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ABSTRACT 

 The protein kinase Tpl2 (MAP3K8) regulates innate inflammatory responses and is being 

actively pursued for therapeutic inhibition during chronic autoimmunity.  Herein, we addressed 

the contribution of Tpl2 to pro-inflammatory responses of NK cells and macrophages.  Despite 

the Tpl2-dependent regulation of IFN secretion by CD4
+
 T-cells, NK cell IFNγ production, 

STAT4 expression, and expression of cytotoxic machinery occurred independently of Tpl2.  In 

contrast, tpl2
-/- 

macrophages were functionally defective, as they displayed impaired chemokine 

and chemokine receptor expression following LPS stimulation and were defective in migrating in 

vivo to inflamed tissues.  Tpl2
-/-

 macrophages were also impaired in their differentiation towards 

a pro-inflammatory phenotype (M1) while conversely displaying an enhanced anti-inflammatory 

phenotype (M2).  Overall, this work provides additional support for targeting Tpl2, through its 

effects on macrophage recruitment and differentiation, for the treatment of autoimmunity. 
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CHAPTER 1 

INTRODUCTION 

 The innate immune system is an ancient defense mechanism that has evolved to 

provide host protection against foreign pathogens by engaging a variety of cell types to elicit 

rapid and diverse antimicrobial responses.  These responses are often characterized by the 

production of critical inflammatory mediators including chemokines and cytokines that regulate 

the recruitment and function of these innate cell types.  Recently, much attention has focused on 

a particular kinase, known as tumor progression locus 2 (Tpl2, aka Map3k8), that transduces 

inflammatory signals through various receptors, including Toll-like receptors, cytokine receptors, 

death receptors and G-protein-coupled receptors.  Intervention in these pathways could have 

significant benefits in the treatment of autoimmune diseases and other inflammatory disorders.  

Therefore, the overall goal of this work is to determine how Tpl2 might regulate innate immune 

cell trafficking, differentiation, and functions during the innate inflammatory response.  The first 

aim is to determine whether Tpl2 regulates NK cell functions, including IFN secretion.  The 

second aim in this study is to determine Tpl2’s role in regulating macrophage trafficking to 

inflamed tissues.  The third and final aim is to determine how Tpl2 controls macrophage 

differentiation between proinflammatory M1 and anti-inflammatory M2 subtypes.  The work 

presented herein should help to expand our current understanding of how Tpl2 regulates acute 

inflammation.  Furthermore, it will provide valuable information about the potential effects of 

Tpl2 inhibition clinically. 
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CHAPTER 2 

LITERATURE REVIEW 

 

Tpl2 Overview 

 

Discovery of Tpl2 

Tumor progression locus (Tpl2) is a member of the mitogen activated protein kinase 

(MAPK) family of serine/threonine kinases.  The tpl2 gene is the rat/murine homolog of the 

cancer Osaka thyroid (cot) gene that was identified as an oncogene in human thyroid carcinoma 

cell lines in 1991 (1).  Tpl2 is widely expressed in both hematopoietic and nonhematopoietic cell 

lineages.  Early functional studies demonstrated that Tpl2 was a potent inducer of experimental 

oncogenesis in mice and rats, and that its kinase activity is enhanced following C-terminal 

truncation of the protein (2, 3).  Overexpression of Tpl2 in cell lines linked the kinase with 

several important biochemical pathways.  For example, Tpl2 overexpression in Jurkat T cells led 

to the activation of nuclear factor of activated T cells (NFAT) and the production of interleukin-2 

(IL-2) (4), both of which are potent mediators of T-cell function and proliferation.  Additionally, 

the overexpression of Tpl2 was shown to be critical for regulating the activation and downstream 

functions of nuclear factor kappa B (NF-κB) (5).  The NF-κB protein complex is critically 

involved in TLR-dependent signaling pathways, and limited proteolysis of NF-κB  proteins leads 

to their translocation to the nucleus and transcriptional initiation of inflammatory mediators, such 
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as cytokines and chemokines (6).  This evidence led to further exploration into Tpl2’s possible 

involvement in pro-inflammatory responses, especially those involving NF-κB, and particularly 

Tpl2’s ability to influence innate signaling mechanisms following cellular response to foreign 

agonists. 

Tpl2 activation is currently understood to be induced downstream of various innate 

cellular receptors such as growth factors, cytokine receptors, death receptors and toll-like 

receptors.  A more detailed discussion of Tpl2’s relationship to NF-κB signaling mechanisms 

will be addressed later in this review. 

 

Toll-like receptor function   

Toll-like receptors (TLRs) are part of the pattern recognition receptor (PRR) family and 

are responsible for recognizing many pathogen-associated molecular patterns (PAMPs) (7).  TLR 

signaling is a major pathway for the induction of the innate immune response, and these innate 

immune receptors are generally activated via exogenous pathogen ligands.  Different TLRs 

responsible for recognizing distinct PAMPs are expressed on the cell surface or within 

intracellular (endosomal) compartments of various innate immune cell types, most notably 

macrophages, dendritic cells, B cells, and neutrophils.  TLR ligation initiates the active 

recruitment of adaptor protein complexes and kinases that assist in TLR signaling.  MyD88, a 

major adaptor molecule in innate signaling, is recruited to all TLRs, except TLR3 (7).  In 

conjunction with MyD88, vital molecules belonging to the IL-1 receptor associated kinase 

family (IRAK1, 2 and 4) and the E3 ubiquitin ligase, TNF receptor associated factor 6 (TRAF6), 

are also recruited and play roles in TLR pathway activation.  Additionally, the activation of other 
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IL-1 signaling pathway molecules such as the MAP kinase kinase kinase Map3k7 (aka TAK1) 

can lead to downstream activation of important innate complexes including NF-κB and MAPKs 

like Tpl2 (8).  As a result, Tpl2 is emerging as a kinase of interest, primarily for its role in 

influencing the TLR-dependent transcription of important innate inflammatory mediators. 

A major toll-like receptor, TLR4, is expressed on the surface of innate cells such as 

monocytes and dendritic cells that can uniquely recognize several ligands including bacterial 

lipopolysaccharide (LPS) during infection (9).  In a landmark study, Tsichlis el al. demonstrated 

that tpl2
-/-

 mice were resistant to LPS-induced endotoxic shock (10).  This resistant phenotype 

was due to impaired secretion of the potent inflammatory cytokine tumor necrosis factor-α 

(TNF-α) and suggested for the first time that Tpl2 is required for mounting a proper innate pro-

inflammatory response following TLR-dependent detection of foreign PAMPs.  With this 

relationship between Tpl2 and TLR signaling now firmly established, a number of studies have 

sought to delineate the mechanisms involved in the regulation of TLR signaling by Tpl2.  The 

following section outlines important discoveries related to Tpl2’s function in TLR signaling.  

 

LPS-induced signaling mechanisms 

The NF-κB signaling pathway is often associated with TLR and MyD88-dependent 

inflammatory signaling in many innate immune cells and has been shown to be critical for 

regulating the transcription of various immune mediators, including immunoreceptors, cytokines, 

and chemokines in innate cells during inflammation (6).  Further research into the LPS-induced 

activation of Tpl2 showed that, in a basal state, Tpl2 is directly complexed to the NF-κB 

inhibitory protein termed NF-κB1 p105.  Upon triggering by inflammatory agonists such as 
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bacterial LPS, NFκB1 p105 undergoes limited proteolysis to yield p50 which releases Tpl2 from 

inhibition so that it may activate downstream signaling leading to the production of immune 

mediators (11).  Following LPS stimulation in monocytic cell lines and bone marrow 

macrophages, Tpl2 activates the MAP kinase MEK which, in turn, activates the extracellular 

signal related kinases 1 and 2 (ERK-1/2) (11).  ERK-1/2 induction has been shown to be critical 

for the transcription and production of the pro-inflammatory cytokines IL-1β and TNF-α in 

monocytic cell lines and has also been implicated in prominent inflammatory diseases such as 

cystic fibrosis (12, 13).  Interestingly, ERK has also been implicated in anti-inflammatory 

functions, as the overexpression of ERK was shown to suppress NF-κB activation and control 

inflammatory macrophage functions in human umbilical vein endothelial cells (14) 

As mentioned earlier, activation of this Tpl2/MEK/ERK pathway occurs following NF-

κB1 p105 proteolysis (11).  However, in contrast to the Tpl2-dependent direct activation of 

MEK/ERK, Tpl2 is no longer considered a major direct activator of NF-κB in response to TLR 

ligands.  In fact, tpl2
-/-

 mice display efficient NF-κB activation and p105 proteolysis following 

LPS stimulation (10), likely because only a small portion of NF-κB p105 in the cells is 

constitutively associated with Tpl2 (15).  Additionally, this finding could also be explained by 

studies showing that inflammatory activation following LPS stimulation can also occur in 

MyD88-independent pathways (16).  However, it is still possible that direct activation of NF-κB 

by Tpl2 may still occur and act in a selective fashion, specific to the extracellular stimulus.  An 

illustration of the pathway involving TLR4 signaling, MyD88, NF-κB, and MAPKs such as Tpl2 

is illustrated in Figure 2.1.   
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Tpl2 is now appreciated to be activated by other stimuli, including cytokines.  

Additionally, the serine/threonine kinase Akt, which is implicated in NF-κB induction (17), 

physically interacts with and phosphorylates Tpl2 at the serine residue S400 in T-cell lines (18). 

   

Tpl2 and cytokine signaling    

 In addition to Tpl2’s role during TLR-signaling mechanisms, Tpl2 can also transduce 

innate cytokine signaling.  Following stimulation with TNF, the tyrosine kinase Syk activates 

Tpl2 in an NF-κB dependent manner (19).  The major innate cytokine interleukin-1β (IL-1β) has 

been shown to both trigger Tpl2 activation via TLR-ligation (20) as well as be induced by Tpl2 

during bacterial infections (21).  IL-1β belongs to the IL-1 superfamily of cytokines that includes 

its primary homolog, IL-18 (22).  Both IL-1β and IL-18 are potent inducers of the pro-

inflammatory response (23, 24), and signaling for these cytokines occurs via the IL-1 receptor 

(IL-1R) and IL-18 receptor (IL-18R), respectively (22).   Interestingly, the IL-1R/IL-18R 

signaling pathways are comprised of many of the same signaling molecules found within the 

TLR signaling pathways mentioned earlier, including MyD88, IRAK, and TRAF6 which has led 

to the creation of the TLR/IL-1R superfamily (22).  Both TLR and IL-1R/IL-18R signaling 

pathways converge to promote the activation of MAPKs (such as Tpl2) leading to downstream 

transcription of innate immune mediators.  

Activation of Tpl2 has also been shown to be induced by the pro-inflammatory cytokine 

IL-12 during Toxoplasma gondii infection, and Tpl2 genetic ablation caused mice to become 

more susceptible to this parasite (25).  The major consequence of Tpl2 deficiency in this model 

was a significant impairment in IFNγ secretion during infection.  IL-12 is a major driver and 
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activator of CD4
+
 T cell differentiation (26), and loss of Tpl2 disrupted IL-12-induced IFNγ 

secretion by T cells in response to T. gondii.  This study implicated Tpl2 in the regulation of 

IFNγ secretion and CD4
+
 T helper 1 (Th1) cell development.  The coordinated efforts between 

TLR signaling and IFNγ production are critical to innate immune activation, and the role of Tpl2 

in both of these pathways is becoming better understood.    

  

Tpl2’s future 

 The discovery of Tpl2’s role in innate inflammation has led to recent efforts to generate a 

specific Tpl2 kinase inhibitor with hopes that it could be used for the treatment of TNF-

associated autoimmune disorders such as rheumatoid arthritis (27, 28).  A number of features 

make Tpl2 especially well-suited for targeting.  Although widely expressed among 

hematopoietic cells, Tpl2 appears to have more restricted, inflammation-related signaling roles 

compared to other kinases (8).  Furthermore, Tpl2 shows low homology to other kinases, is not 

inhibited by the nonspecific kinase inhibitor staurosporine and is the only known human kinase 

to have a proline instead of a glycine in its ATP binding region, all of which make it an attractive 

drug target for selective inhibition (3, 4, 7).  Therefore, targeting Tpl2 is anticipated to avoid 

problems encountered when targeting more ubiquitously expressed or, broadly acting 

components of the MAPK pathway, such as p38, ERK and JNK, where inhibition may be too 

global or result in major off-target effects (9).  Although development of Tpl2 small molecule 

inhibitors holds promise, it must be approached with caution until a more complete 

understanding of Tpl2’s functional roles during inflammation is reached.  For example, direct 

clinical inhibition of Tpl2’s pro-inflammatory kinase activity could lead to the exacerbation of 
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opposing anti-inflammatory responses, such as Th2-associated allergic asthma, or conversely 

could render patients vulnerable to certain infectious diseases.  For these reasons, it is important 

to elucidate the direct roles Tpl2 plays in innate immune cell function during various 

inflammatory responses. 

 

The natural killer (NK) cell and innate immunity 

 

NK cell biology   

The natural killer (NK) cell was originally described as an innate cytolytic effector 

lymphocyte distinct from cytotoxic T cells.  This distinction resulted from the observation that 

NK cells exert their killing functions directly on targeted cells such as cancer cells without the 

need for prior antigen stimulation (29).  However, it is now recognized that NK cells, like T and 

B cells, can even mediate immunological memory in response to prior encounter with the same 

antigen (30).  As a part of the host response, the NK cell is a uniquely versatile immune mediator 

that can directly lyse targeted cells, present antigens, and secrete inflammatory cytokines.  An 

illustration of the various NK cell-mediated effector functions is shown in Figure 2.2.  The NK 

cell is found systemically in various organ sites of mammalian hosts including the blood, liver, 

spleen, lung, and intestines and active circulation of NK cells among these sites has been shown 

to be important for mounting sufficient innate immune responses upon activation (31-33).   
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NK cell-mediated cytolysis 

The cytolytic capabilities of NK cells during systemic inflammation are characterized by 

the release of specialized lytic granules that induce various killing functions.  One of the initial 

components of this NK-mediated cytolysis is the release of the membrane pore-forming protein 

known as perforin.  Perforin polymerizes upon synapsis with target cells, permeabilizes the cell 

membrane, and allows for the release of cytolytic granules into the cytosol (34). One component 

of NK cytolysis that enters the target cell cytosol via this perforin-dependent mechanism is 

granzyme B.  Granzyme B can act to induce target cell death via direct activation of intracellular 

caspase signaling which leads to cellular apoptosis.  Additionally, NK cell release of granzyme B 

can induce further outer membrane permeabilization and loss of cellular integrity of the targeted 

host cell (35).  The importance of this NK cell effector mechanism is substantiated by evidence 

linking granzyme B production to important inflammatory processes like defense against viral 

infections and the exacerbation of inflammation in autoimmune conditions such as rheumatoid 

arthritis (36). 

 

Cytokine signaling and IFNγ production in NK cells 

The transcriptional regulation of cellular inflammatory mechanisms observed in NK cells 

has been shown to be controlled, at least in part, by various cytokines including IL-2, IL-12, and 

IL-18 (37).   Furthermore, detection of these cytokines by NK cell surface receptors also leads to 

phosphorylation of signal transducer and activators of transcription (STATs).  Among these, 

STAT4 (activated by IL-12) and STAT5 a/b (activated by IL-2) have been implicated in the 
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induction of NK cell pro-inflammatory responses and thus are vital to elucidating the 

mechanisms of NK cell activation and function (38).  

Originally described as a novel protein responsible for inducing T cell proliferation, 

interleukin-2 (IL-2) was the first interleukin to be fully characterized in regards to the host 

immune response (39).  T-cell functions such as proliferation, memory, and regulatory responses, 

were shown to be influenced by IL-2.  Interestingly, the generation of cytotoxic T-cells was also 

shown to act via an IL-2-dependent mechanism (40).  These findings pushed the progress of IL-2 

research to ask whether this cytokine could also influence the killing capacity of other primary 

immune cells such as NK cells.  Indeed, early studies focusing on NK cell cytotoxicity in vitro 

found that exogenous IL-2 increased NK cell-mediated killing (41).  These findings along with 

others outlining the expression of the IL-2R on the surface of circulating NK cells (42) provided 

a clear picture of the strong interaction between IL-2 and NK cell functionality. 

Subsequent studies have demonstrated the importance of additional cytokines to NK cell 

functions.  IL-12, a prominent pro-inflammatory cytokine, has been shown to enhance the 

production of IFNγ by NK cells while also boosting the cytotoxic activity of these cells (43, 44).  

During viral infections, IL-12 is necessary for NK-cell mediated IFNγ production and host 

protection (45).  In addition to NK cells, IL-12 also promotes T-cell differentiation towards a 

Th1 pro-inflammatory subset and further promotes T cell cytotoxic killing similar to NK cell 

function (43, 46) 

IL-18, another pro-inflammatory cytokine, is released by activated macrophages in 

response to bacterial pathogens in a manner similar to IL-12 and has been shown to enhance the 

effector functions of NK cells, including cytotoxicity and IFNγ production (47).  As mentioned 
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previously, IL-18 signals through IL-18R in a MyD88-dependent fashion similar to IL-1 and 

may potentially act in a Tpl2-dependent manner.  In addition, IL-18 interaction may lead to up-

regulated expression of the Fas ligand (FasL) on the surface of activated NK cells, a ligand used 

to recognize target cells expressing the Fas receptor when marked for cell death (48).  

Interestingly, the combined effect of IL-12 and IL-18 stimulation of NK cells is to synergistically 

boost IFNγ production (49).   

Following activation via exogenous signals, an important NK cell effector function is to 

produce significant levels of the pro-inflammatory cytokine IFNγ.  IFNγ is widely involved in 

conferring host defense by enhancing the microbicidal actions of macrophages and cell-mediated 

immunity (50, 51).  One of the critical steps in priming NK cells to produce high levels of IFNγ 

is the phosphorylation of members of the Janus kinase (JAK) family (52), followed by activation 

of the transcription factor STAT4 (37).  An illustration of the coordination of the signaling 

pathways involving IL-12, IL-18, and STAT4 that leads to IFNγ production by NK cells during 

the inflammatory response is illustrated in Figure 2.3. 

 

Innate cell trafficking during inflammation 

 

Innate cell trafficking overview 

 The initial, rapid inflammatory response to foreign pathogens is a hallmark of innate 

immunity, and one of the key processes characterizing this response is cell trafficking to distal 

sites of injury or invasion.  The first and usually most abundant innate cell to arrive is the 

neutrophil.  This hematopoietically-derived cell generally arrives within the first 3-4 hours of 
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inflammatory insult and circulates along postcapillary venules before entering various tissue sites 

(53).  Later on, other specialized innate cells such as macrophages and eosinophils arrive to the 

inflamed tissue in response to locally produced chemokines and cytokines.  The biology and 

mechanisms of innate trafficking of both macrophages and eosinophils are described below. 

 

Recruitment of monocytes/macrophages  

Key regulators of innate immune response are monocytoid cells, or monocytes.  These 

long lived cells are recruited from the bone marrow and are characterized by their ability to 

differentiate into certain subsets of dendritic cells (DCs) and macrophages.  The roles of both of 

these cells are diverse and span both innate and adaptive arms of the immune system.  DCs are 

considered the superior antigen presenting cell, capable of presenting MHC class I- and class II-

restricted peptides to CD8
+
 and CD4

+
 T cells, respectively.  However, macrophages also initiate 

antigen presentation to T cells and can further influence the nature of the adaptive immune 

response depending upon their cytokine secretion profiles (54). Macrophages, for example, 

promote a pro-inflammatory response upon stimulation via IL-12 secretion which drives a T 

helper 1 CD4
+
 T cell phenotype associated with the secretion of IFNγ and protection against 

intracellular pathogens (55).  In contrast, the macrophage can also drive anti-inflammatory 

immune regulation via active IL-10 secretion which can lead to enhanced regulatory T cell 

functions (56).  This T cell subset, commonly referred to as “T-regs”, are important mediators of 

immunosuppression via regulation of tolerance to self-antigens (57) and control of autoimmune 

disorders such as inflammatory bowel disease (58).  For these studies we focused on 

macrophages as primary innate cells due to their strict requirement for Tpl2 in TLR signaling 
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pathways, ease of culture, outgrowth from bone marrow, and their ability to efficiently migrate 

to sites of inflammation.  

A key process during a robust inflammatory response is the coordination of signals 

between resident cells at the site of injury or infection and circulating leukocytes (i.e. 

monocytes).  One of the major mechanisms coordinating cellular recruitment is chemokine 

signaling.  Chemokines are small chemotactic proteins that are released in response to 

inflammation due to injury or infection at a tissue site.  These proteins bind to corresponding G 

protein-coupled receptors expressed on the surface of target cells and can act as homing signals 

for circulating leukocytes that express the necessary receptors.  Generation of a concentration 

gradient of chemokine levels at sites of inflammation initiates the adhesion and rolling process of 

effector cells across endothelial membranes that leads to migration to inflamed tissue sites (59). 

 

 Innate chemokines and chemokine receptors 

Bacterial endotoxin induced expression of inflammatory chemokines is dependent on 

resident cell recognition of LPS by cell surface pattern recognition receptors such as TLRs.  

Additionally, the release of these chemotactic molecules by tissue-resident cells such as 

macrophages is regulated in part by NF-κB and MAP kinase activation (60).  Therefore, Tpl2-

dependent regulation of chemokine or chemokine receptor expression following ligation of 

PAMPs such as LPS is an area of great interest.   

The family of monocyte chemotactic proteins (MCPs) is currently divided into two sub-

clusters containing various chemokine ligands that are recognized by one or more corresponding 

chemokine receptor(s) expressed on the surface of macrophages.  The first major MCP to be 
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discovered was MCP-1, also known as CCL2.  This major inflammatory chemokine interacts 

primarily with surface-expressed G-protein coupled receptors such as CCR2 (as well as CCR4) 

that are found on the surface of activated or migrating leukocytes such as macrophages (61).  

CCL2 has been implicated in many inflammatory immune responses, notably as a potent 

monocyte recruiting factor at sites of infection or inflammation (62).  Additionally, MCP-3, also 

known as CCL7, has been implicated in monocyte recruitment to inflamed tissues through 

interaction with chemokine receptors CCR1 and CCR2 on the surface of activated leukocytes 

(63).  Taken together, the inflammatory contributions of both CCL2 and CCL7 are critical to our 

understanding of innate cell trafficking. 

In addition to the MCPs, members of the CXC family of chemokines play important roles  

in inflammation.  In particular, two CXC chemokines, CXCL2 and CXCL3 and their shared 

murine homologue, macrophage inflammatory protein-2 (MIP-2), regulate macrophage 

migration and recruitment to inflamed tissue sites (64). Further, their expression has been shown 

to be up-regulated during metastatic cancers such as breast cancer (65).  The latter finding is 

interesting considering the previously discussed physiological influence of Tpl2 on oncogenesis. 

Thus, determining the extent to which Tpl2 influences CXC chemokine expression would be 

valuable for furthering research into monocyte migration as well as cancer metastasis. 

The chemokine receptor CCR1 is expressed on various immune cells including 

monocytes, neutrophils, and T cells and is critical for the proper recruitment of these cells to sites 

of inflammation.  CCR1 recognizes multiple chemokine ligands, yet its two major monocyte 

chemotactic ligands are MIP-1α (macrophage inflammatory protein-1α) and RANTES (regulated 

and normal T cell expressed and secreted) (66).  Mice lacking CCR1 expression were shown to 
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be more susceptible to Toxoplasma gondii infection (67). Importantly, targeting of CCR1 for 

inhibition has become a new area of research for the treatment of inflammatory and autoimmune 

diseases such as rheumatoid arthritis (68).   

CCR5 is another member of the MCP receptor family, and like CCR1, two of its major 

chemokine ligands are MIP-1α and RANTES.  CCR5 is expressed on the surface of various 

immune cells including macrophages and is a key regulator of chemokine-dependent migration 

of circulating leukocytes following an inflammatory stimulus.  Interestingly, CCR5 also binds 

HIV (human immunodeficiency virus) gp120. Gp120 binding to CCR5 is essential for viral entry 

into infected cells (69).  This observation has boosted research into developing CCR5 antagonists 

to prevent HIV target cell entry and has led to an increased interest in the diverse functions of 

CCR5 expression by macrophages during infection. Use of CCR5 antagonists to block HIV-1 

binding should be approached with caution as CCR5-deficient mice have defective immune 

responses to bacterial and viral pathogens (70, 71). 

 

Recruitment of eosinophils 

Eosinophils are another type of leukocyte involved in innate cell trafficking and 

responses to inflammatory stimuli.  Eosinophils are found in numerous tissue sites including 

peripheral blood, the lower gastrointestinal (GI) tract, thymus, and spleen, where they have been 

shown to contribute to pathogenesis in various Th2-associated conditions such as eczema, 

asthma, and also in inflammatory bowel disease.  The chemotaxis of circulating eosinophils to 

sites of inflammation depends largely on signaling via chemokine ligands such as RANTES and 

other MCPs in manners similar to macrophage chemotaxis (72).  Additionally, the 
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chemoattractant eotaxin has been implicated in eosinophil-specific chemotaxis in lungs (73).  

Eosinophils also respond to cytokine-directed signaling fromTh2 cytokines such as IL-4, IL-5, 

and IL-13 secreted by T cells during allergic inflammation or parasitic infection.  Circulating 

eosinophils express surface receptors for the chemotactic and activating cytokine IL-5, which 

was originally described as an eosinophil colony stimulating factor (74).   Finally, in addition to 

chemokine and Th2 cytokine-mediated trafficking of eosinophils, the helminth-derived molecule 

chitin has also been implicated in recruiting eosinophils to sites of infection (75).  Chitin is a 

polymer also found in insects.  In helminth parasites chitin is thought to provide structural 

rigidity.  Ongoing research into immune responses against chitin during parasitic infection has 

provided evidence for this molecule’s role in eosinophil-mediated innate immunity.  

Eosinophil recruitment and expansion is a hallmark of helminth infection.  Helminths 

comprise a wide variety of parasitic worms that induce robust innate immune responses in the 

host at sites of infection such as the GI tract.  Inflammatory responses to these infections are 

characterized by heavy Th2 bias, leading to the recruitment of many innate immune mediators 

such as monocytes/macrophages, mast cells, and eosinophils.  The presence of helminth induced 

T-cell derived cytokines such as IL-4 and IL-5 drives eosinophils to further induce anti-parasitic 

functions including eosinophil aggregation around the parasite, degranulation of toxic contents, 

and mediation of cytotoxic killing by other effector cells such as T cells and macrophages (76).   

The recruitment of macrophages and eosinophils during the inflammatory response is a 

critical process and the functional mechanisms behind the chemotaxis and migration of these 

cells, including the fully defined roles of cellular signaling molecules following the activation of 

TLRs or cytokine receptors, are still being elucidated.  This work aims to assess the contributions 



17 

 

of the protein kinase Tpl2 on macrophage and eosinophil recruitment and how it may regulate 

the functional characteristics of these migratory cells described above. 

 

Macrophage differentiation: The M1 vs. M2 subtype 

 

Macrophage polarization during inflammation   

The functional capabilities of macrophages are numerous and contribute to shaping 

immune responses.  Therefore, an important area of research has begun to focus on how 

polarization and ultimately differentiation of these innate cells is achieved.  In regards to the 

innate immune response, macrophages may respond with at least two major opposing 

inflammatory states within the host:  pro-inflammatory and anti-inflammatory.  Different 

pathogenic and environmental stimuli can readily induce these two antagonistic responses in the 

host, and an illustration of them is shown in Figure 2.4.  For this reason, the polarization of 

macrophages is generally thought to be a plastic process that toggles between the two major 

subtypes described below. 

 

M1 macrophage induction 

M1 (or classically activated) macrophages represent a major subtype of macrophages that 

function primarily in the pro-inflammatory response.  Induction of the M1 macrophage depends 

on various cellular signals from neighboring immune cells as well as foreign pathogens at sites 

of infection or injury.  The major Th1 inflammatory cytokines IFNγ and TNF-α are produced at 

high levels by activated lymphocytes such as T cells or NK cells during the pro-inflammatory 
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response, and these cellular signals can directly polarize resident macrophages towards the M1 

phenotype to promote cellular killing and pathogen clearance (77).  Additionally, microbial 

triggers and PAMPs, such as bacterial LPS, also play major roles in inducing the M1 

macrophage phenotype through PRR-dependent signaling (78).  The functional output of M1 

macrophages is the stimulus-dependent gene expression of cellular effector mechanisms that aim 

to promote cytotoxicity as well as proper pathogen clearance.  For example, in response to a 

robust pro-inflammatory signal, M1 macrophages express NOS2/iNOS, major histocompatibility 

complex class II (MHC class II), IL-12 and TNF.   

NOS2/iNOS (inducible nitric oxide synthase) is the inducible gene that encodes for the 

enzyme that catalyzes the production of nitric oxide (NO) from L-arginine by M1 macrophages 

(79).  iNOS is primarily characterized by its ability to induce an antimicrobial oxidative burst by 

activated macrophages.  NO secretion by macrophages during the inflammatory response has 

been implicated in immune responses during bacterial infections like Mycobacterium 

tuberculosis (80) as well as in the exacerbation of chronic inflammatory conditions such as 

arthritis (81).   Like the M1 macrophage itself, iNOS expression is up-regulated following pro-

inflammatory activation with external stimuli such as IFN and microbial triggers like LPS.  For 

this reason iNOS has become a valuable cellular marker of the induction and functional status of 

M1 macrophages during pro-inflammatory disease states. 

  

M2 macrophage induction 

The other major subtype of polarized macrophages is termed the M2 (alternatively 

activated) macrophage.  The M2 subtype is further divided into M2a, M2b, and M2c subtypes 
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based on the nature of external stimuli driving polarization as well as specific effector functions.  

M2a polarization is associated with induction by the primary Th2/anti-inflammatory cytokines 

IL-4 and IL-13, and M2a macrophages are generally responsible for promoting fibrosis and anti-

inflammatory immune responses (82, 83).  M2b macrophages are activated via ligands of the 

TLR/IL-1R pathway and perform dual roles by mediating macrophage regulatory functions 

including high IL-10 production as well as production of common M1 cytokines like IL-1 and 

TNF-α (84).  Lastly, M2c macrophages are specialized regulatory macrophages primarily 

induced by IL-10 and TGF-β to promote immunosuppression (85).  In general, M2 macrophages 

are critical during helminth infection, as they are major players in anti-parasitic responses such 

as granuloma formation and worm expulsion in conjunction with eosinophils and mast cells (86).  

In addition to anti-parasite functions, M2 macrophages also mediate fibrosis in inflamed tissues 

and promote tissue remodeling via interactions with prominent angiogenic cytokines such as 

TGFβ (87). 

 

Infection with the helminth parasite Schistosoma mansoni 

A good murine model for assessing M2 macrophage polarization in vivo during a 

parasitic infection is the intestinal helminth parasite, Schistosoma mansoni.  This organism is the 

major agent of intestinal schistosomiasis.  Schistosomes are trematodes that cause a chronic 

intestinal infection with high prevalence in many developing nations where water quality and 

sanitation are below standard (88).  Infected individuals pass parasite eggs in urine or feces into 

fresh water. The larval miracidia hatches from the egg and finds the appropriate snail 

intermediated host, where asexual multiplication of the parasite takes place.  Eventually, the 
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infective cercariae stage of the parasite emerges from snails and enters the water where they can 

infect the definitive host (humans) via skin surface entry.  Maturation of the parasite in humans 

to adult worms (in organs sites such as the liver and GI tract) leads to the development of 

advanced stages of the infection.  An illustration of the Schistosoma mansoni life cycle is 

depicted in Figure 2.5.   

Disease due to schistosome infection is characterized by the induction of a robust Th2-

type immune response, triggered by egg-associated antigens.  Host responses to maturing S. 

mansoni parasites are initially characterized by strong pro-inflammatory responses including 

nitric oxide production along with the secretion of major Th1 cytokines like IFNγ and TNF.  

This early pro-inflammatory response begins to switch to Th2-type coincident by week 7 of 

infection, in response to schistosome eggs.  This in turn leads to the activation and recruitment of 

innate mediators such as eosinophils and alternatively activated macrophages (89).  A timeline of 

the immune response during S. mansoni infection is illustrated in Figure 2.6 

 

M2 macrophage markers 

Like the M1 subtype, M2 macrophage identification in experimental settings is largely 

based on the expression of multiple proteins unique to the alternatively activated phenotype, 

including Ym1, Retnla, Fizz1, mannose receptor and IL-4Rα.  

Ym1 is a novel murine macrophage protein initially discovered as a secreted molecule 

from activated peritoneal macrophages following natural infection with the helminth parasite 

Trichinella spiralis (90).   Induction of Ym1 gene expression is linked to both IL-4 and IL-13 

signaling, leading to induction of alternative M2 macrophages.  While the precise function of 
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Ym1 is still not understood, it shares homology to other mammalian chitinase-like proteins that 

exhibit strong anti-parasitic immune functions (91). 

Retnla (resistin-like molecule) is a cysteine-rich protein that is secreted by M2 

macrophages following stimulation with Th2 polarizing cytokines such as IL-4 and IL-13.  

Secretion of this protein by macrophages has been shown to assist in granuloma formation 

during parasitic infections with organisms like Schistosoma mansoni  (92).  This M2 protein is 

also referred to as Fizz1 (found in inflammatory zone) after studies pointed to a significant 

increase in the expression of the molecule in the bronchial epithelial cells of mice following 

allergic airway inflammation (93). 

Finally, Arg1, the gene encoding for the cytosolic enzyme arginase, has also emerged as 

a reliable M2 macrophage marker since expression of Arg1 is highly induced following 

activation with the Th2 cytokines IL-4 and IL-13.  Arg1 was first found to be expressed in the 

liver of mammalian hosts to assist in metabolic arginine hydrolysis (94).  Recent studies have 

observed increased expression of Arg1 during infection with intestinal parasites such as 

Schistosoma mansoni and have proposed roles for the enzyme in wound healing and tissue 

fibrosis (95). 

The balance between M1 and M2 macrophages is becoming better understood in the 

context of inflammation, and more recent studies have begun to look at possible mechanisms 

driving this physiological shift in the innate immune response.  This work aims to assess Tpl2’s 

possible role in regulating macrophage polarization which could lead to a better overall 

understanding of how inflammatory cells mediate differing responses to specific pathogenic 

stimuli. 
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Figure 2.1   TLR4 signaling pathway 

Following ligation with pathogen associated molecular patterns (PAMPs) such as 

bacterial LPS, toll-like receptors like TLR4 initiate inflammatory signaling 

cascades by recruiting the vital adaptor molecule MyD88.  Additional recruitment 

of and complex with IL-1R associated kinases (IRAK1, 2, and 4) and TNF 

receptor associated kinases (TRAF6) begins signal transduction through initial 

MAP kinases including TAK1.  TAK1 signaling activates the IKKβ protein 

complex as well as other MAP kinases such as Tpl2 (MAP3K8).  Proteolysis of 

the NF-κB p105 inhibitory subunit by IKKβ from inactive Tpl2 leads to the 

downstream signaling by active Tpl2 through MEK and ERK protein complexes 

and further activation of the nuclear transcription factor AP-1.  AP-1 nuclear 

translocation along with NF-κB activation within the nucleus leads to the further 

production of critical inflammatory immune mediators such as cytokines and 

chemokines by the host cell 
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Figure 2.2   NK cell effector functions 

NK cell effector functions are commonly induced following cytokine signal 

activation through various cytokine and cytokine receptor interactions including 

IL-2, IL-12, and IL-18.  Cytotoxic effector functions of activated NK cells are 

characterized by the release of pore-forming proteins such as perforin that 

permeabilize targeted host cell membranes.  Subsequent production of 

apoptosis-inducing components such as granzyme B in the host cell cytosol also 

occurs.  Additionally, targeted host cell destruction by NK cells can occur by 

ligation of the death receptor (FasL) with the targeted host cell death receptor 

(FasR), as well as by the production of the pro-inflammatory cytokine IFNγ to 

drive Th1-dependent killing of targeted or infected host cells.  
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Figure 2.3   IL-12/IL-18/STAT4 signaling pathways leading to IFNγ 

production  

NK cell development and activation is regulated in part by cell surface receptor 

signaling involving the inflammatory cytokines IL-12 and IL-18.  The IL-12R is 

expressed on the surface of resting NK cells and signal transduction is initiated 

following ligation with exogenous IL-12 in the extracellular environment.  This 

signaling pathway is mediated by critical mitogen activated kinases (MAPK) 

such as the Janus activated kinase-2 (JAK2) that help to translocate signals to 

the NK cell nucleus.  The nuclear transcription factor STAT4 is critical for IL-

12 signaling in NK cells and activation of STAT4 leads to the transcription and 

production of the pro-inflammatory cytokine IFNγ which can promote direct 

cell killing as well as Th1 T-cell differentiation.  Additionally, ligation of the 

extracellular cytokine IL-18 to the NK cell IL-18 surface receptor (IL-18R) acts 

synergistically with IL-12R signaling by mediating the transcription and 

production of IFNγ via an NF-κB dependent pathway following inflammatory 

activation. 
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Figure 2.4   Macrophage polarization during the inflammatory response 

During specific inflammatory immune responses, macrophage polarization 

between two major subtypes is induced by specific stimuli and is characterized 

by differing effector responses.  Classically activated (M1) macrophages are 

induced following activation by bacterial PAMPs such as LPS and via Th-1 

mediated induction through the pro-inflammatory cytokine IFNγ.  The M1 

macrophage subset is characterized by its ability to mediate pro-inflammatory, 

cell killing mechanisms through the production of various effector molecules 

including iNOS, MHC class II, TNF, and IL-12.  In contrast, the alternatively 

activated M2 subset of macrophages is commonly observed following Th2 

dependent inflammatory signals via IL-4, IL-5, and IL-13.  Additionally, M2 

macrophages are also induced following parasitic infections with pathogens 

including helminths.  The M2 macrophage is described as an anti-inflammatory, 

anti-parasitic immune effector characterized by expression of the specific M2 

proteins Ym1, Fizz1, Arg1, mannose receptor and IL-4Rα and is also 

responsible for promoting tissue remodeling and fibrosis during certain 

inflammatory conditions.  
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  Figure 2.5   Schistosoma mansoni life cycle 

Eggs are initially deposited in the urine or feces of infected vertebrate hosts into 

areas of wet soil or ground water.  Under optimal growth conditions, eggs can 

develop into miracidia and infect the snail intermediate host where they proceed 

to the infective cercariae stage.  Developed cercariae exit the snail host and 

enter water supplies where they can swim and infect the definitive vertebrate 

host (primarily humans) directly through the skin.  Once inside, cercariae 

mature into adult worms that can spread systemically to multiple tissue sites but 

are primarily found in the small and large intestine during advanced infection.  

Once mature, adult S. mansoni worms begin to lay eggs inside the host that are 

eventually excreted in the host urine or feces. 
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  Figure 2.6   Immune responses to S. mansoni life cycle stages in the 

vertebrate host 

During initial infection with infective S. mansoni cercariae (from 0-3 weeks post 

infection),  a robust pro-inflammatory immune response develops and is 

characterized by the induction of pro-inflammatory (M1) macrophages and the 

release of nitric oxide (NO).  Additionally, by week 4-6 post infection as S. 

mansoni worms begin to mature, induction of Th1 T-cells promotes the 

production of pro-inflammatory cytokines IFNγ and TNF to combat infection.  

As infection progresses and adult worms begin to lay eggs within the GI tract of 

infected hosts, a robust Th2 response develops characterized by the induction 

alternatively activated (M2) macrophages as well as Th2 T-cells.  M2 

macrophages can be characterized by upregulation of alternative macrophage 

markers Ym1, Fizz1, and Arg1 while Th2 T-cells actively secrete prominent 

anti-inflammatory cytokines including IL-4, IL-5, and IL-13 to promote 

clearance of the parasite via the recruitment of additional innate cells such as 

eosinophils and mast cells 
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CHAPTER 3 

MATERIALS AND METHODS 

 

Mice 

Wild-type C57BL/6J mice were purchased from The Jackson Laboratory.  Tpl2
-/-

 mice were a 

generous gift from Dr. Philip Tsichlis.  Breeding colonies of mice were maintained and housed 

in sterile caging in a specific pathogen-free facility at the University of Georgia.  All animal 

studies were approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Georgia.   

 

Media and Buffers 

Supplemented RPMI 

RPMI containing 10% heat-inactivated fetal bovine serum (FBS, Invitrogen), 100  

U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 15 mM HEPES and 50 μM 2-

mercaptoethanol. 

 

Supplemented DMEM 

Dulbecco’s modified Eagle medium (DMEM) containing 10% heat-inactivated FBS, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 4 mM L-glutamine, and 1000 mg/L glucose was used for 

macrophage culture in vitro. 
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MACS buffer 

1x PBS, 0.5% BSA, and 2 mM ethylenediaminetetraacetic acid (EDTA) filtered 

 

Protein Lysis buffer (10M) 

10 mL total volume with DI H2O containing: 

50 mM Tris, 300 mM NaCl, 0.5% Triton X 100, 2 mM EDTA, 0.4 mM Na3VO4, 2.5 mM 

leupeptin, 2.5 mM aprotinin, 2.5 μM NPGB 

 

Western blot running buffer 

3-(N-Morpholino) propanesulfonic acid (MOPS) running buffer for Bis-Tris gels (Invitrogen) 

 

FACS staining buffer 

Phosphate buffered saline (PBS), 0.1% bovine serum albumin (BSA). 

 

Perm-Wash buffer 

PBS, 0.1% BSA, 0.5% saponin 

 

Cell Culture and Purification 

Splenocytes and peripheral lymph node cells 

Spleens and lymph nodes were removed from mice and placed in 1x PBS in a small culture dish.  

Organs were dissociated mechanically in 1x PBS over a 70 μM filter using the barrel of a 3 cc 
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syringe.  Cells were centrifuged at 1200 rpm for 10 min at room temperature (RT) and the pellet 

was re-suspended in MACS buffer prior to CD4
+
 T-cell or NK cell isolation. 

 

Bone Marrow (BM) isolation and culture of bone marrow derived macrophage (BMDM)  

BM was harvested from tibiae and femurs of mice by flushing with supplemented DMEM using 

a 10 mL syringe and 25-gauge needle.  Cells were disaggregated by gentle pipetting and 

centrifuged at 1200 rpm for 10 min at RT.  The cells were then re-suspended in ACK lysing 

buffer (Invitrogen) for 30 sec to lyse red blood cells.  Cells were washed in PBS (20-30 mL) and 

centrifuged again at 1200 rpm for 10 min.  Cell pellet was re-suspended in supplemented DMEM 

for cell counting.  Differentiated macrophages were obtained by culturing BM cells on sterile 

petri dishes at 2 x 10
6
/mL in supplemented DMEM with the addition of macrophage colony-

stimulating factor (M-CSF) (10 ng/mL) for 7-10 days at 37°C, 5% CO2.  Cells were adherence 

purified on day 7-10 by removing media, washing adherent cells with PBS and then harvesting 

by incubating in 10 mL cell dissociation buffer (Invitrogen) for 15 min at 37°C.  Plates were 

washed with PBS to collect dislodged cells, and cells were centrifuged at 1200 rpm for 10 min.  

Cell pellets were re-suspended in supplemented DMEM for cell counting. 

 

Peritoneal exudate cells 

Mice were injected intraperitoneally (i.p) with 1 mL of 3% Brewer thioglycollate medium to 

induce local inflammation and recruit effector cells.  After 72 h, mice were sacrificed and the 

peritoneal cavity was lavaged three times with 3 mL of sterile PBS to collect recruited cells.  For 

in vivo activation of thioglycollate recruited cells, mice were additionally injected 24 h prior to 
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sacrifice with 10 μg lipopolysaccharide (LPS) from Escherichia coli (0111:B4) i.p. in order to 

activate recruited peritoneal cells.  Cells were centrifuged at 1200 rpm for 10 min at RT and were 

re-suspended in supplemented DMEM.  0.5 x 10
6
 or 1 x 10

6
 cells were plated at 0.5 x10

6
/mL or 1 

x 10
6
/mL in 12 well culture plates and allowed to adhere to the wells for 6-8 h.  Afterwards, 

supernatant was removed and fresh media was added to begin stimulation assays. 

 

NK cell isolation  

Spleen and lymph node cells were re-suspended in MACS buffer.  Cells were incubated with a 

biotinylated-antibody cocktail (mouse NK Cell Isolation Kit, Miltenyi Biotec) for 10 min at 4°C, 

followed by incubation with anti-biotin microbeads for 15 min at 4°C to deplete non-NK cells.  

Magnetically labeled non-NK cells were depleted by magnetic separation through an LS column 

in a mini-MACS Separator.  Unlabeled bulk NK cells that passed through the column were 

collected and suspended in FACS staining buffer.  In some cases, bulk NK cells enriched by 

magnetic separation were additionally purified by sorting using flow cytometry.  For sort 

purification, enriched NK cells were surface stained with fluorescently labeled antibodies to T-

cell markers TCRβ or CD3 as well as NK cell markers DX5 and/or NK1.1 (eBiosciences) in 

order to isolate pure NK cell populations.  Cells were sorted using a Beckman Coulter MoFlo 

XDP cell sorter, and purified cells were then used for assay stimulation as indicated.  To generate 

lymphocyte activated killer (LAK) cells, magnetically enriched NK cells were cultured in media 

supplemented with 1000 U/mL of IL-2 for 14d at 37°C, 5% CO2 to allow for NK cell 

proliferation and activation. 
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CD4
+
 T-cell isolation 

Spleen and lymph node cells were re-suspended in MACS buffer and purified using magnetic 

bead separation similar to NK cell purification described above (mouse CD4 T-cell Isolation Kit, 

Miltenyi Biotec).  Unlabeled bulk CD4
+
 T-cells were surface stained for sorting by flow 

cytometry with fluorescently labeled antibodies to the markers CD25, CD4, CD44, and CD62L 

(eBiosciences).  Naïve CD4
+
CD25

-
CD44

-
CD62L

+ 
T-cells and memory CD4

+
CD44

+
CD62L

-
 T-

cells were sorted and used for assay stimulation as indicated. 

 

Cell Stimulation 

After isolation, 0.5 x 10
6
 or 1 x 10

6
 mouse NK cells, BMDMs and adherence purified PECs were 

plated at either 0.5 x 10
6
/mL or 1 x 10

6
/mL in supplemented RPMI or DMEM media.  Cells were 

left unstimulated (as a control) or stimulated with PMA/ionomycin (both at 500 ng/mL), IL-12 

(10 ng/mL), IL-18 (10 ng/mL), lipopolysaccharide (LPS) from Escherichia coli (0111:B4, 1 

μg/mL), IFNγ (10 ng/mL), or IL-4 (40 ng/mL) for various time-points at 37°C, 5% CO2.  For 

stimulation of naïve CD4
+
 T-cells, cells were cultured in supplemented RPMI in wells containing 

5 μg/mL anti-CD3/CD28 plate-bound antibodies for indicated time points.  For the ERK 

inhibition experiment, media containing naïve CD4
+ 

T-cells was supplemented with U0126 

ethanolate ERK inhibitor at 20 μM or a DMSO vehicle control 30 min prior to culture. 

 

Infection with X31 Influenza virus 

C57BL/6J and tpl2
-/-

 mice were infected with 1 x 10
6 

PFU X31 Influenza virus (or with allantoic 

fluid as a control) intranasally under sterile conditions.  After 3 days, mice were sacrificed and 
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organs and tissues were processed.  Bronchoalveolar lavage fluid (BAL) was collected from the 

lungs of mice via lavage with 1 mL PBS twice using a sterile catheter tip syringe.  Lungs were 

perfused with 10 mL PBS via the heart muscle perfusion to remove blood from the lung tissue, 

and whole lungs were digested using 6 mg/mL collagenase.  Total lung cells were resuspended in 

47% percoll, layered onto 67% percoll, and centrifuged at 2000 rpm for 20 min with the brake 

off.  Lymphocytes at the gradient interface were removed, washed in PBS and enumerated.  

Additionally, spleens and mediastinal lymph nodes (MLNs) of mice were also collected, and 

cells were isolated via mechanical dissociation in PBS through a 70 μM filter using the barrel of 

3 cc syringe.  Cells were centrifuged at 1200 rpm for 10 min at RT, and cell pellets were re-

suspended in supplemented RPMI to be counted and used in assay stimulations. 

 

Schistosoma mansoni egg-induced inflammation 

S. mansoni eggs were a generous gift from Dr. Donald Harn and were isolated from the livers of 

mice infected with S. mansoni cercariae 8-10 weeks post infection.  C57BL/6J and tpl2
-/-

 mice 

were injected i.p. with 5000 eggs suspended in PBS.  After 1 week, mice were sacrificed, and 

peritoneal cells were harvested via lavage as described previously.  Cells were centrifuged at 

1200 rpm for 10 min at RT and were re-suspended in appropriate media or buffer prior to use in 

assays. 
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Cell counting 

Live cell counts were determined via dilution of cell suspensions in Trypan Blue followed by 

either manual counting in a glass hemocytometer slide with an Invertoskop 40 C microscope 

(Zeiss) or automatic counting using the TC-10
TM

 Automated Cell Counter (Bio-Rad).  

 

Cytokine measurement by ELISA 

IFNγ was measured using an ELISA kit according to the manufacturer’s instructions 

(eBioscience, cat. # 88-7314-88).  Plates used were Corning Costar 9018 EIA/RIA plates and 

were coated with 100 μL/well of capture antibody diluted in manufacturer’s coating buffer. 

 

RNA isolation 

RNA lysates of NK cells, BMDMs, or adherence purified PECs were prepared directly following 

assay simulation.  For adherent cells, media supernatant was removed and wells were washed 

with cold PBS.  Next, cells were directly lysed in culture wells with 350 μL TRK Lysis buffer 

containing 20 μL 2-mercaptoethanol (Omega Bio-Tek cat # R6834-02).  For suspension cells, 

cells were collected from plates into tubes and centrifuged in the presence of cold PBS.  Cell 

pellets were lysed in 350 L TRK Lysis buffer.  Isolation of RNA was performed using Total 

RNA Kit I (Omega Bio-Tek cat # R6834-02) according to manufacturer’s instructions.  RNA 

was eluted from the columns in 40 μL of DEPC water and stored at -80°C. 
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cDNA reverse transcription 

Total RNA concentration of individual samples was determined using the NanoDrop 

Spectrophotometer (Thermo Scientific).  Conversion of mRNA to cDNA was achieved using the 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).   cDNA reactions were 

prepared by adding 10 μL 2x RT Master Mix (10x RT buffer, 25x dNTP Mix, 10x RT Random 

Primers, 20x MultiScribe Reverse Transcriptase, and nuclease-free H2O) to 10 uL of RNA 

solution containing between 80-200 ng total RNA, depending on the individual experiment.  To 

initiate reverse transcription, samples were loaded into a thermal cycler set to the following 

conditions: 

1. 25°C for 10:00 

2. 37°C for 120:00 

3. 85°C for 5:00 

4. 4°C for ∞ 

 

cDNA samples were stored at -20°C until further use. 

 

Quantitative Real-Time PCR 

RT-PCR was performed using the following primer/probe mixes from TaqMan Gene Expression 

Assays (Applied Biosystems) and 2x TaqMan Universal Master Mix (Applied Biosystems):   

 Probe    Assay ID (Applied Biosystems) 

 Map3k8   Mm00432637_m1 

 Stat4    Mm00448890_m1 

Granzyme B   Mm00442834_m1 

Perforin   Mm00812512_m1 

CCL2    Mm00441242_m1 
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CCL7    Mm00443113_m1 

CXCL2   Mm00436450_m1 

CXCL3   Mm01701838_m1 

 CCR1    Mm00438260_s1  

 CCR5    Mm01963251_s1 

 CCR2    Mm00438270_m1 

 Nos2 (iNOS)   Mm00440502_m1      

 Chi313 (Ym1)   Mm00657889_mH 

 Actb (Actin B)  Mm00607939_s1 

 

Following assay preparation of cDNA sample and desired primer/probe mix, qRT-PCR assays 

were run in MicroAmp Fast Optical 96-Well Reaction Plates (Applied Biosystems) in a 

StepOnePlus Real-Time PCR System (Applied Biosystems) set to the following thermal cycler 

conditions: 

1. 95°C for 10:00 

2. 95°C for 0:15 

3. 60°C for 0:60 (steps 2-3 looped 40 times) 

4. 50°C for 2:00  

 

Relative expression levels of all genes were calculated by normalizing Ct levels of the target 

gene to that of an actin B endogenous control as well as normalizing to a control (wild-type or 

untreated) sample using the Ct method and Microsoft Excel. 
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Western blotting 

Enriched NK cells were cultured in RPMI media and were left unstimulated or stimulated with 

IL-12 (10 ng/mL) for 15 min at 37°C, 5% CO2.  Cells were washed with PBS and were lysed in 

100 μL protein lysis buffer.  Protein concentration was determined using BCA Protein Assay Kit 

(Pierce cat # 23227) and approximately 15 μg total protein per sample was separated by SDS-

PAGE at 100V for 2 hours using NuPAGE 4-12% gradient Bis-Tris gels (Invitrogen, cat.# 

NP0335BOX).  Electrophoresed proteins were transferred onto PVDF membranes (Invitrogen 

cat # IB401002) at 15V for 10 min using an iBlot Gel Transfer System (Invitrogen).  Membranes 

were blocked in TBS-Tween wash buffer (10X TBS, 0.1% Tween-20, dH2O) + 5% skim milk for 

1 h at RT and were then incubated with rabbit anti-mouse p-STAT4 (ZYMED cat # 71-7900) or 

rabbit anti-mouse total STAT4 (Santa Cruz cat # sc-486) primary antibodies at 1:1000 in TBS-T 

+ 5% bovine serum albumin (BSA) overnight at 4°C.  Membranes were washed with TBS-T for 

15 min and were incubated with a horseradish-peroxidase (HRP)-conjugated anti-rabbit IgG 

secondary antibody (Cell Signaling cat # 7074) in TBS-T + 5% skim milk for 1 h at RT.  

Membranes were washed again and protein bands were visualized by enhanced 

chemiluminescent (ECL) detection. 

 

Flow cytometry 

Surface staining 

0.5-1.0 x 10
6 
splenocytes, NK cells, BMDMs, or adherence purified PECs were incubated in 

FACS staining buffer with an anti-mouse CD16/CD32 non-labeled antibody to block Fc receptor 

binding at 4°C for 5 min.  Cells were subsequently surface stained with fluorescently conjugated 
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antibodies for 15 min at 4°C in FACS staining buffer.  Cells were washed with PBS and 

resuspended in FACS staining buffer prior to intracellular staining or analysis.  Flow acquisition 

was performed using a BD LSR II flow cytometer from BD Pharmingen. 

 

Intracellular staining 

Prior to intracellular staining, cells were surface stained with appropriate antibodies as described 

above.  For intracellular staining of IFNγ, NK cells were stimulated with cytokines for 2 h 

initially and then for an additional 4 h in the presence of a golgi inhibitor (2 μM monensin).  

After surface staining, cells were fixed in PBS + 4% formalin for 10 min at RT protected from 

light.  Cells were washed in PBS and resuspended in Perm-Wash buffer (PBS, 0.1% BSA, 0.5 % 

saponin) containing fluorescently labeled intracellular antibodies for 1 h at 4°C.  Cells were 

washed, resuspended in Perm-Wash buffer, and analyzed using a BD LSR II flow cytometer 

from BD Pharmingen. 

 

A list of antibodies used for FACS staining is outlined in Table 1. 

 

Statistical Analysis 

Data is represented by the mean +/- the standard deviation (SD) or the standard error of the mean 

(SEM) where indicated.  P values were determined by one-tailed Student’s t-test, paired 

Student’s t-test or ANOVA with Tukey’s post hoc test, where indicated. 
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Surface/Intracellular Molecule 

 

Clone Supplier 

Surface 

F4/80 

CD11b 

GR1 

CCR1 

CCR5 

Pan-NK cell (CD49b) 

NK1.1 

NKp46 

CD45.2 

CD25 

CD44 

CD62L 

TCRβ 

CD3 

 

BM8 

M1/70 

RB6-8C5 

643854 

7A4 

DX5 

PK136 

29A1.4 

104 

PC61.5 

IM7 

MEL-14 

H57-597 

145-2C11 

 

eBioscience 

eBioscience 

BD Biosciences 

R&D Systems 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBioscience 

eBiosceince 

Intracellular 

IFNγ 

 

XMG1.2 

 

eBioscience 

 

 

 

 

 

 

 

 

 

Table 3.1   Antibodies used for FACS staining 
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CHAPTER 4 

TPL2 IS DISPENSABLE FOR NK CELL DEVELOPMENT AND FUNCTION  

 

Introduction 

The roles for NK cells during the inflammatory response are diverse but little is 

understood about relationships between Tpl2 protein kinase signaling and NK activation.   

Evidence showing Tpl2’s importance in the maintenance of CD4
+
 T-cell IFNγ production as well 

as the induction of STAT4 expression in TCR-stimulated CD4
+
 T-cells (25) led us to evaluate 

the possible related role Tpl2 may have in NK cell functionality.  The rationale for this line of 

study is that NK cells (like CD4
+
 T-cells) are potent producers of IFNγ and rely upon IL-12 

dependent STAT4 signaling for IFNγ production.    

To assess NK cell development and function in the context of Tpl2 we used a mouse 

model of Tpl2 genetic ablation and focused on the spleen as the source of NK cells to be studied.  

In mouse models, the spleen remains the primary organ used for isolating NK cells for in vitro 

work as it includes roughly 3-5% NK cells out of total splenocyte populations and purification of 

NK cells from this organ is relatively simple.  Additionally, we also considered other tissue sites 

including the lung and respiratory airways when studying NK cells as they are important 

lymphocytes during respiratory viral infections like influenza.  The following chapter compares 

the phenotypic characteristics of NK cells from the spleens of naïve WT and tpl2
-/-

 mice and also 

evaluates Tpl2’s role in NK cell maintenance and function in the lungs of mice following 
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infection with the respiratory virus, influenza A.  These data demonstrate that, contrary to T 

cells, NK cell development and pro-inflammatory functions occur in a Tpl2-independent manner. 

 

Results 

Tpl2 is expressed at high levels in resting NK cells 

In order to begin to assess Tpl2’s potential role in NK cell activation and function, we 

first measured mRNA expression of the map3k8 gene that encodes Tpl2 in freshly isolated NK 

cells as well as other lymphocyte populations from the spleens of mice.  Splenocytes from wild-

type mice were isolated, and NK cells were enriched by negative selection through a magnetic 

column prior to RNA collection.  Expression of Tpl2 was basally high in wild-type (WT) resting 

NK cells.  In fact, Tpl2 expression in resting NK cells was significantly higher than both naïve 

CD4
+
 T-cells and memory CD4

+
 T cells isolated from WT mice (Figure 4.1).  The high level of 

Tpl2 expression in NK cells may indicate a preferential role for Tpl2 in these critical immune 

cells.  This result led us to further explore the possible regulatory effects of Tpl2 on NK cell 

development and activation. 

 

NK cell development and IFN production is normal in the spleens of tpl2
-/-

 mice 

 In order to assess the phenotypic characteristics of NK cells in the presence or absence of 

Tpl2, bulk splenocytes from WT and tpl2
-/-

 mice were freshly isolated by mechanical 

dissociation through a cell strainer, and cells were surface stained for NK cell and T-cell 

populations.  Following flow cytometric analysis, proportions of DX5
+
TCRβ

-
 NK cells were 

found to be similar in the spleens of tpl2
-/-

 mice compared to WT mice, with WT and tpl2
-/-
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spleens containing roughly 2.5% and 3.5% DX5
+
TCRβ

-
 NK cells, respectively (Figure 4.2A and 

Figure 4.2B).  These distributions of splenic NK cells in WT and tpl2
-/- 

mice both fall within the 

range of normal physiological NK cell splenic proportions (2-5%) commonly found in 

experimental murine models.  Additionally, analysis of the absolute numbers of NK cells using 

these gated populations revealed that total NK cell numbers between WT and tpl2
-/-

 mice were 

not significantly different (Figure 4.2B).  Together, these findings indicate that there is no 

significant impairment in NK cell development in the spleens of tpl2
-/-

 mice. 

In order to begin to characterize Tpl2’s role in regulating NK cell activation, we next 

measured NK cell-dependent IFNγ production following in vitro stimulation with the NK-cell 

activating cytokines IL-12 and IL-18.  In order to properly induce NK cell activation, freshly 

isolated splenocytes were stimulated in the absence or presence of the anti-NK1.1 antibody in 

addition to the inflammatory cytokines IL-12 and IL-18.  NK1.1 is a primary surface marker 

used to identity NK cells and direct interaction with this molecule via the α-NK1.1 antibody has 

been shown to induce NK cell proliferation and cytotoxic activity (96).  Following cytokine 

stimulation, levels of NK-specific IFNγ were first measured by intracellular staining via flow 

cytometry.  The proportions of DX5
+
TCRβ

-
IFNγ

+ 
NK cells were not significantly different 

between WT and tpl2
-/-

 mice (Figure 4.3A and 4.3B) for any of the stimulations tested.  

Additionally, while a combination of the NK1.1 antibody and cytokine stimulation did increase 

the proportion of IFNγ
+
 NK cells in both WT and tpl2

-/-
 mice, there was no significant difference 

observed between the two groups (Figure 4.3B).  As a negative control, STAT4-deficient cells 

failed to respond normally to IL-12 or IL-12+IL-18 stimulation, underscoring the critical role of 

this transcription factor in NK-mediated IFN production. 
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In order to further examine Tpl2’s influence on NK cell IFN production, enriched NK 

cells were sorted to purity via flow cytometry by selecting DX5
+
TCRβ

-
 NK cells and were later 

stimulated with IL-12 or a combination of IL-12 and IL-18 to assess IFN secretion by ELISA.  

The levels of IFNγ in the culture supernatant were not significantly different between WT and 

tpl2
-/-

 mice following stimulation with either IL-12 or IL-12 in conjunction with IL-18 (Figure 

4.4).  Overall, these results indicate that the distribution of NK cells in the spleen as well as their 

ability to produce the pro-inflammatory cytokine IFNγ following cytokine stimulation ex vivo is 

not impaired in tpl2
-/-

 mice. 

 

STAT4 expression is differentially regulated in CD4
+
 T-cells and NK cells 

 We have previously shown that IL-12-induced IFNγ production by CD4
+
 T-cells is Tpl2-

dependent (25).  However, our current findings demonstrate that NK regulation of IFNγ 

production is Tpl2-independent.  Our results strongly suggest that the regulation of IFNγ 

production is fundamentally different between NK cells and T-cells.  Consistent with this, Biron 

et al. (97) have demonstrated that, unlike CD4
+
 T-cells, NK cells express high levels of STAT4 

basally, in an unactivated state.  We have previously shown that the expression of STAT4, a well 

characterized transcription factor required for inducing IFNγ production downstream of IL-12 

signaling (38), is induced by TCR ligation in a Tpl2-dependent manner in CD4
+
 T-cells (25).  

Therefore, we reasoned that the effect of Tpl2 on IFNγ expression might act at the regulation of 

STAT4 expression. 

 To further investigate Tpl2-dependent regulation of NK cell activation, we assessed the 

expression levels of the STAT4 in wild-type CD4
+
 T cells and NK cells.  We found that naïve 
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CD4
+
 T cells from WT mice upregulated STAT4 mRNA expression by day 3 of culture 

following TCR stimulation with plate-bound anti-CD3 and anti-CD28 antibodies (Figure 4.5B).  

Additionally, this upregulation was shown to act via an ERK-dependent mechanism, as CD4
+
 T-

cells pre-treated with the MEK/ERK inhibitor U0126 ethanolate failed to induce STAT4 

expression by day 3 (Figure 4.5A).  When we assessed STAT4 expression in enriched NK cells 

from the spleens of WT mice, we found that STAT4 is expressed at higher basal levels in resting 

NK cells than in naïve CD4
+
 T cells and at similar levels to memory CD4

+
 T-cells (Figure 4.5B).  

Therefore, we have shown that STAT4 expression occurs via an ERK-dependent manner in 

activated CD4
+
 T-cells, and that STAT4 expression is already basally high in NK cells. 

 

Tpl2
-/-

 NK cells express similar levels of STAT4 compared to WT NK cells following 

activation 

Due to the observed differential regulation of STAT4 between T-cells and NK cells, we 

next assessed whether Tpl2 is necessary for the high basal STAT4 expression observed in freshly 

isolated WT NK cells.  Splenic NK cells from WT and tpl2
-/-

 mice were enriched for NK cell 

populations with magnetic microbeads, and fresh RNA lysates were analyzed for STAT4 

expression via qRT-PCR.  We found that relative levels of STAT4 expression in resting NK cells 

were similar between WT and tpl2
-/-

 mice.  Furthermore, when we measured STAT4 expression 

in activated NK cells that had been cultured with the activating cytokine IL-2 (1000 U/mL) for 

14 days to shift towards a lymphokine activated killer (LAK) cell phenotype, tpl2
-/-

 LAK cells 

had STAT4 levels comparable to WT LAK cells (Figure 4.6A).  To further investigate this, we 

measured STAT4 phosphorylation in enriched NK cells from WT and tpl2
-/-

 mice that were left 
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unstimulated or stimulated with IL-12 (10 ng/mL) for 15 min at 37°C.  Western blots of p-

STAT4 expression revealed that tpl2
-/-

 NK cells were still capable of phosphorylating STAT4 

following inflammatory activation with IL-12, and total STAT4 protein expression was similar 

between wild-type and tpl2
-/-

 mice (Figure 4.6B).  Collectively, these findings indicate that 

neither resting nor activated NK cells require Tpl2 for STAT4 expression or activation, and this 

explains why IFNγ responses are unaltered in tpl2
-/-

 NK cells. 

 

Tpl2
-/-

 NK cells are capable of up-regulating the expression of cytotoxic proteins 

 We next addressed whether Tpl2 has any effect on NK cell killing functions and 

cytotoxic activation.  A defining characteristic of NK cell activation is induction of a cytotoxic 

effector state, including the generation of cytotoxic granules and acquisition of pore-forming 

proteins used to mediate directed cell killing.  The pore-forming protein perforin as well as the 

cell-death inducing cytosolic protein granzyme B are both produced by activated cytotoxic NK 

cells during inflammatory responses to help mediate cell lysis.  In order to assess Tpl2’s role in 

regulating the functional expression of these two NK cell-specific cytotoxic markers, we 

compared freshly isolated and IL-2 activated LAK cells from WT and tpl2
-/-

 mice.  Fresh NK 

cells were enriched by magnetic column separation and sorted by flow cytometry for 

DX5
+
TCRβ

-
 populations.  Additionally, enriched NK cells were cultured in RPMI containing 

1000 U/mL IL-2 for 14 days in order to differentiate towards a LAK cell state that is 

characterized by enhanced cytotoxic functionality.  Figure 4.7 shows that the expression of 

granzyme B and perforin were significantly up-regulated in LAK cells compared to fresh NK 

cells, and this increase was independent of Tpl2.  Overall, these results indicate that at a basal 
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state splenic NK cells as well as LAK cells do not require Tpl2 to regulate expression of the 

cytotoxic effectors granzyme B and perforin. 

 

NK cell numbers and functions are normal in the lung tissue of tpl2
-/-

 mice following 

influenza infection 

 As studies with splenic NK cells indicated that Tpl2 is not required for NK cell 

development and activation, one other approach was to determine what role Tpl2 may have in 

NK cell function at other organ sites such as the lung during influenza infection.  We chose to 

use an influenza infection model to naturally activate NK cells for two reasons.  First, it has been 

shown that innate immune responses towards influenza infection, in both human and mouse 

models, are mediated by activated NK cells in the lung (98, 99).  Second, there has been recent 

research into the possible roles that MAP kinases such as Tpl2 may have during widespread viral 

infections such as influenza and more specifically what immune cell types are being regulated by 

these kinases during infection (100, 101).  

 To assess Tpl2’s role in NK cell development and function during influenza infection, we 

infected WT and tpl2
-/-

 mice intranasally with 10
6
 PFU of the X31 strain of influenza A virus or 

with allantoic fluid as a negative control.  On day 3 of infection, mice were sacrificed, and 

bronchoalveolar lavage fluid (BAL) and lung tissue were collected.  Freshly collected BAL cells 

and lymphocytes isolated from digested lung tissue were surface stained for NK cell and T cell 

markers and analyzed by flow cytometry.  Proportions of NK1.1
+
CD3

-
 NK cells in the BAL 

were increased in both groups of mice following X31 infection but were similar between WT 

and tpl2
-/-

 mice (Figure 4.8A).  However, when factoring in total cell numbers, we observed 
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significantly more total NK cells in the BAL of tpl2
-/- 

mice on D3 of influenza infection than in 

WT mice (Figure 4.8B).  Similarly,, we found that proportions of NK cells in the lung tissue 

were higher in tpl2
-/-

 mice on D3 of infection (Figure 4.8A) but total NK cell numbers were not 

significantly different in the lung tissue of WT and tpl2
-/-

 mice (Figure 4.8B).  Interestingly, total 

NK cell numbers in lung tissue decreased in both groups of mice following influenza challenge 

possibly indicating migration of these cells from the lung tissue into the BAL during infection 

(Figure 4.8B).  Overall, these results show that Tpl2 is not required for the active recruitment or 

maintenance of NK cells in the BAL of influenza infected-mice, and furthermore, Tpl2 does not 

influence total NK cells numbers in the lung tissue of infected mice. 

 To further test the functional output of influenza-infected NK cells in the context of Tpl2, 

we re-stimulated lymphocytes isolated from the lung tissue of WT and tpl2
-/-

 mice with various 

stimuli for 6 hours in RPMI media and subsequently measured NK cell IFNγ production by 

intracellular staining.  Following stimulation with the NK specific antibody NK1.1 or with the 

non-specific mitogens PMA and ionomycin, we observed an increase in the proportions of IFNγ
+
 

NK cells in both WT and tpl2
-/-

 mice following X31 influenza virus infection.  However, there 

appeared to be only modest differences in the amount of NK-specific IFNγ production between 

WT versus tpl2
-/-

 groups following infection (Figure 4.9). These results suggest that IFNγ 

production by NK cells in the lung tissues of mice infected with influenza virus is not 

substantially affected by the loss of Tpl2.   
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 Discussion 

 The results of this study clearly show that the development and function of NK cells is 

independent of the inflammatory MAP kinase, Tpl2.  In the context of the spleen, the 

maintenance and cellular function of NK cells was similar between WT and tpl2
-/- 

mice and 

production of the NK inflammatory cytokine IFNγ was also similar following stimulation with 

prominent NK-activating cytokines IL-12 and IL-18.  Furthermore, expression of the cytotoxic 

proteins perforin and granzyme B in activated NK cells was also unaffected by the loss of Tpl2.  

Lastly, NK cell maintenance and IFNγ production in the lung tissue of mice following influenza 

infection was similar between WT and tpl2
-/-

 mice.  However, absolute numbers of NK cells 

were increased in the BAL of tpl2
-/-

 mice following influenza infection indicating enhanced 

recruitment of NK cells from the lung tissue to the airways in tpl2
-/-

 mice. 

 These results demonstrate that Tpl2-dependent regulation of STAT4 and IFN expression 

by NK cells is different than what has been observed in CD4
+
 T-cells.  Although STAT4 

expression in T cells is basally low and requires TCR-driven induction via a Tpl2- and ERK-

dependent mechanism ((25) and Figure 4.5A herein), STAT4 expression in NK cells was basally 

high and Tpl2-independent.  High basal expression of STAT4 in NK cells correlates with their 

immediate responsiveness to IL-12 cytokine stimulation leading to IFN secretion, an important 

aspect of NK cell physiology and innate immune function.  Consistent with this, STAT4 

phosphorylation and IFN secretion in tpl2
-/-

 NK cells following IL-12 cytokine stimulation was 

similar to that observed in WT NK cells.  Clearly, there are critical differences in how Tpl2 is 

involved in the mechanisms of STAT4 induction and homeostasis between NK cells and T-cells 

during inflammation.  One possible explanation is that another MAP3K, such as Raf-1, may 
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carry out these functions in NK cells.  We previously demonstrated that in macrophages, Raf-1 

was able to transduce zymosan-driven signals downstream of TLR2 via a Tpl2-independent 

pathway, while all other TLR ligands required Tpl2 (21).   

  Our initial finding that wild-type resting NK cells express Tpl2 at high levels, i.e. 

significantly higher levels than in either naïve or memory CD4
+
 T-cells, suggests that NK cells 

likely utilize this kinase to some degree during development or activation.  However, regulation 

of IL-12-induced IFN secretion is apparently unaffected by Tpl2 ablation.  This led us to 

question whether other functions of NK cells, such as cytotoxicity, might be regulated by this 

kinase.  However, the acquisition of cytotoxic effector mechanisms, such as expression of 

perforin and granzyme B, was also shown to occur independently of Tpl2 in LAK cells.  One 

important caveat is that this finding was based on gene expression of these two proteins, which 

may not correlate precisely with protein expression.  In particular, Tpl2 has been shown to alter 

the post-transcriptional regulation of TNF (10, 102).  More recently, Alemany et al. have shown 

that stability of several pro-inflammatory mRNAs, particularly those with 3’ AU-rich elements 

(AREs), is Tpl2-dependent (103).  In addition to measuring protein levels of these effectors, 

further studies are needed to extrapolate these findings by directly assessing the cytotoxic killing 

capabilities of tpl2
-/-

 NK cells by analyzing their ability to directly lyse target cells.  Additionally, 

evaluation of the expression of NK-specific cytotoxic markers such as CD107a on the surface of 

tpl2
-/-

 NK cells during these killing assays will lead to a better understanding of how Tpl2 may 

regulate NK-cell cytotoxicity. 

 Lastly, the finding that absolute NK cell numbers in the BAL of influenza infected mice 

was higher in the absence of Tpl2 was unexpected due to the finding that development and 
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functional capacity (i.e. IFNγ production) of NK cells following infection in the lung tissue of 

tpl2
-/-

 mice were similar to WT mice.  Of note, increased cellular recruitment in general, and not 

specifically increased recruitment of NK cells, was responsible for this observation.  It is 

possible that Tpl2 may be playing a measured anti-inflammatory role in this particular case, 

similar to Tpl2’s role in controlling excessive airway inflammation during experimentally 

induced asthma (104).  Increased cellular infiltration into the BAL of influenza-infected tpl2
-/-

 

mice may ultimately lead to harmful inflammation in the airways.  Further studies will need to 

characterize the mechanisms responsible for enhanced cellular recruitment to the airways.  

Certain cytokines (IL-1, IL-6, IL-18 and TNF) and chemokines (RANTES, MIP-1, MCP-1, 

MCP-3, and IP-10) are known to be particularly important for cellular recruitment and activation 

during influenza infection (105).  Additional studies assessing the expression of these various 

chemokines in the BAL fluid early after influenza infection will undoubtedly shed light on the 

mechanism(s) for enhanced recruitment of immune cells in influenza-infected tpl2
-/-

 mice. 
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Figure 4.1   Tpl2/MAP3K8 is expressed in lymphocytes including NK cells 

NK cells and naïve and memory CD4
+
 T-cells from the spleens of WT mice were 

purified using magnetic cell sorting and sorting by flow cytometry, respectively.  

All cells were lysed immediately after purification and were analyzed for 

MAP3K8 expression by qRT-PCR relative to an actin control.  Results are 

representative of 2 independent experiments.  
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Figure 4.2   NK cell numbers are similar in the spleens of WT and tpl2
-/-

 mice 

Fresh splenocytes were harvested and purified from WT and tpl2
-/-

 mice and were surface 

stained for NK and T-cell markers DX5 and TCRβ, respectively.  (A) Representative FACS 

plots showing proportions of DX5
+
TCRβ

- 
NK cells in the spleens of WT and tpl2

-/-
 mice.  

Results are representative of 2 independent experiments   (B) Proportions (left) and total 

numbers (right) of DX5
+
 NK cells from WT and tpl2

-/-
 mice.  Results are average of 2 

independent experiments and error bars represent standard deviation. 
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Figure 4.3   Proportions of IFNγ
+
 NK cells are similar in WT and tpl2

-/-
 mice 

Bulk splenocytes from WT or tpl2
-/-

 mice were stimulated with indicated cytokines and were 

surface stained for DX5 and TCRβ as shown in Figure 4.2 and were then stained for 

intracellular IFNγ.  (A) Representative FACS plot of DX5
+
TCRβ

-
IFNγ

+
 NK cells following 

stimulation with media alone or with IL-12+IL-18 for 6 h.  (B) Average proportions of DX5
+
 

TCRβ
-
IFNγ

+ 
NK cells under all stimulus conditions in WT, tpl2

-/-
, and STAT4

-/-
 mice.  

Results are average of 4 independent experiments and error bars represent SEM.   
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Figure 4.4   NK cell IFNγ secretion is not dependent on Tpl2  

Bulk splenic NK cells enriched by magnetic sorting were further purified by flow cytometry 

sorting for DX5
+
TCRβ

- 
NK cells and were stimulated with IL-12 or IL-12+IL-18 for 24 h.  

Culture supernatants were analyzed for IFNγ levels by ELISA.  Results represent averages of 

2 independent experiments and error bars represent standard deviation. 
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Figure 4.5   STAT4 is differentially regulated by CD4
+
 T cells and NK cells  

(A) Naïve CD4
+
 T-cells from the spleens of WT mice were purified and sorted by flow 

cytometry and were pre-incubated with or without the U0126 ethanolate ERK inhibitor 

(20 μM) 30 min prior to culture in media containing plate-bound CD3/CD28 antibodies 

for 3 days.  (B) Naïve and memory CD4
+
 T-cells and enriched NK cells from the spleens 

of WT mice were purified as described in Figure 4.1.  All cells from (A) and (B) were 

lysed and analyzed for STAT4 expression by qRT-PCR relative to an actin control.  

Results are representative of 1 experiment. 
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Figure 4.6   Tpl2
-/-

 NK cells are capable of maintaining STAT4 expression following 

activation 

(A) Bulk splenocytes from WT or tpl2
-/-

 mice were enriched for NK cells by magnetic bead 

sorting.  Some enriched NK cells were freshly lysed for RNA content while other enriched 

NK cells were placed in culture with 1000 U/mL IL-2 for 14 days to induce lymphokine 

activated killer (LAK) cell development prior to cell lysis. RNA lysates were analyzed for 

STAT4 expression by qRT-PCR relative to an actin control.  (B) Protein lysates were 

obtained from enriched WT or tpl2
-/-

 NK cells that were left unstimulated or stimulated 

with IL-12 (10 ng/mL) for 15 min at 37°C.  p-STAT4 and total STAT4 protein expression 

was measured by western blotting.  Results are representative of 2 experiments. 
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Figure 4.7   Tpl2
-/-

 NK cells are capable of up-regulating mRNA expression for 

cytotoxic components following activation 

Bulk splenocytes from WT or tpl2
-/-

 mice were enriched for NK cells by magnetic bead 

selection and further sorted by flow cytometry for DX5
+
TCRβ

-
 NK cells.  Some 

enriched, sorted NK cells were freshly lysed while other enriched NK cells were placed 

in culture with 1000 U/mL IL-2 for 14 days to induce lymphokine activated killer 

(LAK) cell development prior to cell lysis.  Cell lysates were then analyzed for mRNA 

expression by qRT-PCR relative to an actin control.  Results are representative of 1 

experiment (will soon be 2 experiments). 
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Figure 4.8   NK cell distribution in the BAL but not the lung tissue is altered in tpl2
-/-

 

mice following influenza infection 

WT and tpl2
-/-

 were infected intranasally with 10
6
 PFU X31 Influenza virus or allantoic fluid 

as a negative control.  After 3 days, mice were sacrificed and bronchoalveolar lavage fluid 

(BAL) and lung epithelial cells were collected, and NK cell populations were analyzed.   

(A) Representative FACS plots showing NK1.1
+
CD3

-
 NK cells in the BAL and lung tissue.  

(B) Total numbers of NK cells in the BAL and lungs of WT and tpl2
-/-

 mice.  Results 

represent 2 (control) or 4 (X31 infected) mice per group.  Error bars represent standard 

deviation.  Student’s t-test, *p < 0.01 
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Figure 4.9   Proportions of IFNγ
+
 NK cells in the lung tissue are similar between 

WT and tpl2
-/-

 mice following influenza infection 

WT and tpl2
-/-

 were infected intranasally with 10
6
 PFU X31 Influenza virus or allantoic 

fluid as a negative control.  After 3 days, mice were sacrificed and lung tissue was 

digested and epithelial cells were isolated by percoll gradient purification.  Cells were 

further activated with indicated stimuli for 6 h in media and later stained for the NK and 

T-cell surface markers as well as for intracellular IFNγ.  Proportions of NK1.1
+
CD3

-

IFNγ
+
 NK cells are shown and represent 2 (control) or 4 (X31 infected) mice per group.  

Error bars represent standard deviation and statistical differences between WT and tpl2
-/-

 

groups were analyzed by One-way ANOVA with Tukey’s post hoc test. 
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CHAPTER 5 

TPL2 PROMOTES MACROPHAGE CHEMOKINE/CHEMOKINE RECEPTOR 

EXPRESSION AND MACROPHAGE MIGRATION DURING INFLAMMATION 

 

Introduction 

The functional migration of innate immune cells such as macrophages is regulated, in 

part, by the coordination of signals between locally secreted chemokines and the corresponding 

chemokine receptors present on the surface of these activated leukocytes.  The expression of 

genes encoding chemokine or chemokine receptors during the inflammatory response is 

becoming better understood, yet the precise molecular signaling pathways regulating these 

remain unclear.  Tpl2 has been shown to regulate inflammatory cytokine secretion, but its 

contribution to macrophage chemokine expression and cellular recruitment are less well 

understood.  The active recruitment of macrophages to sites of inflammation or injury is vital to 

mounting antimicrobial responses at sites of infection or injury.  However, exacerbated 

infiltration of macrophages during autoimmune disorders such as inflammatory bowel disease 

(IBD) or rheumatoid arthritis can cause deleterious inflammatory effects.  Clinical manipulation 

of the migration of macrophages is a promising, yet complex, area of research that requires a 

better understanding of the regulatory mechanisms involved.  

This chapter aims to determine what role Tpl2 plays in the expression of macrophage 

chemokines and chemokine receptors.  The rationale for initiating this study came from a recent 
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report outlining the requirement of Tpl2 for the efficient recruitment of neutrophils to a 

peripheral site of inflammation in response to the TLR2 agonist, zymosan in mice (106).  Here, 

we extend these findings to macrophages and additional stimuli by assessing their 

chemokine/chemokine receptor expression following stimulation with LPS.  Additionally, we 

investigated what effects Tpl2 deficiency may have on the functional migration of macrophages 

in vivo during the inflammatory response.  These studies demonstrate that Tpl2 is required for 

the expression of a multitude of chemokines and chemokine receptors in response to LPS.  

Furthermore, the functional consequence of Tpl2 ablation was impaired macrophage recruitment 

to tissue sites of inflammation.  These findings provide additional support for therapeutic 

inhibition of Tpl2 in chronic autoimmune diseases, as it may block the continued accumulation 

of inflammatory infiltrates in affected tissues. 

 

Results 

Chemokine and chemokine receptor gene expression is impaired in tpl2
-/-

 macrophages 

 In order to gain a global view of Tpl2’s early innate functions in macrophages, we 

analyzed gene expression profiles by microarray in WT versus tpl2
-/-

 BMDMs stimulated with 

LPS.  Among the most highly changed genes were a number of chemokines and chemokine 

receptors, some represented multiple times in the array (Figure 5.1).  Genes dramatically reduced 

in tpl2
-/-

 macrophages were ccl2, ccl7, ccr1, and ccr5 (Figure 5.1).  To validate the array 

findings, we cultured BMDMs from WT and tpl2
-/-

 mice for 7 days and stimulated the cells in 

media with or without bacterial LPS for 4 h.  The mRNA expression levels of multiple 

chemokines and chemokine receptors were then measured via qRT-PCR.  In agreement with our 
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microarray data, mRNA expression for chemokines CCL2, CCL7, and CXCL3 were reduced in 

tpl2
-/-

  BMDMs, and the expression of the chemokine CXCL2 was significantly reduced in the 

absence of Tpl2 (Figure 5.2).  Additionally, we also measured expression of chemokine receptor 

genes and found that both CCR1 and CCR5 were significantly impaired in tpl2
-/-

 cells following 

LPS stimulation (Figure 5.2).  Further analysis of CCR1 and CCR5 mRNA expression following 

LPS stimulation for shorter time points revealed that expression of these two chemokine 

receptors was actively repressed in tpl2
-/-

 macrophages by 2 h post stimulation and remained 

consistently lower than levels in WT BMDMs at 2.5 and 3 hours post stimulation (Figure 5.3).  

Overall, these results indicate that the absence of Tpl2 reduces expression of both chemokine and 

chemokine receptor gene expression in BMDMs following LPS stimulation. 

 

Chemokine receptor protein expression is impaired in tpl2
-/-

 macrophages 

 In order to further define the role of Tpl2 in the regulation of chemokine receptor 

expression we next measured the surface expression of CCR1, a chemokine receptor implicated 

in macrophage migration and function during inflammation.  BMDM from WT and tpl2
-/-

 mice 

were stimulated with bacterial LPS for 24 h to induce CCR1 protein expression on the cell 

surface.  Following stimulation, cells were harvested and stained with the primary macrophage 

surface antibodies F4/80 and CD11b as well as an antibody for CCR1.  F4/80
+
CD11b

+
 

macrophages from WT and tpl2
-/-

 mice both displayed specific CCR1 surface expression relative 

to the isotype control (Figure 5.4A).  LPS stimulation further upregulated CCR1 protein 

expression, but was significantly impaired in tpl2
-/-

 macrophages.  This was confirmed by the 

overall lower median fluorescence intensity (MFI) in tpl2
-/-

 macrophages (Figure 5.4B).  Similar 
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experiments were performed for CCR5, but specific surface staining was not detectable using the 

available antibody (data not shown).  Collectively, these results indicate that protein expression, 

in addition to gene expression, of the chemokine receptor CCR1 is impaired in tpl2
-/ 

macrophages following LPS stimulation and this may have an overall impact on macrophage 

migration during inflammatory responses. 

 

Recruitment of primary macrophages to the peritoneal cavity is impaired in tpl2
-/-

 mice 

 We next sought to determine whether functional macrophage migration was altered due 

to changes in chemokine/chemokine receptor expression by Tpl2 ablation in an in vivo setting.  

To do this, WT or tpl2
-/-

 mice were injected intraperitoneally (i.p.) with 1 mL of 3% Brewer’s 

thioglycollate medium or 1 mL PBS as a control.  Thioglycollate medium is a potent inducer of 

local sterile inflammation at the site of injection and serves to actively recruit effector cells to the 

inflamed site.  Cells were allowed to actively migrate to the peritoneal cavity for 72 h before 

mice were sacrificed, and peritoneal exudate cells (PECs) were lavaged from the cavity with 

sterile PBS.  Following thioglycollate injection, total peritoneal cells recovered were 

significantly increased in both groups of mice compared to the PBS controls, yet there was a 

significant reduction in the number of total cells recovered from tpl2
-/-

 mice (Figure 5.5A).  

Additional characterization of the thioglycollate-recruited cells via flow cytometry staining with 

F4/80 and CD11b revealed a similar proportion of F4/80
+
CD11b

+
 primary macrophages 

recruited to the peritoneal cavity of WT and tpl2
-/-

 mice (Figure 5.5B).  However, total numbers 

of primary macrophages were significantly reduced in tpl2
-/-

 mice, indicating an impairment in 
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the ability of these mice to efficiently recruit macrophages directly to a site of inflammation 

(Figure 5.5C).   

To further analyze the migratory impairment of these macrophages, thioglycollate-

elicited primary peritoneal cells were cultured in media for 6-8 h to allow for adherence 

purification of primary macrophages.  Cells were then stimulated with LPS for 4 h, and the gene 

expression of various chemokines and chemokine receptors was analyzed via qRT-PCR.  The 

results showed that primary macrophages from tpl2
-/-

 mice also displayed decreased gene 

expression of the chemokines CCL2 and CCL7 as well as the chemokine receptors CCR1 and 

CCR5 following activation with LPS (Figure 5.6).  These results provide an in vivo correlate for 

the impaired chemokine and chemokine receptor expression observed in tpl2
-/-

 BMDM following 

in vitro stimulation with LPS. 

 

Discussion 

This study has demonstrated that the expression of macrophage chemokines and 

chemokine receptors in response to inflammatory stimuli are induced via a Tpl2-dependent 

mechanism.  Specifically, we have demonstrated that expression of the chemokine ligands 

CCL2, CCL7, CXCL2, and CXCL3 as well as the chemokine receptors CCR1 and CCR5 are 

reduced in tpl2
-/-

 macrophages stimulated with the TLR4 ligand LPS.  To correlate these in vitro 

chemokine impairments with a possible in vivo functional impairment in macrophage migration, 

we demonstrated that tpl2
-/-

 mice were defective in the active recruitment of primary peritoneal 

macrophages to the peritoneal cavity following thioglycollate-induced inflammation and that the 
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expression of chemokine ligands CCL2 and CCL7 as well as the receptors CCR1 and CCR5 

were impaired in tpl2
-/-

 peritoneal macrophages isolated ex vivo.  

The macrophage chemokine ligands and receptors we identified as regulated by Tpl2 

following inflammatory stimulation, are all notable for their previously reported roles in 

macrophage migration to inflamed tissue sites.  The observed impairment in the chemokine 

ligands CCL2 and CCL7 in tpl2
-/-

 macrophages following either LPS stimulation in vitro or 

thioglycollate administration in vivo is particularly interesting, as these chemokines are two of 

the most important monocyte chemotactic proteins (MCPs) upregulated during the inflammatory 

response (63, 64).  Additionally, the finding that expression of chemokines belonging to the 

CXC family, including CXCL2 and CXCL3, were impaired in tpl2
-/-

 macrophages is also 

noteworthy due to reports of their upregulation during metastatic cancers such as breast cancer 

(65).  Lastly, the reduction in CCR1 and CCR5 expression in tpl2
-/-

 macrophages is also relevant 

as both receptors are critical for active macrophage migration during inflammation (66, 69).  

CCR1 on the surface of macrophages along with its chemokine ligand CCL7 were both 

coordinately downregulated in macrophages in the absence of Tpl2.  These combined defects 

likely contributed to the observed defective in vivo recruitment of these macrophages following 

thioglycollate injection in our mouse model.   

Future studies are needed to determine which chemokines and chemokine receptors are 

central to impaired migration of Tpl2-deficient macrophages in vivo.  For example, determining 

whether the recruitment defect is indeed intrinsic to macrophage CCR1 expression will require 

the adoptive transfer of either WT or tpl2
-/-

 macrophages into WT thioglycollate-treated mice in 

order to assess the ability of tpl2
-/-

 cells to migrate within an otherwise normal inflammatory 
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setting.  Alternatively, selective blockade of individual chemokines or chemokine receptors with 

antibody administration in vivo may help clarify which factors are dominant.  Experiments 

involving in vitro transwell chemotaxis assays could be performed to determine the capacity of 

tpl2
-/-

 macrophages to migrate directly towards specific chemotactic ligands.  

During the course of this study, a report by Bandow et al. demonstrated impaired 

expression of various chemokine ligands including CCL2, CCL7, CXCL2, and CXCL3 in tpl2
-/-

  

BMDMs following LPS stimulation, and this was shown to act via a MyD88-dependent 

mechanism (107).  Importantly, however, the study by Bandow et al. did not address Tpl2’s 

effects on chemokine receptor expression or how these chemokine/chemokine receptor 

impairments affected active macrophage migration in vivo.  Our data support and significantly 

extend the findings of Bandow et al.  Our study uniquely shows that Tpl2 is required for TLR-

dependent upregulation of CCR1 and CCR5 in macrophages, two chemokine receptors shown to 

play critical roles in mediating macrophage migration during various inflammatory responses.  

Furthermore, defective functional migration of tpl2
-/-

 macrophages was demonstrated in our 

mouse model of peritoneal inflammation induced by thioglycollate treatment.   

The current data suggest that Tpl2 inhibition (which can lead to selective downregulation 

of macrophage chemokine receptors such as CCR1) may be an attractive alternative treatment 

for a variety of autoimmune diseases associated with increased inflammatory cellular infiltration.  

The selective inhibition of CCR1 has been explored for the treatment of specific autoimmune 

diseases like rheumatoid arthritis, where CCR1 inhibition correlated with reductions in cellular 

infiltration and inflammation in the joints of arthritis-induced mice (68).  Additionally, CCR1 

inhibition has also been investigated in studies for the treatment of tumor-associated diseases 
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such as multiple myeloma where results showed that therapeutic inhibition of CCR1 resulted in 

decreased tumor burden in affected mice (108).  These findings support the idea that CCR1 

inhibition may be a potential anti-inflammatory treatment for certain diseases. Furthermore, 

CCR1 antagonism may be enhanced by the selective inhibition of Tpl2, since our findings have 

suggested that this kinase is responsible for regulating CCR1 expression in macrophage 

populations.  However, the physiological effect of Tpl2 ablation (or clinical inhibition) could 

significantly impair the host’s ability to respond to a variety of bacterial, parasitic and viral 

infections as well as weaken host responses to cancers if inhibition is too robust.  

 In conclusion, this chapter outlines a previously unreported requirement for Tpl2 by 

macrophages during the expression of inflammatory chemokine receptors and migration in vivo 

which may be critical for innate immune responses during inflammation.  Findings reported here 

should bolster clinical research investigating how Tpl2 inhibition may help to complement the 

selective inhibition of macrophage chemokines or chemokine receptors for the treatment of 

inflammatory disorders. 
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Decreased expression in tpl2-/- BMDMs 

Probe Set ID Gene Symbol 

Fold change 

WT LPS/KO LPS 

1419610_at Ccr1 31.6 

1421228_at Ccl7 14.7 

1419609_at Ccr1 10.7 

1422259_a_at Ccr5 8.9 

1422260_x_at Ccr5 5.7 

1424727_at Ccr5 5.2 

1420380_at Ccl2 4.9 

1438148_at Cxcl3 2.7 

   

   

   

 

  

Figure 5.1   Chemokine and chemokine receptor expression are regulated by Tpl2  

Bone marrow derived macrophages (BMDMs) from WT and tpl2
-/-

 mice were stimulated 

with LPS (1 μg/mL) for 4 h, and mRNA expression was analyzed by gene chip 

microarray.  Data are presented as the fold change in gene expression in WT 

macrophages compared to tpl2
-/-

 macrophages. 
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Figure 5.2   Chemokine and chemokine receptor expression profiles are impaired in 

tpl2
-/-

 BMDMs 

BMDMs from WT and tpl2
-/-

 mice were stimulated in media with LPS for 4h and cells were 

lysed and analyzed for mRNA expression of indicated chemokine/chemokine receptor gene 

targets by qRT-PCR relative to an actin control.  Results are average of 4 independent 

experiments for CCL2 and CCL7 and of 3 independent experiments for all other targets.  Error 

bars represent SEM.  Paired student’s t-test, *p < 0.05 
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Figure 5.3   Chemokine receptor expression is impaired in tpl2
-/-

 BMDMs at early 

time points following LPS stimulation 

BMDMs from WT and tpl2
-/-

 mice were stimulated in media with LPS (1μg/mL) for 

indicated time points and cell lysates were analyzed for mRNA expression of CCR1 and 

CCR5 by qRT-PCR relative to an actin control.  Expression levels at each time point are 

relative to unstimulated condition (media only).  Results are representative of 1 

experiment. 

 



77 

 

 

                   

 

               

  

0 

1000 

2000 

3000 

4000 

5000 

Isotype Ctrl Unstim LPS 

C
C

R
1

 M
FI

 

WT 

Tpl2 KO 

* 

* 

Unstimulated LPS 

CCR1  CCR1  

A 

B 

WT 
Tpl2 KO 

Figure 5.4   CCR1 cell surface protein expression is impaired in tpl2
-/-

 BMDMs 

BMDMs from WT and tpl2
-/-

 mice were stimulated in media with LPS (1 μg/mL) for 24 h, and 

cells were surface stained with F4/80, CD11b, and CCR1 antibodies to detect CCR1
+
 

macrophage populations.  (A) Representative flow cytometric histograms showing the median 

fluorescence intensity (MFI) of the FITC-conjugated CCR1 antibody in F4/80
+
CD11b

+
 

macrophages following LPS stimulation.  (B)  Average MFI of CCR1 in F4/80
+
CD11b

+ 

macrophages following LPS stimulation.  Results are average of 2 independent experiments and 

error bars represent standard deviation.  Student’s t-test, *p < 0.01 
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Figure 5.5   Thioglycollate-elicited recruitment of total cells including primary 

macrophages is impaired in tpl2
-/-

 mice  

WT and tpl2
-/-

 mice were injected i.p. with PBS (control) or 3% thioglycollate medium to 

induce sterile inflammation and macrophage recruitment.  Mice were sacrificed 72 h later and 

peritoneal exudate cells (PECs) were obtained and analyzed.  (A) Total numbers of PECs 

obtained from mice 72 h post injection.  (B) Representative flow cytometric plots showing 

F4/80
+
CD11b

+
 macrophages following recruitment.  (C) Absolute numbers of recruited 

macrophages from the peritoneal cavity.  Results are averages of 3 independent experiments, 

and error bars represent SEM.  Student’s t-test, *p < 0.05 
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Figure 5.6   Chemokine and chemokine receptor expression is impaired in recruited 

tpl2
-/-

 primary peritoneal macrophages  

PECs were harvested from WT or tpl2
-/-

 mice 72 h after i.p. injection with 3% 

thioglycollate medium, macrophages were adherence purified and stimulated with LPS 

(1μg/mL) for 4 h.  Following stimulation, cells were lysed and analyzed for mRNA 

expression of chemokine and chemokine receptors by qRT-PCR relative to an actin 

control.  Results are representative of 1 experiment. 
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CHAPTER 6 

TPL2 REGULATES MACROPHAGE DIFFERENTIATION BETWEEN CLASSICAL (M1) 

AND ALTERNATIVE (M2) PHENOTYPES 

 

Introduction 

The previous chapter has provided insight into how the loss of Tpl2 in macrophage 

populations can result in impaired expression of chemokines and chemokine receptors 

correlating with impaired migration to inflamed tissues. To further analyze macrophage 

functions in the context of Tpl2, we examined whether the ability of macrophages to polarize 

towards M1 or M2 subsets is regulated by Tpl2 following inflammatory stimulation.  

Macrophage subsets implicated in the innate inflammatory response are the classical (M1) and 

for anti-inflammatory, alternatively activated (M2) macrophages.  Polarization towards the M1 

macrophage phenotype (via bacterial LPS and Th1 cytokines such as IFNγ) represents a 

classical, pro-inflammatory macrophage response that can be evaluated by the expression of M1-

specific markers such as inducible nitric oxide synthase (iNOS) indicating the production of 

reactive oxygen intermediates including nitric oxide (NO) at the site of inflammation.  In 

contrast, M2 macrophage polarization (via Th2 cytokines including IL-4 as well as infection with 

helminth parasites like Schistosoma mansoni) represents an alternative, anti-parasitic 

macrophage response characterized by expression of specific M2 markers Ym1, Fizz1, and 

Arg1.  Understanding the factors and signaling pathways that regulate this balance between M1 
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and M2 subtypes is an active area of research.  This chapter aims to determine whether induction 

of M1 and/or M2 macrophages is regulated by Tpl2 following stimulation with subtype-specific 

agonists.  Our preliminary findings demonstrate that Tpl2 is required for M1 macrophage 

generation, as assessed by inos gene expression, and Tpl2 suppresses M2 macrophage 

differentiation, as assessed by ym1 gene expression. 

 

Results 

Tpl2 promotes expression of the classical macrophage marker iNOS during in vitro and in 

vivo inflammatory settings 

 Macrophages from either the bone marrow (BMDM) or peritoneal cavity (PEC) of WT or 

tpl2
-/-

 mice were isolated in supplemented DMEM media.  To induce a classical inflammatory 

response, cells were stimulated in vitro with either bacterial LPS alone or in combination with 

the pro-inflammatory cytokine IFNγ for 24 h.  To characterize M1 macrophage induction, 

expression levels of the M1 marker inducible nitric oxide synthase (iNOS) were measured in 

stimulated cells via qRT-PCR.  Following stimulation with LPS alone, tpl2
-/-

 BMDMs displayed 

higher levels of iNOS mRNA than WT macrophages, while expression in PECs showed no 

difference (Figure 6.1).  This result, although initially unexpected, was consistent with a recently 

published report by Lopez-Pelaez et al. in 2011 that also showed tpl2-/- deficient BMDM have 

increased levels of iNOS mRNA following LPS stimulation (109).  However, the prototypical 

induction of the M1 phenotype utilizes a combination of both LPS and IFN.  Under these 

optimal M1-inducing conditions, we observed that tpl2
-/-

 macrophages from the bone marrow 

and peritoneal cavity showed significantly reduced iNOS expression compared to WT 
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macrophages (Figure 6.1).  Additionally, mRNA expression of the major histocompatibility 

complex II (MHC II, another prominent M1 marker) by 48 h post stimulation with LPS and IFNγ 

was also impaired in tpl2
-/-

 macrophages (data not shown).  These results indicate that under a 

more robust and perhaps more physiologically relevant response involving pro-inflammatory 

cytokine activation, tpl2
-/- 

macrophages were impaired in their ability to polarize towards the M1 

phenotype.   

In fact, when we assessed M1 induction in an in vivo setting using a combination of 

thioglycollate-mediated recruitment and LPS activation in vivo by injecting both substances 

directly i.p. into WT or tpl2
-/-

 mice, we found that peritoneal macrophages obtained from tpl2
-/-

 

mice 1 day post LPS injection displayed impaired expression of iNOS compared to WT mice 

(Figure 6.2).  This finding indicates that in vivo classical activation of peritoneal macrophages 

may require Tpl2 to induce expression of the M1 marker iNOS.  To determine whether this 

defect in M1 induction in the tpl2
-/-

 mice was due to impaired IFNγ signaling, we also measured 

activation of the IFNγ signal transducer STAT1 in macrophages following IFNγ stimulation in 

vitro.  We observed no differences in STAT1 activation by Western blot between WT and tpl2
-/-

 

macrophages, indicating that these cells are capable of responding efficiently to IFNγ (data not 

shown).  

 

Expression of the alternative macrophage marker Ym1 is enhanced in tpl2
-/-

 macrophages 

following IL-4 stimulation 

Following the observations that Tpl2 is required for polarizing macrophages towards a 

classically activated phenotype, we next assessed whether Tpl2 could conversely inhibit 
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macrophage polarization to the opposing, alternative M2 phenotype.  To test this, we first 

isolated BMDMs and PECs from WT and tpl2
-/-

 mice and stimulated the cells in culture with the 

Th2 cytokine IL-4 for 24 h to induce M2 polarization.  To evaluate M2 induction, stimulated 

macrophages were analyzed for mRNA expression of the M2 marker Ym1.  Tpl2
-/-

 BMDMs 

expressed markedly higher levels of Ym1 relative to WT BMDMs following IL-4 stimulation, 

indicating a possible inhibitory role of Tpl2 in the context of alternative macrophage induction 

(Figure 6.3).  Additionally, tpl2
-/-

  PECs also showed slightly higher levels of Ym1 expression 

compared to WT PECs, although the difference was much less substantial than seen with 

BMDMs (Figure 6.3).  These results show that Tpl2 plays a role in regulating expression of the 

M2 marker Ym1 and furthermore may inhibit macrophage polarization to an alternative 

phenotype during Th2 inflammatory conditions such as parasitic infection. 

 

Tpl2
-/-

 mice display altered macrophage and eosinophil phenotypes during Schistosoma 

mansoni egg-induced inflammation 

 In order to further characterize Tpl2’s possible effects on M2 macropahge polarization, 

we employed an in vivo model of alternative activation which would mimic a natural Th2 

inflammatory response in a mammalian host.  The model we chose to use was intraperitoneal 

injection of mice with Schistosoma mansoni eggs.  As shown in Figure 2.6, anti-inflammatory 

immune responses consisting of robust Th2 and M2 activation occur in mammalian hosts after 

egg deposition during S. mansoni infection.  This intestinal helminthic parasite is widely used in 

experimental murine models and has helped to delineate the factors that contribute to alternative 

macrophage development and functions in vivo.    WT and tpl2
-/-

 mice were injected i.p. with 5 x 
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10
3 
S. mansoni eggs.  One week later, mice were sacrificed, and peritoneal cavities were lavaged 

with sterile PBS.  Peritoneal cells were surface stained for F4/80
+
CD11b

+
 macrophages as well 

as for CD11b
int

Siglec-F
+
 eosinophils.  Following S. mansoni egg injection, there was a trend 

towards a decrease in both the proportion and absolute numbers of F4/80
+
CD11b

+
 peritoneal 

macrophages in tpl2
-/-

 mice indicating a defect in the recruitment of these cells to the site of egg 

injection (Figure 6.4A and 6.5A).   Eosinophilia is often associated with Th2 immune responses 

such as allergic asthma and helminth infections, due to the abundant expression of IL-5 in these 

conditions.  Therefore, we quantified eosinophils present in the peritoneal cavity following egg 

administration.  Interestingly, proportions of eosinophils in the peritoneal cavity following S. 

mansoni infection were increased in tpl2
-/-

 mice compared to WT mice (Figure 6.4B).  However, 

absolute numbers of eosinophils in the peritoneal cavity following infection were not 

significantly different between WT and tpl2
-/-

 mice (Figure 6.5B).   

 

Expression of the alternative macrophage marker Ym1 is enhanced in tpl2
-/-

 peritoneal 

macrophages during S. mansoni egg injection 

 To further characterize Tpl2’s possible role in the induction of M2 macrophages during 

an in vivo inflammatory response towards S. mansoni eggs, we measured the gene expression of 

the M2 marker Ym1 via qRT-PCR in the peritoneal macrophages recovered one week after egg 

injection.  Peritoneal cells were recovered from uninfected (PBS) and infected mice and were 

additionally adherence purified in supplemented DMEM media at 37°C, 5% CO2 for 6-8 h to 

isolate peritoneal macrophages.   We observed an increase in Ym1 expression in both WT and 

tpl2
-/-

 peritoneal macrophages, but there was a trend towards increased Ym1 expression in tpl2
-/-
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compared to WT peritoneal macrophages (Figure 6.6). This finding correlates with our previous 

in vitro results showing enhanced Ym1 expression in tpl2
-/-

 bone marrow derived macrophages 

following IL-4 stimulation (Figure 6.3).  Collectively, these results indicate that Th2 

inflammation promotes macrophage-specific expression of the M2 marker Ym1, and this 

expression is enhanced in the absence of Tpl2.  

 

Discussion 

These findings provide valuable insight into the possible regulatory effects Tpl2 may 

have on macrophage polarization during the inflammatory response.  Specifically, they posit 

Tpl2 as a regulatory kinase capable of mediating innate cell responses depending on 

environmental cues.  While this study provides valuable insights into the regulation of 

macrophage differentiation by Tpl2, several limitations exist and necessitate future studies.  One 

important caveat of this study is that it relies on transcriptional regulation of key markers of M1 

versus M2 differentiation.  Future studies evaluating protein expression of these various markers 

are clearly warranted.   

Another unanswered question is whether the effect of Tpl2 on macrophage phenotype in 

vivo is macrophage cell intrinsic or extrinsic.  Adoptive transfer of tpl2
-/-

 macrophages into WT 

recipients during egg-induced Th2 inflammation would help to address this important issue.  Due 

to the fact that in vitro experiments recapitulate the in vivo experiments, it is highly likely that 

Tpl2 functions in macrophages in a cell autonomous way.  In support of this, abundant evidence 

exists supporting major functions of Tpl2 in macrophages, particularly in inflammatory 

conditions, such as TLR signaling (10, 21, 102).  What is unclear is whether Tpl2 may also 
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function directly downstream of IL-4 in this cell type, or alternatively, whether effects of Tpl2 on 

M2 differentiation are indirect.  Future experiments will address Tpl2 kinase activation by IL-4 

as well as IL-4 signal transduction leading to STAT6 phosphorylation in WT versus tpl2
-/-

 

macrophages.   

 In this regard, a recent study has sought to clarify the signaling pathways regulated by 

Tpl2 under inflammatory conditions.  Lopez-Pelaez et al. reported that Tpl2 repressed iNOS 

expression in BMDMs following LPS stimulation, and this was associated with activation of the 

critical PI3K-Akt-mTOR-p70 S6k pathway (109).  Future studies will need to assess how Tpl2 

regulates macrophage polarization on a biochemical level following these specific pro-

inflammatory stimulations as well as during IL-4 driven Th2 responses to address whether Tpl2 

differentially regulates alternative macrophage induction by utilizing pathways such as the PI3K 

pathway.   

Finally, Th2-associated cytokine levels need to be quantified in the peritoneal cavity 

during egg-induced Th2 inflammation.  This could help to determine whether an underlying Th2 

bias previously observed in tpl2
-/-

 mice might also contribute, in part, to M2 macrophage 

differentiation observed in vivo (104).  In particular, IL-5, IL-13, IL-25 and IL-33 all contribute 

significantly to Th2 responses and M2 macrophage differentiation and should be evaluated in 

fluid recovered from the peritoneal cavity (83, 110-112). 

 In terms of clinical therapies involving Tpl2 inhibition, the data presented here indicates 

the possibility of exacerbated Th2 or M2 macrophage responses in individuals where Tpl2 kinase 

activity is disrupted.  While the absence of Tpl2 as a result of clinical inhibition may lead to 

enhanced susceptibility to helminth infections (such as S. mansoni infection), this is not an 
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immediate concern as there are few if any helminth parasites endemic in the United States and 

other developed nations.  In the US, a more immediate concern of Tpl2 clinical inhibition would 

be the potential exacerbation of Th2-induced allergic asthma conditions, which have already 

been shown to be enhanced in the absence of Tpl2 in mouse models (104).  For this reason it is 

critical that future studies outline the overall risks versus benefits of clinical Tpl2 inhibition in 

the context of macrophage polarization and Th2-associated immune responses.  Understanding 

the mechanisms by which Tpl2 causes these cell type-specific phenotypic switches should help 

to reduce the chances of harmful inflammatory side effects in patients receiving this treatment. 
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Figure 6.1 Tpl2 promotes expression of the classical macrophage marker iNOS 

following in vitro stimulation  

Bone marrow derived macrophages and peritoneal macrophages were obtained from WT  

and tpl2
-/-

 mice and were stimulated in media with LPS (1µg/mL) alone or with LPS and 

IFNγ (10 ng/mL) for 24 h.  Cells were lysed and analyzed for iNOS mRNA expression 

by qRT-PCR relative to an actin control.  Results are average of 3 independent 

experiments for BMDMs and 2 independent experiments for PECs.  Error bars represent 

SEM (BMDMs) or standard deviation (PECs).  Paired student’s t-test for p-value. 



89 

 

 

 

                     

 

  

0 

100 

200 

300 

400 

500 

600 

PBS Thio + LPS 

in
o

s 
re

la
ti

ve
 le

ve
l 

WT 

KO 

Figure 6.2 Tpl2 promotes expression of the classical macrophage marker iNOS 

following in vivo LPS administration 

WT or tpl2
-/-

 mice were given i.p. injections of PBS (control) or 3% thioglycollate to 

recruit peritoneal macrophages.  Additionally, thioglycollate-injected mice were also 

injected with 10 μg LPS i.p. 24 h prior to sacrifice to activate recruited cells.   After 72 h 

post initial injections, PECs were analyzed for iNOS mRNA expression by qRT-PCR 

relative to an actin control.  Results are representative of 1 experiment and error bars 

represent standard deviation. 
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Figure 6.3 Expression of alternative macrophage marker Ym1 is enhanced in 

tpl2
-/-

 macrophages following IL-4 stimulation  

Bone marrow derived macrophages and peritoneal macrophages were obtained from 

WT and tpl2
-/-

 mice and were stimulated with IL-4 (40 ng/mL) for 24 h.  Cells were 

lysed and analyzed for Ym1 mRNA expression by qRT-PCR relative to an actin 

control.  Results are average of 3 independent experiments and error bars represent 

SEM.  Paired student’s t-test for p-value. 

 



91 

 

        

                                       

                                      

 

 

  

B 

WT 
Tpl2-/- 

C
D

1
1

b
 

C
D

1
1

b
 

F4/80 

Siglec-F 

A 
WT Tpl2-/- 

Mac 

Mac 

Eos 

Figure 6.4 Increased proportions of eosinophils and decreased proportions of 

macrophages in tpl2
-/-

 mice following S. mansoni egg injection 

WT and tpl2
-/-

 mice were injected i.p. with 5 x 10
3
 S. mansoni eggs or PBS, 1 week later 

peritoneal cells were collected and surface stained for macrophage and eosinophil 

populations.  (A) Representative FACS plots of F4/80
+
CD11b

+ 
macrophage populations 

following egg injection.  Results are representative of 3 independent experiments.  (B) 

Representative FACS plots of CD11b
int

Siglec-F
+
 eosinophils following egg injection.  

Results are representative of 2 independent experiments. 
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Figure 6.5 Decreased numbers of total peritoneal macrophages but similar total 

eosinophil numbers between WT and tpl2
-/-

 mice following S. mansoni egg injection 

WT and tpl2
-/-

 mice were injected i.p. with 5 x 10
3
 S. mansoni eggs or PBS and after 1 week 

peritoneal cells were collected and surface stained for macrophage and eosinophil populations.  

(A) Total F4/80
+
, CD11b

+
 macrophages from the peritoneum.  Results are average of 3 

independent experiments and error bars represent SEM.  Paired student’s t-test for p-value.  

PBS (N=10 mice per group), Eggs (N=13 mice for WT and N=10 mice for Tpl2 KO).  (B) 

Total CD11b
int

Siglec-F
+
 eosinophils from the peritoneum.  Results are average of 2 

independent experiments and error bars represent SEM.  Paired student’s t-test for p-value.  

PBS (N=7 mice per group), Eggs (N=8 mice per group). 
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Figure 6.6 Expression of alternative macrophage marker Ym1 is enhanced in tpl2
-/-

 

peritoneal macrophages following S. mansoni egg injection  

Peritoneal cells were obtained from WT and tpl2
-/-

 mice 1 week after intraperitoneal S. 

mansoni egg injection and peritoneal macrophages were isolated by adherence purification 

for 6-8 hours in supplemented DMEM media at 37°C, 5% CO2.  Adherent macrophages were 

lysed and analyzed for mRNA expression of various alternative macrophage markers by 

qRT-PCR relative to an actin control.  Results are average of 4 independent experiments and 

error bars represent SEM.  Paired student’s t-test for p-value. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 The results and findings outlined in this work have given new insight into the 

roles that the MAP kinase Tpl2 plays in regulating the development and function of critical 

innate immune cells.  Based on previous studies outlining Tpl2’s role in regulating CD4
+
 T-cell 

function and development during the inflammatory response (25), we wanted to address whether 

Tpl2 also affected the development and/or function of critical innate immune cells during this 

response.  Our results clearly showed that Tpl2 is dispensable for NK cell development and 

function in the spleens of mice.  Additionally, NK cell maintenance and function in other sites 

such as the lung tissue during site-specific inflammation following influenza infection also did 

not require Tpl2.  However, in regards to macrophage development and function, we showed that 

Tpl2 was critically important for regulating the function of these innate cells as there was 

impaired expression of chemokine ligands and chemokine receptors in tpl2
-/- 

macrophages 

following activation with LPS.  We further demonstrated that the impaired expression of these 

critical chemokines and chemokine receptors in the absence of Tpl2 affected the ability of these 

macrophages to efficiently migrate in vivo to sites of local inflammation.  In continuing with the 

focus on macrophages, we also assessed whether Tpl2 was responsible for regulating the 

polarization of these activated cells towards distinct M1 or M2 phenotypes.  While our results 

were not entirely conclusive, we did observe a reproducible reduction in M1 macrophage 

polarization (via iNOS gene expression) and enhanced M2 macrophage polarization (via Ym1 
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gene expression) from tpl2
-/-

 mice following pro-inflammatory or anti-inflammatory stimulation, 

respectively.  Consistent with our previously reported exacerbation of Th2-driven allergic asthma 

in tpl2
-/-

 mice, these results indicate that Tpl2 deficiency may exacerbate M2 proliferation.  

Therefore, we also looked at the effect of Tpl2-dependent M2 polarization in response to 

Schistosoma mansoni eggs and observed impaired macrophage recruitment to the peritoneal site 

of egg injection in tpl2
-/-

 mice coincident with increased proportions of eosinophils in the 

peritoneal cavity of tpl2
-/-

 mice.  Additionally, expression of the M2 marker Ym1 was enhanced 

in peritoneal macrophages from tpl2
-/-

 mice, possibly indicating an M2 macrophage bias in the 

absence of Tpl2.  

Collectively the results of this study provide insights into the diverse roles that Tpl2 has 

in the regulation of critical innate cells such as NK cells and macrophages during robust 

inflammatory and anti-inflammatory responses.  The differences in Tpl2-dependent regulation 

between these two cells types suggest that, while this kinase is broadly expressed, its functional 

contributions can differ greatly in a cell type- and stimulus-specific fashion.  It is our hope that 

future work regarding Tpl2’s influence on innate cell function and development will use the 

findings presented here as a rationale for investigating more precise roles for Tpl2 in this 

regulatory process.  For example, future studies interrogating additional functions of tpl2
-/-

 NK 

cells such as cytotoxic killing capacity in the spleen and lungs at resting states or during 

pathogen infection will help to more definitively conclude whether NK cells utilize Tpl2 for their 

cytotoxic killing abilities.  Additionally, our studies on the role of Tpl2 and macrophage function 

and polarization are expected to influence future research, as the functional impairments 

observed in these cells in the absence of Tpl2 may be utilized in the development of therapies 
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towards autoimmune inflammation.  Using Tpl2 blockade to downregulate macrophage 

chemokine/chemokine receptor expression and functional migration represents a novel immune 

therapy to curtail excessive inflammation during chronic conditions such as rheumatoid arthritis 

and inflammatory bowel disease.  Furthermore, the preliminary findings that Tpl2 ablation 

promotes M2 macrophages, associated with wound-healing responses, at the expense of pro-

inflammatory M1 macrophages provides an additional mechanism for dampening inflammation 

via Tpl2 inhibition. Furthermore, understanding precisely how Tpl2 influences macrophage 

differentiation may ultimately allow for specific retooling of the macrophage inflammatory 

responses during certain pro-inflammatory situations.  While Tpl2 inhibition appears to be a 

promising treatment for chronic or advanced autoimmune disease, modulation of Tpl2 function 

should be approached cautiously as we also predict that Tpl2 blockade may lead to exacerbated 

Th2 responses, such as allergic asthma.  The possibility that Tpl2 may regulate M1/M2 balance 

is still an ongoing area of investigation that will need to involve studies looking at protein 

expression of specific macrophage markers as well as the macrophage-specific effects on certain 

tissues (i.e. necrosis or fibrosis) in tpl2
-/-

 mice following M1 or M2 responses.  Overall, future 

studies that can elucidate the precise mechanism behind Tpl2-dependent regulation of 

macrophage polarization should help in determining the clinical outcomes associated with 

therapeutic manipulation of this inflammatory axis. 
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