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Although M1 macrophage polarization is classified as broadly inflammatory, their 

specific inflammatory effects vary by stimuli. When stimulated by PRRs, transcription 

factors like nuclear factor-kappa B (NF-κB), activator protein-1 (AP-1), 

CCAAT/enhancer-binding protein alpha (C/EBP-α), among others, are activated to 

promote various inflammatory genes (7, 11, 15). These transcription factors bind to 

promoters and enhancers to induce the expression of pro-inflammatory cytokines like 

tumour necrosis factor-alpha (TNF-α), interleukin (IL)-1β, IL-6, IL-8, IL-12, and IL-23, 

as well as chemokines like chemokine (C-C motif) ligand (CCL) 8, CCL15, CCL19, 

CCL20, C-X-C motif chemokine ligand (CXCL) 10, and CXCL13 (7,13,14). When 

bound to GM-CSF, macrophages inhibit apoptosis and release cell survival signals and 

polarizing agents to polarize incoming macrophages (7). When activated by IFNγ, Janus 

tyrosine kinases phosphorylate tyrosine residues on the IFNγ receptor and signal 

transducer and activator of transcription (STAT) 1 which then homodimerizes and 

translocates to the nucleus where it activates the IFNγ activation site (GAS) in the 

promoters of IFNγ-dependent genes (156). This leads to the production of nitric oxide 

(NO), inducible nitric oxide synthase, and the phagocyte oxidase which work in 

combination to produce an antimicrobial effect (15, 16).  

1.1.1.1 Toll-like Receptor 4 Signalling 

Toll-like receptor (TLR) 4 is the prototypic PRR that recognizes the Gram-negative 

bacterial cell wall component, LPS. Sensitivity in detecting LPS by TLR4 is greatly 

enhanced by the LPS binding protein that captures circulating LPS molecules in plasma 

and relays it to membrane-bound CD14 of myeloid cells (14, 17-19). CD14 then transfers 

LPS to the TLR4/myeloid differentiation factor 2 (MD2) complex. Upon binding to LPS, 

TLR4/MD2 forms a dimer and initiates intracellular signalling cascades through the two 

adaptor proteins: myeloid differentiation primary-response protein 88 (MYD88) paired 

with MyD88-adaptor-like (MAL), and TIR domain-containing adaptor protein inducing 

IFN-β (TRIF) paired with Trif-related adaptor molecule (TRAM) to trigger the MyD88 

and TRIF pathways respectively (17, 20-22). The MyD88 pathway triggers interleukin-1 

receptor-associated kinase (IRAK) 1, 2, and 4 (18) which forms the myddosome that 

recruits the E3 ubiquitin ligase TNF receptor associated factor 6 (TRAF6), triggering the 



3 

 

transforming growth factor β-activated kinase 1 (TAK1) kinase. TRAF6 and TAK1 work 

together to then phosphorylate the IκB kinases (IKK) α/β. IKK α/β then phosphorylates 

serine 529 on the p65 component of NF-κB, allowing the p50/p65 heterodimer to 

translocate to the nucleus to transcribe NF-κB genes like Tnfa (14, 17).  TRAF6 and 

TAK1 also activate the Phosphoinositide 3-kinase-protein kinase B (AKT) pathway and 

phosphorylate the mitogen-activated protein kinases: the extracellular signal-regulated 

kinase (ERK), p38 mitogen activated protein kinase (p38 MAPK family, composed of 

p38α/β/γ/ẟ (171)), and cJun N-terminal kinase (JNK) proteins for their activation (14, 17, 

18).  

The PI3K-AKT pathway can be induced by TLR4 stimulation to limit inflammation. It 

can inhibit glycogen synthase kinase 3 which causes increased cAMP response element-

binding protein (CREB) binding to CREB-binding protein (CBP) rather than p65 binding 

to CBP, leading to the suppression of NF-κB-dependent genes (157, 158). The PI3K-

AKT pathway can also inhibit MAPK kinase kinases (MAPKKKs), apoptosis signal-

regulating kinase 1 (ASK1), and proto-oncogene c-Raf (Raf-1) which are required for the 

TLR4-dependent activation of ERK1/2, p38 MAPK, and JNK, leading to the 

downregulation of various pro-inflammatory genes (157).  

ERK1/2 is regulated by Raf-1 which phosphorylates mitogen-activated extracellular 

signal-regulated kinase 1/2 (MEK1/2) that in turns phosphorylates ERK1/2. ERK1/2 then 

activates various transcription factors: AP-1, member of ETS oncogene family (ELK1), 

serum response factor (SRF), ribosomal s6 kinase (RSK), MAPK-interacting kinase 1/2 

(MNK1/2), mitogen- and stress-activated protein kinase (MSK), BCL2 like 11 (BIM), c-

type lectin domain family 4, member d (MCL), myelocytomatosis oncogene MYC, and 

ETS proto-oncogene 1, transcription facto (ETS1) (14, 108, 159-164). AP-1 is composed 

of homo- or heterodimers consisting of the Fos proto-oncogenes FOS and FOSB, the Jun 

proto-oncogenes JUN, JUNB, and JUND, or the Fos-like 1/2 genes (FOSL1/2 or FRA-

1/2). These dimers are important in the induction of pro-inflammatory genes through 

enhancer activity (162). ELK1 and SRF form a ternary complex with FOS which regulate 

the transcription of immediate early genes such as early growth response 1 (EGR1), an 

important mediator of inflammatory gene expression (14, 159, 160). RSK is important for 
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cell cycle progression, protein translation by eukaryotic initiation factor-4b (eIF-4b), and 

regulation of FOS, SRF, and a component of the downstream effector of the PI3K-AKT 

pathway, mammalian target of rapamycin complex (mTOR). MNK1/2 can phosphorylate 

and activate eIF-4e for protein translation (163). MSK1/2 has an important anti-

inflammatory role in increasing IL-10 and IL-1 receptor antagonist protein (IL-1RA) to 

dampen inflammation (161). ERK1/2 inactivates BIM to impair its pro-apoptotic activity 

(164) while upregulating MCL-1 for its anti-apoptotic activity (165). Similarly, MYC is 

important for cell proliferation, metabolism, differentiation, and apoptosis (167). Lastly, 

ETS1 is required for cell migration of ERK-activated cells and for repressing the negative 

feedback loop of the ERK pathway (166). Collectively, ERK induces genes important to 

pro-inflammatory gene expression and cell cycle regulation.  

Various MAPKKKs play an important role in inducing the p38 MAPK family, they 

phosphorylate the MAPK kinases (MAPKKs) MKK3/6, which are critical to p38 MAPK 

activation. In turn, p38 MAPK can activate ELK1, activating transcription factor 2 

(ATF2), MAPK-activated protein kinase 2/3 (MK2/3), MYC, MSK1, SRF, CREB, 

MNK1/2, and lymphocyte-specific protein 1 (LSP1) (14, 161, 163, 167). Overall, p38 

MAPK activates these downstream effectors to induce pro-inflammatory genes like Il1b, 

Tnfa, and Il6 or anti-inflammatory genes like Il10 as well as regulate apoptosis and cell 

cycle progression (14, 161, 163). Similarly, the JNK pathway shows overlapping 

downstream effectors to ERK1/2 and p38 MAPK, as it induces JUN, ATF2, ELK1, BIM, 

and MCL-1, among others. This allows JNK to similarly induce pro-inflammatory genes 

and regulate apoptosis (14, 161, 168).  

While the TRIF pathway can activate the MyD88 pathway via TRAF6, it also activates 

its own pathway that acts independently of MyD88 (19). The TRIF pathway activates 

TRAF3 which subsequently activates IKKε and TANK binding kinase 1 (TBK1) which 

both lead to the activation of interferon regulatory factor (IRF) 3 and 7. IRF3 and IRF7 

then translocate to the nucleus to induce the expression of type I interferons, CCL5, 

interferon-regulated genes like CXCL10 (17,23,24), and anti-inflammatory mediators 

like IL-10 (17, 25). Overall, the MyD88 and TRIF pathways work together upon TLR4 
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stimulation to mount protection against Gram-negative bacteria via increasing pro-

inflammatory cytokines and type I interferons, which is summarized in Figure 1. 
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Figure 1: The TLR4 Pathway. A simplified overview of the TLR4 pathway graphed 

using BioRender.  
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1.1.2 Alternative Activation 

Macrophages can also polarize to M2 (alternatively activated) macrophages that are 

generally anti-inflammatory and can be further categorized into M2a, M2b, M2c, and 

M2d macrophages (7, 12, 26, 27). This polarization is dependent on STAT3 along with 

negative regulators of inflammation like suppressors of cytokine signalling (SOCS), 

protein inhibitors of activated stats (PIAS) and protein tyrosine phosphatases (PTP) (26). 

This allows M2 macrophages to play their important roles in tissue homeostasis, wound 

repair, immune suppression, and cancer progression (26, 27).  

M2a macrophages represent the best-characterized type of M2 polarization; they are 

stimulated by IL-4 or IL-13 which are mainly produced by T helper 2 cells, mast cells, 

and basophils (7, 12, 26, 27). IL-4 binds to its receptor IL-4Rα while IL-13 binds to its 

receptors IL-13Rα1,  IL-13Rα2,  and the IL-13Rα/ IL-4Rα heterodimer (7, 27). 

Activation of these receptors leads to the downregulation of membrane-bound molecules 

like CD14 and C-C motif chemokine receptor 5 (CCR5), and pro-inflammatory mediators 

like IL-1β and TNFα. In contrast, they upregulate cell surface markers like CD206, 

CD209, and Dectin-1, as well as transcription factors like IRF4, Krüppel-like factor 4 

(KLF4), and SOCS1. These transcription factors lead to the expression of the cytokines 

IL-10, CCL17, CCL18, CCL22, and arginine 1 (Arg1) (7, 9, 26, 29). Arg1 is one 

mediator of the anti-inflammatory action of M2a cells, as it skews the metabolisis of NO 

to the production of proline (7, 30). They also produce antagonists of pro-inflammatory 

mediators like IL-1RA which interferes with IL-1β activity (7, 28). In combination, this 

gears the cells to an anti-inflammatory environment (7, 9, 26-31) and towards tissue 

repair through its upregulation of Arg1 and the extracellular matrix-remodeling enzyme 

metalloproteinase (MMP)-12 (7, 27), producing an environment suited to wound healing.  

M2b macrophages are polarized when immune complexes bind to Fcγ receptors in the 

presence of TLR ligands (7, 12, 27). Other inducers like activated lymphocyte-derived 

DNA and radiation have also been shown to polarize M2b macrophages (27, 32, 33). 

When the Fcγ receptors become crosslinked on M2b macrophages, they downregulate IL-

12 and upregulate IL-10, leading to the environment being skewed towards a T helper 2 

cell response (7, 27, 32). While this IL-12 low/IL-10high phenotype has been previously 
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used to identify M2b cells, using a combination of other markers like the expression of 

high levels of CCL1, TNF superfamily member 14 (TNFSF14), CD86, and sphingosine 

kinase 1 (SPHK1) is a better approach since IL-10 expression is not unique to M2b 

macrophages (7, 27, 32). Overall, the expression profile of these macrophages along with 

the upregulation of IRF3 And the MAPK, AKT, and NF‐κB signalling pathways, polarize 

these cells into M2b cells rather than M1 macrophages, causing an anti-inflammatory 

effect that is protective in the case of inflammatory brain diseases and cardiovascular 

diseases but harmful in the context of cancer and autoimmune disorders (27, 32).  

M2c macrophages are induced by IL-10, glucocorticoids, or transforming growth factor 

beta (TGFβ) (7, 12, 27, 34). They can be characterized by their high levels of the cell 

surface markers CD163, Mer tyrosine kinase (MerTK), and TEK receptor tyrosine kinase 

(Tie2) (27), their low expression of inflammatory cytokines (7, 34), their high expression 

of IL-10 and TGFβ, and the upregulation of the matrix metalloproteinase TIMP 

metallopeptidase inhibitor 1 (TIMP-1) (34). This expression is dependent on STAT3, 

PI3K-AKT, and p38 MAPK signalling. In combination, these signalling pathways induce 

an anti-inflammatory environment while gearing cells toward matrix remodelling, 

angiogenesis, and phagocytosis (27, 34).   

M2d macrophages are stimulated by adenosines and IL-6 and were originally discovered 

in the context of ovarian cancer. Adenosine can suppress the TLR-dependent release of 

TNFα, IFNγ, and IL-12 as well as other inflammatory mediators while upregulating anti-

inflammatory mediators like IL-10 and TGFβ and pro-angiogenic factors like VEGF (12, 

27, 35). This occurs independently of IL-4Rα signalling (36), though M1 polarization can 

subsequently trigger M2d polarization through the Fra-1-dependent release of IL-6 (37). 

IL-6 can bind to its receptor IL-6R which dimerizes, recruits the gp130 molecule, then 

activates janus kinases (JAKs), which leads to the phosphorylation and activation of 

STAT3, leading to the production of mediators involved in cell survival, angiogenesis, 

and proliferation (27, 38). M2d macrophages can also respond to M-CSF in an autocrine 

manner to promote further polarization into an M2 phenotype (27). Overall, the 

immunosuppressive, angiogenic, proliferative environment of M2d macrophages make a 

tumourigenic environment, allowing tumours to thrive.  
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Table 1: Summary of M2 Macrophage Polarization 

M2 Polarization Polarizing Stimuli Cytokines Produced 

M2a IL-4, IL-13 (7, 12, 26, 27) 
IL-10, CCL17, CCL18, CCL22, and 

Arg1 (7, 9, 26, 29) 

M2b 
Immune complexes with Fcγ (7, 

12, 27) 
IL10, CCL1 (7, 27, 32) 

M2c 

IL-10, glucocorticoids, or 

transforming growth factor beta 

(TGFβ) (7, 12, 27, 34) 

IL-10 and TGFβ (34) 

M2d Adenosines and IL-6 (12, 27, 35) IL-10 and TGFβ (12, 27, 35) 

1.1.3 Mechanisms of Macrophage Polarization 

In both M1 and M2 macrophages, ERK, p38 MAPK, JNK, AKT, NF-κB, and STAT 

signalling cascades are required for polarization, but their effects vary depending on the 

type of polarization occurring (26). These differences are due to specific transcription 

factor induction, epigenetic changes (39-43, 45, 46), and metabolic changes (44). 

M1 macrophages have their inflammatory genes partly regulated by adopting active 

chromatin markers in pro-inflammatory gene promoters and enhancers. These active 

markers allow chromatin to adopt an “open” conformation (euchromatin) for 

transcription factors and regulatory elements to bind for gene transcription, whereas 

repressive markers cause chromatin to remain “closed” (heterochromatin), preventing 

transcription (39-43). NF-κB-regulated genes have unique markers associated with their 

expression. The RelA (p65) component of NF-κB can be methylated in residue lysine 37 

by the Set9 methyltransferase that is required for the induction of ~25% of NF-κB target 

genes (39). Additionally, phosphorylation of histone 3 at serine 10 (H3S10) is an active 

marker for NF-κB recruitment, which occurs in a p38-MSK-dependent manner (41, 172). 

Other active epigenetic markers have been implicated in NF-κB-dependent genes as well 

as the expression of other inflammatory mediators. Generally, TLR-stimulated cells must 

remove the repressive markers like histone 3 lysine 27 trimethylation (H3K27me3), 

H3K9me3, and H4K20me3 (39, 41, 42) via histone methyl “erasers” like Jumonji 

domain-containing protein 3 (JMJD3), JMJD2d, PHD finger protein 2 (PHF2), and lysine 

demethylase 1B (KDM1B) (42). Removal of methyl groups then allows histone “writers” 

like histone acetyltransferases and histone methyltransferases to deposit active markers 
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like H3K4me1/3, H3K27ac, and H3K9ac (40-42). This open conformation allows the 

transcription activator BRG1, transcription factors, and RNA polymerase II (polII) to 

complex at enhancer regions (denoted by high H3K4me1/low H3K4me3 levels) or 

promoter regions to induce signal-specific gene transcription of inflammatory mediators 

(42, 43). Cell metabolism is also an important factor for maintaining macrophage 

polarization, as M1 macrophages produce succinate to upregulate IL-1β and maintain the 

glycolysis necessary for immune function (44). Various miRNAs have also been 

implicated in M1 polarization, such as miR-495, miR-148a, and miR-9 which can inhibit 

negative regulators of M1 polarization or upregulate inflammatory genes. In contrast, 

miR-124 is inhibitory to M1 macrophage polarization (45). Similar in function, long non-

coding RNAs (lncRNAs), such as FIRRE, IL-1β-RBT46, and AS-IL1α, can enhance M1 

polarization and positively regulate pro-inflammatory gene expression (46). In contrast, 

lincRNA-Cox2, PACER, and Lethe, among others, have been shown to inhibit pro-

inflammatory genes (46). In summary, transcription factors, histone modifications, 

metabolic changes, miRNAs, and lncRNAs collectively work to induce or maintain M1 

polarization.  

The known mechanisms of M2 polarization rely predominantly on experiments using 

M2a macrophages. This showed that the removal of negative chromatin markers also 

occurs in M2a macrophages, particularly through the H3K27me3 demethylase JMJD3 

(42, 43). Although dispensable in M1 polarization, JMJD3 is indispensable to M2 

polarization, JMJD3 knock-out mice showed defects in M2 macrophage polarization and 

activation (43). JMJD3 is also required for the expression of Irf4 and CCAAT enhancer 

binding protein beta (Cebpb) which are critical to M2 polarization, as shown by the poor 

polarization in response to M-CSF and IL-4 in vitro (42, 43). Cell metabolism is also 

necessary for M2 polarization, as lactate uptake is necessary to induce anti-inflammatory 

phenotypes and blockage of lactate synthesis switches cells to an M1 macrophage (44). 

Another mechanism of M2 polarization is via miRNAs, as miR-21a-5p, miR-142-3p, 

miR-30d-5p, miR-let7, and miR-124 have all been shown to have a polarizing effect on 

M2 macrophages in non-neoplastic conditions. In contrast, some miRNAs, such as miR-

375, can block M2 polarization (45). LncRNA can also induce or enhance M2 

macrophage polarization, such as NRON, a lncRNA that promotes M2 polarization by 
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suppressing miR-23a, and H19 which increases MYC and ARF1 levels to enhance M2 

macrophage expression. Collectively, these mechanisms allow for the signal-specific 

control of M2 macrophages. 

1.2 Innate immune memory in macrophages 

Macrophages can also undergo a phenomenon called “innate immune memory” where 

they exhibit the ability to “remember” known stimuli, causing them to respond in an 

attenuated manner, or a quicker, more robust manner (47, 170). Macrophages exposed to 

stimuli such as repeated LPS exposure become “tolerized”, causing these macrophages to 

produce fewer inflammatory mediators, making them hyporesponsive and M2-like. In 

contrast, macrophages exposed to stimuli such as β-glucan, Bacillus Calmette-Guérin 

(BCG), or oxidized low-density lipoprotein (oxLDL) become “trained” to produce an 

enhanced secondary response to immune stimuli, making them “hyperresponsive”. These 

macrophages adopt an enhanced M1 polarized state, where they maintain M1 polarization 

in addition to having inflammatory genes poised for secondary stimulation (47-49). 

1.2.1 Innate Immune Tolerance  

Innate immune tolerance occurs when macrophages are faced with the same or similar 

stimuli. A stimulus like lipoteichoic acid can induce cross-tolerance, causing LPS 

responses to also be tolerized, so upon stimulation with lipoteichoic acid or LPS, there 

are attenuated inflammatory responses (51). Tolerance can also occur with 

lipoarabinomannan (52), DAMPs like HMGB1 or alarmins, oxidized phospholipids (53-

55), or other stimuli. This tolerance induces a hyporesponsive state where pro-

inflammatory genes such as TNF, IL-1, IL-6, IL-12, and CXCL10 are downregulated, 

whereas anti-inflammatory genes like IL-10 are upregulated (56-61). This is like M2 

macrophages that suppress inflammatory genes and upregulate IL-10 in greater quantities 

compared to M1 macrophages; however, these macrophages are not M2 polarized 

macrophages, as they maintain some aspects of M1 polarization. Tolerized macrophages 

show enhanced expression of antimicrobial genes upon secondary stimulation with 

immune stimuli, suggesting TLR desensitization is not the mechanism, but rather signal-

specific changes that vary from M2 polarized cells (62). Additionally, while IL-10 and 
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other M2-related genes like Arg1 (63) are upregulated by tolerance, they are not required 

for the establishment of tolerance (52, 56), further distinguishing them from M2 

macrophages.  

While tolerized macrophages are distinct from M2 macrophages, they do display broad 

downregulation of the TLR4 pathway as one key mechanism of tolerance. LPS-induced 

tolerance has been shown to decrease the expression of TLR4 and disrupt the formation 

of the TLR4-MyD88 complex in a protein phosphatase 2A catalytic subunit alpha-

dependent manner (64-66) while leaving LBP binding to LPS unaffected (67). In addition 

to downregulating TLR4, LPS-induced tolerance also triggers the internalization of 

TLR4, which triggers the acidification of internal components as a necessary step of 

tolerance (68). In combination, this causes a broad downregulation of the MyD88 and 

TRIF pathways for TLR4 signalling (56), subsequently leading to impaired MAPK 

(ERK, p38 MAPK, JNK) and NF-κB signalling (62, 67, 69), whereas AKT is not 

impaired and is instead required to induce LPS-induced tolerance, likely through 

upregulation of alternative compensatory pathways (70). The downregulation of these 

key signalling molecules impairs the expression of inflammatory mediators through this 

broad downregulation of the TLR4 pathway. Tolerance is also induced by the 

upregulation of negative regulators like IRAK-M (56, 58, 65, 71-73), Nuclear factor of 

kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) (58), STAT3 

(74), A20 (58, 75), NF-κB p50 homodimers (indirect effect, prevents p50/p65 

dimerization needed for NF-κB- regulated gene expression) (57, 72, 76-78), and in some 

literature, SOCS1 (56, 60). These negative regulators have been attractive therapeutic 

targets for aberrant tolerance by targeting the genes and proteins responsible for their 

expression. However, these targets are not always feasible to target. For example, 

hypoxia-inducible factor 1 alpha (HIF1α) has been shown to mediate IRAK-M 

expression and has been suggested as a potential therapeutic target but is a poor 

therapeutic target since it is a critical mediator of oxygen homeostasis (73). Similarly, 

cell metabolism has been explored as a potential therapeutic target. Tolerized cells, like 

M2 macrophages, show decreased glycolytic and aerobic respiration, instead increasing 

cell survival, protein metabolism, and reactive oxygen species metabolism (59, 79). This 
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shift in metabolism is necessary for tolerance induction. However, targeting these 

metabolic changes can only partially reverse tolerance, as not all inflammatory genes can 

be restored by bypassing the inhibition of aerobic respiration (80). Another mechanism of 

tolerance induction is through miRNA expression such as miR-146a and miR-222 which 

suppress pro-inflammatory genes (50, 70, 82). In combination, broad downregulation of 

TLR4, negative regulators, changes in cell metabolism, and miRNAs induce tolerance but 

do not address how tolerance is maintained for prolonged periods.  

Epigenetic changes are necessary to maintain long-term, gene-specific tolerance (47). 

Tolerance is associated with the loss of active chromatin markers in tolerizeable genes 

(H4 acetylation and H3K4me3), whereas non-tolerizeable genes like anti-microbial 

genes, maintain these markers (55, 62, 83). Additionally, the histone deacetylase, sirtuin 

1, deacetylates H3 and H4 histone markers and has been implicated in the induction of 

tolerance. Furthermore, the adoption of the repressive marker, H3K9me2, has also been 

associated with tolerance, as the H3K9me1/2 methyltransferase, G9a, has shown to work 

with the NF-κB factor, RelB, and heterochromatin protein 1 (HP1), to generate epigenetic 

silencing of inflammatory genes (55, 84), though the signalling cascade responsible for 

this induction remains poorly understood. While these mechanisms are necessary for 

gene-specific silencing, they cannot maintain this silencing for prolonged periods, or pass 

down this gene silencing to dividing cells (47, 50), instead DNA methylation is needed. 

However, inhibition of DNA methyltransferases (DNMTs) cannot reverse tolerance, 

suggesting that DNA methylation is not necessary for tolerance induction (122). Though, 

it may be important in the silencing of genes after G9a and HP1 act to methylate H3K9, 

as they may recruit DNMTs to further silence genes (50, 85).  Thus, epigenetic changes 

are needed to have gene-specific silencing of immune-related genes, though this process 

has yet to be fully elucidated.  

1.2.2 Macrophage Training and Priming  

Innate immune training is a phenomenon that enhances inflammatory responses upon 

secondary stimulation with the same or unrelated stimuli (86). This enhanced response 

can occur even after the cell has returned to baseline, which distinguishes it from the 

similar phenomenon of innate immune priming which occurs when the effects of the 
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initial stimulus have yet to subside (48, 87). Innate immune training occurs with various 

immune stimuli, such as BCG (87-92), β-glucan (86-89, 93), and oxLDL (87-89, 94, 95). 

Though it can also occur under pathological conditions, like hyperglycemia (96) and 

DAMP expression (87). Innate immune priming can occur with IFNγ (47, 97), LPS (49, 

99), or even due to things like chronic stress (100). Innate immune training and priming 

induce unique phenotypes depending on the stimulus. In the case of BCG, which is 

derived from Mycobacterium bovis, inflammatory cytokines like TNFα, IL-6 and IL-1β 

are increased in response to mycobacterial and non-mycobacterial stimuli (90-92), even 3 

months after BCG vaccination (90), indicating that training occurred and conferred 

protection across unrelated stimuli. β-glucan, a component of the fungal cell wall, also 

enhances inflammatory responses to unrelated stimuli, including bacterial, fungal, and 

viral pathogens. Macrophages exposed to β-glucan show greater pro-inflammatory 

cytokine production and lower bacterial burden in infection models (86). Similarly, 

oxLDL increased TLR2/4 expression and the expression of pro-inflammatory genes like 

Tnfa, Il6, and Il18, among others (95, 96). In innate immune priming, IFNγ enhances IL-

6 and TNFα expression upon secondary stimulation which occurs in a STAT1-dependent 

manner (97-98). Interestingly, depending on the dose of LPS, you may have tolerance 

occur, but at very low doses of LPS (pg/mL doses), there are modest increases in pro-

inflammatory mediators. This occurs via ATF2 regulation and suppression of the PI3K-

AKT pathway (49, 99, 101).  

While innate immune training and priming have various specific phenotypes, the 

mechanism of action is relatively consistent, with the increase of active chromatin 

markers. BCG has also been shown to increase H3K27ac levels in genes involved in the 

inflammatory response and in cytokine production (91) as well as H3K4me3 levels in 

TLR4-dependent gene promoters which significantly upregulate cytokine expression (89- 

91). It also reduces the repressive H3K9me3 marker in the promoters of Tnfa, Il6, and 

Il1b (91). Similarly, β-glucan also causes increased H3K4me3 and H3K27ac levels in the 

promoter and distal regions of Il1 and showed decreased H3K9me3 levels in the 

promoter of IL-1β (86, 89). H3K4me3 levels were also increased in the promoter regions 

of cytokines, chemokines, and transporters in the oxLDL treatment of macrophages (94, 
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95). Thus, trained immunity requires the adoption of active markers and the loss of 

repressive markers to keep chromatin accessible for restimulation. Innate immune 

priming also relies on epigenetic changes, as IFNγ is suggested to decrease H3K27me3 

and to a lesser extent, H3K9me3, while increasing H3K4me3 (98). Overall, innate 

immune training and priming generally require epigenetic changes to maintain the 

hyperinflammatory state for prolonged periods (summarized along with innate immune 

tolerance in Figure 2).  

Another shared mechanism in innate immune training is through the metabolic changes 

that occur. BCG-treated monocytes show a strong upregulation in glycolysis and 

moderate upregulation of glutamine metabolism (102). Similarly, β-glucan increases 

glycolysis, glutaminolysis, and cholesterol synthesis which is required for the induction 

of β-glucan-induced trained immunity (103, 104). Like with β-glucan treatment, oxLDL 

treatment also increased glycolysis and cholesterol synthesis (104, 105). Meanwhile, 

IFNγ and LPS-treated macrophages favour glycolysis overall (104). Thus, the important 

underlying feature of the immunometabolism of innate immune training is the 

upregulation of glycolysis, just like M1 polarized cells, indicating innate immune training 

is causing metabolic changes reminiscent of an enhanced M1 state.   
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Figure 2: Innate Immune Memory Causes Changes in the Epigenetic Landscape of 

Pro-inflammatory Genes. Innate immune memory occurs partially through changes in 

epigenetic markers, adopting either active markers or repressive markers during training 

or tolerance respectively. Graphed with BioRender.  
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1.2.3 Hypothesis and Aims  

Currently, the kinases responsible for selective and specific transcription factor 

recruitment and chromatin remodelling remain largely unknown (169). While previous 

literature has implicated H3K9me3 in innate immune memory, the specific signalling 

axis responsible for inducing changes in H3K9me3 levels also remains poorly 

understood. Upon examination of various signalling inhibitors, I discovered that 

inhibition of the MEK1/2-ERK-RSK pathway can inhibit innate immune tolerance and 

induce innate immune priming. Therefore, I hypothesized that inhibition of the MEK1/2-

ERK-RSK signalling axis decreases H3K9me3 levels to inhibit innate immune tolerance 

and induce innate immune priming. To test this hypothesis, I proposed three main aims: 

Aim 1: Examine the effect of MEK1/2-ERK-RSK inhibition in the LPS-induced 

tolerance of macrophages.    

Aim 2: Examine the effect and mechanism of MEK1/2-ERK-RSK inhibition in the 

priming of macrophages. 

Aim 3: Examine the effect of MEK1/2-ERK-RSK inhibition in innate immune tolerance 

and priming in bone marrow-derived macrophages (BMDMs) and mice.   
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Chapter 2  

2 Materials and Methods  

2.1 Reagents and Equipment 

A complete list of reagents and equipment used can be found in Table A1. 

2.2 Cell Culture  

RAW264.7 cells were maintained in complete DMEM supplemented with 8% heated-

inactivated fetal bovine serum and 100 U/mL penicillin-streptomycin. Bone marrow was 

isolated from the tibia and femurs of 6–8-week-old male C57BL/6 mice (Charles River 

Laboratory) as described in literature (106, 107) and cultured in 15% L929 condition 

media and 85% RPMI-1640 supplemented with 10% heated-inactivated fetal bovine 

serum, 10 mM MEM nonessential amino acid solution, 100 U/mL penicillin-

streptomycin, 1 mM sodium pyruvate, and 10 ng/mL M-CSF. Cells were pretreated with 

various inhibitors listed in Table A1 for 18-24 hours and/or 10 ng/mL LPS to tolerize 

cells. Upon completion of the pre-treatment, cells were washed with 1x PBS and then 

activated in fresh complete growth media using 100 ng/mL LPS for various time points.  

2.3 RNA Isolation and Reverse Transcription 

RAW264.7 cells or BMDMs were washed with 1x PBS and then harvested with 1x PBS 

+ 1 mM UltraPure EDTA. Cells were pelleted and resuspended in 250 μL of TRIzol™ 

reagent. RNA was then isolated according to the manufacturer’s protocol with an extra 

ethanol wash. The resulting RNA was then mixed and quantified with the Thermofisher 

NanoDrop One. RNA was then diluted to a concentration of 250 ng/μL for reverse 

transcription. Reverse transcription was then done using a mix of dNTP, oligo(dT)17, 

RNAse-free water, and 500 ng of diluted RNA. The mix was then heated to 65°C for 5 

minutes using the BioRad T100 Thermocycler to denature RNA/primers. After the 5 

minutes, a mix of Moloney murine leukemia virus reverse transcriptase buffer and 

enzyme were added to each sample. The mixture was then sent to the BioRad T100 
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Thermocycler for 1 hour at 42°C then 10 minutes at 90°C for complementary DNA 

(cDNA) synthesis and termination respectively.  

2.4 Real time quantitative polymerase chain reaction (RT-
qPCR) 

Prior to RT-qPCR cDNA was diluted with 40 μL of nuclease-free water. 10 μL RT-qPCR 

reaction mixes were made using 2x Sybr Green, ddH2O, 1 μM forward and reverse 

primer mix (using primer mixes for Il-1β, IL-6, TNF, CXCL10, Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), Beta-2 microglobulin (B2M), suppressor of 

variegation 3-9 1 (SUV39H1), KDM7a, and chromobox 5 (CBX5), sequences are listed 

in Table 1), and 1 μL of diluted cDNA. For quantification, samples were sent to the Rotor 

Gene RG-3000 quantitative multiplex PCR instrument using an initial hold temperature 

of 95°C for 2 minutes followed by 30-40 cycles of 95°C for 15 seconds for denaturation, 

55-60°C for 30 seconds for primer annealing, 72°C for 20 seconds for extension, and 

83°C for 15 seconds, and melting temperatures between 72-95°C. Ct values were then 

retrieved using the Rotor Gene 6 Version 6.1 program and analyzed using the averaged 

ΔΔCt method relative to GAPDH and B2M, then changed to fold-change values 

compared to the untreated control or the 6H 100 ng/mL treatment using Microsoft Excel 

(2016). UBC, GAPDH, and B2M were tested for which housekeeping gene to use, where 

GAPDH was better in RAW264.7 cells and BMDMs (data not shown). Primers were 

designed using the NCBI Primer Blast and ordered from IDT. Primer efficiency was 

calculated based on the equation: 𝑃𝑟𝑖𝑚𝑒𝑟 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  (10 − 1/slope − 1) ∗

100  and reported in Table 2 (corresponding primer efficiency graphs not shown).  
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Table 2: List of qPCR Primers 

Primers Sequences 

Primer Efficiencies 

(%) 

mGAPDH 

F: GCATTGTGGAAGGGCTCATG 

R: TTGCTGTTGAAGTCGCAGGAG 

102.7 

mB2M  

F: ACCGTCTACTGGGATCGAGA 

R: TGCTATTTCTTTCTGCGTGCAT" 

101.4 

 

mIL-1β  

F: GTGGACCTTCCAGGATGAGG 

R: GCTTGGGATCCACACTCTCC 

104.9 

 

mIL-6 

F: GTGGAAATGAGAAAAGAGTTGTGC 

R: CCAGGTAGCTATGGTACTCCAG 

105.4 

 

mTNF 

F: ATGAGAAGTTCCCAAATGGCC 

R: TCCACTTGGTGGTTTGCTACG 

102.5 

 

mCXCL10 

F: TGATGGTCAAGCCATGGTCC 

R: GTCGCACCTCCACATAGCTT 

111.2 

mCBX5 

F: ATCACCACTGCCTGGCTAAC 

R: AACCAAGGCTGGACAAACCA 

105.5 

mSUV39H1 

F: AGATGCCAGGTCTGTGTGTG 

R: GGCTGAGGGGTACAGAGAGA 

117.1 

 

mKDM7a 

F: TTTGGTGGGACTTCAGTCTGG 

R: GCCAAATTTTCATTTGTTGGCT 

94.8 

2.5 Western Blot 

RAW264.7 cells were washed with 1x PBS and then harvested with 1x PBS + 1 mM 

UltraPure EDTA. Cells were pelleted and resuspended in ice-cold lysis buffer containing 

20 mM MOPS, 2 mM EGTA, 5 mM EDTA, 1 mM Na3VO4, 40 mM β-

glycerophosphate, 30 mM sodium fluoride, 20 mM sodium pyrophosphate, 0.1% SDS, 

1% Triton X-100 [pH 7.2], and Pierce Protease and Phosphatase Inhibitor Tablets, 

EDTA-free. Cells were then incubated on ice for 10 minutes and then centrifuged at 

12,000 rpm for 10 min at 4 °C. The supernatants were removed and added to new 1.5 mL 

tubes containing 4x SDS sample buffer (Tris-HCl [pH 6.8], SDS, glycerol, bromophenol 

blue, and deionized water) with 5% β-mercaptoethanol and heated to 95°C for 5 minutes. 

Proteins were then separated by SDS-polyacrylamide gels and then transferred to 0.2 μm 

nitrocellulose membranes using 1x transfer buffer (UltraPure Tris Base, glycine, and 20% 

methanol [pH 8.6]). The membranes were then blocked with 5% (w/v) skim milk in 1x 

TBST (20 mM Tris and 150 mM NaCl, pH 7.5 containing 0.05% Tween 20 [pH 8.6]) for 
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1 hour at room temperature with agitation, then exposed to primary antibodies (details 

can be found in Table A1) overnight at room temperature and washed five times with 1x 

TBST. The membranes were incubated with the corresponding secondary antibody for 60 

min at room temperature with agitation then washed five times with 1x TBST. 

Membranes were then incubated with the BioRad Clarity Max Western ECL Substrate at 

a 1:1 ratio of peroxide reagent to luminol/enhancer reagent for five minutes at room 

temperature. Images were then taken using the BioRad Chemidoc XR+ System and 

analyzed using Image Lab. All western blots with densitometry analysis were done in 

ImageJ with 3 biological replicates. 

2.6 RNA Sequencing and Transcriptomic Analysis 

RNA was obtained after washing and harvesting cells using the Qiagen RNeasy kit 

according to the manufacturer’s protocol. Subsequent RNA was then quantified on the 

Thermofisher NanoDrop One machine. Samples of adequate purity (260/280 > 2 and 

260/230 ~2) were sent to Genome Quebec for NovaSeq 6000 PE100 sequencing using 50 

million reads per sample. Resulting BAM files from the sequencing were then processed 

using Galaxy using the SamtoFastq (146), trimmomatic (147), HiSat2 (148), 

FeatureCount (149), and DESeq2 tools (150). HiSat2 was used to align the trimmed data 

to the NCBI37/mm9 mouse genome. FeatureCount was used to obtain count data while 

DESeq2 was used to obtain differential gene expression. Limma-voom was used to clean 

the resulting count files to filter out counts lower than 10 (151-152). The differential gene 

expression and gene counts were then visualized using R Studio and the gene counts were 

used for further analysis using the Gene Set Enrichment Analysis software (173, 174) to 

determine pathways of interest within the M5 gene ontology collection (177) that were 

then visualized using Cytoscape (175) with a node cut-off of 0.01 q-value and an edge 

cut-off of 0.5. Specific pathways were then further visualized using the KEGG pathways 

in Pathview (144, 145). 

2.7 Stable Transfection for CBX5 Overexpression 

Cells were stably transfected with the pGFP-mHP1α (#181900 from Addgene; (178)) or 

the pEGFP-N1 (#6085-1 from YRGene) vector control. Bacteria containing the plasmids 



22 

 

were grown in their selection media of 50 μg/mL kanamycin in LB broth and then 

isolated using the Qiagen Qiaprep Miniprep kit according to the manufacturer’s protocol. 

RAW264.7 cells were then transfected with 2.5 μg of plasmid DNA using the 

Lipofectamine 3000 kit according to the manufacturer’s protocol. Cells were left for 24 

hours and then switched to G418-treated complete DMEM media. Doses varied from 3-5 

mg/mL, starting at 5 mg/mL, and decreasing over the course of two weeks. Surviving 

cells were then pooled for subsequent treatments and analysis.  

2.8 ChIP-qPCR 

MEK1-inhibited (5 μM U0126 for 18H), pan-RSK inhibited (1 μM LJH685 for 18H), or 

control RAW264.7 cells were cross-linked with 1% formaldehyde for 10 min at room 

temperature. Cross-linking was terminated with 125 mM glycine, then cells were lysed in 

lysis buffer (50 mM Tris-HCl [pH 8.1], 10 mM EDTA, 1% SDS) mixture. Lysed cells 

were sonicated for 21 cycles of 30 seconds on and 30 seconds off at 4°C using the 

Bioruptor UCD-200TM-EX waterbath sonicator from Diagenode. Sonicated chromatin 

was incubated with TriMethyl-Histone H3-K9 Rabbit pAb (#A2360, AbClonal) 

conjugated to protein G DynaBeads overnight at 4°C. Bound beads were washed once 

with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl 

[pH 8.0], 150 mM NaCl), once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 

EDTA, 20 mM Tris-HCl [pH 8.0], 500 mM NaCl), once with LiCl buffer (0.25 M LiCl, 

1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-Cl [pH 8.1]), and twice 

with Tris-EDTA buffer at pH 8. Immunocomplexes were eluted with 300 μL of elution 

buffer (1% SDS, 0.1 M NaHCO3) with 200 mM NaCl, overnight at 65°C. DNA was 

purified using the Qiagen QIAquick Spin Columns (Qiagen) according to the 

manufacturer’s protocol. RT-qPCR was then conducted using the percent input method. 

A complete list of the primers used, and their targets can be found in Table 3. Primers 

were designed using the NCBI Primer Blast except for the IL-6 primers and the CXCL10 

site 1 primer which were designed using the IDT Primer Design Tool. All primers were 

ordered from IDT. 
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Table 3: List of ChIP-qPCR Primers 

Primers Sequences Target Region 

mIL-1β H3K9me3 

“Upstream of TSS Site” 

primer  

F: TCAAGATGGTCGTCTGTTCG 

R: GGATGACTCTGCCAAAAAGG 

chr2:129204402-

129205100 

mIL-1β H3K9me3 

“Intragenic Site” primer 

F: TGACGCCATGTGGCATTAGA 

R: AAGAGCCATGTTGCATCCCA 

chr2:129194684-

129194925 

mIL-6 H3K9me3 

“Upstream of TSS Site” 

primer 

F: CCAATGGAGGAGCTAGAGAAAG 

R: GTGGTGGTAACTGGTTAGTTCA 

chr5:30331801-

30332513 

mIL-6 H3K9me3 

“Intragenic Site” primer 

F: GAGGGACATCTGGGTTCTTTC 

R: GCAGATGCTGGTAAGGATGT 

chr5:30342383-

30343572 

mTNF H3K9me3 

“Upstream of TSS Site” 

primer 

F: TGGATGGATCTCCCTAGCTCA 

R: GTGGATTCACGGGAGTGAGG 

chr17:35339892-

35340550 

mTNF H3K9me3 

“Intragenic Site” primer 

F: CCGGACTCCGCAAAGTCTAA 

R: AGCCCATATACCTGGGAGGA 

chr17:35336777-

35337405 

mCXCL10 H3K9me3 

“Upstream of TSS Site” 

primer 

F: CTCCAGAAGAGGGAGTCAGAT 

R: TGGGCTTGGAATGTCGTAAG 

chr5:92781622-

92782198 

mCXCL10 H3K9me3 

“Intragenic Site” primer  

F: GAAGGTTGGCTCGGGATGTC 

R: GGACTCAGGGAGGGAAACTC 

chr5:92777655-

92778132 

2.9 Enzyme-linked Immunosorbent Assay (ELISA) 

BMDM samples were collected by incubating 60,000 cells per 96-well respectively in 

BMDM media containing 7.5% condition media + 82.5% complete RPMI. Three wells 

were pooled for each sample. Samples were centrifuged at 12,000 rpm at 4°C for 10 

minutes, then the supernatants were aliquoted and frozen at -20°C until required. Samples 

were later thawed for use with the Peprotech IL-1β Mini ABTS ELISA Development Kit 

according to the manufacturer’s protocol. 

2.10 Collection of in vivo Samples 

In vivo samples were collected from male 6–8-week-old C57BL/6 mice (Charles River 

Laboratories) injected with 4% Brewer’s Modified BBL Thioglycollate for 4 days with or 

without 2 injections of 15 mg/kg U0126 (LC Laboratories) in 30% PEG300 and 70% 
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0.9% saline 1 and 3 days post-thioglycollate. After treatment with thioglycollate, mice 

were injected with 2 μg/g of LPS for 6 hours, except for the thioglycollate control mice. 

This experimental timeline is summarized in Figure 3. Blood was then taken via a heart 

puncture. Peritoneal cell samples for RT-qPCR were collected as described previously 

(106). In brief, samples were collected via intraperitoneal injection with ice-cold 1xPBS, 

gentle agitation, and removal to collect peritoneal cells. Samples were spun at 1200 rpm 

for 5 minutes, then lysed in 1x Red Blood Cell Lysis Buffer (Invitrogen), then put in new 

1.5 mL Eppendorf tubes and spun at 12,000 rpm for 2 minutes. Samples then followed 

the RNA isolation and reverse transcription process for RT-qPCR. Samples for ELISA 

were collected in 1.5 mL Eppendorf tubes on ice, then spun down at 2,000 g for 5 

minutes. The supernatant was collected, aliquoted, and frozen at -20°C until needed using 

the aforementioned IL-1β ELISA kit. During the experiments, mice were housed in the 

University of Western Ontario Health Sciences Animal Facility. After the experiments 

concluded, animals were sacrificed using isoflurane anesthesia and subsequent cervical 

dislocation. All the animal protocols used were approved by the University of Western 

Ontario University Council on Animal Care.  
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Figure 3: In vivo Experimental Design. A schematic of the in vivo mouse experimental 

timeline (day 0-4). 10 mice were divided into three groups: thioglycollate alone, 

thioglycollate + LPS, and thioglycollate + U0126 + LPS. Thioglycollate injection was 

done via intraperitoneal injection on day 0, followed by two doses of U0126 (15 mg/kg), 

and ending with LPS exposure for 6 hours. Graphed with BioRender.  
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2.11 Statistical Analysis 

Data were analyzed using Microsoft Excel (2016) and GraphPad Prism Version 9.5.1 

software. The results were presented as individual replicates with at least three 

independent repeats. Statistical significance was determined by using a one-way ANOVA 

test with Dunnett’s multiple comparisons test, two-way ANOVA with Dunnett’s multiple 

comparisons test, or unpaired t-tests with Holm-Sidak’s multiple comparisons test. 

Statistical significance was defined as p < 0.05 with at least 3 biological replicates.  
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Figure 18: MEK1/2-ERK-RSK and G9a inhibition Prevent LPS-induced Tolerance 

in BMDMs. BMDMs were tolerized with LPS for 24 hours and treated concurrently with 

or without the MEK inhibitor, RSK inhibitor, or G9a inhibitor. Cells were washed after 

their treatments and then given fresh complete media containing LPS. RT-qPCR was 

used to quantify the expression of A) Il1b, B) Il6, C) Tnfa, and D) Cxcl10, with data 

represented as fold change compared to the “No Pretreatment” group. One-way ANOVA 

tests with Dunnett’s multiple comparisons test were done to calculate significance (n=3). 
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3.9.2 Inhibition in Innate Immune Priming  

To test whether inhibition of the MEK1/2-ERK-RSK signalling axis could also prime 

BMDMs, BMDMs were treated with or without the MEK1/2 inhibitor (10 μM U0126), 

RSK inhibitor (5 μM LJH685), or G9a inhibitor (10 μM BIX01294) prior to activation 

with 100 ng/mL LPS. RT-qPCR was then used to quantify the expression of Il1b, Il6, 

Tnfa, and Cxcl10 (Figure 19A-D respectively). MEK1/2-ERK-RSK and G9a inhibition 

could significantly upregulate Il1b, Il6, Tnfa, and Cxcl10 expression, indicating that 

MEK1/2-ERK-RSK and G9a inhibition can prime BMDMs as well. Like RAW264.7 

cells, this suggests that decreases in H3K9 methylation is a mechanism of priming in 

BMDMs. Additionally, an IL-1β ELISA was conducted on BMDMs treated with the 

MEK1/2 inhibitor (10 μM U0126), RSK inhibitor (5 μM LJH685), G9a inhibitor (10 μM 

BIX01294), or DMSO for 24 hours prior to activation with 100 ng/mL LPS for 18 hours 

prior to sample collection (Figure 20). All the examined inhibitors were able to 

significantly upregulate IL-1β expression compared to the non-treated cells, indicating 

that priming also occurs on a protein level in BMDMs.  
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Figure 19: MEK1/2-ERK-RSK and G9a Inhibition Primes BMDMs. BMDMs were 

treated with or without the MEK inhibitor, RSK inhibitor, or G9a inhibitor. Cells were 

washed after their treatments and then given fresh complete media containing LPS. RT-

qPCR was used to quantify the expression of A) Il1b, B) Il6, C) Tnfa, and D) Cxcl10 with 

data represented as fold change compared with the “No Pretreatment” group. One-way 

ANOVA tests with Dunnett’s multiple comparisons test were done to calculate 

significance (n≥3). 
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Figure 20: MEK1/2-ERK-RSK and G9a Inhibition Primes Secretory IL-1β. 

BMDMs were treated with MEK inhibitor, RSK inhibitor, G9a inhibitor, or the 

vehicle control DMSO. Cells were washed after their treatments then given fresh 

complete media containing LPS for 18 hours. An ELISA was done to quantify 

secretory IL-1β. A one-way ANOVA test with Dunnett’s multiple comparisons test 

was done to calculate significance (n=3). 
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3.10 Stimulation with MEK1/2 Inhibition in Peritoneal 
Macrophages and Mice.  

Next, I sought to see if MEK1/2 inhibition could prime inflammatory responses in mice. 

To obtain peritoneal macrophages, mice were injected with 1 mL of 4% thioglycollate 

and euthanized on Day 4. U0126 was injected on Days 1 and 3. On Day 4, mice were 

treated with LPS for 6 hours before being euthanized. Thioglycollate was used to 

stimulate macrophage infiltration into the peritoneal space to retrieve peritoneal 

macrophages whereas LPS was used to induce activation. Peritoneal cells were retrieved 

to examine Il1b, Il6, Tnfa, and Cxcl10 expression by qPCR as well as Cd68 to estimate 

the presence of peritoneal macrophages. Unfortunately, few macrophages were obtained 

via thioglycollate stimulation, as the M1 macrophage marker, CD68, was not induced 

well in the LPS-treated groups (Figure 21). Therefore, these samples were not used for 

quantification of our genes of interest. Instead, plasma samples were retrieved from these 

mice for quantification of IL-1β via ELISA (Figure 22). MEK1/2 inhibition did not cause 

any significant changes compared to the thioglycollate + LPS group, though LPS did 

significantly increase IL-1β compared to the thioglycollate control. However, MEK1/2 

inhibition did have a slight downregulating effect on IL-1β expression, suggesting that 

MEK1/2 inhibition acted similarly to short-term U0126 treatments which were 

suppressive instead of priming. Overall, MEK1/2 inhibition was unable to induce 

inflammation in vivo.  
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Figure 21: Thioglycollate Failed to Stimulate Macrophage Infiltration into the 

Peritoneal Cavity. Mice were injected with thioglycollate and split into three groups: the 

thioglycollate control, the thioglycollate + LPS group, and the thioglycollate+ U0126 + 

LPS group that received two doses of U0126 prior to 6H of 44 μg LPS treatment. Mice 

were then sacrificed and had their peritoneal cells collected for Cd68 quantification by 

RT-qPCR, data is represented as relative to GAPDH. Significance was calculated using a 

one-way ANOVA test with Dunnett’s multiple comparisons test (N=2-4).  
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Figure 22: MEK1/2 Inhibition Failed to Prime IL-1β in mice. Mice were injected with 

thioglycollate and split into three groups: the thioglycollate control, the thioglycollate + 

LPS group, and the thioglycollate+U0126+LPS group that received two doses of U0126 

prior to 6H of 44 μg LPS treatment. Mice were then sacrificed, and their plasma was 

isolated for quantification by ELISA. Significance was calculated using a one-way 

ANOVA test with Dunnett’s multiple comparisons test (n=2-3).  
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Chapter 4  

4 Discussion 

4.1 MEK1/2 Inhibition Prevents Innate Immune Tolerance  

This study showed that LPS induced tolerance for 48 hours in vitro which is consistent 

with a previous study (62). Tolerance is known to be mediated by a complex of 

mechanisms and molecules including negative signalling regulators, metabolic changes, 

miRNA, lncRNA, and epigenetic changes, which are caused by extracellular signals.  To 

date, the specific signalling pathways implicated in these mechanisms are not well 

understood. Here I show that MEK1/2 inhibition in RAW264.7 cells inhibited the 

induction of tolerance in Il1b and Il6 expression. RSK inhibition at least partially 

inhibited tolerance of Il1b, Il6, Tnfa, and Cxcl10 in BMDMs (Figure 18), but not in 

RAW264.7 cells.  

Since BMDMs showed that Il1b and Il6 share a phenotype with G9a inhibition, MEK1/2-

ERK-RSK inhibition likely prevents the tolerance of Il1b and Il6 through inhibition of 

G9a. Furthermore, a past study has shown that G9a, HP1, and RelB have been previously 

implicated in the gene silencing of Il1b (84), suggesting that MEK1/2-ERK-RSK 

inhibition may disrupt this complex to prevent the tolerance of Il1b and Il6. However, 

RSK inhibition has additional effects that MEK1/2 inhibition does not, indicating that 

there may be alternative activators of RSK. Indeed, there have been two alternative 

activators of RSK proposed, phosphoinositide-dependent protein kinase-1 (PDK1) and 

p38 MAPK. PDK1 was shown to activate RSK independent of ERK to induce 

necroptosis (153) while p38 MAPK induced MK2 to directly phosphorylate two isoforms 

of RSK, RSK1 and 2 (154). This suggests that inhibition of RSK impacts the p38 MAPK 

and necroptotic pathways to induce additional effects not seen in MEK1/2 inhibition. 

Direct RSK inhibition may be necessary to prevent tolerance, as MEK1/2 inhibition may 

not fully suppress RSK due to the other activators of RSK being unaffected. Therefore, 

the downstream effectors of RSK may be important in preventing the tolerance of Tnfa 

and Cxcl10, though only when RSK is sufficiently inhibited. Additionally, this threshold 
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of inhibition may explain why Tnfa is not tolerized by RSK and G9a inhibition, as 

sufficient RSK inhibition may be necessary to significantly block G9a.  

One possible explanation of RSK inhibition preventing tolerance is through its regulation 

of tuberous sclerosis complex-1/2 (TSC1/2). TSC1/2 acts as a negative regulator of the 

AKT-mTOR pathway. RSK inactivates TSC1/2, leading to the activation of mTOR 

(113). Therefore, RSK inhibition could lead to more TSC1/2 activation and therefore less 

activation of mTOR. A study by Weichhart et al. showed that inhibition of mTOR 

increases pro-inflammatory cytokine production via NF-κB activity (114). This suggests 

that RSK inhibition may dampen the mTOR pathway for pro-inflammatory cytokine 

production. This may explain why Tnfa and Cxcl10 are not tolerized in the presence of 

RSK inhibition, as both genes have been shown to be regulated by NF-κB (115-117). 

However, this study was not done in the context of tolerance, though the AKT pathway 

has also been implicated in the induction of tolerance via upregulation of suppressive 

miRNAs (70). This suggests that RSK inhibition may suppress the AKT-mTOR pathway 

to suppress these miRNAs as part of the mechanism of action. When I examined AKT 

inhibition in preventing tolerance, it only partially upregulated Il1b compared to non-

tolerized cells which was not significant, though Il6, Tnfa, and Cxcl10 may have different 

patterns of expression which may explain this discrepancy. Overall, this suggests that 

RSK inhibition has additional effects than just blocking the AKT-mTOR pathway, as 

AKT-mTOR inhibition alone may not be able to prevent tolerance. Instead, cells may 

also require the removal of H3K9me3 to synergistically affect pro-inflammatory cytokine 

production. Overall, this suggests that MEK1/2-ERK-RSK inhibition prevents tolerance 

partly via decreasing repressive chromatin markers and that RSK inhibition may block 

the mTOR pathway to further prevent tolerance, though further experimentation on the 

mechanism of RSK is needed to confirm its mechanism that acts independent of 

MEK1/2-ERK inhibition.   
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4.2 MEK1/2-ERK-RSK Inhibition in Innate Immune 
Priming 

4.2.1 Implicating H3K9 Methylation and CBX5 in the Priming of 
Macrophages  

Transcriptomic analysis showed that genes involved in cell cycle progression and histone 

methylation were prominently repressed in U0126-treated cells, implicating their 

involvement in priming effects. I examined if inhibition of cell proliferation could mimic 

the priming effects. The two known cell cycle inhibitors AZD5438 and Nocodazole 

failed to show priming effects (Figure 12). The CDK inhibitor AZD5438 targets 

CDK1/2/9 which inhibits cell cycle progression; however, it is also possible that these 

inhibitors have repressive effects on cytokine expression. Previous studies have shown 

that the negative elongation factor, which prevents transcription by “pausing” genes, 

needs to be evicted to express around 60% of immune-related genes. This occurs 

independently of CDK9 (118). This suggests that inhibition of CDK1/2, which are 

required for cell cycle progression, is the cause of the decreased Il1b expression rather 

than inhibition of CDK9. Furthermore, a study conducted in a rheumatoid arthritis model 

cell line, MH7A cells, showed that CDK7 inhibition blocks NF-κB signalling and IL-

1β/IL-6 secretion (119). CDK7 can phosphorylate CDK1/2 to induce cell cycle 

progression (155), suggesting that CDK1/2 inhibition should similarly suppress 

inflammatory mediators. However, CDK7 inhibition was concurrent to LPS activation in 

this study whereas AZD5428 and Nocodazole were removed prior to activation with 

LPS, though it is possible that the cells were unable to recover within the 6-hour LPS 

treatment, causing Il1b to remain suppressed.  

Since cell cycle arrest was not able to mimic MEK1/2 inhibition, I next investigated 

inhibition of histone methylation as a possible mechanism, particularly H3K9 

methylation, as its associated genes were shown to be inversely correlated to MEK1/2 

inhibition in our transcriptomic data (upregulated demethylases and downregulated 

methyltransferases) and past literature has suggested that removal of H3K9me3 plays a 

role in innate immune training (39, 41, 42). Inhibition of the H3K9me1/2 

methyltransferase, G9a, primed macrophages as shown in MEK1/2 inhibition. However, 
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inhibition of the H3K9me3 methyltransferases, the SUV(3-9)VAR proteins, failed to 

prime macrophages in Il1b expression. This suggests that inhibition of H3K9me1/2 levels 

are necessary to prime macrophages. Since previous literature has suggested that the 

RelB works with G9a and CBX5 to silence Il1b (84), G9a inhibition likely prevents gene 

silencing through disruption of this complex, leading to the inability to form 

heterochromatin in the promoter region of Il1b. Since G9a and CBX5 complex together 

to have this inhibitory effect, I explored whether CBX5 overexpression could inhibit Il1b 

expression. Indeed, upregulation of CBX5 blocked Il1b expression and abrogated the 

effect of MEK1/2 inhibition, further suggesting that inhibition of G9a/CBX5 complex is 

the mechanism of MEK1/2 inhibition in the priming of RAW264.7 cells.  

CBX5 also complexes with SUV39H1/2 and DNMT1 (109, 110, 112). However, SUV(3-

9)VAR and DNMT inhibition did not mimic MEK1/2 inhibition. Consistent with the 

data, the SUV(3-9)VAR inhibitor, Chaetocin, has been shown to inhibit Il1b (121). Thus, 

it is more likely that G9a and CBX5 inhibition are important for innate immune priming. 

Although G9a is the mono- and di-methyltransferase of H3K9, I examined H3K9me3 

levels in RAW264.7 cells to account for CBX5 working with SUV39H1/2 and because 

H3K9me1/2 is necessary for the deposition of the third methyl group to occur. To 

examine this, ChIP-qPCR was used in MEK1/2 or RSK-inhibited cells which showed 

decreased H3K9me3 levels in at least one analyzed site related to Il1b, Tnfa, and Cxcl10 

expression. This suggests that MEK1/2 and RSK inhibition decreases H3K9me3 levels to 

make chromatin more accessible for the deposition of active chromatin markers. These 

data also implicate potential sites for gene repression by H3K9me3. Collectively, these 

data suggest that MEK1/2-ERK-RSK inhibition primes macrophages by decreasing the 

number of repressive markers on chromatin which may allow for the acquisition of active 

markers to stabilize the open chromatin formation.   

4.2.2 Potential Transcriptional Regulatory Elements  

While decreasing H3K9 methylation levels is a likely mechanism of MEK1/2-ERK-RSK 

inhibition-induced innate immune priming, it remains unclear what transcription factors 

bridge the gap between MEK1/2-ERK-RSK signalling and inhibition of H3K9 

methylation. Of the signalling molecules downstream of MEK1/2-ERK, I showed that 
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FOS, MSK, and MNK inhibition could not mimic MEK1/2-ERK-RSK inhibition in 

innate immune priming, suggesting that these downstream regulators do not interact with 

G9a, CBX5, or SUV39H1 to regulate H3K9 methylation. This is consistent in literature, 

as an in vivo study using the same FOS inhibitor showed inhibition of Il1b, suggesting 

that FOS inhibition is indeed not the mechanism of action (123). This leaves the 

downstream effectors BIM, MCL, ELK1, ETS1, and MYC (14, 108, 159-164). Currently, 

there is no suggestive evidence linking BIM, MCL, or ETS1 to H3K9 methylation. ELK1 

is shown to regulate H3K9 methylation and acetylation; however, its role in H3K9 

modifications is controversial.  ELK1 inhibition decreases H3K9ac and increases 

H3K9me3 in porcine zygotes (124), whereas ELK1 knockdown in a human-derived 

myeloma xenograft murine model increases H3K9ac at ERK gene promoters, leading to 

greater expression of ERK-related genes (125). Therefore, further experimentation would 

be necessary to unravel the role of ELK1 in macrophage priming by MEK1/2-ERK-RSK 

inhibition. Lastly, MYC has been implicated to complex with G9a to suppress genes in 

the context of various cancer to produce an immunosuppressive environment in MYC-

driven cancers (126-128). This suggests that MEK1/2 inhibition may inhibit MYC to 

decrease H3K9 methylation levels, leading to the decrease of repressive markers and the 

downstream increase of inflammatory genes. Further experimentation would also be 

necessary to implicate MYC in the priming of macrophages via MEK1/2-ERK-RSK 

inhibition, though MYC is difficult to inhibit chemically (128) which may limit the 

viability of these experiments.  

Since RSK inhibition can mimic MEK1/2 inhibition in priming macrophages, it is 

possible that RSK and MYC both contribute to H3K9 methylation. However, the only 

downstream effector of RSK with a connection to G9a is mTOR. In contrast to MYC, 

mTOR cannot recruit G9a, instead, G9a regulates the activation of mTOR to silence 

immune-related genes as one mechanism of the PI3K-AKT-mTOR-mediated inhibition 

of the TLR4 pathway (129, 130). Therefore, further insight into the mechanism of RSK 

inhibition in decreasing H3K9 methylation is required, as current literature does not 

implicate any downstream effectors in directly targeting G9a or SUV39H1/2. However, 

RSK itself may recruit G9a or SUV39H1/2 to DNA for H3K9 methylation to occur, 

requiring further experimentation into the protein-protein interactions involved in 
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MEK1/2-ERK-RSK inhibition. Overall, MEK1/2-ERK inhibition may inhibit MYC to 

decrease levels of H3K9me1/2 and ELK1 to increase H3K9ac of ERK-related genes, 

though further research would be necessary to elucidate the role of these transcription 

factors in MEK1/2 inhibition.  

4.3 RSK Inhibition is a Better Therapeutic Target 

RSK is a more attractive therapeutic target as its inhibition was able to prevent LPS-

induced tolerance more effectively and prime macrophages as effectively as MEK1/2 

inhibition. Since RSK is a downstream molecule of MEK1/2, it is expected to have more 

selective/specific effects than MEK1/2 inhibitors. In addition, MEK1/2 inhibition is 

known to induce resistance in the context of cancer therapy (108, 131) where activation 

of RSK is associated with drug resistance (132) and inhibition of RSK overcomes drug 

therapy resistance in medulloblastoma (133) and chemoresistance in triple-negative 

breast cancer (134) and ovarian cancer (135). Therefore, RSK inhibition could be better 

suited as a therapeutic target. I also show that MEK1/2 inhibition in vivo failed to 

produce the same priming of IL-1β and was instead like short-term MEK1/2 inhibition 

where the inhibitor remains present and suppressive in LPS activation, suggesting that 

MEK1/2 inhibition either needs to be optimized for in vivo use, or RSK inhibition should 

be prioritized. Previously, Droebner et al. showed that U0126 administered via inhalation 

produces an anti-viral response in C57BL/6 mice, supporting the immune priming role of 

MEK1/2 inhibition. However, they only observed the direct anti-viral effect of U0126 so 

further insight into the effects on innate immune cells would be necessary (136). 

Therefore, it may be possible that U0126 does prime innate immune cells in vivo, though 

this requires further optimization and experimentation. In terms of RSK inhibition, it has 

already been established in its effectiveness in resistant cancers (133-135), though these 

effects relied on the apoptotic effect of RSK inhibition, so the effects of RSK inhibition 

on immune cells remain unexplored. Thus, in vivo experiments may compare MEK1/2 

inhibition and RSK inhibition to determine which is better suited for innate immune 

priming, though our data suggest that RSK inhibition would be a better target in an innate 

immune tolerance in vivo model.  
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4.4 Significance and Clinical Applications  

Innate immune memory is necessary to maintain immune homeostasis; however, aberrant 

innate immune memory can lead to pathological conditions. Innate immune memory 

helps control the delicate balance of controlling or inducing inflammation in the correct 

contexts. Innate immune training is essential for providing quick, robust inflammatory 

responses in the cases of cancer and infections while innate immune tolerance is vital for 

suppressing inflammation to autoantibodies and antigens found during normal 

homeostasis. Excessive trained innate immunity leads to inflammatory and autoimmune 

disorders whereas inappropriate innate immune tolerance leads to cancer, uncontrolled 

infections, and the suppressive secondary stage of sepsis (137-139). This study provides 

insight into the mechanism of innate immune memory and how aberrant innate immune 

memory may occur. The data suggests that inhibition of the MEK1/2-ERK-RSK 

signalling axis is needed to prime inflammatory responses and inhibit innate immune 

tolerance. Conversely, this also suggests that this pathway is upregulated to induce innate 

immune tolerance. Therefore, controlling the MEK1/2-ERK-RSK signalling axis is 

necessary for regulating innate immune memory.  

These data implicate the MEK1/2-ERK-RSK pathway as a potential therapeutic target. Its 

inhibition may be used to increase inflammatory responses in the context of infection 

(137-139), as an immunoadjuvant in the context of sepsis (140) or vaccines (141), or as a 

cancer therapy (142). In the context of infection, MEK1/2-ERK-RSK inhibition may 

enhance inflammatory responses to various TLR agonists, as MEK1/2 inhibition broadly 

upregulated various TLRs as well as the downstream associated genes. It may also 

increase the phagocytic capacity of macrophages, as MEK1/2 inhibition broadly 

upregulated the phagosome pathway, suggesting that MEK1/2-ERK-RSK inhibition may 

be suited for hard-to-treat infections. In the context of sepsis, there is a highly 

inflammatory period characterized by a “cytokine storm” followed by an 

immunosuppressive period where patients have decreased capacity to overcome 

infectious, leading to the development of opportunistic infections (140). Since MEK1/2-

ERK-RSK inhibition can prevent immune tolerance, patients that survive the initial septic 

shock may benefit from the administration of a RSK inhibitor, as RSK inhibition can 
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Chapter 5  

5 Conclusion  

This study showed that MEK1/2 inhibition prevented LPS-induced tolerance and primed 

cytokine expression in macrophages. This can be mimicked by RSK and G9a inhibition, 

suggesting that inhibition of the MEK1/2-ERK-RSK signalling axis decreases H3K9 

methylation to prime macrophages, and potentially as the mechanism of preventing 

innate immune tolerance. MEK1/2-ERK-RSK inhibition decreased levels of H3K9me3, 

suggesting that priming and the prevention of tolerance are mediated by removing the 

repressive H3K9me3 marker for the subsequent recruitment of histone writers and 

transcription factors to adopt active chromatin markers (summarized in Figure 23). CBX5 

is a main contributor to this priming effect, as overexpression of CBX5 abrogated the 

effect of MEK1/2 inhibition, further suggesting that the loss of H3K9 methylation is 

necessary to prime macrophages. Overall, this study provides novel insight into the role 

of the MEK1/2-ERK-RSK signalling axis in innate immune memory and provides a 

novel therapeutic target for its regulation in aberrant innate immune memory.  
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Figure 23: MEK1/2-ERK-RSK Inhibition Primes Macrophages and Prevents 

Tolerance Possibly by Decreases in H3K9me3. MEK1/2-ERK-RSK inhibition acts as a 

first stimulus to prime macrophages or acts to prevent tolerization to increase 

inflammatory mediators via H3K9me3 changes. Graphed with BioRender.  
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Appendices 

Appendix A: List of Reagents and Equipment 

Cell Culture - Reagents 

Item 

Catalog 

Number Company    
RAW264.7 cells  ATCC    

HEK293 Cells  ATCC    
Dulbecco′s Modified Eagle′s 

Medium (DMEM)- high 

glucose D6429-500ML Sigma Aldrich    

Fetal Bovine Serum (FBS) 080-150 WISENT     

RPMI 1640 R8758-500ML Sigma Aldrich    

Penicillin Streptomycin P0784-100ML Sigma Aldrich    

Sodium Pyruvate S8686-100ML Sigma Aldrich    
MEM Non-essential Amino 

Acid Solution M7195-100ML Sigma Aldrich    
1x Phosphate Buffered 

Saline (PBS) 311-010-CL Multicell    

UltraPure 0.5M EDTA, pH 8 15575 Gibco    
M-CSF 315-02 Peprotech    

Lipopolysaccharide (LPS) tlrl-pelps Invivogen    

      
Cell Culture- Equipment 

Item 

Catalog 

Number Company    

96-well tissue culture plate 10062-900 VWR    
6-well tissue culture plate 734-2323 VWR    
10 cm plate tissue culture 

plate 130182 Thermoscientific    
15 mL Polyprolene Conical 

Tubes 352097 Falcon    
50 mL Polyprolene Conical 

Tubes 352098 Falcon    
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5 mL Serological Pipette 89130-896 VWR    
10 mL Serological Pipette 13-678-11E Fisherbrand    
25 mL Serological Pipette 357515 Falcon    

      
Inhibitors 

Name 

Catalog 

Number Company Target 

RAW264.7 

Conc. (µM) 

BMDM 

Conc. 

(µM) 

DMSO 4100-01-10 

Fisher 

Bioreagents N/A    

U0126 U-6770 LC Laboratories MEK1 5 10 

Selumetinib 606143-52-6 Cedarlane MEK1 5  

SB203580 152121-17-6 Selleck Chemicals p38  5  
SP600125 559402 Calbiochem JNK 5  
MK-2206 A10003 Cedarlane AKT 5  

NF-κB Activation Inhibitor 481406-1MG Millipore NF-κB 5  
ETP-45835 454862 Calbiochem MNK 5  

SB747651A 1897 Axon Medchem MSK 10  
T5224 22127-1 Cayman Fos 12.5  

LJH685 19913 Cayman 

s6 kinase/ 

pan-RSK 1 5 

LJI308 19924-1 Cedarlane 

s6 kinase/ 

pan-RSK 1 5 

AZD-5438 A8326 APExBIO 

CDK1/2/9 

potently 

and 

CDK5/6 1  

Nocodazole 487928 Calbiochem 

Antimitoti

c agent 25 μg/mL  

BIX01294 13124 Cayman Chemical G9a 1.5 10 

Chaetocin ab144534 ABcam 

SUV3-

9VAR 0.1  
TC-E 5002 17717-1 Cayman KDM2/7 5  

CPI455 22127-1 Cayman KDM5 1  
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SGI-1027 11165 Cayman 

DNMT1/3

A/3B 10  
5-Azacytidine A2385 Sigma DNMTs 2  

      
RNA Isolation and Reverse Transcription- Reagents 

Item 

Catalog 

Number Company    
TRIzol™ reagent 15596018 Ambion    

Chloroform C607-1 Fisher Chemical    
Isopropanol 8609-01 Caledon    

Ethanol P016EAAN 

Commercial 

Alcohols    
Moloney Murine Leukemia 

Virus (M-MuLV) Reverse 

Transcriptase M0253L 

New England 

BioLabs    
dNTP  IDT    

Oligo(dT)17  IDT    
RNAse free water 809-115-CL Multicell    

      
RNA Isolation and Reverse Transcription- Equipment 

Item 

Catalog 

Number Company    

Thermofisher NanoDrop One ND-ONE-W Thermofisher    

BioRad T100 Thermocycler 1861096 BioRad    

      
RT-qPCR- Reagents 

Item 

Catalog 

Number Company    
2x Universal Sybr Green Fast 

qPCR Mix RK21203 AbClonal    
Primers  IDT    

      
RT-qPCR- Equipment 

Item 

Catalog 

Number Company    
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Rotor Gene RG-3000 

quantitative multiplex PCR 

instrument  

Montreal Biotech 

Inc. (Dorval, QC, 

Canada)    
Rotor Gene 6 Version 6.1 

Program      

      
Western Blot- Reagents 

Item 

Catalog 

Number Company    
3-(N-

morpholino)propanesulfonic 

Acid (MOPS) 1124 684 

Boehringer 

Mannheim    
OmniPur EGTA 67-42-5 EM Science    
OmniPur EDTA 4005 EMD    

Sodium Orthovandate S6508 Sigma-Aldrich    
β-Glycerophosphate 

disodium salt hydrate G5422 Sigma-Aldrich    

Sodium Fluoride 7820-1 

Caledon 

Laboratories LTD.    
Sodium Pyrophosphate 13 472-36-1     
Sodium Dodecyl Sulfate 

(SDS) 151-21-3 Bio Basic Inc.    
Triton X-100 T8532 Sigma    

OmniPur TEMED 8920 EMD    
Pierce Protease and 

Phosphatase Inhibitor 

Tablets, EDTA-free A32961 Thermoscientific    
Glycerol 56-81-5 VWR    

Bromophenol Blue B0126-25G Sigma    

β-mercaptoethanol M7154-25ML Sigma-Aldrich    
30% Acrylamide/Bis Solution 

37.5:1 1610158 BioRad    
BluELF Protein Ladder PM008-0500 FroggaBio    

Tris Base 77-86-1 

Fisher 

Bioreagents    
OmniPur Glycine 4840 Calbiochem    
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Sodium Hydroxide 221465-500G Sigma Aldrich    

Methanol A454-4 Fisher Chemical    
Ponceau S Solution P7170-1L Sigma    

Sodium Chloride 7647-86-1 Fisher Chemical    

Tween 20 P7949-500ML Sigma    
Clarity Max Western ECL 

Substrate 17055062 BioRad    
      

Western Blot- Antibodies 

Item 

Catalog 

Number Company    
mPro-IL-1β 94040601 Thermofisher    
mβ-actin 600-401-886 Rockland    

mPhosphor-Akt 9271S 

Cell Signaling 

Technology    

eGFP 632381 Clontech Lab    
mP38 Synthesized N/A    

Anti-rabbit IgG-HRP 

Conjugated SC-2357 Santa Cruz    

Stabilized Peroxidase 

Conjugated Goat Anti-mouse 32430 Thermoscientific    

      
Western Blot- Equipment 

Item 

Catalog 

Number Company    
Mini-PROTEAN® Tetra 

Handcast Systems 1658007FC BioRad    
PowerPac™ HC High-Current 

Power Supply 1645052 BioRad    
BioRad Trans-Blot® SD Semi-

Dry Transfer Cell 1703940 BioRad    
BioRad Chemidoc XR+ 

System with ImageLab 10000076955 BioRad    
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RNAseq- Reagents 

Item 

Catalog 

Number Company    

Qiagen RNeasy Kit 74104 Qiagen    

 

Stable Transfection- Reagents 

Item 

Catalog 

Number Company    

pGFP-mHP1α (AKA. pGFP-

mCBX5) 181900 Addgene    

pEGFP-N1 6085-1 YRGene    

BD Difco LB broth, Lennox 240230 Becton Dickinson    

Kanamycin      

Lipofectamine 3000 

Transfection Kit L3000-001 Invitrogen    

1x Opti-MEM 31985-070 Gibco    

Neomycin (G418) 

11 464 981 

001 

Roche Applied 

Science    

      
ChIP-qPCR- Reagents 

Item 

Catalog 

Number Company    

37% Formaldehyde F79-1 Fisher Chemical    
OmniPur Glycine 4840 Calbiochem    

Halt™ Protease Inhibitor 

Cocktail (100X) 87786 Thermoscientific    
TriMethyl-Histone H3-K9 

Rabbit pAb A2360 Abclonal    
G DynaBeads 10003D Invitrogen    

Lithium Chloride 203637 Sigma Aldrich    
NP-40 (Ipegal CA-630) I8896-100ML Sigma    
Sodium Deoxycholate 145224-92-6 Alfa Aesar    
Sodium Bicarbonate S2127-500G Sigma    

QIAquick PCR Purification Kit 28104 Qiagen    
RNAse A 19101 Qiagen    
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Sodium Acetate Trihydrate S7670-250G Sigma    

      
ChIP-qPCR- Equipment 

Item 

Catalog 

Number Company    
1.5 ml Bioruptor® Plus TPX 

microtubes C30010010-50 Diagenode    
Bioruptor UCD-200TM-EX 

waterbath sonicator UCD-200 Diagenode    
Magnetic Particle 

Concentrator      

      

in vivo Mouse Experiments- Reagents 

Item 

Catalog 

Number Company    
1x PBS 311-010-CL Multicell    

PEG300 145637 

MedChem 

Express    
BBL Brewer's Modified 

Thioglycollate 4311716 Becton Dickinson    

1x Red Blood Cell Lysis Buffer 00-4333-57 

Invitrogen 

eBioscience    

U0126 U-6770 LC Laboratories    
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Appendix B: AKT Inhibition on Phosphor-AKT  

 

Figure A1: AKT Inhibition by 5 µM MK-2206 Abrogates Phosphor-AKT 

Expression. RAW264.7 cells were treated with or without 5 µM U0126 (MEK1/2 

inhibitor) and 5 µM MK-2206 (AKT inhibitor) for 18 hours. Cells were harvested and 

whole cell lysates were taken for quantification of phosphor-AKT (pAKT) via western 

blot. Imaging of blots was done on the BioRad Chemidoc XR+. 
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