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Innate immune memory is the phenomenon that can either enhance (trained) or suppress
(tolerized) immune response by innate immune cells during the second encounter of the stimuli such as
pathogens. Previous studies reported that epigenetic regulations critically regulate both types of innate
immune memory. However, a complete understanding of the underlying mechanisms is still lacking. In this
study, we performed a screening of an epigenetics compound library to identify inhibitors that affect 3-glucan
(BG)-trained or LPS-tolerized macrophages. Among 181 compounds tested, various inhibitors targeting Aurora
kinase, histone methyltransferase PRMT and EZH2, histone demethylase LSD1 and JMJD2, histone deacetylase
6 and sirtuin-1, and PARP showed inhibitory activity against LPS tolerance by promoting effects on
TNFQ production. The effect of LSD1 in LPS tolerance was validated in this study. Inhibition or silencing of
LSD1 results in suppressed LPS tolerance by enhance cytokines production. However, no change was observed
in H3Kdme3 level associated with the Tnf promoter upon LSD1 inhibition. In trained immunity, we identified an
inhibitor of O®-methylguanine DNA methyltransferase (MGMT), a DNA repair enzyme of the lesion triggered by
alkylating agent, as a novel regulator of trained immunity in macrophages. MGMT expression significantly
increased after the priming with BG, and inhibition or silencing of MGMT expression during the priming resulted
in increased trained immunity. To further investigate the role of MGMT in trained immunity, mice with myeloid
specific deletion of MGMT were generated (LysM-cre™®*; MGMT™Y" mice). However, targeted deletion of MGMT
expression resulted in a decrease in proinflammatory cytokines production in trained immunity both in
vitro and in vivo. Depletion of MGMT in trained macrophages resulted in decrease downstream signaling
molecules of TLR4 receptor, such as p38 and SAPK/JNK. In addition, signaling downstream of dectin-1 receptor,
such as mTOR, and glycolytic function was also damped. These results highlight the unexpected role of MGMT
in regulation of trained immunity beyond its role in DNA repair. Based on transcriptomic data, MGMT may
regulate trained immunity through farnesoid X receptor (Nr1h4) and PR domain zinc figure protein 5 (Prdmb).
Taken together, this screening approach indicates that innate immune memory is regulated by numerous
mechanisms and the novel target proteins identified from this research has the potential to regulate innate

immune memory, which could be used as a target of therapeutic agents for several diseases.
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CHAPTER |
BACKGROUND AND RATIONALES

Innate immune response, as the first line of defense mechanism, is generally
nonspecific and was thought to have no memory. However, organisms lacking
adaptive immune response such as plants and invertebrates exhibit characteristics of
immune memory, by altering in innate immune response after previous infection,
such as greater response to secondary infection and transplantation rejection. Innate
immune memory has two main opposite outcomes which are “trained”, the memory
that enhances immune response against secondary infection, and “tolerance”, the
memory that suppresses immune response against the secondary infection that plays
important role in post sepsis immune paralysis (1).

Previous studies reported that epigenetic is the main mechanism regulating
innate immune memory. Epigenetic is the process that reprograms cellular phenotype
without changing in DNA sequence. The mechanisms include histone modification,
DNA methylation, micro and long non-coding RNA (2). Histone modification is the
most widely studied epigenetic mechanism in innate immune memory. However, only
a few histone marks have been studied and reported to be important for innate
immune memory and the effect of others epigenetic mechanisms in innate immune
memory induction is poorly characterized. Therefore, this project aimed to investigate
other unappreciative epigenetic mechanism(s) that may control innate immune
memory by using B-glucan (BG)-induced trained and lipopolysaccharide (LPS)-induced
tolerized macrophages as a model. We performed a large-scale screening of the
epigenetic modifying inhibitors to identify novel epigenetic mechanisms in trained and
tolerance immunity. The effective target from the screening step were selected for

further study using in vitro gene knock down and in vivo gene knock out
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macrophages. Understanding the epigenetic mechanism of innate immune memory
will provide novel strategies for improving efficiency of vaccines and developing a

new therapeutic agent against cancer and immune paralysis in sepsis.
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CHAPTER Il
LITERATURE REVIEW

2.1 Innate immune memory

Innate immune memory is recently recognized as the phenomenon that the
previous infection or vaccination has on innate immune cells, including macrophages,
neutrophils, or innate lymphoid cells (2, 3). In contrast to an adaptive immune
memory, innate immune memory persists for relatively short duration, limited
specificity and does not involve antigen receptors generated by gene rearrangement
(2-4). Currently, innate immune memory can be classified into two different types:
“trained immunity” which produces heightened immune response that induce non-
specific protection and “tolerance” which results in repressive immune response to
prevent excessive damage to host that manifests in defective of immune response in
cancer and sepsis (Figure 2.1, (2, 3, 5)). These two types of innate immune memory

can be induced by specific stimuli as shown in Table 2.1 (6).

Heightened
Trained Immunity immune response Tolerance
Trained M
BCG Lps
B-glucan Y I Flagellin
o . el .,
w . LN
§_ : Naive Mo . Naive Mo
w
o
[++]
c
=
E
E
5 Depressed
@ immune response
g 1
Re-stimulate Tolerance M¢

Re-stimulate .

Figure 2.1 Innate immune memory in macrophages
The innate immune system possesses immune memory that can be induced by

specific stimuli such as BG, Bacillus Calmette-Guerin (BCG) and others, resulting in
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trained immunity, which induces a heightened immune response and non-specific
protection. Alternatively, the innate immune memory induced by specific stimuli,
such as LPS, flagellin and others, resulting in tolerance phenotype, which induces an
immune repressive stage.

2.1.1 Trained immunity

Trained immunity is the heightened status of innate immune memory that
enhances immune response and induces non-specific protection. The trained
immunity can be generated by priming of innate immune cells with specific pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) such as BG, BCG and others metabolites such as oxidized low-density
lipoprotein (oxLDL), and mevalonate (Table 2.1, (1, 5, 7). These stimuli induce
cellular reprograming leading to heightened immune response with non-specific
secondary stimulation (2, 3, 5). The effect of trained immunity can be observed as the
protective immune response against re-infection in plants (8) and invertebrates (9, 10),
non-specific protection after vaccination in humans (11-13). Besides the protective
role of trained immunity, the maladaptive trained immunity has been associated with
numerous hyperinflammatory diseases such as allergy, atherosclerosis and
Alzheimer’s disease (1, 2, 7).

2.1.2 Tolerance

Tolerance is a hyporesponsive stage of innate immune response by innate
immune cells which is induced after hyperinflammation or infection mainly to prevent
over inflammatory response (14). Innate immune cells can be induced into tolerance
stage by primary stimulation with potent inflammatory stimulators, most of which are
activators of Toll-like receptor (TLR) such as LPS, Pam3CSK4 and others (Table 2.1).
The stimulation can induce high level of cytokine production and others inflammatory
genes in the primary stage. After primary stimulation, the immune responses are

repressed upon stimulation with the same or different stimulants (14, 15). However,
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the tolerance process has been associated with post sepsis immune paralysis which
the immune response is repressed leading to susceptible to opportunistic infection (2,

16). On the other hand, it also plays important roles in mucosal tolerance and

controls the tissue damage during infection (2, 14).

Table 2.1: Reported primary stimuli of trained and tolerance immunity

Target cells/
Phenotype Primary stimuli References
animals
Trained Arts et al,, 2016 (11),
Bacillus Calmette-
immunity Monocyte Kleinnijenhuis et al., 2012
Guerin (BCG)
(17,
B-slucan (BG) Monocyte Quintin et al,, 2012 (18),
Monocyte Van der Valk et al., 2016
Lipoprotein(a)
(19),
Oxidized low-density
Monocyte Bekkering et al., 2014 (20)
lipoprotein (oxLDL)
Monocyte/Human
Mevalonate (mevalonate kinase| Bekkering et al., 2018 (21)
deficiency)
C57Bl/6J mice Garcia-Valtanen et al,, 2017
BG vaccination
(22)
BCG vaccination Human Arts et al,, 2016 (11),
Plasmodium
PBMC Schrum et al., 2018 (23)
falciparum
Tolerance| Toll-like receptor Macrophages Foster et al., 2007 (14),
(TLR) agonists: /Monocyte Van der Heijden et al,,
TLR 4: LPS, 2018 (5),
TLR 2: Pam3CSKa Novakovic et al,, 2016 (24),
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TLR 3: poly(l:0), Ifrim et al.,, 2014 (25),
TLR 5: flagellin Lachmandas et al., 2016
(26)

Systemic infection
Mice and human | Foster et al., 2007 (14),
with bacteria

2.2 Regulation of innate immune memory in macrophages
2.2.1 Epigenetic regulation of the innate immune memory

After previous infections or vaccinations, it was shown that epigenetic changes
accompany gene expression profiles in innate immune cells (2, 27). The discovery that
epigenetic regulation is the key mechanism of innate immune memory stemed from
the report in the LPS-tolerized macrophages, which many of inflammatory genes
induced by TLR4 stimulation such as Tnf and /(6 are repressed (14). It was showed
that the recruitment of RNA polymerase to the regulatory regions of these repressed
genes was reduced after successive LPS stimulation. It was hypothesized that the
chromatin structures of these genes are altered during tolerance process. However,
the expression of antimicrobial genes such as cathelicidin (Cnlp) and macrophage
receptor with collagenous structure (Marco) which also under the regulation by TLR4
stimuli, were maintained in tolerized macrophages. These group of genes were
characterized as non-tolerizeable genes (NT-gene) in LPS tolerance. This observation
emphasized that changes in chromatin structures occur at specific positions (14). The
up-stream mechanisms that can control the change of chromatin structure in specific
region is histone modification. This mechanism relies on modification of the N-
terminus of the tail in histone subunit by adding or removing functional groups to
specific amino acids on the histone tail. These mechanisms create histone marks
which can change the chromatin structure into opened or closed structure, depending

on the type of modification (28). As expected, the level of active histone marks, such
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as acetylation of histone H4 (Hdac) and acetylation of histone H3 (H3ac), are
decreased in the promoters of inflammatory genes after successive LPS stimulation
(14).

In trained macrophages, it has an increased active histone mark in the
promoter of pro-inflammatory cytokine genes and inhibition of the enzyme that
control the induction of these active histone marks reduces the cytokine expression
(18). These results emphasize that histone modifications are crucial for induction of
both trained and tolerized macrophages (2, 5, 14, 18). However, besides histone
modifications, other mechanisms of epigenetics, such as DNA methylation and non-
coding RNA expression, also play important role in innate immune memory. The
effect of these epigenetic mechanisms on trained and tolerized macrophages are
summarized in Table 2.2

Epigenetics regulation in trained immunity

Histone modification has been reported to be the major epigenetic regulation
that control the induction of genes in trained immunity. Previous studies showed an
enrichment of active histone marks, such as acetylation of lysine 27 on histone H3
(H3K27ac) and tri-methylation of lysine 4 on histone 3 (H3Kdme3), in the promoter of
genes associated with trained immunity, such as pro-inflammatory cytokines and
intracellular signaling molecules, after priming with BG and re-stimulation with LPS (2,
18, 29). In addition, the enrichment of these active epigenetic marks was supported
by the decrease in repressive epigenetic marks such as tri-methylation of lysine 9 on
histone 3 (H3K9me3) and DNA methylation. After removing BG, the enrichment of
mono-methylation of lysine 4 on histone 3 (H3Kdme1), is observed which represent
an enhancer characteristic mark in genomic regions that are unmarked in
unstimulated cells. These reports indicate that the generation of latent enhancers is
induced which functions as an immunological scar to promote faster and higher

magnitude of response after re-stimulation (1, 2, 5, 7, 30).
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Besides histone modification, the expression of long non-coding RNA (IncRNA),
such as immune gene priming (NcRNA (IPLs) and upstream master long non-coding
RNA of the inflammatory chemokine locus (UMLILO), has been identified as a
collaborative mechanism that regulate trained immunity with histone modification by
perform 3D looping contact between the histone modifying enzyme and specific DNA
region (1, 7, 31, 32). These findings emphasize that trained immunity is tightly
regulated by several epigenetic mechanism (Table 2.2).

Epigenetics regulation in tolerance immunity

The repression of inflammatory genes in tolerized macrophages has been
reported to associated with the failure to deposit active histone marks the H3ac, Hdac
and H3Kdme3 in the promoters of inflammatory genes after two successes
stimulation with LPS, which is observed in a single LPS stimulation. Moreover, the
level of repressive histone marks, such as di-methylation of lysine 9 on histone H3
(H3K9me2), were increased in the promoters of inflammatory genes after successive
LPS stimulation (14, 33).

Besides the histone modification, DNA methylation also plays important role in
the repression of tolerized genes as it has higher level of CpG methylation in the
promoters of proinflammatory cytokine genes. DNA methylation is mediated by DNA
(cytosine-5)-methyltransferase 3A (Dnmt3a/b) which is recruited after the enrichment
of H3K9me2. This finding emphasizes the epigenetics crosstalk between histone
modification and DNA methylation during the induction of tolerance (Table 2.2, (34-
36)).
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Table 2.2 Epigenetic mechanisms reported to control innate immune memory

Phenotype| Epigenetic Function References
Mechanism
Trained Histone Increase active histone marks: | Quintin et al., 2012 (18),
immunity | modification H3K27Ac, H3Kdme3 Saeed et al,, 2014 (29),
Generation of latent enhancer | Saeed et al., 2014 (29),
marks: H3K4me1 Ostuni et al., 2013 (30)
Decrease repressive histone | Netea et al,, 2016 (2),
marks: H3K9me3
DNA Loss of DNA Methylation in the | Das et al., 2019 (37)
methylation | promoter of inflammatory genes| Verma et al., 2017 (38)
(NRNA Expression of UMLILO and IPLs | Fanucchi et al.,, 2019
expression (31, 32)
Tolerance Histone Decrease active histone marks in| Foster et al., 2007 (14),

modification

cytokine promoter:

H3ac, Hdac, and H3K4me3

Sun et al,, 2019 (39)

Increase repressive histone
marks in cytokine promoter:

H3K9me2

El Gazzar et al., 2008
(34)

DNA

methylation

CpG methylation in cytokine

promoter

El Gazzar et al., 2008
(34)
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2.2.2 Metabolic reprogramming of innate immune memory

Metabolic reprogramming is one of the mechanisms that regulates the
induction of innate immune memory. Several metabolites in metabolic pathway have
specific roles in modulating inflammation modulation and epigenetic regulation in
innate immune cells.

Metabolic reprogramming in trained immunity

Trained macrophages induce the shift of metabolic pathway from oxidative
phosphorylation to aerobic glycolysis. As glycolysis can produce energy faster than
the conventional pathway, this metabolic reprogramnming allows trained macrophages
to meet their high demand of energy consumption in a short time and inhibition of
metabolic shift in trained macrophages has been reported to interfere with in trained
immunity (1, 7, 40).

Besides up regulation of glycolysis pathway, several metabolites in the
tricarboxylic acid (TCA) cycle, including a-ketoglutarate and its derivative such as 2-
hydeoxyglutarate, succinate and fumarate, are accumulated in trained macrophages.
These metabolites can inhibit KDM5 histone lysine demethylase enzyme that results
in promote positive epigenetic modification in trained genes (7). The accumulation of
these metabolites results from epigenetic changes that promote the expression of
genes in TCA cycle such as succinate dehydrogenase (1, 40, 41). These findings
indicate that metabolic and epigenetic are tightly regulated in trained immunity
(Table 2.3).

Metabolic reprogramming in tolerance

In the priming step of LPS tolerance, macrophages are strongly activated and
the switch of metabolic pathway to glycolysis is induced. However, re-stimulation of
LPS results in defect of both glycolysis and oxidative phosphorylation (42). In addition,
accumulation of some metabolites such as lactate (43), and itaconate (44) has been

reported in LPS-tolerized macrophages. These metabolites can inhibit TLR4 signaling
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molecules and activate epigenetic reprogramming which promote the tolerized

phenotype (Table 2.3, (1, 7)).

Table 2.3 Metabolic reprogramming in innate immune memory

Phenotype Function References
Trained Increase glycolysis Cheng et al,,
immunity 2014(40)
Increase metabolites in TCA cycle | Fanucchi et al., 2020
derivatives of a-ketoglutarate (7)
Increase Mevalonate pathway Bekkering et al,,
2018 (21)
Tolerance Decrease glycolysis Gillen et al., 2021
(42)
Decrease oxidative Gillen et al,, 2021
phosphorylation (42)
ltaconate accumulation Mills et al.,, 2018 (44)
Lactate accumulation Zhang et al., 2019
(43)

2.2.3 Signal transduction in trained and tolerized macrophages
TLR4 signaling

TLR4 is a cell surface receptor that recognizes LPS and numerous
PAMPs/DAMPs that can induce tolerance memory. Activation of TLR4 during LPS-
priming results in activation of tumor necrosis factor receptor associated factor 6
(TRAF6) through Toll receptor IL-1R domain-containing adaptor protein (TIRAP) and
TRIF-related adaptor molecule (TRAM) signaling which results in activation of a
complex of mitogen-activated protein kinases (MAPKs) and activator protein 1 (AP1)
and a complex of | kappa B kinases (IKK) and nuclear factor kappa B (NF-kB) signaling

(Figure 2.2). In addition, activation of tumor necrosis factor receptor associated factor
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3 (TRAF3) also induce by TRAM signaling and activation of interferon regulatory factor
3 (IRF3). Ultimately, the activation of AP1, NF-kB and IRF3 results in pro-inflammatory
cytokine production (45, 46). However, primary LPS stimulation also induces activation
of several negative regulator of TLR4, such as SH2-containing inositol phosphatase
(SHIP, (47)), suppressor of cytokine signaling-1 (SOSC1, (48)) and RelB (49, 50), that can
dampen MAPKs and NF-kB activation (14, 46). Some of these negative regulators such
as RelB collaborates with G9a histone methyltransferase which promotes the
deposition of repressive histone mark in LPS tolerance (49, 50). Thus, epigenetic

regulation is tightly linked with TLR4 signaling during the induction LPS tolerance.

TLR4

transmembrane

‘ Lj‘ Endosome

TIRAP,
TRAM r TLR3
Myddosome . {

aD

TAB1 B
TAB2 < .

) ®
ﬁECSIT

n2dSP4 » & Pellino-1 | DUBA
TRIM38 © DEAF-1
SHP{ANK O IKKo/p MEMO (KKDTBKY ~ Piktyve
L PtdIns5P
®
— IkBot ~  Pin1
s RAUL
Bcl-3 ATF3
IKBNS Nyrr1 Type | IFN
PDLIM2 P

/——b Inflammatory cytokines

Figure 2.2 TLR4 signaling cascade (45)
TLR4 activation leads to activate intracellular signaling, such as MAPKs and NF-kB

signaling pathway, which ultimately induce cytokines production.



25

Dectin-1 signaling

Dectin-1 is a receptor that mainly recognized B-(1—3)/(1—6)-glucans, which is
the cell wall components of fungi and some bacteria. Besides BG, dectin-1 also act as
a collaborative receptor for recognized BCG (51). In trained immunity, activation of
dectin-1 results in phosphorylation of AKT (serd473) which leads to activation of
mechanistic target of rapamycin (mTOR) and induction of metabolic reprogramming in
trained cells (Figure 2.3). In addition, activation of dectin-1 also triggers calcium influx
and NFAT leading to induction of the (ncRNA such as IPLs and UMLILO which
facilitates histone modification in trained immunity (1, 7, 31, 32). As metabolic
reprogramming induced by BG training accumulates several metabolites, such as
mevalonate, which can enhance AKT and mTOR signaling by performing an
ampilification loop for enhance trained immunity through the activation of insulin-like
growth factor 1 (IGF1R, (1, 21)). Moreover, some metabolites, such as fumarate and
acetyl-coA, can act as repressor for KDM5 histone demethylase or co-factor for
histone acetyltransferase, respectively (1, 7). These findings indicate that epigenetic
regulation and metabolic reprogramming regulate trained immunity through the up-

stream dectin-1/AKT/mTOR signaling pathway.
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Figure 2.3 Dectin-1 signaling in BG-trained macrophages (1)

BG activated the dectin-1 signaling pathway, which induced metabolic reprogramming
by AKT/mTOR activation, and the expression of IncRNAs by nuclear factor of activated
T-cells (NFAT) activation.

2.3 Knowledge gaps in epigenetic mechanism of innate immune memory

Histone modification is the major epigenetic mechanism that control the
induction of innate immune memory. However, only a few active and repressive
histone marks, which mainly are acetylated and methylated lysine on histone 3 and
histone 4, have been extensively studied to play the crucial role in innate immune
memory. The effect of other unexplored histone marks and other epigenetic
mechanisms may play an important role in regulation innate immune memory (2, 3, 5,
36). Therefore, detailed further investigations of other epigenetic mechanisms are
needed to get broader view of innate immune memory and clarify the mechanism

that control the induction of innate immune memory.
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2.4 Novel target enzymes include in tolerance process in macrophages

From our preliminary screening results, we found that inhibitors against Aurora
kinase, enhancer of zeste homolog 2 (EZH2), Histone deacetylase, Jumonji C domain-
containing protein 2 (JMJD2), lysine specific demethylase 1 (LSD1), protein arginine
methyltransferase (PRMT) and Poly (ADP-ribose) polymerase (PARP) increased cytokine
expression in tolerized macrophages which can be assumed as inhibition of tolerance
phenotype.

- Aurora kinase

Aurora kinase is a serine/threonine protein kinase that involved in the function
of spindle fiber and centrosome during cell division. Aurora kinase has 3 subtypes:
Aurora kinase A, B and C. Aurora A and Aurora B associate with mitotic division while
Aurora C restricts to meiosis (52, 53). Only Aurora B has the epigenetic role in
phosphorylation of serine 10 and serine 28 on histone H3 (H3S10ph and H3S28ph)
and involves in H3K9me3 which are the repressive histone marks (54). Besides the role
in histone modification and cell division, Aurora kinases also regulate the polarization
of M1 macrophages by interact with NF-kB and interferon regulatory factor 5 (IRF5)
(55). However, the role of Aurora kinase in the regulation of tolerized macrophages
has not been investigated yet.

- Enhancer of zeste homolog 2 (EZH2)

EZH2 is the methyltransferase that is the component of polycomb repressive
complex-2 (PRC2) which mediates H3K27me3, a repressive histone marks (56). EZH2
has been reported to regulate immune cells function through controls the expression
of suppressor of cytokine signaling 3 (SOCS3) which attenuates inflammation process
(38). However, the role of EZH2 and SOCS3 in tolerized macrophages are still

exploded.
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- Histone deacetylase

HDACs are the class of enzyme that remove acetyl group from acetylated
lysine residue on histone and others cellular protein. HDACs can be divided in to four
classes: class | (HDAC1, 2, 3 and 8), class Il (HDAC4, 5, 6, 7, 9 and 10), class Il (sirtuin1-
7) and class VI (HDAC11). These HDACs mainly deacetylate acetyl group on histone
protein except for HDAC6 and HDAC class lll which mainly deacetylate acetyl group
on cytoplasmic protein (57). In addition, several class of HDACs, such as HDACI,
HDAC3 and HDACS, play an important role in inflammation (39, 58, 59) and HDAC6 has
been reported to regulate LPS tolerance in astrocytes (59). However, the role of
HDAC6 in LPS-tolerized macrophages remains to be explored.

- Jumonji C domain-containing protein 2 (JMJD2)

JMJD2 is a histone lysine demethylase that target H1.4K26me2, H3K9 and
H3K36. JMJD2 compose of 5 subtypes: JMJD A, B, C, D and E. Besides the role in
histone modification, JMJD can regulate inflammation by interact with other proteins
such as TRAF6, mTOR and hypoxia Inducible factor 1 subunit alpha (HIF-1a). However,
the role of JMJD in the regulation of tolerized macrophages has not been investigated
yet (60).

- Lysine specific demethylase 1 (LSD1)

LSD1 is the histone demethylase that remove the methyl groups from both
active and repressive mark, including H3K4, H3K9, H3K36, H3K79 and H4K20 (61).
Besides the role in epigenetic regulation, LSD1 controls the inflammatory response
during sepsis in myeloid cells. Deletion of LSD1 resulted in severe cytokine production
and lethality in sepsis (62).

- Protein arginine methyltransferase (PRMT)

PRMTs are the class of enzyme that mediate methylation of arginine on

cellular proteins, including histone, in order to control numerous cellular process

such as chromatin remodeling, cellular proliferation and mMRNA splicing (63, 64).
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PRMTs can be divided in to four types: type | PRMTs (PRMT1, 2, 3, 4, 6 and 8), type |l
PRMTs (PRMT5 and 9), type Il PRMTs (PRMT7, (63)). The epigenetic function of PRMTs
is to mediate the methylation of arginine on histone H3 and H4 which mainly
generate active histone marks (65). In addition, some subtypes of PRMTs, such as
PRMT5, have been reported to associate with transcription repression as they are the
component of histone deacetylase co-repressor complex (65).

- Poly (ADP-ribose) polymerase (PARP)

PARP is the protein family that mainly function in DNA repair process. PARP
inhibitors normally use in cancer therapy as they can specifically induce apoptosis of
breast cancer cells with BRCA1/2 mutation (66). In addition, PARPs also positively
regulate inflammatory response by enhance NF-kB signaling. Several inflammatory
molecules such as inflammatory cytokines also induce PARP activation (67). However,

the role of PARPs in regulation of tolerized macrophages are still unexploded.
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2.5 Novel target enzymes that may control trained immunity

From the preliminary results, we found that inhibitor against O®-methylguanine
DNA methyltransferase (MGMT) can modulate cytokine production in trained
macrophages.

- OS%-methylguanine DNA methyltransferase (MGMT)

MGMT is a DNA repair enzyme that removes methylation at O° position of
guanine (O%-MeG, methylguanine) which is a DNA lesion caused by alkylating agents.
The repairing process covalently transfer the methyl group to the active site of MGMT
which permanently converts MGMT into an inactivated form and leads to its
degradation. The unrepair ~ O%methylguanine (O%MeG) scar can induce G to A
transversion and single strand break which can induced mutation and cancer.
Epigenetic modification of Mgmt promoter such as DNA methylation negatively
regulates MGMT expression and is thought to be the cause of mutation and
carcinogenesis. However, expression of MGMT in cancer cells can promotes the
resistance to alkylating chemotherapy. Thus, MGMT inhibitors have been combined
with chemotherapy to increase sensitivity to the treatment (68). Besides the role in
carcinogenesis, in chronic inflammatory disease, MGMT promoter has been reported
to be hypermethylated and repressed. Reduction of MGMT expression may accelerate
the progression of these diseases (69-72). From our screening results, we found that
inhibitor against MGMT enhanced cytokine production in trained macrophages.
Besides MGMT, Erccl DNA repair enzyme has been reported to be involved in

epigenetic regulation in trained immunity (73).
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2.6 Therapeutic application potentials of innate immune memory

As innate immune memory has been associated with numerous immune-
mediated diseases, understanding how to control the induction of the different
memory may provide the new therapeutic strategy to balance immune response and
alleviate the undesirable disease outcomes. For example, the inhibition of trained or
the induction of tolerance could be the new therapeutic strategies against
atherosclerosis and other hyperinflammation conditions which is a violent trained
memory (2, 74). On the other hand, the induction of trained immune memory may
improve immune response in immune-paralysis after sepsis and in cancer (2, 3, 5, 74,
75). Moreover, the molecules that induce trained immunity can be used as the
vaccine component to induce broader response which may provide the better
protection in multiple coinfections and when conventional vaccines are not available

(76).

2.7 Research guestion

What are other essential mechanisms involved in trained and tolerized

macrophages?

2.8 Objective

- To identify the uncharacterized mechanisms that regulate innate
immune memory in BG-trained and LPS-tolerized macrophages
- To investigate the therapeutic potentials or molecular mechanism of

the novel target protein identified in this study



CHAPTER IlI
MATERIALS AND METHODS

3.1 Generation of bone marrow-derived macrophages (BMM)

Eight-week-old female C57BL/6 mice purchased from Nomura Siam
International, Thailand were used as a source of bone marrow in this study. BMMs
were generated from bone marrow cells extracted from the tibia and femur of
C57BL/6 mice. Bone marrow cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (HyClone, USA) supplemented with 10% (v/v) fetal bovine serum
(Gibco, USA), 10 mM HEPES (HyClone), 1 mM sodium pyruvate (HyClone), 100 U/ml
penicillin, and 0.25 mg/ml streptomycin (DMEM complete media) with 20% L1929
culture supernatant and 5% horse serum (HyClone, USA), and fresh media was added

at day 4. After 7 days in culture, cells were detached with cold PBS and stored at -

80°C until use. BMMs were confirmed by flow cytometry using the macrophage
specific surface markers F4/80 and CD11b. Experimental procedures involving
laboratory animals were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Faculty of Medicine, Chulalongkorn University (approval
protocol No. 025/2562). All experiments were performed according to the guidelines
issued by the IACUC.

3.2 Induction of B-glucan (BG)-trained and LPS-tolerant macrophages

For the induction of BG-trained or LPS-tolerized macrophages, BMMs were
cultured in complete DMEM and primed with 50 pg/ml pachyman BG (Megazyme,
USA) for trained macrophages or 100 ng/ml Escherichia coli LPS (L2880, Sigma
Aldrich, USA) for tolerized macrophages. After 24 hr of priming, the medium was
replaced with fresh DMEM complete medium and the cells were rested for 48 hr.

The resting step was followed by LPS 10 ng/ml stimulation for the indicated times.
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Culture supernatant, RNA or cell lysates were harvested at the indicated times for
analysis. The amount of TNFa in the culture supernatant was measured by a mouse
TNFa ELISA kit (Biolegend, USA) according to the manufacturer’s protocol.

3.3 Quantitative reverse transcription realtime-PCR (qRT-PCR)

Total RNA of macrophages treated as indicated was harvested with the TRIzol
reagent (Invitrogen, USA) and extracted with direct-zol RNA kits (Zymo Research,
USA). The quality and concentrations of RNA were measured by a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific, USA). One hundred nanograms of RNA
per sample was converted to cDNA, which was used for quantitative PCR using iQ™
SYBR Green SuperMix (Bio-Rad, USA) according to the manufacturer’s instructions.
The primers used in this study are shown in Table 3.1. The relative expression of all
target genes was normalized to the expression of Actb by the 224" method and
calculated by comparison with that of ctrl LPS or unstimulated cells (77).

3.4 Western blot

Macrophages were treated to become BG-trained or LPS-tolerized
macrophages as described above. Cell lysates were collected at the indicated times
using RIPA buffer (50 mM Tris HCl pH 7.4, 150 mM (for other proteins) or 500 mM (for
histone and LSD1 extraction) NaCl, 5 mM EDTA, 1% nonidet P-40, 0.5% sodium
deoxycholate supplemented with protease and phosphate inhibitors (Cell Signaling
Technology, USA)). The protein concentrations were measured by a bicinchoninic
acid assay using the Pierce BCA Protein Assay Kit (Thermo-Fisher Scientific, USA).
Proteins were resolved by 8% (mTOR, LSD1, AKT, and NF-kB signaling proteins), 10%
(Aurora kinase or SETD7) or 15% (histone) SDS-PAGE and subjected to Western blot
as described elsewhere. The antibodies were diluted in PBS with 3% (w/v) skim milk
for probing. All antibodies used in this study and the dilutions were summarized in
Table 3.2. The signal was detected by the ECL chemiluminescent detection method.

Relative intensity was analyzed by Imagel analysis.
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3.5 Epigenetics compound library screening

The Epigenetics Compound Library with a unique collection of 181
epigenetics compounds (Cat L1900, Selleckchem, USA) was used as the inhibitor
source. The library was purchased and obtained in January 2018 and the list of
compounds in the library was shown in Appendix B. For the screening assay, BG-
trained or LPS-tolerized macrophages were pretreated with the inhibitors at two
concentrations of inhibitory concentration 50 (IC50) indicated by the manufacturer’s
data for 1 h during the priming or stimulation phase. Control cells received vehicle
control DMSO and were subjected to the same priming. Cells were cultured in the
presence of inhibitors during priming or stimulation for 24 h. The culture supernatant
was subjected to ELISA to measure TNFa.. The relative amount of TNFa produced by
inhibitor treated cells was calculated as the fold change, by normalized with that
from the vehicle control-treated cells. The inhibitors that showed enhancing or
suppressing effects with the fold changes of 1.5-fold or higher and 0.75-fold or lower,
respectively, were chosen for further confirmation. Interaction of the potential targets

identified in this study was performed with STRING version 11.0 (https://string-db.org/,

(78)).

3.6 MTT assay
Macrophages were treated with indicated inhibitors. After 20 h of LPS

stimulation, MTT reagent was added to a final concentration of 0.5 mg/ml and the
cells were further incubated for 4 h. After incubation, 200 ul of DMSO was added to
each well to dissolve the MTT formazan pellet. The intensity of the pellet was
measured by a microplate reader at a wavelength of 540 nm.

3.7 Apoptotic assay
Macrophages were treated with inhibitor as indicated. After 24 h of LPS

stimulation, cells were collected using cold PBS. Apoptotic and necrotic cells were

detected by flow cytometry using PE Annexin V Apoptosis Detection Kit with 7-


https://string-db.org/
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AAD (Biolegend, USA). Macrophages cultured with 1% DMSO for 24 h were used as
positive control.

3.8 In vitro knock down of specific genes by siRNA

SMARTpool siRNA targeted murine Lsd1 (ON-TARGETplus™), Mgmt (Accell™) or
control non-targeting siRNA (NT) were purchased from Dharmacon™ (Horizon
Discovery, UK). Lipofectamine 2000 (Thermo Fisher Scientific, USA) were used as
transfection reagent. Lipid-siRNA complex was prepared in warmed Opti-MEM™ |
Reducing-Serum Media (Gibco, USA) and incubate for 15 min with gentle rotation
before topping up with BMMs in antibiotic free DMEM complete media. The final
concentrations of siRNA and Lipofectamine were 50 nM and 0.6%v/v, respectively.
After 6 h of incubation, transfection media were replaced with fresh BMM media with
antibiotic. The reduction of mRNA and protein was confirmed at 48 hr after siRNA
transfection by gRT-PCR and Western blot as described above.

3.9 Chromatin immunoprecipitation assay

Approximately 7.0x10° cells of BMMs were prepared and activated as
indicated. The SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling Technology,
USA) was used to perform ChIP according to the manufacturer's instructions. Samples
were subjected to immunoprecipitation using either rabbit anti-H3Kdme3 antibody or
a control IgG antibody (Cell Signaling Technology, USA). Fragmented DNAs were
purified using spin columns (Cell Signaling Technology) and was used as the
templates for gPCR using indicated primer sets spanning the Tnf and /(6 promoters
(Table 3.3). Fold enrichments were normalized and calculated based on the total
amount of 10% input presented in relative quantification using 244 method (77).

cre/+,

3.10 Generation of myeloid specific MGMT knockout mice (LysM-cre“®™;
MGMT™?)

In this study, specific knock out of Mgmt in macrophages was generated by
the Cre/loxP system which is a site-specific genetic modification technique by Cyagen

(China). This system contains two components: Cre recombinase and its recognition
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site loxP. The specific gene knock out in macrophages requires two different types of
mice: the LysM-Cre (LysM-cre“®*) the strain that cre recombinase is inserted under
the lysozyme M (LysM) promoter which will drive the expression of this enzyme in
macrophages and neutrophil, and the MGMT-loxP (MGMT""), the strain that Mgmt
allele is flanked with the loxP sequence in exon 3 region. When the two components
are combined in myeloid cells of LysM-cre“®*; MGMTV™ mice (MGMT knockout mice),
Cre recombinase recombines the loxP sequence lead to deletion of exon 3 of MGMT
(Figure 3.3 (79)). All experimental procedures involving laboratory animals were
approved by IACUC of Chulalongkorn University Laboratory Animal Center (approval
protocol No. 2073016). All experiments were performed according to the guidelines

issued by the IACUC.
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Figure 3.1 Germline of myeloid (LysM+) specific MGMT knockout mice
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3.11 Breeding scheme to generate myeloid specific MGMT KO mice
Macrophages specific MGMT knockout mice were generated from
crossbreeding between LysM-cre strain  (LysM-cre“®*) and MGMT-LoxP strain
(MGMTYM) (all purchased from Cyagen, China, Figure 3.4).
Breeding Pair I: LysM-Cre®®/* X MGMTR
F1:  LysM-Cre“®*; MGMTV* (50%)
LysM-Cre**; MGMTV* (50%)
Breeding Pair Il: LysM-Cre“®* ; MGMTV*  x MGMTVR
F2:  LysM-Cre“®*; MGMTV (KO) (25%)
LysM-Cre*”* ; MGMTV (25%)
LysM-Cre“®*: MGMTV* (25%, Euthanized)
LysM-Cre**; MGMTV* (25%, Euthanized)
The F2 progeny MGMT KO mice and littermate control were used as parental strains

to obtain higher percentage of KO and littermate WT control progeny.

Breeding Pair Ill: LysM-Cre“®*; MGMTV®  x MGMTV!
F3:  LysM-Cre“®*: MGMTV™ (KO) (50%)
LysM-Cre**; MGMTV (littermate control) (50%)

} use for further colony maintenance
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Figure 3.2 Breeding scheme of LysM-cre strain and MGMT-LoxP strain

3.12 Genotyping

To check the genotype of LysM-Cre mice and MGMT floxed mice, ear patch
tissues from ear punching were collected as a source of DNA for genotyping. The
DNA were extracted by incubation in tissue digestion buffer (50 mM KCl and 10 mM
Tris-HCL pH 9.0) supplemented with 0.1% Triton X-100 and 0.4 mg/ml proteinase K
(Promega, USA) at 56°C O/N. The genotypes of mice were validated by PCR following

the company’s instruction. The primer set for genotyping were listed in Table 3.4.

3.13 In vivo model for trained immunity

Trained immunity in eight to ten weeks old MGMT KO and littermate control
mice were induced by intraperitoneal injection with 1 mg of pachyman BG (PBS as
control). After 5 days, all mice will be intraperitoneal injected with 10 pg of E. coli
LPS (PBS as control, (41)). Blood cytokines were detected at 3 h after LPS injection by

LEGENDplex™ Mouse Inflammation Panel (Biolegend, USA) following the company’s
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instruction. Level of cytokine production was measured by flow cytometry. Data
were analyzed using The LEGENDplex™ Data Analysis Software  Suite

(https://www.biolegend.com /ja-jp/legendplexttsoftware).

3.14 Transcriptome study
Unstimulated, BG-primed (BG24) and BG-primed with LPS stimulation (BG/LPS)

macrophages were prepared as described above. Total RNA from each sample were
extracted using RNeasy Mini Kit (Qiagen, USA) following the manufacturer's protocol.
0.5-1 pg of total RNAs were subjected to RNA quality assessment using the 2100
Bioanalyzer (Agilent Technology, USA). All RNA sample in this study acquired RNA
integrity number (RIN) scores greater than 7.0 and 285/18S ratio greater than 1. RNA
sequencing was carried out using a DNBSEQ sequencing technology at BGI sequencing
center, Hong Kong (paired end read with 150 bp/read).

3.15 Transcriptomic analysis

RNA-Seq analysis Sequencing reads were mapped against the Mus musculus
reference genome GRCmM39. Reads were mapped and aligned with Hisat2 (80) and
counted using the R package Rsubread, featureCounts (81, 82). Then, differential
expressed genes (DEGs) were compared and analyzed using the R package DESeq2
with the p-value cut off < 0.05 (44). To focus on the effect of MGMT KO in trained
immunity, the normalized counts of DEGs in BG24 and BG/LPS were normalized to
the normalized counts unstimulated WT macrophages. Then, heatmap of DEGs in

BG24 and BG/LPS were created using the R package pheatmap (https://cran.r-

project.org/web/packages/pheatmap/index.html). Lists of up-down regulated DEGs in

each condition were compared using Venn Diagram (https://bioinformatics.

psb.ugent.be/webtools/Venn/). DEGs that specifically upregulated in each condition
were subjected to perform Gene Set Enrichment Analysis (GSEA) using GSEA version
4.3.2 (83, 84). DEGs and its log2FoldChange from DESeq2 were used as input for GSEA

pre-rank analysis. Mouse Gene Symbol Remapping Human Orthologs MSigDB version


https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
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2022.1.HS was selected as chip platform. Wikipathway version 2022.1 was selected as
searching database (85, 86). Significant GSEA pathway were selected with p-value <
0.05 and FDR < 0.25.

3.16 Glycolysis stress assay
Approximately 1 x 10° cells of BMMs were plated in XFp Cell Culture

Miniplate (Agilent Technologies, USA) overnight in BMMs media. The medium was
replaced with fresh DMEM complete medium and the cells were rested for 1 h
before stimulation with BG for 24 h. After resting for 48 h, glycolytic function was
detect using Agilent Seahorse XF Glycolysis Stress Test Kit (Agilent Technologies, USA)
following the manufacturer's protocol. The glycolysis signal was detected as
extracellular acidification rate (ECAR) by Agilent Seahorse XFp Analyzer (Agilent
Technologies, USA). In brief, BMMs were incubated in glucose free assay medium and
non-glycolysis acidification was measured. This step was followed by addition of
glucose to the system (final concentration = 10 mM) to induce glycolysis function.
Oligomycin, an ATP synthase inhibitor (final concentration = 50 mM) was added to
inhibit the mitochondria function leading to induce the maximum glycolysis. Finally,
2-DG, a glycolysis inhibitor (final concentration = 500 mM) was added to confirm that
ECAR signal in this system represent the glycolytic function. The data were analyzed

using Agilent Seahorse Wave (Agilent Technologies, USA, Figure 3.2).

ATP synthase Glycolysis

Inhibitor Inhibitor
Glucose Oligomycin 2-DG
45 1 i

Glycolytic
Reserve

Glycolytic
Capacity

ECAR (mpH/min)

0 10 20 30 40 50 60 70 80 90 100
TIME (minutes)

Figure 3.3 Glycolysis stress test (Agilent Technologies, USA)
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3.17 Statistical analysis

AWl experiments were performed in ftriplicate and at least twice
independently, except for the primary screening. Statistical analyses were performed
using GraphPad Prism version 9.0. One-way ANOVA with Dunnett’s or Tukey’s
multiple comparison test and two-tailed unpaired and paired t-test (a=0.05) were
used when comparing the two conditions. This study is reported in accordance with

ARRIVE guidelines.

Table 3.1 List of primers used in this study.

Gene Forward (F) and Reverse (R) Primers Annealing Reference
Temperature
Tnf F: 5-AGC CCA CGT CGT AGC AAA CCA C-3’ 55 °C Viceconte et
R: 5’-ATC GGC TGG CAC CAC TAG TTG GT-3’ al.(87)
e F: 5’-CTC TGG GAA ATC GTG GAA ATG-3’ 57 °C Minashima et
R: 5’-AAG TGC ATC ATC GTT GTT CAT ACA-3’ al.(88)
1o F: 5’-TAT ACC TGT CCT GTG TAA-3 53 °C Lai et al. (89)

R: 5°-TTG ACT TCT ATC TTG TTG A-3’

110 F: 5’-TCA AAC AAA GGA CCA GCT GGA CAA 58 °C Palaga et
CAT ACT GC-3’ al.(90)

R: 5’-CTG TCT AGG TCC TGG AGT CCA GCA GAC TCA

A-3’
Cd40 F: 5-GTT TAA AGT CCC GGA TGC GA-3’ 64 °C Magner et
R: 5’-CTC AAG GCT ATG CTG TCT GT-3’ al.(91)
Serpinel | F: 5’-TCA TCA ATG ACT GGG TGG AA-3’ 62 °C Syed et
R: 5’-TGC TGG CCT CTA AGA AAG GA-3’ al.(92)
Marco F: 5-GAA GAC TTC TTG GGC AGC AC-3’ 62 °C Jing et al.(15)

R: 5’-CTT CTT GGG CAC TGG ATC AT-3’

Camp F: 5’-CGA GCT GTG GAT GAC TTC AA-3’ 68 °C Kin et al.(93)

R: 5’-CAG GCT CGT TAC AGC TGA TG-3’

Lsd1 F: 5’-CGA TAC TGT GCT TGT CCA CCG A-3’ 60 °C Hwang et al,,
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F: 5’-CCA AGC CAG AAA CAC CTG AAC C-3’ 2018 (94)
Mgmt F: 5’- GCT CTC CAT CAC CCT GTG TT-3’ 60 °C Designed by
F: 5’-ATG AGG ATG GGG ACC GGA TTG-3’ this study
Actb F: 5’-ACC AAC TGG GAC GAC ATG GAG AA-3’ 55 °C Wongchana
R: 5’-GTG GTG GTG AAG CTG TAG CC-3’ et al.(95)
Table 3.2 List of antibodies used in this study.
Antibody Company Dilution Detection time
Primary Antibody
rabbit anti-H3Kdme3 antibody Cell Signaling 1:1000 5 min
Technology, USA
rabbit anti-H3K27me3 antibody Cell Signaling 1:1000 5 min
Technology, USA
rabbit anti-total H3 antibody Cell Signaling 1:4000 1 min
Technology, USA
rabbit anti-phospho mTOR Cell Signaling 1:1000 2 min
Technology, USA
rabbit anti-total mTOR Cell Signaling 1:1000 2 min
Technology, USA
rabbit anti-phospho Aurora Cell Signaling 1:1000 30 min
A/Aurora B/Aurora C Technology, USA
rabbit anti-LSD1 Cell Signaling 1:2000 2 min
Technology, USA
rabbit anti-phospho AKT Cell Signaling 1:1000 10 min
(serd73) Technology, USA
rabbit anti-phospho AKT Cell Signaling 1:1000 10 min
(Thr308) Technology, USA
rabbit anti-total AKT Cell Signaling 1:1000 5 min
Technology, USA




rabbit anti-phospho mTOR Cell Signaling 1:1000 2 min
Technology, USA

rabbit anti-total mTOR Cell Signaling 1:1000 2 min
Technology, USA

rabbit anti-GAPDH antibody Cell Signaling 1:4000 1 min
Technology, USA

rabbit anti-phospho NF-KB p65 Cell Signaling 1:2000 1 min
Technology, USA

rabbit anti-phospho p38 Cell Signaling 1:2000 1 min
Technology, USA

rabbit anti-phospho ERK Cell Signaling 1:2000 1 min
Technology, USA

rabbit anti-phospho SAPK/JNK Cell Signaling 1:2000 1 min
Technology, USA

rabbit anti-total NF-KB p65 Cell Signaling 1:4000 1 min
Technology, USA

rabbit anti-total p38 Cell Signaling 1:4000 1 min
Technology, USA

rabbit anti-total ERK Cell Signaling 1:4000 1 min
Technology, USA

rabbit anti-total SAPK/JNK Cell Signaling 1:4000 1 min
Technology, USA

mouse anti-SETD7 antibody Bio-Rad, USA 1:1000 1 min

mouse anti-MGMT antibody 1:2000 1:2000 2 min

mouse anti-actin antibody Merck Millipore, 1:10000 30 sec

USA
Secondary Antibody
goat anti-rabbit 1¢G HRP Cell Signaling 1:4000 -

Technology, USA
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sheep anti-mouse IgG HRP

1:4000

1:4000

Table 3.3 List of primers used in chromatin immunoprecipitation assay.

Gene Forward (F) and Reverse (R) Primers Annealing | Reference
Temperature
mTnf F: 5’-CAA CTT TCC AAA CCC TCT GC-3’ 59 °C Saz-Leal
promoter | R: 5’-CTG GCT AGT CCC TTG CTG TC-3’ et al.(96)
milé F: 5’-CAC TTC ACA AGT CGG AGG CT-3’ 61 °C Hu et
promoter | R: 5’-AAT GAA TGG ACG CCC ACA CT-3’ al.(97)
Table 3.4 List of primers used for genotyping.
Gene Forward (F) and Reverse (R) Primers Annealing Reference
Temperature
Cre F: 5’-GAA CGC ACT GAT TTC GAC CA-3’ 60 °C Cyagen,
genotyping | R 5’-GCT AAC CAG CGT TTT CGT TC-3’ China
MGMT-floxed | F3: 5’-TGG GCT TCA AAT CAA GGA ACA GAA-3’ 60 °C Cyagen,
genotyping | R5: 5-AAC TAT CCT GCT CACT CTC TGT AG-3’ China




CHAPTER IV
RESULTS

4.1 Generation and characterization of BG-trained and LPS-tolerized
macrophages
4.1.1 Generation of BG-trained or LPS-tolerized macrophages

To generate BG-trained or LPS-tolerized macrophages, BMMs were first primed
with BG or LPS for 24 hr and allowed to rest in fresh media for 48 h, as indicated in
Figure 4.1.1a. The resting step was followed by LPS stimulation (10 ng/ml) for 24 h.
The amount of TNFa in the culture supernatant was measured by ELISA, and the
relative levels were calculated by normalization to the amount of TNFa produced
by naive BMMs that received only one dose of LPS stimulation (10 ng/ml). As shown
in Figure 4.1.1b, BG priming alone minimally induced TNFa production, whereas
priming with LPS at 100 ng/ml induced significantly higher TNFa. than the BG priming.
Stimulation of BG-primed macrophages with LPS resulted in 3.26-fold (3.26+0.96)
higsher TNFaw than that in control LPS-stimulated macrophages. For LPS-tolerized
macrophages, LPS-primed BMMs produced significantly lower TNFa upon LPS
stimulation than naive BMMs receiving LPS stimulation at 10 ng/ml. These results

confirmed that priming of BG and LPS can induce trained and tolerized response in

macrophages.
a b
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Figure 4.1.1 Generation BG-trained and LPS-tolerized macrophages (98)

(a) Protocol to induce BG-trained or LPS-tolerized macrophages using BMM. (b) TNFa
production was detected by ELISA in unstimulated cells, BG-primed cells, or LPS-
primed cells at 24 h after priming and in LPS-stimulated naive cells (crtl LPS), LPS-
stimulated BG-primed cells (trained, BG/LPS) or LPS-stimulated LPS-primed cells
(tolerized, BG/LPS) after 24 h of LPS stimulation. The relative fold changes were
calculated by normalizing to the amount obtained from LPS-stimulated naive BMMs
(10 ng/ml) and indicated on top of the bars. *, ** and *** indicate significant
differences compared by two-tailed unpaired t-tests at p< 0.05, p<0.01 and p<0.001,

respectively.

4.1.2 Expression profiles of pro-inflammatory and anti-inflammatory
cytokines in BG-trained and LPS-tolerized macrophages

To investicate the expression profiles of pro-inflammatory and anti-
inflammatory cytokines in  BG-trained and LPS-tolerized macrophages, the
macrophages were prepared as described above. The mRNA expression profiles of
cytokines was examined at 6 h after priming, and stimulation as indicated in Figure
4.1.2a. Priming with BG minimally induced mRNA expression of both pro-
inflammatory and anti-inflammatory cytokines, whereas stimulation of BG-primed
macrophages with LPS enhanced mRNA expression of the pro-inflammatory cytokines
Tnf, Il6, and I(1b, while no trained effect was observed at the level of mRNA for the
anti-inflammatory cytokine /l10. The enhancement of pro-inflammatory cytokine
expression strongly confirmed that priming of BG induced trained immunity in
macrophages. In LPS-tolerized macrophages, pro-inflammatory and anti-inflammatory
cytokines were significantly induced in the LPS priming, while re-stimulation with LPS

repressed expression of these cytokines. These results indicated that induction of

tolerized memory in BMMs was successfully established (Figure 4.1.2b-e).
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Figure 4.1.2 mRNA expression profiles of pro-inflammatory and anti-inflammatory
cytokines in BG-trained and LPS-tolerized macrophages (98)

(@) Protocol to induce BG-trained or LPS-tolerized macrophages using BMM and the
indicated time for total RNA collection. (b-e) mRNA expression of proinflammatory
cytokines Tnf, Il6 and /l1b and anti-inflammatory cytokine /10 were detected after
the priming and stimulation for 6 h as indicated in (a). The relative expression levels
of cytokine genes was normalized to the expression of Actb by the 24T method
and calculated by comparing with the BMMs with LPS stimulation (ctrl LPS). *, **, and
*** indicates statistically significant difference by two-tailed unpaired t-test at p<

0.05, p<0.01 and p<0.001, respectively.
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4.1.3 Global histone modifications in BG-trained and LPS-tolerized
macrophages

As histone modifications are one of the key mechanisms in regulating innate
immune memory, we investigated the global changes of some key histone marks
during BG-trained or LPS-tolerized treatment. BMMs were treated as indicated in
Figure 4.1.3a, and the total cell lysates were analyzed for the representative active
and repressive histone marks, H3Kdme3 and H3K27me3. Priming with LPS or BG did
not significantly alter the levels of H3Kdme3 and H3K27me3 compared to the
unstimulated condition. During LPS stimulation in LPS-tolerized macrophages, these
marks completely disappeared in LPS-tolerized cells. In contrast, these marks were
still detectable but with lower intensity in BG-trained macrophages (Figures 4.1.3 d-
g). Taken together, BMM-derived macrophages were successfully conditioned to
become BG-trained and LPS-tolerized macrophages, and drastic changes in global

representative histone marks after priming or during stimulation were evident.
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Figure 4.1.3 The representative of active (H3Kdme3) and repressive (H3K27me3)

histone profiles in BG-trained and LPS-tolerized macrophages (98)
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(@) A protocol to induce BG-trained or LPS-tolerized macrophages using BMM and the
indicated time for cell lysate collection. (b-e) Levels of H3Kdme3 (b and d) and
H3K27me3 (c and e) normalized to total histones in BMMs treated as indicated in (a)
as detected by Western blot. *, **, and *** indicate significant differences compared
by two-tailed unpaired t-tests at p< 0.05, p<0.01 and p<0.001, respectively.

4.1.4 Characterization of BG-trained macrophages

Besides epigenetic regulation, trained immunity has been reported to be
controlled by mTOR signaling pathway. To validate our training system,
phosphorylation of mTOR protein was investigated by Western blot assay. Total cell
lysates were collected from BG-trained macrophages after priming, resting and LPS
stimulation. As shown in Figure 4.1.4a-b, phosphorylation of mTOR was clearly
induced after LPS stimulation of BG-trained macrophages. This result strongly
confirmed that priming of BG resulted in induction of trained immunity in

macrophages as reported in previous study (40, 98).
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Figure 4.1.4 mTOR signaling in BG-trained macrophages (98)

BG-trained macrophages were prepared, and cell lysates were collected at indicated
time point as described in Figure 4.1.3a. (a) The phosphorylated and total mTOR
protein were detected by Western blot. (b) The relative intensity of phosphorylated
mMTOR from Western blot was quantitated by ImageJ analysis and normalized to total
MTOR (b). *, ** *** and **** indicate statistical significant differences by one-way
ANOVA with Tukey’s multiple comparison test at p< 0.05, p<0.01, p<0.001 and

p<0.0001, respectively.
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4.1.5 Characterization of LPS-tolerized macrophages

According to the previous study (14), LPS tolerance alters expression of
numerous genes during stimulation. Besides cytokine genes, LPS priming also
repressed the expression of other inflammatory genes that are characterized as
tolerizeable genes (T-gene), such as Cd40 and Serpinel. In contrast, the expression of
specific gene set involved in antimicrobial activity are characterized as non-
tolerizeable genes (NT-gene), including cathelicidin antimicrobial peptide (Camp) and
macrophage receptor with collagenous structure (Marco), was enhanced during LPS
tolerance. To validate this finding, the expression of both T and NT-genes were
investigated in LPS-tolerized macrophages. As shown in Figure 4.1.5, LPS-tolerized
macrophages induced by our protocol significantly repressed Cd40 and Serpinel T-
gene expression and enhanced the expression of NT-gene Camp and Marco
compared to the control LPS stimulation (-/LPS). These results are consistent with
the specific pattern of gene regulation in LPS-tolerized macrophages in a previous

study.
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Figure 4.1.5 Expression profile of T and NT genes in LPS-tolerized macrophages (98)

(a-d) Expression profiles of tolerizeable genes (T-gene) Cd40 (a) and Serpine! (b), and
non-tolerizeable genes (NT-gene) Marco (c) and Camp (d) were detected in LPS-
tolerized macrophages after LPS stimulation for 6 h as indicated in Figure 4.1.2a. The
relative mRNA expression was normalized to the expression of Actb by the 2744¢7
method and calculated by comparing with LPS-stimulated BMM (-/LPS). *, **, *** and

indicate statistical significant differences by one-way ANOVA with Tukey’s

multiple comparison test at p< 0.05, p<0.01, p<0.001 and p<0.0001, respectively.
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4.2 Inhibitor screening
4.2.1 Epigenetic compound library screening in BG-trained macrophages

To identify epigenetic modifier(s) that target molecules with a role in
regulating innate immune memory in macrophages, screening assays were performed
using an epigenetics compound library in BG-trained or LPS-tolerant macrophages as
described in 4.1. The detailed categories of the compounds in the library are listed in
Figure 4.2.1a-b and Appendix Table 1. The inhibitor targets included histone
modifying enzymes (38%), epigenetic reader domains (9%), DNA methyltransferases
(4%), the JAK/STAT pathway (12%) and other kinases (13%). The screening aimed to
identify compounds that affect at the priming or stimulating step during BG-trained or
LPS tolerance induction. The screening protocol is summarized in Figure 4.2.1c-d.
The readout for the screening assay was the amount of TNFa, compared with the
control trained macrophages with vehicle control treatment. Compounds that
induced TNFa production higher than 1.5-fold or lower than 0.75-fold when
compared with the control were summarized in Figure 4.2.1e. Among the 181
compounds tested, two compounds showed enhancing effects, while only one
compound showed an inhibitory effect on the BG-trained responses. PFI-2 HCl, a
histone methyltransferase inhibitor, reduced trained TNFa production when applied
during the priming step. An O°methylguanine-DNA methyltransferase (MGMT)
inhibitor and a DNA/RNA synthesis inhibitor enhanced TNFa production when applied
during the priming step. However, none of the compounds had an effect when

applied during the stimulation phase (Figure 4.2.1e and Table 4.2.1).
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Figure 4.2.1. Compounds that showed enhanced or suppressed TNFa production in

BG-trained macrophages (98)

(a-b) Categories of the compounds in epigenetic compound library. (c-d) The

screening protocols to identify compounds with enhancing or suppressing TNFa

production in BG-trained or LPS-tolerized macrophages. (e) The relative fold changes

of TNFa produced from compound-treated BG-trained macrophages (priming step or
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stimulation step) were calculated by normalizing to the amount of TNFa produced
from vehicle control treated BG-trained macrophages. Average fold changes from two
biological replicates are shown in the heatmap format. Only compounds that
increased the relative fold changes of TNFa. more than 1.5-fold or lower than 0.75-

fold are shown. HMT: Histone methyltransferase, DNA MT: DNA methyltransferase

Table 4.2.1. Dose of effective inhibitors and concentration of TNFa from BG-trained

macrophages according to Figure 4.2.1 (98)

Trained Inhibitor TNFa
Inhibitor treatment fold over ctrl conc. (pg/ml)
PFI2 HMT SETD7 2nM Inh+prim 0.72 £ 0.07 633 + 99
Lomeguatrib DNA MT MGMT DNA repair 5nM Inh+prim 1.53+£0.07 2485 £ 470
Carboplatin DNA/RNASyn DNA synthesis inhibitor 35uM Inh+prim 149 +0.16 2238 + 372

Average TNFOL concentration in BG-trained macrophages = 1017.17 + 237.20 pg/ml
HMT: Histone methyltransferase, DNA MT: DNA methyltransferase, DNA/RNAsyn: DNA/RNA
synthesis

* inhibitory concentration 50 (IC50) from the manufacturer’s data

4.2.2 Epigenetic compound library screening in LPS-tolerized macrophages

In LPS-tolerized macrophages, 28 compounds showed suppressive effects
against LPS tolerance, which resulted in increased TNFo production after LPS
stimulation. A clear inhibitory effect was observed with inhibitors targeting Aurora
kinases, histone methyltransferases, histone deacetylases (HDAC), sirtuin, poly ADP-
ribose polymerase (PARP), DNA methyltransferase and DNA/RNA synthesis. Most
inhibitors rescued TNFa production under LPS tolerance conditions when added
during the LPS stimulation phase (78.6%). The HDAC6 inhibitors ricolinostat and
nexturastat and the HDAC1 and HDAC3 inhibitors entinostat showed inhibitory effects
when added during the priming step. However, the effect of the enhancer of zeste
homolog 2 (EZH2) inhibitor EPZ011989 and the DNA/RNA synthesis inhibitors
carboplatin and nedaplatin were detected when treated at either the priming or the

stimulating step (Figures 4.2.2a-b and Table 4.2.2). The compounds that showed
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enhancing effects against LPS tolerance were not further validated because the

levels of TNFa were already extremely low in LPS-tolerized macrophages.
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Figure 4.2.2 Compounds that showed enhanced TNFa production in LPS-tolerized

macrophages (98).
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(@) The relative fold changes of TNFo produced from compound-treated LPS-
tolerized macrophages (priming step or stimulation step) were calculated by
normalizing to the amount of TNFa produced from vehicle control treated LPS-
tolerized macrophages. The fold changes are the average from two biological
replicates and shown in the heatmap format. Only compounds that increased the
relative fold changes of TNFa more than 1.5-fold are shown. (b) Summary of the
targets of suppressing inhibitors based on target and protocol. HMT: Histone
methyltransferase, HDM: Histone demethylase, HDAC: Histone deacetylase, PARP:
Poly (ADP-ribose) polymerase, DNA MT: DNA methyltransferase, DNA/RNAsyn:

DNA/RNA synthesis

Table 4.2.2 Doses of effective inhibitors and concentration of TNFo from LPS-

tolerized macrophages shown in Figure 4.2.2 (98)

Tolerance Inhibitor TNFa
Inhibitor treatment fold over ctrl conc. (pg/ml)
Aurora A Inhibitor AURK Aurora A 34nM Inh+stim 1.84 £ 0.39 121 £ 50
Barasertib AURK Aurora B 0.37 nM | Inh+stim 2.51+0.81 167 + 86
Hesperadin AURK Aurora B 0.25 uM Inh+stim 1.96 + 0.69 158 + 32.53
JNJ-7706621 AURK Aurora A/B + panCDK 9nM Inh+stim 231+1.21 199 £495
GSK1070916 AURK Aurora B/C 6.5 nM Inh+stim 1.77 £ 0.39 145+ 9
ZM447439 AURK pan-Aurora 0.13uM | Inh+stim 1.84+£0.23 205+77.78
PHA-680632 AURK pan-Aurora 0.135uM | Inh+stim 1.76 £ 0.41 124 + 39
EPZ011989 HMT EZH2 3nM Inh+prim 1.63+0.25 162 £ 96.17
EPZ011989 HMT EZH2 3nM Inh+stim 1.54 + 0.04 210+ 55.15
BIX01294 HMT G9a/GLP 2.7uM Inh+stim 1.53+0.01 207.5 +48.79
SGC-707 HMT PRMT3 31 nM Inh+stim 1.5+0.03 204.5 £53.03
EPZ015666 HMT PRMT5 5nM Inh+stim 1.65+0.11 2225 +38.89
OG-L002 HDM LSD1 20 nM Inh+stim 1.69+0.23 161 + 84
JIB-04 HDM Pan-JmjD 0.85uM | Inh+stim 239043 166 + 17
ML-324 HDM JmjD2 0.92uM | Inh+stim 248 +0.54 644.5 + 692.26
Entinostat HDAC HDAC1/3 1.7uM Inh+prim 1.72+0.29 164.75 + 63.99
Nexturastat A HDAC HDAC6 5nM Inh+prim 1.99+0.3 190 +70.71
Ricolinostat HDAC HDAC6 5nM Inh+prim 2.06 +0.22 1925+ 24.75
Vorinostat HDAC HDAC 10 nM Inh+stim 1.77 £ 0.01 205 + 100.41
SRT1720 Sirtulin SIRT1 activator 0.16 uM | Inh+stim 1.86 £ 0.53 295+7212
Veliparib PARP PARP1/2 5.2nM Inh+stim 1.81+0.05 211 +107.48
Olaparib PARP PARP1/2 5nM Inh+stim 1.77 £ 0.03 203 +94.75
PJ34 HCI PARP PARP1/2 20 nM Inh+stim 1.7+£01 194 + 83.44
Rucaparib PARP PARP inhibitor 1.4 nM Inh+stim 1.68+0.25 186.5 + 64.35
Azacitidine DNAMT cytidine analogue 20 uM Inh+stim 1.94+£048 282.5+101.12
Carboplatin DNA/RNASyn DNA synthesis inhibitor 35uM Inh+prim 449 +1.09 1715
Carboplatin DNA/RNASyn DNA synthesis inhibitor 35uM Inh+stim 1.98 £ 0.41 134 + 58
Mizoribine DNA/RNASyn DNA synthesis inhibitor 100 uM Inh+stim 2.04+0.72 140+ 79
Mitomycin C DNA/RNASyn DNA synthesis inhibitor 13 nM Inh+stim 1.85+0.31 214 +78.15
Nedaplatin DNA/RNASyn DNA synthesis inhibitor 94 uM Inh+prim 2.08+£047 316 £ 125
Nedaplatin DNA/RNASyn DNA synthesis inhibitor 94 uM Inh+stim 1.77+0.55 176 + 13

(Average TNFa concentration of LPS-tolerized macrophages is 113.86 + 46.82 pg/ml)



57

AURK: Aurora kinase, HMT: Histone methyltransferase, HDMT: Histone demethylase, HDAC:
Histone deacetylase, PARP: Poly (ADP-ribose) polymerase, DNAMT: DNA methyltransferase,
DNA/RNAsyn: DNA/RNA synthesis

* Inhibitory concentration 50 (IC50) from the manufacturer’s data

4.2.3 Potential interacting networks of the targets of the compounds
identified in the screening

To investigate the potential interaction (direct interaction or functional
interaction) among the targets of the compounds identified by this screening, the
STRING database was used to generate a protein-protein interaction network. As
shown in Figure 4.2.3a, the interaction network generated from the targets identified
in LPS-tolerized macrophages revealed the following three distinctive clusters: the
Aurora kinase (cell division) related interacting network, the histone modifying
enzyme network and the base-excision repair network. In contrast, for the target
proteins of compounds identified in the BG-trained macrophages, the network
revealed a link with Trp53, Foxo3, Hist2h3c2 and Msh16, which share common
features related to apoptosis, DNA repair and polycomb repressive complex 2 (PRC2)
(Figure 4.2.3b). These analyses suggest that proteins involved in apoptosis, DNA
repair, cell division and histone modification may play roles in innate immune

memory in macrophages.
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Figure 4.2.3 Possible interactions among the targets of the identified inhibitors (98).

Potential interactions among targets of inhibitors identified in the screening for
tolerance (a) and trained immunity (b) by STRING. The target proteins of inhibitors
identified in this study are shown in black text while the potential functional partner
proteins are shown in gray text. The interactions among proteins that are
experimentally determined are linked with red lines while the interactions predicted

from curated database are shown in blue. The intensity of edges represents the
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confidence of the interaction between two proteins. Effective targets related to

previous studies are represented in blue text.

4.3 Inducement of histone lysine demethylase LSD1 in LPS-tolerized
macrophages
4.3.1 The effect of suppressive compounds against LPS-tolerance on IL-6
production

To confirm the results from inhibitor screening described above, inhibitors
identified in this study were selected to investigate for their effect on IL-6 production
in LPS-tolerized macrophages. The selected inhibitors were HDAC inhibitor
ricolinostat, Aurora kinase inhibitors barasertib, GSK1070916, and PHA680632, HDMT
inhibitors ML324 and OGL002, and HMT inhibitor EPZ015666. As shown in Figure
4.3.1a, the inhibitor that enhanced the highest IL-6 production during LPS tolerance
was the HDMT inhibitor OG-L002 (1.71-fold), followed by the Aurora-B/C inhibitor
GSK1070916 (1.63-fold) and the Aurora-B-specific inhibitor barasertib (1.59-fold),
respectively. The HMT inhibitor EPZ015666 and the HDMT inhibitor ML324 also
increased IL-6 production, but the difference did not reach statistical significance. All
inhibitors did not reduce cell viability to less than 80% after 24 h of incubation

(Figures 4.3.1a-c).
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Figure 4.3.1 Effect of the compounds with inhibitory effect against LPS tolerance on

IL-6 production (98)
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(a) IL-6 production after treatment with selected inhibitors from Fig. 3a was measured
by ELISA at 24 h after LPS stimulation. (b, c) Cell viability was detected by MTT assay
at 24 h after treatment with inhibitors from (a). *, **, *** and **** indicate significant
differences compared by one-way ANOVA with Dunnett’s multiple comparison test
(@) and two-tailed unpaired t-test (d) at p< 0.05, p<0.01, p<0.001 and p<0.0001,

respectively.

4.3.2 Effect of LSD1 inhibition by OG-L002 on LPS-tolerized macrophages
As the HDMT inhibitor OG-L002 decreased LPS tolerance by enhancing in both

TNFa and IL-6 production, the effects of LSD1 inhibition by OG-L002 on TNFa and IL-
6 production during LPS tolerance were confirmed (Figure 4.3.2a-b) at various
concentrations of inhibitor treatment. The effect of TNFa production was found to
be in a dose dependent manner up to 40 uM without reducing cell viability (Figure
4.3.2¢c). The highest concentration of OG-L002 increased the TNFa production to
more than 2-fold of the control. However, IL-6 production was only slightly induced
by this concentration, but the difference between control and inhibitor treatment did

not reach statistical significance.
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Figure 4.3.2 Effect of OG-L002 on TNFa and IL-6 production in LPS-tolerized
macrophages (98).

(a-b) The level of TNFa (a) and IL-6 (b) production in LPS-tolerized macrophages that
were treated with the different concentration of LSD1 inhibitor OG-L002. (c) Cell
viability from the MTT assay in LPS-primed macrophages after treatment with
different concentrations of OG-L002 for 24 hr. *, ** *** and **** indicate significant
differences compared by one-way ANOVA with Tukey’s multiple test at p< 0.05,

p<0.01, p<0.001 and p<0.0001, respectively.
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4.3.3 Expression profile of LSD1 in LPS-tolerized macrophages

To investigate the involvement of LSD1 in LPS-tolerized macrophages, protein
expression profiles of LSD1 was detected by Western blot. Total cell lysates were
collected after LPS priming, resting and LPS stimulation. Protein profile revealed
increased LSD1 expression during LPS priming whereas its level declined after the

resting period and LPS stimulation (Figure 4.3.3a-b).
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Figure 4.3.3 LSD1 expression profile during LPS-tolerance (98)

(a-b) Expression pattern of LSD1 protein were analyzed by Western blot. The relative
intensity of LSD1 from Western blot was quantitated by Image) analysis and
normalized to B-actin. *, *¥, *** and **** indicate significant differences compared by
one-way ANOVA with Tukey’s multiple test at p< 0.05, p<0.01, p<0.001 and

p<0.0001, respectively.
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4.3.4 The impact of LSD1 inhibition on enrichment of H3K4me3 in Tnf and

Il6 promoter during LPS tolerance

As LSD1 or KDM1A is an epigenetic modifying enzyme that plays important
role in demethylation of mono- or di- methyl from H3K4 and H3K9, we hypothesized
that LSD1 inhibition should increase the enrichment of active histone mark during
LPS-tolerance. To answer this question, the level of H3K4me3 active histone mark,
one of LSD1 targets, was investigated by ChIP-gPCR at the Tnf and /l6 promoter. As
shown in Figure 4.3.4a-b, to our surprise, treatment with 40 uM OG-L002 did not
significantly alter the level of H3Kdme3 at the Tnf promoter but significantly reduced
H3Kdme3 enrichment in the /l6 promoter, this result suggests that LSD1 may

selectively alter IL-6 production through reducing H3K4me3 that result in decreased

16 transcription (Figure 4.3.2b).
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Figure 4.3.4 Effect of OG-L002 on H3K4dme3 enrichment on Tnf and /(6 promoter of
LPS-tolerized macrophages (98)

(a-b) The enrichment of H3Kdme3 modification on Tnf (a) and /6 (b) promoter of
LPS-tolerized macrophages treated with 40 uM OG-L002 at 6 h after LPS stimulation.

¥, *¥* ¥ and **** indicate significant differences compared by two-tailed unpaired t-

test at p< 0.05, p<0.01, p<0.001 and p<0.0001, respectively.
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4.3.5 Impact of siRNA-mediated Lsd1 silencing by siRNA on LPS-tolerance

Finally, we performed siRNA-mediated gene silencing of LsdI to confirm the
results obtained by the use of inhibitor. As shown in Figure 4.3.5a-b, siRNA targeting
Lsd1 effectively reduced LSD1 protein to approximately 50%. This siRNA was
transfected to BMMs 48 h before LPS priming, followed by resting for 48 h and
stimulation by LPS for 6 hr. As shown in Figure 4.3.5d, the level of /(16 mRNA
significantly increased when Lsdl was silenced in comparison to the control non-
targeting siRNA, an indicator that LPS tolerance is compromised. Increased mRNA
level of inflammatory genes, Tnf and /6, were observed but the difference did not
reach statistical significance (Figure 4.3.5c and e). Thus, inhibiting LSD1 by inhibitor or
reducing its expression by siRNA treatment consistently interferes with LPS tolerance

by increasing some tolerizeable gene expression.
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Figure 4.3.5 Effect of Lsd! silencing on LPS-tolerized macrophages (98)
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BMMs were transfected with 50 nM of LSD1 siRNA or Non-Target (NT) siRNA as
described above. (a-b) Level of LSD1 expression at 48 h after siRNA transfection was
detected by Western blot and gRT-PCR. (c-f) Expression profiles of pro-inflammatory
(c) Tnf, (d) Il1b, and (e) /L6, and anti-inflammatory cytokines (f) /(10 in Lsd1 silencing
LPS-tolerized macrophages at 6 h after LPS stimulation. *, **, *** and **** indicate
significant differences compared by two-tailed unpaired t-test at p< 0.05, p<0.01,

p<0.001 and p<0.0001, respectively
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4.4 Role of O%-methylguanine DNA methyltransferase (MGMT) in BG-trained
macrophages
4.4.1 Effect of MGMT inhibition on BG-trained macrophages

To confirm the results from inhibitor screening, the effects of MGMT inhibition
by lomeguatrib on TNFa and IL-6 production in BG-trained macrophages were
confirmed by various concentration of inhibitor treatment (0.01 uM - 10 uM) prior to
the BG-priming as indicated in Figure 4.4.1a. TNFa and IL-6 production was induced
to be in a dose dependent manner. However, level of IL-6 production in BG-trained
macrophages slightly decreased after treatment with the highest concentration of
MGMT inhibitor (Figure 4.4.1b and c). As MGMT is DNA repair enzyme, inhibition of
this target protein may interfere cell viability and induce apoptosis and necrosis of
BG-trained macrophages. To clarify this point, level of apoptotic and necrotic cells
induced by inhibitor treatment was measured by Annexin V and 7AAD staining. As
shown in Figure 4.4.1d, treatment of lomeguatrib at 0.01 uM - 10 pM did not
significantly induce apoptotic and necrotic cells, compared to the vehicle control.
These results indicated that MGMT inhibition enhance TNFa and IL-6 production in

BG-trained macrophages.
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Figure 4.4.1 Effect of MGMT inhibitor lomeguatrib on TNFa and IL-6 production in
BG-trained macrophages.

(a) Protocol to induce BG-trained macrophages and the indicated time for inhibitor
treatment. (b-d) The level of TNFa (b) and IL-6 (c) production in BG-trained
macrophages after LPS stimulation that were treated with the different concentration
of MGMT inhibitor lomeguatrib. (d) Level of apoptotic cells (Annexin V positive) and
necrotic cells (TAAD positive) was measured by flow cytometry after treatment with
different concentrations of lomeguatrib. *, **, *** and **** indicate significant
differences compared by one-way ANOVA with Dunnett’s multiple test at p< 0.05,

p<0.01, p<0.001 and p<0.0001, respectively.
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4.4.2 Effect of Mgmt silencing on BG-trained macrophages

To further confirm the results from inhibitor treatment and investigate the
involvement of MGMT in trained immunity, we used small interference RNA (siRNA)
to silent Mgmt expression. Silencing efficacy of siRNA were validated at 48 h after
SIRNA treatment (Figure 4.4.2a). The level of MGMT expression strongly decreased in
si-MGMT treated macrophages. Trained immunity was induced in the macrophages as
described above and TNFa and IL-6 production were measured at 24 h after LPS
stimulation. As expected, Mgmt silencing macrophages enhance effect of trained
immunity as the level of TNFa. and IL-6 production are higher than the non-target
control (Figure 4.4.2b and c). These results agree with the data from inhibitor
treatment and strongly emphasized the effect of MGMT inhibition or silencing in

enhancement of trained immunity.
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Figure 4.4.2 Trained immunity in Mgmt silencing macrophages
(a) Silencing efficacy of siRNA was measured in BMMs pretreated with 1 uM si-MGMT
or non-targeting control for 48 h prior induction of trained immunity. (b-c) Trained

immunity were induced as in Figure 4.4.1a. The level of TNFa (b) and IL-6 (c)
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production from Megmt silencing and non-targeting silencing macrophages was
measured at 24 h after LPS stimulation. *, **, and *** indicates significant difference
by two-tailed paired t-test at p< 0.05, p<0.01 and p<0.001, respectively.

4.4.3 Expression profiles of MGMT in BG-trained macrophages
As MGMT play important role in regulation of trained immunity, RNA and

protein profiles of MGMT during induction of trained immunity were investigated. For
the RNA profiles, total RNAs were collected after priming and LPS-stimulation for 6 h
and the expression levels were measured by RT-PCR. As shown in Figure 4.4.3a,
Megmt expression significantly decreased after priming with BG, resting and LPS
stimulation. As protein synthesis is the outcome of mMRNA expression, the protein
profiles were examined at 24 h after BG-priming and LPS stimulation. Interestingly,
the protein level of MGMT significantly increased after priming with BG then
significantly decreased at after 48 h of resting step and LPS stimulation (Figure
4.4.3b-c). The upregulation of MGMT protein during BG priming emphasizes the

possible role of MGMT in regulation of trained immunity.
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Figure 4.4.3 Expression profiles of MGMT in BG-trained macrophages
WT and MGMT KO macrophages were stimulated as in Figure 4.4.1a. (@) RNA
expression profiles of Mgmt were detected after the priming and stimulation for 6 h.

22T method and calculated as fold changes

The data were normalized by Actn by
compared to unstimulated cells. (b) Expression patterns of MGMT were detected by

Western blot. (c) The relative intensity of MGMT expression from Western blot was



70

analyzed by Image) and normalized to GAPDH. *, **, and *** indicates significant
difference compared by one-way ANOVA with Tukey’s multiple test at p< 0.05,
p<0.01, p<0.001 and p<0.0001, respectively.

4.4.4 Expression profile of MGMT in WT and MGMT KO macrophages
Because the effect of MGMT has already been confirmed by inhibitor

treatment and siRNA silencing, MGMT KO macrophages generated from bone marrow
of the MGMT KO mice were used to further investigate the role of MGMT in trained
immunity. Macrophages generated from bone marrow of the littermate control mice
were used as the control WT macrophages. To assess the knockout efficacy,
expression profiles of MGMT in WT and KO macrophages was observed by Western
blot assay and RT-PCR. As expected, both protein and mRNA levels of MGMT

expression were significantly decreased in MGMT KO macrophages (Figure 4.4.6).
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Figure 4.4.4 Generating MGMT KO macrophages

(@) MGMT expression profile in unstimulated WT and MGMT KO macrophages
detected by Western blot. (b) Relative intensity of MGMT expression normalized to
GAPDH analyzed by ImageJ analysis. (c) The relative mRNA level of Mgmt expression

was normalized to Actb by 244¢7

method and calculated as fold changes compared
to unstimulated WT macrophages. *, **, and *** indicates significant difference by

two-tailed unpaired t-test at p < 0.05, p < 0.01 and p < 0.001, respectively
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4.4.5 Trained immunity in MGMT KO macrophages
To investigate the effect MGMT in trained immunity, WT and MGMT KO

macrophages were primed and stimulated as mentioned in Figure 4.4.1a. As shown
in Figure 4.4.5a and b, both types of macrophages can induce training effect in both
TNFo and IL-6 production when compared to the LPS stimulation alone. LPS
stimulation alone did not result in different cytokine production. However, MGMT KO
macrophages produced a lower training effect on both TNFa and IL-6 production,
while the difference of cytokine production was not observed in response to the LPS
stimulation. This finding contrasts with the result obtained from inhibitor treatment
and siRNA silencing indicating that the effect of MGMT in regulation of trained

immunity depended on specific time points.
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Figure 4.4.5 Decreased trained immunity in MGMT KO macrophages

WT and MGMT KO macrophages were induced to be trained macrophages as
indicated Figure 4.4.1a. (a-b) The level of TNFa (a) and IL-6 (b) production from
unstimulated, LPS-stimulated or BG-primed in WT and MGMT KO macrophages was
detected by ELISA at 24 h after LPS stimulation. *, **, and *** indicates significant
difference by two-tailed unpaired t-test at p < 0.05, p < 0.01 and p < 0.001,

respectively.
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4.4.6 Expression profiles of pro-inflammatory cytokines in WT and MGMT

KO macrophages

As the results from the KO macrophages are different from the data obtained
by inhibitor treatment and siRNA silencing, the expression profile of pro-inflammatory
cytokines in was investigated to further confirm the effect of MGMT against cytokine
production in BG-trained macrophages. As shown in Figure 4.4.6b-d, depletion of
MGMT significantly decreased expression of Tnf, Il6 and /(16 in trained macrophages
without alter the cytokines expression in LPS stimulation which agrees with the
results in Figure 4.4.5. Both WT and KO macrophages can induce training effect in

Tnf, Il6 and Il1b but the training effect in 16 expression did not reach statistical

significance.
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Figure 4.4.6 Decreased mRNA expression of pro-inflammatory cytokines in WT and

MGMT KO macrophages
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(a) Protocol to induce BG-trained macrophages and the indicated time for total RNA
collection. (b-d) mRNA expression profile of pro-inflammatory cytokines Tnf (b), /6
(c) and /16 (d) from WT and MGMT KO macrophages were detected after the priming
and stimulation for 6 h. The relative mRNA expression was normalized to Actb by 2°
AT method and calculated by with unstimulated BMM. *, ** and *** indicates
significant difference by two-tailed unpaired t-test at p < 0.05, p < 0.01 and p <
0.001, respectively.

4.4.7 Cell viability in LPS-stimulated or trained WT and MGMT KO
macrophages

As MGMT is a DNA repair enzyme, the reduction of cytokine production in
trained immunity of MGMT KO macrophages in the previous experiment may be due
to failure in DNA repair and the decrease in cell viability. To validate this point, cell
viability of BG-trained WT and MGMT KO macrophages were detected at 24 h after
LPS stimulation. As shown in Figure 4.4.7a-c, MGMT KO macrophages with BG-trained
or LPS stimulation did not significantly alter cell viability compared with the WT
macrophages that received the same stimulation. These results confirmed that the
reduction of cytokines in MGMT KO BG-trained macrophages was not due to the

decrease in cell viability.
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Figure 4.4.7 The viability of WT and MGMT KO macrophages after LPS stimulation
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WT and MGMT KO macrophages were stimulated as in Figure 4.4.1a. (a-c) Cell
viability from MTT assay of unstimulated (a), LPS-stimulated (b), or BG-primed (c) in
WT and MGMT KO macrophages after stimulation with LPS for 24 h. The viability was
normalized to the WT macrophages in each condition. ns: not statistically significant

4.4.8 In vivo trained immunity in WT and MGMT KO mice
As depletion of MGMT decreased the effect of trained immunity in

macrophages in vitro, we further validated the effect of deficient MGMT in myeloid
cells in WT and MGMT KO mice. In vivo trained immunity was induced by injection of
1 mg per mouse of BG to the mice, which was followed by injection of 10 pg of LPS
at day 5 after BG-priming (Figure 4.4.8a). Levels of serum cytokines expression were
measured at 3 h after LPS injection. As shown in Figure 4.4.8b, the WT mice with BG-
priming significantly enhanced TNFa production compared to the WT control LPS
mice (PBS/LPS), indicating that the successful induction of trained immunity was
achieved. In contrast to the WT mice, depletion of MGMT significantly decreased
TNFa production in BG-trained mice. The level of TNFa production from MGMT KO
BG-trained mice was reduced to the level as seen in the control LPS mice. In
addition, the levels of others inflammatory cytokine were measured and summarized
in Figure 4.4.8c. Effect of trained immunity was clearly observed for IFN-y, IL-1a, IL-
1B, IL-10, IL-17A, IL-23, and IL-27 but difference in the level of these cytokines did
not reach statistical significance. Most of these inflammatory cytokines were
decreased in MGMT KO mice with trained immunity. Interestingly, IFN-y was the only
cytokine that the MGMT KO has training effect higher than the WT mice. This results
strongly confirmed that MGMT can regulated trained immunity in both in vitro and in

Vivo.
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Figured 4.4.8 In vivo trained immunity in WT and MGMT KO mice

(@) Protocol to induce trained immunity in WT and MGMT KO mice and indicated
time point for blood collection. (b-c) Level of TNFa (b) and others inflammatory
cytokines production (c) was measured by multiplex ELISA in serum after 3 h of LPS
injection. *, **, and *** indicate significant differences compared by two-tailed

unpaired t-tests at p< 0.05, p<0.01 and p<0.001, respectively.
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4.4.9 Transcriptomic analysis of trained MGMT KO macrophages

To investigate how depletion of MGMT alter the trained immunity in
macrophages, we performed transcriptomic analysis of unstimulated (Unstim), BG-
primed (BG24) and BG-trained (BG/LPS) macrophages. The transcriptomic data
obtained from the RNA sequencing were mapped and aligned with Hisat2 and
counted using the R package Rsubread, featureCounts. The PCA analysis was
performed to represent the difference in the transcriptomic data of each sample. As
shown in Figure 4.4.9a, all transcriptomic data were clustered into three groups
based on the stimulation profiles. Depletion of MGMT in macrophages slightly
induced difference in the transcriptomic data when compared to the WT. Then,
differential expressed genes (DEGs) were compared and analyzed by DESeg2. To
focus on the effect of MGMT KO in trained immunity, the expression profiles of DEGs
in BG-primed and BG-trained WT and MGMT KO macrophages were normalized to the
expression of unstimulated WT macrophages and represented as heatmap. As shown
in Figure 4.4.9b-d, depletion of MGMT significantly induced specific DEGs profiles in
BG-trained macrophages after the BG priming and LPS stimulation. Top 10 up-down

regulated DEGs in each condition were shown in Figure 4.4.9c-d.
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Figure 4.4.9 Transcriptomic profile of WT and MGMT KO trained macrophages

Trained immunity in WT and MGMT KO macrophages was induced as mentioned
above. The indicated times of treatment for transcriptome analysis were shown in
Figure 4.4.6a. (a) PCA analysis of transcriptomic profile in unstimulated, BG24 and
BGLPS WT and MGMT KO macrophages are shown. (b-c) Heatmap of DEGs in MGMT
KO macrophages after BG-priming (BG24, b) and LPS stimulation (BG/LPS, c) analyzed
by DESeq2 (p-value cut off < 0.05). (d-e) Volcano plots between loggpvalue and

log,foldchange of each DEGs in BG24 (d) and BGLPS (e) are shown.
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4.4.10 Functional analysis in the transcriptomic profiles of trained MGMT
KO macrophages

To further investigate the transcriptomic data of trained MGMT KO
macrophages, DEGs of all conditions were compared using the Venn diagram. The
up-down DEGs that expressed in both BG-primed and BG-trained MGMT KO
macrophages were listed in the Figure 4.4.10a. The DEGs that specifically expressed
in each condition (red circle) were subjected to Gene Set Enrichment Analysis (GSEA).
As shown in Figure 4.4.10b-c, depletion of MGMT significantly increased the
expression of genes involved in nuclear receptor metapathway, PI3KAKT signaling,
and malignant pleural mesothelioma. On the other hands, genes involved in MAPK
signaling were significantly downregulated in trained MGMT KO macrophages during
LPS stimulation. As MAPK signaling is one of the TLR4 downstream signaling pathway,

alteration of genes in this pathway may result in alteration of the TLR4 signaling.
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Figure 4.4.10 Pathway analysis in MGMT KO trained macrophages
(a) Venn diagram compared list of up-down DEGs in BG-primed and BG-trained MGMT

KO macrophages analyzed by DESeq2 (p-value cut off < 0.05). (b) GSEA analysis of
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specifically expressed DEGs in BG-primed and BG-trained MGMT KO macrophages (p-
value cut off < 0.05, FDR cut off <0.25). (c) Heatmap of DEGs in up-down pathway

from Figure 4.1.10b.

4.4.11 TLR4 signaling in trained WT and MGMT KO macrophages

As MAPK signaling pathway, one of downstream TLR4 signaling cascade, was
down regulated in transcriptomic data of trained MGMT KO macrophages, we
hypothesized that depletion of MGMT may interfere with TLR4 signaling in BG-trained
macrophages. To test this hypothesis, activation of NF-kB and MAPK pathway were
investigated in BG-trained macrophages. As shown in Figure 4.4.11a-e, stimulation of
LPS significantly activated NF-kB and MAPK signaling pathways, including ERK, p38,
and SAPK/JNK; in a time-dependent manner during LPS stimulation. When compared
to WT macrophages, the level of phosphorylated p38, and SAPK/INK, was
significantly lower in the trained MGMT KO macrophages. Depletion of MGMT slightly
decreased NF-kB and ERK activation, but the levels did not reach statistical
significance. This result is consistent with transcriptomic data in Figure 4.4.10 and
strongly indicates that depletion of MGMT interferes with TLR4 signaling in BG-trained

macrophages without altering the level of TLR4 on the cell surface (Figure 4.4.11f).
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Figure 4.1.11 Decreased of NF-kB and MAPK signalings in BG-trained MGMT KO

macrophages

(@) NF-xB and MAPK signaling profiles in BG-trained WT and MGMT KO macrophages

were detected by Western blot assay at indicated time point after LPS stimulation.

(b-e) Levels of phosphorylated NF-kB (b), p38 (c), ERK (d), and SAPK/INK (e) were
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analyzed by imagel. The relative intensity was normalized to the total form of each
protein. (f) Level of TLR4 expression in unstimulated and BG-trained macrophages
measured by flow cytometry. *, **, and *** indicate significant differences compared
by two-tailed unpaired t-tests at p< 0.05, p<0.01 and p<0.001, respectively. * over
the bars represent statistical differences compared to the BG-primed WT or MGMT

KO macrophages without LPS stimulation (LPS 0 min).

4.4.12 AKT/mTOR signaling profile in BG-trained WT and MGMT KO
macrophages

As TLR4 signaling profiler decreased in MGMT KO macrophages, we
hypothesized that whether the downstream signaling of Dectin-1 would also be
altered in the MGMT KO macrophages. To answer this question, activation of AKT and
MTOR pathway, downstream signaling pathway of Dectin-1 receptor, was investigated
in BG-trained MGMT KO macrophages. Activation of AKT signaling pathway were
detected as phosphorylation at Thr308. The signals were detected at early point
after BG-priming, as it is upstream signals of the mTOR pathway. As shown in Figure
4.4.12a, phosphorylation of AKT were clearly induced in WT and MGMT KO
macrophages at 4 h after BG priming in similar level. Even though there was no
difference in AKT signaling between WT and KO macrophages, the activation of mTOR
signaling pathway was significantly decreased in the MGMT KO macrophages (Figure
4.4.12b). This result reveals the possible role of MGMT in regulation of downstream

signaling molecules of Dectin-1 and TLR4 receptors.
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Figure 4.1.12 Decreased mTOR signaling in trained MGMT KO macrophages

(@) AKT signaling and the relative intensity of phosphorylated AKT in WT and MGMT
KO macrophages was detected by Western blot at 4 h after BG priming. (b) mTOR
signaling profile and relative intensity of mTOR phosphorylation in WT and MGMT KO
macrophages was detected by Western blot assay after BG priming, resting and LPS
stimulation. Relative intensity was analyzed by Imagel) analysis. The intensities of
phosphorylated AKT and phosphorylated mTOR were normalized to the total AKT or
mTOR. *, **, and *** indicate significant differences compared by two-tailed unpaired

t-tests at p< 0.05, p<0.01 and p<0.001, respectively.

4.4.13 Glycolytic function in BG-trained WT and MGMT KO macrophages

As depletion of MGMT in trained macrophages resulted in decrease mTOR
signaling, we asked that whether targeted deletion of MGMT alters glycolysis
metabolism in trained macrophages. To clarify this point, we performed a glycolysis
stress assay which detect the level of glycolysis as an extracellular acidification rate

(ECAR) by Seahorse XFp Analyzer. In this experiment, the glycolytic functions were
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investigated in unstimulated and BG-primed macrophages after resting for 48 h as
indicated in Figure 4.4.13a. As shown in Figured 4.4.13b-f, depletion of MGMT
decreased ECAR level in the BG-primed macrophages, but not in the unstimulated
cells. The reduction of ECAR signals in the BG-primed MGMT KO macrophages
resulted in decrease of both non-glycolytic acidification and glycolytic function,
including glycolysis, slycolytic capacity, and glycolytic reserve. The reduction in
glycolysis in MGMT KO during induction of trained immunity may be responsible for a

decrease in the inflammatory response of trained macrophages as found in the

previous experiments.
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(@) Protocol to induce BG-trained WT and MGMT KO macrophages. (b) ECAR from
glycolysis stress assay in unstimulated and BG-primed WT and MGMT KO
macrophages after resting for 48 h (c-f) ECAR from of glycol-stress analysis in BG-
trained macrophages: (d) non-glycolytic acidification, (e) normal glycolysis, (f)
glycolytic capacity, and (g) glycolytic reserve. *, ** and *** indicates significant
difference by two-tailed unpaired t-test at p < 0.05, p < 0.01 and p < 0.001,

respectively.
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CHAPTER V
DISCUSSION

Innate immune response was generally believed to be nonspecific and has no
memory. However, organisms lacking adaptive immune system exhibit some
“memory” characteristics such as altered response to secondary infection and
transplantation rejection. The innate immune memory exhibits as either enhanced or
suppressed the immune response. Trained immunity and tolerance in monocytes
and macrophages are part of the innate immune memory (1). These innate immune
memory phenomena are governed by transcription factors, epigenetic changes and
metabolic programming that result in modified responses in the subsequent
encounter with the stimuli (99). Because epigenetic reprogramming plays important
roles in regulating innate immune memory, in this study, we aimed to identify novel
epigenetic regulators that play a role in either trained or tolerance responses, which
may potentially be a novel target for the treatment of conditions caused by
dysregulated innate immune memory.

LPS tolerance accompanied by gene-specific chromatin modification that
results in either suppression of gene transcription (including inflammatory genes) of
subset of tolerized genes and gene activation (including antimicrobial effector genes)
or subset of non-tolerized genes (Figure 4.1.5 and (14)). Upstream signaling
molecules such as phosphatase SHIP-1 participate in reducing the phosphorylation of
signal transduction molecules downstream of TLR (100). In tolerized genes, histone
deacetylation and certain lysine methylation cooperate to induce the state of
transcriptional silencing (101). In our screening assay, various inhibitors showed
inhibitory effects against LPS tolerance by increasing TNFa production after repeated
LPS stimulation (Figure 4.2.2, (98)). Inhibitors targeting histone-modifying enzymes are
a major group of inhibitors that reverse LPS tolerance. Several suppressive targets

identified in our screening have been characterized in previous studies, such as
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HDAC1 and HDAC3 (39), HDAC6 (59), and G9a and GLP (33, 34). Most of these
inhibitors showed their effects when added during LPS stimulation after LPS priming.
This result suggests that these molecules may function to rapidly modify epigenetic
states that influence responses to LPS stimulation during the tolerance phase.

Interestingly, Interestingly, EZH2 inhibitor EPZ011989 inhibit activity of PRC2
histone methyltransferase enhanced TNFa production when added during the
priming or stimulation (98). EZH2 is a catalytic subunit of a large PRC2 protein
complex that regulates the mono-, di, and trimethylation of the repressive histone
mark H3K2. EZH2 also methylates non-histone protein substrates such as the
transcription factor GATA4 (102, 103). The wide ranges of the substrates of
PRC2/EZH2 imply that PRC2/EZH2 may regulate multiple steps during LPS tolerance.
The detailed mechanism how EZH2 regulates LPS tolerance is currently being
investigated by our group.

Interestingly, inhibitors of histone demethylase, OG-L002, JIB-04 and ML-324,
only showed an effect when added during LPS stimulation, but not during the LPS
priming. This result indicated that histone methylation may be essential for
maintaining repressive chromatin for TNFa expression during LPS stimulation but not
during LPS priming. The results from our screening assay showed that inhibitor
function during LPS stimulation may open a window for reversing LPS tolerance after
the first tolerogenic exposure that may be useful for rescuing the immune paralysis
observed in the conditions such as sepsis (98, 104).

We also validated the impact of LSD1 inhibition on LPS tolerance by
pharmacological and genetic approaches which yielded consistent outcomes (98).
Both approaches showed that LSD1 plays a positive role in regulating LPS tolerance.
LSD1 is the key enzyme that mediates demethylation of mono- and di-methylated
lysine, specifically H3K4 and H3K9 among others (61). LSD1 functions downstream of

LPS/TLR4 and controls acute inflammatory response during sepsis in myeloid cells.
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Deletion of LSD1 resulted in severe cytokine storm and lethality in sepsis (62). In this
study, we found that, pharmacological inhibition of LSD1 during LPS stimulation, but
not LPS priming, rescued the LPS tolerance phenotype by enhancing both TNFa and
IL-6 (Figure 4.3.1 and 4.3.2). Although LSD1 expression increased during the early
step of LPS tolerance (Figure 4.3.3), silencing of Lsd1 expression before induction of
LPS tolerance significantly increased /(16 expression but not for Tnf and /6
expression (Figure 4.3.5). Different cytokine profiles may be due to the difference in
time point of inhibition or silencing. Inhibition of LSD1 by 40 uM of OGL002 during
LPS stimulation induced the highest TNFa production, which is equal to the level
obtained from single LPS stimulation (Figure 4.3.2). This indicates the effective
suppression of LPS tolerance by inhibitor treatment during LPS stimulation. Although
LSD1 expression decreased at 48 h after resting and 24 h after LPS stimulation when
compared to the priming step, LSD1 may increase at the early time point during LPS
stimulation in tolerance macrophages. However, we could not detect the changes in
H3Kdme3 level associated with the promoter of Tnf upon LSD1 inhibition during LPS
stimulation whereas H3Kdme3 level was reduced in the /l6 promoter (Figure 4.3.4).
This result may indicate that LSD1 may mediate demethylation of other histone
marks that have a combined effect on LPS tolerance. Alternatively, LSD1 may
regulate enhancer chromatin that collaboratively suppress gene expression. Other
LSD1 substrate(s) that may play a crucial role in regulating LPS tolerance include
H3K9, H3K27, H3K36, and H3K79 (61).

Interestingly, Aurora kinases inhibitors showed suppressive effect against LPS
tolerance. Aurora kinases are well characterized in regulating mitotic processes, and
their inhibition results in cytokinesis failure and is one of the targets for cancer
therapy (105). Because priming with LPS did not induce cell proliferation (Appexdix
C Figure C1, (98))., Aurora kinases may regulate LPS tolerance through other

mechanisms not related to cell cycle regulation, such as epigenetic regulation.
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Among the three subtypes of Aurora kinases, Aurora kinase B has been reported to
regulate the deposition of some repressive histone marks, such as phosphorylation of
H3S10, H3S28 and H3K9me3 (54, 106). In our study, Aurora kinase B was the only
isoform that significantly changed its phosphorylation level during LPS tolerance.
Increased phosphorylation of Aurora kinase B during the resting period of LPS
tolerance may regulate the deposition of these repressive histone marks (Appexdix
C Figure C2, (98)). In addition to its roles during cell division and epigenetic
regulation, Aurora kinase A participates in early signaling during T cell activation by
regulating CD3z-containing vesicle trafficking (107). In one report, Aurora kinase A
regulated M1 macrophage polarization by suppressing NF-kB activation and switched
macrophages toward the M2 phenotype (55). How these groups of enzymes regulate
LPS tolerance needs further investigation.

In trained immunity, BG stimulation through Dectinl, Akt/mTOR and HIF-1a
induced metabolic changes coupled with epigenetic reprogramming (Figure 4.1.4, (1,
7, 40)). This complicated regulatory network results in higher transcription of the
subset of trained genes, including Tnf, 1116 and /6 (Figures 4.1.2, (18, 40, 74)). In
addition to BG, other microbial stimuli, such as BCG vaccination, and nonmicrobial
stimuli, such as oxidized LDL, can also induce trained immunity in monocytes and
macrophages (1, 5). Different trained stimuli utilize the common molecular
mechanisms with some distinctive features for inducing trained immune responses. In
this study, we used TNFa as a readout for the BG-trained response in macrophages
because TNFa is one of the best characterized representative markers that is under
the control of the trained immune response. To our surprise, only three compounds
showed positive hit in our screening assay that have an effect on the BG-trained
immune response (Figure 4.2.1e, (98)). An inhibitor of the histone methyltransferase
SETD7, PFI-2 HCl, has a suppressive effect on trained immunity when added during

the BG priming but not during stimulation. A lysine methyltransferase, SETD7, has
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multiple histone and non-histone substrates that have been explored for targeted
treatments of conditions, such as cancer and obesity (108). Methylation of H3K4
mediated by SETD7 is associated with increased gene expression. A recent report
identified SETD7 as a key enzyme that increases oxidative phosphorylation in BG-
trained macrophages by upregulating key enzymes in the TCA cycle (41). This result
supports the validity of an unbiased screening approach in our study (98).

In addition to SETD7, the other two compounds lomeguatrib and carboplatin
showed enhancing effects on BG-trained immunity (98). These two inhibitors have
not been previously investigated with trained immunity. Lomeguatrib is a specific
inhibitor of O®-methylguanine-DNA methyltransferase (MGMT). MGMT is a DNA repair
protein that functions during DNA damage caused by alkylating agents and plays a
role in conferring resistance to cancer cells against some cancer chemotherapies
(109). Expression MGMT expression increased after priming with BG (Figure 4.4.3) and
inhibition or silencing of MGMT expression during the priming results in increased the
effect of trained immunity (Figure 4.4.1 and 4.4.2). This result implies the role of
MGMT in regulation of trained immunity. As the well documented function of MGMT
is to mediate repair of O>-MeG DNA scar from alkylating agents, loss of MGMT
function may lead to accumulation of the O°MeG DNA and interfere with gene
expression related to trained immunity. Besides alkylating agents, O®-MeG may arise
from the endogenous source such as S-adenosyl methionine (SAM) and endogenous
N-nitroso compounds (NOC) from food (110, 111). Further experiments are required
to investigate whether accumulation of the O%MeG scar and its endogenous
causative agents can affect trained immunity in macrophages.

In addition to its role in cancer, MGMT has been linked to inflammation, as
hypermethylation of its promoter is associated with chronic inflammatory diseases
and chronic infectious diseases (69, 71, 72, 112). To further confirm the effect of

MGMT, mice with myeloid specific deletion of MGMT (MGMT KO) was generated.
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Although MGMT knockout mice are susceptible to the lethal effect of alkylating
agents (113), specific deletion of MGMT in myeloid cells did not affect growth and
general phenotypes of the mice (Appendix Figure C3). Unexpectedly, targeted
deletion of MGMT results in decreased trained immunity (Figure 4.4.5 and 4.4.6).
Together with the results of using inhibitor, the effect of MGMT in trained immunity
seems to depend on the specific time point and duration of inhibition. These results
indicate that although transient interfering of MGMT function enhances the effect of
trained immunity, MGMT may still require for maintaining the inflammatory response
during trained immunity in macrophages. The reduction of cytokines production also
observed when induced trained immunity in vivo which most of cytokines were
decreased in myeloid specific MGMT KO mice. However, IFN-y was the only cytokine
that show the training effect in MGMT KO mice. As macrophages can produce a low
level of IFN-y, the increase of IFN-y production may produce form others immune
cells which require further experiment to validate this effect.

To clarify how MGMT regulates trained immunity, transcriptomic analysis was
performed in MGMT KO macrophages. Depletion of MGMT the dampened numerous
signaling pathways, including MAPK and mTOR signaling in trained macrophages
(Figure 4.4.10-4.4.12). As metabolic shift of glycolysis is regulated by mTOR pathway,
glycolytic function was also decreased in MGMT KO macrophages with trained
immunity (Figure 4.4.13). Decrease of glycolytic function may interfere with the
deposition of specific epigenetic marks during trained immunity (40). This emphasized
the unexpected role of MGMT beyond its role as DNA repair.

Since MGMT is not a transcription factor, it may regulate gene expression by
interacting with other proteins. The possible MGMT-interacting proteins were
identified in previous study. Metabolic enzyme pyruvate kinase and proteins related

to epigenetic regulation such as SETs and several histone proteins are potential
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interacting proteins with MGMT (114). This finding highlights the role of MGMT in
epigenetic and metabolic regulation in trained immunity.

Based on our transcriptomic data, depletion of MGMT increased the
expression of gene in the nuclear receptor metapathway, as shown in Figure 4.4.10c.
Among these, nuclear receptor subfamily 1 group H member 4 (Nr1h4) or farnesoid X
receptor (FXR) highly upregulate in trained MGMT KO macrophages. FXR is a bile acid
receptor that negatively regulates several metabolic pathways such as lipid
metabolism, gluconeogenesis, and glycolysis (115-118). Moreover, activation of FXR
also interfere downstream signaling of TLR4 by several mechanisms such as interfere
the binding of MAPK-AP1 transcription factor (116, 119) and prevent the clearance of
nuclear receptor corepressor 1 (NCoR1) complex (120-122) in the promoter of
inflammatory genes during TLR4 activation. These indicated that expression of MGMT
may interfere with the FXR function. Further experiments are required to confirm the
effect of FXR in BG-trained MGMT KO macrophages. As trained immunity is tightly
regsulated by histone modification, we also investigated the profile of histone
modifying enzyme in BG-trained MGMT KO macrophages (Appendix Figure C5).
Interestingly, several H3K4 modifying enzymes downregulated in MGMT KO
macrophages during trained immunity. Furthermore, the epigenetic regulator PR
domain zinc figure protein 5 (Prdmb) significantly increased in BG-trained MGMT KO
macrophages. This protein can promote transcription repression by recruitment of
G9a/GLP histone methyltransferase and HDAC1 (123, 124). These resultsindicated that
depletion of MGMT may interfere with histone modification during trained immunity.

As inhibition and silencing of Mgmt expression during BG priming yielded
opposite outcomes on TNFa production when compared to the results obtained
from MGMT KO macrophages, the effect of MGMT in trained immunity depends on
specific time point and duration of inhibition. During BG-priming, MGMT may interfere

with signaling and inflammatory proteins. Based on our transcriptome data, loss of
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MGMT expression increase chimaerin-1 (Chn1) during BG-priming (Figure 4.4.10a).
Chimaerin has been reported to promote inflammation in many cancers tissue (125-
127). Hence, loss of MGMT expression may promote the enhancing effect of trained
immunity as found in inhibitor treatment and siRNA silencing. Although transient
interference with MGMT function enhanced the effect of trained immunity, it may
still be necessary for maintaining the inflammatory response during trained immunity
in macrophages. Loss of MGMT expression during LPS stimulation in BG-trained
macrophages resulted in downregulation of MAPK signaling pathway which may
decrease the effect of trained immunity. Moreover, expression of chimaerin-1 also
decreased in MGMT KO macrophages during LPS stimulation which may
collaboratively regulate the decrease of inflammatory response in BG-trained MGMT
KO macrophages.

To our surprise, several DNA/RNA synthesis inhibitors showed inhibitory
effects against LPS tolerance and enhancing effects against the BG-trained immune
response (98). Among this is the platinum derivative carboplatin which often used as
chemotherapeutics against cancers. They induce cancer cell death by various
mechanisms (128). However, the cell cycle and cell death have not been
investigated in terms of training or tolerance in macrophages, but it is possible that
innate immune memory is tightly coupled with epigenetic modification and cell
cycle/cell death. As shown in our report publication which focused on the effect of
carboplatin on LPS tolerance, the treatment of carboplatin interferes with the
expression of several epigenetic machinery, including repression of H3K9
methyltransferase Suv39hl and H3K9 reader protein Hpl, and enhanced expression
of H3K9 demethylase Kdmdd. This mode of action is partially responsible for a
decrease in H3K9 modification and enhancing cytokine expression during LPS-

tolerized macrophages (98, 129).
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To cluster the targets identified by our screening, we uncovered clusters of
protein networks of the inhibitor targets identified in this study using the STRING
database (Figure 4.2.3, (98)). For LPS tolerance response, histone modification and
chromatin modifying enzymes formed a large cluster with targets identified in this
study such as LSD1, PRMT3, PRMT5, EZH2, JMJD2, HDAC6 and SIRT1. Most of these
interactions are experimentally determined. Proteins involved in base-excision repair
(PARP1/2) and cell division (Aurora kinase A/B/C) formed small clusters that linked to
the histone modification cluster via EZH2, SIRT1 and HDAC6. For the BG-trained
response, two clusters of proteins in chromatin organization and cellular response to
DNA damage were linked together via TRP53 and SETD7. Although TRP53 was not
identified in our screening, methylation of TRP53 by SETD7 (Set7/9) has been
reported in cancer settings (130). Thus, BG-trained immunity may involve in
modification by methyltransferase of non-histone substrates (131). Some of the links
shown here are based on the curated database and require further experimental
prove for the physical/functional interactions in innate immune memory.

Tolerance and trained innate immune memory are tightly regulated, and the
interaction between the two events has been reported at multiple levels. BG
treatment is able to revert the epigenetic states conditioned by LPS tolerance, and
trained immunity may be a mechanistic link between sepsis and atherosclerosis (24,
132). Recent emerging evidence has pointed to the critical roles of innate immune
memory in various pathological conditions, including chronic inflammatory diseases
and cancer. The use of epigenetic modifying compounds provides potential
interventions for such diseases. Furthermore, our screening results provide new
unappreciated key enzymes/pathways that may regulate training and tolerance in

macrophages.



CHAPTER IV
CONCLUSION

" This study identified several new epigenetic regulators of innate immune

memory including Aurora kinase, histone methyltransferase EZH2, PRMT3 and
PRMT5, histone demethylase LSD1 and JMJD2, and histone deacetylase
HDAC6 and SIRT1, which play a crucial role during LPS tolerance.

Besides epigenetic proteins, DNA repair enzymes, such as PARP (for LPS
tolerance) and MGMT (for trained immunity), were also found to be a novel

non-epigenetic regulator of innate immune memory.

Table 6.1 Novel regulator proteins of innate immune memory identified by inhibitor

screening

Novel Targets ldentified by Inhibitor Screening

Tolerance Trained Immunity

= Aurora kinase

» Histone methyltransferase:
EZH2, PRMT3 and PRMT5

= Histone Deacetylase HDAC6
and SIRT1

= Histone demethylase:
LSD1 and JmjD2

= DNArepair: PARP

= DNA repair enzyme: MGMT
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Role of LSD1 in regulation of LPS tolerance
B Inhibition of LSD1 during repeated LPS stimulation suppressed LPS tolerance
by enhancing both TNFa and IL-6 expression.
" The silencing of LsdI expression before LPS priming increased the expression
of /Il1b during LPS tolerance, but not for Tnf and /(6 expression.
" The level of active histone mark H3Kdme3 on the Tnf and /l6 promoter did

not increase by LSD1 inhibition.

Inhibitor treatment or
siRNA silencing

®
o ®
® 9 ®
LPS
priming —" T LSD1
1 cytokine
production
LPS-primed LPS-tolerized
macrophages macrophages

Figure 6.1 Role of LSD1 in

regulation of LPS-tolerized macrophages
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Effect of MGMT in regulation of trained Immunity

® A DNA repair enzyme MGMT was identified as a novel regulator of trained
immunity.

" Inhibition or silencing of MGMT enhanced the effect of trained immunity by
increasing both TNFa and IL-6 production.

" Depletion of MGMT resulted in suppress the effect of trained immunity in
both in vitro and in vivo model.

" MGMT regulated trained immunity by interfering with downstream TLR4
signaling molecules such as p38 and SAPK/JNK, mTOR signaling and glycolytic

function.

a Inhibitor or

siRNA silencing

l Enhance o ®
o ©

trained immunity e ©

®
MGMT ° ® )
® 1 cytokine

e o © production

BG-primed BG-trained
macrophages macrophages

Targeted deletion

®
l Decrease o

trained immunity | ® ) i

MT ®
| TLR4 signaling e | cytokine

| mTOR signaling ® e & production
) | Glycolysis
BG-primed BG-trained
macrophages macrophages

Figure 6.2 Role of MGMT in regulation of BG-trained macrophages

(a) Transient inhibition or silencing of MGMT function during BG priming enhanced the
effect of trained immunity. (b) Depletion of MGMT interfered TLR4 and mTOR

signaling, which leads to decreased glycolysis and affects the trained immunity.
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APPENDIX A
REGENTS USED IN THIS STUDY

1. Reagents for tissue culture
1.1 Serum inactivation
Commercial fetal bovine serum (FBS) and hourse serum which were kept at -

20 °C was thawed at 4 °C for overnight and inactivated at 56 °C for 30 min. in water

bath before use. The inactivate serum was aliquoted and stored at -20 °C.

1.2 Dulbecco’s Modified Eagle (DMEM) complete media

FBS (Gibco) 4 mL
1 M HEPES (HyClone) 0.4 mL
100 mM Sodium Pyruvate (HyClone) 0.4 mL
10,000 unit/mL Pen/Strep (Invitrogen) 0.4 mL
DMEM high glucose (HyClone) 34.8 mL
Total 40 mL

1.3 Bone Marrow Macrophages differentiation media (BMM media)

Hourse serum (Hyclone) 2 mL
L929 condition media 8 mL
DMEM complete media 30 mL
Total 40 mL

To prepare 1292 conditioned medium (contain M-CSF as a growth factor), 2 x 10° of
1929 cells were grown in 10 cm TC plates (Corning™) in 8 mL DMEM complete
media. After 4 days, the medium was collected, centrifuged, and filtered through 0.2
pm. L929 cells were collected by trypsinization (0.25% Trypsin) for further use. After
4 days of culture, L929 from one plate yield approximately 10 x 10° cells. The

conditioned medium should be used with in 2 weeks.



1.4 20% DMSO Freezing media
DMSO
FBS
Total

1.5 1x PBS buffer
10x PBS (Apsaiagent)
Sterile water (Apsaiagent)

Total

2. Reagents for SDS-PAGE and Western blot assay
2.1 Ripa lysis buffer (500 mM NaCl, High salt)
1 M NaCl

1 M Tris-HClL pH 7.4

0.5 M EDTA

20% SDS

10% Sodium deoxychlorate
Nonidet

Sterile 18.2Q water

Total

2.2 Ripa lysis buffer (150 mM NaCl)
1 M NaCl

1 M Tris-HCL pH 7.4

0.5 M EDTA

20% SDS

10% Sodium deoxychlorate
Nonidet

Sterile 18.2Q water

Total

2mL
8 mL
10 mL

5mL
45 mL
50 mL

500 pl

725ul
1 mL

99



2.3 Separating gel

Sterile 18.2Q) water

40% Acrylamide and Bis-acrylamide solution
1.5 M Tris-HCl pH 8.8

10% SDS

10% Ammonium persulphate

TEMED

Total

2.4 5% stacking gel

Sterile 18.2Q) water

40% Acrylamide and Bis-acrylamide solution
1 M Tris-HCl pH 6.8

10% SDS

10% Ammonium persulphate

TEMED

Total

8% gel
4.236 mL
1.6 mL

2 mL
0.08 mL
0.08 mL
0.004 mL
8 mL

2.5 2x Laemmli buffer (SDS loading dye)

1 M Tris-HCl pH 6.8
10% SDS

99.5% glycerol
Bromophenol blue
Sterile 18.2Q2 water
Total

The 2x loading dye was filtered through 0.45 um, aliquoted and stored at -20 °C until

10% gel
3.836 mL
2 mL

2 mL
0.08 mL
0.08 mL
0.004 mL
8 mL
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15% gel
3.436 mL
2.4 mL

2 mL
0.08 mL
0.08 mL
0.004 mL
8 mL

1.204 mL
0.25 mL
0.504 mL
0.02 mL
0.02 mL
0.002 mL
2 mL

1 mL
4 mL
2 mL
0.001 ¢
2 mL
9 mL

use. B-mercaptoethanol was add to 10% final concentration before use.



2.6 5x running buffer

Trisma base
Glycine
SDS

18.2Q2 water was added to adjust volume into

2.7 1x transfer buffer

Trisma base

Glycine

SDS

18.2Q) water was added to adjust volume into
Absolute methanol

Total

2.8 10x PBS pH 7.4

NaCl

KCl
Na,HPO,
KH,PO4

18.2€2 water was added to adjust volume into

The buffer was autoclaved and diluted to 1x with deionized water before use.

2.9 ECL substrate

151 g
94 ¢

58
1000 mL

508 ¢
29¢
0.37¢
800 mL
200 mL
1000 mL

80 g

28

144 ¢
24g
1000 mL

101

90 mM of Coumaric acid was dissolved in 10 ml DMSO, aliquoted and kept at -20 °C.

250 mM of Luminol was also dissolved in 10 ml DMSO, aliquoted and kept at -20 °C.



2.10 Substrate solution A

100 mM Tris-HCl pH 8.5 2.5 mL
90 mM coumaric acid 11 pt
250 mM luminol 22.5 ul

2.11 Substrate solution B

100 mM Tris-HCl pH 8.5 2.5 mL
30% H,0, 1.5 ul

3. Reagents and PCR condition for genotyping
3.1 Tissue digestion buffer

concentration
50 mM KCl 50 mM
10 mM Tris-HCl 10 mM
Adjust pH to 9.0
The buffer was autoclaved and keep in 4 °C.

4 mg/mL Proteinase K and 0.1 % Triton X-100 were added before use.

3.2 PCR mixture

Genomic DNA 1wl
10 pM forward primer 1l
10 uM reverse primer 1l
Taq polymerase 12.5 pl
DNase/RNase free water 9.5 ul

Total 25 ul
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APPENDIX B

LIST OF COMPONDS IN EPIGENETIC COMPOUNDS LIBRARY

Appendix Table B1 List of compounds in the Epigenetic Compounds Library

(Selleckchem, USA) used in this study
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List No. Catalog Number Product Name

1 51004 Veliparib (ABT-888)

2 $1007 Roxadustat (FG-4592)

3 S1030 Panobinostat (LBH589)

a4 S1045 Trichostatin A (TSA)

5 S1047 Vorinostat (SAHA, MK0683)

6 51048 Tozasertib (VX-680, MK-0457)

7 S1053 Entinostat (MS-275)

8 S1060 Olaparib (AZD2281, Ku-0059436)
9 51085 Belinostat (PXD101)

10 S1087 Iniparib (BSI-201)

11 S1090 Abexinostat (PCI-24781)

12 S1095 Dacinostat (LAQ824)

13 S1096 Quisinostat (JNJ-26481585) 2HCL
14 S1098 Rucaparib (AG-014699,PF-01367338) phosphate
15 S1100 MLN8054

16 S1103 ZM 447439

17 S1107 Danusertib (PHA-739358)

18 S1122 Mocetinostat (MGCD0103)

19 S1129 SRT1720 HCl

20 S1132 INO-1001 (3-Aminobenzamide)
21 S1133 Alisertib (MLN8237)

22 S1134 AT9283

23 S1143 AG-490 (Tyrphostin B42)

24 S1147 Barasertib (AZD1152-HQPA)

25 S1154 SNS-314 Mesylate

26 S1168 Valproic acid sodium salt (Sodium valproate)
27 S1171 CYC1l16

28 S1181 ENMD-2076

29 51194 CUDC-101

30 S1200 Decitabine

31 S1216 PFI-1 (PF-6405761)

32 S1233 2-Methoxyestradiol (2-MeOE2)
33 S1249 INJ-7706621
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34 S1327 Ellagic acid

35 S1378 Ruxolitinib (INCB018424)
36 S1393 Pirarubicin

37 S1396 Resveratrol

38 S1422 Droxinostat

39 S1451 Aurora A Inhibitor |

40 S1454 PHA-680632

a1 S1463 Ofloxacin

42 51484 MC1568

43 S1509 Norfloxacin

a4 S1515 Pracinostat (SB939)

a5 S1529 Hesperadin

a6 S1541 Selisistat (EX 527)

a7 S1782 Azacitidine

48 52012 PCI-34051

a9 S2018 ENMD-2076 L-(+)-Tartaric acid
50 S2158 KW-2449

51 S2162 AZD1480

52 S2170 Givinostat (ITF2357)

53 S2178 AG-14361

54 S2179 Gandotinib (LY2784544)
55 52198 SGI-1776 free base

56 S2214 AZ 960

57 $2219 Momelotinib (CYT387)
58 52244 AR-42

59 52391 Quercetin

60 52554 Daphnetin

61 S2627 Tubastatin A HCL

62 S2686 NVP-BSK805 2HCL

63 S2692 TG101209

64 52693 Resminostat

65 S2718 TAK-901

66 S2719 AMG-900

67 S2736 Fedratinib (SAR302503, TG101348)
68 S2740 GSK1070916

69 S2759 CUDC-907

70 S2770 MK-5108 (VX-689)

71 S2779 M344

72 52789 Tofacitinib (CP-690550,Tasocitinib)
73 S2796 WP1066
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74 S2804 Sirtinol

75 S2806 CEP-33779

76 S2818 Tacedinaline (C1994)

7 52821 RG108

78 S2851 Baricitinib (LY3009104, INCB028050)
79 S2867 WHI-P154

80 S2886 PJ34

81 52902 S-Ruxolitinib (INCB018424)

82 S2919 IOX2

83 S3001 Clevudine

84 S3147 Entacapone

85 54125 Sodium Phenylbutyrate

86 S4246 Tranylcypromine (2-PCPA) HCL
87 S4294 Procainamide HCl

88 S5001 Tofacitinib (CP-690550) Citrate
89 S7029 AZD2461

90 S7036 XL019

91 S7041 CX-6258 HCL

92 S7062 Pinometostat (EPZ5676)

93 S7070 GSK J4 HCl

94 S7079 SGC 0946

95 S7088 UNC1215

96 S7104 AZD1208

97 S7110 (+)-JQ1

98 S7113 Zebularine

99 S7120 3-deazaneplanocin A (DZNeP) HCL
100 S7152 C646

101 S7189 I-BET-762

102 S7229 RGFP966

103 S7231 GSK2801

104 57233 Bromosporine

105 S7234 IOX1

106 S7237 0G-L002

107 S7238 NVP-TNKS656

108 S7256 SGC-CBP30

109 S7265 MM-102

110 S7276 SGI-1027

111 S7281 JIB-04

112 S7292 RG2833 (RGFP109)

113 S7294 PFI-2 HCL
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114 S7295 RVX-208

115 S7296 ML324

116 S7300 PJ34 HCl

117 S7304 CPI-203

118 S7305 MS436

119 S7315 PFI-3

120 S7324 TMP269

121 S7353 EPZ0O04TTT

122 S7360 OTX015

123 S7373 UNC669

124 S7438 ME0328

125 S7473 Nexturastat A

126 S7476 MG149

127 S7541 Decernotinib (VX-509)
128 S7555 4sC-202

129 S7570 UNC0379

130 S7572 A-366

131 S7574 GSK-LSD1 2HCl

132 S7581 GSK J1

133 S7582 Anacardic Acid

134 S7591 BRDA770

135 S7605 Filgotinib (GLPG0634)
136 S7610 UNC0631

137 S7611 Ell

138 S7616 CPI-169

139 S7618 MI-2 (Menin-MLL Inhibitor)
140 S7619 MI-3 (Menin-MLL Inhibitor)
141 S7620 GSK1324726A (I-BET726)
142 S7625 Niraparib (MK-4827) tosylate
143 S7641 Remodelin

144 S7656 CPI-360

145 S7680 SP2509

146 S7681 OF-1

147 S7748 EPZ015666(GSK3235025)
148 ST767 AZ6102

149 S7795 ORY-1001 (RG-6016) 2HCL
150 S7796 GSK2879552 2HCL

151 S7804 GSK503

152 S7805 EPZ011989

153 S7832 SGC707
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154 S7835 [-BRD9

155 S8001 Ricolinostat (ACY-1215)
156 S8004 ZM 39923 HCl
157 S8005 SMI-da

158 S8006 BIX 01294

159 S8038 UPF 1069

160 S8043 Scriptaid

161 58049 Tubastatin A

162 S8056 Lomeguatrib

163 S8057 Pacritinib (SB1518)
164 S8096 Mirin

165 S8111 GSK591

166 S8112 MS023

167 S8146 Mitomycin C

168 S8179 BI-7273

169 S8180 PF-CBP1 HCl

170 S8195 Oclacitinib

171 S8209 HLCL-61 HCL
172 S8323 ITSA-1 (ITSA1)
173 51149 Gemcitabine HCl
174 S1215 Carboplatin

175 51373 Daptomycin

176 S1384 Mizoribine

177 51648 Cytarabine

178 S1826 Nedaplatin

179 S1995 Procarbazine HCl
180 S7419 Blasticidin S HCl
181 S8197 APTSTAT3-9R
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APPENDIX C
SUPPLEMENTARY RESULTS
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Appendix Figure C1 Cell proliferation in LPS-tolerant macrophages.

BMMs were treated as indicated for LPS-tolerant macrophages. Proliferation was
measured by BrdU uptake. *, **, *** and **** indicate statistically significant difference
by one-way ANOVA with Dunnett’s multiple comparison test at p< 0.05, p<0.01,

p<0.001 and p<0.0001, respectively.
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a
unstim LPS Rest LPS/LPS
phospho-aurora A 48 kDa
phospho-aurora B 40 kDa
phospho-aurora C 35 kDa
pactin43kDa NP
b c
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Appendix Figure C2 Expression profiles of Aurora kinase during LPS tolerance

(a-c) Phosphorylation of Aurora kinases was analyzed by Western blot. The relative
intensity from Western blot was quantitated by ImageJ analysis and normalized to B—
actin. *, *¥* ** and **** indicate significant differences compared by one-way ANOVA
with Dunnett’s multiple comparison test (a) and two-tailed unpaired t-test (d) at p<

0.05, p<0.01, p<0.001 and p<0.0001, respectively.
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Appendix Figure C3 General phenotype of WT and MGMT KO mice
(a) General phenotype of littermate control (WT) mice and MGMT KO at 8 weeks of

age. (b) Weight of WT and MGMT KO mice measured at 8 weeks.
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Appendix Figure C4 Purity of bone marrow derived macrophages of WT and MGMT
KO mice

(a) Characterization of BMDMs by CD11b and F4/80 positive cells analyzed by flow
cytometry. (b-c) Morphology of WT (b) and MGMT KO (c) macrophages after

differentiation
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N Active Histone Modifying Enzyme b Repressive Histone Modifying Enzyme
H3K4 methyltransferases H3K27 and H3K9 methyltransferases
Smyd1 Prdm5
Kmt2e Setdb1
Setd1b Prdm16
Kmt2a Ezh2
Kmt2e Ehmt2
Kmt2d Suv38h1
Smyd2 Ehmt1
Prdm9 Ezh1
Setd7 Suv3gh2
Setdta WT KO WT KO
Kmt2b
WT KO WT KO BG24 BG/LPS

BG24 BGI/LPS Log2_FoldChange

over_UnstimWT

- 0 1
Appendix Figure C5 Expression profiles of epigenetic modifying enzyme in MGMT KO
macrophages

(a-b) Expression of active (a) and repressive (b) histone modifying enzyme during BG-

priming and LPS stimulation in WT and MGMT KO macrophages.
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