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The process of macrophage polarization is involved in many pathologies such
as anti-cancer immunity and autoimmune diseases. Polarized macrophages exhibit
various levels of plasticity when M2/M(IL-4) macrophages are reprogrammed into an
M1-like phenotype following treatment with IFNy and/or LPS. At the same time, M1
macrophages are resistant to reprogramming in the presence of M2-like stimuli. The
molecular mechanisms responsible for the macrophages polarization, plasticity of M2
macrophages, and lack of plasticity in M1 macrophages remain unknown. Here, we
explored the role of Egr2 in the induction and maintenance of macrophage M1 and M2
polarization in the mouse in vitro and in vivo models of inflammation. Egr2 knockdown
with siRNA treatment fail to upregulate either M1 or M2 markers upon stimulation, and the
overexpression of Egr2 potentiated M1 or M2 marker expression following polarization.
Polarisation with M2-like stimuli (IL-4 or IL-13) results in increased Egr2 expression, but
macrophages stimulated with M1-like stimuli (IFNy, LPS, IL-6, or TNF) exhibit a decrease
in Egr2 expression. Egr2 was critical for the expression of transcription factors CEBPB
and PPARy in M2 macrophages, and CEBPB was highly expressed in M1-polarized
macrophages. In siRNA knockdown studies the transcription factor CEBPg was found
to negatively regulate Egr2 expression and is likely to be responsible for the maintenance
of the M1-like phenotype and lack plasticity. During thioglycolate-induced peritonitis,
adoptively transferred macrophages with Egr2 knockdown failed to become activated
as determined by upregulation of MHC class Il and CD86. Thus, our study indicates that
Egr2 expression is associated with the ability of unstimulated or M2 macrophages to
respond to stimulation with inflammatory stimuli, while low levels of Egr2 expression is
associated with non-responsiveness of macrophages to their activation.
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INTRODUCTION

Currently, it is accepted that at least two (among others)
pathways for macrophage activation exist leading to two distinct
or polarized states: the M1- and M2-like phenotypes (1,
2). Changes in M1 vs. M2 balance is a hallmark of many
autoimmune diseases (2). Common autoimmune diseases such
as multiple sclerosis and rheumatoid arthritis are associated with
the presence of M1, M2 or mixed M1/M2 subsets with the
predominant pathological role of an M1 subset (3, 4). The M1-
like phenotype is mediated by Th1-associated cytokine IFNy and
microbial products such as LPS. M1-like macrophages express a
high level of MHC class II and CD86 and effectively stimulate
CD4T cells to drive strong pro-inflammatory properties (2,
5, 6). These include the manufacture of NO (produced by
enzyme NOS2) and the secretion of a number of potent pro-
inflammatory cytokines such as IL-1p, IL-6, and TNF (2, 6).
The M2-like macrophage phenotype is induced by the Th2-
associated cytokines IL-4 or IL-13. M2 macrophages express
low levels of CD86 and are poor stimulators of CD4T cells,
and seem to promote tissue repair during the resolution phase
of inflammation (1, 7). Under normal conditions, most tissue-
resident macrophages (e.g., peritoneal macrophages, microglia)
exhibit M2-like characteristics. M2-like macrophages express a
number of specific markers that include Argl (arginase), Fizzl
(cysteine-rich secreted protein), and Ym1 (extracellular matrix-
binding lectin) (1, 8, 9). M2-like macrophages are known to
produce more anti-inflammatory cytokines including IL-10 and
TGFR1; however, IL-10 is not considerate to be a specific M2
marker but is probably more indicative of the presence of
deactivated macrophages (2, 10). The transcription factor PPARy
was recently shown to be involved in M2 polarization (6, 11),
while its upstream transcription factor CEBPB was shown to be
necessary for the induction of both M1 and M2 markers upon
stimulation with either M1 or M2 directing stimuli (2, 12-15).
Early growth response (Egr) proteins are a family of
transcriptional regulators that mediate expression of multiple
genes involved in cell growth and differentiation (16-18). There
are four Egr proteins in the family and three (Egrl, Egr2, and
Egr3) are expressed in macrophages (16, 19). The exact role of
Egrl, Egr2, and Egr3 in the development and function of myeloid
cells, such as monocytes and macrophages, remain unclear. It has
been suggested that Egr1 plays an important role in the regulation
of monocyte and macrophage differentiation. However, Egrl-
deficient mice have normal numbers of macrophages, which
suggests other functions for this protein must exist (19).
Egrl, Egr2, and Egr3 expression was upregulated in myeloid
progenitors when these cells are differentiated in vitro into
macrophages in the presence of M-CSF (19). The role of Egr
proteins was recently investigated in lymphoid cells (16); it was
reported in this study that a conditional knockout for Egr2
and Egr3 resulted in a lethal autoimmune syndrome that was
associated with excessive systemic levels of pro-inflammatory
cytokines (20). The knockout also exhibited impaired antigen
receptor-induced proliferation of B and T cells. It was suggested
that Egr2 negatively regulates T and B cell activation and
production of pro-inflammatory cytokines by the induction of

suppressor of the cytokine signaling (SOCS) molecules SOCS1
and SOCS3 (20). In macrophages, Egrl was shown to induce
expression of SOCS1 in LPS-stimulated M1 macrophages (21).
Similarly, Egr2 was found to be the positive regulator for
SOCS1 and STAT5 in dendritic cells (22). In Tregs, Egr2 has
been shown to regulate the expression of the anti-inflammatory
cytokine TGFB3 (23). In non-immune biology, Egr2 was
found to be critical for hindbrain development and peripheral
myelination and led to the perinatal death of Egr2-deficient
mice (24, 25). However, the downstream action of Egr molecules
in macrophages is still not well understood. Bone marrow-
derived myeloid precursors from Egrl/Egr3-double knockout
mice exhibited macrophage differentiation that is identical to
that of wild-type mice (19). Moreover, fetal liver-derived myeloid
precursors from Egrl/Egr2-double-deficient mice did not show
abnormalities in macrophage differentiation (19). These data
indicate that other functions of Egr-family proteins in myeloid
cells exist beyond the development and differentiation of myeloid
progenitors into monocytic cells. Drawing upon published results
on both lymphoid and myeloid cells, we hypothesized, that
Egr family proteins are likely to be involved in the control of
macrophage activation and/or polarization.

Although polarized M1 and M2 macrophages exhibit distinct
phenotypes in vitro, the picture is not so clear in vivo during
inflammation, where macrophages often exhibit dually activated
or a mixed M1/M2-like phenotype (7-9, 26). The mixed
M1/M2-like phenotype was associated with a high level of
macrophage plasticity: polarized macrophages seem to change
their phenotype at a whole population-based level over the time
(27). However, to date, it has not been clear how this process is
regulated at a molecular level. There are several studies, including
some of our own, that demonstrate how M2 macrophages could
be switched to the M1-like phenotype in vitro and in vivo (28,
29). Much less is known about the potential to switch M1-like
macrophages toward an M2-like phenotype. There is one study
regarding the switch of human M1-like macrophages to M2, but
his study was very restricted in terms of the choice of M1 and M2
markers and the M1-polarizing conditions were modest (30). It
was concluded based on extensive literature analysis that it would
not be common for M1 macrophages to be switched to M2 in vivo
and that it would only happen in a mild inflammatory reaction
(1). In our previous study, we found that IFNy/LPS-treated
MIl-like macrophages were unresponsive to IL-4 and would
not upregulate M2-associated molecules such as Mrcl (CD206)
and microRNA-124 (miR-124) and did not downregulate M1-
associated miR-155, MHC class II and CD86 (28). The reason
for such non-responsiveness of M1-like macrophages remained
unexplained at a molecular level. One of the possible mechanisms
is mitochondrial dysfunction of M1-like macrophages, but exact
molecular pathways that lead to this state remained unknown
(31).

Only recently Egr2 was proposed as a new M2 marker for
macrophage alternative activation (32); however, exact functions
of transcriptional regulator Egr2 in MIl-like [M(IFNy) and
M(LPS)] and M2-like [M(IL-4) and M(IL-13)] macrophage
polarization was not investigated in details. Since Egr2 was
not involved in macrophage development, it was important
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to investigate the role of Egr2 in the ability of macrophages
to become activated toward MI- or M2-like phenotypes
and maintain their M1- or M2-like phenotype during their
reprogramming. In contrast to myeloid dendritic cells,
macrophages are quite a heterogeneous population and their
mode of activation depends on local microenvironment leading
to classic (M1-like) and alternative (M2-like) states. While Egr2
was found to be a negative regulator of activation of dendritic
cells targeting SOCS1 (22), the role of Egr2 in macrophage
activation is not clear. Therefore, it is very important to
understand the role of Egr2 in macrophage activation.

In this study, we found that the Egr family proteins, Egr3 and
Egr2, were differentially expressed in M1 and M2 macrophages.
We established that although Egr2 was upregulated in M2
macrophages, the expression of this protein was required for
upregulation of M1 or M2 markers in response to M1-like (IFNvy,
LPS, TNE IL-6) or M2-like (IL-4, IL-13) stimuli respectively.
Treatment of macrophages with IFNy and/or LPS resulted in
long-term downregulation of Egr2, which lasted for more than
72h. Low levels of Egr2 was correlated with non-responsiveness
of M1 macrophages to further stimulation. Knockdown of
Egr2 by siRNA decreased expression of the M2 markers Argl,
Yml, Fizzl and upregulated IL-10 in IL-4-treated macrophages.
The introduction of Egr2 siRNA also made macrophages less
responsive to IFNy and/or LPS resulting in the downregulation
of the M1-associated markers NOS2, TNE, IL-6, IL-1p and Ptgs2
(Cox-2) and upregulation of IL-10. Alternatively, overexpression
of Egr2 increased expression of a number of M1- and M2-
associated markers in response to IFNy and IL-4 respectively. We
also demonstrated that Egr2 positively regulated the expression of
CEBPB, while, in turn, Egr2 was negatively regulated by CEBPf.
Expression of Egr2 in macrophages appeared to be critical for
upregulation of MHC class II and CD86 under inflammatory
conditions. These data indicate a new role for Egr2 as a factor that
positively regulates macrophage activation and plasticity during
M1 and M2 polarization.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) and C57BL/6-Tg(ACTB-bgeo/DsRed. MST (DsRed
transgenic) mice were originally purchased from the Jackson
Laboratory (Bar Harbor, ME) and bred locally at the Laboratory
Animal Services Center (LASEC) at the Chinese University
of Hong Kong. All animal procedures were conducted under
individual licenses from the Hong Kong government and were
approved by the animal ethics committee at the Chinese
University of Hong Kong.

Cells

Bone-marrow-derived macrophages (BMDMs) were grown in
the presence of M-CSF as described earlier in our studies (28, 33).
Bone marrow from 2 to 3 of 6 to 8 week-old B6 or DsRed
transgenic mice was isolated by flushing from femur bones with
PBS and a single cell suspension was obtained by passing the cell
suspension through a 70 pm Cell Strainer (Falcon). Macrophages
were grown in DMEM media (Gibco) supplemented with 10%

FBS (Gibco) and 10ng/ml M-CSF (R&D) for 5 days in 24-
well plate (0.5 ml media/well). Media was replaced after every
2-3 days. After 5 days, the cells were used in experiments at
the density of 300,000-400,000 cells per well, and the purity
of the cells was more than 95% as determined by two-color
flow cytometry analyzing expression of CD11b and F4/80. For
macrophage polarization, the cells were treated with IL-4 or IL-13
(both from R&D, 50 ng/ml), or IFNy (R&D, 100 ng/ml), or LPS
(100 ng/ml; Sigma), or TNF (100 ng/ml), or IL-1p (100 ng/ml), or
IL-6 (100 ng/ml), or GM-CSF (50 ng/ml) (all from R&D) for the
periods indicated ranging from 2 to 24 h. The mouse macrophage
cell line RAW264.7 was purchased from ATCC and maintained
in DMEM media supplemented with 10% FBS.

Flow Cytometry

For analysis of cell surface markers, the cells were stained
with anti-CD86-FITC or anti-CD86-PE, anti-MHC class II-PE-
Cy5 (all from BD Biosciences), and F4/80-FITC (Biolegend)
or F4/80-APC (eBioscience). Transfection plasmids and siRNA
had fluorescent reporters (GFP for plasmid and Cy3-labeled
RNA for siRNA), which were used to gate on transfected cells.
Macrophages were analyzed for expression of surface markers
(MHC class II, CD86, F4/80) or intracellular markers (Egr2,
IL-6, TNF). FcRs were blocked with mAb specific for mouse
FcR (2.4G2; BD Biosciences). Intracellular staining for Egr2,
IL-6 or TNF was performed similarly as described earlier
(32, 33) using fixation/permeabilization agent (eBioscience)
and anti-Egr2-APC (eBioscience), anti-IL-6-PE, or anti-TNF-
PE mAbs (both from BD Biosciences). The cells were analyzed
using LSRFortressa™ cytometer (BD Biosciences) and FlowJo
software (Tree Star Inc.) as we described earlier (34).

Quantitative Real-Time RT PCR

For quantitation by real-time RT PCR, total RNA was isolated by
Qiagen or MirVana (Applied Biosystems) kits from BMDMs or
RAW264.7 cell line. Real-time RT-PCR analyses were performed
using TagMan miRNA assays (Applied Biosystems). For analysis
of mRNA expression of M1 and M2 associated molecules, we
used primers that are described in Table 1. Relative expression
levels were calculated using the AACt method and normalized
to the expression of GADPH housekeeping gene and then to the
expression of a control sample that was defined as 1 (34). For the
analysis of miR-155 expression, we used specific primers from
Applied Biosystems and analyzed data by normalizing to the
expression of short non-coding housekeeping snoRNA-55 and
then to the reference sample using AACt method as described
previously (33, 35).

Western Blotting

Western blot analysis was performed according to a standard
protocol as previously reported (33, 34). Antibodies for B-
Actin (cat#4967), NOS2 (cat#9819), and Argl (cat#2982)
were purchased from Cell Signaling. Antibodies for Egr2
(cat#692002) were purchased from Biolegend. Antibodies for
CEBPp (cat#606202) were purchased from Biolegend.
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TABLE 1 | Primer sequence for mRNA expression analysis.

Gene Primer Sequence
GADPH Forward 5'-ATGACCACAGTCCATGCCATC-3'
Reverse 5'-GAGCTTCCCGTTCAGCTCTG-3
Arg1 Forward 5'CTTGGCTTGCTTCGGAACTC-3
Reverse 5'- GGAGAAGGCGTTTGCTTAGTTC-3
CEBPB Forward 5-GACAAGCTGAGCGACGAGTAC-3'
Reverse 5'- TTGCGCATCTTGGCCTTGTC-3
Cox-2/Ptgs2 Forward 5 -GTGACTGTACCCGGACTGGATTC-8
Reverse 5'- GGGTCAGGATGTAGTGCACTGTG-3'
Egri Forward 5'-GCAGCGCCTTCAATCCTCAAG-3
Reverse 5'-GCTCACGAGGCCACTGACTAG-3
Egr2 Forward 5'- CCCTTTGACCAGATGAACGGAG-3
Reverse 5'-AAGCTACTCGGATACGGGAGATC-3'
Egr3 Forward 5'- CGACTCGGTAGCCCATTACAATC-3
Reverse 5-GGGCTTCTCGTTGGTCAGAC-3’
Fizz1 Forward 5-GCCAGGTCCTGGAACCTTTC-3'
Reverse 5 -GGAGCAGGGAGATGCAGATGAG-3'
IL-1B Forward 5'-CTTCCAGGATGAGGACATGAGCAC-3'
Reverse 5/-TCATCATCCCATGAGTCACAGAGG-3'
IL-6 Forward 5/-CCTTCTTGGGACTGATGCTGGTG-3
Reverse 5'- AGGTCTGTTGGGAGTGGTATCCTC-3'
IL-10 Forward 5-GGTTGCCAAGCCTTATCGGA-3
Reverse 5’-ACCTGCTCCACTGCCTTGCT-3
NOS2 Forward 5’-ACCCACATCTGGCAGAATGAG-3'
Reverse 5’-AGCCATGACCTTTCGCATTAG-3'
PPARYy Forward 5 -AAGAGCTGACCCAATGGTTGC-3
Reverse 5'- AGGTGGAGATGCAGGTTCTACTTTG-3
SOCSH Forward 5-CTCGTCCTCGTCTTCGTCCTC-8
Reverse 5 -GAAGGTGCGGAAGTGAGTGTC-3'
SOCS2 Forward 5'-ACCGACTAACCTGCGGATTGAG-3
Reverse 5/-CCTGTCCGTTTATCCTTGCACATC-3
SOCS3 Forward 5'-GGCCACCTGGACTCCTATGAG-3
Reverse 5'-ACTGATCCAGGAACTCCCGAATG-3
TNF Forward 5-AGCCGATGGGTTGTACCTTG-3'
Reverse 5'- GTGGGTGAGGAGCACGTAGTC-3
Ym1 Forward 5 -CCATTGGAGGATGGAAGTTTG-3
Reverse 5'- GACCCAGGGTACTGCCAGTC-3

Macrophage Plasticity Assay

Plasticity assay was performed as described earlier (28). BMDMs
were polarized toward M1 with IFNy (100ng/ml) and LPS
(100 ng/ml) or, toward M2 with IL-4 (50 ng/ml) for 24 h, before
washing and culture in media alone (DMEM with 10% FBS
and 10ng/ml M-CSF) or they were further polarized in M1
(IFNY, 100 ng/ml and LPS, 100 ng/ml) or M2 (IL-4, 50 ng/ml) for
another 24-h period.

Knockdown Experiments Using Small

Interfering RNA

Egr2 interfering RNAs (siRNAs) (siGenome smart pool, cat#
M-040303-01), and CEBPB siRNA (siGenome smart pool,
Cat # M-043110-02), and CEBPa siRNA [(siGenome smart

pool, Cat # M-040561-01) and control siRNA (siGenome non-
targeting control pool), cat# D-0011206-13-05] were purchased
from Dharmacon (Lafayette, CO, USA) and used similarly as
described earlier in our studies (36). BMDMs were transfected
with siRNAs using TransIT-X2 System as a transfecting
agent (Madison, WI, USA) according to the manufacturer’s
instructions. The efficiency of transfection was 80-90% as
determined by the expression of a fluorescent reporter (Cy3-
labeled RNA) in F4/80-positive cells as determined by flow

cytometry.

Overexpression Plasmids and Experiments
Expression plasmid pMIG-Egr2 were generated as follows.
The first fragment of Egr2 gene was obtained from plasmid
mEgr2/LZRS (Addgene; plasmid #27784) by using enzyme
digestion via two restriction sites Xhol and BglIl. Another
fragment of Egr2 was amplified from mouse DNA library
using primers 5-CCTGAACTGGACCACCTCTACTC-3" and
5'-CAGCAGATCTCACGGTGTCCTGGTTC-3'. Full Egr2 gene
was amplified using primers 5-TGCTCTCGAGATGATGAC
CGCCAAGGCCG-3' and 5-CGTCTGAATTCTCACGGTGTC
CTGGTTCGAGAG-3' and introduced into plasmid pMIG via
restriction sites Xhol and EcoRI and subsequent ligation.
Expression plasmid pMIG-Cebpb was kindly provided by Prof.
Thomas Graf (Centre for Genomic Regulation, Barcelona, Spain).
The efficiency of transfection was 20-50% as determined by
expression of GFP reporter in F4/80-positive RAW264.7 cells as
determined by flow cytometry.

Nitric Oxide Synthase Activity Assay

NOS activity in BMDM cell lysate was measured using a
colorimetric assay kit from Abcam (cat#ab211083) according to
manufacturer’s instructions.

Thioglycollate-Induced in vivo

Inflammation

Thioglycollate-induced peritonitis was initiated in the group
of 4-5 B6 mice by i.p. injection of 2ml of 4% thioglycollate
broth media (Sigma) in PBS. The cells were isolated via
peritoneal lavage 4 days after injection of thioglycollate media.
Adoptive transfer of BMDMs transfected with Egr2 siRNA or
Control miRNA was performed 30 min prior to administration
of thioglycolate medium. BMDMs were grown in the presence of
M-CSF from bone marrow of DsRed transgenic mice, transfected
as described above, and 4-5 x 10° cells per recipient B6 mouse
were injected i.p. For FACS analysis, the cells were stained
for CD86-FITC, MHC class II-PE-Cy5 and F4/80-APC, and
DsRedtF4/807" gated cells were analyzed for the expression of
MHC class II and CD86.

Statistical Analysis

The results are presented as a mean =+ standard error (S.E.).
Unpaired Student’s ¢-tests were used to determine significance
between two independent groups. P-values of less than 0.05 were
considered to be significant. SigmaPlot software was used for the
creation of the graphs and statistical analysis.
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RESULTS

EGR2 Is Upregulated Only in M2 but Not

M1 Macrophages

In this study, we hypothesized that Egrl, Egr2, and Egr3
play an important role in the regulation of macrophage
activation toward MI1- and/or M2-like phenotypes. In the
first series of experiments, we aimed to verify our hypothesis
by investigating the kinetics of expression of these three
genes in M2 and MI1 polarized conditions. We used IL-
4 or IFNy to polarize macrophages toward M2 or MI,
respectively. When we monitored expression of the M2
marker Argl in IL-4 treated macrophages, we found it
was upregulated as early as 3h after treatment and peaked
at 24h. Conversely, IFNy treatment did not upregulate
Argl with the 3-24h period, which indicated successful M2
polarization (Figure1A). The MI1 marker NOS2 was not
upregulated by IL-4, but it was upregulated by IFNy as early
as 3h, peaked at 8h, and was slightly decreased by 24h
(Figure 1B).

Next, we investigated the level of expression of Egrl and found
that it was upregulated by both IL-4, and IFNy (Figure 1C). Egr2
was upregulated by IL-4, which is remained high for 24 h. By
contrast, IFNy treatment did not upregulate Egr2 (Figure 1D).
Egr3 was only transiently upregulated by IFNy that peaked at
8h (Figure 1E). Thus, we found that all three members of Egr
family were differentially regulated in macrophages following M1
or M2 polarization; Egr2 is associated with M2, Egr3 with M1-like
macrophages, and Egr1 is a polarization marker (MO to M1/M2).

Egr2 Is Upregulated by IL-4 and IL-13 and

Downregulated by IFNy, LPS, IL-6 and TNF
We investigated whether Egrl, Egr2, and Egr3 were differentially
regulated by M2-like stimuli (IL-4 and IL-13) and an expended
set of Ml1-like stimuli (IFNy, LPS, IL-6, IL-1, TNFE, and GM-
CSF). Egrl was upregulated by both M2-like stimuli IL-4
and IL-13 (Figure 2A) and a number of the Ml-like stimuli
(IFNy, IL-6, and GM-CSF) (Figure 2B). However, Egrl was
downregulated by LPS and TNF (Figure 2B). At the same time
cell viability was not decreased in IFNy, LPS, IL-6, or TNF
treated macrophages as determined by vital dye staining (not
shown). When we investigated Egr2, it was upregulated by IL-
4 and IL-13 (Figure 2C) and it was downregulated by IFNy,
LPS, IL-6, and TNE but not GM-CSF (Figure 2D). Egr3 was
transiently downregulated IL-4 and IL-13 (Figure 2E), while
it was transiently upregulated by two MIl-like stimuli IFNy
and IL-6 (Figure 2F). These data indicated that only Egr2 was
differentially regulated by M2- and most of the M1-like stimuli
and mRNA expression of this molecule was stably high in
M2 and stably low in M1 cells. Expression of Egr2 was also
stably upregulated on protein level by IL-4 (Figures S1A,B),
indicating a great importance of Egr2 vs. Egrl/2 in control
of macrophages activation toward M2. Thus, we established
that Egr2 was upregulated by M2 stimuli IL-4 and IL-13 and
downregulated by a number of M1 stimuli IFNy, LPS, IL-6,
and TNF.
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FIGURE 1 | Kinetics of expression of Egr1, Egr2, and Egr3, M2 marker Arg1,
and M1 marker NOS2 in macrophages polarized toward M2 (IL-4), or M1
(IFNy). Bone-marrow-derived macrophages (BMDMs) were analyzed as
untreated (C) or treated with IL-4 (IL4) or IFNy (IFN) as described in Materials
and Methods. The cells were analyzed after 3, 5, 8, and 24 h of incubation with
indicated cytokines. For analysis, the cells were washed, mRNA was isolated
and the expressions of Arg7 (A), Nos2 (B), Egr1 (C), Egr2 (D), and Egr3 (E)
were analyzed by real-time RT PCR as described in Materials and Methods.
Mean + S.E. of 12 separate culture plate wells is shown [*p < 0.05; *p <
0.01; **p < 0.001; “**p < 0.0001 when compared to untreated (C) cells].
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FIGURE 2 | Kinetics of expression of Egr1, Egr2, and Egr3 in macrophages activated with various M2 (IL-4 and IL-13) and M1 (IFNy, LPS, TNF, IL-6, and GM-CSF)
stimuli. (A=F) Bone-marrow-derived macrophages (BMDMs) were treated with M2 stimuli IL-4 or IL-13 (A,C,E) or M1 stimuli IFNy, LPS, TNF, IL-6, and GM-CSF
(B,D,F) as described in Materials and Methods. The cells were analyzed immediately (0 h), or after 8 or 24 h of incubation with indicated M2 or M1 stimuli. For
analysis, the cells were washed, mRNA was isolated and the expressions of Egr1 (A,B), Egr2 (C,D), and Egr3 (E,F) were analyzed by real-time RT PCR as described
in Materials and Methods. Mean + S.E. of six separate culture plate wells is shown (o < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 when compared to O h cells).
(G) BMDMs were treated with LPS or IFNy as described in Materials and Methods and the cells were analyzed as untreated (C) or after 24 h, or 48, or 72 h of
incubation with indicated M1 stimuli. For analysis, the cells were washed, mRNA was isolated and the expression of was analyzed by real-time RT PCR as described
in Materials and Methods. Mean + S.E. of six separate culture plate wells is shown (**o < 0.01; **p < 0.001). (H) BMDMs were treated with LPS as described in
Materials and Methods and the cells were analyzed as untreated (C) or 24 h, 48 h, and 72 h of incubation with LPS (100 ng/ml). For analysis, the cells were washed,
and the expression of Egr2 was analyzed on a protein level by western blot as described in Material and Methods. B-Actin has used a loading control. Representative
western blot is shown in Figure S1C. Mean + S.E. of 3-4 separate culture plate wells is shown (**p < 0.01).
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LPS and IFNy Cause Long-Term
Downregulation of Egr2 in M1

Macrophages

Since Egr2 was differentially expressed in M1- and M2-like
macrophages we focused on this factor and looked at the
long-term kinetics of the expression of Egr2 in M1-stimulated
macrophages. We found that IFNy- or LPS- treated macrophages
displayed long-term downregulation of Egr2, which lasted for
more than 72h (Figure 2G). Downregulation of Egr2 on mRNA
level was also confirmed on a protein level indicating ~3-
fold decrease in expression of this protein in M1 macrophages
(Figure 2H, Figure S1C). Thus, M1 polarized macrophages
downregulate Egr2 mRNA and protein levels, while Erg2 is
upregulated in M2 macrophages.

M1 Macrophages Exhibiting Low Levels of
Egr2 Fail to Downregulate M1 Markers and
Weakly Upregulate M2 Markers in
Response to Treatment With IL-4

In this study, we investigated the possibility to reprogram
the M1- and M2-polarized macrophages. M1-like macrophages
treated with IL-4 retained the capacity to express high levels
M1 markers NOS2 (Figure 3A, LPS/IFNy and LPS/IFNy Second
stimulus: IL-4), IL-6 (Figure 3B, LPS/IFNy and LPS/IFNy Second
stimulus: 1L-4), TNF (Figure 3C, LPS/IFNy and LPS/IFNy
Second stimulus: 1L-4), and displayed limited Argl induction
(Figure 3D, IL-4 and LPS/IFNy Second stimulus: IL-4) or Ym1
induction (Figure 3E, IL-4 and LPS/IFNy Second stimulus:
IL-4). Importantly the level of expression of Egr2 remained
low/negative in M1 macrophages treated with IL-4 (Figure 3F,
LPS/IFNy, and LPS/IFNy Second stimulus: IL-4). Conversely,
M2 macrophages, which exhibited a high level of Egr2
expression (Figure 3F, IL-4), could switch and upregulated M1
markers NOS2, TNF, and IL-6 (Figures 3A-C, IL-4 Second
stimulus: LPS/IFNy) and downregulated M2 markers Argl,
Ym1l, and Egr2 (Figures 3D-F, IL-4 Second stimulus: LPS/IFNy ).
These data were consistent with our previous study where
we investigated surface markers MHC class II, CD86, and
CD206 (28). Thus, our data demonstrate that M1 macrophages
retained a low level of Egr2, which was associated with
retention of M1 markers and weak upregulation of M2
markers.

Knockdown of Egr2 Resulted in a
Decrease in Expression of M2 Markers
Arg1, Fizz1 and PPARy and Upregulation of
IL-10 in IL-4-Treated Macrophages

We hypothesized that Egr2 may be essential for M2 polarization.
To test this we knocked down Egr2 using siRNA technology.
We found that the siRNA treatment markedly decreased
expression of Egr2 in unmanipulated and in IL-4-stimulated
macrophages on mRNA (Figure 4A) and protein (Figures S2,
S3) levels. We found that knockdown of Egr2 decreased
the expression of Argl (Figure4B), Fizzl (Figure4C), Yml

(Figure 4D), and PPARy (Figure4E). The expression of IL-
10 was significantly increased (Figure 4F). Thus, these results
indicate that Egr2 promotes expression of the M2 markers
Argl, Fizzl, Yml, and PPARy and inhibits the expression of
IL-10.

Knockdown of Egr2 Resulted in a
Decrease in the Expression of M1 Markers
NOS2, Cox-2, TNF, II-1p in IFNy-Treated

Macrophages

We further examined the role of Egr2 in M1 polarization. Again,
we found that siRNA for Egr2 substantially decreased expression
of mRNA for Egr2 in IFNy-stimulated M1 macrophages
(Figure 5A). We found that knockdown of Egr2 significantly
decreased expression of M1 markers NOS2 (Figure 5B), IL-1
(Figure 5C), TNF (Figure 5D) and the activation marker Cox-
2(Ptgs2) (Figure 5E). Surprisingly, as in M2-like macrophages,
Egr2 knockdown in M1-like macrophages (Figure 4F) resulted in
an increase in the expression of IL-10 (Figure 5F). The expression
of M1-associated microRNA miR-155 was also inhibited in IFNy-
stimulated macrophages (Figure S4), further demonstrating the
importance of Erg2 in the induction of M1-associated regulatory
RNAs. Thus, these results indicate that Egr2 promotes expression
of RNA of M1-associated molecules NOS2, Cox-2, TNE IL-18,
and miR-155.

Knockdown of Egr2 Resulted in a
Decrease in the Expression of M1 Markers
NOS2, TNF, IL-6, CD86, MHC Class Il, and

M2 Marker Arg1 on a Protein Level

We further validated the decrease in expression of Egr2, IL-6,
and TNF in macrophages on a protein level using intracellular
staining and quantitative FACS analysis. We found that IL-
4-treated macrophages expressed a high level of Egr2, which
was significantly decreased by Egr2 siRNA (Figures 6A,B).
When compared to IL-4-treated cells, IFNy-treated macrophages
expressed a ~10-fold lower level of Egr2, which was further
decreased by Egr2 siRNA (Figures 6A,B). Knockdown of
Egr2 in IFNy-treated macrophages significantly decreased the
production of M1 cytokines IL-6 and TNF on a protein level
(Figures 6C-F).

Next, we validated downregulation of Argl in M2-like
and NOS2 in M1l-like macrophages on a protein level. We
found that expression of Argl was not detected in IL-4-
treated macrophages on a protein level on day 1, but appeared
on day 4 post-IL-4 treatment (not shown). Knockdown of
Egr2 significantly decreased the expression of Argl on a
protein level on day 4 (Figure 7A). Expression of NOS2 was
detected in M1 macrophages on day 1 post-IFNy treatment and
expression of this protein was significantly decreased by Egr2
siRNA (Figure 7B). NOS activity was also decreased in M1-like
macrophages with an Egr2 knockdown, as was determined by
actual NO production (Figure 7C).

Finally, we performed analysis of expression of
classical macrophage activation marker MHC class 1I
and Ml-associated marker CD86 and found that both
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FIGURE 3 | Analysis of expression of M1 markers (NOS, IL-6, and TNF), M2 markers (Arg1 and Ym1), and Egr2 in M1 macrophages that were subsequently
stimulated toward M2 and vice versa. Bone-marrow-derived macrophages (BMDMs) were treated with M2 stimulus IL-4 or M1 stimulus IFNy/LPS for 24 h, washed
and then subjected to opposite M1 (IL-4) and M2 (IFNy/LPS) stimuli for another 24 h-period as described in Materials and Methods. The cells were analyzed as
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markers were downregulated by siRNA for Egr2 in IFNy- Knockdown of Egr2 Resulted in a
treated M1 macrophages (Figure8A). Quantification PDecrease in the Expression of MHC Class
is shown in Table2. At the same time, siRNA for Il and CD86 on Macrophages During

Egr2 did not significantly affect the expression of . .
these markers in M2-like macrophages (Table2). Thus, Thioglycolate-Induced Inflammation of the

we found that although Egr2 is upregulated in M2 Peritoneum
macrophages, expression of Egr2 is also important for M1 ~ We then tested whether Egr2 is important during inflammation
polarization. in vivo. To test this, we used adoptively transferred bone-marrow

Frontiers in Immunology | www.frontiersin.org 8 November 2018 | Volume 9 | Article 2515


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Veremeyko et al.

Egr2 Mediate Macrophage Activation and Plasticity

C(si) Egr2(si) C(si)+IL4 Egr2(si)+IL4

(o]

Fizz1 *k%

Fizz1, relative level
- - N
o [3,] o

(3]

C(si) Egr2(si) C(si)+IL4 Egr2(si)+IL4

E PPARy

16
1.4
1.2 *

1.0 "
0.8

0.6
0.4

0.2
0.0

PPARYy, relative level

C(si) Egr2(si) C(si)+IL4 Egr2(si)+IL4

A Egr2 *kkk Arg1 Sk
3 60
3 -
H s
22 g 40
s s
[ ] 30
] = =
I.l? 1 > 20
<
10
0 0

C(si) Egr2(si) C(si)*IL4 Egr2(si)+IL4

Ym
60

1 *
50
40
30
20
10
0

C(si) Egr2(si) C(si)+IL4 Egr2(si)+IL4

Ym1, relative level

IL-10
Fkkkk

2
1
0

C(si) Egr2(si) C(si)+IL4 Egr2(si)+IL4

A a0 o

w

IL-10, relative level

FIGURE 4 | Analysis of expression of Egr2 and M2-associated markers (Arg1, Fizz1, Ym1, PPARy) and IL-10 in IL-4-activated macrophages with knockdown of Egr2.
Bone-marrow-derived macrophages (BMDMs) were transfected with siRNA cocktail for Egr2 [Egr2(si)] or control siRNA [C(si)] for 24 h as described in Materials and
Methods, and after which the cells were used as unstimulated [C(si) and Egr2(si)] or activated with IL-4 for another 24 h-time period [C(si)+IL4 and Egr2(si)+IL4] as in
Figure 3. The cells were washed, mMRNA was isolated and the expressions of Egr2 (A), Arg1 (B), Fizz1 (C), Ym1 (D), PPARy (E), and IL-10 (F) were analyzed by
real-time PCR as described in Materials and Methods. In (A-F), mean =+ S.E. of 4-9 separate culture plate wells is shown (*p < 0.05; **p < 0.01; **p < 0.001; ***p

< 0.0001; ****p < 0.00001).

derived macrophages (BMDMs) that expressed genetic markers
DsRed under the actin promoter and were transfected with
siRNA for Egr2 or Control siRNA. On day 4 of thioglycollate-
induced peritonitis, adoptively transferred DsRed™F4/80"
macrophages transfected with control siRNA upregulated MHC
class II and CD86, while macrophages with siRNA for Egr2
had a significantly lower level of expression of these molecules
(Figure 8B). Quantification is shown in Table 2. Thus, we
found that expression of Egr2 was important for macrophages
activation in vivo during inflammation.

Overexpression of Egr2 in IFNy- and/or
LPS-Treated Macrophages Resulted in
Upregulation of M1 Markers TNF, NOS2,
IL-6, IL-18, and Cox-2

To confirm that expression of Egr2 is important for upregulation
of Ml-associated markers we overexpressed Egr2 in mouse
macrophage cell line RAW264.7 as BMDMs are resistant to
transfection with plasmids. We found that overexpression
of Erg2 enhanced expression of NOS2 (Figure9A), IL-18
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as in Figure 3. The cells were washed, mRNA was isolated and the expressions of Egr2 (A), NOS2 (B), TNF (C), IL-18 (D), Cox-2 (E) and /L-70 (F) were analyzed by
real-time PCR as described in Materials and Methods similar as for Figure 2. In (A-F), mean + S.E. of six separate culture plate wells is shown (*o < 0.01; **p <
0.001; ™**p < 0.00001).

(Figure 9B), IL-6 (Figure 9C) TNF (Figure 9D), and Cox-2
(Figure 9E) in the macrophage cell line stimulated with IFNy.
Similarly, overexpression of Erg2 enhanced expression of NOS2
(Figure 10A), IL-1p (Figure 10B), IL-6 (Figure 10C), and Cox-
2 (Figure 10E) in the RAW264.7 cell line stimulated with
LPS. However, the expression of TNF was downregulated in
LPS-stimulated RAW264.7 cells with overexpression of Egr2
(Figure 10D). Thus, we further confirmed that although Egr2
was upregulated in M2 macrophages, expression of this protein is

also important for the polarization of M1-like macrophages and
regulation of expression of M1 markers.

Overexpression of Egr2 in IFNy-Treated
Macrophages Resulted in Upregulation of

Egr2, IL-6, and TNF on a Protein Level
We validated that transfection of RAW264.7 cells with Egr2
plasmid resulted in upregulation of Egr2 on a protein level

Frontiers in Immunology | www.frontiersin.org

November 2018 | Volume 9 | Article 2515


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Veremeyko et al. Egr2 Mediate Macrophage Activation and Plasticity

A IL-4 |FNY B Egr2
*k
] __ 800 l s |SO Control
o == Control siRNA
] _% 00, === Egr2 siRNA
3
] < 400
°
Qo
*kk
] ; 200
& ) |
0 |
o o o ' IL-4 IFN
P IL-6
| — *kdk
0.3% 30
3
o 25
&
g 20
]
£ 15
&
3 10
o5
0

T T T T Control siRNA Egr2 siRNA

F TNF

t o { *k%
18%
«» 60
)
S50
3
5 40
©
E 30
+
z
g 20
S
< 10
0
- . : Control siRNA Egr2 siRNA

Control Egr2
siRNA siRNA

FIGURE 6 | Analysis of expression of Egr2 on a protein level in M1- and M2-like macrophages with knockdown of Egr2 and intracellular cytokine protein level of TNF
and IL-6 in IFNy-activated macrophages with knockdown of Egr2. Bone-marrow-derived macrophages (BMDMs) were transfected with Egr2 siRNA or Control siRNA
for 24 h as described in Materials and Methods, and after which the cells were activated with IL-4 or IFNy for another 24 h-time period as in Figure 5. The cells were
washed, stained for surface F4/80, fixed/permeabilized and stained for intracellular Egr2, IL-6, or TNF with fluorescently labeled mAbs and F4/807 cells were analyzed
by three-color flow cytometry as described in Materials and Methods. Expression of Egr2 (A,B), IL-6 (C,D) and TNF (E,F) in macrophages transfected with Egr2
SiRNA (solid line) vs. Control siRNA (dotted line) are shown on representative histogram graphs (A,C,D). Staining with isotype-matched control mAbs (Control ISO) is
shown by shaded histograms. Quantitative analysis (mean fluorescence intensity level for Egr2 and percentage of positive cells for IL-6 and TNF) is shown in (B,D,F).
In (B,D,E), mean + S.E. of six separate culture plate wells is shown (*p < 0.01; ***p < 0.001).

using multi-color flow cytometry. We found that expression  (Figures 11E,F) were also increased on a protein level in
of Egr2 was significantly increased in F4/80"TGFP™ transfected ~ F4/80TGFP™ transfected cells treated with IFNy. Thus, we
cells treated with IL-4 or IFNy (Figures 11A,B). Moreover,  confirmed that expression of Egr2 resulted in upregulation of M1
the expressions of M1 markers IL-6 (Figures 11C,D) and TNF  markers on a protein level.
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NOS2 (B) was analyzed on a protein level by western blot as described in Material and Methods. B-Actin has used a loading control. Representative blots are shown
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Knockdown of Egr2 Did Not Downregulate
Expressions of SOCS1, SOCS2, and

SOCSS3 in IFNy-Stimulated Macrophages

It has been previously reported that Egr2 directly regulates the
expression of SOCS1 and/or SOCS3, but not SOCS2 proteins, in
lymphoid and dendritic cells, which are important regulators of
pro-inflammatory (IL-6, TNF) and anti-inflammatory (e.g., IL-
10) cytokines (20, 21). Here, we verified whether Egr2 regulates

the expression of SOCS1, SOCS2, and SOCS3 in activated
macrophages. First, we investigated the kinetics of expression
of SOCS1, SOCS2, and SOCS3 in M2 and M1 macrophages
stimulated with IL-4 or IFNy, respectively. Similar to the pattern
of expression of Egrl, Egr2, and Egr3 proteins, SOCS1 was
upregulated by both IL-4, and, to a higher degree, by IFNy
(Figure S5A). SOCS2 was upregulated by IL-4 (Figure S5B), and
SOCS3 was upregulated by IFNy, but not by IL-4 (Figure S5C).
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FIGURE 8 | Analysis of expression of activation surface markers MHC class Il and CD86 on macrophages with knockdown of Egr2 under inflammatory conditions in
vitro and in vivo. Bone-marrow-derived macrophages (BMDMs) from B6 (A) or DsRed transgenic (B) mice were transfected with Egr2 siRNA or Control siRNA for

24 h, and after which the cells were used as unstimulated or activated in vitro with IL-4 or IFNy for another 24 h-time period (A) or in vivo for 4 days in the model of
thioglycollate-induced inflammation as described in Materials and Methods. (A) After in vitro incubation in media, IL-4 or IFNy, the cells were washed, stained for
surface markers F4/80, MHC class Il and CD86 and F4/80" gated macrophages were analyzed for the expression of MHC class Il and CD86 by three-color follow
cytometry as described in Materials and Methods. The expressions for MHC class Il (top histograms) and CD86 (bottom histograms) of untreated (left histograms) or
activated with IL-4 (middle histograms) or IFNy (right histograms) macrophages transfected with Egr2 siRNA (solid line) vs. control siRNA (dotted line) are shown on
representative histogram graphs. Staining with isotype-matched control mAbs is shown by shaded histograms. (B) The transfected DsRed-positive macrophages
were injected i.p. into a group of 4-5 mice and peritoneal inflammation was induced by injection of thioglycollate medium as described in Materials and Methods. On
day 4 after induction of inflammation, the cells were isolated by peritoneal lavage and cells were washed, stained for surface markers F4/80, MHC class Il and CD86.
F4/80*F DsRed* gated macrophages were analyzed for the expression of MHC class Il and CD86 by four-color follow cytometry as described in Materials and
Methods. The expressions for MHC class Il (left histograms) and CD86 (right histograms) on F4/80* DsRedt macrophages transfected with Egr2 siRNA (solid line) vs.
control siRNA (dotted line) are shown on representative histogram graphs. Staining with isotype-matched control mAbs is shown by shaded histograms. (C) In (A,B),
quantifications and statistics are shown in Table 2.

However, in contrast to expected results that Egr2 positively ~ SOCS1, SOCS2, and SOCS3 (Figures S6A-C). Thus, we found
regulate SOCSs proteins, knockdown of Egr2 in IFNy-treated  that SOCS1, SOCS2, and SOCS3 were not positively regulated by
BMDMs resulted in upregulation (not downregulation) of  Egr2in M1-like macrophages.

Frontiers in Immunology | www.frontiersin.org 13 November 2018 | Volume 9 | Article 2515


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Veremeyko et al. Egr2 Mediate Macrophage Activation and Plasticity

TABLE 2 | Effect of Egr2 knockdown on expression of macrophage activation markers MHC class Il and CD86 during inflammatory conditions@.

MO (Unstimulated) M2 (IL-4) M1 (IFNy) Thioglycollate-induced inflammation
Control siRNA  Egr2siRNA  Control siRNA  Egr2siRNA  Control siRNA  Egr2siRNA  Control siRNA Egr2 siRNA
MHC class I 257 £ 16 259 + 27 282 +9 311 +£7 611 £ 35 208 + 39° 1836 + 228 905 + 86°
CD86 67 £7 74 £5 83+ 8 99 +6 282 +8 170 + 8° 173 £ 8 136 + 10

aBMDMs were grown from bone marrow of B6 or DsRed transgenic mice in the presence of M-CSF for 5 days and transfected with Control siRNA or Egr2 siRNA. The cells were
analyzed in vitro or injected i.p. into the group of 4-5 mice with thioglycollate-induced inflammation. For in vitro analysis, the cells were incubated in media alone (unstimulated) or in the
presence of IL-4 (50 ng/mi) or IFNy (100 ng/ml) as described in Materials and Methods. After 24 of incubation in vitro or on day 4 after induction of thioglycollate-elicited inflammation,
the cells were stained for MHC class Il, CD86, and F4/80. The F4/80" gated (in vitro) or F4/80" DsRed* (ex-vivo isolated) gated cells were analyzed for expression of MHC class Il and
CD86 by 3—4-color flow cytometry and mean fluorescence intensity (MFI) levels for expression of MHC class Il and CD86 were measured. Mean + S.E. of three separate experiments
or 4-5 individual animals is shown.

bp < 0.001 when compared to control SiRNA.

CP < 0.01 when compared to control SiRNA.

9P < 0.01 when compared to control SiRNA.

Knockdown of Eg r2 Downregulate unaffected [Figure 12C, Cebpa(si)]. We also found that siRNA for
Expressions of CEBPB in MO and M2 CEBPp resulted in a decrease in M1 (NOS2, TNF) and M2 (Argl,

Macrophages. While Overexpression of Ym1) markers in IFNy- or IL-4- stimulated macrophages (not
phages, P shown), which confirms previous reports. Thus, we found that

Egr2 in M1 Macrophages Upregulate CEBPB, but not CEBPa, inhibits the expression of Egr2.
CEBPB Next, we investigated the level of expression of CEBPP
We further investigated mechanisms by which Egr2 is involved  in unstimulated or M2 (IL-4) or M1 (IFNy/LPS)-stimulated
in the upregulated expression of M1 and M2 markers in  macrophages. CEBPS was upregulated 1.7- and 1.4-fold in M2
macrophages. We found that SOCSs molecules are not the  macrophages at 8 and 24h. In M1 macrophages, upregulation
target for Egr2 in macrophages (FiguresS5, $6). Therefore,  of CEBPS was quite marked (5-fold) at 8h, but only transient
we investigated other possible direct targets for Egr2. It has returning to control level at 24h (Figure 12D). When we
been demonstrated that the Egr famlly proteins Egrl, Egr2, and Compared the expression of CEBPB at a protein level’ we found
Egr3 directly upregulate CEBPB, one of the major transcription  that this transcription factor was not detectable in untreated
factors in macrophages (37). Many studies have previously shown M0 cells. However, CEBPB was detected in M1- and M2-like
that CEBPB is important for macrophage activation and for  macrophages after 24h of stimulation with TFNy/LPS or IL-4
the induction of expression of both M1 and M2 markers (12~ (Figure 12E, Figure S7). CEBPP was expressed at a much higher
14). Here we investigated whether Egr2 affected the expression  level in M1-like macrophages compared to M2-like macrophages
of CEBPB. We found that siRNA for Egr2 downregulated  (Figure 12E, Figure S7), which was correlated with the low level
this transcription factor in unstimulated (MO), IL-4 treated of Egr2 in M1-like macrophages or macrophages with CEBPg
(M2), and IFNy-treated macrophages (Figure12A). When  knockdown (Figure 12C). Thus, these data suggest that CEBPB
we upregulated Egr2 in an IFNy-stimulated M1 macrophage negatively regulate Egr2 in M1-like macrophages.
line that exhibited a low level of baseline Egr2 expression,
we found that CEBPS was upregulated (Figure 12B). Thus,
we found that Egr2 positively regulates the expression of DISCUSSION
CEBPB in unstimulated and in MIl- and M2-stimulated
macrophages. In this study, we demonstrated an important role of Egr-
family proteins in macrophage activation driven by MI- or
. M2-like stimuli. We found that Egr2 is expressed in non-
CEBP Downregulates the Expression of activated MO macrophages, upregulated in M2 macrophages,
Egr2 in M1-Like Macrophages and significantly downregulated in M1 macrophages where Egr2
It was previously reported that CEBPB could negatively  expression remained at a low level for an extended period.
regulate the expression of Egr2 (38). We proposed that  We also discovered that Egr2 expression was important for the
similar mechanism play a role in M1-like macrophages where  upregulation of both M1 and M2 markers. Our data also indicate
Egr2 is significantly downregulated. To test this hypothesis, that Egr2 expression is important for MO or M2 macrophages
we investigated whether the expression of Egr2 would be  to make the transition to M1, while M1 macrophages exhibited
upregulated in unstimulated MO or stimulated M1 and M2  a low level of Egr2 24h post-stimulation, and respond poorly
macrophages where CEBPB knockdown by siRNA treatment.  to MI- or M2-like stimuli, and exhibit an Egr2'®V deactivated
Expression of Egr2 was upregulated in M0, M2 (IL-4), and  phenotype, which is characterized by upregulation of IL-10
M1 (IFNy) macrophages treated with siRNA for CEBPP  (Figure S8).
[Figure 12C, Cebpb(si)]. When siRNA for CEBPa (as an Mechanistically we found that Egr2 was important for
additional negative control) was employed, Egr2 expression was  upregulation of CEBPB in M2 and to less extent of degree M1
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FIGURE 9 | Analysis of expression of M1-associated markers (NOS2, IL-18, IL-6, TNF, Cox-2) in IFNy-activated macrophage cell line with overexpression of Egr2.
Macrophage cell line RAW264.7 was transfected with empty (control) pMIG expression vector plasmid [V(C)] or vector with Egr2 [V(Egr2)] for 24 h as described in
Materials and Methods. Then the cells were used as unstimulated [V(C) and V(Egr2)] or activated with IFNy (100 ng/ml) for another 24 h-time period [V(C)+IFN and
V(Egr2)+IFN]. The cells were washed, mRNA was isolated, and the expressions of NOS2 (A), IL-18 (B), IL-6 (C), TNF (D), Cox-2 (E) were analyzed by real-time PCR
as described in Materials and Methods. In (A-E), mean + S.E. of six separate culture plate wells is shown (*p < 0.05; **p < 0.01; ****p < 0.000001).

macrophages, which in turn, inhibited Egr2 expression in M1
macrophages. These data are in good agreement with the fact
that Egr2 is significantly downregulated in M1 but not in M2
cells (Figures 2C,D). Moreover, the peak of expression of Egr2
was at 8h in M2 macrophages, and after that, the expression
of Egr2 was slightly declined at 24h (Figure 1D), which was

consistent with the highest level of CEBPS at 8h and a slight
decline at 24 h (Figure 12D). Factor Egrl could also contribute
to the upregulation of CEBPf in M2 macrophages at 24 h since
Egrl reached the highest level at that time (Figure 1A). In
case of M1 cells, CEBPP could be transiently induced by Egrl
and Egr3 both of which are expressed at the highest level in
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FIGURE 10 | Analysis of expression of M1-associated markers (NOS2, IL-18, IL-6, TNF, Cox-2) in LPS-activated macrophage cell line with overexpression of Egr2.
Macrophage cell line RAW264.7 was transfected with empty (control) pMIG expression vector plasmid [V(C)] or vector with Egr2 [V(Egr2)] for 24 h and after which the
cells were used as unstimulated [V(C) and V(Egr2)] or activated with LPS (100 ng/ml) for another 24 h-time period [V(C)+LPS and V(Egr2)+LPS] as in Figure 7. The
cells were washed, mRNA was isolated and the expressions of NOS2 (A), IL-18 (B), IL-6 (C), TNF (D), Cox-2 (E) were analyzed by real-time PCR as described in
Materials and Methods. In (A-E), mean =+ S.E. of six separate culture plate wells is shown (**p < 0.0001; ****p < 0.00001; *****0 < 0.000001; *****p <
0.0000001).

IFNy-stimulated macrophages at 8 h and decline by 24 h post- Although distinct pathways of macrophages activation are
stimulation (Figures 2C,E). Egr2 is also still present in M1  recognized, little is known about the regulation of such
macrophages at 8h contributing to a high level of mRNA for  activation on a molecular and transcriptional level (2). In
CEBPf at that time (Figure2D). Base on all these data we  this study, we demonstrated that Egr2 is involved in the
proposed the model that Egr2 positively regulate CEBPP that, in ~ process of activation, polarization, and plasticity of macrophages.
turn, promote expression of M1 and M2 markers, while CEBPp  Several studies suggest that M1 macrophages exhibit a low
provides a negative regulatory feedback loop downregulating level of plasticity in vivo (28). Moreover, it was clearly
Egr2 (Figure 12F). Thus, taken together our study demonstrate =~ demonstrated that high doses of LPS induce tolerance in
that high level of CEBPP negatively regulated Egr2 in M1  macrophages when they decrease the production of pro-
macrophages. inflammatory cytokines IL-1f, IL-6, and TNF and upregulate
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FIGURE 11 | Analysis of expression of Egr2, IL-6, and TNF on a protein level in activated macrophage cell line with overexpression of Egr2. Macrophage cell line
RAW264.7 was transfected with empty (control) pMIG plasmid vector (Control Vector), or vector with Egr2 (Egr2 Vector) for 24 h and after which the cells were
activated with IL-4 or IFNy for another 24 h-time period as in Figure 10. The cells were washed, fixed/permeabilized and stained for intracellular Egr2, IL-6, or TNF
with fluorescently labeled mAbs as described in Materials and Methods. GFPT gated transfected cells were analyzed for expression of Egr2, IL-6, or TNF by
three-color flow cytometry. Expression of Egr2 (A,B), IL-6 (C,D) and TNF (E,F) in cells transfected with Egr2 Vector (solid line) vs. Control Vector (dotted line) are
shown on representative histogram graphs (A,C,D). Staining with isotype-matched control mAbs is shown by shaded histograms. Quantitative analysis (mean
fluorescence intensity level for Egr2 and percentage of positive cells for IL-6 and TNF) is shown in (B,D,F). In (B,D,E), mean + S.E. of six separate culture plate wells is
shown. Statistically significant differences in the expression levels are shown on each figure ("p < 0.05; **p < 0.001; ***p < 0.0001).

IL-10 (39). In our study, we found that Egr2'° macrophages
also downregulated these markers and up-regulated IL-10.
Thus, Egr2 may play an important role in LPS tolerance
and other types of tolerance in MI-polarized macrophages
in vivo.

An important question is how Egr2 and CEBPP mediate
macrophages activation in mixed M1/M2 activation when IL-
4 and IFNY/LPS are present at the same time. Since M1

stimuli downregulate Egr2 relatively late (24 h post-activation)
and M2 stimuli upregulate Egr2 as early as 3-8h after
stimulation (Figure 1D), we expect that Egr2 and CEBPB would
be first upregulated at 3-8h and induce expression of Ml
and M2 markers at these time-points. At 24h CEBPfB would
downregulate Egr2 in a way similar to that of M1 macrophages
(Figure 12). Since both M1 and M2 stimuli upregulate CEBPB
(Figures 12D,E), we expect to see a high level of expression
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FIGURE 12 | Analysis of reciprocal regulation of CEBPB and Egr2 in M1 and M2 macrophages. (A) Effect of inhibition of Egr2 on CEBPB expression in MO, M2, and
M1 macrophages. Bone-marrow-derived macrophages (BMDMs) were transfected with siRNA cocktail for Egr2 [Egr2(si)] or control siRNA [C(si)] for 24 h as described
in Materials and Methods, and after which the cells were used as unstimulated [C(si) and Egr2(si)] or activated with IL-4 [C(si) + IL4 and Egr2(si) + IL4] or IFNy
[C(si)+IFN and Egr2(si)+IFN] for another 24 h-time period as in Figure 3. The cells were washed, mRNA was isolated and the expressions of CEBPS was analyzed by
real-time PCR as described in Materials and Methods. (B) Effect of overexpression of Egr2 on CEBPB expression in M1 macrophages. Macrophage cell line
RAW264.7 was transfected with pMIG expression vector plasmid or empty plasmid vector [V(C) or vector with Egr2 (V(Egr2)] for 24 h and after which the cells were
used as unstimulated [V(C) and V(Egr2)] or activated with LPS for another 24 h-time period [V(C)+LPS and V(Egr2)+LPS] as in Figure 8. The cells were washed,
mRNA was isolated and the expressions of CEBPS were analyzed by real-time PCR as described in Materials and Methods. (C) Effect of inhibition of CEBPB on Egr2
expression in unstimulated (M0), M2, and M1 macrophages. BMDMs were transfected with siRNA cocktail for CEBPa [CEBPA(sI)], CEBPB [CEBPB(sI)], or control
siRNA [C(si)] for 24 h as described in Materials and Methods. After which, the cells were used as unstimulated [C(si), CEBPA(si), and CEBPB(si)] or activated with IL-4
[C(si)+IL4, CEBPA(si)+IL4, and CEBPB(si)+IL4] or IFNy [C(si)+IFN, CEBPA(si)+IFN and CEBPB(si)+IFN] for another 24 h-time period as in Figure 3. The cells were
washed, mRNA was isolated and the expressions of Egr2 was analyzed by real-time PCR as described in Materials and Methods. (D) Kinetics of expression of
CEBPB on mRNA level in M2 (IL-4) and M1 (IFNy/LPS) macrophages. BMDMs were stimulated with IL-4 or IFNy/LPS and the levels of CEBPB expression was
(Continued)
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FIGURE 12 | determined by real-time RT PCR immediately (O h), 8, and 24 h after activation similarly as for Figure 2. Mean + S.D. of triplicate is shown (*p < 0.05;
**p < 0.01; ***p < 0.0001 when compared to untreated (0 h) cells). (E) Expression of CEBPB on protein level in M2 (IL-4) and M1 (IFNy/LPS) macrophages. BMDMs
were used unstimulated (Cont) or stimulated with IL-4, or IFNy with LPS for 24 h as for Figure 3 and the level of expression of CEBPB was analyzed by western blot
as described in Materials and Methods. A representative blot (upper image) and quantitative analysis (bottom graph) are shown here. The whole blots are shown in
Figure S7. (F) Model of reciprocal regulation of CEBPB and Egr2 in M1 and M2 macrophages. In both M1 and M2 macrophages Egr1 upregulate CEBPB, which in
turn induce expression of M1 or M2 markers, respectively. In M1 macrophages, high level of CEBP inhibits Egr2 leading to non-responsiveness of these cells to
further simulation. In (A-C,E), mean + S.E. of 4-6 separate culture plate wells is shown (*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ****p < 0.00001).

of CEBPf at 24h post-activation in M1/M2 mixed activation
condition. High level of CEBPP would downregulate Egr2 in
M1/M2-activated macrophages. Thus, we assume that under
mixed MI1/M2 activation conditions, activated macrophages
would express both M1 and M2 markers and would be resistant
to further stimulation due to downregulation of Egr2.

Egr2 is involved in the expression of multiple genes in
various cells types. In lymphoid cells, it was shown to upregulate
expression of SOCS1 and SOCS3 (20). In dendritic cells,
conditional knockout of Egr2 abolished expression of SOCSI
(22). In our studies, we did not find downregulation of
SOCS1, SOCS2, and SOCS3 in macrophages with knockdown
of Egr2. Thus, we believe that it is unlikely that Egr2 mediated
this effect through SOCS molecules in activated macrophages.
It was demonstrated that Egr2 directly regulated expression
of the transcription factors CEBPB (37). Here, CEBPS was
shown to be important for M1 and M2 polarization. In
case of M2 polarization, it is suggested that CEBPf act
through downstream transcription factor PPARy (2). Our study
demonstrates that PPARy and CEBPp are regulated by Egr2.
Therefore, CEBPB-PPARY axis is most likely the mechanism
of action of Egr2 in macrophages M2 polarization. For M1
polarization, it was demonstrated that CEBPP is upregulated
in macrophages in response to IFNy, IL-1, IL-6, TNE and
LPS and induce expression of M1 markers (40). CEBPp is
also required for induction of Th1/Th17-mediated autoimmune
neuroinflammation associated with M1/M2 mixed macrophages
activation (9, 41). Our study suggests that Egr2 upregulate
expression of M1 and M2 markers through activation of CEBPf
and its downstream targets. On the other hand, CEBPB inhibited
Egr2. Since we found that CEBPP protein is expressed in M1
macrophages at a very high level than in M2 macrophages,
this transcription factor appears to inhibit Egr2 in the Ml
macrophages causing long-term downregulation of Egr2 and loss
of plasticity.

We believe that Egr2 is important for the induction of
expression of both M1 and M2 markers (Figures 4,5) since it is
expressed in MO cells, upregulated early in M2 macrophages, and
downregulated late in M1 macrophages. Particularly, our study
demonstrated that Egr2 was upregulated 3-8 h post-activation in
M2 conditions and downregulated only at 24 h post-activation
in M1 conditions (Figure 1D). Therefore, we believe that Egr2 is
important for both M1 and M2 conditions since Egr2 is expressed
at a relatively high level at 3-8 h post-activation in both M1 and
M2 macrophages (Figure 1D). We found that most of the M1
markers were upregulated early. For example, M1 marker NOS2
was upregulated by IFNY as early as 3 h, peaked at 8 h, and then
was slightly decreased by 24 h (Figure 1B). This is consistent with

the expression of Egr2 at 3-8 h and downregulation at 24 h in M1
macrophages (Figure 1D).

We believe that Egr2 directly regulate the expression of CEBPP
by binding to its promoter and activating transcription. Our in
silico analysis revealed that mouse Cebpb promoter area contains
ten Egr-binding sites (Figure S9A). In support of this analysis,
it was reported that Egr proteins directly induced CEBPP
expression (37). It was also shown that CEBPf is important
for expression of both M1 and M2 markers (12, 14, 34), while
we found that CEBP is expressed at a very high level in M1
macrophages (Figures 12D,E). Thus, the knockdown of Egr2
in M1 macrophages result in low level of CEBPP (Figure 12A)
leading to low level of M1 markers (Figure 5).

Our study also demonstrated that CEBPP inhibits Egr2
(Figure 12C). The mechanism for this phenomenon is not
as straightforward as positive regulation of CEBPP by Egr2.
We believe that CEBPP could act alone or together with
other co-factors such as Nrfl to inhibit Egr2 expression by
binding to promoter area and repressing Egr2 transcription. It
was demonstrated that CEBPB and Nrfl efficiently inhibited
expression of DSPP gene during odontoblast differentiation
by binding to the promoter sequence of this gene (42). In
the case of the DSPP gene, both CEBPB and Nrfl had the
ability to bind to the promoter and repress the transcription
acting individually or synergistically by forming complexes
with each other. We analyzed Egr2 promoter area and found
three potential binding sites for CEBPP and ten binding sites
for Nrfl (Figure S9B) suggesting the possible involvement of
CEBPP and Nrfl in Egr2 downregulation. In support of our
hypothesis, it was shown that Nrfl is expressed in macrophages
during inflammation in vivo and it is upregulated in LPS-
treated M1 macrophages in vitro at 24-36h post-treatment
(43-45). Moreover, it was shown that Nrfl in complex with
other co-factors (e.g., c-Jun, ATF2) positively regulated TNF
expression, a known Ml-associated cytokine (46). Thus, the
negative transcriptional regulation of Egr2 is likely mediated
by CEBPB alone and/or with the help of other co-factors such
as Nrfl.

Our study indicated an important role of Egr2 in macrophages
activation in vivo during inflammation. The decrease in
Egr2 expression inhibited upregulation of MHC class II and
CD86, which is very important for antigen presentation and
stimulation of CD4T cells. Our in vitro studies also clearly
demonstrated that Egr2 is critical for both M1 and M2 types
of activation. Thus, in contrast to studies of the role of
Egr2 in T/B cells and dendritic cells where Egr2 was found
to be a negative regulator of activation via targeting SOCS
molecules, Egr2 serve as a positive regulator of macrophage
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activation via targeting CEBP transcription factor but not SOCS
molecules. This suggests the potential possibility to target Egr2
in macrophages to inhibit their activation during inflammatory
diseases such as autoimmunity. Our study also suggests an
importance of having a high level of Egr2 during macrophages
reprogramming.

Egr2 belongs to early-immediate response genes, which are
induced by multiple stimuli including growth factors, cytokines,
hypoxia, and cell stress. The most studied gene from Egr family is
Egrl, while the function of Egr2 is less studied (47, 48). There are
several conditions such as fibrotic process and hypoxia that affect
in vivo (49, 50). Therefore it is important to know the level of Egr2
expression in macrophages in such conditions. Indeed, it was
demonstrated that Egr2 is upregulated by TGF-B1 during fibrosis,
suggesting likely involvement of Egr2 in M2 polarization during
the fibrotic process and/or scar formation (51). Hypoxia was
shown to upregulate Egrl and Egr3 and downregulate Egr2 by
45% in unstimulated human monocytes (52). At the same time,
hypoxia upregulated both M1 (TNE, IL-6, CD86) and M2 (Argl)
markers in unstimulated human monocytes (52). These data
indicate that for unstimulated macrophages hypoxia condition
could be viewed as M1/M2 mixed activation stimulus leading to
upregulation of M1 and M2 markers and downregulation of Egr2.
Another study demonstrated that hypoxia decreased expression
of M1 (CD80, CD86, MHC class II, TNF) and M2 (CD206,
TREM) markers in LPS- and IL-4- treated human macrophages,
respectively (53). This is in line with our data showing that
knockdown of Egr2 decreased expression of both M1 and M2
markers (Figures 4, 5).

In our study, we used in vitro knockdown/overexpression
strategy combined with the adoptive transfer of macrophages
during the development of inflammation in vivo. Usage of
Egr2 knockout mice appeared to be problematic for direct
investigation of the role of Egr2 in macrophage activation in
vivo since Egr2 knockout mice die within a 2-week period
after birth (24). It is possible to use irradiation chimeras by
doing transplantation of newborn liver hemopoietic stem cells
from donor Egr2-deficient mice into lethally irradiated wild-
type recipient mice to overcome this problem as was reported
earlier (19). However, even in this case in vivo experiments
investigating macrophage activation during inflammation would
be problematic to interpret since Egr2 is also involved in
activation and/or development of T/B cells and dendritic
cells (20). There is a theoretical possibility to make a
conditional knockout of Egr2 only in macrophages using
macrophage-specific myeloid-Cre strains crossed with Egr2-loxp
animals. However, all current “macrophage-specific’ myeloid-
Cre systems (CD11b-Cre, F4/80-Cre, LysM-Cre etc.) target
also dendritic cells, granulocytes and only a subpopulation of
monocytes/macrophages (54). Therefore these systems would
be also very problematic to use for in vivo experiment
with thioglycollate-elicited peritonitis without doing in vitro
experiments along with adoptive transfer, which we did in the
current study. Thus, the direct modulation of Egr2 expression
in macrophages in vivo is still very challenging, which pose
limitations for macrophage reprogramming during pathological
conditions in mouse models.

Despite methodological problems, reprogramming of
macrophages from M2 to M1 and from M1 to M2 is an
important therapeutic ambition in many pathologies. For
anti-cancer therapy, it is considered important to reprogram
M2 tumor-infiltrating macrophages to M1 (55). Conversely,
for many types of inflammatory and autoimmune diseases
such as autoimmune neuroinflammation, it is important to
reprogram M1 macrophages toward M2 (9). Our study indicates
that the second task is likely to be more problematic as it will
require the overexpression of Egr2 in addition to stimulation
with M2 stimuli to enable the transition of M1 cells to M2.
This strategy may be important for future gene therapies of
treatment of inflammatory diseases associated with high level of
M1 activation such as multiples sclerosis, rheumatoid arthritis,
atherosclerosis, sepsis, and others.

AUTHOR CONTRIBUTIONS

TV and EP conceived the study, planned experiments. TV, AY,
and EP conducted experiments. TV, TS, DA, and EP analyzed the
data and prepared manuscript.

FUNDING

The work was supported by the Research Grant Council-Early
Career Scheme grant from the Government of Hong Kong,
reference no. 24100314 (TV, AY, and EP) and by “5-100” Russian
Research Excellence program (TS and DA).

ACKNOWLEDGMENTS

We thank Marina Dukhinova and Ekaterina Kopeikina (School
of Biomedical Sciences, The Chinese University of Hong Kong)
for technical assistance with animals.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02515/full#supplementary-material

Figure S1 | Analysis of expression of Egr2 in IL-4- and LPS-treated macrophages
on a protein level. Bone-marrow-derived macrophages (BMDMs) were treated
with IL-4 for 24 h (A,B) or LPS (C) for 72 h as described in Materials and Methods
and the cells were analyzed as untreated (Control) or after 24 h, 48h, and 72 h of
incubation with LPS (100 ng/ml). For analysis, the cells were washed, and the
expression of Egr2 was analyzed on a protein level by western blot as described in
Material and Methods. A representative images are shown in (A,C). Quantitative
analysis of relative expression levels of Egr2 normalized to g-Actin is shown in (B).
Mean =+ S.E. of three experiments is shown (**p < 0.01).

Figure S2 | Analysis of expression of Egr2 protein in unstimulated and
IL-4-treated macrophages with knockdown of Egr2. Bone-marrow-derived
macrophages (BMDMs) were transfected with siRNA cocktail for Egr2 [Egr2(si)] or
control siRNA [C(si)] for 24 h as described in Materials and Methods, and after
which the cells were used as unstimulated [C(si) and Egr2(si)] or activated with
IL-4 for another 24 h-time period [C(si)+IL4 and Egr2(si)+IL4] as in Figure 3. The
expression of Egr2 was analyzed by western blot as described in Materials and
Methods. Quantitative analysis of relative expression levels of Egr2 normalized to
B-Actin is shown. Representative images are shown in Figure 83. Mean + S.E. of
three separate experiments is shown (**p < 0.01).
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Figure S3 | Analysis of expression of Egr2 in unstimulated and IL-4-treated
macrophages with knockdown of Egr2. Bone-marrow-derived macrophages
(BMDMs) were transfected with siRNA cocktail for Egr2 [Egr2(si)] or control siRNA
[C(si)] for 24 h as described in Materials and Methods, and after which the cells
were used as unstimulated [C(si) and Egr2(si)] or activated with IL-4 for another 24
h-time period [C(si)+IL4 and Egr2(si)+IL4] as in Figure 3. The expression of Egr2
was analyzed by western blot as described in Materials and Methods. A
representative image of whole blots for Egr2 and p-Actin are shown with marked
relevant samples.

Figure S4 | Analysis of expression of miR-155 in IFNy-treated macrophages with
knockdown of Egr2. Bone-marrow-derived macrophages (BMDMs) were
transfected with siRNA cocktail for Egr2 [Egr2(si)] or control siRNA [C(si)] for 24 h
as described in Materials and Methods, and after which the cells were used as
unstimulated [C(si) and Egr2(si)] or activated with IFNy for another 24 h-time
period [C(si)+IFN and Egr2(si)+IFN] as in Figure 3. The cells were washed, mRNA
was isolated and the expression of miR-155 was analyzed by real-time PCR as
described in Materials and Methods. Mean + S.E. of six separate culture plate
wells is shown (****p < 0.0001).

Figure S5 | Kinetics of expression of SOCS1, SOCS2, and SOCS in
macrophages polarized toward M2 with IL-4 or M1 with IFNy.
Bone-marrow-derived macrophages (BMDMs) were analyzed untreated (Control)
or treated with IL-4 (IL4) or IFNy (IFN-y) as described in Materials and Methods
and the cells were analyzed after 3, 5, 8, and 24 h of incubation. For analysis, the
cells were washed, mRNA was isolated and the expressions of SOCS7 (A),
SOCS2 (B), and SOCS3 (C) were analyzed by real-time RT PCR as described in
Materials and Methods. Mean + S.E. of six separate culture plate wells is shown.

Figure S6 | Effect of inhibition of Egr2 on the regulation of SOCS1, SOCS2 and
SOCS3 expressions in M2- and M-like macrophages. Bone-marrow-derived
macrophages (BMDMs) were transfected with siRNA cocktail for Egr2 [Egr2(si)] or
control siRNA [C(si)] for 24 h as described in Materials and Methods, and after
which, the cells were used as unstimulated [C(si) and Egr2(si)] or activated with

REFERENCES

1. Ttaliani P, Boraschi D. From monocytes to MI/M2 macrophages:
phenotypical vs. functional differentiation. Front Immunol. (2014) 5:514.
doi: 10.3389/fimmu.2014.00514

2. Murray PJ. Macrophage polarization. Annu Rev Physiol. (2017) 79:541-66.
doi: 10.1146/annurev-physiol-022516-034339

3. Vogel DYS, Vereyken EJE Glim JE, Heijnen PDAM, Moeton M, van
der Valk P, et al. Macrophages in inflammatory multiple sclerosis lesions
have an intermediate activation status. ] Neuroinflam. (2013) 10:35.
doi: 10.1186/1742-2094-10-35

4. Wang Y, Han C chen, Cui D, Li Y, Ma Y, Wei W. Is macrophage polarization
important in rheumatoid arthritis? Int Immunopharmacol. (2017) 50:345-52.
doi: 10.1016/j.intimp.2017.07.019

5. Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos ], Verthelyi
D, Dittel BN. GM-CSF production by autoreactive T cells is required
for the activation of microglial cells and the onset of experimental
autoimmune  encephalomyelitis. ] (2007)  178:39-48.
doi: 10.4049/jimmunol.178.1.39

6. Wang N, Liang H, Zen K. Molecular mechanisms that influence the
macrophage M1-M2 polarization balance. Front Immunol. (2014) 5:614.
doi: 10.3389/fimmu.2014.00614

7. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation:
time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/P6-13

8. Ponomarev ED, Veremeyko T, Weiner HL. MicroRNAs are universal
regulators of differentiation, activation, and polarization of microglia
and macrophages in normal and diseased CNS. Glia (2013) 61:91-103.
doi: 10.1002/glia.22363

9. Ponomarev ED, Maresz K, Tan Y, Dittel BN. CNS-derived interleukin-4 is
essential for the regulation of autoimmune inflammation and induces a state
of alternative activation in microglial cells. ] Neurosci. (2007) 27:10714-21.
doi: 10.1523/J]NEUROSCI.1922-07.2007

Immunol.

IL-4 [C(si)+IL4 and Egr2(si)+IL4] or IFNy [C(si)+IFN and Egr2(si)+IFN] for another
24 h-time period as in Figure 3. The cells were washed, mRNA was isolated and
the expressions of SOCS7 (A), SOCS2 (B), and SCOS3 (C) were analyzed by
real-time PCR as described in Materials and Methods. In (A-C), mean + S.E. of
six separate culture plate wells is shown (*p < 0.05; **, p < 0.01; ***p < 0.001).

Figure S7 | Analysis of the expression of the CEBPB protein in M2/M(IL-4) and
M1/M(FNy/LPS) macrophages. Bone-marrow-derived macrophages (BMDMs)
were used as unstimulated (MO) or stimulated with IFNy and LPS (M1), or IL-4
(M2) for 24 h as for Figure 12E and the level of expression of CEBPB was
analyzed by western blot as described in Materials and Methods. Representative
whole blots for CEBPB and B-Actin are shown.

Figure S8 | Model of regulation of macrophages plasticity by Egr2. Unstimulated
MO macrophages express Egr2 and do not express M1 and M2 markers such as
NOS2 and Agr1 exhibiting Egr2tNOS2~Arg1~ phenotype. After stimulation with
IFNy and/or LPS macrophages downregulate Egr2 and become M1 with
Egr2~NOS2tArg1~ phenotype. Further stimulation of M1 macrophages with IL-4
or IFNy/LPS result in deactivated (M-dea) Egr2~IL-10" phenotype with a low level
of M1 and M2 markers. On the other hand, MO macrophages stimulated with IL-4
toward M2 become Egr2t++NOS2~Arg1™. Further stimulation of M2
macrophages with IFNy/LPS result in M1 phenotype with upregulation of M1 and
downregulation of M2 markers.

Figure S9 | In silico analysis of Cebpb gene promoter area for the presence of
Egr2-binding sites, and the analysis of Egr2 promoter area for the presence of
CEBPg- and Nrf1- binding sites. (A) Mapping of 3,000 bp promoter region
upstream of mouse Cebpb gene (chromosome 2) using MULAN software (https://
mulan.dcode.org/). Egr-binding sites upstream of Cebpb gene are shown by red
boxes. (B) Mapping of 3,000 bp promoter region upstream of mouse Egr2 gene
(chromosome 10) using MULAN software (https://mulan.dcode.org/). CEBPB- and
Nrf1- binding sites upstream of Egr2 are shown by yellow and green boxes,
respectively.

Roszer T. Understanding the mysterious M2 macrophage through activation
markers and effector mechanisms. Mediators Inflamm. (2015) 2015:816460.
doi: 10.1155/2015/816460

. Chawla A. Control of macrophage activation and function by PPARs. Circ Res.
(2010) 106:1559-69. doi: 10.1161/CIRCRESAHA.110.216523

Ruffell D, Mourkioti F, Gambardella A, Kirstetter P, Lopez RG, Rosenthal
N, et al. A CREB-C/EBP cascade induces M2 macrophage-specific gene
expression and promotes muscle injury repair. Proc Natl Acad Sci USA. (2009)
106:17475-80. doi: 10.1073/pnas.0908641106

Gorgoni B, Maritano D, Marthyn P, Righi M, Poli V. C/EBP Gene inactivation
causes both impaired and enhanced gene expression and inverse regulation of
IL-12 p40 and p35 mRNAs in macrophages. J Immunol. (2002) 168:4055-62.
doi: 10.4049/jimmunol.168.8.4055

Hu J, Roy SK, Shapiro PS, Rodig SR, Reddy SPM, Platanias LC, et al. ERK1
and ERK2 activate CCAAAT/enhancer-binding protein-p-dependent gene
transcription in response to interferon-y. J Biol Chem. (2001) 276:287-97.
doi: 10.1074/jbc.M004885200

Gray MJ, Poljakovic M, Kepka-Lenhart D, Morris SM. Induction of arginase I
transcription by IL-4 requires a composite DNA response element for STAT6
and C/EBPP. Gene (2005) 353:98-106. doi: 10.1016/j.gene.2005.04.004

. Taefehshokr S, Key YA, Khakpour M, Dadebighlu P, Oveisi A. Early
growth response 2 and Egr3 are unique regulators in immune
system. Cent Eur ] Immunol. (2017) 42:205-9. doi: 10.5114/ceji.2017.
69363

O’Donovan K], Tourtellotte WG, Milbrandt J, Baraban JM. The EGR
family of transcription-regulatory factors: progress at the interface of
molecular and systems neuroscience. Trends Neurosci. (1999) 22:167-73.
doi: 10.1016/S0166-2236(98)01343-5

Gémez-Martin D, Diaz-Zamudio M, Galindo-Campos M, Alcocer-Varela J.
Early growth response transcription factors and the modulation of immune
response. Implications towards autoimmunity. Autoimmun Rev. (2010)
9:454-8. doi: 10.1016/j.autrev.2009.12.006

Frontiers in Immunology | www.frontiersin.org

21

November 2018 | Volume 9 | Article 2515


https://mulan.dcode.org/
https://mulan.dcode.org/
https://mulan.dcode.org/
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1186/1742-2094-10-35
https://doi.org/10.1016/j.intimp.2017.07.019
https://doi.org/10.4049/jimmunol.178.1.39
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.12703/P6-13
https://doi.org/10.1002/glia.22363
https://doi.org/10.1523/JNEUROSCI.1922-07.2007
https://doi.org/10.1155/2015/816460
https://doi.org/10.1161/CIRCRESAHA.110.216523
https://doi.org/10.1073/pnas.0908641106
https://doi.org/10.4049/jimmunol.168.8.4055
https://doi.org/10.1074/jbc.M004885200
https://doi.org/10.1016/j.gene.2005.04.004
https://doi.org/10.5114/ceji.2017.69363
https://doi.org/10.1016/S0166-2236(98)01343-5
https://doi.org/10.1016/j.autrev.2009.12.006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Veremeyko et al.

Egr2 Mediate Macrophage Activation and Plasticity

19. Carter JH, Tourtellotte WG. Early growth response transcriptional regulators 37. Salotti J, Sakchaisri K, Tourtellotte WG, Johnson PF. An Arf-Egr-C/EBPB
are dispensable for macrophage differentiation. J Immunol. (2007) 178:3038- pathway linked to Ras-induced senescence and cancer. Mol Cell Biol. (2015)
47. doi: 10.4049/jimmunol.178.5.3038 35:866-83. doi: 10.1128/MCB.01489-14
20. Li S, Miao T, Sebastian M, Bhullar P, Ghaffari E, Liu M, Symonds 38. Birsoy K, Chen Z, Friedman J. Transcriptional regulation of adipogenesis
ALJ, Wang P. The transcription factors Egr2 and Egr3 are essential by KLF4. Cell Metab. (2008) 7:339-47. doi: 10.1016/j.cmet.2008.
for the control of inflammation and antigen-induced proliferation of 02.001
B and T Cells. Immunity (2012) 37:685-96. doi: 10.1016/j.immuni.2012. 39. Tominaga K, Saito S, Matsuura M, Nakano M. Lipopolysaccharide
08.001 tolerance in murine peritoneal macrophages induces downregulation of the
21. Mostecki ], Showalter BM, Rothman PB. Early growth response-1 regulates lipopolysaccharide signal transduction pathway through mitogen-activated
lipopolysaccharide-induced suppressor of cytokine signaling-1 transcription. protein kinase and nuclear factor-kB cascades, but not lipopolysaccharide-
] Biol Chem. (2005) 280:2596-605. doi: 10.1074/jbc.M408938200 incorporation st. Biochim Biophys Acta-Mol Cell Res. (1999) 1450:130-44.
22. Miah MA, Byeon SE, Ahmed MS, Yoon CH, Ha §J, Bae YS. Egr2 doi: 10.1016/S0167-4889(99)00037-3
induced during DC development acts as an intrinsic negative 40. Poli V. The role of C/EBP isoforms in the control of inflammatory
regulator of DC immunogenicity. Eur ] Immunol. (2013) 43:2484-96. and native immunity functions. J Biol Chem. (1998) 273:29279-82.
doi: 10.1002/€ji.201243046 doi: 10.1074/jbc.273.45.29279
23. Okamura T, Fujio K, Shibuya M, Sumitomo S, Shoda H, Sakaguchi 41. Simpson-Abelson MR, Hernandez-Mir G, Childs EE, Cruz JA,
S, et al. CD4+CD25-LAG3+ regulatory T cells controlled by the Poholek AC, Chattopadhyay A, et al. CCAAT/Enhancer-binding
transcription factor Egr-2. Proc Natl Acad Sci USA. (2009) 106:13974-9. protein B promotes pathogenesis of EAE. Cytokine (2017) 92:24-32.
doi: 10.1073/pnas.0906872106 doi: 10.1016/j.cyt0.2017.01.005
24. Schneider-Maunoury S, Topilko P, Seitanidou T, Levi G, Cohen- 42. Narayanan K, Ramachandran A, Peterson MC, Hao J, Kolste A-B, Friedman
Tannoudji M, et al. Disruption of Krox-20 results in alteration of AD, et al. The CCAAT enhancer-binding protein (C/EBP)beta and Nrfl
rhombomeres 3 and 5 in the developing hindbrain. Cell (1993) 75:1199-214. interact to regulate dentin sialophosphoprotein (DSPP) gene expression
doi: 10.1016/0092-8674(93)90329-O during odontoblast differentiation. J Biol Chem. (2004) 279:45423-32.
25. Topilko P, Schneider-Maunoury S, Levi G, Baron-Van Evercooren A, doi: 10.1074/jbc.M405031200
Chennoufi ABY, Seitanidou T, et al. Krox-20 controls myelination in the 43. Zhang S-T, Zhao R, Ma W-X, Fan Y-Y, Guan W-Z, Wang J, et al. Nrfl is
peripheral nervous system. Nature (1994) 371:796-9. doi: 10.1038/371796a0 time-dependently expressed and distributed in the distinct cell types after
26. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist. Nat trauma to skeletal muscles in rats. Histol Histopathol. (2013) 28:725-35.
Neurosci. (2016) 19:987-91. doi: 10.1038/nn.4338 doi: 10.14670/HH-28.725
27. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. 44. Suliman HB, Sweeney TE, Withers CM, Piantadosi CA. Co-regulation of
J Clin Invest. (2012) 122:787-95. doi: 10.1172/JCI59643 nuclear respiratory factor-1 by NFkappaB and CREB links LPS-induced
28. Veremeyko T, Siddiqui S, Sotnikov I, Yung A, Ponomarev ED. IL-4/IL- inflammation to mitochondrial biogenesis. J Cell Sci. (2010) 123:2565-75.
13-dependent and independent expression of miR-124 and its contribution doi: 10.1242/jcs.064089
to M2 phenotype of monocytic cells in normal conditions and during 45. Bauerfeld CP, Rastogi R, Pirockinaite G, Lee I, Hiittemann M, Monks
allergic inflammation. PLoS ONE (2013) 8:e81774. doi: 10.1371/journal.pone. B, et al. TLR4-mediated AKT activation is MyD88/TRIF dependent and
0081774 critical for induction of oxidative phosphorylation and mitochondrial
29. Kalish SV, Lyamina SV, Usanova EA, Manukhina EB, Larionov NP, Malyshev transcription factor A in murine macrophages. J Immunol. (2012) 188:2847-
IY. Macrophages reprogrammed in vitro towards the m1 phenotype and 57. doi: 10.4049/jimmunol.1102157
activated with LPS extend lifespan of mice with ehrlich ascites carcinoma. 46. Novotny V, Prieschl EE, Csonga R, Fabjani G, Baumruker T. Nrfl in a
Med Sci Monit Basic Res. (2015) 21:226-34. doi: 10.12659/MSMBR. complex with fosB, c-jun, junD and ATF2 forms the AP1 component at the
895563 TNF promoter in stimulated mast cells. Nucleic Acids Res. (1998) 26:5480-5.
30. Tarique AA, Logan J, Thomas E, Holt PG, Sly PD, Fantino E. doi: 10.1093/nar/26.23.5480
Phenotypic,functional,and plasticity features of classical and alternatively 47. Bahrami S, Drables F. Gene regulation in the immediate-early response
activated human macrophages. Am J Respir Cell Mol Biol. (2015) 53:676-88. process. Adv Biol Regul. (2016) 62:37-49. doi: 10.1016/j.jbior.2016.05.001
doi: 10.1165/rcmb.2015-00120C 48. Healy S, Khan P Davie JR. Immediate early response genes
31. Van den Bossche J, Baardman ], Otto NA, van der Velden S, Neele and cell transformation. Pharmacol Ther. (2013) 137:64-77.
AE, van den Berg SM, et al. Mitochondrial dysfunction prevents doi: 10.1016/].PHARMTHERA.2012.09.001
repolarization of inflammatory macrophages. Cell Rep (2016) 17:684-96. 49. Zhou D, Yang K, Chen L, Wang Y, Zhang W, Xu Z, et al. Macrophage
doi: 10.1016/j.celrep.2016.09.008 polarization and function: new prospects for fibrotic disease. Immunol Cell
32. Jablonski KA, Amici SA, Webb LM, Ruiz-Rosado JDD, Popovich PG, Partida- Biol. (2017) 95:864-9. doi: 10.1038/icb.2017.64
Sanchez S, et al. Novel markers to delineate murine M1 and M2 macrophages. 50. Leblond MM, Gérault AN, Corroyer-Dulmont A, MacKenzie ET, Petit E,
PLoS ONE (2015) 10:€0145342. doi: 10.1371/journal.pone.0145342 Bernaudin M, Valable S. hypoxia induces macrophage polarization and
33. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL. re-education toward an M2 phenotype in U87 and U251 glioblastoma
MicroRNA-124 promotes microglia quiescence and suppresses EAE by models. Oncoimmunology (2016) 5:e1056442. doi: 10.1080/2162402X.2015.
deactivating macrophages via the C/EBP-a-PU.1 pathway. Nat Med. (2011) 1056442
17:64-70. doi: 10.1038/nm.2266 51. Fang E Ooka K, Bhattacharyya S, Bhattachyya S, Wei J, Wu M,
34. Veremeyko T, Yung AWYY, Dukhinova M, Kuznetsova IS, Pomytkin et al. The early growth response gene Egr2 (Alias Krox20) is a
I, Lyundup A, et al. Cyclic AMP pathway suppress autoimmune novel transcriptional target of transforming growth factor-p that
neuroinflammation by inhibiting functions of encephalitogenic CD4T is up-regulated in systemic sclerosis and mediates profibrotic
cells and enhancing M2 macrophage polarization at the site of inflammation. responses. Am ] Pathol. (2011) 178:2077-90. doi: 10.1016/j.ajpath.2011.
Front Immunol. (2018) 9:50. doi: 10.3389/fimmu.2018.00050 01.035
35. Veremeyko T, Starossom S-C, Weiner HL, Ponomarev ED. Detection of 52. Bosco MC, Puppo M, Santangelo C, Anfosso L, Pfeffer U, Fardin P, et
MicroRNAs in microglia by Real-time PCR in normal CNS and during al. Hypoxia modifies the transcriptome of primary human monocytes:
neuroinflammation. J Vis Exp. (2012) 65:e4097. doi: 10.3791/4097 modulation of novel immune-related genes and identification of CC-
36. Doronin II, Vishnyakova PA, Kholodenko IV, Ponomarev ED, Ryazantsev chemokine ligand 20 as a new hypoxia-inducible gene. J Immunol. (2006)
DY, Molotkovskaya IM, et al. Ganglioside GD2 in reception and 177:1941-55. doi: 10.4049/jimmunol.177.3.1941
transduction of cell death signal in tumor cells. BMC Cancer (2014) 53. Raggi E Pelassa S, Pierobon D, Penco F, Gattorno M, Novelli E et al.
14:295. doi: 10.1186/1471-2407-14-295 Regulation of human macrophage M1-M2 polarization balance by hypoxia
Frontiers in Immunology | www.frontiersin.org 22 November 2018 | Volume 9 | Article 2515


https://doi.org/10.4049/jimmunol.178.5.3038
https://doi.org/10.1016/j.immuni.2012.08.001
https://doi.org/10.1074/jbc.M408938200
https://doi.org/10.1002/eji.201243046
https://doi.org/10.1073/pnas.0906872106
https://doi.org/10.1016/0092-8674(93)90329-O
https://doi.org/10.1038/371796a0
https://doi.org/10.1038/nn.4338
https://doi.org/10.1172/JCI59643
https://doi.org/10.1371/journal.pone.0081774
https://doi.org/10.12659/MSMBR.895563
https://doi.org/10.1165/rcmb.2015-0012OC
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1038/nm.2266
https://doi.org/10.3389/fimmu.2018.00050
https://doi.org/10.3791/4097
https://doi.org/10.1186/1471-2407-14-295
https://doi.org/10.1128/MCB.01489-14
https://doi.org/10.1016/j.cmet.2008.02.001
https://doi.org/10.1016/S0167-4889(99)00037-3
https://doi.org/10.1074/jbc.273.45.29279
https://doi.org/10.1016/j.cyto.2017.01.005
https://doi.org/10.1074/jbc.M405031200
https://doi.org/10.14670/HH-28.725
https://doi.org/10.1242/jcs.064089
https://doi.org/10.4049/jimmunol.1102157
https://doi.org/10.1093/nar/26.23.5480
https://doi.org/10.1016/j.jbior.2016.05.001
https://doi.org/10.1016/J.PHARMTHERA.2012.09.001
https://doi.org/10.1038/icb.2017.64
https://doi.org/10.1080/2162402X.2015.1056442
https://doi.org/10.1016/j.ajpath.2011.01.035
https://doi.org/10.4049/jimmunol.177.3.1941
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Veremeyko et al.

Egr2 Mediate Macrophage Activation and Plasticity

54.

55.

and the triggering receptor expressed on myeloid cells-1. Front Immunol.
(2017) 8:1097. doi: 10.3389/fimmu.2017.01097

Abram CL, Roberge GL, Hu Y, Lowell CA. Comparative analysis
of the efficiency and specificity of myeloid-Cre deleting strains using
ROSA-EYFP reporter mice. J Immunol Methods (2014) 408:89-100.
doi: 10.1016/j.jim.2014.05.009

Kang H, Zhang ], Wang B, Liu M, Zhao J, Yang M, Li Y. Puerarin
inhibits M2  polarization and metastasis of tumor-associated
macrophages from NSCLC xenograft model via inactivating MEK/ERK
1/2  pathway. Int ] Oncol. (2017) 50:545-54. doi: 10.3892/ijo.
2017.3841

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Veremeyko, Yung, Anthony, Strekalova and Ponomarev. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

23

November 2018 | Volume 9 | Article 2515


https://doi.org/10.3389/fimmu.2017.01097
https://doi.org/10.1016/j.jim.2014.05.009
https://doi.org/10.3892/ijo.2017.3841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Early Growth Response Gene-2 Is Essential for M1 and M2 Macrophage Activation and Plasticity by Modulation of the Transcription Factor CEBPβ
	Introduction
	Materials and Methods
	Mice
	Cells
	Flow Cytometry
	Quantitative Real-Time RT PCR
	Western Blotting
	Macrophage Plasticity Assay
	Knockdown Experiments Using Small Interfering RNA
	Overexpression Plasmids and Experiments
	Nitric Oxide Synthase Activity Assay
	Thioglycollate-Induced in vivo Inflammation
	Statistical Analysis

	Results
	EGR2 Is Upregulated Only in M2 but Not M1 Macrophages
	Egr2 Is Upregulated by IL-4 and IL-13 and Downregulated by IFNγ, LPS, IL-6 and TNF
	LPS and IFNγ Cause Long-Term Downregulation of Egr2 in M1 Macrophages
	M1 Macrophages Exhibiting Low Levels of Egr2 Fail to Downregulate M1 Markers and Weakly Upregulate M2 Markers in Response to Treatment With IL-4
	Knockdown of Egr2 Resulted in a Decrease in Expression of M2 Markers Arg1, Fizz1 and PPARγ and Upregulation of IL-10 in IL-4-Treated Macrophages
	Knockdown of Egr2 Resulted in a Decrease in the Expression of M1 Markers NOS2, Cox-2, TNF, Il-1β in IFNγ-Treated Macrophages
	Knockdown of Egr2 Resulted in a Decrease in the Expression of M1 Markers NOS2, TNF, IL-6, CD86, MHC Class II, and M2 Marker Arg1 on a Protein Level
	Knockdown of Egr2 Resulted in a Decrease in the Expression of MHC Class II and CD86 on Macrophages During Thioglycolate-Induced Inflammation of the Peritoneum
	Overexpression of Egr2 in IFNγ- and/or LPS-Treated Macrophages Resulted in Upregulation of M1 Markers TNF, NOS2, IL-6, IL-1β, and Cox-2
	Overexpression of Egr2 in IFNγ-Treated Macrophages Resulted in Upregulation of Egr2, IL-6, and TNF on a Protein Level
	Knockdown of Egr2 Did Not Downregulate Expressions of SOCS1, SOCS2, and SOCS3 in IFNγ-Stimulated Macrophages
	Knockdown of Egr2 Downregulate Expressions of CEBPβ in M0 and M2 Macrophages, While Overexpression of Egr2 in M1 Macrophages Upregulate CEBPβ
	CEBPβ Downregulates the Expression of Egr2 in M1-Like Macrophages

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


