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Introduction
Macrophages have an important role in innate immunity and 

produce many of the cytokines involved in regulating immune responses. 
Granulocyte macrophage-colony stimulating factor (GM-CSF) induces 
the differentiation of proinflammatory macrophages and has a major 
role in both inflammation [1] and autoimmunity [2-5] Macrophages 
are also involved in adaptive immune responses. Activation of the 
adaptive immune system is a complex process regulated by multiples 
stimuli from the innate immune system, as part of which T cells are 
activated by cytokines released from macrophages. It was reported 
that T helper 17 cells (Th17 cells) are involved in the pathogenesis of 
autoimmune diseases6. Differentiation of Th17 cells is regulated by the 
IL-23/IL-17 axis, with IL-23 inducing and activating these cells [3-6]. 
The IL-23/IL-17 axis has been suggested to have a crucial role in the 
development of psoriasis [7]. Activated antigen-presenting cells (APC), 
such as dendritic cells and phagocytic cells, are the main source of IL-
23. We previously reported that IL-23 was produced by human GM-
CSF-dependent macrophages in response to stimulation with a toll-like 
receptor 7/8 (TLR7/8) agonist, but not a toll-like receptor 4 agonist 
[8]. Accordingly, these macrophages may be important for induction 
of Th17 cells via the IL-23/IL-17 axis [3,4]. The phenotypic features of 
murine GM-CSF-dependent macrophages are well known,but those 
of human GM-CSF-dependent macrophages are less clear. Because 
there are considerable physiological and immunological differences 
between mice and humans, murine models do not closely reproduce 
the inflammatory responses of human macrophages, which means 
direct examination of human cells is required [9]. 

Role of Human GM-CSF-Dependent Macrophages 
This review discusses recent findings about the role of human GM-
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Abstract
Macrophages are important cells in the innate immune system that express toll-like receptors, produce various 

cytokines, and have a major role in both inflammation and autoimmune diseases. These cells undergo differentiation 
into GM-CSF-dependent or M-CSF-dependent macrophages in response to influences in the microenvironment. 
Because there are marked physiological and immunological differences between mice and humans, the inflammatory 
response of human macrophages is not accurately reproduced by murine models. GM-CSF and M-CSF are factors 
that promote the differentiation of bone marrow progenitor cells and induce various changes of human macrophage 
lineages. GM-CSF also promotes activation of pathways involved in immunity by upregulating the expression of 
various receptors. While cross-talk among these receptor-mediated signaling pathways is complicated, it is known 
that binding of different receptor ligands results in quantitative/qualitative changes of cytokine production. GM-CSF-
dependent macrophages produce pro-inflammatory cytokines that are known as type 1 T helper cell (Th1) cytokines. 
Among them, IL-23 is a pro-inflammatory cytokine required for differentiation of Th17 cells, which are involved in 
autoimmunity and inflammation. Pathogenic IL-23 signaling is considered to initiate autoimmune processes that are 
driven by GM-CSF-dependent macrophages. This review focuses on the complex intracellular signaling pathways 
activated in GM-CSF-dependent human macrophages by several receptors. A model is proposed, in which cross-
talk among multiple signal transduction pathways leads to reactivation of autoimmune and inflammatory responses.

CSF-dependent macrophages in autoimmunity and inflammation. 
Induction of human GM-CSF-dependent macrophages Peripheral 
blood mononuclear cells (PBMCs) were harvested from heparinized 
blood samples using Lymphoprep gradients (Axis-Shield PoC As, 
Norway) and stored frozen.Cells were suspended in Lymphocyte 
medium for thawing (BBLYMPH1, Zen-Bio, Inc. Research Triangle 
Park, NC). Monocytes were stained with a phycoerythrin (PE)-labeled 
CD14 mouse anti-human monoclonal antibody (Life Technologies, 
Staley Road Grand Island, NY) and subjected to fluorescence activated 
cell sorting (FACS) analysis, revealing 86.08 + 0.11 % purity (mean + 
SE, n=42, 85.0-87.6). Then the monocytes were cultured and stimulated 
with recombinant human GM-CSF on days 1, 3, and 6 of incubation to 
obtain GM-CSF-dependent macrophages. Cells were harvested on day 
9 of culture for use as GM-CSF-dependent macrophages in all studies. 
Identification of protein bands during macrophage differentiation After 
proteins are separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, Coomassie Brilliant Blue (CBB) staining can be 
employed to visualize protein bands. Therefore, CBB staining was 
investigated as a method for identifying proteins associated with 
differentiation of monocytes into macrophages after GM-CSF 
stimulation. CBB staining of polyacrylamide gels showed differences of 
protein bands between control monocytes (day 0 of culture) and GM-



Citation: Yamaguchi R, Sakamoto A, Yamaguchi R, Haraguchi M, Narahara S, et al. (2019) Essential Role of GM-CSF-Dependent Macrophages in 
Human Autoimmune and Inflammatory Responses. J Cytokine Biol 4: 128. 

Page 2 of 13

Volume 4 • Issue 1 • 1000128
J Cytokine Biol, an open access journal
ISSN:2576-3881

CSF-dependent macrophages (day 9 of culture) (Figure 1a). Protein 
bands also differed between GM-CSF-dependent macrophages 
incubated with or without human neutrophil elastase (HNE) and 
harvested on day 9 of culture (Figure 1b). Protease-activated receptor-2 
The protease-activated receptors (PARs) are a family of G protein-
coupled receptors that undergo activation following proteolytic cleavage 
of the amino terminal by extracellular proteases [10]. PAR-2 is found in 
many tissues of the body and may be an important player in 
inflammation. Western blotting showed that GM-CSF stimulation 
increased PAR-2 expression by macrophages (Figure 1c), with 
upregulation of PAR-2 protein over time (Figure 1d). It has been 
reported that PAR-2 is activated in macrophages by various serine 
proteases [11], including HNE [12]. When GM-CSF-dependent human 
macrophages were stimulated with HNE (50 μM) for 6 h on day 9 of 
culture, production of the Th2 cytokine IL-13 was increased significantly 
compared to that after stimulation on days 0 or 7 (Figure1e) [13]. PAR-2 
is activated by proteases that are involved in signaling by mitogen-
activated protein kinases (MAPKs), with the MAPK pathways being 
controlled by extracellular signal-regulated kinases (ERKs), c-Jun-
NH2-terminal kinase (JNK), and various p38 protein kinases [14]. 
However, SB203580 (a p38α and p38β inhibitor) did not inhibit IL-
13production by macrophages after stimulation with HNE, and neither 
did BIRB796 (ap38γand p38δ inhibitor). ERK1 and ERK2 are two 
protein kinases from the MAPK cascade. While an ERK1 inhibitor 
(PD98059) failed to inhibit IL-13 production by macrophages after 
PAR-2 activation, U0126 (an ERK1/2 inhibitor) markedly reduced IL-
13 production by macrophages following HNE stimulation. These 
findings suggested that PAR-2 undergoes activation by proteases and 
then is involved in ERK2 signaling. Reactive oxygen species (ROS) 
produced by the mitochondria are key mediators in signaling pathways 
triggered by PAR-2 [15]. Calcium is required for ROS production in the 
mitochondria, with elevation of intracellular calcium resulting in 
activation of ROS-generating enzymes that create free radicals in the 
respiratory chain [16]. It was found that an intracellular calcium 
antagonist (TMB-8) blocked the upregulation of IL-13 production by 
macrophages (Figure 1f), suggesting PAR-2-mediated IL-13 production 
was dependent on Ca2+/ERK2 signaling [17]. Th1 and Th2 cytokines 
stimulate the differentiation of macrophages into GM-CSF-dependent 
andM-CSF-dependent subsets, respectively, after which these cells 
promote Th1 and Th2 responses. IL-13 is a Th2 type cytokine and 
protease-mediated activation of PAR-2 stimulates production of IL-13 
by GM-CSF-dependent macrophages. IL-13 has a central role in certain 
chronic inflammatory diseases, including asthma and ulcerative colitis 
[18,19]. IL-13 also seems to be an important player in tissue fibrosis 

[20]. After an episode of acute pancreatitis, complete recovery may 
occur or chronic pancreatitis may develop and HNE seems to be 
associated with progression of acute pancreatitis [21,22]. In patients 
with chronic pancreatitis, progressive fibrosis and inflammation cause 
permanent damage to the pancreas, with both exocrine and endocrine 
function showing impairment [23]. Pancreatic stellate cells are 
myofibroblast-like cells that have a role indevelopment of fibrosis [24]. 
Activated myofibroblasts show increased expression of α-smooth 
muscle actin (α-SMA) [25], and western blotting demonstrated a 
concentration-dependent increase of α-SMA expression by human 
pancreatic stellate cells stimulated with IL-13 (Figure 1g). It was 
reported that M-CSF-dependent macrophages promote pancreatic 
fibrosis in patients with chronic pancreatitis [26], and GM-CSF-
dependent macrophages may also participate in the fibrotic process by 
producing IL-13 in response to HNE/PAR-2 signaling. Cross-talk 
between PAR-2 and toll-like receptor 4 PAR-2 and toll-like receptor 4 
(TLR4) are biosensors in the innate immune system [27] and are 

involved in immune responses, suggesting that cross-talk between 
these receptors could promote inflammation. HNE is a PAR-2 agonist, 
and pretreatment of GM-CSF-dependent macrophages with HNE 
synergistically increased production of the p40 subunit of IL-12 (IL-
12p40) after stimulation with lipopolysaccharide (LPS), a TLR4 agonist, 
while HNE alone did not induce IL-12p40 [28]. In macrophages 
stimulated with both HNE and LPS, IL-12p40 production was 
attenuated by a phospholipase C inhibitor (U73122) or a protein kinase 
C (PKC) inhibitor (rottlerin). β-arrestin 2 is a G-protein-coupled 
receptor (GPCR) adaptor protein that modulates proinflammatory 
responses, and silencing of PAR-2 or β-arrestin 2 with small interfering 
RNA (siRNA) decreased IL-12p40 production (Figure 2a). Epidermal 
growth factor receptor (EGFR) is a member of the ErbB family of 
receptor tyrosine kinases, with EGFR kinase activity being required for 
TLR4 signaling and having an important role in septic shock [29]. 
Downregulation of EGFR was reported to suppress the activation of 
nuclear factor-kappa B (NF-κB) by TLR4 following LPS stimulation, 
indicating that this receptor may be required for LPS to induce signaling 
via TLR4 [30]. Cross-talk between cell surface receptors is crucial for 
intercellular communication. Production of ROS by NADPH oxidase 
leads to activation of EGFR. The dual oxidases (DUOX-1 and DUOX-
2) are members of the NADPH oxidase family that produce H2O2. 
TLR4 activation is necessary for induction of DUOX-2 [31], while 
activation of PAR-2 also upregulates the DUOX-2/ROS pathway [32]. 
Treatment of GM-CSF-dependent macrophages with siRNA for TLR4 
blunted the synergistic effect of HNE and LPS to enhance IL-12p40 
production. Therefore, HNE promotes transactivation of TLR4 via 
activation of DUOX-2/EGFR along with synergistic upregulation of IL-
12p40 production in LPS-stimulated macrophages (Figure 2b). HNE 
cleaves PAR-2 at non-canonical sites to trigger various signaling 
cascades. PAR-2 activates Gq and phospholipase C to promote the 
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), forming 
diacylglycerol and inositol triphosphate (IP3). IP3 is a second messenger 
and it induces release of Ca2+ from the endoplasmic reticulum (ER). 
PKC is activated by various signals, including elevation of the 
intracellular concentration of diacylglycerol or Ca2+ (Figure 2c), after 
which production of DUOX-2 is induced by activation of PKC or 
phospholipase C. DUOX-2 generates H2O2 in a Ca2+-dependent manner 
(Figure 2d), and DUOX-2 activation is also involved in H2O2-dependent 
EGFR ligand shedding, which results in EGFR activation (Figure 2e). 
EGFR kinase activity is required for TLR4 signaling. Accordingly, HNE 
stimulation of macrophages leads to transactivation of the DUOX-2/
EGFR/TLR4 pathway. The possible mechanisms through which HNE 
enhances IL-12p40 production by macrophages stimulated with LPS 
are depicted in (Figure 2f). IL-23 production by GM-CSF-dependent 
macrophages. On day 9 of culture, stimulating GM-CSF-dependent 
macrophages with HNE and LPS led to synergistic upregulation of IL-
12p40 production. IL-12 and IL-23 share the IL-12p40 subunit, but 
only IL-23 targets the p19 subunit. Unexpectedly, stimulation of 
macrophages with both HNE and LPS did not result in a synergistic 
increase of IL-23 production. A TLR4 agonist (LPS) only slightly 
increased IL-23 production by macrophages, but it was a significantly 
upregulated in response to a TLR7/8 agonist (resiquimod) (Figure 3a). 
PAR-2 agonists (HNE or AC264613) attenuated the production of 
interferon regulatory factor 5 (IRF5) by GM-CSF-dependent 
macrophages, while IRF5 production was restored by a PAR-2 
antagonist (GB83). When GM-CSF-dependent macrophages were 
pretreated with HNE or AC264613, production of IL-23 was suppressed 
after resiquimod stimulation, whereas it was restored by GB83 (Figure 
3b). GM-CSF-dependent macrophages show elevated expression of 
IRF5 and it activates transcription of IL-23p19 [33]. However, HNE 
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Figure 1: (a) and (b) Coomassie Brilliant Blue (CBB) staining. (c) Western blotting for PAR-2. (d) Time-dependent changes of PAR-2 expression. (e) Production of IL-
13 after stimulation with HNE. (f) Effect of MAPK inhibitors and TMB-8 on IL-13 production. (g) Western blotting for α-SMA after human pancreatic stellate cells were 
stimulated with IL-13. Data were obtained using macrophages from three individuals in each group and represent the mean + SE. *P<.05; **P< .01 (with Bonferroni’s 
correction); N.S. not significant.



Citation: Yamaguchi R, Sakamoto A, Yamaguchi R, Haraguchi M, Narahara S, et al. (2019) Essential Role of GM-CSF-Dependent Macrophages in 
Human Autoimmune and Inflammatory Responses. J Cytokine Biol 4: 128. 

Page 4 of 13

Volume 4 • Issue 1 • 1000128
J Cytokine Biol, an open access journal
ISSN:2576-3881

Figure 2: (a) Effect of silencing PAR-2 or β-arrestin 2 and rottlerin (a PKC inhibitor) or U73122 (a phospholipase C inhibitor) on IL-12p40 production by macrophages 
pretreated with HNE and stimulated with LPS. (b) Effects of silencing TRAF6, TLR4, EGFR, or DUOX2 on IL-12p40 production by macrophages pretreated with 
HNE and stimulated with LPS. (c) Role of phospholipase C in activation of PAR-2. (d) Mechanism by which dual oxidase 2 (DUOX2) promotes production of reactive 
oxygen species (ROS) via the Ca2+/PKC signaling pathway. (e) Transactivation of epidermal growth factor receptor (EGFR) by DUOX2 via ROS/a disintegrin and 
metalloprotease (ADAM). (f) Proposed mechanisms by which HNE enhances IL-12p40 production through transactivation of DUOX-2/EGFR/TLR4 after stimulation of 
macrophages with LPS. Data were obtained using macrophages from three individuals in each group and represent the mean + SE. *P<.05; **P< .01 (with Bonferroni’s 
correction); N.S. not significant. 

suppressed IRF5 expression in a concentration-dependent manner and 
it was also significantly decreased by the PAR-2 agonist AC-264613 

[34]. IRF5 is a downstream mediator in the TLR7/8 signaling pathway 
[35]. After exposure of macrophages to resiquimod, HNE or AC-
264613 significantly attenuated IL-23 production, whereas it was 
restored by the PAR-2 antagonist GB83 (Figure 3c). Single 
immunoglobulin IL-1-related receptor (SIGIRR) is a membrane protein 
involved in negative regulation of TLR4 signaling [36]. SIGIRR protein 
expression was upregulated in GM-CSF-dependent macrophages 
compared with monocytes, while treatment with SIGIRR siRNA 
increased IL-23 expression by LPS-stimulated macrophages. 
Interestingly, macrophages treated with SIGIRR siRNA showed 
significant downregulation of IL-23 production after stimulation with 
resiquimod to activate the TLR7/8 pathway [8] (Figure 3c), suggesting 
that SIGIRR may promote TLR7/8-mediated signaling. Expression of 
SIGIRR protein was also found to be significantly higher in GM-CSF-
dependent macrophages than in monocytes (Figure3a). SIGIRR 
deficiency is associated with significant enhancement of IRF4 
expression [37] (Figure 3d), along with repression of IRF5 [38]. LPS 
also upregulates the expression of IRF4 [39]. Therefore, SIGIRR 
differentially influences the effect of cross-talk between TLR4 and 
TLR7/8 on IL-23 production, since it negatively regulates TLR4 and 
positively regulates TLR7/8 (Figure 3e). Stimulation of SIGIRR 
production by substance P. It was reported that SIGIRR expression by 
human monocytes increases in response to sepsis or sterile inflammation 
[40], but the stimuli promoting SIGIRR production and the signal 

transduction mechanisms involved are not well defined. Substance P 
(SP) is a neuropeptide that is involved in pro-inflammation responses 

[41] and induces sterile inflammation [42]. In addition to being 
produced by neurons, SP is secreted by inflammatory cells, including 
dendritic cells and macrophages. SP was found to cause concentration-
dependent upregulation of SIGIRR protein production bymacrophages, 
while this increase of SIGIRR was inhibited by aprepitant, which is 
aneurokinin 1 receptor antagonist. SP was reported to induce the 
expression oftransforming growth factor-β1 (TGFβ1) [43], and TGFβ1 
enhances neurokinin 1 receptor signaling by delaying its internalization 
[44]. When macrophages were transfected with siRNAs for TGFβ1/2/3, 
SIGIRR protein expression was reduced markedly to the level in 
untreated control cells [45]. Investigation of the influence of various 
transcription factors on SIGIRR expression by SP-stimulated 
macrophages unexpectedly revealed that transfection with siRNA for 
transcription factor specificity protein 1 (Sp1) led to significant 
upregulation of SIGIRR protein expression, while siRNA for Kruppel-
like factor 2 (KLF2) only induced a slight increase of SIGIRR expression 
and siRNA for Friend leukemia integration 1 (Fli-1) actually reduced 
the SIGIRR level (Figure 4b). 

Various combinations of transcription factors can have synergistic, 
stimulatory, or inhibitory effects. Investigation of the influence of cross-
talk among transcription factors (Sp1, C/EBPβ, TIF1β, or Fli-1) on 
SIGIRR production by SP-stimulated macrophages demonstrated that 
transfection with Sp1 siRNA led to significant upregulation of TGFβ1 
expression and SIGIRR protein production after SP stimulation, 
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Figure 3: (a) Production of IL-23 by GM-CSF-dependent human macrophages after stimulation with resiquimod (a TLR7/8 agonist) or LPS (a TLR4 agonist). (b) HNE 
decreased IRF5 expression and inhibited IL-23 production after exposure of cells to the TLR7/8 agonist resiquimod. (c) Effects of silencing IRF4, IRF5, or SIGIRR on 
IL-23 production. (d) Western blotting for IRF4 after silencing SIGIRR. (e) Proposed mechanism by which cross-talk between TLR4 and TLR7/8 on IL-23 production is 
differentially regulated by SIGIRR. Data were obtained using macrophages from three individuals in each group and represent the mean + SE. *P<.05; **P< .01 (with 
Bonferroni’s correction); N.S. not significant. 
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Figure 4: (a) Production of single immunoglobulin IL-1-related receptor (SIGIRR) by macrophages after stimulation with substance P (SP). (b) Effect of silencing specific 
protein 1 (Sp1) on SIGIRR production after stimulation with SP. (c) Effect of silencing TGFβ1/2/3 or Sp1 on TGFβ1 production after stimulation with SP and effect of 
Sp1 siRNA or mithramycin (an Sp1 inhibitor) on SIGIRR production. (d) Influence of cross-talk between Sp1 and Fli-1, TIF1β or C/EBPβ on SIGIRR production after 
stimulation with SP. (e) Western blotting for TGFβ1 and SIGIRR following cross-talk between Sp1 and Fli-1, TIF1β or C/EBPβ. Western blotting for SIGIRR. (f) Effects 
of silencing Smad2, Smad3 or Smad4 on SIGIRR production after stimulation with SP. (g) Proposed mechanisms by which Sp1 modulates TGFβ1/Smad signaling and 
negatively regulates SIGIRR protein production by macrophages after SP stimulation. Data were obtained using macrophages from three individuals in each group and 
represent the mean + SE. *P<.05; **P< .01 (with Bonferroni’s correction); N.S. not significant. 

while SIGIRR production was reduced by co-transfection with 
siRNAs for Sp1 and C/EBPβ or TIF1β. These findings can be explained 
because C/EBPβ activates TGFβ/Smad3 signaling [46], while TIF1β acts 
as a cofactor of C/EBPβ [47]. Unexpectedly, transfection with siRNA 
for Sp1 or addition of mithramycin (a gene-selective Sp1 inhibitor) 
to cultures significantly upregulated TGFβ1 protein production by 
SP-stimulated macrophages and increased SIGIRR expression (Figure 
4c). When macrophages were transfected with siRNAs for Sp1 and 
Smad2, Smad3, or Smad4 before SP stimulation, the SIGIRR protein 
level detected by ELISA and western blotting was significantly reduced 
(Figure 4d), suggesting that Sp1 negatively regulates SIGIRR production 
via the TGFβ1/Smad signaling pathway. Silencing of Fli-1, a member 
of the E26 transformation-specific (Ets) transcription factor family, led 
to a significant decrease of TGFβ1 and SIGIRR protein production by 
SP-stimulated macrophages, consistent with a report that Ets binding 
elements contain abundant Smad2/Smad3 binding sites and promote 
activation of the TGFβ/Smad signaling pathway [48]. 

The receptor for SP is called neurokinin 1 receptor (NK1R). 
Recycling and resensitization of NK1R occur after its internalization 
following binding with SP. Because signal transduction is essential for 
trafficking of NK1R, it is important to investigate the molecular 
mechanisms underlying SP-induced internalization of this receptor. 
NK1R signaling does not only occur at the plasma membrane, but also 
at the endosomal membrane during internalization. The process of SP-
induced internalization of NK1R is mediated by dynamin [49], which is 
a GTPase required for clathrin-mediated endocytosis of NK1R via 
membrane fission [50]. NK1R is co-localized with dynamin on the 
plasma membrane. In addition, the β-arrestins act as adaptors during 
internalization of NK1R after binding to SP [51]. Interestingly, TGFβ1 
modulates phosphorylation of NK1R and delays its internalization after 
activation of this receptor by SP [44-52], and delayed NK1R 
internalization results in considerable enhancement of SP-induced 
cellular signaling pathways [53]. It was reported that SP causes 
upregulation of TGFβ1 at the mRNA and protein levels [52], while 
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TGFβ1 acts to downregulate NK1R gene expression [54]. Interestingly, 
silencing of Sp1 was found to result in significantly increased TGFβ1 
protein production by SP-stimulated macrophages [55]. Mithramycin 
inhibits the binding of Sp1 family members to DNA. In SP-stimulated 
macrophages, inhibition of Sp1 by mithramycin resulted in significantly 
higher levels of TGFβ1 and SIGIRR protein (Figure 4c). When the 
influence of cross-talk among Sp1 and C/EBPβ, TIF1β, or Fli-1 on 
SIGIRR protein production by SP-stimulated macrophages was 
investigated, co-transfection of macrophages with siRNAs for Sp1 and 
C/EBP was found to increase the Sp1 level (detected by western 
blotting) relative to transfection with Sp1 siRNA alone, while co-
transfection with siRNAs for Sp1 and C/EBPβ reduced the production 
of both Sp1 and SIGIRR protein. In addition, co-transfection of 
macrophages with siRNAs for Sp1 and Fli-1 led to dramatic reduction 
of SIGIRR protein production (detected by ELISA) after SP stimulation 
(Figure 4d), while transfection with Sp1 siRNA alone increased the 
levels of TGFβ1 and SIGIRR protein (detected by western blotting). Co-
transfection with siRNAs for Sp1 and C/EBPβ or TIF1β partially 
attenuated TGFβ1 and SIGIRR production by macrophages after SP 
stimulation, while co-transfection with siRNAs for Sp1 and Fli-1 led to 
marked inhibition of the production of these proteins (Figure 4e). Fli-1 
is a member of the E26 transformation-specific (Ets) family of 
transcription factors. Ets binding elements contain abundant Smad2/
Smad3 binding sites and are involved in activating the TGFβ/Smad 
signaling pathway. Investigation of the influence of TGFβ1/Smad 
signaling on SIGIRR expression by macrophages revealed that 
transfection with siRNAs for Sp1 and Smad2, Smad3, or Smad4 
significantly reduced the SIGIRR protein level (detected by ELISA and 
western blotting) after stimulation with SP (Figure 4f). Accordingly, it 
can be suggested that Sp1 acts as a negative regulator of SIGIRR 
production by macrophages in response to NK1R activation via the 
TGFβ1/Smad pathway (Figure 4g). Enhancement of NK1R-mediated 
cellular signaling by TGFβ1NK1R is a GPCR-like PAR-2 that is 
expressed by human macrophages [56] and modulates immune 
responses. NK1R signaling is mediated via two separate pathways: a 
β-arrestin 2-dependent pathway and a G-protein/Ca2+ pathway. 
Recycling and resensitization NK1R can only occur after its 
internalization in response to various stimuli and β-arrestins act as 
adaptors during the internalization process. NK1R signaling at the 
plasma membrane can be terminated by β-arrestin 2-dependent 
desensitization and internalization of the receptor. Interestingly, TGFβ1 
modulates phosphorylation of NK1R and delays its internalization after 
activation of this receptor [44], leading to marked enhancement of 
NK1R-mediated signaling [54]. Figure 5a displays the three signaling 
pathways initiated by activation of NK1R. Interaction between SP and 
NK1R has been widely reported to have a role in regulating the immune 
response to infection. SP causes a significant increase of tissue factor 
release by GM-CSF-dependent human macrophages via the p22phox/
β-arrestin 2/Rho A signaling pathway [57]. M1 macrophages were 
reported to produce regulated on activation, normal T cell expressed 
and secreted (RANTES) [58] and RANTES seems to be involved in the 
progression of atherosclerosis [59]. Expression of RANTES (also known 
as the proatherogenic chemokine (C-C motif) ligand 5: CCL5) by 
human M1 macrophages is upregulated after SP stimulation through 
enhancement of TGFβ1-mediated NK1R signaling. Pretreatment of 
macrophages with a p38γ/p38δMAPK inhibitor (BIRB796) significantly 
decreased the expression of RANTES protein by SP-stimulated 
macrophages, while neither a p38α/p38β inhibitor (SB203580) nor an 
ERK1 inhibitor (PD98059) altered RANTES expression. Treatment of 
macrophages with a high concentration of an ERK1/2 inhibitor (U0126) 
also had no effect on RANTES production after stimulation with SP 

(Figure 5b). Interestingly, SP has been reported to promote the 
phosphorylation of p38MAPK and ERK1/2 [60]. RANTES production 
by SP-stimulated macrophages was significantly suppressed by a p38γ/
p38δ inhibitor (BIRB796). Treating macrophages with β-arrestin 2 
siRNA and GRK2 siRNA resulted in significant upregulation of the 
production of RANTES protein, whereas TGFβ1/2/3 siRNA or a 
dynamin inhibitor (dynasore) attenuated RANTES production and a 
Rho-associated coiled-coil forming kinase [ROCK] inhibitor (Y 
-27632) had no effect (Figure 5c). G protein-coupled receptor kinases 
(GRKs) regulate GPCRs by causing receptor desensitization and 
internalization through phosphorylation of the intracellular domain of 
the active receptor. GRK2 also mediates receptor internalization via 
β-arrestin-independent mechanisms. It was found that treating 
macrophages with siRNA for β-arrestin 2 or GRK2 delayed 
internalization of NK1R and enhanced its signaling. Enhancement of 
RANTES production was blunted by transfection of macrophages with 
siRNAs for TGFβ1/2/3, suggesting that TGFβ1 increases RANTES 
expression in response to activation of NK1R by SP. Delayed 
internalization promotes NK1R signaling and TGFβ1 was reported to 
delay SP-induced internalization of NK1R, resulting in enhancement of 
its signaling [61]. Interestingly, silencing of Sp1 led to a significant 
increase of TGFβ1 protein production by SP-stimulated macrophages. 
Mithramycin inhibits the binding of Sp1 family members to DNA and 
adding mithramycin to macrophage cultures resulted in a significant 
concentration-dependent increase of TGFβ1 protein production. 
Surprisingly, transfection of macrophages with C/EBPβ siRNA 
attenuated TGFβ1production, unlike the effect of Sp1 siRNA. On the 
other hand, Sp1 siRNA significantly upregulated RANTES protein 
production by SP-stimulated macrophages compared to untreated 
macrophages. Mithramycin also caused concentration-dependent 
elevation of the RANTES protein level in response to stimulation with 
SP, while silencing of C/EBPβ attenuated RANTES production (Figure 
5d). These findings showed that SP upregulates TGFβ1 expression in 
SP-stimulated macrophages, along with increased RANTES production. 
Western blotting confirmed that TGFβ1 expression was elevated by Sp1 
siRNA or mithramycin, but not by C/EBPβ siRNA (Figure 5e). Both 
transcription factor Sp1 and C/EBPβ are promoters of TGFβ1 [56,62]. 
When the effect of Sp1 or C/EBPβ on TGFβ1 protein production by SP-
stimulated macrophages was investigated, it was unexpectedly found 
that silencing of Sp1 led to significant upregulation of TGFβ1 expression 
and a consequent increase of RANTES protein. Mithramycin is a gene-
selective inhibitor of Sp1 that binds to GC-rich DNA sequences and 
displaces Sp [63] or modulates Sp1 protein levels by regulating 
proteasome-dependent degradation [64]. Inhibition of Sp1 by 
mithramycin led to a concentration-dependent increase of TGFβ1 and 
RANTES protein levels. Various cytokine/chemokine genes are induced 
or repressed by the transcription factor C/EBPβ, and transfection of 
macrophages with C/EBPβ siRNA inhibited TGFβ1 production. The 
influence of cross-talk among four transcription factors (Sp1 and C/
EBPβ, TIF1β, or Fli-1) on RANTES expression by macrophages was 
investigated after double transfection with siRNAs for these factors. 
Compared with siRNAs for TIF1β or Fli-1, C/EBPβ siRNA caused 
significant inhibition of RANTES production by Sp1 siRNA-transfected 
macrophages after stimulation with SP (Figure 5f). Activated p38 
MAPK regulates C/EBPβ via phosphorylation [65], so these findings 
suggested that SP may increase TGFβ1 expression via the NK1R/
p38γδMAPK/C/EBPβ signaling pathway. Accordingly, Sp1 and C/
EBPβ have opposite influences on expression of TGFβ1. Cross-talk 
among transcription factor pathways is complicated, with different 
combinations of transcription factors having additive, synergistic, or 
antagonistic effects. It is known that C/EBP-β binds to various response 
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Figure 5: (a) Signaling pathway after NK1R activation. (b) Effect of MAPK inhibitors on production of regulated on activation, normal T cell expressed and secreted 
(RANTES) by macrophages stimulated with substance P (SP). (c) Effects of TGFβ1/2/3 siRNA, GRK2 siRNA, β-arrestin 2 siRNA, Y-27632 (a ROCK inhibitor) or Dynasore 
(a dynamin inhibitor) on RANTES production after exposure to SP. (d) Effect of TGFβ1/2/3 siRNA, C/EBPβ siRNA, specific protein 1 (Sp1) siRNA or mithramycin (an Sp1 
inhibitor) on production of TGFβ1 or RANTES after stimulation with SP. (e) Western blotting for TGFβ1. (f) Effects of cross-talk between Sp1 and Fli-1, TIF1β or C/EBPβ 
on RANTES production after stimulation with SP. Data were obtained using macrophages from three individuals in each group and represent the mean + SE. *P<.05; 
**P< .01 (with Bonferroni’s correction); N.S. not significant.

elements and forms heteromeric complexes with other transcription 
factors, including Sp1. The C/EBPβ promoter contains a TATA box and 
has binding sites for several transcription factors regulating its mRNA 
expression, including C/EBPβ itself [66], signal transducer and activator 
of transcription 3 (STAT3) [67], and Sp1 [68]. Inhibition of IL-12p40 
production via the signal regulatory protein α (SIRPα)/surfactant 
protein D (SP-D) signaling pathway SIRPα is a highly glycosylated 
type-1 transmembrane protein comprising three immunoglobulin-like 
extracellular loops and a cytoplasmic tail that has three classical 
tyrosine-based inhibitory motifs. Western blotting showed that GM-
CSF upregulates SIRPα expression by macrophages (Figure 6a). It was 
found that an ERK inhibitor (PD98059) significantly suppressed the 
response of SIRPα to GM-CSF, whereas this response was only partially 
inhibited by a p38α/βMAPK inhibitor (SB203580), an intracellular Ca2+ 
antagonist (TMB-8), or an NF-κB inhibitor (PDTC) (Figure 6b). All 
SIRPs possess extracellular domains with a distal immunoglobulin 
variable-like fold (D1) and two proximal immunoglobulin constant-
like folds (D2-D3) [69]. CD47-SIRPα signaling was reported to 
downregulate responsiveness to IL-12 and inhibit the activation of 
dendritic cells [70]. The epithelium of pulmonary alveoli is largely 

composed of type I and type II alveolar cells, with type II cells producing 
GM-CSF and SP-D. It was reported that SP-D binds to the proximal 
domain (D3) of SIRPα, which is distant from the binding domain D1 of 
CD47 [71]. Binding of CD47 to SIRPα initiates signaling that inhibits 
phagocytosis [72] via several downstream molecules, including Src 
homology 2-containing phosphotyrosine phosphatase (SHP) and Ras 
homolog gene family member A (RhoA). GM-CSF was initially found 
in conditioned lung tissue medium after injection of LPS into mice [73]. 
Recruitment of monocytes to the lungs is required for normal immune 
function and the inflammatory response to pulmonary injury, and 
resident pulmonary macrophages are reported to exist in close 
proximity to the respiratory epithelium [74]. The IL-12 receptor (IL-
12R) has two known subunits, which are IL-12R β 1 and IL-12R β 2 

[75]. In humans, IL-12R β2 is expressed by airway and parenchymal 
fibroblasts, and IL-12 signaling via its β2 subunit leads to the 
phosphorylation and activation of signal transducer and activator of 
transcription 4 (STAT4), promoting pulmonary fibrosis. IL-12 also 
promotes the expression of type 1α1 collagen and transforming growth 
factor-β1 by fibroblasts, which are involved in remodeling small 
airways, and the serum level of IL-12p40 is elevated in idiopathic 

https://en.wikipedia.org/wiki/Phosphorylation
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Figure 6: (a) Western blotting for signal regulatory protein α (SIRPα). (b) Effect of  PD98059, TMB-8, SB203580 or PDTC on SIRPα production and western blotting 
for SIRPα. (c) Inhibitory effect of surfactant protein D (SP-D) on IL-12p40 production after exposure of macrophages to lipopolysaccharide (LPS). (d) Time-dependent 
inhibitory effect of SP-D on IL-12p40 production after exposure to LPS. (e) Effects of silencing SIRPα/β/γ, EGFR, p22phox or β-arrestin 2 on IL-12p40 production after 
exposure to LPS. (f) Effects of Src homology 2-containing phosphotyrosine phosphatase (SHP) siRNA or Y27632 (a ROCK inhibitor) on IL-12p40 production after 
pretreatment with SP-D and exposure to LPS. (g) Effects of BIRB796 or SB203580 on IL-12p40 after pretreatment with SP-D and exposure to LPS. (h) Effects of Y-27632 
(a ROCK inhibitor) and extracellular signal-regulated kinase 1/2 (ERK1/2) siRNA on IL-12p40 after pretreatment with SP-D and exposure to LPS. Data were obtained 
using macrophages from three individuals in each group and represent the mean + SE. *P<.05; **P< .01 (with Bonferroni’s correction); N.S. not significant.

pulmonary fibrosis [76]. These reports suggest that by GM-CSF-
dependent macrophages infiltrating or residing in the lungs of patients 
with recurrent pulmonary infection due to gram-negative bacteria 
might produce IL-12p40. Exposure of GM-CSF-dependent 
macrophages to LPS caused a concentration-dependent increase of IL-
12p40 production, while SP-D caused concentration-dependent 
suppression of the response of IL-12p40 to LPS (Figure 6c). When GM-
CSF-dependent macrophages were pretreated with SP-D (5 μM) on day 
9 of culture and then were exposed to LPS (10 ng) after 30 min, 3 h, or 
6 h, the inhibitory effect of SP-D on IL-12p40 production became 
stronger over time (Figure 6d). On the other hand, silencing of SIRPα/
β/γ led to significant blunting of this effect of SP-D. Preincubation of 
macrophages with SP-D suppressed the phagocytosis of apoptotic cells 
via interaction with SIRPα involving several downstream molecules, 
including SHP and RhoA [77]. Phagocytosis was not suppressed by 
SP-D in SHP-deficient mice, and it was also blocked by sodium 
stibogluconate and by a ROCK inhibitor (Y27632). Transfection of 
macrophages with siRNA for SHP did not affect the response of these 
cells to SP-D, which is primarily a positive effector of receptor tyrosine 
kinase signaling that interacts with EGFR via tyrosine-phosphorylated 
adaptor proteins through its SH2 domains [78]. However, silencing 
EGFR did not influence the inhibition of IL-12p40 production by SP-D 
in LPS-stimulated macrophages. SHP-2 positively regulates the 
oxidative burst in macrophages [79]. The NADPH oxidase family is 
important for ROS production and p22phox protein is an essential 
component of membrane-associated NADPH oxidase. In addition, 
β-arrestin 2 mediates recruitment of SHP-1 and SHP-2 [80], and 
protein-tyrosine phosphatase Shp2 positively regulates the oxidative 
burst in macrophages. However, transfection of macrophages with 

siRNAs for β-arrestin 2, p22phox, or EGFR did not blunt the inhibitory 
effect of SP-D on IL-12p40 production after stimulation with LPS 
(Figure 6e). Interestingly, suppression of IL-12p40 production when 
LPS-stimulated macrophages were treated with SP-D was significantly 
attenuated by Y-27632, but not by SHP siRNA (Figure 6f). ERK and 
p38MAPK play different roles in regulating IL-12 gene expression in 
response to LPS stimulation. Activation of p38MAPK promotes the 
expression of IL-12p40 mRNA after LPS stimulation, whereas ERK 
activation suppresses transcription of IL-12 [81]. Neither a p38α/β 
MAPK inhibitor (SB203580) nor a p38δ/γ MAPK inhibitor (BIRB796) 
influenced the inhibition of IL-12p40 production by SP-D in LPS-
stimulated macrophages (Figure 6g). On the other hand, treatment of 
macrophages with ERK1/2 siRNA blunted the restoration of IL-12p40 
production by Y-27632. The ROCK inhibitor Y-27632 was shown to 
restore IL-12p40 production by SP-D-treated macrophages (Figure 6h). 
Y-27632 was reported to suppress the activation of ERK1/2 [82]. 
Silencing ERK1/2 blunted the restoration of IL-12p40 production by 
Y-27632 in SP-D-treated macrophages after LPS stimulation. ERK 
shows an anti-inflammatory effect by suppressing the expression of NF-
κB-dependent inflammatory genes through inhibition of IκB kinase 
activity [83]. These findings indicate that SP-D inhibits the production 
of IL-12p40 by LPS-stimulated macrophages via the SIRPα/ROCK/
ERK signaling pathway. PAR-2 agonists (HNE or AC-264613) 
differentially regulate IL-12p40 production by GM-CSF-dependent 
human macrophages after LPS stimulationPretreatment with HNE 
synergistically increased the IL-12p40 protein level after LPS stimulation 
of GM-CSF-dependent macrophages [28]. The influence of PAR2 
activation was compared among HNE (a native peptide agonist), 
2-furoyl-LIGRLO-amide (a synthetic peptide agonist), and AC-264613 
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(a non-peptide agonist). It was unexpectedly found that pretreatment 
with AC-264613 attenuated IL-12p40 production by macrophages after 
LPS stimulation compared to pretreatment with HNE (Figure 7a). 
Tumor necrosis factor receptor associated factor 6 (TRAF6) is the key 
adaptor in the TLR4 signaling pathway [84]. TLR4 induces IL-12p40 
expression in macrophages [85], while HNE activates both TLR4 
[86,87] and PAR-2, so HNE-TLR4 interaction may influence IL-12p40 
production. HNE also stimulates MyD88, IRAK, and TRAF6 signal 
transduction, leading to NF-κB activation and induction of various 
cytokines [88]. The IRF transcription factor family is a member of the 
winged helix-turn-helix DNA-binding domain superfamily [89]. IRF-5 
is important for innate antiviral and inflammatory responses, and is 
activated by TLR4 [90]. Because IRF5 expression is upregulated by GM-
CSF [91], it shows higher expression in GM-CSF-dependent 
macrophages than M2 macrophages. IRF5 directly activates 
transcription of genes encoding IL-12p4, IL-12p35, and IL-23p19 [33]. 
Treatment of macrophages with siRNA for IRF5 significantly reduced 
IL-12p40 production after stimulation with LPS (Figure 7b). Treating 
macrophages with HNE caused a concentration-dependent decrease of 
IRF5 protein expression (Figure 7c), while siRNA for PAR-2 or beta-
arrestin 2 blunted this effect. Silencing SPAK/JNK also suppressed the 
effect of HNE on macrophages, but STAT3 siRNA had a weaker 
influence (Figure 7d). PAR-2 is involved in the regulation of apoptosis 

[92], and PAR-2 signaling is independently mediated via a β-arrestin 
2-dependent pathway and a G-protein/Ca2+ pathway. β-arrestin 
interacts with mouse double minute 2 homolog 

(MDM2), anE3 ubiquitin-protein ligase that ubiquitinates p53 and 
thus promotes its degradation by the ubiquitin-proteasome system 

[93]. Therefore, HNE may reduce the p53 level in macrophages by 
activating the PAR2/β-arrestin 2/MDM2 signaling pathway. In fact, a 
concentration-dependent decrease of p53 protein expression was noted 
when macrophages were incubated with HNE (Figure 7e). It was found 
that siRNA for beta-arrestin 2 blunted this effect of HNE, but silencing 
STAT3 did not (Figure 7f). Furthermore, treatment with HNE led to 
a marked and concentration-dependent decrease of IRF5 expression 
in GM-CSF-dependent macrophages that had been transfected with 
siRNA for p53 [34]. Degradation of p53 is mediated by either MDM2 
or JNK [94]. ELISA showed that treatment with HNE or AC-264613 
significantly reduced the p53 protein level in GM-CSF-dependent 
macrophages, whereas 2-furoyl-LIGRLO-amide had little effect [34]. 
Furthermore, AC-264613 reduced IRF5 expression significantly more 
than the peptide PAR-2 agonists LIGRO or HNE (Figure 7g). IRF5 
is a direct target of p53 that may mediate the immune effects of p53 

[95]. TRAF6 is required for expression of the target genes of p53 [96]. 
Incubation of GM-CSF-dependent macrophages with either HNE or 
a non-peptide PAR2 agonist (AC-264613) reduced both IRF5 and 
p53expression. However, HNE promoted TLR4 transactivation via 
upregulation of TRAF6, while AC-264613 had little influence on TLR4 
transactivation. Accordingly, LPS-stimulated macrophages treated with 
AC-264613 showed significantly lower IL-12p40 protein expression 
than macrophages treated with HNE. Transformation from GM-CSF-
dependent to M-CSF-dependent macrophages GM-CSF and M-CSF 
induce different changes in cells of the macrophage lineage. Basal levels 
of GM-CSF are low, but elevation occurs during immune/inflammatory 
reactions. Transformation from proinflammatory to anti-inflammatory 
macrophages has been reported in experimental studies, e.g., treating 
murine RAW 264.7 cells with substance P induces the M-CSF-

 

 

 

Figure 7: (a) Effect of pretreatment with PAR-2 agonist HNE or AC-264613 on IL-12p40 production by macrophages after exposure to LPS. (b) Effect of interferon 
regulatory factor 5 (IRF5) siRNA on IL-12p40 production after exposure to LPS. (c)Inhibitory effect of HNE on IRF5 production. (d) Effect of silencing β-arrestin 2, signal 
transducer and activator of transcription 3 (Stat3), or c-Jun N-terminal kinase (JNK) on RF5 production after exposure to HNE. (e) Inhibitory effect of HNE on p53 
production. (f) Effect of silencing β-arrestin 2, signal transducer and activator of transcription 3 (Stat3), or c-Jun N-terminal kinase (JNK) on p53 production after exposure 
to HNE. (g) Western blotting for IRF5 after stimulation with HNE and p53 siRNA. (h) Effect of PAR-2 agonists, AC-264613, LIGRO, and HNE on p53 production. (i) 
Western blotting for IRF5 and effect of PAR-2 agonists, AC-264613, LIGRO, and HNE on IRF5 production. Data were obtained using macrophages from three individuals 
in each group and represent the mean + SE. *P<.05; **P< .01 (with Bonferroni’s correction); N.S. not significant.



Citation: Yamaguchi R, Sakamoto A, Yamaguchi R, Haraguchi M, Narahara S, et al. (2019) Essential Role of GM-CSF-Dependent Macrophages in 
Human Autoimmune and Inflammatory Responses. J Cytokine Biol 4: 128. 

Page 11 of 13

Volume 4 • Issue 1 • 1000128
J Cytokine Biol, an open access journal
ISSN:2576-3881

dependent like macrophage phenotype via HO-1 expression [97]. It was 
been reported that SP induces transformation of GM-CSF-dependent 
rat macrophages to an M-CSF-dependent like phenotype [98,99]. GM-
CSF-dependent human macrophages and M-CSF-dependent human 
macrophages were exposed to substance P for 6 h, followed by western 
blotting to assess cell markers. Before stimulation with SP, GM-CSF-
dependent macrophages were CD80highCD163low, while M-CSF-
dependent macrophages were CD80lowCD163high. Incubation with SP 
increased expression of both CD163 and CD80, soCD80lowCD163high 
M-CSF-dependent like macrophages were not induced. 

Conclusion
Therefore, incubation of human GM-CSF-dependent macrophages 

with substance P for 6 h did not result in a shift to the M-CSF-dependent 
like phenotype, unlike murine and rat M1 macrophages.
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