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Macrophage plasticity is a process that allows macrophages to switch between
two opposing phenotypes based on differential stimuli. Interferon y (IFNy)-primed
macrophages stimulated with lipopolysaccharide (LPS) [M(IFNy+LPS)] produce high
levels of pro-inflammatory cytokines such as IL-12, TNFa, and IL-6 and low levels of
the anti-inflammatory cytokine IL-10, while those stimulated with LPS in the presence
of the immune complex (IC) [M(IFNy+LPS+IC)] produce high levels of IL-10 and low
levels of IL-12. In this study, we investigated the plasticity between M(IFNy+LPS) and
M(IFNy+LPS+IC) in vitro and compared one of the active histone marks [histone
H3 lysine 4 trimethylation (H3K4me3)] between M(IFNy+LPS) and M(IFNy+LPS+IC)
using murine bone marrow-derived macrophages. We found that in an in vitro
system, macrophages exhibited functional plasticity from M(LPS) to M(LPS+IC) upon
repolarization after 2 days of washout period while IFNy priming before LPS stimulation
prevented this repolarization. Phosphorylation of p38, SAPK/JNK, and NF-kB p65
in M(LPS+IC) repolarized from M(LPS) was similar to that in M(LPS+IC) polarized
from resting macrophages. To obtain the epigenetic profiles of M(IFNy+LPS) and
M(IFNy+LPS+IC), the global enrichment of H3K4me3 was evaluated. M(IFNy+LPS)
and M(IFNy+LPS+IC) displayed marked differences in genome-wide enrichment of
H3K4me3. M(IFNy+LPS+IC) showed increased global enrichment of H3K4me3,
whereas M(IFNy+LPS) showed decreased enrichment when compared to unstimulated
macrophages. Furthermore, M(IFNy+LPS+IC) exhibited high levels of H3K4me3
enrichment in all cis-regulatory elements. At the individual gene level, the results
showed increased H3K4me3 enrichment in the promoters of known genes associated
with M(IFNy+LPS+IC), including /70, Cxcl1, Csf3, and /I33, when compared with
those of M(IFNy+LPS). Finally, we investigated the impact of M(IFNy+LPS+IC) on
the systemic immune response by adoptive transfer of M(IFNy+LPS+IC) in an
LPS-induced endotoxemia model. The cytokine profile revealed that mice with adoptively
transferred M(IFNy+LPS+IC) had acutely reduced serum levels of the inflammatory
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FIGURE 1 | Repolarization of M(IFNy+LPS) to M(LPS+IC). (A,B) The protocol used for stimulation of IFNy-primed macrophages with LPS and LPS with IC is shown
with the washout period of 2 or 48 h. IL-10 and IL-12p70 in the culture supernatant harvested from cells treated as described were analyzed by ELISA. The results
indicate the means + SD of triplicates determined from three independent experiments. *A significant difference at p < 0.05.

enrichment profiles, but M(IFNy+LPS+IC) show increased
H3K4me3 enrichment.

The Correlation of H3K4me3 Peaks
Between M(IFNy+LPS) and
M(IFNy+LPS+IC)

Next, we performed a correlation analysis at the genome-wide
level using TCOR in EpiMINE. The datasets with two distinct
correlation methods were analyzed using Pearson correlation and
principal component analysis (PCA). The Pearson correlation
represented by the scatter plot showed that the M(IFNy+LPS)
and M(IFNy+LPS+IC) were highly correlated with a Pearson

score of more than 0.90, where the cis-regulatory elements
include transcription factor binding sites (TFBS), CpG islands
and promoter regions, and the non-cis-regulatory element
regions are exons, 3'UTRs, 5’UTRs (Figure 4A) and introns
(data not shown). However, the PCA plot revealed that the
two top principal components between M(IFNy+LPS) and
M(IFNy+LPS+IC) in all cis-regulatory regions, exons, 3’UTRs
and 5’UTRs, are distinct (Figure 4B). These results demonstrated
that M(IFNy+LPS) and M(IFNy+LPS+IC) are epigenetically
highly correlated. More importantly, they show distinctive
profiles in H3K4me3 enrichment that may result in differences
in gene expression between these two phenotypically distinct
effector macrophages.
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FIGURE 2 | Repolarization of M(LPS) to M(LPS+IC) and signaling downstream of TLR4. (A) The protocol used for macrophage stimulation with LPS and LPS with IC
is shown. (B) IL-10 and IL-12p70 in the culture supernatant harvested from cells treated as described in (A) were analyzed by ELISA. The results indicate the means
=+ SD of triplicates determined from three independent experiments. *A significant difference at p < 0.05. (C) BMDMs were polarized to M(LPS) and allowed to rest for
2 or 48 h. After re-stimulation with LPS and IC, phosphorylation of MAPKs, NF-kB p65 and Akt was detected in cell lysates by Western blot. B-actin was used as a
control. Representative data from one of three independent experiments are shown.

Higher H3K4me3 Enrichment in the
cis-Regulatory Elements in
M(IFNy+LPS+IC) Than M(IFNy+LPS)

We focused on specific genomic regions of the cis-regulatory
elements, including the promoters and TFBS. A heatmap showed
H3K4me3 enrichment within the TSSs and 1kb near the TSSs
(Figure 5A). M(IFNy+LPS+IC) had increased global H3K4me3
enrichment signals when compared with those of M(IFNy+LPS)
(Figure 5A). H3K4me3 peaks at the promoter regions and the
TFBS were observed (data not shown). The ChIP-seq peaks
were analyzed by CEAS to obtain the average gene profiles of
H3K4me3 within the TSSs and the nearby 5kb. The average
gene profiles of all three types of macrophages showed a
similar pattern of H3K4me3 enrichment (Figure 5B). From
previous results, M(IFNy+LPS) showed higher percentages of
H3K4m3 enrichment distribution in the promoter regions of
<1,000 bp than M(IFNy+LPS+IC) (Figure 3C). However, when
QIRI was used to cluster H3K4me3 enrichment regions by
k-mean, the results revealed twenty clusters (the presence to
absence range was represented with values ranging from 0 to
1), and at the promoter regions, the enrichment of H3K4me3
was higher in M(IFNy+LPS+IC) than in M(IFNy+LPS) in
all clusters (Figure 5C). These results suggest that H3K4me3

enrichment profiles of M(IFNy+LPS+IC) in the promoter
regions correlated with global H3K4me3 enrichment, and implies
that M(IFNy+LPS+IC) with increased enrichment of H3K4me3
in the promoter regions may have more active gene transcription
than M(IFNy+LPS).

H3K4me3 Enrichment in Regulatory
Regions of Genes Uniquely Upregulated or

Downregulated in M(IFNy+LPS+IC)

To link the H3K4me3 profiles with the transcription of
the genes, IGV was used to visualize the targeted loci. We
investigated H3K4me3 enrichment of M(IFNy+LPS+IC) in
uniquely upregulated genes, including 1110, Cxcll, Csf3, and
1133, and uniquely downregulated genes, including Il12b and
116, as reported by RNA-seq (11). The results showed increased
H3K4me3 enrichment in the uniquely upregulated genes I/10,
Cxcll, Csf3, and II33 in M(IFNy+LPS+IC) when compared
with that of M(IFNy+LPS) (Figure6A). In contrast, the
H3K4me3 enrichment in uniquely downregulated genes in
M(IFNy+LPS+IC), Il112b and II6, was not different between
M(IFNy+LPS+IC) and M(IFNy+LPS) (Figure 6B). The
quantification of H3K4me3 enrichment by QIRI showed that
most of the genes induced during LPS and IC stimulation
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FIGURE 3 | Global enrichment of H3K4me3 in unstimulated macrophages, M(IFNy+LPS) and M(IFNy+LPS+IC). BMDMs were primed with IFNy before stimulation
with LPS with or without IC for 4 h. Cells were harvested for ChIP using an anti-H3K4me3 antibody. The ChIP samples were subjected to DNA sequencing. (A) Circos
plot showing genome-wide H3K4me3 enrichment in unstimulated macrophages, M(IFNy+LPS) and M(IFNy+LPS+IC). The positions of log-transformed H3K4me3
enrichment in unstimulated macrophages (green circle), M(IFNy+LPS) (red circle) and M(IFNy+LPS+IC) (blue circle) were aligned according to chromosome position
in the outer ring. (B) The total peaks after identification of H3K4me3 enrichment with MACS 1.4 were used to compare the overlap of H3K4me3 enrichment peaks,
and the results are presented in a Venn diagram. (C) The cis-regulatory element annotation system (CEAS) showed the distribution pattern of H3K4me3 enrichment
between M(IFNy+LPS) and M(IFNy+LPS+IC). All ChiP-seq results were analyzed from combined RAW files of two independent experiments.
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described by Fleming et al. from RNA-seq data (11) had
increased enrichment when compared to those of M(IFNy+LPS)
(Figure 6C). Overall, the H3K4me3 enrichment correlated well
with the uniquely upregulated genes in M(IFNy-+LPS+IC),
suggesting that the active histone mark H3K4me3 plays
active roles in regulating the expression of genes in unique
to M(IFNy+LPS+IC).

KEGG Pathway Analysis of the
Differentially Enriched H3K4me3 Genes in
M(IFNy+LPS+IC) Revealed Key Pathways

in the Immune Responses
Gene ontology analysis using KEGG pathways was performed
to investigate the possible regulatory molecules/signaling

pathways revealed by ChIP-seq data in M(IFNy+LPS+IC).
We used genes that showed unique H3K4me3 enrichment in
M(IFNy+LPS+IC) and filtered KEGG pathways for the immune
system, signal transduction and signaling molecules to obtain the
interaction profiling data. We found 10 significantly enriched
pathways in M(IFNy+LPS+IC) (Figure?7). Among these
pathways, the cytokine-cytokine receptor interaction pathway
was highly enriched. Cytokines are potent signaling molecules
that can activate macrophages to change the phenotype and are
crucial for intercellular regulation (29). From the enrichment
quantification data, M(IFNy+LPS+IC) exhibited increased
H3K4me3 enrichment in most cytokine genes (Figures5C,
6C) in the cytokine-cytokine receptor interaction pathway.
M(IFNy+LPS+IC) also showed significantly enriched cell
adhesion molecules, RAP1 and cAMP signaling pathways.
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This result suggests that increased H3K4me3 enrichment may
regulate gene expression by inducing downstream signaling
pathways that are crucial for functions, polarization and
plasticity of M(IFNy+LPS+IC).

Adoptive Transfer of M(IFNy+LPS+IC)
Affected Cytokine Profiles in a Mouse
LPS-Induced Endotoxemia Model

A previous study reported that mice receiving an adoptive
transfer of M(IFNy+LPS+IC) produced a high level of IL-
10, resulting in decreased disease severity in autoimmune
diseases such as experimental autoimmune encephalomyelitis
(EAE) (8) and reduced mortality in sepsis (11). To evaluate
the impact of M(IFNy+LPS+IC) in vivo, we tested the
effect of adoptive transfer of M(IFNy+LPS+IC) on the
systemic cytokine profiles in an LPS-induced endotoxemia
model (Figure 8A). The production of the pro-inflammatory
cytokines IL-18 and IL-12p70 was significantly decreased at
6h after LPS challenge in mice receiving adoptive transfer of
M(IFNy+LPS+IC) compared to those receiving unstimulated
macrophages (Figure 8B). In contrast, the levels of other
inflammatory cytokines, IL-6, TNF-a and IL-17, were not

significantly different between the two groups (Figure 8B).
Furthermore, for the anti-inflammatory cytokine IL-10 and
the Th2 cytokine IL-4, there was no difference between the
two groups (Figure 8B). The cytokine profiles revealed that
the adoptive transfer of M(IFNy+LPS+IC) in mice with LPS-
induced endotoxemia before LPS administration has a systemic
impact on some pro-inflammatory cytokines but no detectable
influence on IL-10.

DISCUSSION

The population diversity and functional plasticity of
macrophages are important characteristics of macrophages
that play an important role in several diseases (3, 30). LPS in the
presence of immune complex stimulates macrophages to become
regulatory effector macrophages that produce copious amounts
of the anti-inflammatory cytokine IL-10 and reduced amounts
of IL-12 (31). Extensive gene expression profiles of M(LPS+IC)
have been reported, showing that they are a distinctive subset of
activated macrophages (11). It is well-known that macrophages
have functional plasticity and can switch phenotypes between M1
or M(LPS) and M2 or M(IL-4). However, no study has reported
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whether M(LPS) can be reactivated to M(LPS+IC). This is an
important question in light of the therapeutic implications of
M(LPS+IC) in septicemia and autoimmune diseases such as
EAE (8, 11).

To induce macrophages that produce high level of IL-10,
IC was used in this study as a “reprograming” stimulus but
other stimuli such as prostaglandin E2 and adenosine were
reported to yield similar phenotypes when applied to M(LPS)
(11). Previously, we characterized in details whether IC alone
can induce cytokine production in macrophages or M(IFNy)
and reported that IC alone was not sufficient to induce IL-10,
IL-6, TNFa production in IFNy-primed macrophages (13). This
finding highlighted the importance of TLR-mediated stimulation
in M(IENy+LPS+IC).

IFNy is a key cytokine in activating macrophages. It has
long been reported that stimulating macrophages with LPS
together with IFNy resulted in synergistic effect in inducing anti-
microbicidal effector function of macrophages (32, 33). However,
detailed transcriptomic analysis revealed that IFNy priming
of murine macrophages repressed subsets of pro-inflammatory
genes and prevented the recruitment of neutrophils (34). When
the optimal condition to induce IL-10 producing macrophages
was examined, it was found that priming yielded better regulatory
phenotypes, i.e., increased IL-10 production and decreased
IL-12p70 production, of macrophages (8). In this study, it
was found that IFNy prevented the reverse polarization of
M(IFNy+LPS) to M(LPS+IC). Without the priming, it was
possible to re-polarize M(LPS) to become M(LPS+IC). This

result led us to explore the involvement of epigenetic regulation
in M(IFNy+LPS) and M(IFNy+LPS+IC).

Furthermore, we uncovered that at least in vitro re-stimulation
of M(LPS) with LPS in the presence of IC requires a washout
period of a minimum of 48h between the two opposing
stimuli. If the washout period was shorter (2-24h), the ex-
M(LPS) could not produce IL-10 at high level with reducing
IL-12 upon re-stimulation with LPS and IC, as observed
in M(LPS+IC). In contrast, the re-stimulated M(LPS) had
decreased levels of most cytokines associated with M(LPS+IC).
Some of the signaling pathways downstream of TLR4 and
FcR (MAPK p38, SAPK/JNK, NF-«kB) were all reduced, which
correlated with this unresponsive phenotype. IL-10 production
in macrophages stimulated with TLR/LPS is regulated by the
MAPK and NF-«B signaling pathways (10). LPS tolerance of
macrophages describes the phenomenon where macrophages
become unresponsive to successive rounds of LPS stimulation
(35). The shorter resting time that resulted in the failure of re-
polarization may be partially explained by LPS tolerance. After 2
days of resting, re-stimulation of M(LPS) with LPS/IC rescued
all early signal transduction and the production of high IL-10
and low IL-12.

A previous study demonstrated that ERK activation and
histone modification by phosphorylation of serine 10 on H3
plays a key role in regulating IL-10 expression in M(LPS+IC)
(20). In this study, we focused on H3K4me3 as a representative
of active histone marks because it is the most dynamic
epigenetic modification in activated macrophages found at gene
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promoters (36). H3K4me3 are histone marks associated with
actively transcribed genes (37). By ChIP-seq analysis, we found
that compared to M(IFNy+LPS), M(IFNy+LPS+IC) had high
H3K4me3 enrichment globally, especially in the cis-regulatory
elements (Figures 3A,B, 5A). The quantification of enrichment
in the promoter regions showed high H3K4me3 enrichment in
M(IFNy+LPS+IC) in all clusters and most of the genes that were
found to be induced in M(LPS+IC) from RNA-seq (11).
Interestingly, the results also showed an increase in H3K4me3
enrichment in the promoter regions of most of the target loci that
are uniquely upregulated in M(IFNy+LPS+IC), i.e., 1110, Cxcll,
Csf3, and I133. Our study revealed for the first time that H3K4me3
in M(IFNy+LPS+IC) is another epigenetic modification that
macrophages use to regulate IL-10 expression. In addition, the
promoters of Odcl and Ndgrl showed a marked difference
between M(IFNy+LPS) and M(IFNy+LPS+IC). Odcl encodes
ornithine decarboxylase, a rate-limiting enzyme of the polyamine
biosynthesis pathway. Ornithine decarboxylase is reported in
macrophages to regulate M1, and specific deletion of this
gene in macrophages results in hyperactivation of M1 and
exacerbates colitis (38). Furthermore, ornithine decarboxylase
modifies histones that impinge upon M1 gene expression (39).
Our results imply that M(IC) may regulate Odcl expression by

increasing H3K4me3 in the promoter region. Ndgrl encodes N-
myc downstream regulated 1, which is a member of the NDGR
family. Interestingly, Ndgrl KO mice exhibit impaired M1/M2-
type macrophage differentiation, and the expression of NDGR1
was found in tumor-infiltrating macrophages in renal cancer
(40, 41).

For the downregulated genes in M(IFNy+LPS+IC), Il6 and
I112b showed no significant difference in H3K4me3 enrichment
between M(IFNy+LPS) and M(IFNy+LPS+4IC). This result
suggests that other histone modifications that override H3K4me3
enrichment at promoter regions, may play dominant roles in
transcriptional regulation.

For the epigenomic correlation, TCOR in EPIMINE were
used to analyze the correlation between M(IFNy+LPS) and
M(IFNy+LPS+IC). To our surprise, these two phenotypes of
macrophages were highly correlated in all cis-regulatory elements
and in other regions, even though the PCA plots showed
a difference in the two top principal components between
M(IENY+LPS) and M(IFNy+LPS+IC).

We further investigated the possible regulatory
molecules/signaling pathways using KEGG pathway analysis.
H3K4me3 enrichment was found in regulatory regions of genes
associated with cytokine-cytokine interactions, hematopoietic
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cell lineage, cell adhesion molecules, the Wnt signaling pathway
and the RAP1 signaling pathway. All of these pathways have
been demonstrated to be involved in macrophage function
and activation. RAP1 signaling regulates downstream signaling
of MAPK and PI3K/Akt (42) that is crucial for M(LPS+IC)
polarization and plasticity. The Wnt/B-catenin pathway is linked
to alternatively activated macrophages that contribute to kidney
fibrosis (43, 44). Therefore, trimethylation of H3K4 may be a
key epigenetic mechanism that regulates gene expression during
macrophage activation.

Epigenetics includes a variety of regulatory mechanisms,
including many types of histone modifications, both permissive
and repressive, DNA methylation, and noncoding RNA-
mediated regulation. In fact, many types of epigenetic
modification have been reported during macrophage activation
and function (45, 46). Therefore, we cannot rule out that
other epigenetic regulations may also play important roles
in M(IC) and their plasticity. How H3K4me3 is regulated
in M(IFNy+LPS) and M(IFNy+LPS+IC) is currently not
well-understood. Identification of H3K4 methyltransferase or
demethylase in these subsets of macrophages will help us better
understand this process and needs further investigation.

Finally, in the translational approach, we investigated the
cytokine profiles in the blood serum of mice after adoptive
transfer of M(IFNy+LPS+IC) in a mouse sepsis model.
Previously, it was reported that M(LPS+IC) reduce the lethality
of LPS-induced endotoxemia, but the impact on the systemic
cytokine profiles has not been explored (11). We found that mice
with adoptively transferred M(IFNy+LPS+IC) had specifically
decreased IL-18 and IL-12p70 levels in blood serum when
compared to mice with adoptively transferred unstimulated
macrophages (Figure 8B). Surprisingly, the IL-10 level was not
significantly different between the two groups (Figure 8B). In
the EAE model, adoptive transfer of M(IFNy+LPS+IC) reduced
the severity of Th1/Th17-mediated EAE, and the impact was
seen in T cells that produce IL-10 and IL-4 upon re-stimulation
(8). Currently, it is not known how adoptive transfer of
M(IENy+LPS+IC) decreases IL-1f8 and IL-12p70 levels in blood
serum. It is possible that via IL-10, M(IFNy+LPS+IC) directly
dampen pro-inflammatory cytokine production. Alternatively,
M(IFNy+LPS+IC) may indirectly influence IL-1p and IL-12p70
by other mechanisms.

In conclusion, our study demonstrated that M(LPS)
and M(LPS+IC) have functional plasticity at least in vitro.
The priming with IFNy and the resting time between the
two opposing stimuli are the keys for the recovery of the
phosphorylation of important downstream signaling pathways.
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