gy, killed after 8 h and thymi were excised. Thymus atrophy was measured as percentage of thymus weight in
comparison with non-irradiated controls. Open and closed circles represent the values obtained for individual animals and bars indicate the means. P-values were calculated
by heteroskedastic, unpaired, two-tailed Student’s t-test analysis. (c) Paraffin sections of explanted thymi of Dex-treated, irradiated C57BL/6 and MFG-E8� /� mice were
subjected to TUNEL–FITC staining for dying cells with DNA strand breaks and DAPI for total nuclei. Pictures were taken at � 2 (upper panel) or � 10 magnification (lower
panel), respectively. (d) Explanted thymi of Dex-treated, irradiated C57BL/6 and MFG-E8� /� mice were mechanically disrupted, and flushed-out, collected cells were
analyzed by FSC/SSC flow cytometry. The percentage of dead cells was determined from the percentage of cells with low FSC and high SSC. MeansþS.E. are shown and
P-value was calculated by heteroskedastic, unpaired, two-tailed Student’s t-test analysis. (e) Collected cells from mechanically disrupted and flushed-out thymi of Dex-treated,
irradiated C57BL/6 and MFG-E8� /� mice as prepared in (d) were subjected to 6-parameter FACS analyses. Different types of dead cells were classified as described in
Materials and Methods. P-values were calculated by heteroskedastic, unpaired, two-tailed Student’s t-test analysis
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detectable in MFG-E8� /� animals. Here, even a slight
increase in thymus mass was observed (mean residual
thymus mass 8 h after irradiation, 120%). Histological
examinations revealed a profound disintegration of thymus
architecture in Dex-treated, irradiated wild -type, as well as
MFG-E8� /� , animals. However, a striking accumulation of
TUNEL-positive, dying cells was only observed in MFG-E8� /�

mice (Figure 5c). In order to quantify this in further detail,
explanted thymi of Dex-treated, irradiated animals were
mechanically disrupted, and the flushed-out, liberated cells
were subjected to FSC/SSC FACS analyses. We observed a
significant accumulation of dead cells with low FSC and high
SSC in the preparations of MFG-E8� /� thymi compared with
the wild-type controls (Figure 5d). Further subclassification by
6-parameter FACS staining revealed that this was basically
due to an accumulation of secondary necrotic cells, which
obviously had not been efficiently engulfed in MFG-E8� /�

thymi (Figure 5e). Of note, these differences were not owing to
differences in thymocyte apoptosis, as in vitro irradiation-
induced cell death (apoptosis as well as necrosis) of wild-type
and MFG-E8� /� thymocytes displayed parallel kinetics,
dose-dependency and extent (Supplementary Figure 4).
Moreover, the low-dose Dex treatment over 1 week did not
induce significant thymus atrophy before irradiation. Hence,
our results support a scenario, in which Dex treatment and the
subsequent upregulation of MFG-E8 expression accelerate
thymus atrophy by an increased clearance of apoptotic
thymocytes.

Discussion

For more than 50 years, GCs, like cortisone, Dex and
prednisone, have been among the most effective and widely
used medications for the treatment of inflammatory diseases,
some of these reportedly associated with delays and defects
in apoptotic cell clearance.4,5,18,28 To date, the anti-phlogistic
effects of GCs principally are considered to be caused by GR-
mediated transrepression of pro-inflammatory cytokines.19

Here, we describe a novel anti-inflammatory function of GCs:
the enhancement of apoptotic cell removal by direct, GR-
dependent induction of MFG-E8 expression.

Although the first report on GC-mediated promotion of
apoptotic cell engulfment was published more than a decade
ago,24 the underlying molecular mechanisms remained
obscure. So far, a general enhancement of the phagocytic
capability owing to decreased p139Cas expression and
concomitantly accelerated cytoskeletal rearrangements had
been suggested as molecular explanations.29 However, our
results do not support this hypothesis, as Dex treatment
specifically enhanced the internalization of apoptotic cells but
not synthetic microspheres or fragments of secondary
necrotic cells. Alternatively, Maderna et al.30 had proposed
that an increased expression of Anx A1, another bridging
protein in the phagocytic synapse, might contribute to the
Dex-dependent enhancement of apoptotic cell removal. In our
cell system, consistent with previous reports,31,32 we did not
observe a Dex-dependent induction of Anx A1 expression.
Hence, this is unlikely to be causative for the phagocytosis-
promoting effect examined in the present study. Intriguingly,
the unambiguous association between high-dose prednisone

administration and increased mRNA expression in peripheral
monocytes was only observed in case of MFG-E8 but not for
the other genes of the phagocytic synapse tested. This
confers a unique characteristic to MFG-E8 among the known
engulfment-related genes – especially in view of the fact that
GCs are known to modulate the expression of 10–15% of all
human genes.27

Two recent studies have shown that serum factors and
particularly protein S are involved in Dex-dependent promo-
tion of apoptotic cell phagocytosis.25,26 Protein S is a PS-
binding serum protein, which opsonizes apoptotic cells for
phagocytic removal via receptors of the Mer/Axl/Tyro3
tyrosine kinase family,33,34 and a Dex-induced upregulation
of MerTK expression has been described.25,26 In our initial
qRT-PCR screen, we observed a slight, yet statistically not
significant, upregulation of MerTK expression in peripheral
blood monocytes of patients under high-dose prednisone
treatment. Monocytes and not macrophages were employed
in this screen; this might account for the fact that MerTK was
not identified as a Dex-upregulated target gene. Moreover, for
the functional characterization of the involvement of Protein S
and MerTK, McColl et al.25 and Zahuczky et al.26 employed
macrophages that had been differentiated from peripheral
monocytes in the presence of Dex, whereas in our study
Dex was applied to finally differentiate macrophages. It is
conceivable that Dex modulates the differentiation process
itself and favours the maturation of a different macrophage
phenotype, which relies on other engulfment receptors than
those macrophages employed in our study. In addition,
McColl et al. analyzed the phagocytosis of apoptotic cells in
the presence of serum. We observed the GC-mediated
enhancement of efferocytosis in the presence but also in the
absence of serum. In the latter condition, Protein S and other
serum-derived opsonins are unlikely to be involved. Thus, the
results shown in the present study together with the results
from McColl et al.25 and Zahuczky et al.26 suggest a scenario,
in which protein S and MerTK account for the Dex-mediated
enhancement of apoptotic cell clearance under conditions
where serum proteins are abundant and where macrophages
rely on the Protein S-MerTK axis. MFG-E8, in contrast, might
govern the Dex-dependent phagocytosis promotion in the
absence or under low concentrations of Protein S. Here,
macrophages utilize opsonins, which they either produce
autonomously, or which are provided by neighboring cells in
the respective tissues.35 Our in vivo model of irradiation-
induced thymus atrophy clearly argues for an involvement of
MFG-E8 in this context, and further analyses have to clarify in
which tissues or organs Protein S and MerTK are required for
apoptotic cell clearance.

Mechanistically, our results reveal a direct, GR-dependent
transactivation of MFG-E8 mRNA expression mediated by a
full GRE motif at position -667 and two GRE half-sites at
positions -449 and -251 within the human MFG-E8 promoter
of certain myeloid cells. As the GR is rather ubiquitously
expressed, the cell-type specificity of Dex-dependent MFG-
E8 induction might be coupled to transcriptional co-activators,
which are only expressed in myeloid subpopulations, or it is
plausible to assume that Dex-dependent MFG-E8 induction
requires some kind of basal transcriptional activity of the
MFG-E8 promoter or open chromatin, which is specifically
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found in the respective cellular subsets. Further studies are
required to elucidate this issue in greater detail. Apart from
direct transcriptional activation, we have observed a stabiliza-
tion of MFG-E8 mRNA in response to Dex treatment resulting
in an B2-fold prolonged half-life of MFG-E8 mRNA, which
presumably also contributes to enhanced MFG-E8 protein
expression. A similar Dex-mediated stabilization of mRNA has
also been reported for other genes, such as fatty acid
synthase.36 AU-rich elements (AREs) in the 30-untranslated
region (UTR) are known to regulate mRNA stability, and the
expression of the ARE-binding protein, tristetraprolin, which
promotes mRNA deadenylation and destabilization, has been
shown to be inhibited in Dex-treated macrophages.37,38 The
interference with tristetraprolin-mediated mRNA destabiliza-
tion is, thus, likely to be responsible for the Dex-dependent
prolongation of MFG-E8 mRNA half-life, as an ARE is located
in the MFG-E8 30UTR at position þ 1857.

To date, the anti-phlogistic effects of GCs are consenta-
neously considered to be caused by the GR-mediated
transrepression of pro-inflammatory cytokines, like IL-1b, IL-2,
IL-6, IL-8, IL-12, IFNg, CCL2 and TNF, due to the inhibition
of NF-kB-, cAMP response element binding-, interferon
regulatory factor3-, nuclear factor of activated T cells- and
activator protein-1 activity.19 So far, only a few anti-
inflammatory mediators, like IL-10, Anx A1 and IL-1 receptor
antagonist, have been shown to be GR-dependently induced
via transactivation.27 Furthermore, various undesirable side
effects (insulin resistance, osteoporosis, glaucoma, skin
atrophy and disturbed wound healing) often limiting the
applicability of long-term GC administration have been
attributed to GR-mediated transactivation of diverse genes.20

Consequently, in the recent years intense scientific effort has
been invested into the search for new, selective GR agonists
(SEGRAs), which dissect favorable GR-dependent transre-
pression from unwanted GR-dependent transactivation.39,40

Here, we present in vitro and in vivo evidence that the
GC-mediated transactivation of MFG-E8 expression and the
concomitantly enhanced non-phlogistic phagocytic uptake of
apoptotic cells constitute a novel aspect of the anti-inflamma-
tory action of GCs. This might be of particular importance in
the therapeutic context of diseases associated with an
impaired clearance of apoptotic cells, like SLE. Thus, future
studies have to reveal whether SEGRAs do address this issue
and if other modulators of MFG-E8 transactivation might be of
therapeutic value for systemic autoimmune diseases.

Materials and Methods
Patients. Patients were recruited from our outpatient clinic and met the
diagnostic criteria of the American College of Rheumatology. Healthy volunteers
served as controls. An informed consent was obtained from all blood donors and
the study received the final approval from the ethics committee of the University
Hospital Erlangen. Available data regarding demographics, diagnosis and therapy
are summarized in Supplementary Table 1.

Mice. Generation of MFG-E8� /� mice was described previously.16 All animal
experiments were approved by the government of Mittelfranken. Mice were
housed in the animal facility of the University of Erlangen-Nuremberg.

Irradiation-induced thymus atrophy. C57BL/6 mice and MFG-E8� /�

mice were treated with 1 mg/kg/week Dex intraperitoneally for 1 week (applied in
seven daily doses). Then, mice were irradiated with 0.5 Gy, killed after 8 h and

subjected to thymectomy. Thymus atrophy was determined as the percentage of
residual thymus mass in comparison with the non-irradiated controls.

For histological examination, explanted thymi were fixed overnight in 4%
paraformaldehyde and embedded in paraffin. Five-micrometer-thick dewaxed and
permeablized sections were used for fluorescence staining employing TUNEL–FITC
detection of dying cells with DNA strand breaks according to the manufacturer’s
instructions (Roche Applied Science, Penzberg Germany), and DAPI staining
(Sigma, Deisenhofen, Germany) was performed for the visualization of all nuclei.
Histological sections were examined at � 2 and � 10 magnification using a
fluorescence microscope (Nikon, Berlin, Germany) equipped with a digital camera.
Pictures were taken with identical camera settings.

For subsequent FACS analyses of different types of cell death, explanted thymi
were mechanically disrupted. Flushed-out cells were subjected to FSC/SSC FACS
analyses or to 6-parameter FACS staining on the basis of cellular granularity (SSC)
and shrinkage (FSC), PS exposure (Annexin A5-FITC), ion selectivity of the plasma
membrane (propidium iodide), mitochondrial membrane potential (DilC1(5)) and
DNA content (Hoechst 33342). The percentage of total dead cells, apoptotic,
primary and secondary necrotic cells was determined as previously described.41

Briefly, cells were classified as follows:
Viable cells: high FSC, low SSC, low Annexin A5, low PI and high Hoechst

33342.
Apoptotic cells: high/low FSC, low/high SSC, high Annexin A5, low PI, high/low

DilC1(5) and high Hoechst 33342.
Secondary necrotic cells: low FSC, high SSC, high Annexin A5, intermediate PI,

low DilC1(5) and high/intermediate Hoechst 33342.
Primary necrotic: low FSC, high SSC, high Annexin A5, high PI, low DilC1(5) and

high Hoechst 33342.

Cells, reagents and plasmid constructs. THP-1 and U937 cells
obtained from ATCC were cultured in RPMI-1640 supplemented with 10% heat-
inactivated fetal calf serum, 100 units of penicillin/ml, 0.1 mg streptomycin/ml and
10 mM HEPES (all from Invitrogen Life Technologies, Karlsruhe, Germany).
Differentiation into macrophages was carried out with 10 nM phorbol–myristyl–
acetate (PMA, Sigma) for 16 h followed by further cultivation for 48 h in PMA-free
medium.

Human PBMCs were prepared from heparinized blood by Ficoll density gradient
centrifugation (Ficoll-Paque 1.077 g/ml, GE Healthcare, Freiburg, Germany).
Primary human monocytes were positively selected from PBMCs with anti-CD14
magnetic beads (Miltenyi, Bergisch Gladbach, Germany) according to the
manufacturer’s recommendation. Monocyte-derived macrophages were generated
by differentiation of peripheral monocytes with 20 ng/ml M-CSF or GM-CSF (R&D
Systems, Heidelberg, Germany) in macrophage medium (Invitrogen Life
Technologies) supplemented with 5% autologous serum for 7 days.

PHA-stimulated PBMCs (PHA lymphoblasts) were prepared by cultivating human
PBMCs for 7 days in RPMI-1640 supplemented with 10% heat-inactivated fetal calf
serum, 100 units of penicillin/ml, 0.1 mg streptomycin/ml, 10 mM HEPES and
0.5mg/ml PHA (Biochrom, Berlin, Germany).

Thioglycollate-elicited macrophages were isolated from C57BL/6 and MFG-E8� /�

mice by peritoneal lavage of mice that had been injected with 1 ml of 2%
thioglycollate in PBS 3 days before.

Primary human foreskin fibroblasts were prepared as described previously42 and
cultivated in DMEM supplemented with 10% heat-inactivated fetal calf serum, 100
units of penicillin/ml and 0.1 mg streptomycin/ml. The same medium was used for
murine NIH3T3 fibroblasts expressing anb3 integrin, which were described
previously.12

Human neutrophils were obtained by double-Ficoll gradient purification
(Histopaque 1.119 g/ml, Sigma, and Ficoll-Paque 1.077 g/ml, GE Healthcare) and
were used 24 h after preparation, when they had undergone spontaneous
apoptosis. In this stage, B75% were apoptotic (Annexin V-positive and
PI-negative), whereas o10% were secondary necrotic (Annexin V-positive and
PI-positive).

Apoptotic THP-1 prey cells were generated by UV-C irradiation (10 mJ/cm2). At
12 h post irradiation, when prey cells were fed to macrophages, B70% were
apoptotic (Annexin V-positive and PI-negative), whereas o10% were secondary
necrotic (Annexin V-positive and PI-positive).

Thymocytes of C57BL/6 mice were stimulated to undergo apoptosis by UV-B
irradiation (270 mJ/cm2) followed by in vitro culture for 16 h. At that time, B60% of
the cells were apoptotic (Annexin V-positive and PI-negative), whereaso20% were
secondary necrotic (Annexin V-positive and PI-positive).
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Secondary necrotic fragments were generated by digestion of heat-treated
human peripheral blood lymphocytes by serum DNase I and C1q followed by PI
staining as described previously.43

Dex was purchased from Merck Biosciences (Darmstadt, Germany). ActD and
CHX were from Sigma and Carl Roth (Karlsruhe, Germany), respectively. PKH67
and PKH26 were obtained from Sigma, CFSE from Invitrogen and RU486 was from
Merck Biosciences. Polybead carboxylate red-dyed microspheres (6mm) were
purchased from Polysciences (Eppleheim, Germany).

Monoclonal anti-MFG-E8 antibodies (mouse mAB clone 1-H3, hamster mAB
clone 2-8E4A and hamster mAB clone 2-11B4A) and recombinant human MFG-E8
were described previously.44

The promoter region of human MFG-E8 (nt � 950 to þ 60) was amplified by
PCR from genomic THP-1 cell DNA and cloned into the BglII/HindIII site of pGL3
Basic (Promega, Heidelberg, Germany) according to standard procedures. For the
generation of the deletion mutants, the full-length construct was digested with
different combinations of BglII/AflII (nt -508 to þ 60), BalI/HindIII (nt -950 to -80) or
AflII/BalI (nt -950 to þ 60, del -508 to -80) (see Figure 3e), the cohesive ends were
filled up with Klenow enzyme and the plasmids were religated.

siRNA-mediated MFG-E8 knockdown. Chemically modified siRNA
oligonucleotides (stealth RNAi) were purchased from Invitrogen. The following
oligonucleotides were used: MFG-E8 nt63: 50-CGUCGCCCUGGAUAUCUGUUC
CAAA-30, scramble: 50-CGUUCCCUAGGUCUACUUGCGCAAA-30. Electropora-
tion of 5� 106 THP-1 cells with 2mM siRNA oligo in 500ml OptiMEM (Invitrogen)
was performed as described45,46 At 24 h before PKH67 staining and PMA-induced
differentiation into macrophages, electroporation of 5� 106 primary monocytes
with 2 mM siRNA oligo in 500ml OptiMEM (Invitrogen) was performed as
described45,46 on d0, d1 and d4 after preparation before PKH67 staining and
differentiation with 20 ng/ml M-CSF into macrophages on d1. Dex treatment was
applied on d4 for 24 h and all other assays (qRT-PCR and phagocytosis assays)
were performed on d5.

Phagocytosis assay. Phagocytosis assays were performed as described
previously.47,48 Briefly, green (PKH67)-stained, PMA-differentiated THP-1 macro-
phages (1� 105 cells/well in a 24-well plate) were fed with different ratios of red-
stained prey cells (apoptotic THP-1 cells were stained with PKH26 and secondary
necrotic fragments were stained with PI) or red-dyed microspheres (6mm
Polybead carboxylate red-dyed microspheres) in a final volume of 500ml serum-
free medium and incubated at 37 1C for 2 h. Subsequently, cells were harvested
by trypsinization and analyzed by flow cytometry. Phagocytosis was determined as
the percentage of double-positive macrophages.

Thioglycollate-elicited macrophages were seeded in polystyrene tubes (2.5�
105 cells/tube) and were fed with apoptotic, CFSE-stained thymocytes (ratio 1 : 1) at
37 1C for 8 h. Cells were collected in cold PBS supplemented with 5 mM EDTA,
stained with F4/80-PE-Cy5 antibody and analyzed by flow cytometry. Phagocytosis
was measured as the product of the percentage of double-positive macrophages
and the mean intensity of prey cell fluorescence per engulfing macrophage, and was
finally normalized on the mean of the corresponding untreated control cell
population.

Quantitative real-time PCR. QRT-PCR analysis was performed using the
ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) and Maxima qPCR Mastermix (Fermentas, St. Leon-Rot, Germany) as
described.49–51 The following primers and probes were used (MWG Biotech,
Ebersberg, Germany): human MFG-E8 forward 50-GCACTCTGCGCTTTGAGC
TA-30, human MFG-E8 reverse 50-TTGTCAGGGATGCTGTTATTCTTC-30; human
Anx A1 forward 50-GCCCCTATCCTACCTTCAATCC-30, human Anx A1 reverse
50-CATCCACACCTTTAACCATTATGG-30; human Del-1 forward 50-CAGGCGAAT
TTATGGGAAGAAA-30, human Del-1 reverse 50-TGCTGGTTTGATATAATTCCAC
CTT-30; mouse MFG-E8 forward 50-AAAGCTGTACCCTGTTTCGTGC-30, mouse
MFG-E8 reverse 50-GGAGGCTGACATCTGGCTGT-30; human/mouse 18 S rRNA
forward 50-CGGCTACCACATCCAAGGAA-30, human/mouse 18 S rRNA reverse
50-GCTGGAATTACCGCGGCT-30, human/mouse 18 S rRNA probe JOE-50-TGCT
GGCACCAGACTTGCCCTC-30-TAMRA.

Total RNA from B2� 106 cells was extracted with the NucleoSpin RNA II-Kit
(Macherey and Nagel, Dueren, Germany). One microgram of total RNA was reverse
transcribed with 200 U Superscript RT II reverse transcriptase (Invitrogen) in the
presence of 50mM random hexamers (GE Healthcare), 400mM dNTPs (Promega)
and 1.6 U/ml RNAsIn (Invitrogen) in a final volume of 25 ml. Resulting cDNA

(40–80 ng) were applied to the following qRT-PCR analyses (20 ml final volume) and
amplified in the presence of 300 nM primers (SYBR Green PCR) or 50 nM primers
and 200 nM probe (Taqman PCR), respectively, with the standard temperature
profile (2 min 50 1C, 10 min 95 1C, 40� (15 s 95 1C, 1 min 60 1C)). Relative
quantification was performed employing the standard curve method and the results
were normalized on 18 S rRNA. Calibration is indicated in the figure legends.

SDS-PAGE and western blot analyses. For immunoblot detection of
MFG-E8 in cellular lysates, secretion was blocked by addition of 10 mg/ml
Brefeldin A (Sigma) during the last 4 h of incubation. Non-reducing gradient SDS-
PAGE and western blot analyses of whole cell lysates were performed as
described previously46,52 with 100mg protein extract per lane and monoclonal
mouse antibodies against human MFG-E8 (clone 1-H3)44 and vinculin (Sigma)
followed by ECL detection (GE Healthcare).

MFG-E8 ELISA. MFG-E8 protein levels were quantitfied by ELISA of cell-free
culture supernatants and cellular lysates according to the manufacturer’s
instructions (USCN Life Science Inc., Houston, TX, USA). The measured protein
levels are displayed as pg MFG-E8 per 1 Mio. cells.

Luciferase activity assay. PMA-differentiated THP-1 macrophages
(1� 106 cells per well in a 6-well plate) were transfected with 2mg of the
different MFG-E8 promoter constructs and FuGENE HD (Roche, Penzberg,
Germany) for 5 h according to the manufacturer’s instructions. Subsequently, cells
were stimulated with 0–1000 nM Dex for 18 h. Luciferase activity in cellular lysates
was measured with a Berthold Lumat 9507 luminometer (Berthold Technologies,
Bad Wildbad, Germany) as described.53 Briefly, 1� 106 cells were lysed in 100ml
lysis buffer (25 mM Tris-HCl pH 7.8, 2 mM EDTA, 10% glycerol, 1% Triton X-100,
2 mM DTT) and assayed for luciferase activity in 15 mM glycyl–glycine, 10 mM
MgCl2, 3 mM ATP and 50mM D-luciferin (measuring time 10 s). For every
construct, the results were normalized on the corresponding untreated control cell
lysate.
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