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ABSTRACT OF THE DISSERTATION 

 

Functional characterization of Metnl/IL-39, a novel cytokine associated with barrier tissues and 
activated macrophages 

By 

Irina Ushach 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2015 

Professor Albert Zlotnik, Thesis Mentor and Chair 

 

Cytokines are fundamental components of the immune system and understanding their biology 

is a necessary step in understanding immune functions in both health and disease. Cytokines 

represent key mediators of the immune system which act as molecular messages that regulate 

both the initiation and the phenotype of the immune responses. Because of their central role in 

shaping immune functions, every new cytokine that has been reported has generated 

significant interest and has created a new field of research.   

Here, I describe the identification of a novel cytokine Metrnl, which we proposed to be 

renamed interleukin-39 (IL-39) to reflect its association with functions of the immune system. I 

have explored in-depth regulation of IL-39 expression in macrophages and found that its 

production is regulated by multiple stimuli. Specifically, IL-39 production is highly induced by 

several cytokines including TNFα, IL-17, IL-12 and IL-4 whereas TGFβ and IFNƴ inhibit its 

production. Additionally, I have found that physiological levels of IL-39 significantly increase in 
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response to sterile inflammation induced by thioglycollate injection. To elucidate function(s) of 

IL-39, I have generated a colony of IL-39-/- mice. Initial phenotyping of these mice did not reveal 

defects in immune cell populations in major immune compartments such as in the thymus, 

spleen, lymph nodes and bone marrow. Many cytokines such as IFNƴ, IL-4, TGFβ and IL-10 play 

a role in humoral immune responses. Therefore, I compared serum IgM, total IgG and IgA levels 

in IL-39 deficient and wild type mice and found that IL-39-/- mice had increased levels of IgM and 

decreased levels of total IgG. Among four IgG isotypes, I found significant reduction in IgG3 and 

IgG2b in serum of IL-39 deficient mice. Furthermore, splenocytes isolated from IL-39-/- mice 

produced altered levels of several cytokines and chemokines under T-cell activation conditions 

(with anti-CD3/anti-CD28). For example, splenocytes from IL-39 deficient mice secreted 

increased amount of CXCL9, CXCL10 and IL-2 while the levels of CCL3, CCL4 and IFNƴ were 

reduced. Because these cytokines and chemokines play important roles in protection against 

many pathogens, we sought to determine if IL-39 plays a role in immune response to a murine 

model of a T.gondii infection. Indeed, we found that IL-39-/- mice were more susceptible to the 

infection and displayed altered levels of several immune cell populations. This includes reduced 

levels of CD4+ T cells and CD8+ T cells in spleens of IL-39-/- mice when compared to WT controls. 

Together, these results indicate that IL-39 is a cytokine that is produced by macrophages in 

response to inflammation and has important functions in regulating innate and/or adaptive 

immune responses.  
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2 

1.1     PRINCIPLES OF INNATE AND ADAPTIVE IMMUNITY  

An organism is protected against infectious pathogens and many other harmful substances by a 

network of cells and effector molecules that work together to constitute the immune system. 

Vertebrate animals have evolved two types of immune systems: innate and adaptive immune 

system.  The innate immune system provides a rapid response against a wide range of 

pathogens, but it is not specific and does not establish immunological memory. Adaptive 

immunity, on the other hand, mediates specific immune responses to the pathogen, but it takes 

longer to develop [1].  

Innate and adaptive immunity: key players 

The key players of innate immunity include monocytes, macrophages, dendritic cells (DCs), 

natural killer cells, neutrophils, eosinophils, basophils and mast cells. Monocytes circulate in the 

blood and enter tissues where they differentiate into macrophages and dendritic cells (DCs) [2]. 

Macrophages reside in almost all tissues of the body where they perform several functions 

including tissue maintenance, removal of cell debris and elimination of invading 

microorganisms by phagocytosis [3]. DCs are also phagocytic cells, but unlike macrophages 

which stay in tissues to fight infection, DCs act as messengers. Upon encountering a pathogen, 

DCs leave the site of infection and migrate to lymph nodes where they initiate an adaptive 

immune response [4]. Neutrophils are the most numerous cells of the innate immunity whose 

primary function is destroying a large variety of microorganisms by phagocytosis [5]. 

Granulocytes (eosinophils, basophils and mast cells) play a role in defense against parasitic 

helminths that are too large to be phagocytized by macrophages and neutrophils [6]. 
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Granulocytes cells, however, are also known for their involvements in allergic inflammation 

where their functions are damaging rather than protective [7]. All cells in the innate immunity 

system rely on a set of invariant receptors that they use to recognize common features of 

pathogens [8].  

The adaptive immunity includes two major types of lymphocytes: B lymphocytes and T 

lymphocytes. B cells mature in the bone marrow and are the source of circulating antibodies,[9] 

while T cells mature in the thymus and recognize peptides of pathogens presented to them by 

antigen presenting cells (APCs) in the context of major histocompatibility complex (MHC) 

molecules [10]. Each B or T lymphocyte expresses the cell-surface receptors that recognize a 

single antigen specificity named B cell receptor (BCR) and T cell receptor (TCR), respectively. 

BCRs and TCRs are generated by random recombination of variable receptor gene segments, a 

process that allows for the generation of an immense arsenal of lymphocytes, each carrying a 

distinct receptor. This design allows recognition of virtually any antigen encountered by one cell 

or another [11]. The drawback of this process is that a few cells specific to a given pathogen are 

greatly outnumbered by invaders. Nature solved this problem by a process known as clonal 

selection which takes 3-5 days.  During this process, a lymphocyte with appropriate receptor 

specificity is activated upon recognizing its cognate antigen and undergoes a proliferative 

response.  When a large number of identical cells have been generated, these cells leave 

lymphatic organs to engage pathogens [12].  
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To effectively protect an organism from an infectious agent, the immune system must fulfill 

four key tasks: immunological recognition, immune effector functions, immune regulation and 

immunological memory. 

Innate immunity: the first line of defense  

The first critical step of immune protection involves detection of a pathogen. The cells of the 

innate immune system are the key component in discrimination between self and non-self.  

Macrophages, DCs and neutrophils express a wide range of receptors known as pattern 

recognition receptors (PRRs) that allow them to detect microorganisms. PRRs recognize 

pathogen-associated molecular patterns (PAMPs) such as mannose-rich oligosaccharides, 

lipopolysaccharides (LPS), and unmethylated CpG DNA that are present on most 

microorganisms and not on the body’s own cells [13, 14]. PRRs can be classified based on their 

functions into two broad categories: endocytic PRRs and signaling PRRs. Endocytic PRRs such as 

mannose receptors, glucan receptors and scavenger receptors promote engulfment and 

subsequent destruction of microbes by phagocytic cells. Signaling PRRs, on the other hand, 

promote the induction of NF-kB signaling and lead to the production of pro-inflammatory 

cytokines and the expression of co-stimulatory molecules. Signaling PRRs include the large 

families of cytosolic NOD-like receptors and membrane-bound Toll-like receptors (TLRs) [15]. 

Most microorganisms gain access to the body though mucosal layers of the gut, respiratory 

system and reproductive tract.  Upon entry, they are almost immediately recognized and 

phagocytized by macrophages that reside in large numbers in submucosal tissues. The 

interaction of macrophages with pathogens will also result in activation of the macrophage to 
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release cytokines and chemokines that will initiate a state of inflammation with subsequent 

recruitment of other leukocytes [16]. The first cells that enter the site of inflammation to 

reinforce macrophages are neutrophils. Neutrophils are highly phagocytic cells and, together 

with macrophages, they are capable of containing and eliminating most invaders [17]. Some 

pathogens, however, have evolved a variety of strategies that allow them to overcome innate 

immune defenses. Many extracellular pathogenic bacteria, for example, coat themselves with a 

thick polysaccharide capsule that is not recognized by any phagocyte receptor on innate 

immune cells. Other pathogens, such as mycobacteria, grow inside macrophage phagosomes 

and prevent their killing by inhibiting the fusion of phagosomes with lysosomes. In such cases, 

activation of adaptive immune responses that are capable of targeting structures specific to 

particular variants of pathogens is required in order to eliminate infection [18].     

Activation of the adaptive immune response 

T lymphocytes can be subdivided into two broad subclasses based on their differential 

expression of CD4 and CD8 cell surface markers: CD4+T cells and CD8+ T cells. CD4+ T cells (also 

called helper T cells) mainly provide help to other immune cells though direct cell-to-cell 

contact and/or through the production of cytokines. For instance, the interaction of helper T 

cells with B cells induces isotype class switching and enhanced antibody production in B cells. 

Helper T cells also play a central role in the initiation of inflammatory responses and induction 

of CD8+ T cell immunity. CD8+ T cells (also called cytotoxic T lymphocytes (CTLs)) are primary 

cells responsible for killing virus-infected cells and malignant cells through direct contact and 

the release of cytotoxic granules.  
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Both helper T cells and CTLs recognize antigens though their T cell receptor (TCR), which signals 

T cell for activation.  An important feature of the TCR is that it does not bind an antigen directly 

but instead recognizes a set of peptide protein antigens that are presented to them by MHC on 

the surface of specialized cells known as antigen presenting cells (APCs).  There are two types of 

MHC molecules: MHC class I and MHC class II. Helper T cells selectively recognize antigens 

presented to them by MHC II molecules, while CTLs recognize peptides displayed by MHC I[19] 

(Fig 1.1). The antigen-processing pathways that supply peptides to class I and class II MHCs 

explain the distinct preference of helper T cells and CTLs for different classes of MHC molecules. 

MHC class II primarily presents peptides derived from extracellular antigens taken up by APCs 

through endocytosis.  Helper T cells, therefore, mount an immune response against 

extracellular pathogens.  MHC class I molecules, on the other hand, mostly display cytosolic 

peptides of either self or pathogen origin. The presentation of endogenous cytosolic peptides is 

a key for targeting antigen-specific CTLs to kill only those cells infected with the virus and 

intracellular bacteria and avoid killing uninfected bystander cells.   

In many cases, however, antigen presentations via MHC class I can be complicated by the fact 

that DCs have to be infected first in order to present a cytosolic antigen of pathogen origin. 

Also, many intracellular pathogens, such as the herpes virus, have evolved immune evasion 

mechanisms to impair normal functions of APCs [20, 21]. Nature answered this challenge with 

the process that became known as cross-presentation.  Cross-presentation allows the 

presentation of exogenously-derived antigens that are normally presented by MHC class II to be 

also presented by MHC class I [21]. During this process, some of the exogenous antigens that 

have entered APCs  by endocytosis are diverted away from the route in which they are guided 
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toward presentation by MHC II for release into cytoplasm where they enter the pathway 

necessary for MHC I presentation.  Numerous studies have shown that cross-presentation plays 

an important role for mounting an effective immune response against pathogens including 

bacteria (salmonella, listeria, M. tuberculosis, and others), viruses (influenza, papilloma, CMV, 

herpes, and others) as well as against many tumors such as leukemia, pancreas and melanoma 

[20].  

In addition to presenting antigens on MHC molecules, DCs also up-regulate effector molecules 

such as CD86 (B7.2), CD80 (B7.1) and CD40 that enable them to activate T cells.  Antigen 

bearing DCs leave the site of infection and travel through the afferent lymphatic vessels into 

the draining lymph nodes where they display antigens to T lymphocytes. In order to activate   

naïve T cells, DC must provide three signals: (1) engagement of the T cell receptor, (2) providing 

a co-stimulatory signal and (3) presenting cytokines that will drive T cells polarization and, 

therefore, shape the phenotype of the immune response. DCs are the only APCs that can 

effectively prime naïve T cells and, therefore, they serve as a bridge between innate and 

adaptive immunity.  
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1.2     HISTORICAL DISCOVERIES IN MACROPHAGE RESEARCH  

It has been only 133 years since Elie Metchnikoff first discovered macrophages, starting a new 

field now known as immunology. Over the past century, the field has evolved enormously and, 

although there is still a long road ahead before many mechanisms of the immune system will be 

fully worked out, through the tremendous work of many great scientists, we now know the 

main conceptual framework of how our immune system functions. The advancements in the 

immunology field have had an enormous impact on society and allowed for a better 

understanding (as well as new treatment options) of many clinical conditions associated with 

immunodeficiency, autoimmunity, asthma, allergies and cancer. In my dissertation, I would like 

to acknowledge some of the key scientists and their pivotal discoveries that are relevant to this 

work.  

Elie Metchnikoff (1845-1916) 

Elie Metchnikoff is often referred to as “father of innate immunity” for his pioneering work on 

the immune system and, particularly, for his milestone discovery of phagocytes (macrophages) 

that marked the beginning of the new discipline - immunology. Metchnikoff developed his 

interest in biology while attending Kharkov Lycee in Russia from 1856 to 1862. During his 

brilliant scientific career, Metchnikoff made a number of important scientific findings in the 

fields of zoology and microbiology.  In 1882 Metchnikoff made his most important discovery, 

phagocytosis, after experimenting on the larvae of starfish. For this work he was awarded a 

Nobel Prize in Physiology or Medicine in 1908. He found that when he pinned small thorns from 

a Christmas tree into starfish larvae, white blood cells surrounded the thorns. This observation 



10 

inspired him to hypothesize that bacteria could be engulfed and destroyed by white blood cells. 

In 1884 he published about a landmark experiment where he described migratory cells of 

mesodermal origin that are “programmed” to attack foreign invaders [22]. Soon after, he also 

described the process of phagocytosis in water fleas (Daphnia) that were fighting yeast 

infections and in vertebrates where he identified another function of phagocytes as scavengers 

degenerating host cells [23]. Initially, his theory of phagocytosis was met with skepticism by 

most of leading scientists in the field including Louis Pasteur. In 1887, Metchnikoff also 

discovered another highly phagocytic cell type – neutrophils (which he initially called small 

microphages) and the described separation of their tasks [24].  

Metchnikoff also had interests outside the immunology field and made discoveries that 

influence many of us still today.  In 1903, he developed a theory that probiotics and prebiotic 

diets can enhance well-being and prolong of life. Specifically, he believed that toxic bacteria in 

the gut promote aging and that lactic acid could prolong life [25]. This theory inspired some 

scientists to begin investigating a relationship between commensal bacteria and intestinal 

health which eventually led to worldwide marketing of probiotics and fermented milk-based 

dietary products such as Kefir. Perhaps, Metchnikoff had foreseen the importance of 

microbiome in an organism’s well-being almost 100 years before this new branch of 

immunology had emerged?      

Philip Montagu D’Arcy Hart (1900-2006) 

Hart’s contribution to the field of immunology and medicine is recognized for some of his 

pioneering work on mycobacteria and tuberculosis. Hart served as a member of the Medical 
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Research Council Streptomycin in Tuberculosis Trials Committee where he was involved in 

evaluating streptomycin as a therapy against tuberculosis. This study became known as the first 

randomized clinical trials and laid the ground for much of the future work in medical research 

[26, 27]. Hart became most known, however, for his discovery of the key mechanism that the 

intracellular pathogen Mycobacterium tuberculosis uses to avoid immune responses. At the age 

of 71, he published his research where he showed that Mycobacterium tuberculosis avoids 

being killed by the immune response by preventing phagosome-lysosome fusion in 

macrophages [28]. Later it was discovered that this trick is widely used for many intracellular 

pathogens.       

Zanvil A Cohn (1926-1993) 

Cohn was a biologist and immunologist who is most remembered for his pioneering research on 

macrophage biology and studies of host-parasite interactions. Cohn is often referred to as the 

“father of the current era of macrophage biology” [29] and the long list of his contributions to 

the field includes the discovery of lysosomes as phagocyte granules responsible for microbial 

digestion [30-32] and the description of biochemical features of endocytosis and lysosomal 

digestion [33]. Together with colleagues, Cohn identified bone marrow cells as the source of 

monocytes and blood monocytes as precursors of tissue macrophages [34]. Cohn and his 

colleagues also uncovered that macrophages release large quantities of biologically active 

products,[35] leading to the discoveries of oxygen metabolites [36], arachidonic acid 

metabolites and prostaglandins [37, 38]. Over his long productive career, Cohn together with 



12 

his colleagues, transformed the macrophage function from simply a “big eater” to “versatile 

element of inflammation” [29].  

Additionally, Cohn together with Ralph M. Steinman, with whom he ran a laboratory at 

Rockefeller University for many years, identified the distinct population of cells that we now 

know as “dendritic cells” [39] and described their function as potent antigen presenting cells 

[40, 41]. Although Cohn himself was never awarded with the Nobel Prize, his longtime 

colleague Ralph Steinman won the Nobel Prize for their work on dendritic cells eighteen years 

after Cohn’s death.  

George Mackaness (1924-2007) 

Mackaness is most known for his work on “macrophage activation”, a term he coined in 1962, 

and for his pioneering work with the intracellular bacterium Listeria monocytogenes [42]. Prior 

to his discoveries, it was long thought that an organisms’ resistance to infections was largely 

antibody-dependent.  However, the level of protection to intracellular pathogens often didn’t 

correlate with the level of antibody responses. This inconsistency indicated that there must be 

another antibody-independent mechanism of pathogen resistance.   

Mackaness found that infection of mice with L.monocytogenes provided a temporary resistance 

to the subsequent infection with both L.monocytogenes and unrelated bacterial. After careful 

examination of the lesions in resistant mice, Mackaness observed the accumulation of 

macrophages at the sites of bacteria ingestion and attributed this phenomenon to 

macrophages. Moreover, when he isolated macrophages from resistant mice, he found that 

they were more potent at killing a range of bacteria when compared to macrophages isolated 
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from uninfected animals.  He further observed that this killing potential of macrophages 

diminished overtime, but could quickly be reacquired by injecting mice with the second dose of 

the original bacteria. At the same time, injection of unrelated bacteria, however, did not trigger 

immediate macrophage resistance. These observations led Mackaness to conclude that 

macrophage-mediated resistance was antigen-specific in its elicitation, but not specific in its 

execution [43, 44]. Mackaness’ further studies revealed that the specificity of an immune 

reaction is mediated by one type of cells (now known as T cells), while the execution by another 

cell type (macrophages) [45, 46]. These breakthrough discoveries laid the ground for future 

research of cytokine biology, biochemistry of macrophage killing, as well as tumor immunology 

[42]. 

Charles A Janeway, Jr (1943-2003) 

Janeway was one of the leading immunologists of his time whose research and ideas played a 

pivotal role in forming much of the conceptual framework in the immunology field. One of his 

most significant contributions was the recognition that the adaptive immune responses are 

regulated by the innate immune system. In 1989, Janeway proposed a general theory of innate 

immune recognition [47] which was confirmed in subsequent years by the discovery of several 

families of pattern recognition receptors. This provided an experimental support forJaneway’s 

theory and led to a major breakthrough in our understanding of innate immune recognition and 

its role in regulation of the adaptive immune system [48]. Janeway also was involved in many 

other fundamental contributions to the field, including describing self-antigens associated with 

MHC class II molecules [49]. 
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1.3    THE MONONUCLEAR PHAGOCYTE SYSTEM 

Macrophages have a wide range of functions under both homeostatic and inflammatory 

conditions. They are phenomenal phagocytic cells that clear an astonishing number (2 x 1011) of 

erythrocytes each day, which is a vital contribution for the host’s survival. Tissue resident 

macrophages also phagocytose cellular debris and apoptotic cells, which is an essential process 

during both development and adulthood. And even though many scientists describe 

macrophages not as elite immune effector cells but simply as very good janitors, macrophages 

do watch what they eat.  Cellular debris that result from trauma or stress are loaded with 

endogenous danger signals, such as nuclear proteins, histones and heat-shock proteins, which 

are detected by a macrophages through PRRs. Therefore, macrophages are one of the primary 

cells that sense danger and initiate an immune response.  

Development 

In the 1960, van Furth suggested that all tissue macrophages arise from circulating blood 

monocytes. This view has prevailed for more than 40 years until it was challenged by a series of 

elegant cell lineage tracing studies that investigated the origin of tissue resident macrophages. 

These studies have demonstrated that, under homeostatic conditions, most tissue resident 

macrophages are established during embryonic development and persist into adulthood 

through self-maintaining rather than monocyte recruitment [50, 51]. The origin and 

maintenance of tissue macrophages seems to be organ specific. For example, Kupffer cells, 

Langerhans cells, peritoneal macrophages, splenic macrophages and alveolar macrophages 

don’t rely on monocyte input for replenishment of their numbers, whereas short-lived 
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intestinal macrophages and a subset of skin macrophages depend on infiltration of LY6Chi 

monocytes for their maintenance [51].  

Macrophages are the first “white blood cell” produced during the early hematopoiesis (also 

termed as primitive hematopoiesis) stage which occurs in the yolk sac during the early 

gestation period (embryonic day 6.5 [E6.5]-E8.5]. At this stage, hematopoietic stem cells (HSCs) 

in the yolk sac are restricted to only give rise to macrophages and red blood cells, but not 

lymphocytes. Unlike adult bone marrow derived macrophages (discussed below), yolk sac-

derived macrophages do not go through sequential pro-monocyte intermediates but they 

rather follow a “fast-track” differentiation program where they skip intermediate stages and 

become adult macrophages.  As soon as the embryonic circulatory system is established (E8.5-

10.0), yolk sac-derived macrophages migrate through the blood to seed tissues and establish 

macrophage populations. Recent reports have shown that in the brain, yolk sac-derived 

macrophage persist into adulthood where they constitute the major source of the adult 

microglial cell population under homeostatic conditions [52, 53].  

On the embryonic day E10.5, HSCs migrate to the fetal liver where they establish a site of 

hematopoiesis for the remainder of the embryonic development. In the fetal liver, monocytes 

are generated through a series of monocyte intermediate stages and they start to resemble 

adult monocytes in their expression of monocyte-characteristic markers such as CD11b, LY6C, 

CSF1R and F4/80. Once formed, fetal liver derived monocytes are spread into embryonic tissues 

(on E13.5 – E14.5) though the blood stream where they differentiate into macrophages and 

dilute the pre-existing yolk sac derived macrophages.  With an exception of microglia, where 
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yolk derived macrophages prevail, fetal liver-derived macrophages replace yolk-derived 

macrophages and persist into adulthood in most organs including Kupffer cells, alveolar 

macrophages, heart macrophages and kidney macrophages [51].  During the peritoneal period, 

the primary site of hematopoiesis shifts from fetal liver to bone marrow where HSCs give rise to 

the full spectrum of immune cell lineages [50] (Fig 1.2).  

 

Blood monocytes, macrophages and DCs originate from HSC-derived progenitors with myeloid 

restricted differentiation potential through a series of successive commitment steps. HSCs first 

give rise to common myeloid progenitor (CMP) cells that differentiate into erythrocytes and 

megakaryocytes as well as more restricted progenitor cells termed granulocyte-macrophage 

precursors (GMPs). GMPs, in turn, give rise to granulocytes and more committed precursor cells 

called macrophage and DC progenitor (MDP) cells, which can differentiate to monocytes and 

yet another precursor cell, the common DC precursor (CDP). Monocytes are released into the 

blood where they can acquire effector functions themselves or they can infiltrate into tissues 

where they differentiate into macrophages or non-lymphoid DCs.  Differentiation of CDPs, on 

the other hand, is restricted to the DC lineage.  CDPs can give rise to either plasmacytoid DCs 
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(pDCs) or pre-DCs which, in turn, differentiate into either lymphoid tissue classical DCs (cDCs) or 

non-lymphoid tissues cDCs [54] (Fig 1.3). 

 

Monocyte trafficking   

Monocytes are highly conserved leukocyte populations that are present in all vertebrates and 

have resembling cell populations in Drosophila [51]. After monocytes are released from the 

bone marrow into circulation, they enter the spleen (which serves as a storage reservoir for 

monocytes) and tissues where they differentiate into macrophages and DCs [3]. Monocytes can 

be classified based on their differential expression of Ly6c cell surface markers into classical (or 
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“inflammatory”) Ly6chi monocytes and non-classical (also known as “patrolling”) Ly6clo 

monocytes. Through gene expression profiling, the two main human monocyte counterparts 

have been identified: CD14+ subtype, which resembles mouse classical LY6ChiCX3CR1mid 

monocytes and CD14lowCD16+ subtype, which corresponds to mouse non-classical 

LY6ClowCX3CR1hi monocytes [51] (Table 1.1). Classical Ly6chi monocytes express high levels of 

CC-chemokine receptor 2 (CCR2) and low levels of CX3C-chemokine receptor 1 (CX3CR1) on their 

surfaces.  Ly6chi monocytes constitute about 2-5% of circulating white blood cells in uninfected 

mice and can be easily recruited to the site of inflammation. CCR2 has two ligands - CCL2 and 

CCL7 - both of which are induced in response to pro-inflammatory signals. CCL2 is expressed in 

most of infected tissues which result in rapid recruitment of Ly6chi inflammatory monocytes to 

that site of an assault [2]. CCL7 is also up-regulated in bacteria-infected tissues and involved in 

Ly6chi monocyte recruitment. Deletion of either CCL2 or CCL7 results in a decrease of monocyte 

recruitment by ~ 50%, although the specific contribution of each CCL2 and CCL7 is still unknown 

[2]. Unlike classical monocytes, patrolling Ly6clo monocytes don’t get recruited to the site of 

inflammation but rather perform “patrolling” functions within vasculature itself. Several studies 

have indicated that “patrolling” monocytes maintain endothelial-cell lining of blood vessels by 

clearing damaged endothelial cells [50]. Ly6clow monocytes express CX3CR1 and respond to 

CX3CL1, which is expressed in non-inflamed tissues and the marginal zone of the spleen (Table 

1.1). 
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1.4    MACROPHAGE CLASSIFICATION 

Macrophages can be classified into different subpopulations based on either their anatomical 

location or their functional phenotype. Macrophages are present in most of tissues in the body 

including skin, lung, liver, heart, nervous system, reproductive organs and gut. Following their 

discovery, they often have been named differently in different tissues. For example, 

macrophages in the lungs are called alveolar macrophages, in the liver they are called Kupffer 

cells and in the brain macrophages are named microglia. Although tissue macrophages have 

many features in common, such as their stellate morphology, extensive lysosomes and location 

relative to epithelia [55], they also adapt to their local microenvironment and assume functions 

specific to the tissues they reside in.  Langerhans cells in skin, for instance, contribute to the 

control of keratinocytes’ proliferation and differentiation while microglia cells promote 

neuronal survival, connectivity and repair [50] (Fig 1.4). 
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The ability to recognize and respond to a broad range of endogenous and exogenous ligands is 

the key feature of macrophages in both homeostasis and inflammation.  Under homeostatic 

conditions, the main function of macrophages is to maintain healthy tissues by removing 

apoptotic cells and toxic materials. They also perform essential immune surveillance functions 

by constantly surveying the tissues they reside in for the signs of an infection or stress [3]. 

In different anatomical locations macrophages exhibit heterogeneity of cell-surface receptors, 

which is reflective to their adaptation to various tissue demands.  For example, alveolar 

macrophages, which are constantly exposed to foreign particles, viruses, bacteria and fungi, 
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express high levels of PRR including mannose receptor (MR), β-glucan specific receptor (Dectin-

1) and scavenger receptors (SR). Expression of these receptors on their surfaces enables 

macrophages to directly recognize and uptake microbes in a relatively opsonin-poor 

environment.  In the spleen, there are at least three macrophage subpopulations which have 

different receptor expression, origin, microanatomical location and functions. These 

subpopulations include red pulp macrophages, white pulp macrophages and marginal zone 

(MZ) macrophages, which can be distinguished by their differential expression of F4/80, various 

scavenger receptors and C-type lectins. Red pulp macrophages, which play a role in 

hematopoiesis and clearance of senescent erythrocytes, can be distinguished by their high 

expression of F4/80 antigen and the MR. White pulp macrophages are involved in phagocytosis 

of apoptotic B cells, which are generated during germinal center reactions. They are 

characterized by high expression of CD68 antigens and a lack of F4/80 markers.  The marginal 

zone, which is the interface of splenic lymphoid tissue and circulation [56, 57] contains 

metallophilic MZ macrophages and phagocytic MZ macrophages. Metallophilic MZ 

macrophages are found in the inner layer of the marginal zone and they are involved in the 

initial response to systemic infection. These macrophages can be distinguished by their high 

expression of Sialoadhesin and lack of F4/80. Phagocytic MZ macrophages are located in the 

outer layer of the marginal zone where they play a role in recognition and binding of particulate 

and soluble antigens and microbes in circulation. Consistent with their function, phagocytic MZ 

macrophages express wide range of PRRs such as macrophage receptor collagenous domain 

(MARCO), SIGN-related 1 (SIGNR1) and scavenger receptor –A (SR-A) [58]. Table 1.2 
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summarizes the expression of some characteristic macrophages cell surface markers in selected 

tissue macrophages.  
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1.5    MACROPHAGE ACTIVATION 

Macrophages are exceptionally versatile cells, capable of responding to a wide range of stimuli 

and achieving remarkable phenotypic and functional plasticity [59]. Macrophages are often 

classified based on their polarization states into M1 macrophages (also known as classically 

activated macrophages) and M2 macrophages (also known as alternatively activated 

macrophages), which are two extremes of a spectrum of possible macrophage activation states. 

Because many stimuli trigger overlapping sets of effector molecules, the M2 designation rapidly 

expanded to include essentially all macrophages that have homeostatic, immunosuppressive or 

type 2 immune functions [60]. To make matters even more complicated, macrophages, unlike 

cells of other lineages such as Th1/Th2, seem to be able to switch their programming from one 

functional phenotype to another in response to variable microenvironmental stimuli. It is 

therefore unlikely that macrophages are present in their “pure” activation state in vivo where 

they are exposed to numerous signals [3]. Multiple attempts have been made in the literature 

to refine the nomenclature to account for the subtleties of phenotypic consequences that 

different stimulating agents might have on macrophages [60]. This culminated in much needed 

recent publication of macrophage nomenclature guidelines by some lead researchers in the 

macrophage biology field [61] which recommends referring to macrophages as M1 and M2 only 

if they have been polarized with IFNy and IL-4, respectively.   

Cytokines have a central role in shaping macrophage polarization states. Macrophages cultured 

with various cytokines differ in terms of their receptor expression, effector function, cytokine 

production and chemokine repertoires. Such plasticity enables macrophages to mount a 
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tailored immune response in accordance to signals they receive from their microenvironment.   

Below is the summary of the primary effects that several different cytokines have on 

macrophages.  

Activation with IFNƴ  

Classical activation of macrophages (also termed M1 activation) was first described by George 

Mackaness in the 1960s. He showed that the infection of mice with Mycobacterium bovis or 

Listeria monocytogenes induced activation of macrophages in a stimulus-dependent, but not 

antigen-specific manner [62]. Later studies have demonstrated that such activation of 

macrophages depends on the Th1 and NK cell-derived pro-inflammatory cytokine interferon 

gamma (IFNy). IFNy induces dramatic changes in macrophage morphology and functions 

characterized by a release of large amount of pro-inflammatory cytokines (such as TNFα, IL-1β, 

IL-12 and IL-6), up-regulation of MHC II and acquiring potent antigen presentation capacities. 

M1 macrophages also produce large amounts of superoxide anions, oxygen and nitrogen 

radicals through nitric oxide synthase (NOS2), which is important for microbial killing (Fig 1.5).  

IFNy signals through its receptor consisting of two chains: IFNGR-1 and IFNGR-2. The binding of 

IFNy leads to the recruitment Janus kinase (Jak)1 and Jak2 adapters and the subsequent 

activation of signal transcription and activation of transcription (STAT1) and interferon 

regulatory factors (IRF) such as IRF-1 and IRF-8.  This triggers up-regulation of a number of 

genes encoding cytokine receptors (e.g. CSF2R, IL2R, I6R and IL-15RA), cell adhesion molecules 

(e.g. ICAM1, ITGAL, ITGA4 and MUC1) and cell activation markers (e.g. CD69. CD97. CD38 and 

CD36) [63]. 
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M1 macrophage functions include polarization of Th1 responses, promotion of immune 

responses against intracellular pathogens and mediation of antitumor activity. M1 

macrophages drive type 1 immune responses through their production of a wide range of pro-

inflammatory cytokines and chemokines such as CCL5, CXCL16 and CXCL9-11, which attract NK 

cells, cytotoxic T cells and Th1 cells [64] (Fig 1.5).   

 

 

Activation with IL-4 

The presence of IL-4 or IL-13 induces M2 macrophage activation (also known as alternative 

activation), which is a drastically different activation program then that triggered by IFNy. The 

term “alternative activation” of macrophages was first coined by Stein and colleagues in 1992. 

They observed that recombinant IL-4 induced a proliferative effect, a high expression of MHC 
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class II and enhanced levels of mannose-receptor activity in macrophages [62]. M2 

macrophages have high phagocytic activity, increased expression of mannose, scavenging and 

galactose receptor as well as a high production of ornithine and polyamines through the 

arginase pathway.  IL-4 also strongly up-regulates Arginase-1 in macrophages that compete 

with iNOS for a common limiting substrate L-arginine [65]. M2 macrophages have a low 

expression of IL-12 and a high expression of anti-inflammatory cytokines IL-10, IL-1 receptor 

antagonist (IL-1RA) and IL-1 decoy receptor. M2 macrophages also have a very distinctive 

chemokine profile that includes high expression of CCL24, CCL17 and CCL22 [64] (Fig 1.6).  

IL-4 signals by binding to either type I IL-4 receptors (IL-4Ra or IL-4Ryc) or type II IL-4 receptors 

(IL-4Rα or IL-13Rα1) while IL-13 signals only through type II receptors expressed on the surface 

of macrophages. Binding of IL-4 or IL-13 to their cognitive receptors leads to activation of 

downstream JAK1 and JAK3 and subsequent activation of STAT6 which targets M2 - associated 

genes such as Arg1, Ym1 and Fizz1 [66]. M2 macrophage functions include phagocytosis of 

apoptotic cells, resolution of inflammation, angiogenesis, tissue remodeling, wound healing as 

well as promotion of type II immune responses. 
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Activation with IL-10 

Macrophages are both an important source and a target of IL-10 [62]. IL-10 triggers many 

pathways in macrophages that overlap those induced by IL-4. Both IL-4 and IL-10 induce anti-

inflammatory effector functions in macrophages and induce expression of arginase-1. There 

are, however, many important differences in IL-4 – and IL-10 - mediated activation. Unlike IL-4, 

IL-10 inhibits MHC II expression and antigen presentation functions in macrophages.  IL-10 also 

leads to a profound inhibition of a range of effector molecules that are induced by IFNy and IL-

4. These include inhibition of pro-inflammatory cytokines such as TNFα, IL-1β and IL-6 produced 

by M1 macrophages as well as CCL22, CCL24 and CCL17, which are signature molecules of M2 

macrophages [62]. Instead, IL-10 induces the expression of CD163 (scavenger receptor for the 
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hemoglobin-haptoglobin) and CCL18, which attracts naive T-cells, T-regulatory cells and Th2 

cells [66], CXCL13 and CXCL4 [63]. 

IL-10 signals through IL-10 receptor (IL-10R), which consists of two subunits: ligand binding 

subunit IL-10R1 which is expressed by most cells and IL-10R2 subunit expressed by 

hematopoietic cells and upregulated by macrophages post activation [62]. IL-10 is a potent 

activator of the STAT3 signaling pathway which leads to up-regulation of SOCS3 and subsequent 

inhibition of cytokine signaling pathways [66].  

Culturing macrophages with IL-10 induces four distinct transcription programs: (1) suppression 

of inflammatory cytokines (2) inhibition of cytokine and G protein-coupled receptor signaling, 

(3) remodeling of extracellular matrix and (4) B-cell function and lymphoid tissue neogenesis. IL-

10 induces production of CCL18 which attracts naïve T cells and CCL16 which results in 

eosinophil recruitment.   

Activation with TGFβ 

Transforming growth factor beta 1 (TGFβ) has various functions including the control of cell 

growth, differentiation, migration and survival. On an organism level, TGFβ plays a critical role 

in development, wound healing and immune responses. TGFβ exists in three isoforms (TGFβ1, 

β2 and β3) which signal through their receptor consisting of the TGFβ type I receptor and TGFβ 

type II receptor subunits. Binding of TGFβ leads to nuclear translocation of Smad molecules and 

subsequent transcription of target genes. The key role that TGFβ signaling plays in the immune 

system is highlighted by the fact that the full body deletion of TGFβ leads to a massive influx of 

inflammatory cells into various organs and lethality by 3 weeks after birth. TGFβ is best known 
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for its role in the maintenance of peripheral tolerance, regulatory activity and the induction of 

Treg and Th17 cells [67]. Surprisingly, its role in macrophage biology has been largely 

overlooked. There is little evidences that TGFβ has a regulatory role in innate immune cells and 

that its dysfunction has a severe pathological impact. For example, in a mouse model of 

experimental autoimmune encephalomyelitis (EAE), deletion of TGFβ signaling in CD11c+ DCs 

caused acute symptoms of EAE disease associated with premature infiltration of T cells into 

CNS, severe inflammation of CNS and premature death [68]. Furthermore, in Tg2576 

Alzheimer’s disease mouse model, genetic ablation of TGFβ and downstream Smad2/3 signaling 

in innate immune cells resulted in significant mitigation of Alzheimer-like pathology that was 

attributed to macrophages [69]. Gong et.al. have shown that specific deletion of TGFβ receptor 

(TbRII) in macrophages impaired expression of M2-associated genes in response to IL-4, 

including Arginase-1, mcr2, mgl2, and ym1. Together, these studies suggest that TGFβ plays an 

important role in macrophage polarization with potential physiological consequences [65]. It 

still remains to be determined whether TGFβ regulates an activation program that is different 

from that attributed to other cytokines.       

Activation with IL-17α 

Several reports have shown that IL-17α can promote the recruitment and activation of 

mononuclear phagocytes in several pathologies, [70, 71] although the effect of IL-17α on 

macrophages has long been elusive. Jovanovic et.al. first reported that IL-17α directly affects 

macrophages by inducing production of several cytokines including IL-1β, TNF-a, IL-6 and IL-10 

[72]. These findings were confirmed by a more recent study that showed that IL-17α can affect 
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macrophage polarization by enhancing IL-10 production [73].The observation that IL-17α can 

directly activate macrophages calls for reappraisal of macrophage involvement in Th17 immune 

responses [66]. 

Concluding remarks 

The description that M1 and M2 represent extreme states of macrophage activation is deeply 

rooted in todays’ macrophage literature, but it may mislead researches entering the field. Do IL-

4 and IFNy have differential effects on macrophages? Yes. Do these effects represent extreme 

polarization states of macrophages? Probably not. Macrophages are highly responsive cells and 

exhibit receptors to most (if not all) cytokines. Cytokines and their combination with other 

stimulating agents activate distinct downstream signaling pathways leading to various 

responses in macrophages. Moreover, unlike other polarized cells (such as Th1 and Th2) 

macrophages easily change their polarization states according to changes in their 

microenvironment.  Therefore, although dividing macrophages into plainer M1/M2 state is 

convenient for the quick reference of macrophage activation state, it is important to remember 

that different cytokines have their own purpose and play a role that does not necessary fall 

within the IL-4/IFNy spectra.  
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1.6   BIOLOGICAL ROLE OF GRANULOCYTE MACROPHAGE COLONY STIMULATING 

FACTOR (GM-CSF) AND MACROPHAGE COLONY STIMULATING FACTOR (M-CSF) 

ON CELLS OF THE MYELOID LINEAGE 

GM-CSF and M-CSF were first identified in vitro as hematopoietic growth factors, but have since 

been shown to have a more profound role in regulating mature myeloid cell populations under 

both homeostatic and inflammatory conditions [74, 75]. Both GM-CSF and M-CSF have a wide 

range of effects on myeloid populations that include survival, activation, differentiation and 

mobilization.  Studies done using gene-deficient mice have shown that M-CSF plays a pivotal 

role in the maintenance of multiple macrophage lineage populations, while GM-CSF is required 

for maturation of alveolar macrophage populations and invariant natural killer T (NKT) cells 

[74]. Additionally, both M-CSF and GM-CSF play a role in the development and function of 

certain DCs [76]. M-CSF and GM-CSF have different patterns of expression: M-CSF is produced 

ubiquitously and constitutively expressed under homeostatic conditions by many cells and 

tissues of the body whereas GM-CSF expression is mainly produced by activated leukocytes, 

which normally appear as a result of host responses to infection or injury [75]. M-CSF and GM-

CSF also induce opposite responses in macrophages, with M-CSF polarizing macrophages 

towards an anti-inflammatory phenotype, while GM-CSF promotes a pro-inflammatory 

phenotype instead. Such opposing effects of M-CSF and GM-CSF on macrophages are often 

linked to M2- and M1- macrophages respectively [77], although, such terminology should be 

applied with caution [61, 78, 79].  Given a wide range of functions of CSFs under both steady 

state and inflammation, several clinical trials are being conducted in order to explore the 
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potential of these CSFs as therapeutics for several autoimmune and inflammatory diseases.  

Below is a brief review of the roles that GM-CSF and M-CSF play in myeloid cell polarization and 

functions.  

M-CSF (CSF1) 

M-CSF is constitutively produced by a variety of cells including fibroblasts, endothelial cells, 

macrophages, smooth muscle and osteoblasts [75] and can be detected in plasma at 

approximately 10ng/ml [80, 81]. Increases in circulating M-CSF levels are associated with 

numerous diseases including cancer, chronic inflammation and infections [75, 82]. The levels of 

circulating M-CSF also increase during pregnancy where it contributes to placental 

development [83, 84]. Under homeostatic conditions, the level of M-CSF is balanced via 

receptor colony-stimulating factor 1 (CSF-1R)-mediated endocytosis and subsequent 

degradation [85]. In addition to immune cells, many non-hematopoietic cells such as 

keratinocytes, smooth muscle cells, endothelial cells, epithelial cells and neurons also express 

receptors for both M-CSF and GM-CSF, although the effects of CSFs on these non-

hematopoietic cells still have not been elucidated [75].  

M-CSF exists in three biologically active isoforms: a secreted glycoprotein (sgCSF-1), a secreted 

proteoglycan (spCSF-1) and a membrane-spanning cell surface glycoprotein (csCSF-1). Secreted 

glycoprotein and proteoglycan isoforms are produced by endothelial cells and can exert their 

functions at a distance whereas membrane-bound isoform plays a role in local regulation [86]. 

Studies done using transgenic mice have shown that all three isoforms perform shared as well 

as differing roles [87, 88].  
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Role of M-CSF in Macrophage Development 

Early in vitro studies demonstrated that M-CSF-cultured bone marrow precursor cells generate 

macrophage colonies. Because of these observations, it was initially thought that M-CSF drives 

a macrophage differentiation program and is essential for in vivo generation of macrophages 

from their bone marrow precursors. Later studies, however, established that M-CSF plays a role 

during later stages of macrophage development rather than acting on marrow myelopoietic 

precursors [89-91]. M-CSF also has been shown to play an unexpected role in controlling the 

differentiation of several DC subsets including lung, kidney and gut CD11b+ DCs [76, 92]. Natural 

mutations of the CSF-1 locus revealed that M-CSF plays an important role in the homeostatic 

control of tissue macrophage numbers and can also have pleiotropic consequences, including 

osteopetrosis attributed to deficient production of bone-resorbing osteoclasts [80-82].  

Role of M-CSF in Macrophage Activation 

M-CSF is commonly used in vitro to derive macrophages from bone marrow cells. These 

macrophages exhibit high phagocytic activity and low antigen presentation capacity [93]. M-CSF 

causes macrophage polarization towards an immunosuppressive phenotype and these 

macrophages express high levels of the anti-inflammatory cytokine IL-10 and the chemokine 

CCL2 [75] (Fig.7). We have recently identified another cytokine produced by M-CSF-derived 

bone marrow macrophages (BMM), which is encoded by a gene called Meteorin-like and for 

which we’ve suggested the name IL-39. The production of this cytokine is induced by IL-4 and 

inhibited by IFNƴ suggesting it may have a role in type II immune responses, although the 

immune physiology of this cytokine remains to be established [94]. In vivo administration of 
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recombinant M-CSF results in expansion of the mononuclear phagocyte system, causing a 

substantial increase (up to 10 fold) in blood monocyte numbers as well as parallel large increase 

in resident macrophage numbers [95]. Additionally, administration of M-CSF resulted in an 

increase in plasmacytoid and conventional DC numbers, a result that is consistent with high 

expression of CSF-1R in these cells [96-98]. Together, these observations confirm that M-CSF is 

necessary for both maintenance of tissue homeostasis via regulation of tissue macrophage 

development and numbers as well as resolution of inflammatory responses following, for 

example, an infections and/or tissue injury [99]. 

M-CSF Receptor 

The biological activities of M-CSF are mediated by signaling though the type III tyrosine kinase 

transmembrane receptor CSF1R (c-fms). Binding of M-CSF to its receptor leads to receptor 

dimerization, autophosphorylation, activation of phosphoinositide (PI) 3-kinase, extracellular 

signal-regulated kinases (ERK), phospholipase C and subsequent nuclear localization of 

transcription factor Sp1 [100]. In humans, mutations in CSF-1R have been associated with 

hereditary diffuse leukoencephalopathy [101], development of acute myeloid leukemia and 

myelodysplastic syndromes [63, 102]. Studies with gene deficient mice, however, revealed that 

M-CSF receptor knockout mice exhibited a more severe phenotype than Csf1op/Csf1op mice. 

This discrepancy was later explained by identification of another M-CSF receptor ligand, IL-34 

[103, 104]. IL-34 is a dimeric glycoprotein that resembles the dimeric M-CSF glycoprotein [105], 

but it does not have a sequence homology with M-CSF or any other known cytokine [103]. IL-34 

has both overlapping as well as differing properties with M-CSF. Similar to M-CSF, IL-34 is 
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broadly expressed by many tissues of the body including kidney, spleen, heart, colon, prostate, 

liver, lung and brain and it also induces the generation of macrophages with potent 

immunosuppressive properties from bone marrow precursor cells [105, 106]. Characterization 

of an IL-34 deficient mouse indicated that it is IL-34 and not M-CSF that plays an essential role 

in development and maintenance of microglia and some tissue-resident homeostatic 

macrophages such as Langerhans cells [107]. The differing effects of M-CSF and IL-34 may be 

due to interactions of these two ligands with distinct regions of the CSF-1R [108]. A recent study 

has also reported that, at least in the brain, IL-34 also signals through an alternative receptor, 

namely protein-tyrosine phosphatase ζ (PTP-ζ) [109]. 

M-CSF and Disease 

M-CSF has been studied in a wide range of diseases and several correlations have been 

reported. Increased levels of circulating M-CSF expression have been observed in several 

autoimmune diseases including arthritis, kidney inflammation [110], pulmonary fibrosis, 

obesity, inflammatory bowel disease and cancer metastasis [111]. Consistent with this, 

neutralization of M-CSF and/or blockade CSF-1R showed improvements in various murine 

models of inflammation, autoimmunity and cancer metastasis models [112, 113]. Multiple 

studies, for example, have shown that in a mouse model of lupus nephritis, the deletion of M-

CSF in MRL-Fas(lpr) mice protects mice from kidney inflammation whereas the increase of 

systemic M-CSF hastened the disease onset [110, 114].    

Mounting amount of evidence indicate a central role for macrophages in tumor progression 

and metastasis. M-CSF promotes recruitment of macrophages through the induction of CCL2, a 
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chemokine that along with its receptor CCR2 recruits monocytes to sites of inflammation. 

Together with M-CSF, it supports their survival and polarization into tumor-associated 

macrophages (TAMs) [81]. TAMs promote tumor development through secretions of growth 

and proangiogenic factors, production of immunosuppressive cytokines and inhibition of T cell 

effector functions. High expression of M-CSF and the presence of CFS-1R+ macrophages in 

tumors have been observed in multiple tumor types and shown to correlate with poor 

prognosis [115, 116]. These observations strongly suggest that the M-CSF/CRF-1R axis is a 

particularly attractive therapeutic target for multiple forms of cancer.  

Several clinical trials using single inhibitors of the M-CSF/CSF-1R axis have been conducted in 

several types of cancers and inflammatory/autoimmune diseases. However, so far in many 

clinical trials a blockade of the M-CSF/CSF-1R axis alone mediated only marginal therapeutic 

benefit, and at best resulted only in a delay of cancer growth [117]. Similarly, in some 

autoimmune indications such as rheumatoid arthritis (RA), the blockade of CSF-1R did not show 

efficacy despite evidence of an adequate exposure and effective peripheral target engagement 

[118]. Many companies, therefore, began to test M-CSF/CSF-1R blocking agents in combination 

with other therapeutic candidates against various cancers. Currently, several clinical trials that 

test M-CSF/CSF-1R inhibitors as single agents or as part of combinational therapy are underway. 

Table 3 provides a list of some clinical trials being conducted as listed in clinicaltrials.gov.       

GM-CSF (CSF2) 

Unlike M-CSF, GM-CSF is a pro-inflammatory cytokine. It has low basal circulating levels under 

homeostatic conditions, but its levels can quickly become elevated during infection or 
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inflammation. GM-CSF is produced during inflammatory/autoimmune reactions by variety of 

cells (when they become activated) including macrophages, DCs, Th cells, neutrophils, 

eosinophils, resident tissue cells and cancer cells [63, 119, 120]. Multiple reports have shown 

that, at sites of inflammation, GM-CSF has pro-inflammatory effects partly through recruitment 

of myeloid cells, and partly by enhancing their survival and activation [121]. In several murine 

models of autoimmunity/inflammation, a GM-CSF blockade led to reduced levels of monocyte 

and neutrophil recruitment with corresponding alleviation of disease severity [122-124], while 

in vivo administration of GM-CSF resulted in mobilization on monocytes from the bone marrow 

into the blood stream. Although the in vivo kinetics of GM-CSF-mediated chemokine production 

responsible for immune cell recruitment remains to be elucidated, there is some evidence that 

GM-CSF stimulates the production of CCL3 (MIP-α) and CCL2 (MCP-1) in neutrophils and 

macrophages [125]. These observations contrast with the more homeostatic role of M-CSF, 

because GM-CSF not only promotes the survival of macrophages, but also supports their 

differentiation towards a more pro-inflammatory phenotype.   

Role of GM-CSF in Macrophage Activation 

As discussed above, GM-CSF contributes to a pro-inflammatory phenotype in macrophages. It 

promotes this through induction of pro-inflammatory cytokines such as TNFα, IL-6, IL-12p70, IL-

23 and IL-1β [74, 78], as well as chemokines such as CCL22, CCL24, CCL5 and CCL1, which result 

in leukocyte recruitment [126]. GM-CSF treated monocytes/macrophages have been linked to 

the M1 activation state of macrophages largely because of an overlap in cytokines induced by 

GM-CSF with those induced by IFNy. However, as mentioned above, such terminology should 
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be applied with caution. Because of this resemblance, GM-CSF-treated bone marrow cells are 

often referred to as DCs. It is important to note, however, that GM-CSF cultured bone marrow 

cells express a mixture of macrophage and DC –specific markers. For example, both GM-BMM 

and BMM populations express common macrophage markers such as CD11b (Mac-1), F4/80, 

and c-Fms (M-CSFR) whereas only GM-BMM express the DC associated marker CD11c. Unlike 

DCs, GM-CSF bone marrow derived macrophages (GM-BMDM) are good osteoclast precursors 

[127] and are clearly phagocytic cells [126]. Additionally, despite drastic differences in their 

cytokine and chemokine repertoire, meta-analysis of mouse microarray data demonstrated that 

GM-CSF and M-CSF- stimulates cells are more similar than they are different [128]. Because of 

this, it has long been elusive as to what contributes to the pro-inflammatory phenotype of GM-

BMM. The pro-inflammatory nature of GM-CSF treated myeloid cells may be explained by the 

discovery that interferon regulatory factor (IRF5) plays a key role in GM-CSF mediated 

macrophage polarization [128]. Additionally, activin A has been recently identified as an 

emerging player in regulation of BMM and GM-BMDM polarization. One study has 

demonstrated that treating BMMs with activing A prevents LPS-induced production of IL-10 

and, conversely, blockade of activin A suppresses acquisition of pro-inflammatory markers by 

human monocytes cultured in the presence of GM-CSF [129]. Thus, this study suggests that 

activin A is an inducer of the pro-inflammatory phenotype in macrophages.   
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GM-CSF Receptor 

GM-CSF signals through its receptor CSF2R, which is composed of two subunits: a specific 

ligand-binding subunit (CSF2Ra) and a common signal-transduction subunit (CSF2Rb) [63]. The 

latter is shared with the receptors for IL-5 and IL-3 [130], reflecting common evolutionary traits 

of GM-CSF with these cytokines. Binding of GM-CSF triggers stimulation of the following 

downstream signaling pathways: Janus kinase (JAK)2/STAT5 pathway, the mitogen-activated 

protein kinase (MAPK) pathway, the phosphoinositide 3-kinase (PI3K)-Akt pathway and nuclear 
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factor (NF)-kB [75]. Additionally, a recently described pathway mediated though transcription 

factor 4 and β-catenin has also been shown to play a role in GM-CSF driven differentiation of 

myeloid cells [131].   

Role of GM-CSF in DC development 

GM-CSF is also widely used in vitro to induce generation of cells with characteristics of DCs from 

monocytes or bone marrow cells. Unexpectedly, however, the deficiency of GM-CSF and GM-

CSF receptor in mice resulted in only minor defects in DC development in lymphoid organs. 

Instead, the phenotype of these mice indicates that GM-CSF plays an important role in the 

maturation of alveolar macrophages. In humans, mutations in the GM-CSF/IL-3/IL-5 receptor 

common beta chain result in alveolar macrophage defects that lead to proteinosis [132, 133]. 

GM-CSF is also involved in steady state development of dermal CD103+CD11b+ DCs [134] and a 

subset of intestinal lamina propria DC population, but suppresses the development of resident 

CD8+ DCs [135]. GM-CSF has also been shown to be involved in the development of monocyte-

derived DCs (moDCs) and inflammatory DCs that accumulate in tissues in response to an 

infection or tissue injury [136-138]. 

GM-CSF in Inflammatory/Autoimmune Disease 

Despite the minor role that GM-CSF plays in the development of macrophages and DCs, it has 

been shown to have a wide range of effects on many cells of immune lineage including 

stimulation of proliferation and activation of monocytes/macrophages, DCs, T cells, neutrophils 

and B cells [75, 139]. Increasing evidence points to the central role of GM-CSF in the pro-

inflammatory cytokine positive feedback loop, which often underlies the chronic nature of 
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many inflammatory and autoimmune disorders. Th17 cells have been identified as potent 

inducers of many inflammatory/autoimmune diseases. Blockade of IL-17, however, does not 

prevent but rather exacerbates the development of murine models of collagen-induced arthritis 

(CIA) [140], EAE [141-143] and SKG-arthritis [144]. Recent reports, however, have shown that it 

is not “classical” Th17 cells that have pathogenic effects but rather their progeny. Th17 cells 

have been shown to have high ‘plasticity’ which allows their differentiation into highly 

pathogenic Th1/Th17 cells [145]. These cells are characterized by their coproduction of IL-17, 

IFNy and GM-CSF, co-expression of RORyt and T-bet as well as co-expression of Th1 and Th17 

signature chemokine receptors CXCR3 and CCR6 [146-148].  GM-CSF-activated macrophages 

and DCs are potent producers of IL-23, IL-6, IL-12 and IL-1β cytokines that drive the 

differentiation, survival and proliferation of pathogenic Th1/Th17 cells. These cells, in turn, 

produce more GM-CSF, further amplifying the vicious cycle [149].  
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Accordingly, multiple studies using GM-CSF deficient mice have demonstrated that the inability 

to produce GM-CSF protects these mice from the development of multiple autoimmune 

diseases including EAE, collagen-induced arthritis, and autoimmune myocarditis [150, 151]. 

Moreover, in vivo administration of an anti-GM-CSF neutralizing mAb during the early stages of 

clinical disease either completely prevented or ameliorated autoimmune-associated 

inflammation [151, 152].  

The success of blockade/neutralization of GM-CSF in several mouse models of 

autoimmune/inflammatory diseases indicates that neutralizing GM-CSF could be a useful 

therapeutic strategy for patients with multiple sclerosis (MS), arthritis and other indications 

such as psoriasis. MOR103 (anti-GM-CSF mAb), for example, showed significant improvements 

in patients with active RA and indicated clinical efficacy which supports its further advancement 
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in clinical investigation [153]. Similarly, Phase II clinical trials with Mavrilimimab (anti-GM-CSFR 

mAb) indicated rapid treatment responses in patients with RA with no significant adverse 

effects. (MT203) Table 1.3 shows a list of some ongoing/completed clinical trials targeting GM-

CSF or its receptor with more information available at clinicaltrials.gov. 

 

 

 

  

Target Drug Type Indication Phase Reference

GM-CSFR Mavrilimimab mAb RA II NCT01050998

(CAM-3001)

GM-CSF MOR103 mAb RA Ib/IIa NCT01023256

MS Ib NCT01517282

CM-CSF Namilumab mAb Plaque psoriasis II NCT02129777

(MT203) RA I NCT01317797

GM-CSF KB003 mAB Asthma II NCT01603277

GM-CSF MORab-022 mAB RA I NCT01357759

CSF-1R (and cKIT, Flt3) PLX3397 small molecule Solid tumors II NCT01525602 (combination with Paclitaxel)

Hodgkin lymphoma II NCT01826448 (combination with Vemurafenib)

Glioblastoma II NCT01499043

CSF-1R (and Trk) PLX7486 small molecule Solid tumors Ib NCT01804530 (combination with Nabpaclitaxel)

CSF-1R RF7155 mAb Solid tumors Ib/IIa NCT01494688 (combination with Paclitaxel)

M-CSF MCS110 mAB Prostate I NCT00757757

GM-CSFR: GM-CSF receptor; mAb: monoclonal antibody; RA: rheumatoid arthritis; MS: multiple sclerosis

Table 3. Clinical trials targeting GM-CSF/GM-CSFR axis and M-CSF/CSF-1R axis 
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1.7    COMMON IMMUNOLOGICAL METHODS TO STUDY MONONOCLEAR 

PHAGOCYTE SYSTEM  

Common ways of generating macrophages 

Much of our current fundamental knowledge about macrophage biology comes from analysis 

of macrophages that were either derived in vitro from myeloid progenitor cells or drawn from 

the mouse peritoneal cavity. M-CSF-cultured mouse macrophages from bone marrow are 

widely used as the standard for marker evaluation as well as for analysis of various activation 

conditions [61]. Culturing BM progenitor cells with GM-CSF results in generation of 

macrophages with a “pro-inflammatory” phenotype. GM-CSF-derived cultures contain a 

mixture of cells (CD11b+ macrophages and CD11b+ CD11c+ DCs) depending on culture 

conditions. Peritoneal cavity macrophages (either resident or elicited) are another widely used 

source of primary macrophages. Additionally, many other organs (such as lung or spleen) are 

sources of tissue-infiltrating macrophages, although the study of these macrophages is 

complicated by relatively low yields and difficult isolation procedures. Here, I would like to 

briefly review the most common ways of in vitro and ex vivo generation of macrophages and 

discuss the characteristics of these macrophages that might be important for designing 

experiments.   
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Bone marrow  

Colony stimulating factors M-CSF and GM-CSF are commonly used to induce differentiation of 

M-CSF bone marrow macrophages (BMM) and GM-CSF bone marrow derived macrophages 

(GM-BMM). Stimulation of cells with M-CSF results in macrophage population with potent 

immunosuppressive functions and high phagocytic capacity. Culturing cells with GM-CSF, on the 

other hand, leads to the induction of cells with DC properties, namely potent antigen 

presentation capabilities and high expression of co-stimulatory molecules such as MHC II and 

CD80/CD86 [61]. Because of this resemblance, GM-CSF-treated bone marrow cells are often 

referred to as DCs. It’s important to notice, however, that GM-CSF cultured bone marrow cells 
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express mixture of macrophage and DC –specific markers. For example, both GM-BMM and 

BMM populations express common macrophage markers such as CD11b (Mac-1), F4/80, and c-

Fms (M-CSFR) whereas only GM-BMM express DC associated marker CD11c [78]. Unlike DCs, 

GM-BMDCs are good osteoclast precursors [127] and are clearly phagocytic cells [78]. 

Additionally, meta-analysis of mouse microarray data demonstrated that GM-CSF and CSF-1- 

stimulated cells are more similar than they are different [128].  

Peritoneal Cavity 

The mouse peritoneal cavity (PerC) is commonly used as a source to study functions of primary 

macrophages in vitro such as cytokine production, phagocytosis, antigen presentation, cell 

signaling and chemotaxis [154]. The main advantage in using peritoneal cavity macrophages is 

that it is a relatively fast and easy method for isolating macrophages. However, the macrophage 

number that can be isolated from a naïve peritoneal cavity is relatively low. Typically, one 

peritoneal cavity yields only ~1-2 x 106 cell, of which only 40% are macrophages [155]. Over the 

years, however, several methods have been developed to increase the cell yield. Perhaps the 

most popular one is the usage of the thioglycollate broth [156]. Thioglycollate challenge, 

however, recruits large amounts of other cells in addition to macrophages. Although it is 

commonly thought that thioglycollate-elicited peritoneal cells contain a high percentage of 

macrophages (86-95%) [157-159], such assessment was often done solely on the usage of 

macrophage markers CD11b or F4/80. With the advancement of the flow cytometry 

capabilities, however, it is now clear that other myeloid cells such as DCs, neutrophils and 

eosinophils express CD11b and/or F4/80 [155]. Additionally, recent study has identified that 
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two macrophage subsets coexist in PerC that can be identified based on their differential 

expression of F4/80 and MHC II expression [160]. F4/80hiMHC II- is the dominate macrophage 

population in naïve PerC while F4/80lowMHC IIint  is in the main macrophage population post 

thioglycollate challenge [160].  

Because much of the work is done using elicited macrophages, it is very important to 

understand the dynamics of cell recruitment into peritoneal cavity and methods for accurate 

identification of different cell populations. Table 1.4 summarizes the main cell populations 

present in naïve PerC and 3 days post thioglycollate challenge. Unlike it’s commonly thought, 

macrophages constitute only 40-45% of all elicited cells. Moreover, eosinophils represent a 

second major cell population in elicited PerC and account for about 30 to 40% of isolated 

elicited cells (Table 4). Because of co-expression of CD11b and F4/80 markers on eosinophils, 

previous flow cytometry analysis relying solely on these two antigens often overestimated the 

frequency of elicited macrophages and, vice versa, underestimated the number of eosinophils 

recruited into PerC [155].       

 

In addition, two populations of macrophages that coexist in PerC have been recently described 

based on their differential expression of F4/80 and CD11b markers. F4/80highCD11bhigh (also 

Table 4. Major cell population present in naïve peritoneal cavity and 3 days after thioglycollate injection. 

Cell Population Markers Percent (0 Day) Percent (3 Day)

B cells CD19+ ~40% ~5-9%

T cells CD3+ ~10% < 1%

NK cells NK1.1+ ~3% < 1%

DCs CD11chiMHC II+F4/80- ~3% ~3-5%

Neutrophils Ly6G+CD11bintF4/80intSSChi < 1% ~1-5%

Eosinophils SiglecF+CD11bintF4/80intSSChi ~1% ~30-40%

Resident macrophages CD11bhiF4/80hi MHC II - ~40% ~9%

Inflammatory macrophages CD11bhiF4/80lowMHC II+ ~5% ~36%
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referred to as large peritoneal macrophages (LPM)) and F4/80lowCD11blow (also referred to as 

small peritoneal macrophages (SPM)) [161]. Under homeostatic conditions, LPMs constitute  

~90% of PerC macrophages while SPMs account for the remaining 10%. This picture changes 

drastically post challenge with thioglycolate or LPS.  Shortly after stimulation, LPMs migrate 

from PerC to omentum while SPMs and their precursors (inflammatory monocyte) become the 

prevalent macrophage population in PerC (Table 1.4). LPMs and SPMs are characterized by 

different expression of many cell surface antigens such as MHC II, CD80/CD86 and Dectin-1, and 

they also display unique morphologies and functions. Additionally, SPMs and LPMs produce 

different cytokines and chemokines in response to stimulation. SPMs secrete large levels of IL- 

1β, IL-1α, TNFα and IL-12 whereas LPMs produce enhanced levels of CCL2, CCL3, CCL4 and G-

CSF [162, 163] (Fig.10).  Under the steady state conditions, LPMs originate from the yolk sac 

precursors and the numbers are maintained through local self-renewal [57]. SPMs, on the other 

hand, are originated from Ly6C+ inflammatory monocytes which are recruited to PerC during 

inflammatory conditions [160].     

In conclusion, because peritoneal macrophages represent one of the most widely studied 

macrophage populations, it’s very important to (1) use correct markers to accurately identify 

macrophages from other cell populations present in PerC and (2) recognize the existence of two 

phenotypically and functionally different macrophage subsets (LPMs and SPMs) that coexist in 

PerC.  Under steady state conditions, LPMs is the predominant macrophage population in PerC. 

They appear to originate from yolk sac independently from the monopoiesis and their numbers 

are retained though local proliferation [162]. SPMs, on the other hand, originate from 

infiltrating inflammatory monocytes and their numbers increase drastically under the 
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inflammatory conditions [164]. LPMs and SPMs also perform specialized functions with SPMs 

having a pro-inflammatory functional phenotype and LPMs playing a role in the maintenance of 

PerC homeostatic conditions. In the future, it will be important to elucidate the role of LPMs 

and SPMs in interaction with other cell populations present in PerC (such as B cells, T cells, 

eosinophils and neutrophils) as well as the role of these subsets in mounting an immune 

response against an infection.   
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2.1    IDENTIFICATION OF METRNL/IL-39 

Cytokines are signaling molecules that play key roles in many biological processes including 

hematopoiesis, embryonic development, and immune responses [1]. They are produced by a 

variety of cell types, and many exhibit pleiotropic effects under inflammatory or homeostatic 

conditions [2]. Cytokines are low-molecular weight secreted proteins, usually produced by 

activated leukocytes that trigger signal transduction pathways upon binding to their specific 

receptors. Therefore, cytokines represent key molecular messengers through which cells of the 

immune system communicate with each other in order to develop and control immune 

responses. While cytokines are crucial for mounting appropriate immune responses, their 

deregulation is associated with inflammatory abnormalities and/or autoimmune conditions. 

Blockade of many cytokines and/or their receptors has led to disease alleviation in rheumatoid 

arthritis, psoriasis, systematic lupus erythematosus and many other indications [3]. 

Our lab sought to identify and characterize novel genes associated with the immune system. To 

this end, we analyzed a comprehensive database of human gene expression (BIGE) constructed 

using Affymetrix U133 2.0 gene arrays [4-5] that represents more than 105 human tissues and 

cells. This screen led to the identification of several unknown or poorly characterized genes 

encoding secreted or transmembrane proteins expressed by various cells of the immune 

system. We have recently reported two of these molecules; the first one is a transmembrane 

protein that represents a novel biomarker of activated B cells (TSPAN33) [6]; the second is a 

secreted protein (Isthmin 1) expressed in the skin, mucosa and by NK, NKT and Th17 cells [7]. 

Bioinformatics analyses identified 86 novel, un-annotated or poorly characterized genes 
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associated with immune tissues and 303 with immune cells. Eleven of the latter are predicted 

to encode uncharacterized secreted proteins. One of these encodes Meteorin-like, a secreted 

protein related to a Meteorin, a known neurotrophic growth factor that has roles in glial cell 

differentiation and induction of axonal extension [15]. The Metrnl gene is located on human 

chromosome 17 (17q25.3) and mouse chromosome 11. It encodes a small secreted protein of 

311 amino acids with a 45 amino acid signal peptide, predicting a mature protein of 266 amino 

acids (~28 kDa). The BIGE expression profiles of Meteorin (Metrn) and Meteorinlike (Metrnl) in 

the human body are shown in Figure 2.1. Consistent with previous studies that have 

documented that Metrn is a neurotrophic growth factor [15-18], the expression of Metrn is 

largely restricted to the Central Nervous System (CNS) (Fig 2.1). In contrast, Metrnl is not 

expressed (or expressed at very low levels) in the CNS and its expression is instead strongly 

associated with activated monocytes, digestive and respiratory mucosal tissues (oral cavity, 

esophagus, trachea, bronchi) and the skin. Table 2.1 shows the list of tissues with the highest 

expression of Metrnl. We confirmed the human microarray data by qPCR in several mouse 

tissues (Fig.2.2). Recently, Metrnl has been reported to be expressed in adipose tissues [19]. 

However, data from the BIGE database indicates low expression of Metrnl in adipose tissues 

when compared to barrier tissues (skin, mucosa) or activated mononuclear cells (Table 2.1). 
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2.2    METRNL IS PRODUCED BY M2 MACROPHAGES 

Given the strong expression of Metrnl in activated human blood monocytes (Fig.2.1) we 

investigated further the conditions under which Metrnl is expressed in cells of the monocyte-

macrophage cell lineage. As described above, macrophages have been subdivided based on 

their activation state into classically activated (M1) or alternatively activated macrophages 

(AAM/M2) (27). Bacterial products and type I cytokines such as IFNγ induce M1 macrophages, 

while the type II cytokine IL-4 induces M2 macrophages (15, 27). To determine whether Metrnl 

is associated with a specific macrophage activation pattern, we stimulated murine peritoneal 

macrophages with IFNƴ or IL-4. As expected, IFNƴ induced a robust increase in expression of 

M1 markers such as CXCL10 while IL-4 induced M2 markers including Arginase I (14, 27) (Fig. 

2A). Metrnl expression was significantly up-regulated in IL-4-cultured macrophages, while 

conversely, IFNƴ inhibited its expression (Fig. 2.2). Consistent with the mRNA expression results, 

Metrnl protein levels measured by ELISA rose in response to IL-4 and IL-13 while the M1 

polarizing agents IFNƴ and LPS inhibited its production (Fig. 2.2). These results indicate that 

Metrnl is produced and secreted by AAM. 
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2.3    METRNL IS PRODUCED BY M-CSF CULTURED BONE MARROW DERIVED 

MACROPHAGES  

Granulocyte macrophage (GM-CSF) or macrophage (M-CSF) colony stimulating factors are 

hematopoietic growth factors that induce various phenotypic and functional changes in 

macrophage cell lineage populations [8]. M-CSF is produced by many tissues and it controls 

tissue macrophage numbers [20]. In contrast, GM-CSF production is associated with 

inflammatory conditions where it plays a role in the development of inflammatory Dendritic 

Cells (DC) [21-22].  
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As described previously, GM-CSF and M-CSF have different effects on macrophages. Culturing 

murine bone marrow cells with GM-CSF or M-CSF has been linked to the M1- or M2- activation 

states of macrophages, respectively [9, 23]. GM-CSF-bone marrow-derived macrophages (GM-

BMM) display a “pro-inflammatory” cytokine profile and have therefore been termed “M1-like” 

while M-CSF-generated macrophages (BMM) are associated with “anti-inflammatory” 

mechanisms and have been named “M2-like” [8, 23].   

To further explore Metrnl expression patterns in macrophage cell lineage, we generated GM-

BMM and BMM and measured the levels of Metrnl expression by qPCR. Consistent with 

previous reports, GM-BMM exhibits strong expression of TNFα. Conversely, Metrnl expression 

was strongly induced in BMMs and paralleled production of IL-10 (Fig. 2.3). Consistent with the 

qPCR data, BMMs secrete high levels of Metrnl and this production was suppressed by IFNƴ 

(Fig.2.3). We conclude that Metrnl is a cytokine produced by macrophages under M2/BMM-

polarizing conditions. 
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2.4    METRNL EXPRESSION IS ASSOCIATED WITH SEVERAL HUMAN SKIN 

DISEASES  

Tanaka et al [25] observed up-regulation of Metrnl expression in Familial Primary Localized 

Cutaneous Amyloidosis (FPLCA), an autosomal dominant disorder associated with chronic 

itching and skin lichenification. We sought to investigate the expression of Metrnl in several 

human skin diseases. We performed qPCR of Metrnl mRNA in cDNA from biopsy samples of 

either normal skin or lesional skin from patients with psoriasis, Atopic Dermatitis (AD), basal cell 

carcinoma, scleroderma, actinic keratosis, and other skin diseases (Table 2.2). We found 

significant up-regulation of Metrnl expression in psoriasis, AD, prurigo nodularis and actinic 

keratosis, but the most significant up-regulation was observed in psoriasis (Fig. 2.4, Table 2.2). 

These observations strongly suggest that Metrnl is involved in the pathology of these diseases. 
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As shown in Fig 2.1, skin is one of the highest sites of Metrnl expression. The strong expression 

of Metrnl in various skin conditions and by AAMs suggested the involvement of the latter cells 

in the pathology of these diseases. To analyze this further, we sought to determine whether 

other skin cells produce Metrnl.  To this end, we tested Metrnl expression by human 

keratinocytes, fibroblasts, PBMCs and endothelial cells. Under resting conditions, Metrnl is 

expressed by fibroblasts but not by keratinocytes, PBMCs or endothelial cells (Fig. 2.4B). 

However, Metrnl expression is strongly induced in keratinocytes by IFNƴ (Fig 2.4C). The latter 

observation suggests that the over-expression of Metrnl in psoriasis may be due to the Th1 

nature of this disease [26-27]. 
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2.5    METRNL IS OVER-EXPRESSED IN HUMAN RHEUMATOID ARTHRITIS 

We have previously constructed a database of gene expression in human rheumatoid arthritis 

using samples of synovial membranes of patients affected by this disease [14]. We queried the 

expression of Metrnl in this database, and, as shown in Fig.2.5, it is significantly up-regulated in 

rheumatoid arthritis. This result further supports a role for Metrnl in chronic inflammatory 

diseases. 
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2.6    SUMMARY OF CHAPTER 2 

We sought to identify novel or poorly characterized genes encoding either a transmembrane or 

secreted proteins associated with the immune system. To this end, we analyzed a 

comprehensive database of human gene expression (BIGE database: [4-5]). One of the genes 

we identified encodes a poorly characterized small secreted protein called Meteorin-like. 

Metrnl is related to another gene that encodes Meteorin, a known neurotrophic factor [15]. 

Unlike Metrn, which is expressed in the CNS, Metrnl is strongly expressed in skin and mucosal 

tissues (which collectively represent barrier tissues) as well as in M2-polarized macrophages. 

Furthermore, Metrnl is over-expressed in several human skin diseases including psoriasis. 

Metrnl encodes a small secreted protein (~28KDa) produced by several cell types whose 

expression is regulated by other cytokines (IL4 induces its expression in macrophages, IFNƴ in 

keratinocytes). These observations strongly suggest that Metrnl encodes a cytokine involved in 

innate immunity or inflammatory responses. Very little is known about Metrnl. A report 
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identified it as a gene associated with adipose tissues [19], but our human expression data 

indicates that its expression in other non-fat tissues (i.e. skin, mucosa or monocytes) is 

significantly higher (Figure 1A) than in adipocyte-predominant tissues. Recently, Metrnl has 

been shown to be expressed by muscle cells following exercise and adipose tissue in response 

to cold exposure [28]. Metrnl was shown to improve glucose tolerance and stimulate an 

eosinophil-dependent increase in IL-4 expression, which promoted alternative activation of 

adipose tissue macrophages [28]. We should note that the expression of Metrnl in the human 

body (Fig. 1A) indicates homeostatic expression in various tissues. This suggests that it may 

have other non-inflammatory activities that have yet to be defined.  

Given its high expression in skin, we decided to explore its expression in certain skin 

pathologies. We found it significantly up-regulated in Psoriasis, atopic dermatitis (AD), Prurigo 

nodularis and Actinic keratosis (Table 2). However, the highest up-regulation was observed in 

Psoriasis (Fig 3A), a chronic inflammatory disease of the skin which affects 2-3% of the 

Caucasian population [29]. This disorder is characterized by thickened, scaly plaques which 

result from hyper-proliferation of the skin’s epidermal layer due to premature maturation of 

keratinocytes and dermal inflammatory infiltrates [27, 30]. Psoriasis has been considered a type 

1 associated autoimmune disease with an inflammatory infiltrate that includes plasmacytoid 

DCs, CD11c+ DCs as well as type I associated immune cells including CD8+ and CD4+ T cells, the 

latter corresponding to Th1 and Th17 subsets [26]. However, alternatively activated 

macrophages have also been described in psoriasis [31]. In addition, M-CSF has been shown to 

play a role in accelerated wound healing and control of dermal macrophage and Langerhans-

cell development under both homeostatic and inflammatory conditions [9]. 
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AD is a chronic skin disorder characterized by dry, scaly skin and itchy red, splotchy lesions [32-

33], which often become colonized by bacteria and fungi [33]. AD is one of the most common 

disorders, affecting 15-30% of children and 2-10% of adults [34]. In contrast to psoriasis, 

however, AD has traditionally been linked to type II immune responses which are characterized 

by elevated IgE production, activation of mast cells, eosinophilia and induction of Th2 cells [35-

36]. However, recent evidence suggests a biphasic immunological response in which early 

stages of inflammation are characterized by Th2 responses and chronic lesions exhibit strong 

Th1, Th17 and Th22 infiltrates [36-38].  

Due to their skin location, keratinocytes are among the first cells to encounter invading 

microorganisms [39-40]. These observations strongly suggest that Metrnl is a component of 

innate immunity during skin inflammation, and may explain why Metrnl is up-regulated in 

psoriasis (which is widely considered a Th1-associated disease). Keratinocytes express a wide 

range of receptors that allow them to distinguish between different pathogens and help initiate 

appropriate immune responses. They do this by producing various cytokines and chemokines 

such as IL-1β, TNFα, IL-10, CCL20, CXCL9-11, CCL27 and CXCL1 [41-42].  The over-expression of 

Metrnl in psoriasis may be due to IFNƴ-induced keratinocytes. This model would also account 

for the Th1/Th17 association with psoriasis [26, 43].   

Several studies have documented that both psoriasis and AD exhibit a strong genetic 

component and multiple human genome screens have identified four susceptibility loci that 

overlap between these two diseases: 1q21, 3q21, 17q25 and 20p (34, 41). This suggests that 

common genes affect the skin pathogenicity in both psoriasis and AD. Interestingly, the Metrnl 
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gene is located in one of these susceptibility loci (human chromosome 17q25), which makes it a 

strong candidate to be involved in the pathogenesis of these diseases. 

While the strong expression of Metrnl in skin suggested a role for it in skin pathologies (Fig 1A), 

we also explored the expression of Metrnl in other chronic inflammatory diseases. Metrnl is 

significantly up-regulated in the synovial membranes of rheumatoid arthritis patients (Fig. 4). 

The latter observation again supports a role for Metrnl in inflammatory diseases. We conclude 

that Metrnl encodes a novel cytokine that is very likely involved in both innate (through its 

expression in skin and mucosal tissues) and acquired (through its expression in activated 

macrophages) immunity.  

The World Health Organization-International Union of Immunological Societies (WHO-IUIS) 

Nomenclature Subcommittee on Interleukin Designation has defined the following criteria for 

interleukin designation [44]: i) the molecule must have been purified, molecularly cloned and 

expressed; ii) its nucleotide and inferred amino acid sequence should be distinct from any 

currently known interleukin and from any other already described molecule; iii) the molecule 

must be a natural product of cells of the immune system; and iv) the molecule should mediate a 

potentially important function in immune responses.   

Metrnl meets all of these criteria. It has been cloned and expressed, and it exhibits a unique 

nucleotide and amino sequence. Here, we demonstrate that the main cellular sources of Metrnl 

are M2 macrophages and barrier tissues (skin and mucosa). Insofar as its immune function, Rao 

et. al. [28] have shown that Metrnl promotes the development of alternatively activated 

macrophages through an eosinophil-dependent increase in IL-4. The fact that AAMs produce 
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Metrnl (Fig 2), and that its expression in vivo favors the alternative activation of macrophages 

[28], strongly suggests that it represents an ‘amplification loop’ that promotes the widespread 

alternative activation of macrophages, possibly leading to anti-inflammatory effects. Taken 

together, these results strongly suggest that Metrnl may be involved in functions that have 

been associated with M2-polarized macrophages including wound healing, tissue remodeling or 

Th2 responses [45] and may participate in certain inflammatory responses where M2 

macrophages or other Metrnl-producing cells are involved. 

We conclude that Metrnl encodes a novel cytokine, and suggest that this gene and its product 

should be renamed Interleukin 39 (IL-39), a name that better describes the nature of its product 

and follows from the last interleukin described (IL-38) [49]. 

 

2.7    MATERIALS AND METHODS 

BIGE database 

The BIGE database has been described [4-5]. We have used it to identify novel genes associated 

with several tissues or cells [10-11]. To construct the BIGE database, samples from 105 different 

tissues and cell types of the human body were analyzed for gene expression using U133 2.0 

genearrays (Affymetrix, Santa Clara, CA). The resulting data were normalized as described [4], 

and probesets corresponding to Metrn (232269_x_at) or Metrnl (225955_at) were used to 

determine the expression of the Meteorin or Meteorin-like genes in the human body. 
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Mice 

BALB/C and C57BL/6 mice were obtained from Charles River (Wilmington, MA). All animal 

experiments were performed in accordance with protocols approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of California, Irvine. 

Macrophages 

Bone-marrow was isolated from murine femurs and cultured in DMEM (Corning) supplemented 

with 10% fetal bovine serum (FBS, Life technologies), 2% penicillin-streptomycin (Mediatech, 

Manassas, VA) and 50ng/mL M-CSF (Biolegend, San Diego, CA) or 50ng/mL GM-CSF (Biolegend). 

After 3 days, non-adherent cells were removed and fresh medium was added. Bone Marrow 

Derived Macrophages (BMDM) were used after 7 days in culture. To obtain peritoneal cavity 

macrophages, peritoneal exudate cells (PEC) were collected by lavage and allowed to adhere 

for 2 h in DMEM supplemented with 10% FBS, and 2% penicillin-streptomycin. Non-adherent 

cells were then removed and fresh medium was added.  Peritoneal cavity macrophages were 

stimulated with IL-4 (50ng/mL, Biolegend) to induce AAMs or IFNƴ (50ng/mL, Biolegend). For 

some experiments, macrophages were also incubated with IL-13 (50ng/mL, Biolegend), LPS 

(100ng/mL, Sigma-Aldrich, St. Louis, MO) or PGE2 (10ng/mL, Sigma-Aldrich). 

Metrnl ELISA 

Mouse Metrnl ELISA was purchased from R&D systems (Minneapolis, MN), and used according 

to the manufacturer’s protocol.  
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Collection of skin samples and cell culture 

Skin biopsies were collected after obtaining informed consent and approval by the University of 

Düsseldorf Institutional Review Board from healthy individuals undergoing plastic surgery (n = 

11), or from lesional skin from individuals with common skin diseases (psoriasis vulgaris n = 12, 

atopic dermatitis n = 12, prurigo nodularis n = 6, actinic keratosis n = 6) as part of their 

diagnosis. Skin biopsies were immediately snap-frozen in liquid nitrogen and stored at -80°C.  

Primary human cells were isolated and cultured as described [12]. For keratinocytes, 

keratinocyte medium (GIBCO, Invitrogen, Carlsbad, CA) was supplemented with recombinant 

epidermal growth factor (EGF) and bovine pituitary extract. For fibroblasts, fibroblast medium 

Quantum 333 (PAA, Pasching, Austria), and for endothelial cells, endothelial cell medium (EGM) 

MV (Lonza, Basel, Switzerland). Peripheral blood mononuclear cells (PBMCs) were isolated from 

buffy coats by Ficoll-Paque (GE Healthcare, Pittsburgh, PA) density-gradient centrifugation. 

Control samples for human spleen, kidney, brain and liver total RNA were obtained from 

Clontech (Mountain View, CA).  

For functional analyses, recombinant cytokines (R&D Systems, BioLegend) were used to 

stimulate primary human keratinocytes at the following concentrations: GM-CSF (50 ng/ml), 

TNF-β (10 ng/ml) + IL1β (5 ng/ml), IFN-ƴ (50 ng/ml), IL-4 (50 ng/ml), or IL-22 (50 ng/ml) for 24 

hours. Total RNA was isolated and gene expression measured by real time PCR as described [6]. 

qPCR results are plotted as ratios relative to the control gene 18S in universal strand cDNA [13]. 
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Expression of Metrnl in Rheumatoid Arthritis 

We have previously reported the construction of a gene expression database of human 

rheumatoid arthritis [14]. Briefly, samples of synovial membranes of either controls 

(noninflammatory lesions) (N=5) or Rheumatoid Arthritis patients (N=5) were obtained and 

mRNA was prepared from them. cDNA was prepared and hybridized to U133 2.0 genome wide 

human genearrays . To measure the expression of Metrnl in Rheumatoid arthritis, a probeset 

corresponding to Metrnl (225955_at) was used to measure its expression in this database. 

Statistics 

Statistical comparisons between groups were performed using unpaired Student t test 

(GraphPad Prism 4 software). The p values <0.05 indicate significance. Data were plotted using 

GraphPad Prism 4.03 software. 
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3.1    IL-39 IS A CYTOKINE 

 

Cytokines are fundamental components of the immune system and understanding their biology 

is necessary step in understanding immune functions in both health and disease. Cytokines play 

a key role in nearly all biological processes including hematopoiesis, wound healing, embryonic 

development, inflammation, cell differentiation, lymphoid trafficking, apoptosis, proliferation 

and survival [1] (Fig. 3.1). To encompass 

such pleiotropy, the term cytokine has 

expanded over time to include a wide 

range of characteristics and functions. 

However, the most commonly accepted 

definition of a cytokine is a small 

secreted protein (~5-25 kDA) with cell 

signaling activities that can affect the 

behavior of other cells by binding to 

their specific receptors [2]. Importantly, 

the property that distinguishes 

cytokines from other types of secreted proteins is that cytokines have immunomodulating 

functions. The cytokine superfamily is comprised of cytokines, chemokines, interleukins, tumor 

necrosis factors and lymphokines. As of recently, 38 interleukins have been described and, in 

our previous study, we have reported the identification of a novel cytokine, Metrnl, which we 

proposed to be named IL-39. Two other groups have also published the identification of the 

same protein. In one paper, the authors found it being produced by adipose tissue and, 
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therefore, they called it adipokine. In another report, authors found it produced by muscle cells 

and proposed to refer to it as a hormone [9]. The question remains standing – is Metrnl/IL-39 

an adipokine, a cytokine or a hormone? All of them are small secreted proteins which have 

some overlapping functions. Adipokines belong to a subtype of cytokines which are primarily 

secreted by adipose tissue. Since the discovery of the first adipokine leptin in 1994 [3], 

hundreds of adipokines have been discovered [4]. The long list includes adiponectin, chemerin, 

apelin, visfatin, retinol binding protein 4 (RBP4) and plasminogen activator inhibitor-1 (PAI-1) 

[3].  In addition, adipocytes also produce several “classical” cytokines such as IL-6, IL-4, IL-13 

and TNFα [5].  

Hormones, on the other hand, are commonly defined as members of small signaling molecules 

that are produced by a gland and travel via circulatory system to target distinct organs to 

regulate physiological and/or behavioral activities. Hormones come in many flavors of chemical 

structures including steroids, amino acid derivatives, eicosanoids, proteins and peptides. 

Hormones have a wide range of functions, some of which are also attributed to cytokines. 

These functions include metabolism, respiration, stress, growth, development, reproduction 

and tissue functions [6]. Because of their functional overlap, sometimes it is challenging to 

decide what should be termed as a hormone and what as a cytokine. There are, however, some 

specific characteristics in each of these categories that help us to make the decision. Hormones 

tend to be made by specialized cell types which reside in a particular endocrine gland such as 

testes, ovaries and thyroid glands [7].  Unlike hormones, cytokines can be produced by a broad 

range of cells and tissues including immune cells such as T lymphocytes, B lymphocytes, 

macrophages and granulocytes as well as various stromal cells, fibroblasts, endothelial cells, 
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keratinocytes and adipocytes. Moreover, many cytokines can be produced by more than one 

cell type [8]. Another important distinguishing characteristic of hormones is that they are 

present at very low levels in circulation (in pictogram amounts), whereas cytokines are 

commonly found in the nanogram range.    

In our current report, we studied the biology of IL-39 and found that IL-39 is produced in large 

quantities by macrophages in response to a range of stimulating agents. In addition to IL-4, we 

have found that several other cytokines including TNFα, IL-17α and IL-12 upregulate the 

production of IL-39 in macrophages whereas TGFβ and IFNƴ inhibit its production. Moreover, 

the in vivo levels of IL-39 in circulation rise in response to inflammation and injury and subside 

upon resolution of thereof. Together, these data indicate that IL-39 is a cytokine because it 

produced primarily by macrophages, present in circulation in large quantities (nanogram range) 

and has immunomodularly activity.       
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3.2    IL-39 PRODUCTION IN MACROPHAGES IS REGULATED BY MULTIPLE 
CYTOKINES 

 

In our previous report, we have studied the expression of IL-39 in macrophages polarized under 

M1- and M2- conditions. We have shown that IL-39 is up-regulated upon stimulation with IL-4 

(and IL-13) and it is inhibited in the presence of IFNƴ. Because in the literature it is often 

considered that IFNƴ and IL-4 induce two opposite extreme states of macrophage activation, 

M1- and M2-polarized macrophages are arguably the two most studied macrophage activation 

states. However, it’s often overlooked that many other cytokines also have very distinctive 

effects on macrophages through binding to their specific receptors and activating different 

signaling pathways.  We, therefore, decided to investigate if cytokines other than IL-4 and IFNƴ 

influence regulation of IL-39 production in bone marrow derived macrophages (BMMs). We 

cultured BMMs in the presence of various cytokines prior to measuring IL-39 concentration in 

supernatant samples by ELISA. Indeed, we have found that multiple cytokines tested regulated 

IL-39 production in macrophages. Remarkably, TNFα was the most potent inducer of IL-39 in 

BMMs while, conversely, TGFβ was the strongest suppressor of its` production. In addition, IL-

39 was up-regulated by some other inflammatory cytokines including IL-12, IL-17α and IL-1β as 

well as anti-inflammatory cytokine IL-10. Figure 3.2 summarizes the relative intensity of IL-39 

induction/suppression in response to cytokines tested. Such pattern of IL-39 expression does 

not easily fit into the M1- and M2- macrophage activation framework and suggests that IL-39 

may play a role in some feedback loop mechanism for either initiation or suppression of the 

immune responses.  
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3.3    GENERATION OF AN IL-39 KO MOUSE COLONY 

 

To elucidate IL-39 function(s), we have generated a full body IL-39 KO mouse colony using 

Mouse Embryonic Stem (ES) clones obtained from the UC Davis Knock Out Mouse Project 

(KOMP) (Fig.3.3). These mice are viable, born in Mendelian ratio and they breed well. The 

deletion of the target region within Metrnl gene was confirmed by PCR. We also confirmed by 

ELISA that macrophages isolated from IL-39 KO mice do not produce IL-39 protein.   

 

 

Rao RR et.al. have reported that Metrnl/IL-39  is involved in metabolic regulation of energy 

expenditure and control of glucose tolerance as well as regulation of genes associated with 
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beige fat thermogenesis [9]. We, therefore, have been monitoring the weight gain in IL-39-/- 

mice but have not found any abnormalities over the period monitored (Fig.3.4).   

 

 

 

3.4    ROLE OF IL-39 IN HUMORAL IMMUNE RESPONSE 

 

Many cytokines play a central role in regulating the mechanism of class switching in B cells 

during the immune response. All naïve B cells express cell-surface IgM and IgD, which then 

undergo class switching to other antibody isotypes [10].  IgG is the most abundant isotype 

found in serum, which indicates that most of antibody producing cells have undergone class 

switching.  During an infection, the early stages of the humoral immune responses are 

dominated by low-affinity IgM antibodies with later onset of high-affinity class-switched 

antibodies [11]. IgG and IgA are two predominant antibody classes, with little IgD produced at 
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any time. IgG is the predominant class found in plasma and extracellular fluid. It readily passes 

into the tissues where it opsonizes pathogens and activates complement system. IgA is the 

predominant class found on the epithelial lining of the mucosa associates tissues such as the 

intestinal and respiratory tracts where it mainly acts as a neutralizing antibody [12]. IgE is 

produced in small quantities, but it plays an important biological role and is associated with 

allergic reactions such as anaphylaxis and asthma [13]. 

The mechanism of class switching to different antibody isotypes is not random, but largely 

regulated by the cytokines produced by helper T cells and other cells of the immune system. In 

vitro studies have shown that the presence of different cytokines results in preferential 

induction of class-switching to different antibody isotypes.  IL-4 preferentially induces switching 

to IgG1 and IgE through STAT6 signaling. IFNƴ induces switching to IgG2a through activation of 

STAT1/2 signaling pathway while TGFβ preferentially induces switching to IgA by upregulating 

RUNX expression [14].  The effects that different cytokines play in B cell class switching are 

summarized in the Table 3.1. 
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We, therefore, decided to compare serum immunoglobulin levels in WT and IL-39-/- mice. Blood 

was drawn from 7wk old WT and IL-39-/- females and serum levels of IgM, IgA and total IgG 

were measured by ELISA. We observed that the level of serum IgM was increased in IL-39-/- 

mice and there was also an increase in total IgG levels.   In mouse, IgG is composed of four 

different subtypes: IgG1, IgG2a, IgG2b and IgG3. To determine if the decrease observed in total 

IgG levels is due to a decrease of any one (or more) IgG isotype, we have measured different 

IgG isotypes in the serum of these mice. We have found reduced levels in serum IgG2b and IgG3 

of IL-39-/- mice when compared to WT controls.  
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To determine whether altered levels of IgG levels in serum are due to altered B cell 

development and/or maturation, we compared B cell subtypes in the major immune 

compartments of WT and IL-39-/- mice including bone marrow, spleen, lymph nodes and 

peritoneal cavity by flow cytometry. We didn’t observe differences in B cell numbers or 

populations in these mice. This suggests that the observed differences in antibody isotype 

levels are due to other factors such as altered levels of soluble factors (cytokines) in IL-39-/- 

mice which might influence class switching in B cells.  
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3.5    IL-39 DEFICIENT MICE EXHIBIT A DECRASED ANTIBODY RESPONSE TO 
IMMUNIZATION WITH HEAT INACTIVATED VACCINIA VIRUS (HI-VACV) 

Given that the IL-39-/- mouse exhibit an altered immunoglobulin levels in serum, we were 

interested in investigating whether these mice are able to mount efficient humoral immune 

responses. To this end, we immunized WT and IL-39 deficient mouse with heat-inactivated (HI) 

form of the mouse-adapted Vaccinia virus (VACV) WR strain, boosted immune response on day 

14 and collected serum samples on day 28 for evaluation of an antibody response. The antibody 

response to immunization was evaluated by testing serum samples using a VACV WR strain 

proteome microarray [15] which allowed us to monitor isotype-specific immunoglobulin 

responses against viral antigens present in the VACV WR array. Both WT and IL-39-/- mice 

responded to immunization, but the number of antigens to which the IL-39-/- mice responded 

with a robust humoral response was significantly lower than in WT mice 28 days post 

vaccination (Fig.3.7). 

The response to HI-VACV vaccination is skewed towards several structural proteins rather than 

proteins expressed in infected cells. This might be explained by the inability of the heat-

inactivated virus to infect cells. A viral membrane glycoprotein WR187 showed the highest 

reactivity in both WT and IL-39-/- mice (Fig.3.7), but the number of antigens towards WR187 was 

significantly lower in IL-39-/- mice when compared to WT counterparts. This indicates that IL-39 

may be involved in the development of humoral responses for certain immunoglobulins 

isotypes.  
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3.6    IL-39 DEFICIENT MICE EXHIBIT PATHOLOGY IN THE MUCOSA-ASSOCIATED 

ORGANS 

Over the time we housed IL-39-/-mice, we have observed reccurring cases where IL-39 deficient 

mice exhibited a very distinct pathology characterized by severe influx of a fluid into internal 

organs (Fig.3.8). In a majority of cases, this affected kidney and/or uterus of the mice, although 

once we also observed a similar pathology in the colon. Additionally, in two older females (9 
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month old) we have also observed abnormally dilated lymphoid vessels filled with large 

numbers of leukocytes.  
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To determine whether the lesion-infiltrating fluid contains white blood cells, we analyzed the 

fluid extracted from kidney and uterus of an affected mouse by flow cytometry. Flow cytometry 

analysis revealed that the observed lesions are characterized by a larger influx of neutrophils.    

We also measured by qPCR several inflammation-associated genes in lesion-affected organs 

including CXCR2 (chemotaxis receptor in neutrophils), CCL2 (monocyte-recruiting chemokine) 

and CCL22 (induces the migration of CCR4+ Th2 cells, Tregs, DCs and NK cells). We have found a 

large increase in these inflammation-associated genes, further supporting that the observed 

lesions are marked by inflammation. 

As mentioned above, macrophages are present in most of tissues where, under steady state 

conditions, they play important tissue maintenance roles. Deregulation of macrophage 

activation, however, has been also associated with many inflammatory disorders. For example, 

monocyte/macrophages have been found to be key mediators of many aspects of kidney 

disorders associated with immunological inflammation or injury [16]. Macrophages get 

activated in response to a wide range of stimuli such as LPS, CpG microbial 

oligodeoxynucleotides and flagellin. In addition to exogenous stimuli, macrophages are also 

activated in response to endogenous agents such as complement components, plasma 

proteins, immunoglobulins, antigens and pentraxins which also have the capacity to activate 

macrophages [17]. In response to both exogenous and self-stimulating agents, macrophages 

produce a range of cytokines such as TNFα, IL1β, IL-12, IL-6 and IL-23 and chemokines including 

CCL3, CXCL2, CCL2 and CXCL1, which can have a deleterious impact on the kidney [18, 19]. 

Strains of inbred rodents have long been used to identify the genes that mediate an increased 
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susceptibility to kidney inflammatory disease models. As expected, many of these genes are 

associated with the innate and/or adaptive immune functions [20, 21]. One of the examples is 

Fcƴ receptor 3 (FcƴRIII) expressed on macrophages. Inactive form of this receptor effects 

macrophage function to effectively phagocytose ICs, making them to switch to an alternative 

more activatable pathway [22]. Another example of kidney disease susceptibility genes is JunD, 

which is a transcription factor in the AP-1 family and is involved in regulation of cellular 

macrophage activation [23]. These two examples highlight that both non-phagocytic clearance 

of ICs by macrophages and intracellular regulation of macrophage activation have key roles in 

mediation of disease progression.  

As shown previously, macrophages isolated from IL-39-/- mice produce increased levels of 

several pro-inflammatory cytokines and chemokines indicating that it plays a role in regulation 

macrophage activation. This “pro-inflammatory” state of macrophages might render mice more 

susceptible to kidney inflammation although the exact mechanism remains to be elucidated.     
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3.7    IMMUNE CELLS ISOLATED FROM IL-39-/- MICE PRODUCE ALTERED LEVELS 
OF SEVERAL CYTOKINES AND CHEMOKINES 

 

To investigate the possible functions of IL-39, we compared the levels of cytokines and 

chemokines produced by immune cells of WT and IL-39-/- mice in under various stimulating 

conditions. To this end, we activated splenocytes isolated from WT and IL-39-/- mice with anti-

CD3/anti-CD28 (T cell activation conditions) for 24 hours prior to measuring levels of 39 

different cytokines and chemokines using LegendPlex panels. Analysis of activated splenocytes 

from IL-39-/- mice showed altered production of several cytokines and chemokines when 

compared to their WT counterparts.  Specifically, splenocytes from IL-39-/- mice produced 

elevated levels of IL-2 and decreased levels of IL-10, GM-CSF and IL-22. The production levels of 

several chemokines were also altered between WT and IL-39-/- mice.  IL-39-/- mice produced 

higher levels of CCL2, CXCL9 and CXCL10 but significantly lower levels of CCL3 and CCL4 

chemokine ligands (Fig. 3.11). The levels of some selected cytokines were also confirmed by 

ELISA (Fig. 3.12).   
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The chemokines constitute a family of small secreted proteins which were initially characterized 

based on their chemotactic activity on various leukocyte populations [24, 25]. Chemokines bind 

to their cognitive G protein-coupled receptors (GPRs), which are selectively expressed on the 

leukocyte surface. In addition to regulating leukocyte trafficking, chemokines also have been 

shown to effect leukocyte maturation as well as their effector functions.  
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The chemokines CCL3 (also known as macrophage inflammatory protein 1α (MIP-1α)) and CCL4 

(also known as macrophage inflammatory protein 1β (MIP-1β)) are produced by activated 

monocytes/macrophages and T cells. CCL3 and CCL4 are secreted as heterodimers, which may 

have an impact on intracellular signaling events through their receptor CCR5 [26].  CCL5 (also 

known as RANTES), CCL3 and CCL4 elicit their effect through binding CCR5, which is 

predominantly expressed on T cells, macrophages, DCs and eosinophils. CCR5 is also targeted 

by many forms of human immunodeficiency virus-type 1 (HIV-1) during entry into cells [27-30]. 

The interactions of these chemokine ligands with CCR5 blocks and down-regulates CCR5 

expression on the cell surface. Because chemokine ligands and HIV-1 compete for CCR5 binding 

site, CCL3, CCL4 and CCL5 have been shown to be major suppressors of HIV-1 [30-33].  

Accordingly, several studies indicated that there is an association between higher-production of 

HIV-suppressive chemokines CCL3, CCL4 and CCL5 and a more favorable clinical status in HIV+ 

individuals [34, 35].  

Chemokines CXCL9 and CXCL10, on the other hand, are produced in response to IFNƴ by several 

cell types including monocytes/macrophages, endothelial cells, fibroblasts and T cells [36]. 

CXCL9, CXCL10 and CXCL11 function via binding CXCR3 [37], which is primarily expressed on 

monocytes/macrophages, Th1 cells, CD8+ T cells NK cells and DCs. In addition to regulating 

trafficking of these cells, CXCL9 and CXCL10 are also play a role in promotion of T cell adhesion 

to endothelial cells, inhibition of bone marrow colony formation and antitumor activity [38, 39]. 

Additionally, CXCL9 and CXCL10 are typically secreted by local cells in response to inflammation, 

which suggests that CXCR3 and its chemokines play an important role in the recruitment of 

inflammatory cells [40]. Accordingly, high expression of CXCR3 has been associated with many 
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inflammatory and autoimmune diseases including multiple sclerosis [41], atherosclerosis, type 

1 diabetes [42], pulmonary fibrosis [43], nephrotoxic nephritis [44] and an acute allograft 

rejection [45].   In addition, several reports demonstrated an important role for the CXCR3-

CXCL9/CXCL10 axis for T-cell trafficking to the tumor site where high expression of CXCR3 and 

its ligands associates with favorable prognosis [46-49]. 

Both CCR5 and CXCR3 are expressed on the surfaces of Th1 and CD8+ T cells and, therefore, it’s 

often thought that their chemokine ligands have redundant functions regulating T cell 

functions. However, based on our own observations and several recent reports, its emerging 

that its very likely that the CCL3/CCL4/CCL5/CCR5 axis and the CXCL9/CXCL10/CXCL11 axis 

alternatively orchestrate T-cell activities (such as proliferation, survival, retention or egress). 

The main evidence of this is the differential regulation of expression of these chemokine ligands 

by cytokines and inflammatory conditions. For example, IFNƴ is a very strong inducer of 

CXCL9/CXCL10/CXCL11 expression in macrophages and T cells. At the same time, IFNƴ inhibits 

expression of CCL3, CCL4. Similarly, during oral infection of mice with S. typhimurium the 

expression of CCL3, CCL4 is inhibited, whereas expression of CXCL9/CXCL10 and CXCL11 is 

strongly upregulated [50]. This suggests that, while both CCR5 and CXCR3 are expressed in Th1 

cells, the regulation of these cells by chemokine ligands might be very different and mutually 

repressive. The finding that activated T cells isolated from IL-39-/- mice produce elevated levels 

of CXCL9 and CXCL10 and reduced levels of CCL3 and CCL4 might help to elucidate the 

functional regulation of Th1 cell functions by these chemokine ligands (Fig 3.13).  
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3.8    PHYSIOLOGICAL LEVEL OF IL-39 INCREASES IN RESPONSE TO STERILE 
INFLAMMATION CAUSED BY THIOGLYCOLLATE INJECTION 

 

After we established that IL-39 plays a role in regulating immune responses, we wanted to 

elucidate its function in vivo using a well described model of murine thioglycollate elicited 

peritonitis. This model of sterile inflammation is marked by accumulation of leukocytes in 

peritoneal cavity. The first wave of leukocyte infiltration consists of a large number of 

granulocytes (mostly neutrophils and eosinophils) which reach their peak levels between 4 and 

24 hours post challenge. The first wave of granulocyte infiltrating cells is followed by 

inflammatory macrophages which reach their peak levels at 3 to 4 days after treatment. In 
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addition to leukocyte recruitment, thioglycollate challenge is accompanied by a large increase 

of production of several pro-inflammatory cytokines and chemokines including IL-6, IL-1β and 

TNFα as well as the anti-inflammatory cytokine IL-10, which are produced at detectable levels 

in both serum and peritoneal exudate (Fig.3.14). The primary sources of these mediators are 

leukocytes within the inflamed areas where they are triggered to elicit particular immune 

responses.  
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Because murine model of thioglycollate peritonitis involves such a dynamic interplay between 

various cell types and pro-inflammatory/anti-inflammatory mediators, we used this model to 

investigate the spatiotemporal association between IL-39 levels and kinetics of leukocyte 

accumulation in the peritoneal cavity. To this end, we administered thioglycollate into the 

peritoneal cavity of C57BL/6 mice and collected serum and peritoneal exudate samples at 

different time points post injection. We measured IL-39 levels in these samples by ELISA and 

found that IL-39 production had rapidly increased soon after the thioglycollate challenge and 

gradually subsided as inflammation started to resolve (Figure 3.15). 
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To determine if IL-39 deficiency would affect cell composition in the peritoneal cavity of mice, 

we analyzed cell populations in wild type and IL-39-/- mice one day post thioglycollate 

administration. As discussed in the introduction, the macrophage population in the naive 

peritoneal cavity pf mice consists of LMP (CD11bhiF4/80hi) and SMP (CD11blowF4/80low). Under 

homeostatic conditions, LPMs account for the majority of macrophages (~95%) found in PEC 

while SPMs constitute the rest (~5%). One day after the thioglycollate administration, LPMs in 

both WT and IL-39-/- mice migrated out of the peritoneal cavity and, instead, we observed an 

influx of a large number of granulocytes (neutrophils and eosinophils) which co-express 

CD11blow F4/80low (Fig.3.16). The analysis of these cells revealed that lower numbers of 

neutrophils are recruited into the peritoneal cavity of IL-39-/- mice when compared to WT 

counterparts (Fig.3.16).   
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3.9    IL-39-/- MICE ARE MORE SUSCEPTIBLE TO TOXOPLASMA GONDII INFECTION   

 

After we have established that IL-39 production is highly induced in the model of sterile 

inflammation (thioglycollate elicited peritonitis) and plays a role in the kinetics of cell 

recruitment, we set out to determine whether IL-39 also plays a role in the host defense against 

a pathogen. Over the years, T.gondii has emerged as a powerful model organism for studying 

both the molecular basis of apicomplexan pathogenesis as well as host’s mechanisms of both 

innate and adaptive immune responses [51].  

Toxoplasma gondii is an obligate intracellular parasite capable of infecting a wide range of 

animals [51]. In healthy adults, T.gondii is effectively controlled by the immune system, but the 

parasite survives in a semi-dormant state in the brain where it establishes a chronic infection 

[52]. In infants and individuals with weakened immune system (such as AIDS patients), a 

T.gondii infection can cause a potentially fatal illness called toxoplasmosis. T.gondii has a very 

peculiar life cycle that can be broadly divided into two major stages: an asexual stage that can 

occur in wide range of animals and sexual stage that can occur only in animals of the felids 

family, such as domestic cats [51]. The development of gametocyte within the epithelial cells of 

felids’ intestines leads to gamete fertilization and ultimate release of infectious oocytes with 

the feces. These oocytes can contaminate food and water and lead to infection of animals.  

In the intermediate host, infection with T.gondii is divided into two stages: an acute infection 

and chronic infection.  During the acute stage, tachyzoites (a fast-dividing form of the parasite) 

undergo rapid asexual reproduction within nucleated host cells and disseminate throughout the 

body. Following a vigorous immune response, tachyzoites differentiate into bradyzoites (slow-
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replicating form of the parasite) which exist in the dormant state within tissue cysts establishing 

a chronic infection. 

 

T.gondii is recognized by cells of the innate immune system through both TLR-dependent and 

TLR-independent mechanisms. In rodents, TLR11 is the central innate sensor for the T.gondii 

parasite.  TLR11 detects the unconventional actin-binding protein profiling, which is essential 

for parasite motility and host cell invasion [53, 54]. Humans, however, lack the gene that would 

encode functional TLR11, and therefore the main human sensor for T.gondii has yet to be 

identified. Although other endosomal TLRs (TLR7 and TLR9) [55, 56] as well as cell surface TLRs 
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(TLR2 and TLR4) [57-59] have been implicated in T.gondii recognition, their relevance to the 

regulation of a host defense against T.gondii is less clear.  In addition, cells of the innate 

immune system detect T.gondii through inflammasomes, intracellular sensor systems that 

mainly function to detect microbial ligands in the cytosol. Activation of inflammasome 

downstream ligands caspase 1 and caspase 11 leads to pyroptotic cell death and subsequent 

elimination of the T.gondii’s niche for survival and replication [60, 61].  

IL-12 has been demonstrated to be the most important mediator for the induction of the 

effector immune responses required to control T.gondii. The deficiency in IL-12 results in acute 

susceptibility to T.gondii [62, 63]. IL-12 induces production of IFNƴ by NK cells, CD4+ and CD8+ T 

cells [63, 64]. Although cell-mediated killing of the infected cells by these lymphocytes 

contributes to the containment of the infection, their main role is the production of IFNƴ, which 

induces antimicrobial effector mechanisms essential for the control of T.gondii [51, 65]. The 

sources of IL-12 during T. gondii infection include CD8α+ DCs [66], monocytes, plasmacytoid DCs 

(pDCs) [67] and neutrophils [68]. Selective ablation of inflammatory monocytes [69] or CD8α+ 

DCs [70] resulted in acute susceptibility to the infection. Accordingly, the recruitment of 

inflammatory monocytes to the site of the infection has been shown to be critical to control for 

the control of T.gondii [71, 72].  

To determine whether IL-39 plays a role in immune response against T.gondii, we first 

measured IL-39 expression in infected human monocytes and THP-1 cells (human monocyte cell 

lineage). We found that, indeed, infection of THP-1 cells with both type I and type II T.gondii 

strains resulted in strong up-regulation of IL-39.  



115 

 

After we established that IL-39 is strongly induced in monocytes upon their infection, we set 

out to determine whether IL-39 deficiency results in an altered immune response to T.gondii. 

To this end, we have infected WT and IL-39-/- mice with T.gondii strain expressing luciferin and 

monitored the infection progression by recording the body weight change and performing IVIS 

imaging. Unlike some other inflammation models (such infection with Salmonella enterica), 

T.gondii does not appear to cause a significant weight loss. Neither WT nor IL-39 deficient mice 

lost more than 10% of their initial body weight (Fig.3.19). IVIS imaging, however, revealed that 

IL-39-/- mice had higher parasite loads than their WT counterparts (Fig.3.20). 
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After 14 post infection, we analyzed the cell pupulations in major immune compartments 

(spleen, lymph nodes and perioneal cavity) by flow cytometry. CD8+ DCs and pDCs have been 

shown to be early sourses of IL-12, a cytokine critical for mediating host immune responses to 

T.gondii.  We, therefore, analyzed diffent splenic DC populations in WT and IL-39 deficient mice 

(Fig.3.21). We found similar numbers of CD8+ DCs and CD11b+ DCs in the spleens of IL-39-/- and 

WT mice but, significantly lower numbers of pDCs in IL-39-/- mice when compared to their WT 

counterparts (Fig.3.21).  
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Furthermore, in spleens of IL-39-/- mice there were significantly reduced numbers of CD4+ and 

CD8+ T cells (Fig 3.22), although the expression of CD69 and CD25 activation markers on these 

cells were similar between WT and IL-39 deficient mice (not shown).  



119 

 

We also have examined by flow cytometry cells isolated from mice peritoneal cavities and 

found that IL-39-/- mice had reduced numbers of monocytes. Moreover, monocytes in 

peritoneal cavities of IL-39-/- mice  exhibited a higher GFP signal, indicating that the frequency 

of infected monocytes was higher in IL-39-/- mice than that in their WT counterparts (Fig.3.23).  
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3.10     SUMMARY OF CHAPTER 3  

We have previously reported the identification of a novel cytokine Metrnl which we proposed 

to be renamed IL-39 to reflect its association with the immune system. We have shown that 

expression of IL-39 is associated with barrier tissues (mucosa and skin) and M2 macrophages. 

We also have found that IL-39 is overexpressed in several human autoimmune conditions 

including psoriasis and rheumatoid arthritis [73]. In our current report, we sought to perform 

functional caracterization of IL-39 using IL-39 deficient mice. We have found that, in addition to 

IL-4 and IL-13, several other cytokines regulate IL-39 production in macrophages. For example, 

TNFα and IL-12 were strong inducers of IL-39 while TGFβ and IFNƴ were strong inhibitors of its 

expression. In addition, levels of IL-39 in serum and peritoneal exudate increase significantly in 

response to sterile inflammation caused by thioglycollate injection into peritoneal cavity.  

After we housed IL-39-/- mice, we noticed recurring cases of inflammatory lesions which mostly 

affected the kidney and uterus of these mice.  Flow cytometry analyses of infiltrating fluid 

revealed the presence of high numbers of leukocytes (mostly neutrophils) in these lesions. 

Consistent with flow cytometry data, qPCR data have shown significant overexpression of 

several pro-inflammatory markers in these lesions including CXCR2 (neutrophil receptor), CCL2 

(monocyte chemotactic chemokine), TNFα and IFNƴ. Although the exact cause of these lesions 

remains to be identified, we believe that future studies of aged mice will help to elucidate the 

role of IL-39 in maintenance of uterus and kidney functions.   

We also have found that, although IL-39 deficient mice had comparable numbers of major 

immune cell populations in their immune organs, the effector functions of some of these cells 
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were altered. For example, splenocytes isolated from IL-39-/- mice produced altered levels of 

several cytokines and chemokines under T cell activating conditions (with anti-CD3/anti-CD28) 

when compared to splenocytes isolated from their WT littermates. Specifically, splenocytes 

from IL-39 deficient mice secreted increased levels of CXCL9 and CXCL10, whereas the levels of 

CCL3 and CCL4 were significantly reduced.   

To elucidate the role of IL-39 in the innate and/or adaptive immune responses, we tested our 

mice in a murine model of T.gondii infection. To this end, we found that IL-39 deficient mice 

had an increased pathogen  load  as indicated by IVIS imaging. Moreover, flow cytometry 

analysis of immune compartments revealed that IL-39-/- had altered levels of multiple cell 

populations including reduced numbers of pDCs, CD4 and CD8 T cells in the spleen as well as 

decreased numbers of monocytes in the peritoneal cavity. Although further studies are needed 

to elucidate the role of IL-39 in protection against T.gondii infection, it is clear that this cytokine 

plays an important role in innate and/or adaptive immune responses. 

 

3.11    MATERIALS AND METHODS 

Mice 

C57BL/6 mice, 6 to 8 weeks old mice were purchased from Jackson Labs or bred locally. All mice 

were maintained at the UC Irvine Animal Care Facility and all experiments were conducted with 

institutional animal care and use committee approval. 
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Generation of IL-39 full body knock-out mice 

To generate an IL-39-/- mouse, we obtained Mouse Embryonic Stem (ES) clones containing a 

selection cassette, L1L2_Bact_P from the UC Davis Knock Out Mouse Project (KOMP) 

repository. These ES clones were microinjected into C57BL/6 blastocysts which were 

transferred into pseudo-pregnant female mice. Resulting chimeras were crossed with WT 

C57BL/6 mice and the litters were screened for germline transmission (F1 IL41 Neo/+ germline 

mice). Germline transmission was verified via PCR using primers as follow: 5’-

TGGCTCCCTAGACCCTAGATACACC-3’ with 5’-CTGGGATCAGATCAGAACCAAACGC-3’ or 5’-

GGGATCTCATGCTGGAGTTCTTCG-3’ generating wild type 727-bp fragment and Neo positive 

870-bp fragment. IL-39 Neo/+ heterozygotes were subsequently bred with FLPeR mice 

(B6N.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/J) obtained from the Jackson Laboratory. In this 

mouse strain, the FLPe expression is driven by the Gt(ROSA)26Sor promoter with widespread 

expression from preimplantation onward, which results in extensive recombination of target 

(FRT) sites . The presence of the FLPe gene was confirmed by PCR using the following primers: 

5’- CACTGA TATTGTAAGTAGTTTGC-3’ and 5’- CTAGTGCGAAGTAGTGATCAGG-3’ generating 725-

bp fragment in FLPe positive mice. The resulting litters were screened for the FLPe-mediated 

excision of neomycin resistance cassette via PCR using primers as follows: 5’-

CTGGGATCAGATCAGAACCAAACGC-3’ and 5’-TGGCTCCCTAGACCCTAGATACACC-3’ generating 

wild type a 727-bp fragment and 801-bp fragment in mice where the deletion of Neo cassette 

has occurred. Then, IL41Neo-/loxP+ mice have been crossed to homozygous cre (B6.C-Tg(CMV-

cre)1Cgn/J) mice (obtained from the Jackson Laboratory).  In this mouse strain, cre gene 

expression is driven by human cytomegalovirus minimal promoter which is expressed prior to 
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implantation. Therefore, the deletion of loxP-flanked genes occurs in all tissues and should lead 

to ubiquitous deletion of the targeted region within the IL-39 gene. The litters were screened 

for the deletions of the target region via PCR using primers as follow: 5’-

CCTCTAGGGACCAGAACTACAAGCC-3’  and 5’-CTGGGATCAGATCAGAACCAAACGC-3’ generating 

790-bp fragment in mice where the target region deletion has occurred, IL-39+/- mouse. At this 

point, we intercrossed IL-39+/- heterozygous mice in order to generate IL-39-/- mice.  

Tissue Preparation 

Peritoneal cells were harvested by injecting 10 ml of cold PBS into PerC. Spleen and lymph 

nodes were disrupted using 40µm cell strainer and resuspended to obtain single cell 

suspension. All cell samples were resuspended at 10 x 106 cells/ml using RPMI 1640 medium 

containing 2% L-glutamine, 10% FBS (Life technologies) and 2% penicillin-streptomycin 

(Mediatech). Bone-marrow was isolated from murine femurs and cultured in DMEM (Corning) 

supplemented with 10% FBS, 2% L-glutamine and 2% penicillin-streptomycin and 50ng/mL M-

CSF (Biolegend, San Diego, CA). After 3 days, non-adherent cells were removed and fresh 

medium was added. Bone Marrow Derived Macrophages (BMDM) were used after 7 days in 

culture. For macrophage activation studies, BMMs were cultured in the presence of various 

cytokines (all from Biolegend) at the concentration 50ng/ml.  

Thioglycollate Induced Peritonotis 

In vivo, 1ml of 3% Brewer thioglyacollate broth (Sigma-Aldrich, St. Louis, MO) was injected i.p. 

to establish acute sterile peritonitis. At indicated times, PerC was harvested, stained, and 

analyzed.  



125 

Flow Cytometry 

Cell suspensions were preincubated with anti-CD16/CD32 mAb to block FcyRII/III receptors and 

stained on ice for 30 min. with the appropriate fluorochrome-conjugated mAb. Cells were then 

washed with cold washing buffer two times and analyzed using NovoCyte flow cytometer. Data 

were collected for 0.2 to 1 x 106 cells and data were analyzed with FlowJo software (TreeStar).  

In Vitro and in Vivo Stimulation 

In vitro, 1 x 106 PerC cells were cultured with and without 1 µg/ml of LPS (Sigma) in a final 

volume of 500 µL of RPMI-1640 plus 2% L-glutamine and 10% FBS. Cells were incubated at 

physiologic oxygen levels (5% O2) for indicated times. In vivo, 1 mL of 3% thioglycolate broth 

was injected i.p. At indicated times, PerC was harvested, stained, and analyzed.  

qPCR 

Quantitative real-time PCR (q-PCR) data was generated using a Roche Lightcycler 480 system 

with the Universal Probe Library (UPL) based system (Roche, Indianapolis IN). Total RNA was 

extracted from mouse tissues or cells using Qiagen RNAeasy kit according to manufacture 

instructions. 500ng of RNA were used for each sample in a reverse transcription reactions to 

synthesize cDNA. qPCR results were processed in Excel and analyzed using GraphPad Prism.  

HI-VACV-Mouse Vaccination and Sera Collection  

WT and IL-39-/- mice were vaccinated with 2 x 106 PFU heat inactivated Vaccinia virus Western 

Reserve (VVWR) strain with Alum adjuvant administrated intramuscularly. Mice received a 
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vaccine boost on day 14. Longitudinal sera samples were collected from mice by saphenous 

vein bleed on day 0 and on day 28 post vaccination.  

Viruses 

VVWR stocks were grown on HeLa cells in T175 flasks, infecting at a multiplicity of infection of 

0.5. Cells were harvested at 60hr and virus was isolated by rapidly freeze-thawing the cell pellet 

three time in a volume of 2.3ml RPMI plus 1% Fetal Calf Serum (FCS). Clarified supernatant was 

frozen at -80˚C as virus stock VVWR stocks were titrated on Vero cells (2 x 108 PFU/ml). Heat-

inactivated VVWR stock was prepared by incubating virus on water bath at 65˚C for 1hr.    

Statistics 

Statistical comparisons between groups were performed using unpaired Student t test 

(GraphPad Prism 4 software). The p values <0.05 indicate significance. Data were plotted using 

GraphPad Prism 4.03 software.  
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4.1   MURINE SALMONELLA ENTERICA INFECTION MODEL 

The immune system has evolved with potent mechanisms to defend a host against pathogens 

as well as potentially harmful commensals such as pathobionts. Pathogens, on the other hand, 

also evolved with mechanisms which allow them, at least temporarily, to overcome host 

immune responses and establish an infection [1]. In fact, multiple studies have indicated that 

some harmful microbes can actually highjack a host’s own immune mechanisms to enhance 

their colonization and replication. One of the prime examples of such pathogens is Salmonella 

enterica (referred further as Salmonella), which has proved to be an extremely successful 

intracellular parasite which causes approximately 20 million human cases of typhoid fever [2] 

and 90 million human cases of gastroenteritis [3].  

One of the mechanisms that allow Salmonella to persist during chronic infection and evade 

clearance by the host immune system involves establishing a niche inside macrophages which 

have anti-inflammatory M2 phenotype [4, 5]. M2 macrophages secrete high amount of anti-

inflammatory cytokine IL-10 and very low amount of inflammatory cytokines which results in 

inhibition of immune responses toward Salmonella [5]. Another essential factor that allows 

Salmonella to survive in M2 macrophages is metabolic properties of these phagocytes.  The 

activation of macrophages towards M2 phenotype involves the activation of metabolic 

regulators such as peroxisome proliferator-activated-receptors (PPARs) PPARƴ and PPARδ [6]. 

PPARs play a role in glucose homeostasis, modulating fatty acid metabolism as well as 

regulating insulin sensitivity.  Upregulation of PPARs in M2 macrophages results in increase of 
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glucose levels which promotes the survival and proliferation of Salmonella inside these 

macrophages [4].  

Another important feature that allows Salmonella to achieve high levels of colonization in the 

colon is the induction of the robust inflammatory response. Infection with Salmonella triggers a 

massive immune response which is characterized by the production of high levels of pro-

inflammatory cytokines such as IL-23 (by myeloid cells) and IL-18 (by macrophages and 

epithelial cells) [1, 7]. These cytokines, in turn, amplify the immune responses by stimulating 

other cells to produce more pro-inflammatory cytokines. IL-23 triggers the production of IL-22 

and IL-17 from Th17 cells [8], innate lymphoid cells [9], ƴδ T cells [10] and neutrophils [11]. IL-

18, on the other hand, induces Th1 cells to produce IFNƴ [12]. IL-17 and IL-23 also induce high 

expression of IL-6 which, in turn, further amplifies Th17 immune responses [13, 14]. Being an 

extremely successful pathogen, Salmonella has evolved with multiple mechanisms which allow 

them to benefit from mucosal immune responses and thrive in the inflamed gut. In the healthy 

intestine, resident commensal microbiota resists Salmonella colonization by competing with 

them for resources and space. In the inflamed gut, however, Salmonella are able to get a 

competitive edge over commensals by exploiting such immune mechanisms as production of 

antimicrobial proteins and reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

stress [1].     

Because IL-39 expression is associated with mucosal tissues, IL-39 deficient mice might have an 

altered immune response to Salmonella infection.  
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4.2    MURINE KIDNEY DISEASE MODELS   

As discussed in chapter 3, the pathology often observed in IL-39-/- mice indicates that this 

cytokine plays an important role in regulating immunological functions and that IL-39 deficiency 

increases susceptibility to tissue inflammatory diseases. To explore the role of IL-39 in kidney 

associated inflammation we are planning on implementing murine models of kidney diseases 

that allow researchers to investigate molecular disease-specific mechanisms and molecular 

pathogenesis. The most widely used are spontaneous Lupus nephritis models of glomerular and 

intestinal injury. These models are characterized by immune complex-mediate 

glomerulonephritis and subsequent injury-dependent inflammatory reactions followed by late 

stage fibrosis [15]. Currently, there are at least four murine models of lupus nephritis available 

which include MLR/lpr, NZB, (NZB x NZW) F1 hybrid known as NZB/W and BXSB strains. Two of 

these mouse strains, MRL/lpr and NZB/W, spontaneously develop lupus nephritis which closely 

resembles human disease. Both female and male MLR/lpr mice develop severe proteinuria by 

16 weeks of age and about half of them die by 20-24 weeks of age as a result of renal failure 

[16]. In comparison, female NZB/W mice are more susceptible to kidney disease than males. 

They typically exhibit albuminuria by 5-6 months and die by 10-12 month [17]. Because we 

regularly observe the IL-39-/- mice develop kidney lesions, the cross of these mice with either 

MRL/lpr or NZB/W would likely hasten disease onset and exacerbate the symptoms.   
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4.3    MACROPHAGE SPECIFIC IL-39 ABLATION 

To determine if a macrophage is the primary source of IL-39 responsible for the observed 

phenotype, we will use a well-established approach of the Cre-Lox system to specifically ablate 

IL-39 in macrophages [18]. This system first introduced in 1988 [19] allows tissue-specific gene 

inactivation in mice and was particularly valuable in elucidating the role of many genes in the 

hematopoietic cell lineage. Multiple transgenic mice have been generated expressing the Cre 

recombinase under the control of a ubiquitously expressed promoter allowing generation of full 

body knock outs or under the control of a specific cell lineage promoters allowing lineage 

specific gene deletion [20, 21]. To study the functions produced by macrophage/osteoclast cell 

lineage, in 2005 the Cre system was developed that allows the expression of Cre under CD11b 

promoter [18]. CD11b encodes a subunit of an adhesion molecule of the Mac-1 leukocyte 

integrin heterodimer which is highly expressed in mature monocytes, macrophage and 

neutrophils [22, 23]. Because we currently maintain a colony of IL-39 mice at the “pre-

conditional” stage, we can breed them to mice with Cre expressed under the control of CD11b 

promoter to achieve specific deletion on IL-39 in monocyte/macrophage cell lineage.       
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