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Introduction

Summary

Glucocorticoids (GCs) are involved in the modulation of macrophage
function and thereby control the host’s immune responses to pathogens.
However, neither the role of hormone concentration nor the differential
contribution of the glucocorticoid (GR) and the mineralocorticoid recep-
tors (MR) to these activities are known. Here we show that low levels of
corticosterone enhance NO production as well as mRNA expression of
pro-inflammatory cytokines, chemokines and enzymes required for medi-
ator synthesis. In contrast, at high corticosterone concentrations macro-
phage function was strongly repressed. Importantly, inactivation of the
GR by lentiviral delivery of siRNAs abrogated both the immunostimula-
tory and the immunosuppressive GC actions whereas inactivation of the
MR had no effect. Furthermore, removal of endogenous GCs by adrenal-
ectomy in vivo induced a preactivated state in macrophages that could be
modulated by corticosterone. We conclude that GCs exert distinct effects
on macrophage function dependent on their concentration, and that they
primarily act through the GR despite concomitant expression of the MR.

Keywords: glucocorticoids; macrophage; nitric oxide; RNA interference;
adrenalectomy

kidney prevents activation of the MR by corticosterone
and thereby allows aldosterone to control its function.*

Glucocorticoids (GCs) are important regulators of the
immune system." While synthetic GCs are in widespread
use to treat autoimmune and atopic inflammatory dis-
eases, endogenous hormones are believed to protect the
organism from the harmful effects of exaggerated
immune responses. The major GC in rodents is corticos-
terone, which is synthesized in the adrenal gland in
response to stress or systemic cytokine release. GCs either
act via the glucocorticoid receptor (GR) or the mineralo-
corticoid receptor (MR), which reside in the cytoplasm
sequestered in a heat-shock protein complex.” Upon lig-
and binding they translocate into the nucleus and modu-
late transcription in a positive or negative manner.
Whilst the GR is ubiquitously present in all cell-types,
expression of the MR is more restricted.” In addition,
expression of the enzyme 11B-hydroxysteroid dehydroge-
nase type II (113-HSD2) in epithelial organs such as the

In contrast, 113-HSD2 is not present in the hippocam-
pus and therefore the GR and the MR are both activated
by GCs. Because the affinity of the MR for corticosterone
is much higher as compared to the GR it is assumed for
the hippocampus that corticosterone at basal levels acts
through the MR while at elevated concentrations it addi-
tionally binds to the GR.’ Interestingly, MR expression
in leucocytes has not yet been reported with the excep-
tion of human CD34" haematopoietic progenitor cells®
and rat microglial cells,’ a macrophage-related cell-type
that resides in the central nervous system. In the latter
case, it was suggested that the MR mediates immuno-
stimulatory effects at low corticosterone concentrations
whilst immunosuppressive GC effects at high doses are
conferred through the GR. However, whether a similar
phenomenon also exists for other types of immune cells
is presently unknown.

Abbreviations: GCs, glucocorticoids; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; 113-HSD2,
11B-hydroxysteroid dehydrogenase type II; iNOS, inducible nitric oxide synthase; COX-2, cyclo-oxygenase 2; NO, nitric oxide;
siRNA, small interfering RNA; RIA, radioimmunoassay; sShRNA, short hairpin RNA; eGFP, enhanced green fluorescent protein;
LPS, lipopolysaccharide; IFN-vy, interferon-y; ADX, adrenalectomized; PNMT, phenylethanolamine N-methyltransferase.
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The release of endogenous GCs is essential for prevent-
ing exaggerated immune responses and the management
of sepsis.® Consequently, adrenalectomy or treatment with
the GR antagonist RU486 results in high mortality in var-
ious models of infection.”'® In contrast, elevated GR
expression is associated with increased resistance to endo-
toxic shock."' GCs modulate the function of leucocytes at
different levels including the control of gene expression,
enzymatic activity and cellular migration." Adaptive
immune responses are primarily modulated via their influ-
ence on T cells and dendritic cells whilst granulocytes and
macrophages are primary targets in the context of innate
immunity. In the case of macrophages, the expression of
pro-inflammatory cytokines such as interleukin (IL)-1,
IL-6, IL-12 and tumour necrosis factor-o. (TNF-a1), chemo-
kines such as CXCL-1, IL-8 and CXCL-10 and the enzymes
inducible nitric oxide synthase (iNOS) and cyclo-oxyge-
nase 2 (COX-2) are repressed by GCs.' Consequently,
production of nitric oxide (NO), oxygen radicals and
prostaglandins is reduced and phagocytotic activity
impaired. On the other hand, GCs are also known to exert
immunostimulatory functions such as the induction of
acute phase proteins, the enhancement of delayed-type
hypersensitivity responses or the stimulation of T-cell
mitogenesis.'>'* However, little is known about positive
GC effects on macrophages so far. Based on the current
knowledge we hypothesized that (i) corticosterone may
distinctly modulate macrophage function dependent on its
concentration, and that (i) binding of GCs to different
receptors represents the underlying principle. In agreement
with our expectations we could demonstrate GR as well as
MR expression in peritoneal exudate macrophages using
PCR and immunofluoresence. Furthermore, we found
immunostimulatory effects on various functions of such
inflammatory macrophages at low corticosterone levels
whilst high GC concentrations were purely immunosup-
pressive. However, both types of effects were abrogated by
inactivation of the GR but not the MR using lentiviruses
encoding specific small interfering RNA (siRNA) mole-
cules. Furthermore, removal of endogenous GCs in vivo
induced a preactivated state in macrophages. This suggests
that the presence of GCs prevents premature activation of
the immune system in the absence of stimulation. In sum-
mary, our findings reveal distinct concentration effects of
GCs on innate immunity and show that despite the expres-
sion of the MR in macrophages, immunomodulatory
activities of corticosterone are mediated through the GR.

Materials and methods

Animal experimentation

CD:Crl rats were purchased from Charles River (Sulzfeld,
Germany) and kept in individually ventilated cages under
specific pathogen-free conditions. To elicit peritoneal

macrophages, the rats were injected intraperitoneally with
5 ml of 4% sterile thioglycollate medium (Sigma, Taufkir-
chen, Germany). Four days later the cells were harvested
by peritoneal lavage with 20 ml balanced salt solution
(BSS). For adrenalectomy (ADX), the rats were anaesthet-
ized using Ketamin and Rompun. Subsequently the adre-
nals were quickly removed through two small dorsal
incisions, the wounds sealed with tissue glue and the rats
placed into their home cage. For sham-surgery the same
procedure was performed, except that the adrenals were
merely exposed instead of removed. To compensate for
the disturbed salt homeostasis, the rats were offered
ad libitum a 0-9% NaCl solution for drinking. Successful
ADX was confirmed by measuring corticosterone serum
levels 2 weeks after surgery by radioimmunoassay (RIA)
as described previously."> All animal experiments were
approved by the Bavarian state authorities.

Isolation and culture of peritoneal macrophages

The peritoneal lavage was centrifuged at 450 g and 4° for
5 min and washed twice with cold phosphate-buffered
saline (PBS). Subsequently, CD11b/c" cells were magnet-
ically purified using a biotinylated Ox42 monoclonal anti-
body in combination with streptavidin microbeads
(Miltenyi Biotech, Bergisch-Gladbach, Germany). After
washing with BSS containing 1% bovine serum albumin
(BSA), the pellet was resuspended in RPMI-1640 medium
complemented with 10% fetal calf serum (FCS) and peni-
cillin/streptomycin. For macrophages from ADX rats
charcoal/dextran treated FCS was used in all media
(Hyclone, Logan, UT). The purified peritoneal macro-
phages were finally diluted to a final concentration of
1 x 10° cells/ml and plated either in 96-well plates for the
analysis of nitric oxide production or 12-well plates for
the analysis of mRNA expression. After allowing the
macrophages to adhere for 4 hr at 37° and 5% CO,, they
were washed three times to remove the non-adherent
cells. Finally, the cultures were continued in fresh med-
ium as described above. Routinely, the macrophages were
stimulated with 100 ng/ml lipopolysaccharide (LPS;
Sigma) and 100 units/ml recombinant rat interferon-y
(IFN-y; R & D Systems, Wiesbaden, Germany) for 48 hr
to determine NO production (in quadruplicate) or alter-
natively for 6 hr to analyse changes in gene expression (in
duplicate). In parallel, corticosterone (Sigma) was added
at various concentrations from a 1000x stock in 70%
ethanol. In some cases, the macrophages were transduced
with lentiviruses before stimulation was initiated.

Generation and transduction of siRNA expressing
lentiviruses

The two lentiviral vectors pLL-siGR and pLL-siMR were
cloned by inserting annealed oligonucleotides encoding
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shRNAs specific for the GR or the MR (sequences avail-
able upon request) into the lentiviral vector pLL-3.7.'°
Virus particles were generated following published proto-
cols, concentrated by ultracentrifugation and directly used
to transduce peritoneal macrophages.'” After 48 hr the
efficiency of virus infection was determined by flow
cytometry on the basis of enhanced green fluorescent pro-
tein (eGFP) expression. Before treatment with LPS, IFN-y
and corticosterone the cells were washed twice to remove
remaining free virus particles from the culture.

Nitric oxide (NO) release assay

The cell-free macrophage culture supernatants were indi-
vidually collected from the 96-well plates and used for the
nitric oxide release assay. To this end, 50 ul of superna-
tant was mixed with 50 pl of each of the two Griess
reagents, 1% sulphanilamide and 0-1% N-naphthylethylene-
diamine-dihydrochloride (both diluted in 2-5% phos-
phoric acid), and incubated for 5 min at RT for the
colour to develop. The concentration of NO, ions that
are formed as a consequence of the reaction between NO
produced by the macrophages and H,O was measured by
spectrophotometry at 560 nm and compared to a NaNO,
standard curve ranging from 1 um to 125 pm.

Quantitative polymerase chain reaction (PCR)

Total RNA was isolated using TriZol reagent according to
standard procedures (Invitrogen, Karlsruhe, Germany).
Potentially contaminating DNA was removed by DNasel
treatment followed by a purification step with the RNaesy
mini Kit (Qiagen, Hilden, Germany). 1 pg of RNA was
transcribed into ¢cDNA with Superscript II Reverse Tran-
scriptase (Invitrogen) by Oilgo-dT priming as previously
described. Real-time PCR was performed on an iCycler
instrument (Bio-Rad, Miinchen, Germany) using the
SYBR mastermix from Abgene (Hamburg, Germany)
according to the manufacturer’s instruction. Primer
sequences for the genes analysed as well as for B-actin
used for normalization are available upon request. PCR
conditions were as follows: 94° denaturation for 15 min
followed by 50 cycles of 94° for 30 s, 64° for 30 s and 72°
for 1 min.

Immunofluoresence analysis

Magnetically purified macrophages were attached on
eight-well-chamber slides (LabTekIl, Nunc, Wiesbaden,
Germany) overnight at 37° at a density of 3 X 10° cells in
500 pul complete RPMI medium. After adding 4% para-
formaldehyde (PFA) for 10 min, cells were fixed, permea-
bilized with 0-01% Triton-X-100 for 5 min, blocked with
5% BSA and incubated with an anti-GR antibody (M-20,
Santa Cruz, Heidelberg, Germany) or an anti-MR anti-
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body (a generous gift by Dr Wolfgang Schmid, Heidel-
berg, Germany'®) diluted in 1% BSA overnight at 4°.
After washing with 1% BSA the samples were incubated
with an anti-rabbit Alexa488 secondary antibody (Invitro-
gen) for 45 min at room temperature followed by wash-
ing with PBS. Finally, the slides were mounted with
Fluoromount-G mounting medium and analysed by con-
focal microscopy.

Results

GR and MR expression in peritoneal macrophages

It was previously reported that the MR is expressed by
microglial cells.” Because these cells are functionally rela-
ted to macrophages, we asked whether they may also
express the MR. To this end, we studied mRNA expres-
sion of the GR and the MR in thymocytes, mature
lymphocytes, peritoneal macrophages, kidney and hippo-
campus (Fig. 1a). While the GR was present in all cell-
types, the MR was only expressed in kidney, hippocampus
and macrophages. Lack of 113-HSD2 expression in macro-
phages further suggests that both, the GR and the MR in
these cells can be regulated by corticosterone (Fig. 1a). To
confirm MR expression on the protein level we analysed
peritoneal macrophages by immunofluoresence. Using
confocal microscopy, we demonstrated the presence of
both receptors in the cytosol as well as the nucleus
(Fig. 1b). In summary, these data suggest that the MR is

(@)

Control Anti-MR Anti-GR

Figure 1. (a) Analysis of GR, MR and 11B-HSD2 mRNA expression
in various cell types and tissues. HPRT expression served as a loading
control. K = kidney, T = thymocytes, M = peritoneal macrophages,
L = lymph-node cells, H = hippocampus. (b) Immunofluoresence
analysis of peritoneal macrophages using GR and MR specific antibodies.
A staining with the secondary antibody anti-rabbit-Alexa488 but
lacking the primary antibody is shown for control. Bar = 10 um.

© 2007 The Authors Journal compilation © 2007 Blackwell Publishing Ltd, /Immunology, 122, 47-53 49



H.-Y. Lim et al.

expressed in thioglycollate-elicited peritoneal macrophages
and is able to respond to corticosterone.

Lentiviruses expressing siRNAs against the GR and
the MR allow efficient gene inactivation in peritoneal
macrophages

In order to selectively inactivate the GR and the MR in
peritoneal macrophages we cloned specific short hairpin
RNA (shRNA) sequences into the lentiviral vector pLL-
3.7.'° The resulting constructs were designated pLL-siGR
and pLL-siMR. Virus particles were concentrated by ultra-
centrifugation and used to transduce magnetically puri-
fied CDI11b/c* peritoneal macrophages. Transduction
efficiency was confirmed by flow cytometric analysis of
eGFP expression 2 days after infection (Fig. 2a). The level
of gene inactivation was determined by quantitative PCR,
which confirmed that the expression of the GR and the
MR were both specifically reduced by 50-70% (Fig. 2b).
Thus, our approach should allow assessment of the role
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Figure 2. (a) Flow cytometric analyses of peritoneal macrophages
transduced with the lentiviruses pLL-3-7, pLL-siGR and pLL-siMR
for expression of CD11b/c and eGFP. Untransduced cells are shown
for comparison. (b) GR and MR mRNA expression was determined
by quantitative PCR in macrophages after lentiviral gene inactivation
as in (a). Statistical analysis was performed by Student’s t-test. The
asterisk indicates P < 0-05.

of these receptors for the modulation of macrophage
function by GCs.

Corticosterone modulates NO production by activated
macrophages in a dose-dependent manner via the GR

To analyse whether corticosterone exerts different effects
on macrophage function dependent on its concentration,
we first analysed the production of NO, an important
antibacterial mediator. Thioglycollate-elicited peritoneal
macrophages were activated by LPS and IFN-y and con-
comitantly treated with increasing concentrations of corti-
costerone ranging from 107" M to 107 m. Forty-eight hr
later we measured NO production in the supernatant
using a photometric assay. As hypothesized, low concen-
trations of corticosterone potentiated the ability of macro-
phages to produce NO while high levels significantly
repressed NO production (Fig. 3a). Importantly, GC
treatment did not induce apoptosis of cultured macro-
phages. Whilst 89-5 + 2:3% of the cells in control cultures
were still alive after 2 days based on Annexin V-binding,
this was the case for 882 £ 4-4% after treatment with
107 M corticosterone (n = 3). We conclude that GCs
exerts opposing effects on macrophage function depend-
ent on their concentration and that this effect is inde-
pendent of apoptosis induction.

Next, we investigated the role that the GR and the MR
play in the immunostimulatory and immunosuppressive
activities of corticosterone. To this end, we transduced
macrophages with the lentiviruses pLL-3.7, pLL-siGR or
pLL-siMR for two days, activated them with LPS/IFN-y
and determined NO production as a measure for macro-
phage function. In addition, corticosterone was added
either at a low (107'° M) or a high (10™® M) concentra-
tion. Similar to non-transduced cells, pLL-3.7-transduced
macrophages produced high amounts of NO following
activation, which could be further potentiated by low
doses of corticosterone and repressed by high doses of
corticosterone (Fig. 3b). Thus, lentiviral transduction does
not interfere with macrophages function. Importantly, in
cells transduced with pLL-siGR, a low concentration of
corticosterone did no longer increase NO production and
a high dose only inefficiently reduced it. In contrast, inac-
tivation of the MR did not influence the ability of corti-
costerone to modulate NO production, neither at a low
nor at a high concentration (Fig. 3b). Thus, the immuno-
stimulatory and the immunosuppressive activities of GCs
are both mediated via the GR and not the MR.

Corticosterone-dependent modulation of mRNA
expression by activated peritoneal macrophages

To extend our findings to other macrophage functions
involved in the control of inflammation we studied
mRNA expression of a variety of genes. As in the
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Figure 3. (a) Dose—response curve of the immunomodulatory effect
of GCs. Peritoneal macrophages were activated by LPS and IFN-y in
the absence (No) or presence of increasing amounts of corticoster-
one (10_10 M to 107° M). NO production was determined 48 hr later
in the culture supernatant. NO production in the absence of corti-
costerone was set to 100%. (b) Impact of GR and MR inactivation
on the ability of corticosterone to modulate NO production. Perito-
neal macrophages were transduced with the lentiviruses pLL-3-7,
pLL-siGR or pLL-siMR. Subsequently, they were activated with LPS
and IFNy in the absence or presence of corticosterone.

previous experiment, thioglycollate-elicited peritoneal
macrophages were transduced with pLL-3.7, pLL-siGR or
pLL-siMR followed by activation with LPS/IFN-y in the
presence or absence of a low or a high concentration of
corticosterone. Subsequently, we analysed mRNA expres-
sion of cytokines (TNF-o, IL-1f, IL-6, IL-12), chemokines
(CXCL-1, CXCL-10) and enzymes necessary for the pro-
duction of mediators (iNOS, COX-2) by quantitative
PCR. A low dose of corticosterone increased mRNA
expression of all genes analysed whereas a high cortico-
sterone concentration reduced it (Fig. 4). Similar to the
effect on NO production, inactivation of the GR abro-
gated both effects while inactivation of the MR had no
influence on the ability of corticosterone to modulate
gene expression (Fig. 4). Taken together, corticosterone
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Figure 4. Peritoneal macrophages were transduced with pLL-3.7,
pLL-siGR or pLL-siMR and subsequently activated with LPS and
IEN-v in the absence or presence of corticosterone for 6 hr. mRNA
expression of pro-inflammatory genes was determined by quantita-
tive PCR. The mRNA levels in the absence of corticosterone treat-
ment were set at 100%.

modulates macrophage function in a concentration-
dependent manner by binding to the GR but not the MR.

Adrenalectomy induces macrophage priming

To investigate how the removal of endogenous GCs
impacts on innate immunity, we isolated thioglycollate-
elicited peritoneal macrophages from adrenalectomized
(ADX) and sham-operated rats and took them in culture.
As a control, macrophages from both types of animals
were activated by LPS and IFN-y. In addition, corticoster-
one was either added at a low or a high concentration.
Most importantly, macrophages from ADX rats produced
elevated levels of NO even in the absence of induction,
which could only slightly be enhanced by LPS/IFN-y
treatment (Fig. 5a). Nevertheless, NO production by
macrophages from ADX rats could still be positively and
negatively modulated by corticosterone. Similarly, macro-
phages from ADX rats also expressed elevated levels of
iNOS and TNF-o mRNA, indicating that these cells were
generally preactivated and must have been primed by the
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Figure 5. Peritoneal macrophages were isolated from adrenalectom-
ized (ADX) and sham-operated rats, either left unstimulated or acti-
vated with LPS and IFN-y and cultured in the absence or presence
of corticosterone. (a) NO production was determined after 48 hr by
photometric assay. (b) mRNA expression of iNOS and TNF-o was
measured by quantitative PCR 6 hr after activation.

lack of endogenous GCs (Fig. 5b). We conclude that the
removal and the addition of increasing concentrations of
corticosterone impact on macrophage function in a com-
plex manner.

Discussion

GCs modulate a plethora of physiological functions.
While these activities are mostly mediated by the GR, the
MR plays an equally important role in the hippocampus.
In this case it is assumed that the MR mediates GC effects
at basal levels while the role of the GR is largely refined
to situations of elevated hormone concentrations, e.g.
during stress.” Guided by the observation that GCs are
not purely immunosuppressive but also enhance certain
immune functions, in particular at low levels'”'* we
asked whether (i) concentration-dependent GC effects can

also be found in peritoneal macrophages, and (ii) whether
they are mediated by the GR or the MR.

First, our analysis provides clear evidence that thiogly-
collate-elicited peritoneal macrophages express both the
GR and the MR. Furthermore, 11B3-HSD2 is not present
in macrophages, which is in line with previous data."
Thus, corticosterone should be able to regulate these cells.
Second, we found that macrophage function is enhanced
at low corticosterone levels while high concentrations are
immunosuppressive. Similar observations were previously
made with regard to effects of GCs on a delayed-type
hypersensitivity response, the stimulation of T-cell mito-
genesis and NO production by microglial cells.”'>'* Thus,
opposing effects of GCs in dependence of their concentra-
tion appear to be a general characteristic of the immune
system. Third, previous studies suggested that the enhan-
cing activities of corticosterone are mediated by the MR
while the repressive ones require the GR.” Our data now
clearly show that the MR is dispensable for both types of
GC actions despite its expression in macrophages. How-
ever, the mechanism by which the opposing effects are
achieved remains unknown.

The finding that corticosterone exerts dosage-depend-
ent activities has important consequences for our under-
standing of immunoregulation by GCs. Whilst the
repressive effects of high GC doses prevent exaggerated
immune responses, we now found that macrophage func-
tions are potentiated by low levels of corticosterone. We
hypothesize that the release of limited amounts of GCs
serves to alert the organism of potential threats thereby
preparing it to respond to pathogens or wounding. One
could imagine a model in which macrophage function is
enhanced at an early stage of inflammation when GC lev-
els are only mildly elevated, while leucocytes are held in
check at a later stage when the massive release of endo-
genous GCs prevents a potentially deleterious host
response. This would be in line with the model suggested
by McEwen and colleagues arguing that acute stress situa-
tions are likely to prepare the organism for challenges.'*

In the hippocampus, the differential ligand affinities of
the GR and the MR underlie the opposing effects of low
and high corticosterone concentrations. Pharmacological
experiments performed on microglial cells suggested that a
similar phenomenon may exist in the immune system.”
This was further supported by our finding that macro-
phages express MR mRNA and protein. However, selective
inactivation of either the GR or the MR by lentiviral
delivery of siRNAs to macrophages ex vivo revealed that the
presence of the MR was dispensable for all the immuno-
modulatory functions of GCs tested. Thus, it remains un-
clear how two different concentrations of a single hormone
are able to achieve opposing effects through one receptor.
An explanation would be that different conformations of
the GR are induced at low vs. high GC levels. For example,
the GR binds as a homodimer to the enhancer region of the
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tyrosine-aminotransferase gene®® while concerted multimers
are found in the case of the phenylethanolamine N-methyl-
transferase (PNMT) gene.21 Alternatively, cofactors could
be differentially recruited to the GR dependent on receptor
occupancy. Besides the possibility that opposing GC activit-
ies are mediated through genomic effects of the GR, non-
genomic mechanisms also need to be considered.' It is
known that the GR is able to interact with cytosolic signal-
ling molecules such as PI3K, and that GCs can act through
a putative membrane receptor. Therefore it is tempting to
speculate that genomic effects are seen at high GC concen-
trations while non-genomic mechanisms become effective
at lower hormone levels. Taken together, it will be interest-
ing in the future to further dissect the molecular basis of
the opposing GC effects.

Another intriguing finding is the preactivation of
macrophages following the removal of endogenous GCs
by adrenalectomy, as it suggests that GCs serve to keep
the immune system in an inactive stage in the absence of
any stimulus. As a consequence, immune functions can
be immediately modulated once GC levels rise in response
to a challenge. In summary, our results revealed three dif-
ferent functions of GCs in controlling inflammatory
macrophages that are all mediated through the GR. The
presence of basal levels of GCs guarantees that the
immune system is inactive in the absence of stimulation.
Release of low amounts of corticosterone enhances
immune functions and thereby prepares the organism to
challenges. Finally, high concentrations of GCs repress
macrophage function and thereby prevent exaggerated
immune responses that may harm the organism. Thus,
GCs exert complex modulatory activities in the control of
the innate immune system.
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