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Local Amplification of Glucocorticoids by 118-Hydroxysteroid
Dehydrogenase Type 1 Promotes Macrophage Phagocytosis of
Apoptotic Leukocytes'

James S. Gilmour,*" Agnes E. Coutinho,*" Jean-Francois Cailhier,”” Tak Yung Man,*
Michael Clay,* Graham Thomas," Hayley J. Harris,* John J. Mullins,” Jonathan R. Seckl,*
John S. Savill,>" and Karen E. Chapman™*#

Glucocorticoids promote macrophage phagocytosis of leukocytes undergoing apoptosis. Prereceptor metabolism of glucocorticoids
by 11B-hydroxysteroid dehydrogenases (113-HSDs) modulates cellular steroid action. 113-HSD type 1 amplifies intracellular
levels of active glucocorticoids in mice by reactivating corticosterone from inert 11-dehydrocorticosterone in cells expressing the
enzyme. In this study we describe the rapid (within 3 h) induction of 113-HSD activity in cells elicited in the peritoneum by a single
thioglycolate injection in mice. Levels remained high in peritoneal cells until resolution. In vitro experiments on mouse macro-
phages demonstrated that treatment with inert 11-dehydrocorticosterone for 24 h increased phagocytosis of apoptotic neutrophils
to the same extent as corticosterone. This effect was dependent upon 113-HSD1, as 113-HSD1 mRNA, but not 113-HSD2 mRNA,
was expressed in these cells; 11-dehydrocorticosterone was ineffective in promoting phagocytosis by Hsd11b1~'~ macrophages,
and carbenoxolone, an 113-HSD inhibitor, prevented the increase in phagocytosis elicited in wild-type macrophages by 11-
dehydrocorticosterone. Importantly, as experimental peritonitis progressed, clearance of apoptotic neutrophils was delayed in
Hsd11b1~'~ mice. These data point to an early role for 118-HSD1 in promoting the rapid clearance of apoptotic cells during the

resolution of inflammation and indicate a novel target for therapy. The Journal of Immunology, 2006, 176: 7605-7611.

cute inflammation is normally self-resolving but may
become persistent, leading to irreversible organ damage.
It is crucial that mechanisms are engaged early in acute
inflammation to promote the rapid and safe resolution of the re-
sponse. A key event driving resolution of acute inflammation is
macrophage clearance of leukocytes undergoing apoptosis at sites
of inflammation (1-3). However, blood monocytes lack phago-
cytic capacity (4), and little is known of the mechanisms that op-
erate early in the acute inflammatory response to promote the ac-
quisition by maturing monocytes of phagocytic capacity for
apoptotic leukocytes.
In previous work, synthetic glucocorticoids have been shown to
exert proresolution effects on maturing monocytes, accelerating
the acquisition of phagocytic capacity for apoptotic leukocytes and
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also increasing the capacity of individual macrophages to ingest
multiple apoptotic cells (5-7). In vivo, control over physiological
glucocorticoid action is exerted by 118-hydroxysteroid dehydro-
genase (11B8-HSD),” which interconverts active glucocorticoids
and their inert 11-keto forms within cells, thus regulating glucocor-
ticoid access to receptors (reviewed in Refs. 8 and 9). Recent data
have shown that 1138-HSD type 1 (113-HSD1) provides an im-
portant amplification of glucocorticoid action in tissues by reduc-
ing inactive 11-ketosteroids (cortisone in humans, 11-dehydrocor-
ticosterone in mice) derived from blood to yield active
glucocorticoids (cortisol and corticosterone). Indeed, the physio-
logical action of glucocorticoids in certain tissues may be depen-
dent upon active glucocorticoids generated by the activity of 113-
HSD1, as mice deficient in 113-HSD1 are protected against
glucocorticoid-associated cognitive decline (10) and the adverse
metabolic effects of glucocorticoids (11-13). Interestingly,
HSDI11bI (encoding 113-HSD1) is not expressed in human mono-
cytes but is induced upon differentiation to macrophages, where
expression is further increased by the anti-inflammatory cytokines
IL-4 and IL-13 (14).

However, whether 113-HSD1-mediated activation of glucocor-
ticoids has a role in the resolution of acute inflammatory responses
remains unknown. Here we show in vivo that within the first 24 h
of acute inflammation caused by direct injection of thioglycolate,
11B-HSD1 activity is dramatically induced in cells elicited to the
peritoneum and remains high until resolution. In vitro, 113-HSD1
is required to allow intrinsically inactive 11-keto glucocorticoids
to promote macrophage phagocytic clearance of neutrophils un-
dergoing apoptosis, and, crucially, mice deficient in 1138-HSDI1

3 Abbreviations used in this paper 118-HSD, 118-hydroxysteroid dehydrogenase;
BMD, bone marrow derived; PMN, polymorphonuclear cell; RP, resident peritoneal
TEP, thioglycolate-elicited peritoneal.
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show a delay in the clearance of apoptotic neutrophils as experi-
mental peritonitis progresses. We propose that 113-HSD1 is a
component of hitherto poorly understood mechanisms that are en-
gaged early in the acute inflammatory response to promote later
resolution.

Materials and Methods

Animals

Mice homozygous for a targeted disruption of the Hsd11bI gene encoding
11B8-HSD1 have been described previously (11). The disrupted HsdI1b1
allele was backcrossed (>8 generations) to a C57BL/6J background (13).
Male mice, 8—10 wk old, and age-matched C57BL/6J controls (obtained
from Harlan Orlac), were used in all experiments and housed under con-
trolled conditions (12 h of light at 21°C) with unrestricted access to water
and standard chow. All experiments on animals were approved by the local
ethics committee and were performed in accordance with the U.K. Home
Office Animals (Scientific Procedures) Act of 1986.

Neutrophil isolation, macrophage preparation, cell culture, and
cytokine assay

Human neutrophils (polymorphonuclear cells (PMN)) were isolated from
fresh, citrated, peripheral blood of healthy volunteers as previously de-
scribed (4). Briefly, erythrocyte sedimentation with 0.6% (w/v) dextran/
PBS was followed by the fractionation of leukocytes by centrifugation on
a discontinuous Percoll gradient (formed by overlaying solutions of 72, 68,
and 55% Percoll/PBS (v/v)). PMN were aspirated from the appropriate
gradient interface, washed in Ca>"-free PBS, and suspended in Teflon pots
(Roland Vetter Laborbedarf) at a density of 4 X 10°/ml in Iscove’s medium
(Invitrogen Life Technologies) supplemented with 10% autologous plas-
ma-derived serum. PMN were aged for 24 h at 37°C and 5% CO,, which
typically yielded >60% apoptotic PMN.

Murine bone marrow-derived (BMD) and thioglycolate-elicited perito-
neal (TEP) macrophages were prepared as previously described (15).
Briefly, bone marrow was flushed from femurs with a 25-gauge needle, and
4 X 10° cells were plated per well of 24-well plates in 1 ml of DMEM/F12
(Invitrogen Life Technologies) supplemented with 10% FCS, 500 U/ml
penicillin, 500 U/ml streptomycin, and 10% monocyte-CSF-conditioned
supplement from murine fibrosarcoma cell (L929) cultures (15). Cells were
allowed to differentiate for 7 days with the medium changed every 3 days.

Resident peritoneal (RP) macrophages were washed from mouse peri-
toneum in 4 ml of sterile PBS through a 19-gauge needle. Exudate cells
were washed in PBS, and 10° cells were seeded into each well of a 24-well
plate in 1 ml of DMEM/F12. Following incubation for 1 h at 37°C and 5%
CO,, nonadherent cells were aspirated and medium was replaced with
DMEM/F12 supplemented with 500 U/ml penicillin, 500 U/ml streptomy-
cin, and 10% FCS. Inflammatory TEP macrophages were elicited into the
peritoneum by sterile injection of 1.0 ml of 3% Brewer’s thioglycolate and
harvested at various time points as described above. In some experiments
the peritoneum was lavaged at 48 h, and the number of free (nonphago-
cytosed) neutrophils with typical morphological features of apoptosis (4)
was determined by microscopic counts of May-Giemsa-stained cytospin
slides. To label resident peritoneal macrophages, 0.5 ml of 0.25 uM PKH-2
green fluorescent tracking dye (Sigma-Aldrich), was injected i.p. 24 h be-
fore thioglycolate injection. Peritoneal cells were lavaged 3 h following
thioglycolate injection and sorted in a FACSDiva cell sorter (BD Bio-
sciences) to separate unlabeled cells from PKH-2-labeled resident macro-
phages. Cell numbers were established after staining with PE-labeled Ab to
F4/80 (Caltag Laboratories) followed by flow cytometry using a
FACSCalibur instrument. Fluorescent Flow-Check Fluorospheres (Beck-
man Coulter) were added to each sample before analysis, and the ratio of
cells to beads was used to calculate the absolute number of macrophages in
peritoneal lavage fluid. Sorted cells were plated and allowed to adhere as
described above before the assay of 113-HSD1 activity.

IL-6 production was measured over 24 h. Peritoneal cells taken 24 h
after thioglycolate injection were seeded at 5 X 10° cells per well of a
24-well plate. LPS (0.1 wg/ml) was added, and IL-6 levels in the medium
were assayed by ELISA (R&D Systems) after 24 h of incubation at 37°C
and 5% CO,.

In vitro phagocytosis assay

The phagocytosis assay has been previously described (4). Briefly, mac-
rophages were incubated with steroid or vehicle for 48 h, washed with
PBS, and then overlaid with a 3-fold excess of apoptotic PMN in serum-
free Iscove’s medium. After incubation for 30 min at 37°C and 5% CO,,
cells were washed with cold (4°C) PBS to remove noningested PMN and

then fixed with 2% Formalin solution. Ingestion was scored in one of two
ways: 1) by selective staining of PMN myeloperoxidase using 0.03% (w/v)
hydrogen peroxide and 0.1 mg/ml dimethoxybenzidine or 2) by loading
PMN for 30 min with 1 pg/ml CellTracker Green CMFDA 5-chlorometh-
ylfluorescein diacetate (Invitrogen Life Technologies) before aging.

In vivo phagocytosis assay

In vivo phagocytosis assays were performed on day 1 or day 2 of thiogly-
colate-elicited peritonitis by i.p. injection of 30 X 10° apoptotic PMN
(stained with CellTracker Green 5-chloromethylfluorescein diacetate) in 1
ml of PBS. Ten minutes later, peritoneal lavage was conducted with PBS
as described above. Visualization of macrophages was aided by counter-
staining the lavaged cells with anti-F4/80 Ab. Macrophages (0.5 X 10°)
were washed with PBS, collected, and incubated in 100 wl of blocking
solution (nine parts 0.2% NaN;, 0.5% BSA in PBS to one part murine
serum) for 15 min at 4°C. PE-labeled Ab to F4/80 (Caltag Laboratories)
was added at the manufacturer’s suggested concentration and incubated for
45 min at 4°C. Macrophages were washed with PBS, fixed with 2% For-
malin solution and examined using fluorescence microscopy.

11B-HSD assay

11B-HSD reductase and dehydrogenase activities in cell monolayers were
determined as previously described (16). Briefly, 200 nM corticosterone or
11-dehydrocorticosterone containing trace amounts of [*H]corticosterone
(specific activity ~80 Ci/mmol; Amersham Biosciences) or [11-*H]dehy-
drocorticosterone (made as previously described (16)), respectively, was
added to the medium. At various times, steroids were extracted with ethyl
acetate from aliquots of the medium, resuspended in ethanol, and separated
by TLC. TLC plates were analyzed using a phosphorimaging device (Fuji
FLA-2000) and Aida software (Raytek Scientific). Results were expressed
either as the percentage of conversion of substrate into product (where the
assay had exceeded the linear range) or as picomole product per hour per
10° cells (where the reaction remained linear with time).

RNA extraction and analysis

Total RNA was extracted using TRIzol reagent (Invitrogen Life Technol-
ogies) according to the manufacturer’s protocol. Reverse transcription of
RNA was conducted using a reverse transcriptase system (Promega) ac-
cording to the manufacturer’s protocol. Reactions (20 ul) contained 1 ug
of total RNA, 5 mM MgCl,, 1 X reverse transcription buffer (supplied with
the kit), 1 mM each dNTP, 1 U of RNasin (Promega), 15 U/ul reverse
transcriptase, and 0.5 ug of oligo(dT),s. Using a Hot Start bead kit (Pro-
mega), 5 ul of reverse transcription reaction was used in a 50 ul of PCR
containing 1X DNA polymerase reaction buffer, 0.2 mM each of dNTP,
1.5 mM MgCl,, 0.1 uM each of primer, and 1.25 U of DNA polymerase.
PCR primers and conditions were as previously described (17).

Results
11B-HSD1, but not 11B3-HSD?2, is expressed in murine
macrophages

To determine whether 113-HSD1 and/or 113-HSD2 is expressed
in murine macrophages, 113-HSD assays were conducted on intact
cells. Whereas 1138-HSD1 is predominantly an oxoreductase in
intact cells, 113-HSD2 activity is always oxidative with physio-
logical substrates (18, 19). All cells contained 113-oxoreductase
activity, with the highest conversion of steroid substrate in BMD
and TEP macrophages and lower conversion in RP macrophages
and white blood cells. In contrast, 113-dehydrogenase activity was
undetectable in all intact cell types (Fig. 1A).

To confirm that the 113-HSD activity detected in murine mac-
rophages was due to 113-HSD1 and not 1138-HSD2, RT-PCR was
conducted on RNA isolated from BMD, RP, and TEP macro-
phages. RNA from all three types of macrophage produced a
461-bp RT-PCR product of identical size to the Hsd11b1 product
from mouse liver RNA (20) (Fig. 1A). In contrast, no Hsdl1b2
(encoding 113-HSD2) RT-PCR product was produced from mac-
rophage RNA, although it was clearly present as a 144-bp product
when kidney RNA was used as a positive control (Fig. 1B).
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FIGURE 1. Expression of 113-HSD1 in murine macrophages. A, 118-
HSD oxoreductase activity exclusively is detected in intact macrophages
(M¢). Activity of 11B-HSD oxoreductase is reported as the percentage of
the conversion of 200 nM 11-dehydrocorticosterone to corticosterone by
10° cells over 24 h; dehydrogenase activity is reported as the percentage of
conversion of 200 nM corticosterone to 11-dehydrocorticosterone by 10°
cells over 24 h. Values shown are mean = SEM of four separate mice
conducted in duplicate. B, mRNA encoding 11B8-HSDI1, but not 113-
HSD?2, is detectable by RT-PCR of RNA (1 ng) from each of three murine
macrophage types. Liver and kidney RNA (1 ug) were used as positive
controls for 113-HSD1 and 11B3-HSD2, respectively (kidney expresses
both). RT-PCR products of 461 bp (113-HSD1) or 144 bp (11B8-HSD2) are
indicated. The image is of a single gel and is representative of RT-PCR
conducted on at least three different mRNA samples of each cell type.
WBC, white blood cells.

11B-HSDI activity is rapidly and dramatically increased in cells
elicited in the peritoneum during sterile peritonitis in vivo

The results shown in Fig. 1A indicated that TEP macrophages
more efficiently reactivate glucocorticoids than do RP macro-
phages, suggesting that Hsdl1bl expression is increased during
the inflammatory response. Accordingly, 1138-HSDI activity was
assayed in peritoneal cells harvested at various times following i.p.
thioglycolate injection. Whereas RP macrophages reduced ~30%
of added inert 11-dehydrocorticosterone (200 nM) within the 24-h
assay period, TEP macrophages taken 24 h after thioglycolate in-
jection completely converted the added 11-dehydrocorticosterone
to corticosterone in 24 h (Fig. 2A). Conversion levels remained
close to 100% until day 3, after which 113-oxoreductase activity
decreased to a level comparable to that of RP macrophages (Fig.
2A). Macrophage 11B-HSDI is therefore dramatically increased
following the inflammatory stimulus.

To investigate further the initial time course of 113-HSD1 in-
duction, peritoneal cells were collected by lavage up to 4 h after
thioglycolate injection, and 113-HSD1 (reductase) activity was as-
sayed over a further 1 h in vitro, a time at which steroid conversion
was linear with time. A low level of activity was seen in adherent
cells lavaged 2 h following thioglycolate injection that was similar
to the level in resident cells unexposed to thioglycolate. There was
a large increase in 113-HSD1 activity in cells lavaged 3 or 4 h
following thioglycolate injection (Fig. 2B). The increase between
2 and 3 h suggested either de novo induction in resident cells
following a short lag period or the possibility that the increased
activity is in cells elicited to the peritoneum between 2 and 3 h
following thioglycolate injection. To distinguish between these
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FIGURE 2. The activity of 1138-HSD1 is increased in murine peritoneal
macrophages during thioglycolate-elicited peritonitis. A, Peritoneal cells
were lavaged from mice at days 1-5 after i.p. injection of 3% thioglycolate
and 11B3-HSD1 (oxoreductase) activity assayed over 24 h in vitro. Activity
of 11B8-HSDI1 was beyond the linear range and is thus reported as the
percentage of the conversion of 200 nM 11-dehydrocorticosterone to cor-
ticosterone (CORT) by 10° cells in 24 h. Thioglycolate injection caused a
significant increase in 11B8-HSD1 activity at days 1-4 of peritonitis (p <
0.001; ANOVA), returning to basal levels by day 5. B, 11B8-HSD1 (oxo-
reductase) activity in RP macrophages and adherent cells from lavages
taken 2, 3, or 4 h after i.p. injection of 3% thioglycolate. Assays were
conducted in vitro for up to 2 h and were within the linear range. There was
a significant increase of 113-HSD1 in peritoneal cells 3 h following thio-
glycolate (p < 0.01; ANOVA). Values shown are mean = SEM of four to
six separate mice at each time point, conducted in duplicate.

possibilities, we labeled resident macrophages 24 h before thio-
glycolate by i.p. injection of PKH-2 green fluorescent tracking dye.
Following lavage 3 h after thioglycolate injection, cells were
sorted by flow cytometry into nonlabeled and PKH-2-labeled cells
and assayed for 113-HSDI1 activity. Labeled and nonlabeled cells
from mice that received dye but no thioglycolate had exactly the
same level of 11B-HSD1 activity (Fig. 3). In contrast, unlabeled
cells (nonresident) were clearly the population containing the high
11B-HSD1 activity in the mice that received thioglycolate (Fig. 3).

11-Dehydrocorticosterone increases phagocytosis by Hsdl1b1™+"™*

macrophages, but not Hsd11b1~’~ macrophages, in vitro

The presence of 118-HSD1 in macrophages and its rapid induction
during acute inflammation suggest that it could have an important
influence on the phagocytic capacity of macrophages. To investi-
gate the possible functional relevance of macrophage Hsdl1b1 ex-
pression, we tested whether the inert 115-HSD1 substrate, 11-de-
hydrocorticosterone, could mimic the effects of physiological
corticosterone upon macrophage phagocytosis. BMD macro-
phages were incubated with 11-dehydrocorticosterone or cortico-
sterone at concentrations within the physiological range (2-200
nM), and the effect upon phagocytosis was measured. Intrinsically
inert 11-dehydrocorticosterone was equally as effective as cortico-
sterone in stimulating phagocytosis by Hsdl1b1*’* macrophages
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FIGURE 3. The increased 11B-HSDI activity in the peritoneum is in
elicited cells, not in resident macrophages. Twenty-four hours before thio-
glycolate injection, mice were injected with PKH-2 green fluorescent dye
to label resident cells. Three hours following thioglycolate injection, cells
were lavaged, sorted, and 113-HSD1 activity (oxoreductase) was measured
in adherent cells. Assays were conducted in vitro for up to 10 h and were
within the linear range. The activity of 11B8-HSD1 was significantly higher
in nonresident cells following thioglycolate injection (p < 0.001;
ANOVA). Values shown are mean = SEM of four separate mice at each
time point conducted in duplicate, except for labeled cells from thiogly-
colate injected mice, where cells from four mice were pooled and assayed
in duplicate. CORT, Corticosterone.

(Fig. 4). This effect was dependent upon Hsd11b1 expression, be-
cause 11-dehydrocorticosterone was completely without effect on
macrophages from Hsdl1bl~’~ mice (Fig. 4). The lack of 11-
dehydrocorticosterone effect upon Hsdl1bl~’~ macrophages was
not due to an intrinsic (developmental) defect, because corticoste-
rone caused an identical dose-dependent increase in phagocytosis
by both Hsdl1b1""" and Hsdl1bl ’~ macrophages, with signif-
icant effects at low physiological concentrations (2 nM) of corti-
costerone and a 3-fold increase in phagocytic index with 200 nM
corticosterone (Fig. 4), a level typically achieved during modest
stress. Similar data were obtained when the 113-HSD inhibitor,
carbenoxolone, was added. Carbenoxolone had no effect on corti-
costerone-induced phagocytosis by Hsdl1b1 """ macrophages but
completely blocked the effect of 11-dehydrocorticosterone (data
not shown). Importantly, Hsdl1b1™"* and Hsdl1bl~’~ macro-
phages ingested saturating numbers of latex beads in a 30-min
assay (data not shown), demonstrating that Hsdl1bl ’~ macro-
phages were able to phagocytose normally.

Phagocytic clearance of apoptotic leukocytes is delayed in the
absence of 11B-HSD1

Sterile peritonitis induced in Hsd11b1™"* and Hsdl1b1 ™"~ mice
by thioglycolate injection resolved within 4 days in both
Hsd11b1"* and Hsd11b1 ™~ mice (data not shown). In addition,
there were no differences between genotypes in the ratio of mac-
rophages to neutrophils in peritoneal lavages at any time point
examined (Table I). Because 113-HSD1 activity was induced in
normal mice within a few hours of thioglycolate injection and
remained very high until day 3, we reasoned that any phenotype
should be apparent within the first 3 days following injection. To
determine whether acquisition of phagocytic competence by mac-
rophages is altered in Hsdl1bI~’~ mice, an in vivo phagocytosis
assay was conducted. Hsdl1b1™* and Hsdl1bl™’~ mice were
injected i.p. at day 1 or day 2 of sterile peritonitis with 30 X 10°
apoptotic PMN, and phagocytosis was examined in peritoneal la-
vages 10 min later. Compared with controls, Hsdl1bl /" mice
showed a very low level of phagocytosis after 1 day of peritonitis,
which was increased to levels similar to Hsdl1b1™"" mice after 2
days of peritonitis (Fig. 5A), suggesting that there is indeed a delay
in acquisition of phagocytic competence in Hsdl1bl1 '~ mice.

B hsda11b1+
A hsd11b17

% phagocytosis

Phagocytic index

0 2 20 200 2

20 200
nM CORT nM 11-DHC

FIGURE 4. Phagocytosis by Hsdl1b1™* macrophages is increased by
11-dehydrocorticosterone, but phagocytosis by Hsdl1bl '~ macrophages
is not. BMD macrophages from Hsd11b1""* or Hsd11bl™'~ mice were
cultured for 7 days with the addition of a steroid at day 5, either 0-200 nM
corticosterone (CORT) or 2-200 nM 11-dehydrocorticosterone (11-DHC).
On day 7, apoptotic PMN were overlaid onto macrophages (at a ratio of
4:1) for 30 min, and levels of phagocytosis were assessed by microscopy.
A, the percentage of macrophages that had ingested one or more apoptotic
PMN. B, the phagocytic index, i.e., the number of ingested apoptotic PMN
per 100 macrophages. Corticosterone and 11-dehydrocorticosterone (11-
DHC) significantly and equally increased phagocytosis and phagocytic in-
dex at doses =2 nM in Hsdl1b1""" macrophages (p < 0.001; ANOVA),
whereas only corticosterone (CORT) was effective in Hsd11bl '~ macro-
phages (p < 0.001; ANOVA) to the same extent as in Hsdl1b1™"* mice.
Values shown are mean = SEM of counts of at least 500 macrophages
from four mice of each genotype conducted in duplicate. *, significantly
different to Hsd11b1""" mice; p < 0.001.

Consistent with this possibility, Hsd11b1 ™"~ mice had increased
free endogenous apoptotic neutrophils in peritoneal lavages 2 days
after initiation of peritonitis compared with Hsdl1bl™" mice
(Fig. 5B). Furthermore, production of IL-6 in stimulated peritoneal
macrophages harvested 24 h following thioglycolate (when 113-
HSD1 activity is maximal) was increased in macrophages from
Hsd11b1~"~ mice (Hsdl1b1~"~ 678 + 49 pg/ml vs Hsdl11b1""*
478 = 72 pg/ml, n = 5/group; p < 0.05), suggesting a reduction
in the normal glucocorticoid-mediated suppression of cytokine
release.

Discussion

Our data define an early event in the acute inflammatory response,
namely the rapid and dramatic increase in macrophage 113-HSD1
activity that regulates the timing of a later key process favoring
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Table 1. 11B-HSDI-deficient mice have normal ratios of macrophages
and PMN during thioglycolate-induced peritonitis®

Genotype Mo (%) PMN (%)

Control Hsdl1b1™'™* 91.7 £ 4.7 5.1%5.0
Hsdl1bl™'~ 89.0 = 1.6 32+26

4h Hsdl1bl™'™* 279+ 4.0 67.1 =23
Hsdl1bl ™'~ 235*42 68.1 5.0

1 day Hsdl1b1™'* 51.8+52 363+ 6.2
Hsdl1bl™'~ 53.0 =42 327 5.1

2 days Hsdl1b1™'™* 59.6 = 10.0 168 £5.9
Hsdl1bl™'~ 62.6 = 4.6 13.8 1.7

3 days Hsdl1b1™'™* 92.1+ 1.0 14+15
Hsdl1bl ™'~ 89.6 + 2.6 04 +04

4 days Hsdl1b1™'* 97.1 + 1.8 0.1 =0.1
Hsdl1bl™'~ 962 * 1.3 02 *0.3

“ Macrophages (M¢) and PMN were scored as a percentage of the total in cyto-
spins of cells harvested in peritoneal lavages at specified time points after the onset
of peritonitis. Values represent mean = SEM of counts of >2000 cells from each of
four mice per time point. No significant differences between Hsdl1bI™'* and
Hsdl1b1~'~ mice were found.

resolution of inflammation, macrophage phagocytosis of neutro-
phils undergoing apoptosis. Activity of 113-HSD1 was dramati-
cally increased in cells elicited in the peritoneum within 3 h of
thioglycolate injection, remaining markedly elevated in peritoneal
macrophages up to 72 h following the onset of peritonitis. Cru-
cially, mice lacking 113-HSD1 had increased free endogenous ap-
optotic neutrophils 2 days after initiation of sterile peritonitis and
showed a striking delay in the ability to clear exogenously admin-
istered apoptotic neutrophils with little evidence of “normal” clear-
ance at 24 h. These results indicate a key physiological role for
11B8-HSD1-mediated glucocorticoid reactivation in the early ac-
quisition by macrophages of an increased capacity for clearance of
apoptotic leukocytes.

Our in vivo data show that the induction of 1138-HSD1 early in
the inflammatory response is physiologically important in deter-
mining the subsequent trajectory of the later response. At 24 h of
sterile peritonitis, Hsd11b1 ™"~ mice showed a marked reduction in
the ability to clear exogenously administered apoptotic PMN com-
pared with Hsdl11b1*"" mice, whereas by day 2 full phagocytic
competence was achieved in 11B3-HSD1-deficient mice. Further-
more, Hsd11b1~’~ mice had increased free endogenous apoptotic
neutrophils after 2 d of sterile peritonitis, consistent with slower
phagocytic clearance. However, Hsdl1b1~/~ macrophages were
indistinguishable from Hsdl1b1""" macrophages in their phago-
cytic capacity in vitro, and physiologically relevant levels of cor-
ticosterone similarly promoted phagocytosis of apoptotic neutro-
phils by both genotypes, confirming that glucocorticoid-responsive
pathways are intact in Hsd11b1~’~ macrophages. These data show
that 113-HSD1 is not a prerequisite for macrophage differentiation
and maturation to a phagocytic phenotype but rather suggest that it
is required for the early attainment of phagocytic capacity for ap-
optotic cells in vivo. The delay in acquisition of phagocytic com-
petence is thus likely to be a direct result of decreased glucocor-
ticoid reactivation within the 113-HSDI-deficient macrophage.
Indeed, higher levels of IL-6 production (a cytokine potently sup-
pressed by glucocorticoids (21)) by stimulated peritoneal macro-
phages are consistent with reduced glucocorticoid action within
the peritoneal microenvironment of Hsdl1bl '~ mice, despite
their modestly elevated plasma glucocorticoid levels (11). Al-
though IL-6 has no effect per se on the phagocytosis of apoptotic
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FIGURE 5. Mice deficient in 113-HSD1 show a delay in acquisition of
phagocytic competence with associated impairment of clearance of endog-
enous apoptotic PMN (aPMNs) during thioglycolate-elicited peritonitis in
vivo. A, Exogenous apoptotic PMN were administered for 10 min by i.p.
injection at day 1 or day 2 after the onset of thioglycolate-elicited perito-
nitis. Values shown are mean * SEM of counts of at least 500 cells from
each of four mice per genotype. B, The proportion of free endogenous
apoptotic cells was scored as a percentage of the total cells on cytospins of
peritoneal cells obtained by lavage on day 2 following the onset of thio-
glycolate-elicited peritonitis. Values shown are mean = SEM for counts of
at least 2 X 10° cells from each of four mice per genotype. *, significantly
different to Hsd11b1™"" mice, p < 0.001; ANOVA.

neutrophils by macrophages (22), glucocorticoids up-regulate
components of the innate immune response in monocytes, includ-
ing the scavenger receptor system (23). The involvement of such
receptors in the recognition and phagocytosis of apoptotic cells has
been postulated (24). Future work will examine whether the de-
layed clearance of apoptotic cells seen in Hsd11b1 "~ mice is due
to a delay in the expression of a glucocorticoid-inducible surface
receptor normally expressed consequent to the rapid induction of
11B8-HSDI1.

Macrophage 113-HSD activity was overwhelmingly reductive
in intact cells due to exclusive expression of Hsdl1bl, consistent
with previous human data (14). The lower 113-HSD1 activity in
other blood cell types, including lymphocytes (25), suggests that
macrophages are uniquely well placed to exploit the significant
pool of intrinsically inactive 11-keto metabolites that circulate at
levels equivalent to or exceeding basal free corticosterone or cor-
tisol (26). The anti-inflammatory actions of 11-dehydrocorticoster-
one are evidenced by its equipotency with corticosterone in the
ability to increase macrophage phagocytosis in vitro, dependent
upon Hsdl1bl expression. Escher et al. (27) have previously pro-
posed an anti-inflammatory role for 11-keto glucocorticoids. Our
data support this role and, in addition, illustrate the particular im-
portance of 11 reduction of 11-keto glucocorticoids early in the
inflammatory response in vivo. A similar anti-inflammatory role
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for 11B-HSD1 in tissue repair of the ovary following ovulation has
been proposed (28, 29) where 113-HSD1 expression is induced in
granulosa cells by the actions of luteinizing hormone and IL-183
(30) and in surface epithelial cells by IL-1a and TNF-« (31).

Induction of sterile inflammation within the peritoneum resulted
in a rapid and dramatic increase in 113-HSDI activity in perito-
neal cells, which declined to normal (resident) levels 4 days later.
Although future work will be needed to substantiate the identity of
the cell type highly expressing Hsdl1bl at 3 h, by 24 h following
thioglycolate injection, when 113-HSD1 activity was extremely
high, the majority of the peritoneal cells were adherent macro-
phages. Activity in macrophages remained high until the inflam-
mation resolved. Resident macrophages clearly express 113-HSD1
but at lower levels than thioglycolate-elicited macrophages. Fol-
lowing thioglycolate injection, resident macrophages rapidly leave
the peritoneum, returning only once the inflammation is fully re-
solved (32). Consistent with this finding, our recovery of labeled
resident macrophages was ~10-fold lower from thioglycolate-in-
jected mice (our unpublished observations). Nevertheless, resident
cells from injected mice had 11B3-HSD1 activity similar to that of
macrophages from control mice. The marked increase in 113-
HSDI1 activity was in nonlabeled (nonresident recruited) cells,
demonstrating clearly that the increase in 113-HSD1 activity is in
cells elicited in the peritoneum by thioglycolate injection and is not
due to an increase de novo in the resident population. In support of
this finding, we were unable to induce 1138-HSD1 activity in vitro
in resident macrophages by the addition of thioglycolate, LPS, or
supernatant from lavages of thioglycolate-injected mice (our un-
published data).

The mechanism underlying the rapid increase in 113-HSDI ac-
tivity in inflammatory cells was likely to be distinct from the in-
duction of 113-HSD1 upon the differentiation of human mono-
cytes to macrophages in which 113-HSD1 was detectable only
after 2 days in culture and was further increased by treatment with
IL-4 or IL-13 (14). Classical “proinflammatory” mediators either
have no effect upon 11B8-HSD1 activity (TNF-a, IL-13) or even
decrease it (LPS) (14). The endogenous inflammatory mediator
that effects the increase in 113-HSD1 activity early in the inflam-
matory response to thioglycolate is currently unknown, but by vir-
tue of the rapidity of the effect it is more likely to be a proinflam-
matory factor(s) rather than the “Th2” cytokines reported to induce
11B-HSD1 expression in human monocytes in vitro (14).

To conclude, we propose that local availability of inert 11-de-
hydrocorticosterone through conversion by macrophage 113-
HSDI1 to active corticosterone contributes significantly to the early
response to an inflammatory stimulus, promoting prompt resolu-
tion of inflammation in vivo. Deficiency in this enzyme results in
the loss of this amplification system, resulting in lower local glu-
cocorticoid action and a delay in achieving full phagocytic capac-
ity. Safe phagocytic clearance of cells dying by apoptosis is crit-
ically important in the prevention of persistent inflammation and
autoimmunity (2, 3). Cortisone, the substrate for 113-HSDI in
humans, has classically been used to treat chronic inflammation,
including rheumatoid arthritis. Orally administered cortisone,
however, is a substrate for 113-HSD1 in all tissues, and the met-
abolic side effects of the product (cortisol) have prompted the
search for alternative “nonsteroidal” therapies. Our findings sug-
gest that the anti-inflammatory properties of cortisone may reflect
conversion to an active product by 118-HSD1 within the macro-
phage rather than only by the liver as previously assumed. Further,
the data suggest that modulation of macrophage 113-HSDI1 activ-
ity or targeted delivery of inactive glucocorticoid precursors to
macrophages may be of use in the development of future therapies
for chronic inflammatory diseases.
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