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Macrophage plasticity is a process that allows macrophages to switch between two
opposing phenotypes based on differential stimuli. Functional plasticity of macrophages
contributes to disease pathogenesis such as cancer, metabolic diseases, autoimmune diseases
and systemic infections. Epigenetics plays an important role in regulating this process.
Macrophages stimulated with lipopolysaccharide (LPS) (M(LPS)) produce high level of pro-
inflammatory cytokines such as IL-12, TNFa and IL-6 and low level of anti-inflammatory
cytokine 1L-10, while macrophages stimulated with LPS in the presence of immune complex
(IC) (M(IC)) produce high level of IL-10 and low level of IL-12. In this study, we
investigated the plasticity of M(LPS) to become M(IC) in vitro and compared the active
histone mark (trimethylation on lysine 4 of histone 3 (H3K4me3)) between M(LPS) and
M(IC) using murine bone marrow-derived macrophages. We found that macrophages
exhibited functional plasticity from M(LPS) to M(IC) upon re-polarization after two days of
resting in vitro. Phosphorylation of p38, p44/42, p65 and Akt in M(IC) re-polarized from
M(LPS) was similar to M(IC) stimulated from resting macrophages. To obtain the epigenetic
profiles of M(LPS) and M(IC), global H3K4me3 enrichments in both activated macrophages
were compared. M(LPS) and M(IC) displayed marked differences in genome-wide
enrichment of H3K4me3. M(IC) showed increased global enrichment of H3K4me3 whereas
M(LPS) decreased enrichment when compared to unstimulated macrophages. Furthermore,
M(IC) exhibited high H3K4me3 enrichment in all cis-regulatory elements. At individual
gene, increased H3K4me3 enrichments were observed in the promoters of known genes
associated with M(IC) including 1110, Cxcll, Csf3 and 1133 when compared with M(LPS).
Finally, to evaluate the therapeutic application of M(IC), we investigated the impact of M(IC)
on systemic immune response by adoptive transfer of M(IC) in LPS-induced endotoxemia
model. Cytokine profiles revealed that mice receiving an adoptive transfer of M(IC) acutely
reduced the serum inflammatory cytokines IL-1p and IL-p12p70. This study highlighted the
importance of epigenetics in regulating macrophages activation and functions of M(IC) that
may influence macrophage plasticity and the potential therapeutic use of macrophage in vivo.
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CHAPTER I
INTRODUCTIONS

Background

Macrophages are one type of white blood cells in the innate immune system that
are found in most tissues. They respond to infection as the first line defense against
pathogen (1). Macrophages can be divided into distinct specific subsets based on their
functional phenotypes driven by distinct stimuli in their microenvironment.
Macrophages play an important role in immune response and homeostasis with
functional diversity such as inflammation, phagocytosis, regulation of metabolism,
tissue remodeling and immunoregulation. However, a key feature of macrophages is

the functional plasticity (2).

Macrophage plasticity is a process that allows them to switch between two
different phenotypes depending on stimuli in microenvironment. Functional plasticity
of macrophages contribute to various disease pathogenesis such as systemic infections,
metabolic diseases, autoimmune diseases and cancer (3). Interferon y (IFN-y) and
lipopolysaccharide (LPS)-stimulated macrophages or classically activated macrophage
(M(LPS)) show pro-inflammatory activity which is characterized by production of high
level pro-inflammatory cytokines such as tumor necrosis factor (TNF), IL-6, IL-1 and
IL-12 (4). LPS and immune complex-stimulated macrophage (M(IC)) produces large
amount of anti-inflammatory cytokine IL-10 while decreasing the pro-inflammatory
cytokine IL-12, but produce high level of TNF, IL-6 and IL-1pB (5, 6). IL-10 is a key

multi-function regulatory cytokine regulating immune responses during infection and



dampening immune hyperactivation (7). IL-10 is produced by various immune cells
including innate immune cells such as macrophages and adaptive immune cells such as
T cell (8).

M(IC) or regulatory macrophage is categorized as non-classically activated
macrophages that stimulated FcyR ligation by IgG complexes in occurrence
of pathogen-associated molecular patterns (PAMPS) such as LPS or lipoteichoic acid
through Toll-like receptors (TLRs). These activated macrophages show
immunomodulatory activity due to the increased production of anti-inflammatory
cytokine IL-10 and reduced pro-inflammatory cytokine IL-12 production (5).
Moreover, RNA-seq data from the previous study reported that in transcriptional level
M(IC) increased some genes expression and exhibit distinctive gene expression profile
that is unique and does not overlap with M(LPS) or M(IL-4) (9). Therefore, M(IC) has
potentials in dampening overt immune response and can be used in cellular therapy. In
one study, adoptive transfer of M(IC) increased IL-10 production and reduced the
disease severity in an animal model of multiple sclerosis (10). In another study, it was
reported that endotoxemia mice receiving an adoptive transfer of M(IC) showed
reducing disease severity. However, it remains unknown how stable the phenotype of
M(IC) is upon transfer in vivo.

In macrophages, the expression of 1110 is regulated by several transcription
factors including Spl, ERK and NF-«xB (8, 11). In M(LPS), IL-10 is produced at low
levels when its expression is regulated mainly by the NF-kB, MAPK and STAT

pathways (12, 13). In contrast, FcyRs signaling activates Erk and p38 MAPK signaling

in M(IC), resulting in the binding of transcription factor Sp1l to the 7770 promoter (14).



Furthermore, IC/FcyR signaling also modulates the signaling downstream of TLR that
regulates 1112 transcription via PI3K/AKT signaling downstream leading to the
decreasing of 1112 expression in M(IC) (15).

Regulation of cytokines production in macrophages is regulated at several
levels such as activation of transcription factors, epigenetic regulation and post-
transcription regulation (2). In addition to the short live effect by transcription factors,
the epigenetic regulation also plays a critical role in influencing long term plasticity by
regulated cytokines production during the activation (16). Epigenetics regulate
chromatin accessibility at the promoter and regulatory regions by several processes
such as DNA methylation, histone modifications, and RNA-associated silencing (17).
Various histone modifications such as methylation, acetylation and phosphorylation
cause changes in chromatin structure to closed or opened chromatin, resulting in gene
silencing or gene activating (18).

Histone methylations can be conducive or repressive for gene expression,
depending on the type of the methylation and the locations of modified amino acids on
the histone tails (19). Histone modifications at the promoter regions are associated with
activating or silencing gene expression that regulates macrophage polarization (20, 21).
Activation of Jmjd3, a histone H3K27 demethylase, resulted in the decreasing of
repressive histone H3K27me3 and increasing chromatin accessibility leading to M(IL-
4) signature gene expression and is crucial for regulating M(IL-4) development (21).
H3K4me3 modification on certain genes encoding cell surface markers and
chemokines is correlated with the transcriptional activity in monocyte-derived
macrophages (20). These results together strongly indicated that histone H3

trimethylation on lysine 27 (H3K27me3) mark is correlated with inactive gene



promoters whereas histone H3 trimethylation on lysine 4 (H3K4me3) marks is
correlated with actively transcribed genes and both play an essential role in polarization
and activation in macrophages (20, 21).

Previous studies reported on the epigenetic regulation by histone modification
for 1110 expression in macrophages (22, 23). Macrophage-specific regulatory element
DNase | hypersensitive sites (HSS—4.5) were identified in the mouse 1110 locus. This
site locates approximately 4.5 kb upstream of the transcription start site which is highly
conserved and contains hyperacetylated histones and contains NF-kB binding site. The
activation of HSS-4.5 is important for 1110 expression in M(LPS) (11). The regulation
of IL-10 production in M(IC) by histone modifications are also reported, the activation
of ERK leads to increasing the phosphorylation of serine 10 on histone H3 at the 1110
promoter, resulting in the recruitment of transcription factor SP-1 to 1110 promoter and
increases 1110 expression (22). However, the global profile of H3K4me3 in M(IC), in
comparison to M(LPS), has not been characterized. Gaining insight on the involvement
of H3K4me3 in M(IC) may shed light on the plasticity and the stability of M(IC)
phenotype in vivo.

Therefore, in this study, we first investigated the plasticity of M(LPS) and
M(IC) in vitro. We next compared the profiles of H3K4me3 between M(LPS) and
M(IC) to gain a comprehensive view on H3K4me3 involvement in the two distinctive
macrophage phenotypes. Finally, the effect of M(IC) in systemic cytokine production
was tested in LPS-induced endotoxemia model by adoptive transfer approach. The
results obtained from this study may be beneficial in designing means to manipulate

macrophages function for therapeutic purpose in the future.



Research question

Does histone methylation of H3K4me3 regulate IL-10 production in M(IC) and affect
its plasticity?

Hypothesis

IL-10 production in M(IC) is regulated by histone methylation of H3K4me3 and M(IC)

can be therapeutically applied.

Objectives

1. To examine the plasticity between M(LPS) and M(IC) in vitro.

2. To investigate the histone methylation profiles of H3K4me3 in M(LPS) and
M(IC).

3. To test the therapeutic potential of M(IC) in sepsis mouse model.
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CHAPTER I
LITERATURE REVIEW

Macrophages and macrophage subsets

Macrophages are one type of white blood cells in the innate immune system,
originating from myeloid precursor cells (24). Macrophages are referred to by various
names such as microglia, Kupffer cells and osteoclasts depend on its location. They are
phagocytes that can be found in most tissues and respond to infection as the first line
defense against pathogen (1). Mouse macrophages are characterized and identified by
the expression of several surface markers such as F4/80 and CD11b.

Macrophages can be divided into distinct specific subsets based on their
functional phenotypes that are driven by distinct stimuli in their microenvironment.
The functions of macrophages in pro-inflammatory responses, scavenging, remodeling
potential and anti-inflammatory activity are mediated by distinct subsets of
macrophages (25). Interferon y (IFNy) and lipopolysaccharide (LPS)-stimulated
macrophages or classically activated macrophages (M(LPS) or M1) exhibit pro-
inflammatory activity, phagocytosis microbes, and initiate immune response which is
characterized by production of high levels pro-inflammatory cytokines such as
interleukin-12 (IL-12), tumor necrosis factor (TNF), IL-6 and IL-1p and the production
of low levels anti-inflammatory cytokine IL-10 (4). IL-4-stimulated macrophages or
alternatively macrophages (M(IL-4) or M2) play a role in regulating wound healing
and tissue repair. In contrast with M(LPS), LPS and immune complex-stimulated

macrophage (M(IC)) produces large amount of anti-inflammatory cytokine IL-10 while
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decreases the pro-inflammatory cytokine IL-12. However, M(IC) maintains the

production of high levels of TNF-a, IL-6 and IL-1p (5, 6).

M(LPS)
proinflammatory activity

M(L-4)
LPS \ —( Ic wound healing

S am &Y

M(IC)
anti-inflammatory activity

Figure 1| Macrophages phenotypes and their stimuli

A Schematic diagram shows different subsets of macrophages and the stimuli. IFN-y
and LPS stimulate macrophage to M(LPS) that have pro-inflammatory activity. IL-4
activates macrophage to M(IL-4) that regulate wound healing. LPS in the presence of
immune complex stimulate macrophages to become M(IC) that exhibit anti-

inflammatory phenotype.
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Macrophage plasticity

Macrophages play an important role in immune response and homeostasis with
functional diversity such as inflammation, phagocytosis, proliferation, regulation of
metabolism, tissue remodeling and immunoregulation. One of the key features of
macrophages is functional plasticity (2). Macrophage plasticity is a process that allows
them to switch between two different phenotypes depending on the stimuli and their
microenvironment. Functional plasticity of macrophages contributes to various disease
pathogenesis, including cancer, metabolic diseases, autoimmune diseases and systemic
infections (3). For instance, a switch of macrophage polarization from M1 to M2 occurs
in chronic phase of infection leading to inability to clear pathogen (3) while a switch of
macrophage polarization from M2 to M1 can found in Atherosclerosis resulting in an
inflammatory response in the blood vessel (26). The pathology is frequently associated
with macrophage plasticity that allows dynamic change between M(LPS) and M(IL-4)
(3). In obesity, IL-4 released from adipocytes is believed to polarize macrophages to
M(IL-4) and prevent overt inflammation in lean tissue. While in obese tissues, an
increase in infiltration of macrophages is observed. Profiling these adipose tissue
macrophages (ATMs) indicated that they exhibit M(LPS) characteristics such as
upregulation of inflammatory markers TNF-a and inducible nitric oxide synthase
(iNOS) (2). However, it remains unclear whether macrophages have functional

plasticity between M(LPS) and M(IC).
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Figure 2 | The plasticity between M(LPS) (M1) and M(IL-4) (M2) in diseases

progression

Dynamic changes of macrophage phenotypes switching between M1 and M2 occur in
several diseases including infectious diseases, metabolic disease, autoimmune disease

and cancer.
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Regulatory macrophage (M(IC)) and its therapeutic potential

M(IC) or regulatory macrophage is categorized as non-classically activated
macrophages that are stimulated by FcyR ligation with IgG complexes in the presence
of pathogen-associated molecular patterns (PAMPS) such as LPS or lipoteichoic acid
through Toll-like receptors (TLRs) (5). These activated macrophages show
immunomodulatory activity due to the increased production of anti-inflammatory
cytokine IL-10 and reduced pro-inflammatory cytokine I1L-12 production (5). M(IC)
exhibits distinctive gene expression profile that is unique and does not overlap with
M(LPS) or M(IL-4) (9). Moreover, RNA-seq data from the previous study reported that
at the transcriptional level, M(IC) increased unique gene expression, including 1110,
Lif, 1133, 1ldr1, FIrt3, Xcrl and Odcl when compared to M(LPS) (9). Therefore, M(IC)
has potential in preventing immune hyperactivation and can be used in cellular therapy.
In one study, adoptive transfer of M(IC) reduced the severity of experimental
autoimmune encephalomyelitis (EAE) an animal model of multiple sclerosis (10). In
another study, it was reported that mice receiving an adoptive transfer of M(IC) showed
reducing disease severity of sepsis (9). To divert M(LPS) to produce higher amount of
IL-10, the signaling downstream of IC/FcyR can be replaced with other stimuli such as

PGE2, GPCR ligand, glucocorticoid, apoptotic cell and IL-10 (9, 24).
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TLR4 signaling pathway in macrophages

TLR4 is a prototype of pattern recognition receptors (PRRs) that recognizes
LPS from Gram negative bacteria. TLR4 ligation results in the recruitment of the
adaptor molecules Myeloid differentiation primary response 88 (MYD88) and TIR-
domain-containing adapter-inducing interferon-B (TRIF) (27). They are critical for the
activation of subsequent downstream signaling pathways and gene expression. Among
these, Nuclear factor kappa B (NF-xB) , Signal Transducers and Activators of
Transcription (STAT), interferon-regulatory factor (IRFs) and Activator protein 1
(AP1) (1) are activated, leading to robust production of pro-inflammatory cytokines
(e.g. IFN-y, IL-12, TNF, IL-6, and IL-1B), chemokines (e.g. C-C motif chemokine
ligand 2 (CCL2), C-X-C motif chemokine ligand 11 (CXCL11), and CXCL10), and
antigen presentation molecules (e.g. MHC members), co-stimulatory molecules and
antigen-processing peptidases (1). Additionally, IFN-y priming leads to remodeling of
chromatin structure to a more accessible status for TLR-induced transcription factors

binding resulting in the increasing TLR-induced gene expression (28).
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Figure 3| TLR4 and its downstream signaling

The binding of TLR4 and LPS recruits MyD88 and TRIF leading to the activation of

MAPK, NF-KB, STAT and IRFs, which regulated in the expression of inflammatory

genes.
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FcyR signaling pathway in macrophages

Immune complex (IgG) can activate macrophages through FcyR. FcyR ligation
triggers the activation of src family kinase-mediated phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAMSs). This activation recruits of
the tyrosine kinase Syk, signal transduction molecule Ras and phosphoinositide 3-
kinase (P13K) for activation of downstream pathways including FCyR-associated genes
expression, the activation of phospholipase C, generation of intracellular calcium flux,

and NADPH activation (29).
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Figure 4| FCyR and its downstream signaling

FcyR ligation by immune complex activates downstream signaling pathway RAS, Syk
and PI3K. The activation triggers the recruitment of transcription factors to bind to gene

promoter, resulting in FcyR-associated genes expression.
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Cross talk between TLR4 and FCyR signaling in M(IC)

In M(IC), both the activation of TLR4 and FCyR ligation trigger the activation
of macrophages to anti-inflammatory phenotype in contrast with TLR4 activation
alone. Signaling from immune complex alone stimulates macrophages to produce
baseline activation of inflammatory mediators (30) while the stimulation of
macrophages with LPS together with immune complex increases the production of
regulatory cytokine I1L-10 and reduces IL-12 production. The signaling from TLR4
and FCyR trigger the activation of extracellular signal-regulated kinases 1 and 2 (Erk)
and p38, the components of MAPK signaling pathway, resulting in increased of 1110
and decreased 1112 (31). Since IL-10 is an immunomodulatory cytokine that regulates
immune response which is important to control inflammatory process, the regulation

of IL-10 expression in M(IC) provides a target for therapeutic intervention.
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Figure 5| Cross talk between TLR4 and FCyR signaling in M(IC)

FcyR ligation with TLR4 signal by immune complex and LPS activates downstream

signaling pathway such as MAPK signaling pathway. The activation triggers the

increasing of 1110 and decreasing of 1112 expression in M(IC).
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IL-10 and its functions

IL-10 is a key multi-function regulatory cytokine that modulates immune
response during infection with viruses, bacteria, fungi, protozoa and helminths and
prevents hyperactivation of an immune response (7). IL-10 is produced by various cell
types of both innate immune cells including macrophages, monocytes, dendritic cells
(DCs), mast cells, neutrophils, eosinophils and natural Killer cells and adaptive immune
cells including T cells and B cells (8, 32). It functions in promoting B cells functions
by enhancing proliferation, survival, differentiation and antibody production and
promoting regulatory T cells functions by enhancing IL-10 production. For inhibitory
functions, IL-10 inhibits functions of antigen presenting cells (APCs) and
downregulates the expression of MHC class Il and costimulatory molecules (33). IL-
10 is the major cytokine that is produced by M(IC) and considered to be a functional

cytokine signature of M(IC) (34)
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A Schematic diagram showed different stimuli and cytokines production in M(LPS)
and M(IC). IFN-y/LPS-stimulated macrophages (M(LPS)) produce high levels of IL-
12 and low levels of IL-10 while M(IC) that stimulated by LPS/IC produce high levels

of IL-10 and low levels of 1L-12.
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Regulatory signaling of 1L-10 expression in macrophages

In macrophages, the expression of 1110 is regulated by several transcription
factors including Sp1, ERK, p38 and NF-xB (8, 11). In M(LPS), IL-10 is produced at
low levels where its expression is regulated mainly by several pathways including NF-
kB, MAPK and STAT pathways, resulting in low levels of IL-10 production (12, 13).
In contrast, FcyRs signaling activates ERK and p38 MAPK signaling in M(IC),
resulting in more chromatin accessibility for the transcription factor Spl in
the 1110 promoter (14). Furthermore, IC/FcyR signaling also modulates the signaling
downstream of TLR that regulates 1112 transcription via PI3K/AKT signaling

downstream leading to the decreasing 1112 expression in M(IC) (15).

The epigenetic regulation of gene expression by histone modification

The regulation of macrophage polarization and plasticity are regulated at
several levels such as activation of transcription factors, epigenetic regulations and
post-transcription regulation (2). In addition to the short live regulatory effect by the
transcription factors, the epigenetic regulations also play a critical role in influencing
long term response by regulating cytokines production during the activation (16).
Epigenetics regulated gene expressions that are not encoded in the DNA sequence.
Epigenetics cause the modification of chromatin accessibility at the promoter and the
regulatory regions by several processes such as DNA
methylation, histone modifications, and RNA-associated silencing (17).

Histone modification is a dynamic modification of histone proteins by histone

modifying complexes that catalyze the addition or removal of various chemical
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elements on the histones tail. Various histone modifications such as methylation,
acetylation and phosphorylation cause changes in the chromatin structure or chromatin
remodeling resulting in closed or opened chromatin. These regulations culminate in
gene silencing or gene transcription depending on the type of histone mark (18).
Histone modifications play a role in several biological processes including
transcriptional activation/repression, chromosome packaging and repair of DNA
damage. Histone H3 is the most modified histones by acetylation at lysine 9, 14, 18,
23, and 56, methylation at lysine 4, 9, 27, 36, and 79 and arginine 2, and
phosphorylation at serl0, ser28, Thr3, and Thrll. Histone H4 can be modified by
acetylated at lysine 5, 8, 12 and 16, methylation at arginine 3 and lysine 20, and
phosphorylation at serine 1 (35). Histone acetylation and phosphorylation are generally
associated with transcriptional activation while histone methylations are associated
with both gene activation and gene silencing depending on the locations of

modification and the type of the methylation on the histone tails (35, 36).

Regulating of macrophage polarization by histone modifications

Histone modifications at the promoter regions are associated with activating or
silencing gene expression that regulates macrophage polarization (20, 21). Previous
study reported on the regulation of macrophage polarization by repressive histone mark
H3K27me3 (21). Activation of Jmjd3, a histone H3K27 demethylase function in
removing the methyl group from lysine 27 on the histone H3, resulted in decreasing of
H3K27me3 and increasing chromatin accessibility in M(IL-4). Jmjd3 KO macrophages
exhibited defects in M(IL-4) polarization (21). H3K4me3 modification on the

regulatory regions of genes encoding cell surface markers and chemokines is correlated
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with the transcriptional activity in monocyte-derived macrophages (20). These results
together strongly indicated that trimethylation of histone H3 on lysine 27 (H3K27me3)
is correlated with inactive gene promoters whereas trimethylation of histone H3 on
lysine 4 (H3K4me3) is correlated with actively transcribed genes and both play an
essential role in polarization and activation in macrophages (20, 21).

Previous studies reported on the epigenetic regulation by histone modification
for 1110 expression in macrophages (22, 23). Macrophage-specific regulatory element
DNase | hypersensitive sites (HSS—4.5) were identified in the mouse 1110 locus. This
site locates approximately 4.5 kb upstream of the transcription start site which is highly
conserved and contains hyperacetylated histones and contains NF-kB binding site. The
activation of HSS-4.5 is important for 1110 expression in M(LPS) (11). The regulation
of IL-10 production in M(IC) by histone modification are also reported where ERK
activation leads to phosphorylation of serine 10 on histone H3 (H3ser10) at the 1110
promoter. This event increases the recruitment of transcription factor SP-1 to 1110

promoter and increases 1110 transcription (22).

Histone Methylation and histone demethylation

Methylation of lysine and arginine residues in the histone tails is crucial to
chromatin modification that influences biological process during development and
cellular responses (19). Histone can be mono (mel), di(me2), or tri(me3) methylated
on lysine and can be mono(mel), symmetrically dimethylated (me2s), or
asymmetrically dimethylated (me2a) on arginine of the histone tail (37). Methyl groups

are believed to have slow turnover rate more than other post-translational modification
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(PTMs) (38). Methyltransferases and demethylases function in addition and removal
of methyl groups from different amino acid residues on histones tail respectively (19).
Some types of histone methylation are needed to be stably maintained such as
methylation involved in the inheritance through mitosis of a silenced heterochromatin
state whereas others may have to be able to change such as methylation involved in
cells differentiate or respond to an environmental cue. Different methylation at lysine

residues on the histone tails displays differential turnover rates (39).

The active histone H3K4me3

H3K4me3 is the tri-methylation of the fourth lysine from the N-terminus of
histone H3. This histone modification is one of the most studied histone modifications
that are associated with the promoters regions (40). H3K4me3 marks positively
correlated with gene expression in active genes (40). This modification recruits the
chromatin  remodeling  factors Chromodomain-helicase-DNA-binding protein
1(CHD1) and Nucleosome-remodeling factor subunit BPTF(BPTF) while preventing
the binding of the repressive Nucleosome Remodeling Deacetylase (NuRD) and the
inhibitor of acetyltransferase (INHAT) complexes, resulting in chromatin remodeling
to opened chromatin (41-43). In macrophages, H3K4me3 modification on the
regulation regions is associated with the transcriptional activity of many genes (20).

However, the profile of H3K4me3 in M(IC) is still undocumented.
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ChlIP-sequencing

Chromatin immunoprecipitation (ChlIP) followed by next-generation
sequencing (ChlP-seq) is a technique for genome-wide profiling of histone
modifications and DNA-binding proteins (44). In a ChIP experiment, DNA binding
protein which is interested histone modifications is investigated using antibody to the
modified histone and immunoprecipitate the DNA-protein complex. After
precipitation, crosslink of DNA and proteins are reversed and DNA is purified for
sequencing. ChlP-seq provides higher resolution and greater coverage data than ChlP-
chip that improves the characterization of transcription factor binding sites and
empowers sequence motifs identification (44). ChlP-seq produces large amount of
data and effective computational analysis that crucial for unmasking epigenetics

mechanisms.

Sepsis and immune response to sepsis

Severe sepsis is a common life-threatening condition that is one of the most
common causes of deaths from infection. Patient with sepsis has extreme immune
reaction toward infection in the bloodstream causing leaking of blood vessel, systemic
inflammation, leading to multi-organ dysfunction and death(45).

Patients usually present with fever, shock, and respiratory failure from an
uncontrolled pro-inflammatory response. The immune responses initially mediated by
the activation of PRRs such as TLRs by PAMPs and danger-associated molecular
patterns (DAMPs) originating from the infection (46). In the primary phase after the

infection, the activation of PRRs results in high production of pro-inflammatory
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cytokines and chemokines including TNF-a, IL-1p, IL-12 and IL-6 (47). This hyper-
inflammatory phase has been termed a “cytokine storm that drive systemic
inflammation. This phase is the major cause of death in sepsis and it is a target for
therapeutic intervention. Following this phase, some patients may develop an
immunosuppressive response, resulting in increased host susceptibility to secondary
bacterial infections.

Nowadays, sepsis is a severe multi-system complication with difficult
treatments. The effectiveness of the treatment in sepsis depends on the time of
diagnosis, immediately starting the antibiotic treatment and patient’s underlying
disease (48). Antibiotics are mostly common treatment using during sepsis. However,
the increasing antibiotic resistance and delay diagnosis leads to insufficient or incorrect
treatment (48). Presently, there are many clinical studies to develop a new treatment
strategy that more specific determinants for sepsis treatment. Most of these approaches
aim to modulate the immune response to preventing sepsis physiopathology and
multiple organ failure (48). For example, some studies used vasoactive agents,
Corticosteroids and anti-endotoxin treatment for sepsis therapies (49, 50). However,
there are insufficient data on clinical usage and need further studies to develop a new

treatment strategy.
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Figure 7| Immune response to sepsis

The immune response in sepsis initials with hyper-inflammatory phase by high
production of pro-inflammatory cytokines and chemokines. After this phase, patients

will develop to immunosuppressive phase leading to secondary infections.

As mentioned before, previous study reported on using M(IC) adoptive transfer
in mice for therapeutic approach (10). The adoptive transfer M(IC) protected mice from
lethal endotoxemia by showing 90% survival when compared to the adoptive transfer
with resting macrophage (9). Therefore, the therapeutic application of adoptive transfer
M(IC) may be a new way for treatment diseases-associated with inflammation such as

sepsis.
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CHAPTER 111
MATERIALS AND METHODS

Mice

Six to eight-week-old female C57BL/6 mice were purchased from Nomura
Siam International (Bangkok, Thailand). All procedures were reviewed and approved
by Chulalongkorn University Animal Care and Use Committee (CU-ACUP 024/2558).
All procedures involved lab animals were performed in accordance with regulations

issued by Chulalongkorn University IACUC.

Murine macrophages

Bone marrow-derived macrophages (BMDMs) were isolated from tibias and
femurs by flushing with Dulbecco's Modified Eagle Medium (DMEM) (HyClone,
USA) supplementing with 10% (v/v) fetal bovine serum (FBS) (GIBCO, USA), 1%
(w/v) sodium pyruvate (Hyclone), 1% (w/v) HEPES (Hyclone), 100 U/ml penicillin,
0.25 mg/ml streptomycin (Hyclone), 20% (v/v) L929 cell-conditioned media and 5%
(v/v) horse serum (Hyclone) in Forma Direct Heat CO2 Incubator HEPA class 100
(Thermo Electron corporation, USA) at 37°C, 5% CO_ on non-tissue culture treated
plates. Cells were cultured for 4 days before added 3 ml of fresh DMEM media
supplemented with 20% (v/v) L929-conditioned media and 5% (v/v) horse serum. Cells
were harvested at day 7 using cold PBS. BMDMs were plated 24 h before use.
Macrophages were confirmed by the expression of F4/80 and CD11b by flow

cytometer.
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BMDMs frozen stock preservation and thawing

At day 7, BMDMs were harvested by cold PBS and centrifuged at 1000 rpm, 5
min. Cells were gently resuspended in one part of 80% DMEM media supplemented
with 20% FBS and one part of 60% DMEM media supplemented with 20% FBS and
20% DMSO. Frozen stock of cells were kept at -80°C until use. BMDMs were rapidly
thawed at 37°C in a water bath and centrifuged in cold serum free media at 1000 rpm,
5 min. Cells were resuspended in 8 ml of DMEM media supplemented with 20% L929-
conditioned media and 5% horse serum. Cells were plated on non-tissue culture treated

plates for 3 days before use.

Preparation of M(LPS) and M(IC)

BMDMs were primed with 10 ng/ml of recombinant mouse IFN-y (BioLegend,
USA) for 18 h before stimulation. M(LPS) and M(IC) were generated by stimulating
with 100 ng/ml of Salmonella LPS (Sigma-Aldrich, USA) or 100 ng/ml of LPS in
combination with immune complex. Immune complex was prepared in 10-fold molar
excess of rabbit anti-OVA IgG (Sigma-Aldrich) against OVA (Sigma-Aldrich) and
incubated for 30 min at room temperature (51). Ratio volume of immune complex to
media is 1:100 (v/v) were used for stimulation. For an in vivo adoptive transfer study,
5x10° cells of BMDMs were plated on 10 cm treated plate before stimulated as
described above for 4 h. For ChIP assay, 10x10° cells of BMDMs (5x10° cells/plate)

were plated on 10 cm treated plate before stimulated as described above for 4 h
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Repolarization of macrophages

BMDM s (2.5x10° cells/well) were stimulated without IFN-y priming to M(LPS)
using 100 ng/ml of Salmonella LPS. After 24 h, cells were washed with warm media
and rested in culture media for 48 h before re-polarization to M(IC) by stimulated with
100 ng/ml of LPS in combination with immune complex. Cultured media were
harvested at 24 h after stimulation to measure IL-10 and IL-12p70 by Enzyme-Linked
Immunosorbent Assay. M(LPS) and M(IC) were used as a negative control. For
Western blot analysis, BMDMSs were stimulated without IFN- y priming to M(LPS) for
24 h, cells were washed with warm media and rested in culture media for 48 hor 2 h
before re-polarization to M(IC) as described above. Protein lysates were harvested at 0,
5, 15 and 30 min after stimulation and M(IC) stimulated from naive BMDMSs were used

as a control.

Enzyme-Linked Immunasorbent assay (ELISA)

Culture supernatants from BMDMs treated as indicated were harvested and
subjected to measurement of 1L-10 using ELISA max™ standard set (Biolegend) and
IL-12p70 using purified rat anti-mouse IL-12 p40/p70 (coating antibody) and biotin rat
anti-mouse 1L-12 p40/p70 (detecting antibody) (BD Biosciences, USA) (Culture
supernatants were collected after treatment as indicated and kept at -80°C until use.
ELISA was performed following the manufacturer's protocol. Briefly, one hundred
wl/well of anti-1L-12p40 antibody or anti-1L-10 antibody in coating buffer was coated
as capture antibodies for overnight at 4°C. Unbound antibodies were removed and the

wells were washed with 200 pl/well of washing buffer for 5 times. Two hundred pl of
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Blocking buffer (10% (v/v) FBS in PBS) was added and plates were incubated for 1 h
at room temperature. After Blocking buffer was removed and washed as described
above, 100 ul of diluted samples (1:20 to 1:50, IL-12p70 and undiluted to 1:2, IL-10)
and standards (Biolegend) (prepared in 2-fold serial dilutions) were added and
incubated for 1 h (IL-12p70) or 2 h (IL-10) at 4°C. Following this step, wells were

emptied and washed as described above, 100 ul of biotinylated anti-1L-12p40 antibody
or anti-1L-10 antibody was used for detection antibodies and incubated for 1 h at room
temperature. After that, wells were emptied and washed as described above, 100 ul of
streptavidin-conjugated HRP was added and incubated for 30 min at room temperature.
Wells were washed with 200 ul/well of washing buffer for 6 times. TMB substrate
solution (100 pl/well) was added and incubated in the dark for 2-20 min at room
temperature. Finally, the reactions were stopped by addition of 100 ul of 2N H2SOa.

The signals were detected by Multiskan FC (Thermo scientific, USA) at ODaso.

Western blot

BMDMs were treated as indicated and the cell lysates were collected. Cells were
washed twice using cold PBS and proteins were extracted by adding 40 ul of ice-cold
RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 10% Sodium
Deoxycholate, 20% SDS containing Phosphatase inhibitor from Cell Signaling
Technology and mini pack Protease Inhibitor from Roche Diagnostics, USA). Cell
lysates were transferred to new 1.5 ml microcentrifuge tubes (Axygen Scientific, USA)
and mixed by vortex mixer model G560E (Scientific Industries, USA) for 10 seconds.

Samples were cleared by centrifugation at 10,000 rpm 4°C for 10 min using Centrifuge
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5424 R (Eppendorf, Germany). The supernatants were collected and measured for
protein concentration by using BCA Assay Protein Assay kit (Pierce, USA). Protein
lysates were kept at -80°C until use.

Twenty ug of protein was added with forty ul of 2x loading dye (100 mM Tris
pH 6.8, 4% (w/v) SDS, 20% (v/v) Glycerol, Bromphenol blue containing 10% (v/v) -
mercaptoethanol from Sigma-Aldrich) and boiled at 100°C for 5 min on Thermomixer
Compact (Eppendorf). An equal amount of loading volume was loaded on 8% SDS-
PAGE. Proteins were separated at 100 volts for 90 min by using Protein Il system
(Biorad, USA) and running buffer.

Proteins were transferred to PVDF membranes (Millipore, USA) by using semi-
dry transfer Trans-Blot SD (Biorad) in transfer buffer (Appendix A) for 90 min with a
current at 80 mA for 1 gel and 160 mA for 2 gels. The PVDF membrane was blocked
with 3% skim milk (BD Biosciences) in PBS-Tween20 (0.1%) for 5 min twice and
probed with primary antibodies at 4°C overnight. The antibodies used were as follows:
rabbit anti-phospho-NF-«kB p65 (1:2000), rabbit anti-NF-xB p65 (1:4000), rabbit anti-
phospho-Akt (1:2000), rabbit anti-Akt (1:4000), rabbit anti-phospho-p38 (1:2000),
rabbit anti-p38 (1:4000), rabbit anti-phospho-ERK1/2 (p44/42) (1:2000), rabbit anti-
ERK1/2 (p44/42) (1:4000), rabbit anti-phospho-SAPK/JNK (1:2000), rabbit anti-
SAPK/IJNK (1:4000) (Cell Signaling Technology, USA), and mouse anti-p-actin
(1:210000) (Chemicon-Millipore, USA). The membranes were incubated for 1 h at room
temperature with shaking and washed for 5 min twice and 10 min three times. After
washing, secondary antibody HRP-conjugated donkey anti-rabbit IgG (1:4000) or

HRP-conjugated sheep anti-mouse 1gG (1:4000) (Cell Signaling Technology) were
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added and the membranes were incubated for 1 h at room temperature with shaking
before washing as described above.

For developing the chemiluminescent signal, the solution A (100 mM Tris-HClI,
pH 8.5, 196.5 uM coumaric acid and 1.24 mM luminal) was mixed with solution B
(200mM Tris-HCI pH 8.5 and 0.009% H202) and added on PVDF membrane and
incubated for 1 min. The membranes were wrapped in the plastic wrap and placed in
Hypercassette (Amersham Biosciences, UK) to expose to High Performance
Chemiluminescence Film Amersham HyperfilmTM ECL (Amersham Biosciences) in
the dark. The X-ray film was developed in developer solution, washed with water, fixed

in fixer solution and washed again with water before allowing to air dry.

ChlIP-seq and data analysis

BMDMs were stimulated using the procedure described above. The enrichment
of H3K4me3 on specific DNA regions were investigated using
SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads) (Cell Signaling
Technology) following the manufacturer's protocol as showed in Fig 8. Briefly, 37%
formaldehyde was used to preserve the cross-link between proteins and DNA located
in close proximately. Cells were lysed by treating with nuclear lysis buffer. Lysed cells
were sonicated to shear nuclei and treated with micrococcal nuclease to shear
chromatins. Genomic DNA lengths were optimized to be in the range of 150-1000 bp.
Rabbit anti-H3K4me3 antibody (Cat#9751S Cell Signaling Technology) were added
and incubated at 4°C overnight. Protein G-conjugated magnetic beads were added and
incubated at 4°C for 2 h. Magnetic beads were separated and washed with washing

buffer. ChIP Elution buffer were added, and the reaction was incubated at 65° for 2 h
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to reverse cross linking of protein/DNA complex. The supernatants were collected and

purified for DNA sequencing.

10x10° cells/plate
,O/N

IFN-y
|, 18 hr.

LPS/LPS+IC
‘ 4 hr.

ChIP using H3K4me3 Ab

sequeﬁcing
Figure 8| The experiment set up for ChIP

The protocol used to investigate the histone methylation of H3K4me3 in M(IC) by

ChlP-seq

ChIP-seq were performed using 50 bp single-end reads sequencing by BGI
(Beijing, China). Overall ChIP-seq data analysis protocol is depicted in Fig 9. Trimmed
sequences were examined for its quality by FastQC (52) and aligned to the reference
genome by Bowtie2 (53) (more than 97% mapped). Regions of enrichment were found
using MACS14 and MACS2 (54). Circos (55) and Venn diagram (56) were employed
to visualize the designated ChIP-enrichment within globally. Epigenomic correlation
was evaluated by TCOR in EpiMINE (57). CEAS (58) were used to reveal enrichment
in cis-regulatory regions. IGV (59) and QIRI in EpiMINE were used to visualize and

quantify the enrichment in target genes. MEME-ChIP (60) was used to identify the
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novel enrichment motifs and possible associated regulators/transcription factors. In the

end, the possible regulatory signaling pathways and networks were revealed by KEGG

pathway analysis (61).
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Figure 9| ChIP-seq data analysis pipeline

Pipeline displayed the lists of used Bioinformatics packages (left panel), database

(center) and visualization tools (right).
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Repolarization of macrophages

BMDM s (2.5x10° cells/well) were treated with inhibitors are 10X-1 (pan H3
histone demethylase inhibitor) and JIB-04 (H3K4me3 demethylase inhibitor) at 66 mM
and 1.71 mM (2xIC50) for 30 min before polarization to M(LPS) using 100 ng/ml of
Salmonella LPS. After 24 h, cells were washed with warm media and rested in culture
media for 2h before re-polarization to M(IC) using 100 ng/ml of LPS in combination
with immune complex. Cultured media were harvested at 24 h after stimulation to
measure IL-10 and IL-12p70 by Enzyme-Linked Immunosorbent Assay. M(LPS) and

M(IC) without re-stimulation were used as a negative control.

Adoptive transfer of M(IC)

8 week-old of female C57BL/6 mouse (n=4 per group) was adoptive transferred
with 1x10° cells of M(IC) or unstimulated macrophages by i.p. route 3 h before E. coli
LPS (Sigma-Aldrich) challenged (sublethal dose, 1 mg/kg body weight, i.p. route) to
induce endotoxemia. Blood was collected at 1 and 6 h after the LPS challenge and used

to detected cytokines by Bio-plex assay.

Bio-Plex assays

Blood serum collected from endotoxemia mice as described above was used to
measure cytokines IL-1p, IL-12p70, IL-6, TNFa, IL-17, IL-10 and IL-4 by using Bio-
Plex Pro™ Mouse Cytokine 7-plex assay kit (Bio-Rad) following the manufacturer's

protocol. This experiment used anti- IL-1, anti- IL-4, anti- IL-17, anti-TNFa, anti-1L-
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6, anti-1L-12p40 and anti-1L-10 couple on beads for capture antibodies and biotinylated
IL-1B, anti- IL-4, anti- IL-17, anti-TNFa, anti-1L-6, anti-IL-12p40 and anti-1L-10 for
detection. Stretpavidin-conjugated PE was added to develop signals. The signals were
detected by Bio-plex 200 systems (Biorad). Data were analyzed using Bio-Plex
Manager™ software (Bio-Rad). * indicated statistical significance at p<0.05. The

results represent mean £ SEM of each group (n=4).

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.0. Unpaired

t-test ( p < 0.05) was used when comparing two conditions.
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CHAPTER IV
RESULTS

Plasticity of M(LPS) toward M(IC)

The plasticity between M(LPS) and M(IL-4) macrophages has been reported (4)
and this function of macrophages plays an important role in progressions of several
diseases (3). However, there was no report whether the reverse polarization from
M(LPS) to M(IC) is possible. First, we tested the polarization of M(LPS) and M(IC) in
vitro, following a protocol from the previous study using BMDMs (Fig 10) to confirm
the phenotypes of M(LPS) and M(IC). In this protocol, BMDMs were primed with IFN-
y overnight before stimulation with LPS or LPS with IC. Next, we tested the re-
polarization capacity of M(LPS) to become M(IC) as depicted in Fig 11A. In this study,
we rested cells between the first and second stimuli for 2 days using BMDMs without
IFN-y priming following the previous study (62). We found that IFN-y priming during
M(LPS) polarization resulted in failure to re-polarize of M(LPS) to M(IC) (Fig 26). The
results showed M(IC) that were polarized from resting macrophages or M(LPS)
similarly increased IL-10 while decreased IL-12p70 at a comparable level (Figure 11B).
Shorter resting period (6h or 20h) between the primary stimuli LPS and secondary
stimuli LPS with IC, respectively, failed to yield cytokine profiles of M(IC) (Fig 27).
This result suggested that with a resting period between the two stimuli of at least 2

days, M(LPS) has certain plasticity to be re-polarized from to M(IC) in vitro.
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Figure 10 | Production of IL-10 and IL-12p70 in M(LPS) and M(IC)

BMDMs were primed with IFN-y before stimulated with LPS or LPS/IC for 6h. IL-10
and 1L-12p70 in the culture supernatant were measured using ELISA. The results
indicated means + SD of duplicate determined from 3 independent experiments. *

indicated statistical significance at p-value < 0.05.
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Figure 11 | Re-polarization of M(LPS) to M(IC)

(A) The protocol used to test the plasticity between M(LPS) and M(IC) is shown. (B)
IL-10 and IL-12p70 in the culture supernatant harvested from cells treated as described
in (A) were subjected to ELISA. The result is the relative level of IL-10 and IL-12p70
normalized to that of the control M(LPS) from means £ SD of triplicate determined of

3 independent experiments. * indicated statistical significance at p-value < 0.05.
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Signaling pathways downstream of LPS/TLR4 and IC/FcyR in response to

stimuli during polarization and re-polarization

From the results obtained above, we found that sufficient washout time of 2
days between LPS and LPS with IC was important for the observed plasticity.
Therefore, we next investigated the early signaling pathway downstream of TLR4 and
FcyR. We compared the downstream signaling pathway during re-polarization of short
(2hours) and long (48hours) washout period as depicted in Fig 12. In the condition of
2 hours washout, markedly decreased phosphorylation of MAPK p38, SAPK/INK,
p44/42 and NF-xB p65 at 5, 15 and 30 min were observed in re-stimulation in response
to LPS with IC when compare to M(IC) stimulated from naive BMDMs.
Phosphorylation of Akt was at a comparable level with the control (Fig 12A). In
contrast, in the condition where plasticity toward M(IC) was obtained with the washout
period of 2 days, the phosphorylation of MAPK p38, SAPK/INK and p44/42 were
similar to with those of M(IC) from naive BMDMs. Interestingly, the phosphorylation
of NF-kB p65 and Akt increased significantly in re-stimulated macrophages, compared
to M(IC) from naive BMDMs (Figure 12B). The results implied that the defects in early
signaling pathways downstream of TLR4 and FcyR are associated with inability of
M(LPS) to be re-polarized to M(IC) and the longer washout period between the two
rounds of stimulation recovers this defect which allows M(LPS) to response to LPS and

IC.
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Figure 12 | Signaling downstream of TLR4 during the re-polarization

BMDMs were stimulated to M(LPS) and let rested in media for short washout time (2h)
(A) or long washout time (48h) (B). After washout, cells were re-stimulated with LPS
and IC, phosphorylation of MAPKs, NF-kB p65 and Akt were detected in cell lysates
at 0, 5, 15 and 30 min after stimulation by Western blot. B-actin was used as a control.

Representative data of the 2 independent experiments are shown.
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Global H3K4me3 enrichment of M(IC) and M(LPS)

Besides the regulation of gene expression by the transcription factors that are
intensively studied as short term regulatory mechanism, the epigenetic regulations
including histone modifications have long term effect that also play important roles in
regulating gene expression in activated macrophages (22). Because the duration of
washout between the two stimuli is one of the key factors in the plasticity of re-
polarization from M(LPS) to M(IC), we wondered whether the epigenetic
modifications are different between M(LPS) and M(IC). Therefore, one of the
epigenetic modifications of active histone marks, H3K4me3, were investigated by
ChiP-seq and the profiles among IFN-y primed macrophages (unstimulated
macrophages), M(LPS) and M(IC) were compared. After mapping sequences to the
references genome, Model-based analysis was used to identify significantly enriched
H3K4me3 peaks with the p-value < 0.01. Circos plot was used to display global
H3K4me3 enrichment among the three subsets of macrophages. The results revealed
clear differences between the three subsets of activated macrophages (Fig 13). As
shown in Fig 14, we found that the overall enrichment of H3K4me3 was higher in
M(IC) than those of the unstimulated and M(LPS) and most H3K4me3 peaks that were

enriched in M(LPS) overlapped with those in M(IC).
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Figure 13| Circos plot of the global enrichment of H3K4me3 in unstimulated
macrophage, M(LPS) and M(IC)
BMDMs were primed with IFN-y before stimulated with LPS with or without IC for 4
hours. Cells were harvested for ChlIP using anti-H3K4me3 antibody. The ChIP DNA
were subjected to next-generation sequencing. The Circos plot displayed genome-wide
H3K4me3 enrichment in unstimulated macrophages (unstim), M(LPS) and M(IC). The
position of log-transformed H3K4me3 enrichment of unstimulated macrophages (green
circle), M(LPS) (red circle) and M(IC) (blue circle) were aligned according to the

chromosome positions in the outer ring.
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Peak numbers

O M(LPS) 15,040 peaks

O MICO) 37,920 peaks

O Unstim 17,252 peaks
Shared M(LPS) & M(IC) 14,941 peaks
Shared M(LPS) & Unstim 13,252 peaks
Shared M(IC) & Unstim 16,517 peaks
Shared all 13,236 peaks

Figure 14 | Overlapping of H3K4me3 enrichments in unstimulated macrophage,

M(LPS) and M(IC)

The total peaks of H3K4me3 enrichment with MACS 1.4 were used to compare the
overlapping of H3K4me3 enrichment and showed peaks number among unstim (green),

M(LPS) (red) and M(IC) (blue). The results are presented by Venn diagram.

Next, Cis-regulatory Element Annotation System (CEAS) was used to identify
the distribution of ChIP regions in M(LPS) and M(IC). In both cases, the highest
distributed peaks are enriched in the gene bodies, especially the promoter regions <
1000 bp upstream from TSSs (Fig 15). M(IC) showed more distributed peaks in the
distal intergenic regions, the promoter regions (1000-2000 bp) while M(LPS) has more
peaks distributed in the promoter regions (<1000 bp) and the coding exons. Taken
together, these results revealed that M(IC) and M(LPS) displayed a similar pattern of
global H3K4me3 enrichment profiles, but M(1C) showed higher H3K4me3 enrichment,

especially in the distal intergenic and promoter regions.
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Figure 15 | Distributions of H3K4me3 enrichments in M(LPS) and M(IC)

CAES showed the distributing patterns of H3K4me3 enrichment between M(LPS) and
M(IC). All ChIP-seq results were analyzed from combined RAW files of the 2

independent experiments.



48

The correlation of H3K4me3 peaks between M(LPS) and M(IC)

Next, we performed the correlation analysis at the genome-wide level using
TCOR in EpiMINE. The datasets with two distinct correlation methods were analyzed
using Pearson’s correlation and principal component analysis (PCA). Pearson’s
correlation represented by the scatter plot demonstrated that the M(LPS) and M(IC)
were highly correlated with Pearson’s score of more than 0.90. The cis-regulatory
elements include transcription factor binding sites (TFBS), CpG island and promoter
regions and non-cis-regulatory elements regions are exon, 3’UTR, 5’UTR and intron
(Fig 16A). More importantly, the PCA plot revealed that the two top principal
components between M(LPS) and M(IC) in all cis-regulatory regions, exon, intron,
3’UTR and 5°UTR are distinct (Fig 16B). M(IC) displayed the different of two top
principal components from M(LPS) and unstimulated macrophages in TFBS, CpG,
exon and intron. While in promoter regions and 5’UTR, M(IC) showed the difference
of two top principal components from M(LPS) only and similar enrichment level with
unstimulated macrophages. These results implied that M(LPS) and M(IC) were
epigenomically highly correlated but they have distinctive profiles in H3K4me3
enrichment. This pattern may result in the difference in the gene expression profile

between these two phenotypically distinct effector macrophages.
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Figure 16 | The epigenomic correlation between M(LPS) and M(IC)
(A) A scatter plot from EpiMINE showed the epigenomic correlation between M(LPS)
and M(IC) in the cis-regulatory elements and other regions. (B) The PCA plots showed

the differences in the two top principal components between M(LPS) and M(IC).
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H3K4me3 enrichment in the cis-regulatory elements of M(LPS) and M(IC)

Among the genome-wide enrichment, we focused on specific genomic regions
of the cis-regulatory elements, including the promoters and the transcription factor
binding sites (TFBS). Heatmap showed the H3K4me3 enrichment within the TSSs and
1 kb nearby TSSs (Fig 17A). M(IC) had higher signals of H3K4me3 enrichment when
compared with M(LPS) and comparable signals when compared to unstimulated
macrophages (Fig 17A). When the ChiP-seq peaks were analyzed by CEAS to obtain
the average gene profiles of H3K4me3 within the TSSs and the 5 kb nearby, the average
gene profiles of all three subsets of macrophages have similar patterns of H3K4me3
enrichment (Fig 17B). From previous results, M(LPS) showed the higher percentages
of H3K4m3 enrichment distribution in the promoter regions than M(IC) (Fig 15).
However, when the quantifies different datasets within specific region of interest
(QIRI) was used to cluster H3K4me3 enrichment regions by k-mean, the results
revealed the twenty clusters based on the level of presence to absence of H3K4me3
enrichment representing in the value from 0 to 1. It was found that at the promoter
regions, the enrichment of H3K4me3 was higher in M(IC) than M(LPS) in all 20
clusters (Fig 18). Taken together, the results suggested that H3K4me3 enrichment of
M(IC) in the promoter regions were higher than that of M(LPS) similar to the global
H3K4me3 enrichment. The results suggested that FcyR signaling may be modulated
signal from TLR4, resulting in the increasing of H3K4me3 enrichment to a similar level
with unstimulated macrophages. These results also imply that M(IC) with the
increasing enrichment of H3K4me3 in the promoter regions may have more active

histone mark that is conducive to for gene transcription than M(LPS).
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Figure 17 | The enrichment pattern of H3K4me3 in the cis-regulatory regions

(A) ChiIP-seq density heatmap of H3K4me3 enrichment at the TSSs and the 1 kb region
nearby. (B) ChlP-seq profiling of H3K4me3 enrichment over 5 kb window around

TSSs.
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Figure 18 | Quantification of H3K4me3 enrichment within the promoter regions

QIRI was used for quantification of H3K4me3 enrichment between M(LPS) and M(IC)
within the promoter regions (1kb) using k-mean clustering to twenty clusters. The
different of H3K4me3 enrichment between M(LPS) and M(IC) were compared and
showed in the level of presence to absence of H3K4me3 enrichment representing in the

value from 0 to 1.
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H3K4me3 enrichment in the regulatory regions of individual genes uniquely

associated with M(IC)

To link the H3K4me3 profiles with the mRNA transcription of the genes,
Integrative Genomics Viewer (IGV), was used to visualize specifically targeted locus.
We investigated H3K4me3 enrichment in all three subsets of macrophages of the
uniquely upregulated genes i.e. 1110, Cxcll, Csf3 and 1133 and uniquely downregulated
genes i.e. 1112b and 116 as reported by RNA-seq (9). The result showed the increased
H3K4me3 enrichment in upregulated genes 1110, Cxcl1, Csf3, 1133 in M(IC) when
compared with M(LPS) and unstimulated macrophages (Fig 19A). In contrast, the
H3K4me3 enrichment in downregulated genes 1112b and 116 were not different among
the three subsets of macrophages (Fig 19B). The quantification H3K4me enrichment
by QIRI showed most of the genes that are reported induced during LPS with IC
stimulation as described by Fleming et al. from RNA-seq data (9) increased the
enrichment when compared to those in M(LPS) (Fig 20). Overall, the H3K4me3
enrichment correlated well with the uniquely upregulated genes in M(IC), suggesting
that active histone mark H3K4me3 plays active roles in regulating the expression of

signature genes in M(IC) such as IL-10.
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Figure 19 | Enrichment of H3K4me3 in the target locus

IGV was used to visualized H3K4me3 enriched peaks in M(IC)-related loci from RNA-
seq data by Fleming et al. (9) of uniquely upregulated genes (A) and uniquely
downregulated genes (B). The figures represent peaks of unstim (green), M(LPS) (red)
and M(IC) (blue) in target locus at TSSs and 4 kb nearby. Promoter regions, CpG island
and repeat regions are regions that may contain TFBS and functional motifs in the

sequences.
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Figure 20 | Quantification of H3K4me3 enrichment related genes

Quantification of H3K4me3 enrichment in the promoter regions of the target genes

between M(LPS) and M(IC). The level of presence to absence of H3K4me3 enrichment

are representing in the value from O to 1.
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Prediction of potential associated regulators/transcription factors enrichment

motifs in M(1C)

MEME-ChIP was used to identify novel enrichment motifs and the possible
associated regulators or transcription factors that showed significant increased
H3K4me3 in M(LPS) and M(IC). The results showed the top 10 of motifs that were
highly enriched in M(LPS) and M(IC) (Fig 21). M(IC) and M(LPS) have some of
overlapping known motifs, including Nr5a2, KLF5, Klf4, SP1, EGR1 and YPR022C
(Fig 21). However, M(IC) had some unique unknown and known motifs such as stat4
and STATL that were highly enriched (Fig 21). These motifs may be the novel motifs
for transcription factors or binding site for epigenetic modifiers that are important in

M(IC) polarization.
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M(LPS)

Motif Logo RC Logo E-value Known/Similar motifs
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TRCCTTTAA T TG 9.7e-025
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9. AAAAYMAA Mkl TT5ITTT 4.2e-022 Sox3, AZF1
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Figure 21 | The novel enrichment motifs and possible associated

regulators/transcription factors in M(IC)

MEME-ChIP was used to identify the novel enrichment motifs and possible associated
regulators/transcription factors from significantly enriched peaks (p < 0.01) after peak

calling. The top 10 motifs that were highly enriched in M(LPS) and M(IC) are shown.
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KEGG Pathway analysis of gene with differential H3K4me3 enrichment in

M(IC)

Gene Ontology analysis using KEGG pathway was performed to investigate the
possible regulatory molecules/signaling pathways revealed by ChIP-seq data in M(IC)
and M(LPS). We used genes that showed uniquely H3K4me3 enriched profile in M(IC)
or M(LPS) and filtered by the KEGG pathway using the immune system, signal
transduction and signaling molecule to obtain the interaction profiling data. We found
10 significantly enriched pathways in M(IC) (Fig 22). Among these pathways,
cytokine-cytokine receptor interaction was the top highly enriched in M(IC).
Furthermore, M(IC) also showed significant enrichment of the cell adhesion molecules,
RAP1 and cAMP signaling pathways. For M(LPS) enriched pathways, there was no
significantly enriched pathway that uniquely in M(LPS) (Fig 22). This result suggested
that increasing of H3K4me3 enrichment may regulate gene expression by inducing
genes of downstream signaling pathways that are crucial for M(IC) polarization while

M(LPS) may use other epigenetic regulation for its polarization related genes.
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Figure 22 | KEGG pathway analysis of the differentially H3K4me3 enrichment

genes in M(IC) and M(LPS)

Gene Ontology analysis using KEGG pathway analysis displayed the significant
pathways with differential H3K4me3 enrichment genes in M(IC) and M(LPS). The bar
plot showed the ranking of pathways correlated to Immune system, Signal transduction

and Signaling molecule (p-value <0.05) in M(IC) and M(LPS).
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Effect of H3K4me3 demethylase inhibition on M(LPS) plasticity

To investigate the role of H3K4me3 in M(LPS) plasticity toward M(IC), we
tested the effect of H3K4me3 demethylase inhibition on M(LPS) plasticity. We treated
BMDMs with H3K4me3 demethylase inhibitor which increased H3K4me3 in 2h
resting time before re-polarization M(LPS). We expected that the increase of H3K4me3
may help to modulate M(LPS) plasticity toward M(IC) by increase IL-10 production
and re-polarization of M(LPS) to M(IC) similar to that of the 48h resting time without
inhibitor. The results showed that repolarized M(LPS) treated with 10X-1 (histone H3
demethylase inhibitor) or JIB-04 (H3K4me3 demethylase inhibitor) did not increase
IL-10 production when compared to M(LPS) control (Fig 23). This results suggested
that the increase in H3K4me3 alone may not be sufficient in modulating M(LPS)

plasticity in 2h resting time before re-polarization.
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Figure 23| The effect of H3K4me3 demethylase inhibitor on re-polarization of

M(LPS) to M(IC)

(A) The protocol used to study the effect of H3K4me3 demethylase on the plasticity of

M(LPS) to M(IC) is shown. (B) IL-10 and IL-12p70 in the culture supernatant

harvested from cells treated as described in (A) were subjected to ELISA. The results

indicated means + SD of triplicate determined from 1 of 3 independent experiments. *

indicated statistical significance at p-value < 0.05.
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The effect of adoptive transfer of M(IC) on systemic cytokines profiles in mouse

model of LPS-induced endotoxemia

Previously, adoptive transfer of M(IC) was reported to rescue sepsis mouse
model (9). To evaluate the impact of M(IC) in vivo, we tested the effect of adoptive
transfer of M(IC) on the systemic cytokine profiles in LPS-induce endotoxemia model
using protocol depicted in Fig 24. Production of pro-inflammatory cytokines IL-1f and
IL-12p70 were significantly decreased at 6 hours after LPS challenge in mice receiving
an adoptive transfer of M(1C), compared to those receiving unstimulated macrophages
(Fig 25). In contrast, the level of other inflammatory cytokines IL-6, TNF- a and IL-17
were not significantly different between the two groups (Fig 25). Furthermore, there
was no difference for anti-inflammatory cytokine 1L-10 and Th2 cytokine IL-4 between
the two groups (Fig 25). The cytokines profiles revealed that the adoptive transfer of
M(IC) in mice with LPS-induced endotoxemia before LPS administration has systemic

impact on some pro-inflammatory cytokines but with no detectable influence on IL-10.
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Figure 24| Experimental set up to investigate the therapeutic application of

M(IC) in endotoxemia mouse model

The protocol used for adoptive transfer of M(IC) in endotoxemia mouse model. Female

mice (n=4/group) were used.
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Figure 25| The cytokines profile of endotoxemia mice adoptive transfer with

M(IC)

Blood serum at 1 and 6 hours after LPS challenged from mice with adoptive transfer of
unstimulated macrophages or M(IC) were subjected to Bio-plex cytokine assay for IL-
6, IL-12p70, IL-1B, TNF-a, IL-17, IL-10 and IL-4. * indicated statistical significance

at p-value < 0.05. The results represent mean +SEM of each group (n=4).
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Figure 26 | Test IFN-y priming for re-polarization M(LPS) to M(IC)

BMDMs were priming with IFN-y before primary stimulated with LPS for 4h, washed

and rested in media for 2h before second stimulated with LPS/IC for 4h. 1L-10 and IL-

12p70 in the culture supernatant were measured using ELISA. The results indicated

means + SD of triplicate determined from 1 of 3 independent experiments. * indicated

statistical significance at p-value < 0.05.
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Figure 27 | Shorter washout period fail to re-polarization M(LPS) to become

M(IC)
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BMDMs were primarily stimulated with LPS for 24h, washed and rested in media for

6h (A) or 20h (B) before second stimulated with LPS/IC for 24h. IL-10 and IL-12p70

in the culture supernatant were measured using ELISA. The results indicated means +

SD of triplicate determined from 1 of 3 independent experiments. * indicated statistical

significance at p-value < 0.05, ns indicated not significantly different.
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CHAPTER V
DISCUSSION

Macrophages have the diverse population depending on development origins.
Its functional diversity and plasticity are their important characteristics of macrophage
that play an important role in homeostasis and various diseases (3, 24). LPS in the
presence of immune complex stimulated macrophage to become regulatory effector
macrophages that produce high level of anti-inflammatory cytokine IL-10 while
reduces pro-inflammatory IL-12 production (63). Extensive gene expression profiles of
M(IC) was reported and show they are a distinct subset of activated macrophages (9).
It is well known that macrophages have functional plasticity that allows them to switch
phenotypes between M1 or M(LPS) and M2 or M(IL-4). Many studies reported on the
association of macrophages and diseases pathology and progression (24). However, it
remained unclear whether M(LPS) have functional plasticity that allows it to be re-
activated to become M(IC). This is an important question in light of the therapeutic
implications of M(IC) in septicemia and autoimmune diseases such as multiple sclerosis

(9, 10).

In this study, we demonstrated that M(1C) had functional plasticity that can switch
from M(LPS) to M(IC) in vitro. However, certain length of resting time is important
for this plasticity. Moreover, we found that the MAPK and NF-xB signaling pathways
were reduced when short resting time (2h) was applied while the signaling recovered
in the long resting time before second stimuli. It is possible that after first stimulation
macrophages have some epigenetic modification leading to the decreased downstream

signaling pathway-associated with M(IC). We also found that IFN-y primed
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macrophages did not response to the second even when longer resting time was applied.
It is possible that IFN-y signaling also modified some epigenetics leading to cellular
unresponsive to TLR4/FcyR stimulation in the second stimulation. Upon LPS
stimulation, TLR4 may be internalization that can result in reduced immediate signaling

upon restimulation in short resting period.

Previous study demonstrated that ERK activation and the histone modification by
phosphorylation of serine 10 on H3 played a key role in regulating IL-10 expression in
M(IC) (22). In this study, we focused on H3K4me3 as an active histone mark, because
it is the most dynamic epigenetic modifications in activated macrophage found at the
gene promoters (64). H3K4me3 are histone mark that associate with actively
transcribed genes (65). By ChlP-seq analysis, we found that M(IC) had high H3K4me3
enrichment globally and in all cis-regulatory regions. Moreover, the quantification
study revealed that the H3K4me3 enrichment in promoter regions showed highly
H3K4me3 enrichment in M(IC) in all cluster. It was correlated with the type of this
modification that usually found in the promoter regions. It is possible that signal from
FcyR including Syk, Ras and PI3K (29) modulated histone modification H3K4me3
resulting in the increasing of H3K4me3 when compared to macrophage receiving TLR

signal alone.

Interestingly, the results also showed the increasing of H3K4me3 enrichment in
the promoter regions of most of interested target loci that are uniquely upregulated in
M(IC), i.e. 1110, Cxcll, Csf3 and 1133. Our study revealed for the first time that
H3K4me3 in M(IC) is another epigenetic modification macrophages use to regulate IL-

10 expression. Besides 1110, the promoters of Odcl, Ndgrland Tmem88 showed the
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marked difference between M(LPS) and M(IC). Odc1l 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 (66).
Furthermore, ornithine decarboxylase modifies histone that impinges upon M1 gene
expression (67). Our results imply that M(IC) may regulate Odcl expression by
increasing H3K4me3 in the promoter region. Ndgrl encodes N-myc downstream
regulated 1, a protein member of the NDRG family. Interestingly, NDGR1 KO mice
exhibited impaired differentiation of M1/M2-type macrophage differentiation and its
expression was found in tumor-infiltrating macrophages of renal cancer (68, 69).
Tmem88 encodes Transmembrane Protein 88 (Tmem88), a protein that regulates
Whnt/beta-catenin signaling pathway, one of the pathway that highly H3K4me3
enrichment in M(IC). Moreover, previous study reported that Tmem88 is regulating
pro-inflammatory cytokines secretion through JNK/p38 MAPK signaling pathway
(70).

For the downregulated genes in M(IC), 116 and 1112b showed no significant
difference in H3K4me3 enrichment between M(LPS) and M(IC). This result suggested
that the regulation of downregulated genes in M(IC) may have other histone
modification that overrides H3K4me3 play dominant roles in the regulation of

downregulated genes expression.

Epigenetics included variety of regulatory mechanisms including many types of
histone modifications both permissive and repressive, DNA methylation, non-coding
RNA mediated regulations. In fact, many types of epigenetic modification were

reported during macrophage activation and function (18, 71). It is possible that several
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epigenetic modifications coordinating play a role in regulation of gene expression.
Therefore, we cannot rule out that other epigenetic regulations may also play important

roles in M(IC) and its plasticity.

For the epigenomic correlation, TCOR in EPIMINE was used to analyze the
correlation between M(LPS) and M(IC). To our surprise, these two phenotypes of
macrophages had positive correlation of H3K4me3 enrichment in all cis-regulatory
elements and in other regions, even though the PCA plot showed the difference of two
top principal components of enrichment between M(LPS) and M(IC). The results
suggested that these two phenotypes of macrophage are closely related. However, they
have some different in H3K4me3 enrichment that may one reason of the different in

the phenotype during the activation.

We further investigated the possible regulatory molecules/signaling pathway
using MEME ChIP and KEGG pathway analysis. MEME-ChIP result displayed some
of unique unknown motifs that were highly enriched only in M(IC). These unknown
motifs may be the novel motifs for transcription factors or epigenetic modifiers binding
that are important in M(IC) polarization. Surprisingly, unique known motifs that are
enriched in M(IC) such as STAT4 and STAT1 positively correlated with IL-12
production and pro-inflammatory response in macrophages in contrast with their
phenotype (72, 73). The increasing H3K4me3 enrichment in STAT1 and STAT4 maybe
because these two transcription factors are IFN-y dependent that can increase in IFN-y
primed macrophages.

H3K4me3 enrichment was found in regulatory regions of genes associated with

cytokine-cytokine interaction, hematopoietic cell lineage, cell adhesion molecules, Wnt
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signaling pathway and RAP1 signaling pathway by KEGG. All of these pathways were
demonstrated to be involved in macrophage function and activation. RAP1 signaling
regulates downstream signaling of MAPK and PI3K/Akt (74) that crucial for M(IC)
polarization and plasticity. Wnt/p-catenin pathway is linked to alternatively activated
macrophage that contributes to kidney fibrosis (75, 76). Therefore, trimethylation of
H3K4 may be a key epigenetic mechanism that macrophages use to regulate gene

expression during macrophage activation.

Finally, the using of M(IC) for therapeutically approach were tested, Previous
study was reported that the adoptive transfer of M(IC) help to increased survival rate in
LPS-induced endotoxemia mouse model when compared to mice adoptive transfer with
unstimulated macrophage and other types of regulatory macrophages, but the impact
on the cytokine profiles has not been explored (9). Therefore, we investigated the
cytokines profiles in blood serum of mice receiving an adoptive transfer of M(IC) in
sepsis mouse model. We found that mice adoptive transfer with M(IC) specifically
decreased IL-1p and IL-12p70 level in blood serum when compared to mice adoptive
transfer with unstimulated macrophages (Fig 25). However, the IL-10 level showed no
significant difference between the two groups (Fig 25). In an EAE model, adoptive
transfer of M(IC) reduced the disease severity EAE and splenocytes from EAE
immunized mice receiving M(IC) produced substantially greater of IL-10 and IL-4
upon re-stimulation (10). Currently, it remains unknown how adoptive transfer of
M(IC) decreased IL-1B and IL-12p70 level in blood serum. It is possible that M(IC)
through 1L-10 directly modulate cytokine production resulting in the decreasing of pro-
inflammatory cytokines production. Alternatively, M(IC) may indirectly affect IL-1

and IL-12p70 production by other mechanisms. One of possibility maybe, M(IC)
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enhances expression of MHC class Il and co-stimulatory molecule CD86 (77) that may
increase the function of antigen presentator and promoting regulatory T cells functions
(78, 79), resulting in the inhibitory of pro-inflammatory cytokines production in

macrophages and other cells.

Furthermore, the reason that 1L-10 level showed no difference between mice
adoptive transfer with M(IC) and unstimulated macrophages also remains unclear. It is
possible that at that late time (more than 1 hour after LPS challenge), M(IC) that have
functional plasticity received second stimuli from LPS in microenvironment and
changed phenotype to become M(LPS), resulting in low IL-10 production and did not
significantly different when compared to adoptive transfer with unstimulated
macrophages. Therefore, manipulation of M(IC) polarization and plasticity still needs

further research to make it able to be use for therapeutic application in the future.

Taken together, we demonstrated that M(LPS) has functional plasticity that can
re-polarized to M(IC) at least in vitro. This event may be shad a new light on the further
study about the manipulate cell phenotype for therapeutic application in inflammatory-
related diseases. The resting time before receiving second stimulation is a key for
recovery of the activation of downstream signaling pathways which are important for
M(IC) polarization and plasticity. We also showed that active histone mark H3K4me3
is higher in M(IC) than that in M(LPS) in the genome-wide, promoter regions and
M(IC)-related genes. The significantly enriched pathways in M(IC) are associated with
cytokines and signaling downstream that regulated gene expression in M(IC).
Moreover, we investigated the therapeutic application of M(IC) that decreased the

production of pro-inflammatory cytokines in sepsis mouse model. Therefore, the
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manipulation of the epigenetic regulation by H3K4me3 may help manipulate M(IC)

polarization and its plasticity that can be therapeutically applied in the future.
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CHAPTER VI
CONCLUSIONS

In conclusion, M(IC) and M(LPS) has functional plasticity in vitro. In the
condition of short resting time, M(IC) that re-polarized from M(LPS), markedly
decreased the phosphorylation of MAPK and NF-kB when compare to M(IC)
stimulated from naive BMDMs. However, the increasing of resting time between the
two opposing stimuli is a key for recovery of the phosphorylation of importance
downstream signaling pathways. We also showed that active histone mark H3K4me3
increased in M(IC) more than M(LPS) in both globally and M(IC) associated genes.
M(LPS) and M(IC) were highly correlated with the Pearson score of more than 0.90.
The significantly enriched pathways in M(IC) are associated with cytokines and
signaling downstream that regulated gene expression in M(IC). Moreover, we
investigated the therapeutic application of M(IC) that decreased the production of pro-
inflammatory cytokines in sepsis mouse model. Therefore, our findings may help to
better understanding the manipulation of the epigenetic regulation by H3K4me3 that
may help manipulate M(IC) polarization and its plasticity that can be therapeutically

applied in the future.
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LIST OF PREPARING REAGENTS

1) DMEM complete media (100 ml)

DMEM 87
FBS 10
1 M HEPES free acid 1
100 Mm Sodium pyruvate 1
100x Penicillin-streptomycin 1

2) BMDMs media (100 ml)

L929 culture supernatant 20
Complete DMEM media 70
Horse serum 10

3) Freezing media, A and B for BMDMs cryopreservation

3.1) Freezing media A (10 ml)

FBS 2

DMSO 8

3.2) Freezing media (10 ml)

FBS 2

DMSO 2

DMEM 6

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml
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Preparation is to mix A: B at 1:1 ratio

4) Fetal bovine serum inactivation
Commercial fetal bovine serum were kept at -20°C and thawed at 4°C
for overnight followed by inactivated at 56°C for 30 min in a water bath prior

using

5) Immune complex preparation (10 pl for 1 ml of DMEM completed media)
10 uM Rabbit anti OVA (3-5 mg/ml) : 1xPBS : 1 uM OVA

1.7 ul ;33w 5ul

6) L929 culture supernatant
L929 cells were cultured in 8 ml of DMEM completed media in 5% CO2,
37°C. The supernatant was collected when L929 cell was 70-80% confluent in

a container. Supernatant was filtrated by using 0.2 um filter and kept at 4°C for

least than one month.

7) 1x PBS, pH 7.4 (1000 ml)

NaCl 8 g
KCl 02 g
NazHPO, 363 g
KH,PO, 024 g

DDW 1000 ml
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Adjusted pH to 7.4 and autoclaved at 121°C

8) RIPA lysis buffer (150 mM NacCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1%

SDS, 50 mM Tris-HCI pH 7.4) (10ml)

1 M Tris-HCI pH 7.4 0.5 ml
0.5 M NaCl 3 ml
NP-40 0.5 ml
10% (w/v) sodium deoxycholate 05 ml
20% (w/v) SDS 0.05 ml
Sterile water fill up to 10 ml

9) 8% SDS-polyacrylamide gel (8ml)

DDW 4.236 ml
40% Acrylamide and Bis-acrylamide solution 16 ml
1.5 M Tris-HCI pH 8.8 2 ml
10% SDS 80 pl
10% APS 80 pl
TEMED 4 ul

10) 5% stacking gel (2ml)
DDW 1.204 ml
40% Acrylamide and Bis-acrylamide solution 0.25 ml

1 M Tris-HCI pH 8.8 0.504 mi



10% SDS
10% APS

TEMED

11) PBS-T (1000 ml)
1xPBS

Tween20

12) 1.5 M Tris-HCI, pH 8.8 (1,000 ml)
Trisma base
DDW up to

pH was adjusted into 8.8 with HCI

13) 1.5 M Tris, pH 6.8 (1,000 ml)
Trisma base
DDW up to

pH was adjusted into 6.8 with HCI

14) 5x Running buffer (1000 ml)
Trisma base
Glycine
SDS

DDW

002
002

0.002 pl

1000 ml

0.5 ml

181.71 g

1000 ml

181.71¢g

1000 ml

151 g

94 g

1000 ml

80



15) Transfer buffer (1000 ml)
Trisma base
Glycine
SDS

DDW

16) 6x Gel loading buffer (10ml)

0.5 M Tris-HCI pH6.8

SDS

Glycerol

Bromophenol blue

R-mercaptoethanol

5.08

2.9

0.37

1000

0.001

0.5

17) Blocking buffer for Western blot (3% skim milk) (100 ml)

PBS-Tween20

Non-fat dry milk

18) ECL substrate of HRP

18.1) Coumaric solution

Coumaric acid

DMSO up to

100

3

90

10
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g

g

ml

ml

ml

ml

ml

mM

ml
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The solution was aliquoted and stored at -20 °C

18.2) Luminol solution

Luminol 250 mM
DMSO up to 10 ml
The solution was aliquoted and stored at -20 °C

18.3) Solution A

100 mM Tris-HCI, pH 8.5 25 ml
coumaric acid solution 11 pl
luminol solution 23 pl

18.4)Solution B

100 mM Tris-HCI, pH 8.5 2.5 ml

30% H20, 15

19) Film developer and fixer

Each was diluted in tap water at 1:4 dilution

20) Coomassie blue stock solution (10 ml)

PhastGel™ Blue R 1 tablet
Absolute methanol 120 ml
Distilled water 80 ml

One tablet of PhastGel™ Blue R was dissolved in 80 ml of distilled water and

stirred for 5-10 mins. Next, 120 ml of methanol was added and the solution was



stirred until the dye was dissolved well.

Whatman filter paper No.1.

21) Coating buffer, pH 9.5 (1,000 ml)
NaHCO3
Na2CO3

DDW up to

83

The solution was filtrated through

8.4

3.56

g

g

1,000 ml

pH was adjusted to 9.5 and sterilized by 0.2 um filter.

22) Blocking buffer for ELISA (10% FBS) (100 ml)

1XPBS

FBS

23) TMB buffer, pH 4.0 (1000 ml)
Tri-potassium citrate monohydrate
Citric acid
DDW up to

pH was adjusted to 4.0 by HCI

24) TMB substrate (for 10 ml TMB buffer)
TMB (3,3,5,5-tetramethylbensidine)
DMSO

Freshly prepared before used

90

10

66.5
39.38

1,000

2.5

250

ml

ml

mg

ml

mg



25) TMB substrate solution
MB buffer
TMB substrate

30% H202

26) 2N H>SOg4 (stop solution) (500 ml)
Absolute H2SO4

DDW

27) FACS staining buffer (3% FBS) (100 ml)
1xPBS

FBS

10

250

2.5

27

473

97

84

ml

ml

ml

ml



REFERENCES
1. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation:
time for reassessment. FLO00Prime Rep. 2014;6:13.
2. Biswas SK, Chittezhath M, Shalova IN, Lim JY. Macrophage polarization and
plasticity in health and disease. Immunol Res. 2012;53(1-3):11-24.
3. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. J
Clin Invest. 2012;122(3):787-95.
4. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage plasticity
and polarization in tissue repair and remodelling. J Pathol. 2013;229(2):176-85.
5. Grazia Cappiello M, Sutterwala FS, Trinchieri G, Mosser DM, Ma X. Suppression
of 11-12 transcription in macrophages following Fc gamma receptor ligation. J Immunol.
2001;166(7):4498-506.
6. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine
system in diverse forms of macrophage activation and polarization. Trends Immunol.
2004;25(12):677-86.
7. Couper KN, Blount DG, Riley EM. IL-10: the master regulator of immunity to
infection. J Immunol. 2008;180(9):5771-7.
8. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat
Rev Immunol. 2010;10(3):170-81.
9. Fleming BD, Chandrasekaran P, Dillon LAL, Dalby E, Suresh R, Sarkar A, et al.
The generation of macrophages with anti-inflammatory activity in the absence of STAT6

signaling. Journal of Leukocyte Biology. 2015;98(3):395-407.



86

10.  Tierney JB, Kharkrang M, La Flamme AC. Type ll-activated macrophages
suppress the development of experimental autoimmune encephalomyelitis. Immunol Cell
Biol. 2009;87(3):235-40.

11. Saraiva M, Christensen JR, Tsytsykova AV, Goldfeld AE, Ley SC, Kioussis D, et
al. ldentification of a macrophage-specific chromatin signature in the IL-10 locus. J
Immunol. 2005;175(2):1041-6.

12. lyer SS, Ghaffari AA, Cheng G. Lipopolysaccharide-mediated IL-10
transcriptional regulation requires sequential induction of type | IFNs and IL-27 in
macrophages. Journal of immunology. 2010;185(11):6599-607.

13. Cao S, Zhang X, Edwards JP, Mosser DM. NF-kappaBl (p50) homodimers
differentially regulate pro- and anti-inflammatory cytokines in macrophages. J Biol
Chem. 2006;281(36):26041-50.

14. Batten M, Kljavin NM, Li J, Walter MJ, de Sauvage FJ, Ghilardi N. Cutting Edge:
IL-27 is a potent inducer of IL-10 but not FoxP3 in murine T cells. Journal of
immunology. 2008;180(5):2752-6.

15. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte
subsets: cancer as a paradigm. Nat Immunol. 2010;11(10):889-96.

16.  Carson WF, Cavassani KA, Dou Y, Kunkel SL. Epigenetic regulation of immune
cell functions during post-septic immunosuppression. Epigenetics. 2011;6(3):273-83.
17.  Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and
prospects for epigenetic therapy. Nature. 2004;429(6990):457-63.

18. Ivashkiv LB. Epigenetic regulation of macrophage polarization and function.

Trends Immunol. 2013;34(5):216-23.



87

19. He S, Tong Q, Bishop DK, Zhang Y. Histone methyltransferase and histone
methylation in inflammatory T-cell responses. Immunotherapy. 2013;5(9):989-1004.

20.  Tserel L, Kolde R, Rebane A, Kisand K, Org T, Peterson H, et al. Genome-wide
promoter analysis of histone modifications in human monocyte-derived antigen
presenting cells. BMC Genomics. 2010;11:642.

21. Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y, et al. The
Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses against
helminth infection. Nat Immunol. 2010;11(10):936-44.

22. Zhang X, Edwards JP, Mosser DM. Dynamic and transient remodeling of the
macrophage IL-10 promoter during transcription. J Immunol. 2006;177(2):1282-8.

23.  Anderson CF, Mosser DM. Cutting edge: biasing immune responses by directing
antigen to macrophage Fc gamma receptors. J Immunol. 2002;168(8):3697-701.

24, Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation.
Nature Reviews Immunology. 2008;8:958.

25. Kinne RW, Stuhimuller B, Burmester GR. CHAPTER 8C - Macrophages. In:
Hochberg MC, Silman AJ, Smolen JS, Weinblatt ME, Weisman MH, editors. Rheumatoid
Arthritis. Philadelphia: Mosby; 2009. p. 107-15.

26. Moore Kathryn J, Tabas I. Macrophages in the Pathogenesis of Atherosclerosis.
Cell. 2011;145(3):341-55.

27.  Kawai T, Akira S. Toll-like Receptors and Their Crosstalk with Other Innate

Receptors in Infection and Immunity. Immunity. 2011;34(5):637-50.



88

28.  Qiao Y, Giannopoulou EG, Chan CH, Park S-H, Gong S, Chen J, et al. Synergistic
activation of inflammatory cytokine genes by interferon-y-induced chromatin remodeling
and toll-like receptor signaling. Immunity. 2013;39(3):454-69.

29. Lennartz M, Drake J. Molecular mechanisms of macrophage Toll-like receptor-
Fc receptor synergy. F1000Research. 2018;7:21-.

30. Huang Z, Hoffmann FW, Fay JD, Hashimoto AC, Chapagain ML, Kaufusi PH, et
al. Stimulation of unprimed macrophages with immune complexes triggers a low output
of nitric oxide by calcium-dependent neuronal nitric-oxide synthase. The Journal of
biological chemistry. 2012;287(7):4492-502.

31. Lucas M, Zhang X, Prasanna V, Mosser DM. ERK activation following
macrophage FcgammaR ligation leads to chromatin modifications at the IL-10 locus. J
Immunol. 2005;175(1):469-77.

32. Gabrysova L, Howes A, Saraiva M, O'Garra A. The Regulation of IL-10
Expression2014. 157-90 p.

33. Deng Y, Tsao BP. Chapter 4 - Genetics of Human SLE. In: Wallace DJ, Hahn BH,
editors. Dubois' Lupus Erythematosus and Related Syndromes (Eighth Edition).
Philadelphia: W.B. Saunders; 2013. p. 35-45.

34.  Anderson CF, Mosser DM. A novel phenotype for an activated macrophage: the
type 2 activated macrophage. Journal of Leukocyte Biology. 2002;72(1):101-6.

35.  Landgrave-Gomez J, Mercado-Gomez O, Guevara-Guzman R. Epigenetic
mechanisms in neurological and neurodegenerative diseases. Frontiers in Cellular

Neuroscience. 2015;9:58.



89

36. Ellenbroek B, Youn J. Chapter 5 - Environment Challenges and the Brain. In:
Ellenbroek B, Youn J, editors. Gene-Environment Interactions in Psychiatry. San Diego:
Academic Press; 2016. p. 107-39.

37. Greer EL, Shi Y. Histone methylation: a dynamic mark in health, disease and
inheritance. Nature Reviews Genetics. 2012;13:343.

38. Byvoet P, Shepherd GR, Hardin JM, Noland BJ. The distribution and turnover of
labeled methyl groups in histone fractions of cultured mammalian cells. Archives of
Biochemistry and Biophysics. 1972;148(2):558-67.

39. Zee BM, Levin RS, Xu B, LeRoy G, Wingreen NS, Garcia BA. In vivo residue-
specific histone methylation dynamics. The Journal of biological chemistry.
2010;285(5):3341-50.

40. Barski A, Cuddapah S, Cui K, Roh T-Y, Schones DE, Wang Z, et al. High-
Resolution Profiling of Histone Methylations in the Human Genome. Cell.
2007;129(4):823-37.

41. Nishioka K, Chuikov S, Sarma K, Erdjument-Bromage H, Allis CD, Tempst P, et
al. Set9, a novel histone H3 methyltransferase that facilitates transcription by precluding
histone tail modifications required for heterochromatin formation. Genes & development.
2002;16(4):479-89.

42.  LiH, llin S, Wang W, Duncan EM, Wysocka J, Allis CD, et al. Molecular basis
for site-specific read-out of histone H3K4me3 by the BPTF PHD finger of NURF. Nature.

2006;442(7098):91-5.



90

43. Flanagan JF, Mi L-Z, Chruszcz M, Cymborowski M, Clines KL, Kim Y, et al.
Double chromodomains cooperate to recognize the methylated histone H3 tail. Nature.
2005;438(7071):1181-5.

44, Park PJ. ChlP—seq: advantages and challenges of a maturing technology. Nature
Reviews Genetics. 2009;10:669.

45, Nguyen HB, Rivers EP, Abrahamian FM, Moran GJ, Abraham E, Trzeciak S, et
al. Severe Sepsis and Septic Shock: Review of the Literature and Emergency Department
Management Guidelines. Annals of Emergency Medicine. 2006;48(1):54.e1.

46. Boomer JS, Green JM, Hotchkiss RS. The changing immune system in sepsis: is
individualized immuno-modulatory therapy the answer? Virulence. 2014;5(1):45-56.

47.  Giamarellos-Bourboulis EJ, Raftogiannis M. The immune response to severe
bacterial infections: consequences for therapy. Expert Review of Anti-infective Therapy.
2012;10(3):369-80.

48.  Polat G, Ugan RA, Cadirci E, Halici Z. Sepsis and Septic Shock: Current
Treatment Strategies and New Approaches. The Eurasian journal of medicine.
2017;49(1):53-8.

49. Cronin L, Cook DJ, Carlet J, Heyland DK, King DBM, Lansang MAD, et al.
Corticosteroid treatment for sepsis: A critical appraisal and meta-analysis of the literature.
Critical Care Medicine. 1995;23(8).

50. Hurley JC. Towards clinical applications of anti-endotoxin antibodies; a re-
appraisal of the disconnect. Toxins. 2013;5(12):2589-620.

51. F Anderson C, M Mosser D. Cutting Edge: Biasing Immune Responses by

Directing Antigen to Macrophage Fc Receptors2002. 3697-701 p.



91

52. Blankenberg D, Gordon A, Von Kuster G, Coraor N, Taylor J, Nekrutenko A, et
al. Manipulation of FASTQ data with Galaxy. Bioinformatics (Oxford, England).
2010;26(14):1783-5.

53. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature
methods. 2012;9(4):357-9.

54, Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-
based analysis of ChIP-Seq (MACS). Genome Biol. 2008;9(9):R137.

55. Krzywinski MI, Schein JE, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: An information aesthetic for comparative genomics. Genome Research. 2009.
56. Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, et al. Cistrome: an
integrative platform for transcriptional regulation studies. Genome Biol. 2011;12(8):R83.
57.  Jammula S, Pasini D. EpiMINE, a computational program for mining epigenomic
data. Epigenetics & chromatin. 2016;9:42-.

58. Ji X, Li W, Song J, Wei L, Liu XS. CEAS: cis-regulatory element annotation
system. Nucleic acids research. 2006;34(Web Server issue):W551-W4.

59.  Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer
(IGV): high-performance genomics data visualization and exploration. Briefings in
bioinformatics. 2013;14(2):178-92.

60. Machanick P, Bailey TL. MEME-ChIP: motif analysis of large DNA datasets.
Bioinformatics. 2011;27(12):1696-7.

61. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic

acids research. 2000;28(1):27-30.



92

62.  Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Matarese F, et al.
Epigenetic programming of monocyte-to-macrophage differentiation and trained innate
immunity. Science (New York, NY). 2014;345(6204):1251086-.

63. Sutterwala FS, Noel GJ, Salgame P, Mosser DM. Reversal of proinflammatory
responses by ligating the macrophage Fcgamma receptor type I. The Journal of
experimental medicine. 1998;188(1):217-22.

64. Logie C, Stunnenberg HG. Epigenetic memory: A macrophage perspective.
Seminars in Immunology. 2016;28(4):359-67.

65. Lachner M, Sullivan RJ, Jenuwein T. An epigenetic road map for histone lysine
methylation. Journal of Cell Science. 2003;116(11):2117.

66. Singh K, Coburn LA, Asim M, Barry DP, Allaman MM, Shi C, et al. Ornithine
Decarboxylase in Macrophages Exacerbates Colitis and Promotes Colitis-Associated
Colon Carcinogenesis by Impairing M1 Immune Responses. Cancer Res.
2018;78(15):4303-15.

67. Hardbower DM, Asim M, Luis PB, Singh K, Barry DP, Yang C, et al. Ornithine
decarboxylase regulates M1 macrophage activation and mucosal inflammation via histone
modifications. Proc Natl Acad Sci U S A. 2017;114(5):E751-E60.

68.  Watari K, Shibata T, Nabeshima H, Shinoda A, Fukunaga Y, Kawahara A, et al.
Impaired differentiation of macrophage lineage cells attenuates bone remodeling and
inflammatory angiogenesis in Ndrgl deficient mice. Sci Rep. 2016;6:19470.

69. Nishie A, Masuda K, Otsubo M, Migita T, Tsuneyoshi M, Kohno K, et al. High
expression of the Cap43 gene in infiltrating macrophages of human renal cell carcinomas.

Clin Cancer Res. 2001;7(7):2145-51.



93

70.  Xu T, Pan L-x, Ge Y-x, Li P, Meng X-M, Huang C, et al. TMEM®88 mediates
inflammatory cytokines secretion by regulating JNK/P38 and canonical Wnt/B-catenin
signaling pathway in LX-2 cells2017.

71. Zhou D, Yang K, Chen L, Zhang W, Xu Z, Zuo J, et al. Promising landscape for
regulating  macrophage  polarization:  epigenetic ~ viewpoint.  Oncotarget.
2017;8(34):57693-706.

72. Fukao T, Frucht DM, Yap G, Gadina M, O’Shea JJ, Koyasu S. Inducible
Expression of Stat4 in Dendritic Cells and Macrophages and Its Critical Role in Innate
and Adaptive Immune Responses. The Journal of Immunology. 2001;166(7):4446.

73. Kovarik P, Stoiber D, Novy M, Decker T. Statl combines signals derived from
IFN-gamma and LPS receptors during macrophage activation. The EMBO journal.
1998;17(13):3660-8.

74. Sawada Y, Nakamura K, Doi K, Takeda K, Tobiume K, Saitoh M, et al. Rapl is
involved in cell stretching modulation of p38 but not ERK or JNK MAP kinase. J Cell
Sci. 2001;114(6):1221.

75. Feng Y, Liang Y, Ren J, Dai C. Canonical Wnt Signaling Promotes Macrophage
Proliferation during Kidney Fibrosis. Kidney Dis (Basel). 2018;4(2):95-103.

76.  Feng Y, RenJ, Gui Y, Wei W, Shu B, Lu Q, et al. Wnt/beta-Catenin-Promoted
Macrophage Alternative Activation Contributes to Kidney Fibrosis. J Am Soc Nephrol.
2018;29(1):182-93.

77.  Edwards JP, Zhang X, Frauwirth KA, Mosser DM. Biochemical and functional
characterization of three activated macrophage populations. Journal of leukocyte biology.

2006;80(6):1298-307.



94

78.  Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich J-M, et al.

Interleukin-10 signaling in regulatory T cells is required for suppression of Th17 cell-

mediated inflammation. Immunity. 2011;34(4):566-78.
79. Fiorentino DF, Zlotnik A, Vieira P, Mosmann TR, Howard M, Moore KW, et al.

IL-10 acts on the antigen-presenting cell to inhibit cytokine production by Th1l cells. The

Journal of Immunology. 1991;146(10):3444.



FWIAINTAUNNIINY 18D
CHuLALONGKORN UNIVERSITY



NAME

DATE OF BIRTH

PLACE OF BIRTH

INSTITUTIONS
ATTENDED

HOME ADDRESS

VITA
Vichaya Ruenjaiman
30 June 1990
Nonthaburi

2009-2012: Undergraduate degree in Medical technology
from Faculty of Allied Health Sciences, Chulalongkorn
University (Thailand)

2013-2018: PhD program in Medical Microbiology,
Graduated school, Chulalongkorn University under the
supervision of Associate Professor Tanapat Palaga.
135/713 Moo 4, Taladkwan district, Muang sub-district,
Nonthaburi, Thailand, 11000



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER I
	INTRODUCTIONS
	Background
	Research question
	Objectives

	CHAPTER II
	LITERATURE REVIEW
	Macrophages and macrophage subsets
	Macrophage plasticity
	Regulatory macrophage (M(IC)) and its therapeutic potential
	TLR4 signaling pathway in macrophages
	FcγR signaling pathway in macrophages
	Cross talk between TLR4 and FCγR signaling in M(IC)
	IL-10 and its functions
	Regulatory signaling of IL-10 expression in macrophages
	The epigenetic regulation of gene expression by histone modification
	Regulating of macrophage polarization by histone modifications
	Histone Methylation and histone demethylation
	The active histone H3K4me3
	ChIP-sequencing
	Sepsis and immune response to sepsis

	CHAPTER III
	MATERIALS AND METHODS
	Mice
	Murine macrophages
	BMDMs frozen stock preservation and thawing
	Preparation of M(LPS) and M(IC)
	Repolarization of macrophages
	Enzyme-Linked Immunosorbent assay (ELISA)
	Western blot
	ChIP-seq and data analysis
	Repolarization of macrophages
	Adoptive transfer of M(IC)
	Bio-Plex assays
	Statistical analysis

	CHAPTER IV
	RESULTS
	Plasticity of M(LPS) toward M(IC)
	Signaling pathways downstream of LPS/TLR4 and IC/FcγR in response to stimuli during polarization and re-polarization
	Global H3K4me3 enrichment of M(IC) and M(LPS)
	The correlation of H3K4me3 peaks between M(LPS) and M(IC)
	H3K4me3 enrichment in the cis-regulatory elements of M(LPS) and M(IC)
	H3K4me3 enrichment in the regulatory regions of individual genes uniquely associated with M(IC)
	Prediction of potential associated regulators/transcription factors enrichment motifs in M(IC)
	KEGG Pathway analysis of gene with differential H3K4me3 enrichment in M(IC)
	Effect of H3K4me3 demethylase inhibition on M(LPS) plasticity
	The effect of adoptive transfer of M(IC) on systemic cytokines profiles in mouse model of LPS-induced endotoxemia

	CHAPTER V
	DISCUSSION
	CHAPTER VI
	CONCLUSIONS
	APPENDIX
	REFERENCES
	VITA

