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Abstract 

The inflammatory response is an important physiological mechanism for hosts’ defense 

against pathogens and post-assault tissue repair. However, excessive inflammation leads to tissue 

damage and pathology. Therefore, inflammation is tightly regulated by anti-inflammatory factors 

such as interleukin-10 (IL-10) in order to maintain homeostasis. IL-10 inhibits macrophages’ 

activation by suppressing macrophages’ antigen presenting ability and production of pro-

inflammatory cytokines such as tumor necrosis factor α (TNFα). The signal transducer and 

activator of transcription 3 (STAT3) pathway has been regarded as the only downstream 

pathway of IL-10 for decades. However, our lab has previously shown that IL-10’s early anti-

inflammatory action uses the lipid phosphatase SH2 domain containing inositol 5  ́phosphatase 

(SHIP1) but not STAT3. Previous results in our lab suggested that IL-10 activates SHIP1 to 

inhibit the phosphoinositide 3-kinase (PI3K) pathway; and this accounts for IL-10’s early anti-

inflammatory effects. Since the previous results were mostly obtained using cell lines, we sought 

to verify the results in the more physiological relevant mouse primary cells. We first investigated 

whether IL-10 activates SHIP1 by assessing the physical interaction of IL-10 receptor (IL-10R) 

and SHIP1, the localization of SHIP1, and the phosphorylation state of SHIP1 upon IL-10 

stimulation. We could not observe any effect of IL-10 on altering the activation state of SHIP1. 

We next investigated IL-10’s effect on the activation of Akt, a downstream molecule of PI3K, in 

lipopolysaccharide (LPS) activated macrophages. We demonstrated that IL-10 inhibited 

phosphorylation of Akt in macrophages from C57BL/6 mice but not macrophages from Balb/C 

mice. Lastly, we investigated the roles of SHIP1 and STAT3 in IL-10’s inhibition of TNFα 

protein. We found that the TNFα production profile in SHIP1
-/-

 and STAT3
-/-

 cells were 

extremely similar. Closer examination showed that SHIP1messenger RNA (mRNA) expression 
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was significantly reduced in STAT3 knock out (
-/-

) macrophages. Although this work failed to 

demonstrate some of the observations obtained in cell lines, it shows the significance of genetic 

background of the cells used in experiments. It also suggests that STAT3
-/-

 macrophages’ 

unresponsiveness to IL-10 may due to the lower SHIP1 level in these cells, indicating a 

potentially important role of SHIP1 in IL-10’s anti-inflammatory properties. 
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1 Introduction 

1.1 Inflammation 

Inflammation was first described to be the combined symptoms of redness, swelling, heat 

and pain in the first century [1]. In the 19
th

 century, a fifth symptom – disturbance of function- 

was added to the description of inflammation [2]. We now appreciate inflammation as a complex 

physiological response of the body to damaging stimuli such as pathogens, chemical irritants and 

tissue damage. The main function of inflammation is to combat and remove the damaging 

stimuli in order to protect the host and initiate the restoration of the damaged tissue [3]. 

Therefore inflammation is an important self-defence mechanism of the host and is generally a 

beneficial process. However, excessive and uncontrolled inflammation leads to tissue damage 

and might result in a number of pathologies including inflammatory bowel disease (IBD), 

atherosclerosis, and rheumatoid arthritis [3-6]. 

Stimuli that can trigger inflammation include allergens, pathogen associated molecular 

patterns (PAMPs) that are expressed on the surface of microbes [7, 8] and damage associated 

molecular patterns (DAMPs) that are molecules released by damaged/dying cells to the 

extracellular environment [9, 10]. When mast cells and macrophages residing in the tissues 

encounter these stimuli, they become activated and release a number of soluble pro-

inflammatory mediators such as interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor 

α (TNFα), macrophage inflammatory protein1 (MIP1), histamine, prostaglandins, and reactive 

oxygen and nitrogen species (ROS, RNS) [1, 11]. The release of these mediators causes 

vasodilation and increases permeability of the local blood vessels, which results in increased 

blood flow to the affected local region causing redness, swelling, and heat. These molecules also 

increase the expression of adhesion molecules on the surface of the endothelial cells lining the 
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blood vessels. As a result, circulating neutrophils that come in contact with the endothelial cells 

are slowed down and migrate through the endothelial wall to the affected site [12, 13]. 

Leukocytes migrate according to the chemotactic gradient such that they move toward the region 

with the highest chemokine concentration [13]. The recruited neutrophils are then activated by 

the pro-inflammatory mediators at the affected site and in turn produce more pro-inflammatory 

mediators and cytotoxic reagents in order to eliminate the invading pathogens [1]. If the 

neutrophils cannot clear the pathogens and the inflammatory responses persist, then other 

leukocytes such as macrophages and T-cells are recruited to the affected site to aid in removing 

the invading pathogens. After the pro-inflammatory stimuli have been eliminated, the 

inflammatory response is switched to the repairing mode, which initiates the clearance of 

damaged cells/debris and the repairing of damaged tissue [3].  

Although inflammation is generally a beneficial process that aims to remove dangerous 

stimuli and protect the host, a number of the products that are released to destroy pathogens are 

also damaging to host’s tissue and cells. Therefore inflammation has to be tightly regulated and 

quickly terminated to prevent unwanted side-effects. One of the main mechanisms to regulate 

inflammation is through the release of anti-inflammatory molecules such as interleukin-10 (IL-

10), transforming growth factor-β (TGF-β), and glucocorticoids [14, 15]. These anti-

inflammatory molecules down-regulate inflammation by reducing the production of pro-

inflammatory mediators, deactivating the recruited leukocytes, and switching the target cells (e.g. 

macrophages) from a pro-inflammatory state to an anti-inflammatory state. 

1.2 Macrophages 

Macrophages were first described as cells that engulf large particles. Engulfment of large 

particles, or phagocytosis, is one of the main roles of macrophages: phagocytosis of apoptotic 
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cells and old red blood cells maintain homeostasis in the body, while phagocytosis of invading 

microbes and pathogens is a central part of host defense and pathogen elimination [16]. 

Macrophages belong to the innate immune system and act as the bridge between the innate and 

adaptive immune system. After the phagocytosis of pathogens, macrophages present parts of the 

pathogens to activate cells in the adaptive immune system. Macrophages are derived from 

circulating monocytes, which are in turn derived from a common myeloid progenitor cell that 

can also differentiate into neutrophils [16, 17]. Residual macrophages are present in virtually all 

types of tissue in the body and form the first line of defense in those local areas. Macrophages 

are extremely heterogeneous and the phenotype of tissue-specific resident macrophages is 

influenced by the micro-environment in which they reside. 

1.2.1 Activation of macrophages 

Under normal circumstances, macrophages are in a “resting” state such that they do not 

produce pro-inflammatory cytokines but are still capable of phagocytosis. Resting macrophages 

are “classically” activated by PAMPs from pathogens and DAMPs. The toll-like receptors (TLRs) 

expressed on the surface of macrophages and Nod-like receptors (NLRs) expressed within 

macrophages are responsible for the detection of PAMPs and the activation of downstream 

signalling pathways [16, 18]. Classically activated macrophages, also commonly known as M1 

macrophages, are pro-inflammatory and produce high levels of reactive oxygen and nitrogen 

species and pro-inflammatory cytokines such as TNFα, IL-1, and IL-6. Also, these macrophages 

have increased expression of major histocompatibility complex II (MHC II) and co-stimulatory 

molecules CD80/CD86 and hence have enhanced antigen presenting ability [18-20]. 

Macrophages can also be “alternatively” activated by stimuli such as IL-4, IL-3, and TGFβ. 

These alternatively activated macrophages are classified as the “healer” or M2 macrophages and 
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they are associated with the tissue healing/repairing process in inflammation. Unlike the M1 

macrophages, M2 macrophages do not express high level of pro-inflammatory cytokines and 

ROS, and they do not have up-regulation of antigen presenting molecules. In contrast, M2 

macrophages have enhanced endocytic activity and enhanced expression of the anti-

inflammatory cytokine IL-10 [18-22]. 

1.3 Interleukin-10 

Interleukin-10 was first discovered in 1989 as a factor produced by Th2 cells to inhibit 

Th1 cells’ cytokine production [23]. Later, it was recognized that IL-10 could affect many 

immune cells other than the T cells and that it was, in fact, the main negative regulator of the 

immune system [24]. IL-10 is a glycosylated, 17 kDa protein with a structure that is composed of 

six α-helices. The two carboxyl-terminal helices are important for interacting with another IL-10 

protein to form the active form of IL-10, a soluble, non-covalently linked homodimer. 

Structurally, IL-10 belongs to the class 2 α-helical cytokine family [25, 26]. IL-10 is expressed 

by a number of immune cells and it can in turn affect these immune cells. Although IL-10 has a 

wide range of target cells, it is believed that the main target cells of IL-10 are the activated 

macrophages and dendritic cells since these cells express the highest amount of IL-10 and IL-10 

receptor (IL-10R) upon stimulation [25-27]. IL-10 expression is mediated by transcription 

factors including specificity protein-1 (Sp-1) and 3 (Sp-3), CCAAT/enhancer binding protein 

(C/EBP) and nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) [28-30].  

IL-10 is a soluble factor that binds to a receptor complex composed of a ligand-binding 

subunit (IL-10R1, also known as IL-10Rα in mice) [31] and a signalling subunit (IL-10R2, also 

known as IL-10Rβ in mice) [32]. IL-10R1 is expressed constitutively at low level in most 

hematopoietic cells and its expression is up-regulated by many inflammatory-stimuli, such as 
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lipopolysaccharide (LPS) stimulation [25, 33]. IL-10R2 is also expressed in many immune cell 

types but unlike IL-10R1, its expression is not affected by inflammatory stimuli [25, 32]. The 

broad range of cells that express the IL-10R complex support the idea that many immune cells 

can respond to IL-10, although the responsiveness differs depending on the level of IL-10R 

expression. IL-10R1 has a much higher binding affinity for IL-10 than IL-10R2, so IL-10R1 is 

responsible for most of the interaction between the receptor and IL-10 [25, 34], while IL-10R2 is 

necessary for the downstream IL-10 signalling pathway.  

1.3.1 IL-10 signalling pathway 

The Janus kinase (JAK)/ Signal transducer and activator of transcription (STAT) pathway 

has been regarded as the only signalling pathway that IL-10 acts through, and the activation of 

this pathway can account for all of IL-10’s anti-inflammatory effects [35]. Upon IL-10 binding 

to the IL-10R, the Janus associated kinase Jak1 and Tyk2, which are constitutively associated 

with IL-10R1 and IL-10R2 respectively, become trans-phosphorylated and thus activated [36]. 

After the activation of these kinases, they phosphorylate residue Tyr446 and Tyr496 on the 

human IL-10R (Tyr427 and Tyr477 on the mouse IL-10R). These two phosphorylated tyrosine 

residues then can be bound by the Src homology 2 (SH2) domain of the transcription factor 

STAT3 [37], followed by the phosphorylation of STAT3 by the receptor associated kinases at 

residues Tyr705 and Ser727. Phosphorylation of Tyr705 facilitates the dimerization of STAT3 

through the SH2 domain and phosphorylation of Ser727 enhances the transcriptional activity of 

STAT3 [38]. The dimerized STAT3 molecules dissociate from the IL-10R and translocate into 

the nucleus to bind to the STAT3 binding elements within the promoters of IL-10 responsive 

genes.  These genes include anti-inflammatory genes such as Suppressor of cytokine signalling 3 

(SOCS3), Strawberry notch homolog 2 (SBNO2) and Ets variant 3 (ETV3) [36, 39-42].  
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1.3.2 IL-10 regulation of macrophages 

        Since activated macrophages express a high level of IL-10R1, it is commonly believed that 

they are the immune cells that are most responsive to IL-10 and are the main target of IL-10. In 

activated macrophages, IL-10 represses the production of pro-inflammatory cytokines (e.g. IL-1, 

IL-6, IL-12, TNFα, macrophage colony stimulating factor (M-CSF)) [43], chemokines (ie. 

monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1 (MIP-1)) [44, 45] 

and the production of nitric oxide [46]. In addition, IL-10 depresses the expression of surface 

molecules on the macrophages including the MHC II and the co-stimulatory molecules CD80 

and CD86, thereby reducing the antigen presenting ability of the activated macrophages [47]. IL-

10 also alters activated macrophages’ adhesion ability by down-regulating intercellular adhesion 

molecule 1 (ICAM-1), which is necessary for macrophages to establish cell to cell contact with 

endothelial cells [48]. Lastly, IL-10 up-regulates the production of a number of anti-

inflammatory molecules such as the IL-1 receptor antagonist (IL-1RA) and soluble TNF receptor 

which bind to the respective pro-inflammatory cytokines and restricting their effect on other 

immune cells [49, 50]. 

1.3.3 IL-10 in diseases 

        Due to IL-10’s importance in regulating inflammation and the immune system, defects that 

affect IL-10’s normal functions are associated with inflammatory diseases. For example, both IL-

10
-/-

 and IL-10R
-/-

 mice developed colitis spontaneously [51] and genome-wide studies had 

identified mutations in the IL-10 and IL-10R genes that correlate with increased susceptibility to 

IBD in human [52, 53]. IL-10 was shown to be protective in mouse endotoxemia experiments 

and had beneficial effects in treating rheumatoid arthritis and allergy [33]. Also, IL-10 was 

reported to inhibit allograft rejection after organ transplantation [54, 55]. These studies highlight 
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the importance of IL-10 in negatively regulating inflammation and autoimmune diseases. On the 

other hand, many pathogens have evolved to inhibit the host’s immune system by utilizing IL-10. 

For example, M. tuberculosis can manipulate macrophages and dendritic cells to increase IL-10 

production, which protect the pathogen from being eliminated by the immune system [56]. It has 

been reported that certain types of cancer are also associated with increased IL-10 production, 

which represses the immune system and enhances cancer cells’ survival. Therefore it is 

important for IL-10 to maintain proper homeostasis since enhanced and defective IL-10 level 

both result in pathologies. 

1.4 LPS/TLR4 signalling pathway 

        Macrophages detect PAMPs through TLRs expressed on the surface of the cells. To date, 

there are 11 TLRs identified in mammals that have different ligand specificity: TLR1, 2 and 6 

recognize lipopeptides, TLR3 recognizes double stranded RNA, TLR4 recognizes LPS, TLR5 

recognizes bacterial flagellin, TLR7 and 8 recognize GU rich single stranded RNA, and TLR9 

recognizes unmethylated CpG DNA [57-59]. TLRs are classified as type-1 membrane proteins 

and possess a conserved toll/IL-1R (TIR) domain at the intracellular portion of the receptor. The 

TIR domain is responsible for protein-protein interaction between the TLRs and TIR domain 

containing adaptor proteins, such as Myeloid differentiation primary response gene (88) 

(MyD88), TIR-domain-containing adaptor inducing interferon β (TRIF), TRIF related adaptor 

molecule (TRAM), MyD88-adaptor-like (Mal) and Selective androgen receptor modulators 

(SARM). The TLRs interact with various combinations of these adaptor proteins to activate 

different downstream signalling pathways [57-59]. 

        LPS is a component of the cell wall of Gram-negative bacteria and it is the ligand of TLR4. 

TLR4 requires additional proteins to facilitate the ligand binding. LPS binding protein (LBP) is a 
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serum lipid transferase that transfers LPS from the bacteria cell wall to CD14, a GPI-linked 

membrane protein on the surface of the macrophages. CD14 then facilitates the transfer of LPS 

to TLR4, which is associated with another membrane protein that aids in LPS presentation called 

MD2. The binding of LPS-LPB complex to the TLR-MD2 complex causes the dimerization of 

the TLR4 [60]. 

1.4.1 MyD88 dependent and independent pathways 

        There are two known pathways downstream of LPS/TLR4 binding: the MyD88 dependent 

and independent pathways (Figure 1). In the MyD88 dependent pathway, LPS binding induces 

the recruitment of the adaptor proteins TIR-domain containing adaptor protein (TIRAP) and 

MyD88 to TLR4. MyD88 contains a death domain, which is responsible for protein-protein 

interaction with another death domain containing protein called IL-1 receptor associated kinase 4 

(IRAK4). IRAK4 is phosphorylated and activated once recruited to the membrane. Once 

activated, IRAK4 recruits and phosphorylates IRAK1 and 2. The activated IRAKs dissociate 

from the receptor and form a complex with tumor-necrosis-factor receptor associated factor 6 

(TRAF6), which then activates the TGFβ-activated protein kinase 1 (TAK1) and TAK-1 binding 

proteins 1, 2 and 3 (TAB 1, 2 and 3). TAK1 is a MAP kinase kinase kinase (MAP3K) that 

activates kinases upstream of pathways such as NFκB, p38 and c-Jun N-terminal kinase (JNK). 

For example, TAK1 activates the nuclear factor κB kinase complex (IKK) α/γ, which then 

phosphorylates IκB thus promoting its degradation. The degradation of IκB would release NFκB 

and allows it to translocate to the nucleus to induce the transcription of pro-inflammatory genes 

[58, 59]. 
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Figure 1 LPS signalling pathway 

LPS-LBP complex is transferred by CD14 to the TLR4-MD2 complex. LPS binding initiates the 

MyD88 dependent and independent pathways. In the MyD88 dependent pathway, MyD88 and 

TIRAP are recruited to the receptor complex and activate the downstream signalling cascades 

resulting in the activation of p38, JNK and NFκB pathways and production of pro-inflammatory 

cytokines. In the MyD88 independent pathway, TRIF and TRAM are recruited to the TLR4 and 

initiate downstream signalling cascades leading to the activation of the IRF transcription factors 

and the production of type I interferons. 
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In the MyD88 independent pathway, LPS binding induces the association of TLR4 and TIR-

domain containing adaptor inducing interferon β (TRIF) via the TRIF related adaptor molecule 

(TRAM). TRIF then activates receptor interacting protein 1 (RIP1), which in turn activates the 

IKK complex to drive NFκB. TRIF can also bind to TRAF3, which serves as an adaptor protein 

between TRIF, TANK, TANK-binding kinase 1 (TBK1) and IKKε. TANK, TBK1 and IKKε are 

kinases that phosphorylate the transcription factor interferon regulatory factor 3 (IRF3), which is 

responsible for the transcription of type I interferon genes [58, 59]. 

1.5 TNFα 

        TNFα was first discovered as a soluble factor in the serum of mice treated by LPS and was 

an inducer of hemorrhagic necrosis of tumors [61]. TNFα is one of the earliest genes that gets 

expressed after LPS stimulation of macrophages. Its mRNA can be detected within 30 minutes of 

stimulation and the protein can be detected in abundance within one hour of stimulation. Since 

its discovery, it has been a hallmark of inflammation [62, 63].   

        TNFα protein is initially synthesized as a 27 kDa membrane anchored protein. It is then 

cleaved by TNFα-converting enzyme (TACE) to produce the soluble 17 kDa mature protein [64]. 

The main producer cell of TNFα after LPS stimulation is the macrophage. LPS stimulation 

activates the TLR4 pathway, which leads to the activation of transcription factors such as NFκB 

and Activator protein 1 (AP-1) [65, 66].These transcription factors then bind to the promoter 

region of the TNFα gene to initiate transcription. TNFα mRNA is also post-transcriptionally 

regulated by RNA binding proteins, such as tristertrapolin (TTP), KH-type splicing regulatory 

protein (KSRP) that interacts with the 5  ́and 3  ́untranslated region (UTR) of the mRNA,  

affecting mRNA stability and translation efficiency [67-70]. 
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1.5.1 TNFα signalling pathway 

TNFα signals through two receptors: TNF receptor 1 and 2 (TNFR1 and 2) (Figure 2). 

TNFR1 is expressed in almost all cell types and TNFR2 is mainly expressed on particular 

immune cells such as the macrophages [71]. TNFR1 contains a cytoplasmic death domain that 

can interact with TNFR1 associated death domain (TRADD) to initiate apoptosis [72]. 

Alternatively, TNFα binding to TNFR1 and TNFR2 recruits TNF receptor associated factors 

(TRAFs) to activate the NFκB and MAPKs pathways, which promote cell survival and the 

production of pro-inflammatory cytokines, including TNFα itself [73]. The second wave of 

TNFα acts in an autocrine manner to stimulate the second wave of pro-inflammatory cytokines 

production. 

1.6 PI3K pathway 

The PI3 kinases (PI3K) are a family of kinases that phosphorylate the 3 -́hydroxyl 

position of phosphatidylinositol (PI) lipids. The resulting products are secondary messengers of a 

number of signalling pathways that affect many cellular functions including cell proliferation, 

growth, motility, and activation (Figure 3). Dysregulation of the PI3K pathway has been 

implicated in pathologies such as cancer and inflammatory diseases [74].  

To date there are 8 PI3K isoforms identified and they are divided into 3 classes according 

to their structures and substrate specificities. The class I PI3Ks are all heterodimers composed of 

the p110 catalytic subunits and the p85 or p101 regulatory subunit. The class I PI3Ks are sub-

categorized into classes IA and IB, in which class IA is activated by receptors with tyrosine 

kinase activity and class IB is activated by G-protein coupled receptors. Class IA includes p110α, 

p110β and p110δ and they all share a common regulatory subunit p85. Class IB only has one 

member, p110γ, and the catalytic subunit is associated with the regulatory subunit p101 [74-78].   
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Figure 2 TNFα signalling pathway 

Stimulus such as LPS binding to TLR4 results in the production of pro-TNFα, which is cleaved 

into the mature TNFα by TACE. TNFα binding to TNFR1 leads to the recruitment of TRADD 

and results in the activation of the caspase pathway and apoptosis. TNFα binding to TNFR2 

recruits TRAF2 which leads to the activation of the MAPK and NFκB pathways. Activation of 

these pathways results in the production of pro-inflammatory cytokines, including TNFα itself, 

and promotes cell survival. 



13 
 

 

Figure 3 The PI3K signalling pathway 

PI(4,5)P2 is phosphorylated by PI3K at the membrane to generate PIP3, which recruits PH 

domain containing protein such as Akt. Akt is phosphorylated and activated by PDK1 and 

mTOR, leading to the downstream signalling cascades that ultimately activate in a number of 

cellular processes including cell proliferation, survival, migration and increased phagocytosis. 

PIP3 is dephorphorylated by PTEN to form PI(4,5)P2 or by SHIP1 to form PI(3,4)P2, which 

antagonize the PI3K pathway. 
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1.6.1 Protein kinase B/Akt 

Although PI3K can phosphorylate the 3  ́position of different inositol lipids, the preferred 

substrate of class IA PI3Ks is PI(4,5)P2. The product, PIP3, then recruits proteins containing 

domains that interact with lipid, such as the pleckstrin homology (PH) domain. PH domains are 

found in more than 150 proteins to date and they bind phospholipids with high affinity. Some PH 

domains bind to PIP3 more strongly than to other PIs. One example of a PH domain containing 

protein that binds to PIP3 with higher affinity than other PIs is the Akt kinase, which also binds 

to PI(3,4)P2 with high affinity [79-81]. Akt is a 57 kDa serine/threonine kinase and is commonly 

referred as protein kinase B (PKB) because it was first identified as a kinase that has high 

homology with protein kinases A and C [82]. Akt has three isoforms (α, β, and γ) in mammalian 

cells. In mice, the α isoform mediates signalling pathways that promote cell survival and 

proliferation, the β isoform is associated with insulin-related metabolism, and the γ isoform is 

involved with controlling cell size [83]. All isoforms consist of a N-terminal PH domain, a 

central kinase domain and a C-terminal regulatory domain. Akt is essentially cytoplasmic in 

resting cells and it translocates to the cell membrane upon stimulation. At the cell membrane, 

Akt is first phosphorylated at residue Thr308 located in the active site by 3’phosphoinositide-

dependent kinase-1 (PDK1), a Ser/Thr kinase that also binds to PIP3. Then Ser473 in the C-

terminal regulatory domain of Akt is phosphorylated by several possible kinases, one of which is 

mammalian target of rapamycin (mTOR) when mTORC2 is associated with Rictor [84]. 

Phosphorylation of both sites is required for full activation of Akt [85].  

1.6.2 Targets of Akt 

Akt can phosphorylate a number of proteins, leading to their activation. The activation of 

these proteins ultimately results in enhanced cell survival/proliferation. These proteins include 
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p27, the forkhead box transcription factor (FOXO), tuberous sclerosis complex 2 (TSC2), 

glycogen synthase kinase 3 (GSK3), and serum-and glucocorticoid-induced kinase 1 (SGK1)[86, 

87]. p27 is a cell-cycle inhibitor and phosphorylation of p27 leads to its inactivation and 

promotion of cell cycle entry. FOXO is a transcription factor that is responsible for the 

transcription of p27, as well as another cell-cycle inhibitor cyclin G2 and the pro-apoptotic 

molecule BIM. When FOXO is phosphorylated by Akt, it translocates from the nucleus to the 

cytoplasm thus it cannot regulate transcription of the cell-cycle inhibitor and pro-apoptotic genes. 

Unphosphorylated TSC2 heterodimerizes with TSC1 and the dimerized complex acts as a Ras 

homolog enriched in brain (RHEB) -GTPase activating protein. GTP-bound RHEB activates the 

kinase TOR, which is a nutrient sensor and the target of rapamycin. Akt phosphorylates TSC2, 

which inactivates the TSC2-TSC1 complex and thus increases the amount of RHEB-GTP and 

the subsequent activation of TOR [86, 87]. GSK3 is a serine/threonine kinase that has more than 

50 substrates, allowing it to regulate many cellular processes. GSK3 exists as two isoforms, 

GSK3α and GSK3β. Both isoforms can be inhibited by phosphorylation (Ser21 of GSK3α and 

Ser9 of GSK3β) by Akt [88].  

1.7 SH2-containing inositol-5ʹ-phosphatase 1 (SHIP1) 

Since the PI3K pathway has very broad and profound effects on cells, it must be tightly 

regulated and terminated shortly after its activation. A major mechanism to antagonize the 

pathway is through the degradation of PIP3. Phosphatase and tensin homologue deleted on 

chromosome ten (PTEN) is the phosphatase that directly opposes PI3K activity by removing the 

3 ṕhosphate from PIP3 to generate PI(4,5)P2, the original substrate of PI3K. On the other hand, 

SH2-domain containing inositol 5 ṕhosphatase 1 and 2 (SHIP1 and SHIP2) convert PIP3 into 

PI(3,4)P2. PTEN and SHIP2 are expressed ubiquitously but SHIP1 is expressed predominantly in 
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hematopoietic cells. The restricted expression of SHIP1 makes it an attractive therapeutic target 

since altering its activity would not have a global effect in the body [89]. 

SHIP1 is a 145 kDa protein with a N-terminal SH2 domain, a PH-related domain (PH-R), 

a centrally located 5 ṕhosphatase followed by a C2 domain, and a proline-rich region (PRR) 

containing two NPXY motifs at the C-terminus [90, 91]. The SH2 domain is important for 

SHIP1’s association with tyrosine-phosphorylated proteins such as FcγRIIa and FcγRIIb through 

the immune receptor tyrosine based-activating motif (ITAM) and the immune receptor tyrosine 

based-inhibiting motif (ITIM) respectively [92-94]. The PRR is also responsible for SHIP1’s 

interaction with a subset of SH3 domain containing proteins. Src homology 2 containing protein  

(Shc), doking protein (Doks) 1 and 2, growth factor receptor-bound protein 2 (Grb2) and p85α 

subunit of PI3K are proteins that are capable to bind to SHIP1’s PRR when the NPXY motifs are 

phosphorylated [95, 96]. The PH-R domain is important in SHIP1’s ability to interact with lipid 

and it has been shown that mutation in the PH-R domain reduced SHIP1’s translocation to the 

cell membrane upon FcγR-dependent phagocytosis[91]. The C2 domain of SHIP1 binds to PI(3-

4)P2, the product of SHIP1, and such binding allosterically activates SHIP1’s enzymatic activity, 

which suggests the C2 domain is important for the regulation and activation of the phosphatase 

[91].  

Beside the 145 kDa full length protein, SHIP1 has several isoforms that are generated 

from alternate splicing [97]. Studies have shown a 135 kDa SHIP1 isoform that is co-expressed 

with the full length SHIP1. Similar to the 145 kDa SHIP1, this 135 kDa isoform is tyrosine 

phosphorylated by M-CSF-1 stimulation and it associates with Shc and Grb2. However, since the 

spliced isoform lacks the binding site for the PI3K subunit p85, it has weaker interaction with 

p85 than the full length SHIP1 [98]. In embryo, full length SHIP1 is not expressed but a 104 kDa 
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stem-cell specific SHIP1 (s-SHIP1) is encoded from an internal promoter between exon 5 and 6. 

It is believed that s-SHIP1 plays an important role in the development and survival of pluripotent 

stem cells [99]. 

1.7.1 Regulation of SHIP1 expression 

SHIP1’s expression is controlled at several levels. At the transcriptional level, SHIP1 has 

been described to be regulated by the Sma and Mad related protein (SMAD) transcription factors 

[100]. TGFβ and activin, which are negative regulators of immune cells proliferation, strongly 

induce the expression of SHIP1 mRNA and protein [100]. At the post-transcriptional level, 

SHIP1 is a known target of the pro-inflammatory micro-RNA-155 (miR-155), which controls the 

stability of the SHIP1 mRNA [101]. It is worth noting that IL-10 inhibits miR-155 expression 

and this inhibition is SHIP1 and STAT3 dependent [102, 103]. This suggests that SHIP1 and 

miR-155 regulate each other bi-directionally and creates a fine balance between pro- or anti-

inflammatory status in the host.  On the protein level, the turn-over rate of the SHIP1 protein is 

relatively slow (more than 24 hours) but the level of SHIP1 protein can be controlled by 

proteasomal degradation [104]. 

Since the PI3K pathway induces cells proliferation and survival, it has been suggested 

that the PI3K negative regulator SHIP1 plays an important role in regulating macrophages 

proliferation [80, 105]. Studies have shown that SHIP1 can inhibit the activation of Akt as well 

as transcription factors such as NFκB by decreasing the level of PIP3 [106, 107]. The 

phosphatase activity of SHIP1 remains constant upon cytokine stimulation as well as the 

phosphorylation of the tyrosine residues at the NPXY motifs [108, 109]. Therefore it is 

commonly believed that SHIP1’s activity is dictated by its physical location and that it exerts its 

phosphatase function by translocating to sites containing PIP3 [105, 109] . 
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1.7.2 SHIP1 in disease 

Much of the understanding of SHIP1’s role in immune cells comes from studying the 

SHIP1
-/-

 mice [110, 111]. The phenotypes of SHIP1
-/-

 mice include splenomegaly, a Paget’s like 

osteroporosis, shortened life-span, and an asthma-like symptom. Furthermore, SHIP1
-/-

 mice are 

hypersensitive to immune stimulation. For example, they are significantly more susceptible to 

endotoxin shock and their macrophages produce a much higher level of many pro-inflammatory 

cytokines during LPS challenge. It has also be found that SHIP1
-/-

 macrophages are skewed [112] 

toward the alternatively activated M2 phenotype. 

In humans, heterozygosity at the chromosomal location of SHIP1 (chromosome 2q36) is 

associated with a subset of patients with familial Paget-like osteoporosis [113]. Moreover, 

mutation in SHIP1 has been reported to be in the blast cells of acute myelogenous leukemia 

(AML) and acute lymphoblastic leukemia (ALL) patients [114, 115]. These studies in leukemic 

patients suggest that SHIP1 functions as a tumour suppressor, likely via the inhibition of the 

PI3K pathway. 

1.8 Linking IL-10, STAT3 and SHIP1: Previous results  

IL-10 is the major anti-inflammatory cytokine and one of its mechanisms on regulating 

inflammation is through inhibiting the production of pro-inflammatory cytokines. Studies have 

shown that IL-10 reduces TNFα production transcriptionally as well as post-transcriptionally [70, 

116]. IL-10 binds to IL-10R to activate STAT3 and results in the production of STAT3 regulated 

gene products such as SOCS3, Bcl-3, ETV3 and SBNO2 [36, 39-42]. SOCS3 has been reported 

to inhibit the TLR4 signalling pathway which directly suppresses LPS induced TNFα production 

[41]. On the other hand, Bcl3, ETV3 and SBNO2 are repressors of transcription and are capable 

of interfering with TNFα transcription [39, 117]. Post-transcriptionally, TNFα mRNA contains 
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AU-rich elements (ARE) at the 3 ÚTR, which target the mRNA for degradation [118]. IL-10 

reduces the stability of TNFα mRNA by inhibiting the stabilizing effect of ARE-binding proteins 

such as T cell antigen-1 (TIA-1), TIA-1-related protein (TIAR), human antigen R (HuR) [119] 

through targeting the p38 MAPK pathway. Also, IL-10 induces the expression of TTP, which 

binds to the ARE of TNFα mRNA to promote the mRNA degradation, in a STAT3 dependent 

manner [120]. Recently, it has been shown that IL-10 decreases TNFα translation by shifting the 

mRNA from associating with poly-ribosomes to mono-ribosome. This shifting mechanism 

appears to be SHIP1 dependent and involves the inhibition of MAP kinase signal integrating 

kinase-1 (MNK-1) [121].  

It is well established that the PI3K pathway has important implications in the immune 

system since it can affect a large number of cellular pathways. However, there is contradicting 

evidence on PI3K involvement in the cellular pathways, which lead to the debate of whether the 

PI3K pathway is pro-inflammatory or anti-inflammatory [122-125].  

1.8.1 IL-10 regulation of PI3K pathway 

Our lab is interested in investigating the role of IL-10 in the LPS-activated PI3K pathway. 

It has been shown previously in our lab that in macrophages that were stimulated with LPS and 

IL-10, the level of PIP3 was dramatically decreased compared with cells that were stimulated 

with LPS alone (Appendix A). Also, the level of PI(3,4)P2 was increased in the cells that were 

stimulated with LPS and IL-10 compared to the cells that were stimulated with LPS alone 

(Appendix A). This initial result indicated that LPS induced the production of PIP3 while IL-10 

caused PIP3 dephosphorylation to generate PI(3,4)P2, and suggested that a 5  ́inositol 

phosphatase was responsible for this dephosphorylation (Appendix A). Therefore we speculated 

that IL-10 might activate SHIP1, a 5 ṕhosphatase that acts as a negative regulator of PI3K in 
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macrophages. We found that in a macrophages cell line, IL-10 treatment led to the 

phosphorylation of SHIP1 on a tyrosine residue and this phosphorylation was dependent on the 

Tyr446 and 496 residues on IL-10R  (Appendix A). SHIP1 only interacted with the 

phosphorylated form of these two tyrosine residues, but not the unphosphorylated form 

(Appendix A). These previous results indicated that IL-10 can activate SHIP1, and that activated 

SHIP1 is recruited to active IL-10R in cell lines.  

Our lab continued to examine whether IL-10 activation of SHIP1 may affect the 

downstream signalling events of the PI3K pathway. The phosphorylation state of Akt on Ser473 

residue was measured in RAW 264.7 cells after LPS +/- IL-10 stimulation. LPS stimulation 

induced phosphorylation of Akt and the addition of IL-10 reduced the phosphorylation. Next, the 

production of TNFα protein was used as an indicator of the PI3K pathway activity. RAW 264.7 

macrophages were treated with LPS +/- IL-10 and supernatant was collected for TNFα protein 

measurement. Similar to the observation seen in phosphorylation of Akt, LPS induced the 

production of TNFα protein whereas IL-10 inhibited its production. These results suggested that 

IL-10 can negatively regulate the PI3K pathway (Appendix B). 

1.8.2 Relative contributions of SHIP1 and STAT3 in IL-10 signalling pathway 

The transcription factor STAT3 has been suggested to be the only signalling pathway that 

IL-10 utilizes. But the results from our lab suggest the possibility that SHIP1 might be the key 

molecule in a novel, STAT3-independent arm of the IL-10 signaling pathway [121]. To 

determine the relative contribution of STAT3 and SHIP1 in IL-10’s inhibition on LPS induced 

TNFα protein production, we generated RAW264.7 cell lines in which STAT3 and SHIP1 

protein were knocked down by RNA interference. siRNA sequences that target SHIP1, STAT3 

or a scrambled sequence were cloned into a lentiviral vector in which the siRNA were expressed 
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under the control of a doxycycline (Dox)-dependent promoter. The addition of Dox for 48 hours 

resulted in >95% of SHIP1 knock down and around 50% of STAT3 knock down. It was not 

possible to achieve a larger reduction of the STAT3 protein probably because STAT3 is 

necessary for the survival of these cells. After the establishment of the stably siRNA transduced 

cells, they were treated with Dox for 48 hours. After the removal of Dox, the cells were 

stimulated with LPS +/- IL-10 and supernatant was collected at 1, 2 and 24 hours after 

stimulation. The TNFα protein levels in the LPS+IL-10 culture were calculated relative to the 

TNFα protein level in the parallel LPS alone cultures and were expressed as percentage. We 

found that IL-10 inhibited the LPS-induced TNFα protein production in parental and Scrambled 

RAW cells at a similar degree at all time points. STAT3 knock down (STAT3 KD) cells 

responded to IL-10 similarly to parental and Scrambled cells at 1 hour, but they were resistant to 

IL-10 at 2 hour and 24 hours. The SHIP1 knock down (SHIP1 KD) cells responded to LPS+IL-

10 stimulation differently from the STAT3 KD cells, which were resistant to IL-10 at 1 and 2 

hours, but responded similarly to parental cells and Scrambled cells at 24 hours. These data 

suggest that SHIP1 and STAT3 are responsible for different phases of the IL-10 signaling 

pathway: SHIP1 is required for the early inhibitory effect of IL-10 (such as at 1 hour) whereas 

STAT3 is required for the later time point (such as 24 hours) (Appendix B). 

The major disadvantage of utilizing a system in which the same stimulation solution 

remains with the cells for the entire duration of the experiment is that the stimulation results in 

the production of cytokine, and the accumulation of cytokines might cause secondary responses 

in the cells and confound the results. Therefore, we developed the continuous-flow culture to 

overcome the intrinsic confounding variable of the static culture. In the continuous-flow culture, 

the stimulating media are pumped into the wells while the supernatant from the wells is removed 
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at the same time. This allows the collection of the supernatant over a continuous period of time 

and mimics the actual physiological environment more closely than the static culture system. 

In the continuous flow cell system, LPS stimulation induced two peaks of TNFα 

production in all of parental, Scrambled, SHIP1 KD and STAT3 KD cells. The first peak 

appeared at about 50 minutes and the second peak appeared at about 110 minutes. IL-10 

effectively inhibited both peaks in parental and Scrambled cells but failed to inhibit the first peak 

in SHIP1 knock down cells. For STAT3 KD cells, the first peak was inhibited by IL-10 in a 

similar way as the parental and Scrambled cells; but unlike the parental and Scrambled cells, the 

second peak of STAT3 KD cells was not completely inhibited by IL-10. These data suggested 

that LPS induced TNFα protein in a bi-phasic manner. Consistent with the static culture data, 

SHIP1 is responsible for the first phase (early time point) of IL-10’s inhibitory effect. The effect 

of STAT3 deficiency on the two phases was not as clear as the SHIP1 knock down. This is most 

likely due to the fact that STAT3 KD was not complete and the remaining ~50% of STAT3 

protein was enough to compensate for the IL-10 dependent STAT3 action in these cells 

(Appendix B).  

Taken together, previous studies in our lab that used RAW 264.7 macrophages suggest 

that IL-10 stimulation activates and recruits SHIP1. LPS induced activation of PI3K is reduced 

by IL-10 which might be dependent on the IL-10 activation of SHIP1. Also, the early anti-

inflammatory effect of IL-10, such as the inhibition of TNFα protein expression, is SHIP1 

dependent, and the late anti-inflammatory effect of IL-10 is STAT3 dependent. 
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1.9 Hypothesis and objectives 

The overall objective of the thesis is to investigate the role of SHIP1 in the IL-10 signalling 

pathway in LPS activated primary macrophages and the molecular mechanisms that regulate 

SHIP1 activity. The conclusions that were drawn regarding the relationship between IL-10 and 

SHIP1 were based on experiments done in the RAW 264.7 macrophage cell line. In order to 

investigate these conclusions in a more physiologically relevant setting, my main goal was to 

validate the observations in murine primary cells (either peritoneal macrophages [perimac] or 

bone marrow derived macrophages [BMDM]). We hypothesized that results similar to those in 

cell lines would be obtained in primary cells, in which 1) IL-10 activates SHIP1 by recruiting the 

enzyme to the IL-10R; 2) SHIP1 is the key signalling molecule in one arm of the IL-10 

signalling pathway that is STAT3 independent; 3) SHIP1’s anti-inflammatory activities are in 

part through the inhibition of the PI3K pathway and SHIP1’s pathway is earlier than the STAT3 

dependent pathway. 
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2. Materials and methods 

2.1 Mouse colonies 

SHIP1
-/- 

mice backcrossed 3 times to Balb/C mice were kindly provided by Dr. Gerald 

Krystal (BC Cancer Research Centre, Vancouver, B.C.), and further backcrossed to the F6 

generation. C57Bl/6 STAT3
flox/flox

 mice were purchased from Dr. S. Akira (Hyogo College of 

Medicine, Nishinomiya, Japan) and C57BL/6 LysMCre mice were purchased from Jackson 

Laboratory. STAT3
flox/flox

 mice were crossed with the LysMCre mice to generate offspring that 

were heterozygous on both alleles. The doubly heterozygous mice were then crossed with 

homozygous STAT3
flox/flox

 mice. The resultant offspring, which had the genotype of STAT3 

flox/flox
 /LysMCre

+/-
, were referred as the STAT3

-/- 
mice. The STAT3

-/- 
mice were crossed with the 

homozygous STAT3
flox/flox

 mice so that half of the progeny were STAT3
-/-

,
 
while the other half 

were homozygous STAT3
flox/flox

 mice. These F3 progenies were used for the experiments 

described in the study. All mice were maintained in accordance to the ethic protocols approved 

by the University of British Columbia Animal Care Committee. 

2.2 Generation of bone marrow derived macrophage and peritoneal macrophages 

Femurs and tibias were collected from mice and the bone marrow was flushed out by 

passing Iscove’s modified Dulbecco’s medium (IMDM) (Thermo Fisher Scientific, Nepean, ON), 

supplemented with 10% fetal calf serum (FCS, Fisher Scientific, Ottawa, ON), which had been 

heat inactivated by incubation at 56
o
C for 90 minutes, 10 μM β-mercaptoethanol (Sigma Aldrich, 

Oakville ON), 150 μM monothioglycolate, and 1 mM L-glutamine through a 26G needle (BD 

Scientific, Mississauga, ON). Extracted cells were cultured on a 10-cm tissue culture dish (Fisher 

Scientific, Ottawa, ON) for 2 hours.  Non-adherent cells were collected and seeded at 9×10
6
 cells 

per 10-cm tissue culture dish. Cells were left undisturbed for seven days before use in the 
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supplemented IMDM media with 5 ng/ml Colony Stimulating Factor-1 (CSF-1) (Stem Cell 

Technologies, Vancouver, BC). All cells were maintained at 37°C, 5% CO2 and 95% humidity. 

Peritoneal macrophages from male and female mice, age 6-12 weeks, were extracted by 

peritoneal lavage using 5 ml of sterile phosphate buffered saline (PBS, Fisher Scientific, Ottawa, 

ON) and IMDM mixture (3:1 ratio mixture). Cells were then transferred to supplemented IMDM 

and 2.5×10
5
 cells were plated per well in tissue culture treated 24-well plates. Cells were allowed 

to adhere for 4 hours at 37°C, 5% CO2 and 95% humidity and non-adhered cells were removed 

prior to stimulation. 

2.3 Antibodies and drugs 

Primary antibodies used in the experiments include α-SHIP1 (P1C1) and α-IL-10R 

purchased from Santa Cruz (Dallas, Tx), α-STAT3 purchased from Upstate Biotechnology (Lake 

Placid, NY), α-phospho-Akt (pAkt) S473 (D9E), α-pPDK1, α-pIkBα, α-pGSK3 (37F11), α-p85 

(19H8) purchased from Cell Signaling Technologies (Pickering, ON), α-actin (AC15) and α-

vinculin (hVIN1)purchased from Sigma (Oakville ON). The secondary antibodies, including 

Alexa Fluor® 488 Goat Anti-Mouse IgG, Alexa Fluor® 680 Goat Anti-Rabbit IgG, and Alexa 

Fluor® 680 Goat Anti-Mouse IgG, were all purchased from Life Technology (Burlington, ON) 

unless otherwise stated. LY294002 was purchased from Cayman Technologies (Pickerington, 

OH). 

2.4 SHIP1 and IL-10R immunoprecipitation 

Seven to ten day old bone marrow derived macrophages (BMDM) cultured in 10-cm dish 

were stimulated by 100 ng/ml IL-10 (recombinant murine IL-10  expressed in 293T  cells and 

purified to >95% purity). Cells were washed twice with 20 ml of PBS and lysed in 1 ml of 

Nonidet P-40 (NP-40) (Sigma Aldrich, Oakville ON) lysis buffer (50 mM HEPES, 2 mM EDTA, 
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1 mM NaVO4, 100 mM NaF, 50 mM NaPPi, 1% NP-40), supplemented with Complete Protease 

Inhibitor Cocktail (PIC, Roche Diagnostics, Laval, QC). Lysate was rocked at 4°C for 45 

minutes and clarified by centrifugation at 12,000×g for 20 minutes. For SHIP1 

immunoprecipitation, clarified lysates were incubated with 1 μg of α-SHIP1 (P1C1) (Santa Cruz, 

Dallas, Tx) antibody at 4°C for 2 hours. The lysate/antibody was then incubated with protein G 

agarose beads (Sigma Aldrich, Oakville ON) at 4°C for 2 hours. For IL-10R 

immunoprecipitation, the clarified lysate was incubated with 1 μg of α-IL-10R (37A5) (DNAX, 

Palo Alto, CA), which was conjugated to Cyanogen bromide (CNBr) activated agarose beads, at 

4°C for 2 hours. The beads were then washed 3 times with 0.1% NP-40 in lysis buffer and 

resuspended in 100 μl of 2× Laemmli’s buffer for both types of immunoprecipitation. 

2.5 IL-10R peptide pull down assay 

Streptavidin coupled Dynabeads®  (0.2 mg) were blocked with 0.5% BSA at 23°C for 15 

minutes. One of the two IL-10R biotinylated peptides (50 nM, peptide that contained either the 

Tyr427 or Tyr477 residue, and the peptides were either in the unphosprylated or phosphorylated 

form) were incubated with the blocked Dynabeads® in a final volume of 500 μl at room 

temperature for 1 hour (final peptide concentration: 100 μM, Tyr427 peptide sequence: 

TFQGYQKQTRWK, Tyr477 peptide sequence: LAAGYLKQESQG) (GenScript, Piscataway, 

NJ). The beads/peptide mixture was washed twice by 0.5% BSA in PBS and incubated with IL-

10 stimulated BMDM cell lysate, which was prepared as described in the immunoprecipitation 

section, at 4°C for 4 hours. The beads were then washed 3 times with 0.1% NP-40 in lysis buffer 

and resuspended in 50 μl of 2× Laemmli’s buffer. 
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2.6 Immunofluorescence 

Coverslips (Fisher Scientific, Ottawa, ON) were sterilized by autoclaving. Sterile 

coverslips were placed in 24-well plates and coated with poly-L-lysine (Sigma Aldrich, Oakville 

ON) at 37°C overnight. The poly-L-lysine was removed and the coverslips were washed three 

times with PBS. 2.5×10
5
 BMDM per well were plated onto the dried coverslips and allowed to 

adhere at 37°C overnight, 5% CO2, and 95% humidity. The cells were stimulated by 100 ng/ml 

IL-10 and  were then washed twice by ice-cold PBS and incubated with 2 μg/ml of wheat-germ-

agglutinin (WGA) conjugated to Alexa Fluor 550®  (Life Technology, Burlington, ON)  at 4°C 

for 10 minutes. Cells were washed three times with PBS, cross-linked with 500 μl of 4% 

paraformaldehyde at 37°C for 15 minutes, permeabilized by 500 μl of 0.5% saponin (Sigma 

Aldrich, Oakville ON) at 23°C for 10 minutes and blocked with 1% bovine serum albumin (BSA) 

(Sigma Aldrich, Burlington, ON) in Tris-buffered saline (TBS) at 23°C for 1 hour. Three PBS 

washes, with 1 ml of PBS per well for each wash, were included between each step. After 

blocking, the cells were probed with 5 μg/ml α-SHIP1 antibody at room temperature overnight. 

Primary antibody was removed by three PBS washes and the cells were incubated with α-MS 

Alexa Fluor 488®  secondary antibody (10 μg/ml diluted in PBS) (Life Technology, Burlington, 

ON) for 1 hour at room temperature. The coverslips were washed three times with PBS and 

mounted on glass slide (Fisher Scientific, Ottawa, ON) using ProLong-Gold antifade-reagent®  

(Life Technology, Burlington, ON). The edge of the coverslip was sealed with clear nail polish 

after overnight curing. Images were taken using a Zeiss LSM78 confocal microscope equipped 

with a 63× oil immersion lens (Carl Zeiss, Oberkochen, Germany). 
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2.7 Immunoblotting and analysis 

After cell lysate samples were prepared in 2× Laemmli’s buffer [126], they were boiled 

for 3 minutes and loaded onto 7.5% or 10% SDS-polyacrylamide gels at constant current. 

Resolved proteins were transferred onto Immobilon polyvinylidene difluoride membrane 

(Millipore, Etobicoke ON, Canada) using a wet transfer apparatus, blocked with 3% BSA in Tris 

buffered saline (TBS) for 45 minutes at room temperature, and probed with primary antibodies 

that recognize specific protein or phospho-proteins overnight at room temperature. Membranes 

were washed three times with Tris-buffered saline supplemented with 0.1% Tween (TBS-T) for 

5 minutes per wash and incubated with Alexa-Fluor 680®  secondary antibodies (Life 

Technology, Burlington, ON) diluted 1:10,000 in TBS-T for 60 minutes. Membranes were then 

washed three times with TBS-T for 5 minutes per wash and imaged using a Li-Cor Odyssey 

Infrared Imager (LI-COR biosceince, Lincoln NB, USA). Densitometru analysis was performed 

using the Image Studio software (LI-COR bioscience, Lincoln NB, USA) by measuring the 

integrated signal of each protein band and normalized to the integrated signal of an appropriate 

endogenous control protein band, which has a constant protein expression that is not affected by 

the treatment.  

2.8 RNA extraction, DNase treatment, cDNA synthesis and quantitative PCR 

Macrophages (2.5×10
5
 per well) were plated in 24 well plates and were allowed to adhere 

for 4 hours at 37°C, 5% CO2, and 95% humidity prior to lysis using 200 μl of TRIZOL® 

Reagent (Life Technology, Burlington, ON). TRIZOL®  dissolved cell lysate was collected into a 

1.5 ml Eppendorf tube and 80 μl of chloroform was added. The two solutions were mixed 

vigorously for 15 seconds and underwent centrifugation for 15 minutes at 12000 rpm and 4°C. 

After centrifugation, 100 μl of the top aqueous solution was collected and transferred to a new 
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1.5 ml Eppendorf tube. Back extraction was then performed by added 250 μl of diethyl 

pyrocarbonate (DEPC) water to the TRIZOL®  /chloroform containing tube.  The tube underwent 

centrifugation for 15 minutes at 12000 rpm and 4°C. After the centrifugation, 250 μl of the top 

aqueous solution was combined with the 100 μl of clear aqueous solution in the new Eppendorf 

tube. Glycogen and sodium acetate were added to the tube to a final concentration of 100 μg/ml 

and 0.3 M respectively. 350 μl of isopropanol was then added to the tube and the tube was 

incubated at 23°C for 10 minutes, followed by a centrifugation for 10 minutes at 12000 rpm and 

4°C. The supernatant was removed by aspiration and a RNA pellet was visible. 500 μl of 75% 

ethanol was added to the tube followed by a centrifugation for 5 minutes at 12000 rpm and 4°C. 

After aspirating the ethanol from the tube, the RNA pellet was allowed to dry at 23°C for 5 

minutes and resuspended in 30 μl of DEPC treated water.  

RNA (500 ng) was incubated with 10 units of DNaseI (Roche Diagnostics, Mississauga 

ON) in a total volume of 25 μl at 30°C for 30 minutes, followed by the addition of 2 μl of 0.1 M 

EDTA, and incubation at 75°C for 10 minutes to terminate the reaction. DNaseI treated RNA 

(120 ng) was used as template, and the Transcriptor First Strand cDNA Synthesis kit (Roche 

Diagnostics, Mississauga ON) was used for cDNA generation. Briefly, 50 pmol of oligo-dT 

primers was mixed with 6 ul of DPEC water and incubated at 65°C for 5 minutes. The primer 

was then mixed with the Triscriptor RT reaction buffer (5× concentrated), dNTP at a final 

concentration of 1 mM, 20 units of Protector RNase Inhibitor, 10 units of Transcriptor Reverse 

Transcriptase, and the DNaseI treated RNA. The mixture was incubated for 1 hour at 50°C, 

followed by 5 minutes incubation at 85°C. 

The cDNA samples were diluted 5× with DEPC water and 4 μl was mixed with 1× 

FastStart SYBR Green reagent (Roche Diagnostics, Mississauga ON), 30 μM of forward and 
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reverse primers, and DEPC water in 15 μL total volume. Each sample was run in technical 

triplicates on a 96-well optical plate (Life Technology, Burlington, ON) using a StepOnePlus
TM

 

Real Time PCR apparatus (Life Technology, Burlington, ON). The primers used in the studies 

were: mGAPDH (Forward: AATGTGTCCGTCGTGGATCT, Reverse: 

GCTTCACCACCTTCTTGATGT), SHIP1 (Forward: GCCCCTGCATGGGAA ATCAA, 

Reverse: TGGGTAGCTGGTCATAACTCC) and STAT3 (Forward: CCTGAAGACCAAGTTC 

ATCTGTGTGAC, Reverse: AGACGATATGGGGTTCGGCT). Ct values of each sample were 

obtained using the StepOnePlus
TM

 Real Time PCR software and the comparative Ct method was 

used for quantification.  

2.9  Continuous flow cell stimulation 

Peritoneal macrophages (perimac) or BMDM were plated at a density of 3×10
5
 cells per 

well in 24 well plates that had been coated with poly-L-lysine for overnight at 37°C. After 4 

hours or overnight resting, culture media was removed and cells were equilibrated in Leibovitz’s 

L-15 media  (Life Technology, Burlington, ON) supplemented with 9% FCS, 10 μM β-

mercaptoethanol and 150 μM monothioglycolate for 1 hour at 37°C. After equilibration, cells 

were placed in a continuous flow cell apparatus in which the cells were covered by modified 

rubber stoppers with inlet and outlet lines. Stimulation media were passed through the inlet line 

over the cells by a syringe pump (New Era Syringe Pumps Inc., Farmingdale, NY) at a constant 

flow rate set at 150 μl/min. At the same time, an equal volume of supernatant in the well was 

removed at the same flow rate through the outlet line. The effluent was collected by a fraction 

collector at 5-minute intervals for 4 hours. 
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2.10 TNFα ELISA 

2.5X10
5
 macrophages per well were plated in 24 well plates for either 4 hours or 

overnight. For stimulation, the cells were stimulated with 1 ng/ml LPS +/- IL-10 (ranged from 

0.1 to 100 ng/ml IL-10) in a total volume of 500 μl. 100 μl of supernatant was removed from 

each well per hour up to four hours. Alternatively, supernatant from stimulated cells were 

collected using the flow cell apparatus as described above for up to 4 hours of stimulation. TNFα 

protein concentration was assayed by enzyme-linked immunosorbant assay (ELISA) using BD 

OptEIA™ Mouse TNF ELISA Set II kit (BD Scientific, Mississauga, ON. 50 μl of the 

supernatant was loaded on 96 well plate (Sigma Aldrich, Oakville ON) that was precoated with 

the capture antibody (α-TNFα antibody, diluted 1:250× in 0.05 M carbonate/ bicarbonate buffer, 

pH 9.6) and the supernatant was incubated for overnight at 4°C. On the next day, the supernatant 

was removed and the plate was blocked with assay diluent (10% FCS in PBS) for one hour at 

23°C. The blocking solution was washed away with 5× washes using the wash buffer (0.05% 

Tween in PBS). The plate was then incubated with the 50 μl of detection antibody (biotinylated 

α-TNFα antibody, diluted 1:250× in assay diluent) for 1 hour at 23°C. The detection antibody 

was removed by 5× washes using the wash buffer. 50 μl of streptavidin-HRP solution (diluted 

1:250× in assay diluent) was then added to the plate and was incubated for 30 minutes at 23°C, 

followed by 7× washes using the wash buffer. The assay was developed by adding 50 μl of the 

3,3’, 5,5’ tetramethyl benzidine solution (TMB, 0.005% TMB, 0.006% H2O2 in 0.01M Acetate 

Buffer and 0.05% Sodium Nitroferricyanide) and the reaction was stopped by added 25 μl of 2 M 

HCl. The plate was then read by the Epoch®  Microplate Spectrophotometer at an absorbance of 

450 nm. 
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2.11 Statistical analyse 

All ANOVA and student-t test analysis were performed with GraphPad Prism 6 software. 
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3. Results 

3.1 IL-10R interaction with SHIP1 

IL-10R possesses tyrosine residues that can be phosphorylated upon IL-10 stimulation 

and STAT3 can interact with these residues via the SH2 domain. Therefore we decided to 

investigate the potential physical interaction between IL-10R and SHIP1, which also contains a 

SH2 domain. We first performed immunoprecipitations to determine the direct physical 

interaction of SHIP1 and IL-10R upon IL-10 stimulation in BMDMs. BMDMs were cultured in 

CSF-1 containing media for seven days and then they were stimulated with 100 ng/ml IL-10 for 

10 or 20 minutes. α-SHIP1 antibody was used for the immunoprecipitation and the immunoblot 

was probed with α-IL-10Rα antibody.  The same blot was also probed with α-SHIP1 antibody to 

ensure that there was equal protein immunoprecipitated across the different samples. As shown 

in Figure 4A, there seems to be no detectable increased association between IL-10R with SHIP1 

upon IL-10 stimulation. Alternatively, we tried to perform the immunopreipitation using α-IL-

10Rα antibody and probed the immunoblot with α-SHIP1 antibody. However, we failed to 

observe any association between IL-10R and SHIP1 with or without IL-10 stimulation (Figure 

4B). We obtained different immunoprecipitation patterns of the SHIP1 and IL-10R protein from 

the two types of immunoprecipitations. Therefore, we utilized synthetic human IL-10R peptides 

that include the tyrosines 427 and 477 residues to perform a peptide pull down assay. Our 

laboratory had previously shown that the phosphorylated form but not the unphosphorylated 

form of these IL-10R peptides can interact with STAT3. We also observed similar results when 

we used the peptides to pull down SHIP1 in the RAW 264.7 cell line. However, the peptides pull  
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Figure 4 Interaction of SHIP1 and IL-10R 

 (A) Immunoblot analysis of SHIP1 immunoprecipitation of SHIP1 WT BMDM stimulated with 

IL-10 (100 ng/ml) for the indicated times, probed with anti-IL-10Rα and SHIP1 (loading control). 

(B) Immunoblot analysis of IL-10Rα immunoprecipitation of SHIP1 WT BMDM treated by IL-

10 (100 ng/ml) for the indicted times, probed with anti-SHIP1 and IL-10R (loading control). (C) 

Immunoblot analysis of IL-10Rα peptide pull down of SHIP1 WT BMDM stimulated with IL-10 

(100 ng/ml) for the indicated times, probed with anti-SHIP1 antibody. 
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Down using cell lysates from IL-10 stimulated BMDM showed that both the phosphorylated and 

unphosphorylated peptides could not pull down detectable SHIP1 (Figure 4C).  

3.2 IL-10 induction of translocation of SHIP1 

It is widely accepted that SHIP1 translocates to the plasma membrane after its activation 

since its substrate PIP3 is located at the membrane [105, 109]. We reasoned that if IL-10 

activates SHIP1, SHIP1 would translocate to either the IL-10R or the membrane. The 

localization of SHIP1 after IL-10 stimulation was determined by immunofluorescence. In Figure 

5, plasma membrane was represented by Alexa Fluor®  550 conjugated wheat germ agglutinin 

(WGA) and the co-localization of SHIP1 and WGA was shown. The degree of co-localization 

was quantified and there was no IL-10 dependent SHIP1/WGA co-localization. 

3.3 IL-10 induction of phosphorylation of SHIP1 

The tyrosine phosphorylation of SHIP1 has commonly been attributed to its activation, 

although this notion remains unproven. Since we could not establish an increase in physical 

interaction between SHIP1 and IL-10R upon IL-10 treatment, we next investigated the effect of 

IL-10 on the tyrosine phosphorylation state of SHIP1. BMDMs were stimulated by 100 ng/ml 

IL-10 for the indicated time and the level of pSHIP (Tyr1020) was determined by 

immunoblotting. As shown in Figure 6, basal pTyr1020 SHIP1 was detected even in 

unstimulated BMDM. The level of the phosphorylation of this residue remained unchanged upon 

IL-10 stimulation. 

 

 

 



36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Localization of SHIP1 upon IL-10 stimulation 

SHIP1 WT BMDM were treated with IL-10 (100 ng/ml) for the indicated times. Cells were 

incubated with Alexa Fluor®  550 conjugated WGA for 10 minutes (Red, middle panels), fixed, 

permeabilized, and stained with α-SHIP1 (P1C1) primary antibody followed by FITC labelled 

secondary antibody (Green, top panels). Merged images of the green and red signals are 

represented in the bottom panels. 
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Figure 6 IL-10’s effect on phosphorylation of SHIP1 

Immunoblot analysis of SHIP1 WT BMDM treated by IL-10 (100 ng/ml) for the indicted times, 

probed with α-pSHIP1 (Tyr 1020) and actin (loading control) 
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3.4 IL-10 effects on phosphorylation of Akt 

It was previously shown in our lab that addition of IL-10 could inhibit the 

phosphorylation of Akt in LPS activated RAW 264.7 macrophages. This suggests that IL-10 can 

inhibit the PI3K pathway. We also showed that IL-10 induces the production of PI-3,4-P2 and 

activates SHIP1. Taken together, these data suggest that IL-10 activates SHIP1 to 

dephosphorylate PIP3 which inhibits the PI3K pathway. My goal was to test for IL-10 inhibition 

of phospho-Akt in primary cells and to show the role of SHIP1 in the IL-10 signalling pathway 

by using SHIP1
-/-

 primary cells. 

3.4.1 Inhibition of pAkt: time course 

We first wanted to determine IL-10’s inhibition on pAkt in wild type BMDM using the 

same stimulation conditions as the ones used for stimulating RAW 264.7 macrophages. BMDM 

were stimulated with 1 ng/ml LPS +/- 100 ng/ml IL-10 for the indicated times and the 

immunoblot was probed with α-pAkt-Ser473 antibody. The same blot was also probed with 

vinculin as loading control. As shown in Figure 7A, phosphorylation of Akt could be detected as 

early as 10 minutes after LPS stimulation, peaked at around 30 minutes. This kinetic profile of 

the BMDM is different from the one of the RAW 264.7 cells. In the cell line, phosphorylated Akt 

was only detectable after 20 minutes, the signal was the strongest at 25 minutes and the amount 

of pAkt started to decline at 30 minutes. Quantification result shows that addition of IL-10 did 

not alter the phosphorylation intensity of Akt at all time points.  

3.4.2 Inhibition of pAkt: LPS concentration 

The LPS concentration used to stimulate RAW 264.7 cells might not be suitable for 

treating primary cells. Excess LPS might induce an over-excited pro-inflammatory response,  



39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 IL-10’s effect on LPS induced phospho-Akt: optimization of stimulation condition 

(A) Immunoblot analysis of SHIP1 WT BMDM stimulated with LPS (1 ng/ml) with or without 

IL-10 (100 ng/ml) for the indicated times, probed with α-pAkt (Ser 473) and vinculin (loading 

control). Cell lysate samples were run in triplicates on the blot. Bottom left panel is the 

quantification of each individual sample on the immunoblot after normalizing the pAkt signal to 

the vinculin signal. Bottom right panel is the combined representation of the triplicates’ 

densitometry quantification. ns=not significantly different (One-way ANOVA). 
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which could not be inhibited by IL-10. Therefore, we next tried to determine the LPS 

concentration that was sufficient to stimulate the phosphorylation of Akt but low enough so that 

the pAkt could be inhibited by IL-10.  We stimulated BMDM with LPS concentrations in a range 

from 0.1 to 1 ng/ml while the IL-10 concentration was kept constant at 100 ng/ml. 0.1 ng/ml LPS 

induced weak phosphorylation of Akt while the phosphorylation reached its plateau at around 0.5 

ng/ml of LPS (Figure 7B). Quantification of the pAkt and the loading control, p85, showed that 

addition of IL-10 did not reduce the pAkt signal significantly at all LPS concentrations. 

3.4.3 Inhibition of pAkt: IL-10 concentration 

100 ng/ml IL-10 was used in the previous studies but it was possible that the IL-10 

concentration is too low hence it could not inhibit LPS-induced pAkt. Therefore, we performed 

an IL-10 titration from 1 ng/ml up to 1000 ng/ml to determine the IL-10 concentration that would 

yield the best pAkt inhibition (Figure 7C). A sample was also treated with LY294002 as a 

positive control for inhibition of pAkt. After quantification against the loading control, actin, it 

showed that cells treated with various IL-10 concentrations exhibited similar pAkt intensity as 

the LPS alone sample. 

3.4.4 Inhibition of pAkt: effect of pre-adding IL-10 

The expression of IL-10R is relatively less abundant than TLR4. Therefore the time taken 

for IL-10 to act might not be as rapid as the LPS stimulation. Since the stimulation time points 

that we chose were short, the potential response time between LPS and IL-10 might mask the IL-

10 inhibitory effect within the experimental time points. Therefore some investigators prefer to  
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(B) Immunoblot analysis of SHIP1 WT BMDM stimulated with various LPS concentrations as 

indicated with or without IL-10 (100 ng/ml) for 15 minutes, probed with anti-phospho-Akt (Ser 

473) and p85 (loading control). Cell lysate samples were run in duplicates on the blot. Bottom 

left panel is the quantification of each individual sample on the immunoblot after normalizing the 

phospho-Akt signal to the p85 signal. Bottom right panel is the combined representation of the 

duplicates’ densitometry quantification. 
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(C) Immunoblot analysis of SHIP1 WT BMDM stimulated with LPS (1 ng/ml) with various 

concentrations of IL-10 as indicated for 15 minutes, LY294002 (LY, 25 μM) was added 30 

minutes prior to LPS stimulation. Immunoblot was probed with anti-phospho-Akt (Ser 473) and 

actin (loading control). Cell lysate samples were run in duplicates on the blot. Bottom left panel 

is the quantification of each individual sample on the immunoblot after normalizing the phospho-

Akt signal to the actin signal. Bottom right panel is the combined representation of the duplicates’ 

densitometry quantification. 
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pre-add IL-10 before the other stimulation [42]. We tried to pre-add IL-10 to the cells 5 minutes 

before the addition of LPS (Figure 7D). After quantification using pAkt and p85, it showed that 

pre-adding IL-10 did not result in IL-10 inhibition of pAkt. 

3.4.5 Inhibition of pAkt: downstream molecules of PI3K pathway 

We wished to validate the role of IL-10 in terminating the PI3K pathway via SHIP1 and 

pAkt was chosen as the experimental target because Akt is the key kinase directly downstream of 

the production of PIP3. However, we failed to observe any IL-10-dependent reduction of pAkt in 

our experiments. One possible reason is that phosphorylation of Akt might not be the best 

indicator of the effect of IL-10 on LPS activated macrophages. Therefore we looked at the 

possibility of using the phosphorylation state of other proteins that are in the PI3K pathway and 

downstream of Akt as markers of PI3K pathway activity. 

BMDMs that were treated by LPS +/- IL-10 for 15, 30, or 45 minutes and the cell lysate 

was run on immunoblot. The blot was then probed with either pPDK1, pIkBα or pGSK antibody, 

and vinculin was used as the loading control. PDK1 is basally phosphorylated and the 

phosphorylation level did not change when LPS or LPS+IL-10 were added to the cell culture. 

IkBα was also basally phosphorylated and the addition of LPS further intensified the 

phosphorylation; addition of IL-10 did not alter the phosphorylation level induced by LPS. For 

GSK3, the basal phosphorylation level was weak and LPS strongly induced the phosphorylation. 

Similar to the observations seen for PDK1 and IkBα, the addition of IL-10 did not have any 

significant change on the GSK3 phosphorylation level in comparison to the LPS alone stimulated 

samples (Figure 8).  
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(D) Immunoblot analysis of SHIP1 WT BMDM stimulated with LPS (0.2 ng/ml) with or without 

IL-10 (100 ng/ml) for 15 minutes with IL-10 added 5 minutes prior to LPS. Immunoblot was 

probed with α-pAkt (Ser 473) and p85 (loading control). Cell lysate samples were run in 

triplicates on the blot. Bottom left panel is the quantification of each individual sample on the 

immunoblot after normalizing the pAkt signal to the p85 signal. Bottom right panel is the 

combined representation of the triplicates’ densitometry quantification. 
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Figure 8 IL-10’s effect on LPS induced phosphorylation of proteins in the PI3K pathway 

Immunoblot analysis of SHIP1
+/+

 BMDM stimulated with LPS (0.2 ng/ml) with or without IL-10 

(100 ng/ml) for the indicated times. Immunoblot was probed with α-pPDK1, pIkBα, pGSK3, and 

vinculin (loading control). Bottom panels are the densitometry quantification of each individual 

sample on the immunoblot after normalizing the phospho-protein signal to the vinculin signal.  
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3.4.6 Inhibition of phospho-Akt: cell type (perimac vs BMDM) 

The previous experiments were done in BMDM that were cultured in CSF-1 containing 

media for 7 days after extraction. We decided to test out the stimulation in freshly derived 

peritoneal macrophages (perimac) since perimacs are more mature than BMDM [127]. BMDM 

has less defined macrophage markers and might not respond to LPS and IL-10 in the same way. 

Therefore, we stimulated both BMDMs and perimacs with 0.2 ng/ml LPS +/- 100 ng/ml IL-10 

and measured pAkt and actin by immunoblotting (Figure 9A). The quantification shows that 

although perimacs seemed to be more responsive to LPS, as suggested by the higher level of 

pAkt, IL-10 could not inhibit the phosphorylation in either cell types. 

3.4.7 Inhibition of pAkt: genetic background of primary cells 

We wished to first reproduce the IL-10 inhibition on pAkt in LPS activated macrophages 

in wild type primary cells and then moved on to determine the role of SHIP1 by using SHIP1
-/- 

primary cells. Our SHIP1
-/- 

mice colony is on a Balb/C background therefore the primary cells 

used in the above experiments were all derived from mice with Balb/C background. After the 

above experiments failed to reproduce the IL-10 inhibition observed in cell lines, we investigated 

the possibility that the strain background of the primary cells might affect their responsiveness to 

LPS and/or IL-10 treatments. We derived BMDM from mice on a C57BL/6 background and 

stimulated them with 0.2 ng/ml LPS +/- 100 ng/ml IL-10. As shown in Figure 9B, the level of 

phosphorylation of Akt in the LPS+IL-10 samples are significantly lower than the ones of the 

LPS alone samples.  
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Figure 9 IL-10’s effect on LPS induced pAkt: effect of cell identity 

 (A) Immunoblot analysis of SHIP1
+/+ 

BMDM or peritoneal macrophages stimulated with LPS 

(0.2 ng/ml) with or without IL-10 (100 ng/ml) for 15 minutes. Immunoblots were probed with α-

pAkt (Ser 473) and actin (loading control). Cell lysates were run in triplicate for BMDM and 

quadruplicates for peritoneal macrophages on the blot. Middle panels are the quantification of 

each individual sample on the immunoblots after normalizing the pAkt signal to the actin signal. 

Bottom panels are the combined representation of the triplicates’ and quadruplicates’ 

densitometry quantification. (B)  Immunoblot analysis of Balb/C background BMDM or Bl/6 

background BMDM stimulated with LPS (0.2 ng/ml) with or without IL-10 (100 ng/ml) for 15 

minutes. Immunoblots were probed with α-pAkt (Ser 473) and actin (loading control). Cell lysate 

samples were run in triplicate. Middle panels are the quantification of each individual sample on 

the immunoblots after normalizing the pAkt signal to the actin signal. Bottom panels are the 

combined representation of the triplicates’ densitometry quantification. ns=not significantly 

different, **p<0.01 (One-way ANOVA). 
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3.5 TNFα production in static culture 

We previously generated RAW 264.7 cells that were transduced with siRNA constructs 

that selectively knocked down SHIP1 or STAT3 in order to understand the relative contribution 

of these proteins to the IL-10 signalling pathway. By stimulating these transduced cells with LPS 

+/- IL-10 for various time points, we concluded that SHIP1 is involved in the early anti-

inflammatory effect of IL-10 and STAT3 is responsible for the effect at later time points.  

One of the biggest problems of drawing conclusions from experiments using the STAT3 

KD cells was that we only successfully knocked down about 50% of the STAT3 at the protein 

level. Incomplete knock down may cofound the conclusions we drew about STAT3’s role in IL-

10 inhibition of TNFα protein production. We overcame this problem by crossing STAT3
flox/flox

 

mice with LysMcre mice [128] to obtain STAT3
flox/flox

 LysMcre mice which had STAT3 

knocked out only in the monocytes. The STAT3
-/-

 peritoneal macrophages had over 90% of 

STAT3 mRNA reduction and about 80% of STAT3 protein levels reduction in comparison to the 

wild type counterpart (Figure 10B; right). SHIP1
+/+

 and 
-/-

 primary cells were also utilized so that 

the relative contributions of SHIP1 and STAT3 could be compared. For SHIP1
-/-

 peritoneal 

macrophages, the knock out was close to completion for both SHIP1 mRNA and protein 

expression (Figure 10A). 

SHIP1
+/+

 and 
-/-

 BMDM, and STAT3
+/+

 and 
-/-

 BMDM were stimulated with 1 ng/ml LPS 

+/- 1 or 10 ng/ml IL-10 for 1 to 4 hours. Supernatant was collected every hour and the TNFα 

protein level was determined by ELISA. SHIP1
+/+

 and 
-/-

 BMDM responded to IL-10 in a dose 

dependent manner similarly at all time points. Also, there was a gradual increase in the 

percentage of TNFα protein reduction as time passed by. At 1 hour, the reduction was about 10-

30% and there was 70-80% reduction at 4 hours. In contrast to what was observed in parental  
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Figure 10 SHIP1 and STAT3 mRNA and protein expression in SHIP1
-/-

 and STAT3
-/- 

peritoneal macrophages 

 (A) RNA was extracted from SHIP1 
+/+

/
-/-

 or STAT3
+/+

/
-/-

 peritoneal macrophages and was 

subjected to qPCR analysis. Data represent the mean SHIP1 (left panel) STAT3 (right panel) 

mRNA expression relative to GAPDH mRNA expression as determined by qPCR. (B) 

Immunoblot analysis of lysate from SHIP1
+/+

/
-/-

 (left panel) or STAT3
+/+

/
-/-

 (right panel) 

peritoneal macrophages, probed with anti-SHIP1 or anti-STAT3 and actin (loading control). Each 

sample was run in duplicate. Bottom graph represents the densitometry quantification of SHIP1 

and STAT3 signal normalized to actin signal. 
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and SHIP1 KD RAW 264.7 cells, the SHIP1
-/- 

cells were not more resistant to IL-10 treatment 

than SHIP1
+/+ 

cells (Figure 11A). The degree of IL-10 inhibition on TNFα protein was similar in 

SHIP1
+/+

and 
-/-

 cells at almost all the conditions and this observation was consistent in multiple 

replications of the experiments (Appendix C). 

STAT3
+/+

 and 
-/-

 BMDM also responded to IL-10 in a dose-dependent manner. Unlike the 

SHIP1
-/-

 BMDM, IL-10 inhibition on TNFα protein was impaired in the STAT3
-/-

  BMDM at all 

time points. While a higher degree of inhibition was achieved at longer time points in STAT3
+/+ 

BMDM and TNFα protein production was almost completely inhibited at 4 hours, the maximum 

IL-10 inhibition was reached at 2 hours and remained relatively  constant up to 4 hours in 

STAT3
-/-

 BMDM (Figure 11B and Appendix C). 

3.6 TNFα production in continuous flow culture 

In SHIP1 and STAT3 KD RAW 264.7 cells stimulated by LPS+/-IL-10 under a 

continuous flow system, we observed that the TNFα protein production differed in the two cell 

types. The TNFα protein profile suggested that SHIP1 and STAT3 may contribute to different 

phases of IL-10 inhibition on LPS induced TNFα production in the RAW 264.7 cell lines. We 

repeated the stimulation by using SHIP1
+/+  

and 
-/-

, and STAT3
+/+  

and 
-/-

 BMDM. In SHIP1 
+/+  

and 
-/-

 cells, LPS induced a large TNFα protein peak at around 55 minutes and a smaller one at 

around 110 minutes (Figure 12A). Addition of IL-10 reduced the first peak by over 50% in 

SHIP1
+/+

 cells but failed to inhibit the peak in SHIP1
-/-

  cells. IL-10 could inhibit the second peak 

of TNFα protein at a similar degree in both 
+/+

 and 
-/-

 cell types. 

          In STAT3
+/+

 and 
-/-

 BMDM, there were also two TNFα peaks induced by LPS, and the 

amount of TNFα protein produced in each peak was similar in both cell types (Figure 12B). In 

STAT3
+/+

 cells, IL-10 inhibited more than 50% of the first peak and almost completely inhibited 
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Figure 11 IL-10 inhibition of TNFα in SHIP1 
+/+

 / SHIP1
-/-

 and STAT3 
+/+

 / STAT3
-/-

  

BMDM in static culture 

 (A) TNFα ELISA of supernatant of SHIP1
+/+

/
-/-

   and STAT3
+/+

/
-/-

 (B) BMDM that were treated 

by LPS (1 ng/ml) with or without IL-10 (1 or 10 ng/ml) for the indicated times. Data represent 

the percentage of TNFα relative to LPS alone treated samples ± S.D. (n=3). TNFα level of LPS 

alone stimulated samples at 1, 2, 3, and 4 hours respectively were: 126±3, 587±2, 6.0±0.2×10
2
, 

9.5±0.5×10
2
 for SHIP1

+/+ 
BMDM; 168±4, 6.5±0.1×10

2
, 6.0±0.1×10

2
 and 10.5±0.3×10

2
 for 

SHIP1
-/-

BMDM; 50±2, 5.8±0.3×10
2
, 12.0±0.6×10

2
 and 1404±5 for STAT3

+/+
 BMDM; 38±1, 

6.2±0.3×10
2
, 10.9±0.2×10

2
 and 11.4±0.5×10

2
 for STAT3

-/-
BMDM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 (Two-way ANOVA) 

A 

B 
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Figure 12 Both SHIP1 and STAT3 are required for IL-10 inhibition on the first peak of 

TNFα protein production in the continuous flow system 

 (A)TNFα ELISA of continuous flow cell system from SHIP1
+/+

/ SHIP1
-/-

and (B) STAT3
+/+

/ 

STAT3
-/-

BMDM stimulated by LPS (1 ng/ml) with or without IL-10 (10 ng/ml). Data represent 

the TNFα concentration of each fraction (5 minutes per fraction) collected over the course of 3 

hours. 
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the second  peak. In STAT3
-/-

 cells, IL-10 failed to inhibit the first peak while it could still inhibit 

the second peak by about 50%. 

3.7 SHIP1 expression in STAT3 
-/-

 primary cells 

We observed that the TNFα protein production profiles in the SHIP1 and STAT3
-/-

 cells 

are almost identical: IL-10 failed to inhibit the first TNFα peak that occurred at around 55 

minutes and IL-10 reduced the second TNFα peak, which occurred at around 110 minutes, by 

about 50%. This result was surprising since it is different from what we determined in the RAW 

264.7 cell lines. Also, we did not expect the effect of STAT3 deficiency would impact IL-10 

inhibition of TNFα within the first hour (first peak at 55 minutes) since all of STAT3 functions 

require de novo protein synthesis.  

Since STAT3 is a transcription factor, we investigated on the possibility that STAT3 

deficiency was not directly affecting IL-10’s inhibition of TNFα but indirectly through changing 

the level of other signalling molecules that play a role in IL-10’s early inhibitory effect. The first 

candidate was SHIP1 because we have shown that the lack of SHIP1 resulted in IL-10’s inability 

to inhibit the first TNFα peak after LPS stimulation. We extracted RNA from peritoneal 

macrophages and BMDM from STAT3
+/+

 and 
-/-

 mice with Bl/6 background. The mRNA was 

reverse transcribed into cDNA and the level of SHIP1 mRNA was determined by qPCR.  

GAPDH was used as the normalization control. As shown in Figure 13, both STAT3
-/- 

peritoneal 

macrophages and BMDM expressed significantly less SHIP1 mRNA than the STAT3
+/+

 cells. 
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Figure 13 SHIP1 expression in STAT3 
+/+

 and STAT3 
-/-

 primary cells 

 (A) RNA was extracted from STAT3 
+/+ 

/ STAT3 
-/- 

peritoneal macrophages and (B) BMDM and 

was subjected to qPCR analysis. Data represent the mean SHIP1 mRNA expression relative to 

GAPDH mRNA expression as determined by qPCR. 

 

A B 
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4. Discussion 

4.1 STAT3 independent IL-10 signalling pathway 

IL-10 has been studied for decades as the main negative regulator of activated immune 

cells and is an important anti-inflammatory cytokine. It is widely accepted in the literatures that 

all of IL-10 function depends on the STAT3 pathway. However, there is evidence in recent 

literatures that suggests IL-10 utilizes a quick pathway that does not depend on novel 

transcription or translation. In a study published by O’Farrell et al, a J774.1 macrophage cell line 

that expressed a dominant negative STAT3 was stimulated by LPS +/- IL-10 [129]. The study 

showed that IL-10 could still inhibit TNFα protein production in these cells [129]. In another 

study, Williams et al demonstrated that IL-10 inhibition of TNFα mRNA did not depend on de 

novo protein synthesis at early time points such as one hour [36]. Furthermore, IL-10 inhibition 

of TNFα protein appeared to be STAT3-independent at early time points and the inhibition 

became more dependent on STAT3 at longer time points [36]. Similar observations that suggest 

IL-10 can act in a STAT3-independent way were also seen in in vivo models. Berg et al showed 

that IL-10 KO mice were highly susceptible to LPS treatment in which the mortality and serum 

TNFα level were much higher in the IL-10
-/-

 mice than in the wild type mice after LPS injection 

[130]. This suggested that endogenous IL-10 is important for the survival of the mice and the 

inhibition of TNFα in LPS-induced endotoxemia model. In a study conducted by Takeda et al, 

myeloid cell specific STAT3
-/-

mice were generated and LPS was injected to induce endotoxemia. 

In contrast to the IL-10
-/-

 mice in which the serum TNFα level remained high after 6 hours of 

LPS injection, TNFα level in the STAT3
-/-

 mice began to decline after 1.5 hours of LPS 

stimulation and returned to baseline level after 3 hours [131]. The decline of TNFα at 1.5 hours 

coincided with the increased production of endogenous IL-10. Lastly, our lab has previously 
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shown that IL-10 represses TNFα production by shifting TNFα mRNA from associating with 

polysomes to monosomes via a SHIP1 dependent mechanism [121]. Collectively, these in vitro 

and in vivo experiments suggest that IL-10 acts through a STAT3 independent pathway that does 

not require de novo protein synthesis and takes action at early timepoints. 

4.2 SHIP1 in the IL-10 signalling pathway 

Previous studies from our lab suggested that SHIP1 might be the central molecule in the 

STAT3 independent IL-10 signalling pathway. We showed that IL-10 activates and recruits 

SHIP1 to the IL-10R in the J774.1 macrophage cell line, and that SHIP1 deficiency in 

macrophages resulted in IL-10 resistance in these cells at early time points. There are a few 

important implications of SHIP1 being an important signalling molecule in the IL-10 signalling 

pathway. Firstly, the STAT3 dependent IL-10 signalling pathway has been studied extensively. 

The appearance of a novel IL-10 signalling pathway that is STAT3 independent will result in a 

better understanding of IL-10 and the mechanisms by which it regulates the immune system. 

Secondly, we showed that SHIP1 was required for IL-10 to inhibit TNFα protein production and 

this indicates that SHIP1 has an anti-inflammatory role. Since SHIP1 is a negative regulator of 

the PI3K pathway, the anti-inflammatory property of SHIP1 suggests that PI3K is a positive 

regulator of TNFα production and is pro-inflammatory under the experimental conditions that 

were tested. This adds an extra piece of evidence of PI3K being pro-inflammatory to the much 

debated topic of whether PI3K pathway is pro- or anti-inflammatory. Lastly, direct activation of 

SHIP1 might be a potential therapeutic that aims to mimic the beneficial anti-inflammatory 

effect of IL-10 and this direct activation is especially important in diseases that are caused by 

defects in IL-10 or IL-10R expression. Also, this therapeutic acts as a potential alternative in 

treating PI3K related diseases in immune cells.  
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Due to the important physiological roles that PI3K pathway plays in cells, it has been a 

heavily investigated pathway for the development of potential therapeutics for diseases such as 

cancer. The PI3K inhibitors, wortmannin and LY-292004, have been widely used experimentally 

and are important tools for understanding the pathway. However, they fail to be applicable in 

clinical settings since they inhibit all members of the PI3K family thus lack the specificity 

required for effective therapeutics. More recently, the development of isoform-specific PI3K 

inhibitors has suggested a promising avenue in controlling PI3K pathway related diseases. For 

example, PI3K isoforms p110δ and p110γ are enriched in immune cells and their specific 

inhibitors are being studies as therapeutics in treating inflammatory diseases [132].  

Inhibition of PI3K is one way to directly terminate the activity of this pathway. As an 

alternative, activation of phosphatases that are negative regulators of PI3K should also inhibit the 

pathway. Our lab had developed a small molecule SHIP1 agonist, AQX-MN100 that has been 

shown to be beneficial in reducing inflammatory symptoms in mouse models of inflammatory 

diseases [133]. SHIP1 is an ideal target for immune cell-related diseases since its expression is 

mainly restricted to hematopoietic cells.  

Since cell lines behave differently from primary cells, we wanted to confirm the RAW 

264.7 cell finding in murine primary macrophages such as perimac and BMDM. We first 

investigated the physical interaction of SHIP1 and IL-10R upon IL-10 stimulation. SHIP1 

possesses a SH2 domain that interacts with phosphorylated tyrosines, and there are two tyrosine 

residues on the IL-10R that become phosphorylated upon IL-10 binding. Therefore, we first tried 

to determine whether SHIP1 is recruited to the IL-10R when IL-10 binds to and activates its 

receptor. However, we failed to observe IL-10 dependent association between SHIP1 and IL-10R. 

Also, SHIP1 could not be pulled down by both the phosphorylated and unphosphorylated IL-10R 



59 
 

peptide. We speculated that since SHIP1 also interacts with other protein via its SH2 domain, it 

is possible that SHIP1 and IL-10R do not interact directly but associate through bridging 

protein(s). The protein complex might have dissociated during the IL-10R immunoprecipitation 

and the IL-10R peptide pull down, thus SHIP1 could not be observed in the immunoblots. 

Further studies should be done to determine the proteins that become associated with the IL-10R 

and/or SHIP1 upon IL-10 stimulation. Analysis of these two populations of proteins may identify 

proteins that become associated with both IL-10R and SHIP1 and serve as an adaptor protein 

between them. If such an adaptor protein cannot be found, determining the associating protein 

complex will still shed light on the possible novel signalling molecules that become activated by 

IL-10. This will result in a better understanding of the IL-10 pathway and the possible 

mechanism(s) by which SHIP1 operates within the IL-10 pathway.  

The commonly accepted belief in the literature is that SHIP1 activity is dictated by its 

location. Therefore we investigated the effect of IL-10  on SHIP1 activity by determining 

SHIP1’s spatial location upon IL-10 stimulation using immunofluorescence. Although the study 

that utilized α-SHIP1 antibody and WGA did not show SHIP1 translocating to the membrane, 

more optimization and experiments should be done. SHIP1 protein is relatively abundant and it 

is possible that only a certain percentage of the protein translocates to the cell membrane upon 

IL-10 stimulation. Therefore the SHIP1 level might only have a subtle change at the membrane 

and it is important to have a robust membrane marker. Different membrane markers, such as 

CD11b and cadherin, can be used in place of WGA. Another possible way to determine SHIP1’s 

localization upon IL-10 stimulation is to fractionate the cell lysate into membrane and cytosolic 

fractions and detect SHIP1. Lastly, immunofluorescence has a potential technical flaw in short 

stimulations since the cellular activities are not terminated instantaneously which might result in 
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the stimulation time being longer than expected. In order to observe SHIP1’s localization, a more 

suitable alternative is to construct a GFP-tagged SHIP1 protein and track its movement when the 

transfected cells are stimulated by IL-10. An advantage of live cell imaging is that the full record 

of SHIP1’s movement can be observed whereas immunofluorescence is limited by the time 

points chosen and important information may be neglected. 

We then assessed SHIP1’s activation state by its phosphorylation state. We found that 

SHIP1 is basally phosphorylated in BMDM and the addition of IL-10 did not induce significant 

changes in the phosphorylation level. In fact, there seems to be a slight decrease in the 

phosphorylation signal after 10 minutes of IL-10 stimulation. It is interesting to note that LPS 

stimulation promotes SHIP1 phosphorylation and tyrosine-phosphorylation of SHIP1 is related 

to the proteasome degradation of SHIP1. Therefore it would be interesting to determine the 

effect of IL-10 on phosphorylation state of SHIP1 in LPS activated macrophages.  

A large proportion of the thesis was dedicated to determining IL-10’s inhibition on LPS 

induced phosphorylation of Akt. Despite varying many different parameters such as, LPS and 

IL-10 concentration, stimulation time, pre-adding IL-10 before LPS, cell type and looking at 

other members in the PI3K pathway, we could not observe IL-10 inhibition of LPS-induced 

phospho-Akt in cells obtained from Balb/C mice. However, significant IL-10 inhibition of 

phospho-Akt signal could be seen when we used BMDM derived from Bl/6 mice. Future 

experiments should be performed in both BMDM and perimac to determine if the IL-10 

inhibition can be reproduced in other macrophage cell types with Bl/6 background. In order to 

determine the role of SHIP1 in IL-10’s inhibition of pAkt, the same LPS +/- IL-10 stimulation 

should be set up using primary cells derived from SHIP1
-/- 

 mice with Bl/6 background. The 

phosphorylation states of other proteins within the PI3K pathway should also be re-examined in 



61 
 

SHIP1
+/+

 and 
-/- 

 primary cells with Bl/6 background. Also, it is interesting to determine the 

molecular mechanistic differences in the IL-10 signalling pathway of macrophages from the two 

mice strains that result in difference IL-10 responsiveness in these cells. For example, the 

expression levels of proteins in the IL-10 signalling pathway, such as IL-10R and SHIP1, might 

be higher in cells with Bl/6 background and cause an enhanced IL-10 sensitivity in these cells. 

Next we wanted to verify the role of SHIP1 and STAT3 in IL-10’s ability to inhibit 

TNFα production in LPS activated macrophages. The TNFα protein production profile in the 

SHIP1
+/+ 

 and 
-/- 

 BMDM static culture was different from the static culture done in parental 

RAW 264.7 and SHIP1 KD cells. In the cells lines, SHIP1 KD cells were resistant to IL-10’s 

inhibition on LPS induced TNFα production. In contrast, SHIP1
-/- 

 BMDM was as responsive to 

IL-10 as the SHIP1  
+/+ 

 cells. This might be due to the intrinsic differences of cell line and 

BMDM in response to IL-10. It has been shown that high concentration of IL-10 (>100 ng/ml) 

would inhibit TNFα production at a similar level in both the parental and SHIP1 KD RAW 264.7 

cell lines. The IL-10 concentrations used to stimulate the BMDM were chosen according to the 

ones used in the cell lines. However, BMDM might be more sensitive to IL-10 and even lower 

IL-10 concentration is needed to show a differential IL-10 effect on SHIP1
+/+

 and 
-/- 

 BMDM. We 

showed that IL-10 inhibited TNFα protein production in both STAT3
+/+

 and 
-/- 

 BMDM. 

However, the percentage of inhibition was significantly less in STAT3
-/- 

cells than in WT cells, 

indicating that STAT3
-/-  

cells were more resistance to the effect of IL-10. These observations 

strengthened the idea that STAT3 is not the only signalling molecule by which IL-10 acts upon, 

since STAT3
-/-  

BMDM could still partially respond to IL-10 treatment. 

In the continuous flow cell culture, it was surprising that the TNFα protein production 

profiles were almost identical in SHIP1
-/-

 and STAT3
-/- 

BMDM. The first peak of LPS-induced 
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TNFα production, which occurred at around 55 minutes, was resistant to IL-10 in both SHIP1
-/-

and STAT3
-/- 

 cell types as compared to the respective wild type cells. It should be noted that at 

the 1 hour time point of the static culture, both SHIP1
-/-

 and STAT3
-/- 

BMDM were not resistant 

to IL-10. This indicated that the continuous flow system and the static culture do have dissimilar 

environments which lead to different results. We speculated that the observations seen in the 

continuous flow cells culture give us better insights into the TNFα protein profile since it 

resembles the physiological environment more than the static cultures. LPS +/- IL-10 

stimulations of STAT3 
+/+

/
-/-

 and SHIP1 
+/+

/
-/-

 BMDM using the continuous flow cell system were 

limited to a maximum of 4 hours in the experiments presented in the thesis. Longer stimulation, 

such as up to 24 hours, might allow us to gain more insight into the relative contribution of 

SHIP1 and STAT3 in IL-10 inhibition of TNFα protein. 

From the continuous flow cell system, we observed that the TNFα production profiles for 

the LPS +/- IL-10 stimulated SHIP1
-/-

  and STAT3
-/-

  BMDM were extremely similar. One 

possible explanation is that SHIP1 level is reduced in STAT3
-/-

 cells, and the TNFα profile 

observed is due to SHIP1 deficiency in both SHIP1 and STAT3
-/-

 cells. We found that SHIP1 

mRNA expression is significantly reduced in STAT3
-/-

 perimac in comparison to the STAT3
+/+

 

peritoneal macrophages. This suggested that resistance to IL-10 in the STAT3
-/-

 BMDM during 

the first TNFα peak might be due to the lack of SHIP1. The next step will be to show the level of 

SHIP1 protein in STAT3
-/-

 primary cells in comparison to STAT3
+/+

 primary cells. In order to 

verify that deficiency of SHIP1 is the cause of STAT3
-/-

 cells being resistant to IL-10 at early 

time points, SHIP1 protein can be reconstituted into STAT3
-/-

 cells. Then the STAT3
+/+

,   

STAT3
-/-

 and SHIP1 reconstituted STAT3
-/-

 cells will be treated by LPS +/- IL-10 and the TNFα 

protein levels will be measured. If SHIP1 deficiency in STAT3
-/-

 cells was the cause of IL-10 
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resistance, then we expect the reconstitution of SHIP1 will regain IL-10 inhibition on the first 

peak of TNFα protein production.  

Further studies should be performed to determine the mechanisms by which STAT3 

controls SHIP1 mRNA or protein expression. Since STAT3 is a transcription factor, SHIP1’s 

promoter region should be examined for a STAT3 binding sequence in order to determine if 

STAT3 can directly affect SHIP1 mRNA expression. If such a sequence is found through 

bioinformatic analysis, it can be verified by performing ChIP experiment. Since STAT3 might 

transcriptionally control SHIP1 expression indirectly via regulating SHIP1’s transcription factors, 

the promoter region of the known transcription factors of SHIP1, such as SMAD, can also be 

investigated using the genetic approach and ChIP experiment described above. 

Deficiency of STAT3 can affect SHIP1 expression and cellular response to LPS and IL-

10 stimulation in two ways. Firstly, lack of STAT3 would change the development and growth 

of the cells thus creating a cellular environment that is different from the STAT3
+/+

 cells. It has 

been shown that STAT3 is essential in embryonic stem cells development and global STAT3
-/-

 is 

embryonic lethal [134]. Although the LysMCre system can limit the knock out in monocytes, 

these cells might potentially develop abnormally. The second possibility is that STAT3’s effect 

is limited to the known targets of STAT3 and SHIP1, and does not affect the overall cellular 

environment significantly. Utilization of the STAT3 KD RAW 264.7 cells might allow us to gain 

insight into which possibility is the correct one. Since inducing STAT3 KD would bring short 

term effect on the cells and would not affect the developmental stage of the cells. 
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4.3 Conclusion 

The data presented in the research project demonstrated the reoccurring concern of 

utilizing cell lines and further our understanding in the IL-10 signalling pathway. We failed to 

replicate some of the results observed in cell lines including the interaction between IL-10R and 

SHIP1. Under the experimental conditions presented, we showed that IL-10 inhibited PI3K 

pathway only in BMDM derived from mice with Bl/6 background but not Balb/C background. 

This indicated the genetic background of the experimental animals played an important role in 

the IL-10 signalling pathway. It also emphasizes on the potential flaws in applying the 

knowledge obtained from animals to the human-based system. Lastly, we demonstrated that the 

TNFα protein profile of SHIP1
-/-

 and STAT3
-/-

 BMDM were similar and STAT3
-/-

 primary cells 

have reduced SHIP1 mRNA expression. This finding suggests the phenotypes of STAT3
-/-

 

animals or cells, such as being resistant to IL-10 treatment, might due to the deficiency of 

SHIP1. This highlights the significance of SHIP1 being an essential molecule in the IL-10 

signalling pathway.  
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Appendix A Previous results demonstrating IL-10 activates SHIP in macrophage  

(A) Orthophosphate labeled wild type BMDM were treated with LPS (50 ng/ml) +/- IL-10 (100 

ng/ml) for 15 minutes and underwent HPLC inositol phospholipid analysis. Data represent mean 

CPM ± SD (n=3). *p<0.05, **p<0.01 (one-way ANOVA). (B) Immunoblot analysis of J774.1 

macrophages that were transduced to express wild type hIL-10R or Tyr446/496
FF

 hIL-10R, 

stimulated by hIL-10 (50 ng/ml) in the presence of anti-mIL-10R antibody (IBI.2, 10 μg/ml) for 

the indicated times. Blots were probed with anti-phospho tyrosine antibody (4G10) and protein 

SHIP1 as loading control. (C) Immunoblot analysis of phosphorylated or unphosphorylated hIL-

10R peptides pull down of J774.1  macrophages probed with anti-SHIP1 antibody. 
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Appendix B Previous results of IL-10’s role in the PI3K pathway and involvement of 

SHIP1 and STAT3 in IL-10’s inhibitory effect on TNFα protein production 

(A) Immunoblot analysis of RAW 264.7 cells stimulated with LPS (10 ng/ml) +/- IL-10 (100 

ng/ml) for the indicated times, probed with anti-phospho-Akt (Ser 473) and protein Akt (loading 

control). (B) TNFα ELISA of supernatant of parental RAW264.7 cells, Scrambled, SHIP1 or 

STAT3 siRNA transduced RAW 264.7 cells that were treated by Doxycycline (2 μg/ml) for 48 

hours prior to stimulation then were stimulated by LPS (10 ng/ml) with or without IL-10 (100 

ng/ml) for the indicated times. Data represent the percentage of TNFα level relative to LPS alone 

treated samples ± S.D. (n=3). (C) TNFα ELISA of continuous flow cell system from parental 

RAW264.7 cells, Scrambled, SHIP1 or STAT3 siRNA transduced RAW 264.7 cells that were 

treated by Doxycycline (2 μg/ml) for 48 hours prior to stimulation then were stimulated by LPS 

(10 ng/ml) with or without IL-10 (10 ng/ml). Data represent the TNFα concentration of each 

fraction (5 minutes per fraction) collected over the course of 3 hours 
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Appendix C  Replicate experiments of TNFα protein production in SHIP1 and STAT3
 +/+

 

and 
-/-

 BMDM 

(A) TNFα ELISA of supernatant of SHIP1 
+/+

 /
-/-

 (n=3) and (B) STAT3 
+/+

 /
-/-

   BMDM (n=4) that 

were treated by LPS (1 ng/ml) with or without IL-10 (1 or 10 ng/ml) for the indicated times. 

Data represent the percentage of TNFα level relative to LPS alone treated samples ± S.D.  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Two-way ANOVA) 
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