
Research Article

Trends in Biomedical Research

J Tre Bio Res, 2019         doi: 10.15761/JTBR.1000109  Volume 2: 1-11

ISSN: 2632-0509

Steroid hormones differentially regulate expression 
of complement receptors immunoglobulin in human 
macrophages, involving the glucocorticoid receptor
Nateelak Kooltheat1, Pachuen Potup1, Yordhathai Thongsri1, Antonio Ferrante2 and Kanchana Usuwanthim1*
1Cellular and Molecular Immunology Research Unit, Faculty of Allied Health Sciences, Naresuan University, Phitsanulok 65000, Thailand
2Department of Immunopathology, SA Pathology, Women’s and Children’s Hospital, North Adelaide SA 5006, Australia; School of Medicine, Robinson Research 
Institute, University of Adelaide, North Adelaide SA 5006, Australia

Abstract
We have previously reported that the glucocorticoid, dexamethasone, increases the expression of Complement Receptor Immunoglobulin (CRIg) in macrophages. 
Since the sex steroid hormones, progesterone, estradiol and testosterone also affect macrophages functions, it was of interest to see if these also modulated CRIg 
expression in macrophages and whether, the steroids effect these changes through the glucocorticoid receptor (GR). The data showed that only progesterone and 
dexamethasone increased CRIg expression in human monocyte-derived macrophages (MDM). The other two steroids had no effect on the expression of this receptor 
at both the mRNA and protein level. Western blot analysis revealed that this was the case for both spliced forms of CRIg, the long (L) and short (S) isoforms. 
However, all four steroids had no effect on the expression of CR1 (CD35) and CR3 (CD11b) but caused an increase in CR4 (CD11c) expression. Interestingly the 
effects of dexamethasone and progesterone correlated with their ability to induced expression of the GR and an increase in its nuclear translocation. The importance 
of the GR in regulating the steroid-induced increase in CRIg expression, was demonstrated by the finding that knocking down the levels of GR using shRNA, led 
to a loss of the dexamethasone-induced up regulation of CRIg expression. The increase in CRIg expression by dexamethasone and progesterone was also evident in 
cell surface expression of the receptor, assessed by flow cytometry. Our findings reveal that the steroids differ in their effects on macrophage CRIg expression and that 
they have different effects on the expression of the different complement receptors. The expression of CRIg including its up-regulation by steroids requires the GR.
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Introduction
Steroid hormones are derived from cholesterol. They are transported 

through the bloodstream to various target cells where they carry out 
the regulation of a wide range of physiological processes. Sex steroid 
hormones, including progesterone, estrogen and testosterone are 
produced by ovaries, testes and adrenal cortex. While these are known 
for their influence on sexual development and reproduction, they have 
also been reported to modulate inflammation and immune functions 
[1]. Thus, reduction of sex steroid hormones promotes inflammation. 
Both estrogen and progesterone have been shown to drive macrophages 
towards an alternative activation type, regulating wound healing, 
angiogenesis and remodelling [1]. Progesterone can suppress LPS-
induced IL-6, TNF-α and IL-1β production [2,3]. In vitro and in vivo 
studies suggested that testosterone displays immunosuppressive effects 
by causing a reduction in TLR 4 expression on macrophages [4]. Other 
effects of macrophage function, including phagocytosis, by these 
steroids have been reported [5-7]. Central to the anti-inflammatory 
function of steroids and glucocorticoid receptor (GR), is their ability to 
repress inflammatory genes; apart from the above include chemokines, 
inducible nitric oxide synthase 2, matrix metalloproteases 12 and 
13. GR is the nuclear hormone receptor family of ligand activated 
transcription factors which bind to glucocorticoids (GC), steroid 
hormones. GC-GR binding is a powerful therapy for inflammatory 
diseases, controls systemic homeostasis and the body’s stress response 
through the hypothalamic-pituitary-adrenal axis [8]. GC can have 
anti-inflammatory effects and synthetic GC are commonly used anti-
inflammation agents [8]. Previously it has been reported that the anti-

inflammatory drug dexamethasone causes substantial increases in CRIg 
(B7 family-related protein V-set and Ig domain-containing 4; VSIG4) 
expression on macrophages [9,10] , and we recently postulated that the 
GC effects on CRIg expression occur through their binding to GR [11].

Macrophages are crucial cells of the innate immune system as well 
as the adaptive immune response [12,13]. The cells play a major role 
in the clearance of pathogens by complement-mediated as well as 
non-complement-mediated mechanisms [14,15]. CRIg is expressed 
exclusively on macrophages, where it promotes phagocytosis 
in a complement-dependent and -independent manner [16-
18]. In addition CRIg has been shown to have anti-inflammatory 
and immunosuppressive properties, specifically anti-complement 
activity [19-21], suppression of T cell responses [22,23] and antibody 
production [24].

We have previously reported that the glucocorticoid, 
dexamethasone, increases the expression CRIg in macrophages. Since 
the sex steroid hormones, progesterone, estradiol and testosterone also 
affect macrophages functions [2-4], it was of interest to see if these also 
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modulated CRIg expression in macrophages, and to compare their effects 
on all of complement receptors expressed by macrophages. It was also 
of interest to see if the steroids effect on CRIg expression was dependent 
on the GR. In this study, we demonstrate that while dexamethasone and 
progesterone increase the expression of CRIg in human macrophages, 
estrogen and testosterone had no effect. All steroids examined had no 
effect on either CR1 or CR3 expression but all four caused an increase 
in CR4 expression. Interestingly only dexamethasone and progesterone 
induced expression and translocation of the GR to the nucleus and their 
effects on CRIg expression were dependent on the GR.

Materials and methods
Isolation and differentiation of human peripheral blood monocytes

This study was approved by the Human Ethic Committee of 
Naresuan University, Phitsanulok, Thailand, under the certification 
number NUIRB-574/58. Human monocytes were isolated from the 
leukocytes-rich blood component of healthy donors obtained with 
permission from Naresuan University Hospital, Phitsanulok, Thailand. 
The blood component was diluted by the addition of an equal volume 
of Hank’s balanced salt solution (HBSS), layered above 1.077 g/ml 
Lymphoprep density gradient solution (Axis-Shield PoC AS, Oslo, 
Norway) and then centrifuged at 600 g for 30 min, 25°C for the isolation 
of peripheral blood mononuclear cells (PBMCs). Cells were washed 
with HBSS by centrifugation at 300 g for 5 min. PBMCs were diluted 
in RPMI-1640 medium (Thermo Fisher Scientific, Inc., New York, 
NY, USA), layered above 1.064 g/ml hyper-osmotic Percoll solution 
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden), and centrifuge at 
400 g, 15 min, 25°C for the isolation of human monocytes. To remove 
platelets, the cell suspension was layered on 1.068 g/ml iso-osmotic 
Percoll solution followed by centrifugation at 300 g, 15 min, 25°C. The 
pellet containing predominantly monocytes was resuspended in RPMI-
1640 and washed with HBSS, followed by centrifugation sequentially at 
400, 300, 200 and 100 g. Isolated monocytes were cultured in RPMI-
1640 medium supplemented with 10% FBS (Thermo Fisher Scientific). 
Cells were cultured at 37°C in humidified incubator with 5% CO2 air 
for 7 days to differentiate to monocyte-derived macrophages (MDM) 
[9,11]. The macrophages were detached from culture surface with 
detachment buffer, containing 0.4% lidocaine and 50 mM EDTA in 
HBSS. The cells were assessed for viability by the trypan blue exclusion 
assay. Flow cytometric analysis showed the cell population to be >99% 
CD14+ and >98% CD16+ cells (Supplementary Figure 1).

Expression of membrane surface markers was assessed by flow 
cytometric analysis. The cells were suspended in staining buffer solution 
in round-bottom test tubes at a concentration of 106 cells/ml and then 
centrifuged at 300 g, 8 min, 4°C. Cell supernatants were discarded, 
fluorescence-conjugated antibody added to a final concentration of 
2 µg/106 cells in 100 µl, and the reaction was incubated at 4°C for 1h 
in the dark. Cells were washed twice with 2 ml of staining buffer and 
centrifuged at 300 g, 6 min, 4°C. The cell pellet was resuspended in 
400 µl of staining buffer and analysed by flow cytometry using the 
FC 500 Flow Cytometer (Beckman Coulter, Inc., Indianapolis, IN, 
USA). Immunostaining was performed with PE-conjugated anti-
CD14 antibody (HCD14) (BioLegend, Inc., San Diego, CA, USA) and 
FITC-conjugated anti-CD16 antibody (NKP15) (BD Biosciences, San 
Jose, CA, USA), respectively. To assess surface complement receptor 
expression the macrophages were stained with anti-Z39Ig/CRIg (6H8) 
(Santa Cruz Biotechnology, Inc., Dallas, TX) and PE-conjugated 
goat anti-mouse IgG antibody (Immuno Tools GmbH, Friesoythe, 
Germany), FITC-conjugated anti-human CR1/CD35 (UJ11) (Immuno 

Tools GmbH), PE-conjugated anti-human CR3/CD11b (D12) (BD 
Biosciences, San Jose, CA, USA), and FITC-conjugated anti-human 
CR4/CD11c antibodies (BU15) (Immuno Tools GmbH).

NR3C1/GR knock down

In order to knock-down expression of GR in human macrophages, 
DNA plasmid containing scrambled shRNA and NR3C1/GR shRNA 
were used. Plasmids were extracted from growth phase culture of E. 
coli (VectorBuilder (Guangzhou) Inc., Guangzhou, China) containing 
shRNAs using QIAGEN Plasmid Plus Midi Kit (QIAGEN, Hilden, 
Germany) with an optimized protocol.

The MDM were prepared and 1x 107 cells were added to microfuge 
tubes. These were centrifuged at 500 × g for 5 min, the supernatant 
discarded and the cell pellet was resuspended in 200 µl of Ingenio 
Electroporation Solution (Mirus Bio LLC., Madison, WI, USA) 
containing 20 µg/ml of shRNA plasmid. Then the cell suspension 
was transferred to 0.2 mm transfection cuvette, placed into Lonza-
AmaxaNucleofector 2b device (Lonza Group AG, Basel, Switzerland), 
and electroporated with optimal pulse for human primary macrophages 
(Protocol Y-010). Viable shRNA-transfected cells were counted, 
transferred to 24-well plate and seeded as 2 × 105 cells/well, and allowed 
to rest for 48 h before use in experiments.

RNA isolation

Total RNA from macrophages was isolated with the TRIzol reagent 
(Thermo Fisher Scientific, Inc.,) containing phenol and guanidine 
isothiocyanate. Cultured macrophages were directly lysed inside the 
plate by the addition of 200 µl of TRIzol reagent. The homogenized 
sample was transferred to polypropylene microcentrifuge tube and 
100 µl of chloroform were added to perform phase was separation. 
The reaction was vigorously mixed, incubated for 3 min at room 
temperature and centrifuged at 12000 g, 15 min, 4°C. The upper 
aqueous phase containing RNA was transferred to a new tube, 100 µl 
of isopropanol added to precipitate the RNA, left standing for 10 min 
at room temperature and centrifuged at 12000 g, 15 min, 4°C. The 
reaction supernatant was discarded, RNA pellet washed with 500 µl of 
75% ethanol in RNase-free water followed by the centrifugation at 7500 
g, 5 min, 4°C. The RNA pellet was dissolved by adding 50 µl of RNase-
free water and incubation for 10 min at 55°C.

Measurement of complement receptor mRNA

The RNA was first converted to cDNA using Tetro cDNA Synthesis 
Kit (Bioline Reagents Limited, London, UK). The reaction contained 5 
µl of 1 µg/ml RNA template, 1 µl of Oligo (dT)18 Primer, 1 µl of 10mM 
dNTP mix, 5 µl of 5x RT Buffer, 1 µl of RiboSafe RNase Inhibitor, 1 µl 
of 200 U/ µl Tetro Reverse Transcriptase, and 7 µl of RNase-free water. 
Reverse transcription was performed in the thermal cycler (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) setting at 45°C for 30 min, and 
85°C for 5 min.

Gene expression was evaluated by qPCR using SensiFAST SYBR 
No-ROX Kit (Bioline Reagents Limited, London, UK). The reaction 
was prepared by mixing the following reagents; 10 µl of 2x SensiFAST 
SYBR No-ROX Mix, 0.8 µl of 10 µM forward primer, 0.8 µl of 10 µM 
reverse primer, 5 µl of 1 ng/ml cDNA template, and 3.4 µl of RNase-free 
water. Oligonucleotide primers specific to genes used in this study are 
showed in Table 1 (Bio Basic Inc., Markham, ON, Canada) [25]. The 
qPCR conducted in CFX96 Touch Real-Time PCR Detection System 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), set as 3 min of initial 
denaturation at 95°C, 45 cycles of 10 sec denaturation at 95°C followed 
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was measured using a microplate reader (PerkinElmer Inc., Waltham, 
MA, USA).

Western blot analysis

In order to prepare proteins from experimental samples for 
separation by polyacrylamide gel electrophoresis, 25 µl of 1000 µg/ml 
protein extract was mixed with an equal volume of 2X Leammli loading 
buffer, and heated at 95°C for 5 min to denature the protein. Samples 
were then mixed and centrifuged at 16000 g for 1 min to separate cell 
debris and the precipitated proteins. For the separation of proteins 
by SDS-PAGE, 40 µl of each protein sample was loaded to the well of 
mini 12% SDS-PAGE gel, along with Spectra Multicolor Broad Range 
Protein Ladder (Thermo Fisher Scientific, Inc.,). Gels were placed in 
Mini-PROTEAN Tetra cell (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA) and then run in Tris/Glycine/SDS buffer for 10 min at 
constant 100 V, followed by 35 min at constant 200 V. SDS-PAGE gel 
and PVDF membranes were placed in Mini Trans-Blot Module (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) and transferred in Towbin 
buffer with SDS for 1 h at constant 100 V.

For western blot analysis, PVDF blotting membranes were blocked 
with 2.5% polyvinyl alcohol in TBST (0.05% Tween-20 in tris-buffered 
saline solution) at RT for 1h with shaking. The membrane was then 
incubated overnight in primary antibody at 4°C with shaking. 
Monoclonal primary antibodies used in this study were mouse anti-β-
actin (C4), mouse anti-human Z39Ig/CRIg (6H8), mouse anti-human 
GR (G-5) (Santa Cruz Biotechnology, Inc.,), anti-CD11b (LT11), 
anti-CD11c (BU15), and anti-CD35 (UJ11) (Immuno Tools GmbH, 
Friesoythe, Germany). Membrane was washed 4 times with TBST at 
RT, each for 5 min with shaking. The membrane was then incubated 
in HRP-conjugated goat anti-mouse IgG (H+L) secondary antibody 
(Thermo Fisher Scientific, Inc.,) at RT for 1 h with shaking.

For the detection of protein bands by enhanced chemiluminescence 
(ECL), the PVDF blotting membrane was washed 4 times with TBST 
at RT, each for 5 min with shaking. The membrane was soaked in 
SuperSignal West Pico ECL substrate (Thermo Fisher Scientific, Inc.,) 
for 5 min, and placed in ChemiDoc XRS+ Imaging System (Bio-Rad 
Laboratories, Inc.,). Chemiluminescence signal of blotted membrane 
was acquired, bands of proteins were detected and normalized by Image 
Studio Lite software (LI-COR Corporate, Lincoln, NE, USA).

Statistical analysis
Three-independent experiments were performed in this study. 

One-way ANOVA and Bonferroni multiple comparisons test was used 
to analyse data using GraphPad Prism software (GraphPad Software, 
Inc., La Jolla, CA, USA). Confident intervals of 99% (p=0.01) were used 
in all statistical analysis.

Results
Effect of steroid hormones on complement receptors 
expression

Human macrophages were treated with two different concentrations 
of the steroids, based on previous reports (United States Biological, 
Salem, MA, USA), progesterone (hydroxyprogesterone caproate) (Bayer 
Pharma AG, Berlin, Germany), estradiol (estradiol valerate) (Bayer 
Pharma AG, Berlin, Germany), or testosterone (testosterone enantate) 
(Bayer Pharma AG, Berlin, Germany). Doses of steroid hormones 
used in this study were calculated from therapeutic doses of steroid 
hormones [28-30]. Macrophages were plated at a density of 2×105 cells/

by 30 sec of annealing and elongation at 60°C. RT-qPCR data was 
analysed by normalized gene expression using 2˗ΔΔC˗ method [26].

Subcellular fractionation and protein extraction

Fractionation of cytoplasmic protein and nuclear protein from 
experimental macrophages was performed using Nuclear Extraction 
kit, according to the manufacturer’s instructions (Catalog number: 
SK-0001, Lot number: 12041501) (Signosis, Inc., Santa Clara, CA, 
USA) [27] with DTT solution and Halt Protease/Phosphatase Inhibitor 
Cocktail (Thermo Fisher Scientific, Inc.,). The cells were washed with 
HBSS and then harvested by treating with detachment buffer (HBSS 
buffer containing 50 mM EDTA and 0.04% lidocaine hydrochloride). 
Cells were transfer to 1.5 ml microcentrifuge tube and washed twice 
with HBSS by centrifugation at 500 g for 5 min. The cell supernatant 
was discarded and the cell pellet was solubilized by adding 100 µl of lysis 
Buffer I on an ice box, for 10 min with shaking. Cells were centrifuge at 
12000 g for 5 min at 4°C. Supernatants containing cytoplasmic proteins 
were collected. The remaining cells pellet was then lysed with 100 µl 
of lysis Buffer II on an icebox, for 2 h with shaking. Cell lysates were 
centrifuge at 12000 g for 5 min at 4°C and supernatant containing 
nuclear protein was collected for further analysis.

Total protein from macrophages was extracted using the cell lysis 
buffer (150 mM NaCl, 50 mM Tris, 1.0% NP-40) with DTT solution, 
and Halt Protease/Phosphatase Inhibitor Cocktail (Thermo Fisher 
Scientific, Inc.,). Cell culture supernatants from experimental wells were 
discarded and cells washed twice with cold HBSS. Cold RIPA buffer was 
added to the cells at 100 µl/well, and then kept on ice for 5 min. Cells 
were detached using a cell scrapper and the cell lysate was transferred to 
1.5 ml microcentrifuge tube. The lysate was centrifuged at 14000 g for 
15 min to remove cell debris, and then the protein-containing extract 
was collected for further analysis.

Quantification of the protein concentration was performed by 
Bradford coomassie-binding, colorimetric method. Using 96-well plate, 
5 µl of diluted sample or series of protein standards were added to the 
wells. Then 250 µl of coomassie reagent was added to each well and 
mixed with a plate shaker at RT for 30 sec. The reaction mixture was 
further incubated at RT for 10 min, and then the absorbance at 595 nm 

Gene Sequence (5' → 3') Tm
(°C)

Amplicon 
Size

(Base Pair)
ACTB: Actin beta [Homo sapiens], Reference Gene

F: CATGTACGTTGCTATCCAGGC 60.8
250

R: CTCCTTAATGTCACGCACGAT 60.2
VSIG4: V-set and immunoglobulin domain containing 4 [Homo sapiens], CRIg

F: TCCTGGAAGTGCCAGAGAGT 60.2
112

R: TGTACCAGCCACTTCACCAA 59.2
CR1: Complement C3b/C4b receptor 1 (Knops blood group) [Homo sapiens]

F: CACGAAGCCGCCAATTTGTC 62.5
204

R: CCCACTTGATCGTCATTGCTG 61.3
ITGAM: Integrin subunit alpha M [Homo sapiens], CR3

F: GCCTTGACCTTATGTCATGGG 60.4
185

R: CCTGTGCTGTAGTCGCACT 61.6
ITGAX: Integrin subunit alpha X [Homo sapiens], CR4

F: AGAGCTGTGATAAGCCAGTTCC 61.7
95

R: AATTCCTCGAAAGTGAAGTGTGT 60.1
NR3C1: Nuclear receptor subfamily 3 group C member 1 [Homo sapiens], GR

F: ATAGCTCTGTTCCAGACTCAACT 60.5
111

R: TCCTGAAACCTGGTATTGCCT 60.8

Table 1. Oligonucleotide primers specific to genes used in this study
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well in 24-well plate and treated with dexamethasone (12.50 ng/ml or 
150 ng/ml), progesterone (4166.67 ng/ml or 8333.33 ng/ml), estradiol 
(166.67 ng/ml or 333.33 ng/ml), and testosterone (3333.33 ng/ml or 
6666.67 ng/ml) for 24 h. Complement receptor mRNA and protein 
expression was measured by RT-qPCR and western blot, respectively.

The MDM were treated for 24 h with the steroids and then analysed 
for expression of CRIg mRNA using RT-PCR. The data was normalized 
gene expression using 2˗ΔΔCᴛ method. The normalized gene expression 
data showed that only dexamethasone and progesterone significantly 
increased the expression of CRIg mRNA (p<0.01) (Figure 1). Both 
low and high concentrations of dexamethasone and progesterone 
up-regulated the expression of CRIg mRNA to 1.60, 1.66, 1.48, and 
1.47-fold compared to untreated control cells, respectively (p<0.01). 
Interestingly, the steroids had no significant effect on the expression 
of the other complement receptors, CR1/CD35, CR3 except for CR4.

The macrophages were examined for expression of total CRIg 
protein by subjecting the cell lysates to western blotting. Protein 
samples were denatured, diluted to 1000 µg/ml and 50 µl was added to 
the wells. Western blot analysis showed the presence of both the long 
(L) and short (S) (Figure 2) forms of CRIg. Supplementary Figure 2 
shows typical gel runs with molecular weight references range shown. 
The results presented in Figure 2 show that only dexamethasone and 
progesterone caused a significant increase in expression of CRIg. Neither 
estrogen nor testosterone had any effect on CRIg expression. Low and 
high concentrations of dexamethasone and progesterone significantly 
increased the expression of CRIg protein to 1.58, 1.44, 1.39, and 1.57-
fold compared to the untreated control MDM, respectively (p<0.01) for 
the L isoform. Similar effects were seen for the S form (Figure 2). The 
steroids had no effect on the expression of CR1/CD35 and CR3/CD11b, 
and only a very small but significant increase in the latter receptor was 

caused by estradiol (Figure 2). However, the expression of CR4/CD11c 
protein was significantly increased in MDM treated with any one of 
these steroid hormones.

Effect on expression and translocation of the glucocorticoid 
receptor

MDM were treated with steroid hormones as described above. 
Normalized expression analysis of GR gene showed that low and high 
concentrations of the dexamethasone and progesterone up-regulated 
gene expression to 2.42, 2.65, 1.76, and 2.25-fold of untreated controls 
MDM (p<0.01) (Figure 3A). Denatured protein samples were loaded 
(50 µl/well) at a concentration of 1000 µg/ml for total GR and 2000 
µg/ml for cytoplasmic and nuclear GR. Western blot analysis was used 
to assess changes in the amount of total, cytoplasmic, and nuclear GR 
expressed (Figure 3B, 3C and 3D). Molecular weight reference range 
is shown in Supplementary Figure 3. Low and high concentrations of 
dexamethasone significantly increased the expression of total GR to 
1.49 and 1.61-fold (Figure 3B) of untreated control MDM (p<0.01). 
Dexamethasone and progesterone, at low and high concentrations 
caused a significant decrease in cytoplasmic GR content to 0.69, 0.62, 
0.82, and 0.73-fold (Figure 3C) of untreated controls (p<0.01). In 
comparison these caused significant increases in nuclear GR content 
by 1.49, 1.62, 1.33, and 1.40-fold (Figure 3D) of untreated control cells, 
respectively (p<0.01).

When the results were expressed as the nuclear: cytoplasmic GR 
content ratio, dexamethasone and progesterone-treated MDM displayed 
an increase in this ratio (Figure 3E). Low and high concentrations of 
dexamethasone and progesterone, significantly increased nuclear: 
cytoplasmic GR ratio from 1.50 in untreated control MDM to 3.24, 
3.95, 2.43, and 2.89 in treated cells, respectively (p<0.01).

Figure 1. Effect of steroids on the expression of complement receptor mRNA in MDM
MDM were treated with either high (HI) or low (LO) concentrations of steroid hormones for 24 h. The level of complement receptor mRNA was measured by RT-qPCR. Data was analysed 
by normalized gene expression and presented as mean ± SD of 3 experiments. Statistical analyses: Receptor expression in treated versus non-treated control cells; * p<0.01 Abbreviations: 
UNTR CTRL, Untreated Control; DEX, Dexamethasone; P4, Progesterone; E2, Estradiol; T, Testosterone.
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Figure 2. Effects of steroid hormones on the expression of total complement receptor protein
The MDM were treated with the steroid hormones for 24 h. Expression of complement receptors was determined by western blot analysis. Data was normalized and presented as mean ± SD 
of 3 experiments (top panel). Representative imaging of chemiluminescent from western blots analysis are shown (bottom panel). Molecular weights were established from the molecular 
weight references range (Supplementary Figure 2). Statistical analyses: Receptor expression in treated versus non-treated control cells; * p<0.01.

The role of the gr in glucocorticoid-induced crig expressions

To examine whether the effects of the steroids worked through for 
GR receptor, we examined the effects of dexamethasone on GR deficient 
MDM. The macrophages were transfected with either scramble shRNA 
or NR3C1/GR shRNA by electroporation. Expression of the GR and 
complement receptors then analysed by gene expression and western 
blot analysis. Normalized gene expression data showed a significant 
decrease of GR and CRIg mRNA in NR3C1 shRNA-transfected 
macrophages by 0.37 and 0.55-fold of control transfected cells (p< 0.01) 

(Figure 4A). Expression of other complement receptors including CR1, 
CR3, and CR4 was not influenced by GR knock down.

For western blots, protein samples were denatured, diluted to 1000 µg/
ml and 50 µl was added to each well. The results showed that there was 
a significant decrease in GR and CRIg proteins in NR3C1/GR shRNA 
transfected macrophages to 0.36 and 0.46-fold of control cells (p<0.01) 
(Figure 4B). No significant effect was found for the expression of other 
complement receptors. Thus, it is interesting that when the NR3C1/
GR shRNA transfected cells were treated with either dexamethasone or 
progesterone there was no significant increase in CRIg expression (Figure 5).
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Figure 3. Steroid hormones regulate expression and nuclear translocation of glucocorticoid receptor (GR) in human macrophages
MDM were treated with the steroid hormones for 24 h. Expression of GR was measured by RT-qPCR and western blot Translocation of GR was analysed by measuring changes in the ratio 
of nuclear: cytoplasmic GR content using western blot. (A) shows the level of GR mRNA, (B) total GR protein levels and representative imaging of chemiluminescent from western blots, 
(C) cytoplasmic GR protein levels and (D) nuclear GR protein levels. (E) shows the ratio of the nuclear GR protein levels to cytoplasmic levels. Data was normalized and presented as mean 
± SD of 3 experiments. Statistical analyses: * p<0.01 compared to untreated control cells.
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Figure 4. Effect of NR3C1/GR Gene Silencing on the Expression of Glucocorticoid Receptor mRNA (A) and protein (B)
MDM were transfected with plasmid containing either scramble shRNA or NR3C1/GR shRNA by electroporation. Expression of GR and CR mRNA was measured by RT-PCR and protein 
by western blots. Data was normalized and presented as mean ± SD of 3 experiments. Statistical analyses: * p<0.01 compared to non-transfected control.
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Effects of steroids on cell surface expression of crig
Since the functional properties of CRIg depend on expression on 

the cell surface, MDM surface complement receptors expression was 
examined by flow cytometry. The data showed that dexamethasone and 
progesterone increased expression of CRIg, from 68.43% in untreated 
control cells to 99.58, 93.69, 89.89, and 87.53%, respectively (p<0.01) 
(Figure 6). Expression of CR1/CD35 was significantly decreased in 
macrophages treated with low concentration of dexamethasone and 
progesterone from 73.92% in untreated control cells to 65.44 and 67.94%, 
respectively (p<0.01). Expression of CR3/CD11b was significantly 
decreased in cells treated with dexamethasone from 86.54% in untreated 

control cells to 76.88 and 78.83%, respectively for low and high 
concentrations (p<0.01). Expression of CR4/CD11c was significantly 
decreased in MDM treated with dexamethasone, progesterone and 
high concentrations of estradiol, and low concentration of testosterone 
from 89.95% in untreated control cells to 81.40, 83.18, 82.61, 84.05, 
83.20, and 84.04%, respectively (p<0.01) (Figure 6).

Discussions
The data demonstrate that steroid hormones differentially regulate 

the expression of CRIg in macrophages. Thus, while progesterone 
like dexamethasone caused a marked increase in expression of this 

Figure 5. Effect of dexamethasone and progesterone on the expression of complement receptor proteins in GR gene-silenced macrophages
MDM were transfected with plasmid containing NR3C1/GR shRNA for the GR knockdown. The cells were treated with the steroids and then complement receptor expression measured 
by western blot analyses of cell lysates. Data was normalized and presented as mean ± SD of 3 experiments. Bottom panel shows a representative western blot of the effect of steroids on 
GR deficient macrophages.
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receptor in MDMs, both estrogen and testosterone had no effect. These 
steroids were active on macrophages since they caused an increase 
in expression of CD11c. While it is not clear why there are such 
differences, the structures depicted in Figure 7 show a closer similarity 
between dexamethasone and progesterone compared to estrogen and 
testosterone [31]. We have previously postulated that dexamethasone 
acts via GR to increase the expression of CRIg at the transcriptional 
level [11]. The steroid hormones have the same basic structure but 
differ in functional groups (Figure 7) [31]. Because CRIg has anti-
inflammatory and immunosuppressive properties [22,23], it is likely 

that dexamethasone and progesterone cause their anti-inflammatory 
effects through this mechanism. All four steroids had no effect on 
CR3 expression but caused an increase in CR4 expression. Moreover, 
from the transcription factor binding predictions there are response 
elements of steroid hormone (glucocorticoid, progesterone, estrogen 
and androgen) on the promoter of all CRs genes. Interestingly CR1 and 
CR3 promoters contain NGRE (negative binding sites for glucocorticoid 
receptor). This may be a reason as to why glucocorticoids had no effect 
on CR1 and CR3 expression.

Figure 6. The effect of steroid hormones on the expression of complement receptors on the cell surface
MDM were treated with steroid hormones for 24 h. Complement receptors expression was examined by flow cytometry. Data were analysed and presented as mean ± SD of 3 experiments. 
Statistical analyses: Different between untreated cells versus steroid treated cells * p<0.01.

Figure 7. Structure of steroid hormones used in this study
All steroid hormones are generated from cholesterol and are then enzymatically modified by steroid oxidoreductases. Steroid hormones have the same cholesterol backbone structure but 
different functional groups. (A), glucocorticoid (dexamethasone); (B), progesterone (hydroxyprogesterone) (C), estrogen (estradiol) and (D), androgen (testosterone).
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The steroid effects on expression of CRIg protein were also evident at 
the CRIg mRNA level. This suggests that the regulatory mechanisms are 
likely to be at the level of gene transcription. Regulation of target gene 
transcription by these hormones requires binding of the hormones to 
their associated receptors, nuclear translocation and homodimerization 
of the hormone-receptor complexes, and then binding of hormone 
receptor dimer to hormone response element at DNA binding sites of 
the target gene promoter [32,33]. Glucocorticoids control inflammatory 
responses by primarily binding to GR. GR directly transactivates anti-
inflammatory genes (ANXA1, IL10, NFKBIA), and transrepresses 
NF-κB-dependent pro-inflammatory genes (TNF, IL6, IL8) [32,33]. 
Progesterone functions mainly in cell proliferation and secretion of 
matrix metalloproteinase during pregnancy. Progesterone primarily 
binds to the progesterone receptor (PR/NR3C3), which specifically 
regulates expression of genes such as Tnfsf11/RANKL, MMP2, and 
MMP9 [34,35]. PR also plays a role in cell growth, differentiation, 
proliferation, and development, through the non-genomic activation 
of Src/MAPK (ERK1, ERK2) signaling pathway [36,37]. Interestingly, 
binding of progesterone to hormone receptors is not limited to its 
cognate PR but includes GR, as an alternative receptor [2,38]. 

Interestingly both dexamethasone and progesterone but not 
estrogen and testosterone increased total GR expression in macrophages. 
This was manifested by decreased expression in the cytoplasm and 
an increase in the nucleus, indicating that of the steroids promote 
the nuclear translocation of GR. Dexamethasone and progesterone 
increased nuclear: cytoplasmic GR ratio. The results showed that 
dexamethasone was most effective in inducing nuclear translocation 
of GR in macrophages. Others have shown that progesterone increases 
expression and nuclear translocation of PR isoform A in human umbilical 
vein endothelial cells [39], and estradiol to increase expression of both 
ER (estrogen receptor)-α and ER-β [36,37]. Testosterone also increased 
expression and nuclear translocation of AR (androgen receptor) 
[40]. The mechanism of glucocorticoid induced regulation of CRIg 
expression probably relates to the translocation of GR, and functions 
of GR as transcriptional regulator [32,41,42]. GR is normally expresses 
in cytoplasmic compartment of cells. Binding of glucocorticoid to GR 
changes conformation of GR complex to become hyperphosphorylated 
enabling it to dissociate from its accessory heat shock protein 90 
(HSP90). Glucocorticoid-bounded GR then translocate to nucleus 
through importin nucleocytoplasmic transporter. GR forms homodimer 
in the nucleus and binds to glucocorticoid response elements at gene 
promoters. Activities of GR include direct transactivation, tethered 
transactivation, direct transrepression, and tethered transrepression 
[32,41,42]. Our study also investigated the expression of complement 
receptors in MDM transfected with NR3C1 shRNA. MDM deficient in 
GR were found to also express significantly lower levels of CRIg but 
normal levels of other complement receptors. This suggests that the GR 
receptor controls CRIg expression on macrophages, in line with our 
previously reported concept [11] and intracrine production and action 
of steroids [43]. We also provide evidence that in GR deficient MDM 
both dexamethasone and progesterone failed to significantly increase 
CRIg expression, showing that their effects are via the GR.

The data demonstrated that only the effects of dexamethasone 
and progesterone culminated in an increase in cell surface expression 
of CRIg. Thus although there was an increase in the levels of total 
CD11c protein induced by the four steroids, this was not reflected in a 
corresponding increase in cell surface expression of this receptor. Such 
effects are likely to translate to functional interactions with complement 
opsonized microbial pathogens. Our study makes prominent the effect 
of these steroids on the spectrum of complement receptors present on 

macrophages. These are differentially regulated by the steroids, indeed 
with only dexamethasone and progesterone regulating CRIg expression, 
a process involving the GR. However, since regulation of CR3 and CR4 
can also be at a functional level our work did not assess this aspect of 
the complement receptors.

It is most likely that engagement of the GR leads to inhibition of 
production of TNF. We have previously shown that TNF inhibits CRIg 
expression in macrophages by activating PKCα [11]. Because CRIg 
has been shown to have anti-inflammatory and immunosuppressive 
properties [22,23], it is likely that some of the anti-inflammatory effects 
of dexamethasone and progesterone involve this mechanism. However, 
other types of anti-inflammatory drugs, which also alter expression of 
CRIg [9,43], are likely to involve different mechanisms.

Conclusions
The data demonstrate that of the steroid hormones tested only 

dexamethasone and progesterone increased the expression of CRIg 
in human macrophages and that all four steroids had no effect on the 
expression of CR1 and CR3, but these all increased expression of CR4. 
The effects of dexamethasone and progesterone on CRIg correlated 
with their ability to increase the nuclear translocation of GR and that 
their action was mediated via this receptor.
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