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SUMMARY 

Inflammation is an adaptive response that is triggered by noxious stimuli and 

conditions, such as infection and tissue injury. Neutrophils, eosinophils, monocytes, 

tissue macrophages and dendritic cells can all ingest bacteria, tissues debris and 

apoptotic cells after injury or infection. These cells derived from bone marrow 

progenitors, circulate in the blood and migrate to peripheral tissues. Macrophages 

produce and secrete a cascade of pro-inflammatory and anti-inflammatory cytokines, 

such as interleukin-6 (IL-6), IL-10, and IL-12 that are trafficked and secreted by 

constitutive exocytosis. IL-10 and IL-6 are known to be rapidly induced during infection 

and / or injury, which make them possible mediators of early phagocyte recruitment. 

This thesis work aimed at detailed investigation of role of these cytokines in peritoneal 

inflammation. 

Under normal physiological conditions peritoneal cavity of normal BALB/c mice 

contains mainly CD45+ lymphocytes and CD11b+ myeloid cells with typical macrophage 

phenotype. The resident peritoneal cells play an important role in organismal 

homeostasis by taking part in innate and adaptive immunity. To explore this in detail, 

the physiological properties of peritoneal resident macrophage populations were 

studied under steady state and during inflammation conditions. Upon rapid induction of 

sterile inflammation by thioglycollate or lipopolysaccharide, the resident peritoneal cells 

could no longer be recovered in a peritoneal wash 6h after treatment. During ceacal 

content (CC) peritonitis, these cells were lost even more rapidly. Neutrophils, monocytes 

and lymphocytes replace the resident peritoneal phagocyte populations. During sepsis 

the absence of peritoneal macrophages decreases neutrophils recruitment to the 

inflammatory site and subsequently increases sepsis. Upon peritoneal wash cell transfer, 

total peritoneal cells could be recovered from the peritoneum of non infected mice, 

whereas these cells disappeared after CC infection in mice. The fate of resident 

peritoneal cells and their migration into lymphoid organs such as omentum and 

parathymic lymph nodes was further studied following induction of peritoneal infection. 

The CC infection induced lost cells from peritoneum were emigrated into omentum and 

parathymic lymph nodes but not in mesenteric lymph nodes. R1 cells were mostly 

observed in parathymic lymph nodes after 72h of infection but not after 1h, whereas, R2 
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cells were selectively observed in omentum just 1h after infection and 72h as well. These 

results were further confirmed by adoptive transfer showing emigration of R2 cells into 

omentum 1h after infection. Additionally, analysis of cytokine production after CC 

peritonitis showed early production of IL-10 and IL-6, which is in agreement with earlier 

findings and further supports the importance of these cytokines in phagocyte 

recruitment. 

The role of IL-10, IL-6 and other cytokines as possible mediators of early 

inflammation and in the recruitment of monocytes, neutrophils or eosinophils to the 

peritoneum during inflammation was determined by cytokine application. The 

intraperitoneal application of IL-10 recruited monocytes, neutrophils, T cells, B cells and 

eosinophils to the peritoneum. However, IL-10 knockout mice showed even increased 

recruitment of leucocytes to the peritoneal cavity in CC infection suggesting their IL-10 

independent recruitment with the exception of eosinophils. Even though eosinophils are 

effector cells which are recruited to the site of inflammation; during homeostasis 

eosinophils constitute an abundant leukocyte population in the gastrointestinal tract. 

Therefore, possible role of eosinophils in bacterial infection was further studied using 

Δdbl GATA mice which lack mature eosinophils. In the absence of eosinophils, the 

monocyte and neutrophil recruitment was unaffected after CC infection, while there was 

increased T and B cell recruitment at the same time. The Δdbl GATA mice also showed 

reduced production of IL-4, 18h after infection. The eosinophils secrete IL-4 which may 

induce alternative macrophage activation. These results together with cytokine 

administration and IL-10 ko mouse data suggest a novel and major role of IL-10 in 

attracting and in recruiting eosinophils after peritoneal infection. 

  Altogether, present thesis work demonstrates a new aspect of IL-10 interaction 

with eosinophils in mouse peritoneal environment during peritonitis. It gives a new 

insight for understanding the possible role of eosinophils in modulating the peritoneal 

environment in resolution of bacterial infection and can be useful in designing new 

approaches for therapeutic strategies in combating sepsis and peritoneal inflammation. 
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INTRODUCTION 

1. Inflammation:  Clinical problem 

 Inflammation is an immune defense mechanism developed to protect the body 

from tissue injury and infection; by adapting to the loss of cellular and tissue 

homeostasis with many important physiological roles, including host defense, tissue 

remodeling and repair, and the regulation of metabolism (Medzhitov et al., 2010). 

The typical inflammatory response consists of four components: inflammatory 

inducers, the sensors that detect them, the inflammatory mediators induced by the 

sensors, and the target tissues that are affected by the inflammatory mediators 

(Chen et al., 2010). 

Classically, inflammation is characterized by five symptoms: redness, swelling, heat, 

pain, and loss of tissue function. These macroscopic symptoms reflect increased 

permeability of the vascular endothelium which allows leakage of serum 

components and extravasation of immune cells (Medzhitov et al., 2010). The acute 

inflammatory response triggered by infection or tissue injury involves the 

coordinated delivery of blood components (plasma and leukocytes) to the site of 

infection or injury. The activated endothelium of the blood vessels allows selective 

extravasation of neutrophils while preventing the exit of erythrocytes. Once 

neutrophils reach the affected tissue site, they become activated, either by direct 

contact with pathogens or through the actions of cytokines secreted by tissue-

resident cells (Medzhitov et al., 2008). The neutrophils then kill pathogen by one or 

more of the following processes; (1) engulfing the bacteria by phagocytosis and 

killing them rapidly through the action of proteolytic enzymes, antimicrobial 

proteins and reactive oxygen species; (2) Releasing granular proteins such as 

myeloperoxidase and neutrophil elastase in the vicinity of infection; (3) The 

formation of Neutrophil Extracellular Traps (NETs) are consisting the chromatin 

associated granule proteins which physically trap and destroy bacteria 

(Papayannopoulos et al., 2009). The effectors released by these processes do not 

discriminate between microbial and host targets, so damage to host tissues is 

unavoidable. A successful acute inflammatory response thus requires the 

elimination of the infectious agents followed quickly by resolution of infection and 
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tissue repair (Chen et al., 2010). Sepsis is a state of disrupted inflammatory 

homeostasis that is often initiated by infection. The development and progression 

of sepsis is multi-factorial, and affects the cardiovascular, immunological and 

endocrine systems of the body. Sepsis represents patient’s response to severe 

infection and remains a serious clinical problem because of high patient morbidity 

and mortality worldwide. According to a report (2009), about 79,000 people in 

Germany suffer from sepsis each year, and the incidence of severe sepsis and septic 

shock is about 75,000 cases per year. In Germany, about 60,000 patients die from 

sepsis annually because of irreversible organ failure and a lethal course (Moerer et 

al., 2009). The treatment of sepsis is expensive and survivors have a reduced quality 

of life. Early and comprehensive treatment significantly improves the outcome of 

disease. 

 Inflammation plays an important role in response to an infection or injury; a 

cascade of signals leads to the recruitment of inflammatory cells, particularly innate 

immune cells such as neutrophils and macrophages (Chen et al., 2010). These cells, 

in turn, phagocytose infectious agents and produce additional cytokines and 

chemokines that lead to the activation of lymphocytes and adaptive immune 

responses. Consequently, animals or patients that have defects in mounting 

adequate inflammatory responses suffer from recurrent infections and, if the 

defects are profound, result in increased mortality. Despite significant advances in 

critical care, there is still no efficient causal therapy applicable to patients indicating 

the need to further elucidate the molecular pathways leading to the 

immunopathology of sepsis (Nathan et al., 2010). The complexity of sepsis makes 

the clinical study of sepsis and sepsis therapeutics difficult. Thus, there is a need to 

use the animal models which have been developed in an effort to create 

reproducible systems for studying sepsis pathogenesis. The animal models need for 

preliminary testing of potential therapeutic agents (Buras et al., 2005). The 

extensive charecterization of immune mediators involved in the inflammation can 

help in reveling intricacies in the disease progression and desgining the molecular 

targets for medicine and therepies. 
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2. Mouse Models 

Mouse models play a central role for in vivo immunological experimentation; they 

emulate human biology in many aspects. There are conserved genes between humans 

and mice (e.g. Gene expression profiles of monocyte subsets) but despite this 

conservation there exist significant differences in immune system development, 

activation, and response to challenge, in both the innate and adaptive immunity (Mestas 

et al., 2004). Even though any given response in a mouse may not occur in precisely the 

same way in humans; but the knowledge obtained from mice experimentation gives 

excellent targets and models for preclinical studies in less time. Studies of sepsis in 

humans are difficult because the complexity of the disease requires immediate 

intervention and also the heterogeneity of patient imposes substantial limitations on 

clinical trials. Thus, animal models have been used extensively to explore the 

pathogenesis of sepsis and to get clear idea about possibilities for therapeutic 

interventions. Mouse models are particularly useful for the dissection of molecular 

mechanisms of disease because of the proliferation of transgenic strains. 

 

2.1 Sterile inflammation:  

Infection is one of the major triggers of inflammation, with the inciting stimulus 

being certain pro-inflammatory molecules of the invading microbe. However, the sterile 

stimuli including mechanical trauma, ischemia, toxins, minerals, crystals, chemicals, and 

antigens also triggers inflammation (Rock et al., 2009). Most of these sterile stimuli can 

be broadly categorized into ones that are injurious, irritant, or antigenic. Endotoxins, 

such as lipopolysaccharide (LPS) from Gram-negative bacteria, peptidoglycan and 

flagellan from Gram-negative and Gram-positive bacteria, lipotechoic acid from Gram-

positive bacteria, mannan from fungi, and other antigens from infectious agents 

stimulate macrophages and monocytes to release pro-inflammatory mediators 

(Takeuchi  et al., 2010). As wide range of sterile particulates provokes inflammation and 

in doing so they cause disease. Other scenario where cell death occurs due to toxins or 

clinical condition makes the dying cells to release proinflammatory molecules (damage-

associated molecular patterns, or DAMPs), that are normally intracellular and hidden by 

the plasma membrane. The common event when cells undergo necrosis from any reason 

is a loss of integrity of the plasma membrane (Rock et al., 2010). 
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2.2 Cecal ligation and puncture (CLP) 

The abdominal cavity of mammals is lined by the peritoneum, which comprises a 

single layer of mesothelial cells supported by a basement membrane and an underlying 

sheet of connective tissue. Peritoneum contains liver, spleen, most of the gastro-

intestinal tract and other viscera. The peritoneum has multiple biologic functions 

including regulation of inflammation, fibrinolysis, angiogenesis, and tissue remodeling 

processes (Brokelman et al, 2011). The bacterial invasion of the peritoneal cavity due to 

intestinal leakage after major abdominal surgery frequently leads to organ failure, septic 

shock, and death. The extent of bacterial spreading over the peritoneal cavity is an 

important prognostic factor for the outcome of sepsis. Two animal models; Colon 

ascendens stent peritonitis (CASP) and cecal ligation and puncture (CLP), are extensively 

used to closely mimic the clinical course of intra-abdominal sepsis (Traeger et al 2010). 

CLP in rodents has been used extensively to investigate the clinical settings of sepsis and 

septic shock. The CLP model consists of the perforation of the cecum that allows the 

release of fecal material into the peritoneal cavity exacerbating the immune response 

induced by microbial infection. This model produces a hyperdynamic, hypermetabolic 

state that can lead to a hypodynamic, hypometabolic stage, and eventual death, same as 

that occurs in humans. Additionally the cytokine profile and the increased lymphocyte 

apoptosis observed in this mouse model is similar to that seen in human sepsis (Buras et 

al., 2005, Doi et al, 2009). 

 

2.3 Colon ascendens stent peritonitis 

CASP is a common model for polymicrobial abdominal sepsis in rodents. In this 

model, a small stent is surgically inserted into the ascending colon of mice or rats that 

leads to a continuous leakage of intestinal bacteria into the peritoneal cavity (Maier et al, 

2004). The outcomes of this procedure are peritonitis, systemic bacteremia, organ 

infection by gut bacteria, and systemic but also local release of several pro- and anti-

inflammatory cytokines. Importantly, lethality can be controlled by the diameter of the 

inserted stent in this procedure (Maier et al, 2004, Buras et al, 2005). CASP is highly 

reproducible model that highly mimics the clinical course of abdominal sepsis. 
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2.4 Fecal induced peritonitis model  

To induce sterile inflammation by using Thioglycollate (TG) and bacterial LPS are 

widely common but their clinical relevance is less clear. Though CLP and CASP are well 

defined clinically important models; these models involve major physiological stress by 

surgery along with sepsis which makes the model more complicated in terms of defining 

the immunological outcome; as surgery itself induces immune response (Maier et al., 

2004). Therefore, to mimic similar sepsis situation with less physiological stress, fecal 

induced peritonitis is employed (Wang et al., 2008).  The fecal induced peritonitis model 

is an improvement over the old fecal peritoneal infection models (Lorenz et al., 1994) in 

which heat inactived human stool suspensions with known microbes are injected ip into 

rats or mice. The fecal induced peritonitis model is clinically relevant to sepsis as it 

mimics the human peritonitis situation (Barsig et al., 1996).  

 

2.5 Laparotomy  

Laparotomy is a surgical procedure involving an incision through the abdominal wall to 

gain access into the abdominal cavity; which results in mesothelial damage and elicits 

anti inflammatory response. Laparotomy surgery induces alterations in the peritoneal 

integrity and causes local acidosis, probably due to peritoneal hypoxia (Brokelman et al., 

2011).  The laparotomy with peritoneal abrasion was shown to express high levels of 

monocyte chemoattractant protein-1 (MCP-1); elevated levels of MCP-1 were reported 

from 6 hours of surgery and persisted over a week (Brodsky et al., 2002). 

 

3. Innate recognition of stranger or danger and leukocyte extravasation  

The mammalian immune system consists of two interrelated arms; the immediate 

innate immune system, and the highly specific but temporally delayed adaptive immune 

system. Immune system in mammals is evolved to maximize host defense while 

minimizing damage to the host. The innate immune system uses germ-line encoded 

receptors to recognize invariant features typical of classes of microbes by distinguishing 

self from non-self. On the other hand the non-clonal mechanism of activation of innate 

immune system has the potential to cause collateral damage to self tissue (Palm et al., 

2009). Adaptive immunity, clonally expressed receptors produced via somatic 

recombination, is highly effective, specific and results in minimal host damage. The 
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innate immune system sense the pathogens via recognition of conserved microbial 

pathogen associated molecular patterns (PAMPs), by germ line encoded receptors called 

pattern recognition receptor (PRRs) (Janeway, 1989).  

PRRs are also responsible for recognizing endogenous molecules released from 

damaged cells, termed damage associated molecular patterns (DAMPs). There are four 

different classes of PRR families which have been identified. These families include 

transmembrane proteins such as the Toll-like receptors (TLRs) and C-type lectin 

receptors (CLRs), as well as cytoplasmic proteins such as the Retinoic acid-inducible gene 

(RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs). The PRRs are expressed on 

macrophages, dendritic cells and also on various non professional immune cells. After 

sensing of PAMPs or DAMPs (except for some NLRs) by PRRs, it upregulates the 

transcription of genes involved in inflammatory responses. These genes encode pro-

inflammatory cytokines, type I interferons, chemokines and antimicrobial proteins 

(Takeuchi et al., 2010). The pro-inflammatory cytokines which are pleiotropic proteins 

(TNF-α), IL-1 and IL-6 orchestrate the inflammatory response. They regulate cell death of 

tissues, modify vascular endothelial permeability, recruit blood cells to inflamed tissues 

and induce production of acute phase protein (Medzhitov ;2008). 

Leukocyte extravasation is the mechanisms by which leukocytes sense its 

surroundings and respond to an external stimulus. The Cellular migration of leukocyte 

populations occurs during both routine immunosurveillance and inflammation and is 

orchestrated by several families of proteins, including proinflammatory cytokines, 

adhesion molecules, and matrix metalloproteases. However, chemokines control the 

direction of cell migration and provide a trigger for cell activation (Proudfoot et al., 

2003). The neutrophil recruitment, lymphocyte recirculation and monocyte trafficking all 

require adhesion and transmigration through blood-vessel walls (Abram et al., 2009).  
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Figure 1.  Cell migration molecules operate during inflammatory responses. (Modified 
from Mackay et al., 2008) 
(Point 1–3) Adhesion cascade of leukocyte binding to endothelium. Chemoattractants (green 

dots) signal chemoattractant GPCRs such as chemokine receptors or C5aR, leading to integrin 

activation and firm adhesion.(Point 4) Chemoattractants also attract leukocytes through tissues 

and (point 5) stimulate leukocytes to release inflammatory mediators such as histamine and 

proteases. 

 

The classical three steps of rolling, activation and firm adhesion have been 

augmented and refined; slow rolling, adhesion strengthening, intraluminal crawling and 

paracellular and transcellular migration are now recognized as separate, additional steps. 

In neutrophils, a second activation pathway has been discovered that does not require 

signaling through G-protein coupled receptors (Ley et al., 2007). Leukocyte extravasation 

occur through multiple steps involving first the selectin, then chemoattractant receptor 

signaling, followed by firm adhesion to vessel walls through the action of integrins. 

Thereafter, leukocytes migrate along chemotactic gradients, by means of 

chemoattractant receptor signaling and the action of adhesion molecules, particularly 

selectin (Thelen et al., 2008, Williams et al., 2011).  

Neutrophils, monocytes and macrophages are closely related phagocytic cells 

that cooperate during the onset, progression and resolution of inflammation. The main 

function of inflammation is to eliminate the pathogenic insult and to remove damaged 
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tissue, with the aim of restoring tissue homeostasis. The concerted action of 

professional phagocytes – neutrophils, monocytes and macrophages is crucial to the 

effective elimination of intruders and cell debris. Neutrophils are short-lived cells that 

are recruited early in the inflammatory response. They use a large array of inflammatory 

mechanisms, some of which are potentially harmful to the host, and so neutrophil 

activation has to be tightly controlled to avoid excessive tissue damage. The more 

detailed signaling studies in neutrophils, lymphocytes and monocytes may identify new 

targets for potential therapeutic interventions.  As many GPCRs have already been 

targeted by drugs, and antagonists for chemokine receptors are now being tested in 

preclinical and early clinical settings. Natalizumab is a monoclonal antibody specific for 

VLA4 and is used clinically in patients who have not responded to, or cannot tolerate, 

other treatments for multiple sclerosis. The studies of cell migration inhibitors in rodent 

models of inflammation provide grounds for many ongoing and upcoming human trials 

(Mackay et al., 2008). 

 

4. Monocyte recruitment and differentiation 

4.1 Monocytes  

 Monocytes are a subset of circulating white blood cells that can further 

differentiate into a range of tissue macrophages and dendritic cells (DCs) (Auffray et al., 

2009) (Fig 2). Blood monocytes are derived from bone marrow precursors and are 

subdivided into subsets that differ in size, trafficking and innate immune receptor 

expression (Van Furth et al., 1968). They undergo differentiation steps during which they 

commit to a myeloid and then to a monocyte lineage (Geissmann et al., 2003, 2010). In 

response to macrophage colony-stimulating factor, they divide and differentiate into 

monoblasts and then pro-monocytes before maturing into monocytes, which exit the 

bone marrow and enter the bloodstream.  (Ziegler-Heitbrock et al., 2010). Monocytes 

also differ in their ability to differentiate following stimulation with cytokines and/or 

microbial molecules (Chao et al., 2011). Monocytes mediate host antimicrobial defense 

and are also implicated in many inflammatory diseases by their ability to mobilize and 

traffic to where they are needed is central for their functions in promoting immune 

defense during infection and in driving inflammatory diseases (Serbina et al., 2006).  
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Monocytes can be classified into at least two subpopulations with distinct 

phonotypical and functional characteristics: Classical human CD14+CD16– or mouse GR1+ 

monocytes and nonclassical human CD14lowCD16+ or mouse GR1 – monocytes (Soehnlein 

et al., 2010).  In mice, expression of LY6C and CD11b identifies a monocyte subset that 

expresses high levels of CC-chemokine receptor 2 (CCR2) but low levels of CX3C-

chemokine receptor 1 (CX3CR1) namely GR1+CX3CR1low. Also referred to as inflammatory 

or LY6Chi monocytes, which represent approximately 2–5% of circulating white blood 

cells in an uninfected mouse and are rapidly recruited to sites of infection and 

inflammation (Geissmann et al., 2003).  In mice, second major circulatory monocyte 

subset which express low levels of CCR2 and are GR1lowCX3CR1high. The GR1low subset is 

less prevalent than LY6Chi subset (Ingersoll et al., 2010).  The physiological roles of the 

respective monocyte subsets in vivo are not fully defined, but the two subsets might 

have different roles during homeostasis and inflammation (Chow et al., 2011).  

 

4.2 Mediators of monocyte recruitment: 

During peritoneal infection or inflammation, the resident peritoneal cells 

disappear rapidly; this phenomenon is called Macrophage disappearance reaction. 

Macrophages undergo a physiological response known as the macrophage 

disappearance reaction (MDR) in response to certain stimuli in the peritoneal 

compartment (Barth et al., 1996). The disappeared macrophage population is 

replenished by blood monocytes. The inflammation induced peritoneal resident cell 

disappearance signals to new inflammatory monocyte recruitment. The monocytes 

recruit to the peritoneal cavity and subsequently granulocytes under the influence of 

various mediators, some of them associated with this thesis work are detailed below. 

 

4.2.1 Cytokines: 

Cytokines are low molecular weight protein soluble mediators of cell 

communication that are critical in immune regulation. They are involved in essentially 

every important biological process, from cell proliferation to inflammation, immunity, 

migration, fibrosis, repair, and angiogenesis (Feldmann et al., 2008). Cytokines released 

from innate immune cells play key roles in the regulation of the immune response. 
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These intercellular messengers are the source of soluble regulatory signals that initiate 

and restrict inflammatory responses to pathogens and injury (Lacy et al., 2011). Innate 

immune cells comprise populations of white blood cells such as circulating DCs, 

neutrophils, natural killer (NK) cells, monocytes, eosinophils, and basophils, along with 

tissue-resident mast cells and macrophages. Residing at the frontline of defense in 

immunity, these cells control opportunistic invasion by a wide range of viral, fungal, 

bacterial, and parasitic pathogens, in part by releasing a plethora of cytokines and 

chemokines to communicate with other cells and thereby to orchestrate immune 

responses. This array of soluble mediators secreted by different innate immune cells 

includes Tumor necrosis factor (TNF), interferon γ (IFN γ), interleukins IL-1β, IL-4, IL-6, IL-

10, IL-12, IL-18, chemokine ligand 4 (CCL4/RANTES), and transforming growth factor β 

(TGFβ). Cytokine release can be directly evoked by immunoglobulin or complement 

receptor-mediated signaling or by pathogens through a diverse array of cellular 

receptors, including pattern recognition receptors such as TLRs. As these molecules and 

their associated receptors provide key signals for important processes, it is not 

surprising that abnormalities in cytokines, their receptors, and the signaling pathways 

that they initiate are involved in a wide variety of diseases. Cytokine receptors use a 

relatively simple signaling pathway that consists of two components: Janus kinases (Jaks) 

and signal transducers and activators of transcription (STATs). Induction of this pathway 

leads to a rapid activation of transcriptional programs specified by each particular 

member of the STAT family (Bezbradica et al., 2009). Anti cytokine therapies such as 

antitumor necrosis factor α neutralizing agents are now common place in the treatment 

of chronic inflammatory diseases such as Rheumatoid arthritis, ankylosing spondylitis, 

psoriatic arthritis, psoriasis and Crohn's disease (Edwards et al., 2005). However, for 

understanding underlying disease mechanisms and generating new therapies, it is 

necessary to define how cytokines work to program gene expression and how their 

signaling pathways are regulated in different types of immune cells (O’Shea et al., 2008).  

 

4.2.1.1 Tumor Necrosis Factor-α  

TNF-α is an important pro-inflammatory cytokine which is produced during injury or 

inflammation. TNF is a potent pro-inflammatory cytokine secreted by many innate 

immune cells, particularly activated macrophages, but also neutrophils, mast cells, 
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eosinophils, DCs, and NK cells. Its production is mediated through several cascades, most 

notably TLR4 signaling on LPS stimulation. TNF action via TNFR1 and TNFR2 leads to a 

wide range of stimulatory or suppressive effects on target cells, including differentiation, 

proliferation and cell death. Thus regulation of TNF is necessary for appropriate immune 

activity. Uncontrolled TNF production is associated with rheumatoid arthritis (RA), 

multiple sclerosis and septic shock. The role of TNF in RA pathogenesis was described 

and the mechanisms of action of currently used anti-TNF agents are discussed (Geiler et 

al., 2011).  

 

4.2.1.2 Interleukin 6  

IL-6 is a pleiotropic cytokine; apart from its role in acute phase response, it also has 

diverse roles in driving chronic inflammation, autoimmunity, endothelial cell dysfunction 

and fibrinogensis (Kishimoto et al., 2010). IL-6 is also known to switch monocyte 

differentiation to macrophages from DCs (Chomarat et al., 2000).  

 

4.2.1.3 Interleukin-10  

Interleukin-10 (IL-10), a cytokine with anti-inflammatory properties, plays a 

central role in infection by limiting the immune response to pathogens and thereby 

preventing damage to the host (Saraiva et al., 2010). IL-10 is produced by lymphocytes 

and myeloid cell lineages which tampers the output of pro-inflammatory cytokines from 

activated macrophages. The anti-inflammatory functions of IL-10 extend to virtually 

every type of acute and chronic inflammatory and infectious disease (O'Shea et al., 

2008). IL-10 plays a role in limiting the magnitude, duration, and detrimental outcome of 

the inflammatory response (Moore et al., 2001).  The production of IL-10 in different 

inflammatory conditions is achieved by different cell types including T- helper (Th)-1, 

Th2, Th17, Treg, CD8+ T cells, B cells, monocytes, macrophages, mast cells, eosinophils 

and keratinocytes (Saraiva et al., 2010). IL-10 can inhibit the production of pro-

inflammatory cytokines from APCs (IL-6, IL-1, TNF-α, IL-12, GM-CSF); it also acts on T cell 

regulation in an autocrine way. The intestinal environment is continuously exposed to 

bacterial flora, dietary antigens and potential pathogens; where different regulatory 

lymphocyte populations keep the immune response in check by producing IL-10, TGF-β 

(Maynard et al., 2008). This was shown both with the generation of IL-10 deficient mice 
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which do not develop severe autoimmune disorders but develop inflammatory bowel 

disease and colitis in the presence of microorganisms (Kühn et al., 1993), and with the 

identification of patients with homozygous mutations in the IL-10 receptor subunits, 

having early-onset colitis (Glocker et al., 2009). 

Many cells of the innate and adaptive immune response produce IL-10 regardless 

of the stimulus.  Different stimuli, or the strength of the stimulus, give rise to different 

levels of IL-10 in the same cell type (Grunstein et al., 2001). The molecular mechanisms 

for the regulation of IL-10 differ according to the cell type, although common 

mechanisms also exist. IL-10 is induced in many situations together with pro-

inflammatory cytokines, although the pathways that induce IL-10 expression may 

actually negatively regulate the expression of these pro-inflammatory cytokines (Saraiva 

et al., 2010). Even with this present knowledge about IL-10 biology, there are still major 

questions needed to be addressed such as, which IL-10-producing cells are required to 

prevent host damage or to conversely inhibit immune responses, thereby contributing 

to chronic infection? What signaling pathways and transcription factors can specifically 

induce IL-10 in different immune cells independently of the induction of pro-

inflammatory cytokines? Investigations on the transcription factors and IL-10 regulating 

elements could help in better understanding of the molecular mechanisms and in 

developing therapeutic strategies to target IL-10 production in disease.  

   

4.2.1.4 Interleukin 4:  

IL-4 is a pleiotropic immunomodulatory cytokine produced by Th2 lymphocytes, 

mast cells and eosinophils. IL-4 is a key cytokine in generating Th2 effector naive cells 

from CD4+ cells. IL-4 activates B cells. IL-4 triggers inflammatory macrophages to 

alternatively activate (M2); their polarization towards alternatively activated (M2) state 

driven by IL-4 and IL-13. The source of IL-4 in natural setting depends on the location 

and stage of type 2 inflammation and can be innate IL-4 producing cells or adaptive Th2 

cells (Jenkins et al., 2011). 

 

4.2.2 Chemokines: 

Chemokines are pro-inflammatory mediators that regulate leukocyte trafficking 

at different steps of the leukocyte recruitment cascade. The chemokines can be divided 
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in two types: inducible chemokines that recruit leukocytes in response to physiological 

stress and constitutive chemokines that are responsible for basal leukocyte trafficking 

and forming the architecture of secondary lymphoid organs.  

MCP-1 is a potent chemoattractant for monocytes and macrophages to the areas 

of inflammation. The endogenous peritoneal macrophages and mesothelial cells lining 

the peritoneum contain MCP-1, which is released following thioglycollate stimulation. 

The murine monocyte therefore responds rapidly to chemokines produced in situ by 

tissue cells at the site of inflammation with no requirement for prior influx of 

neutrophils (Henderson et al., 2003). MCP-1 expression has been observed in a large 

number of tissues during inflammation dependent disease progression including 

atherosclerosis, arthritis and cancer. The intestinal endogenous MCP-1 contributes to 

the composition of resident Lamina propria macrophages (LPMs). Moreover, MCP-1-

dependent LPM2 subset was shown to play an important role in maintenance of gut 

homeostasis in the steady state, and in the termination of excess inflammatory 

responses in the intestine, by producing IL-10 (Takada et al., 2010). MCP-1 expression 

appears to be an important component in monocyte extravasation through vascular 

endothelium. MCP-1 ko mice have defects in monocyte recruitment in inflammatory 

models. MCP-1 binds and activates CCR2; CCR2 is constitutively expressed on monocytes, 

while its expression in T cells only detectable after their activation (Melgarejo et al., 

2009).  

  

4.3 Monocyte trafficking:  

Monocyte emigration to the site of inflammation or infection is orchestrated by 

chemokine- chemokine receptors axis. Inflammatory monocytes respond rapidly to 

microbial stimuli by secreting cytokines and antimicrobial factors, express the CCR2 

chemokine receptor, and traffic to sites of microbial infection in response to MCP-1 

secretion (Serbina et al., 2006). The recruitment of monocytes was shown to be 

independent of neutrophils rather it was dependent on continuous MCP-1 secretion 

from peritoneal macrophage; even with reduced neutrophil recruitment in LFA-1-/- mice 

(Henderson et al., 2003). Some studies have shown CCR2 interaction with CCL2, CCL7 

and CCL12 which mediates LY6Chi monocytes recruitment in defense against bacterial, 

protozoal, and fungal pathogens (Tsou et al., 2007, Serbina et al., 2008). The CCR2+ 
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inflammatory monocytes in the bone marrow cavities migrate to vascular sinuses and 

emigrate from the marrow into the circulation following low concentration of LPS (Shi et 

al., 2011). The adoptively transferred CX3CR1+ LY6Clow blood monocytes patrol blood 

vessels and enter non-inflamed tissues, whereas LY6Chi monocytes selectively traffic to 

sites of inflammation (Geissmann et al., 2003). It is also shown that a subset of 

monocytes patrols healthy tissues through crawling on the resting endothelium by using 

integrin LFA-1 and the chemokine receptor CX3CR1 (Auffray et al., 2007).  

Conventionally, monocytes first enter infected or inflamed nonlymphoid tissues 

where they capture antigen, mature, and subsequently migrate to draining lymph nodes 

(Randolph et al., 1999). But a recent finding showed that monocytes migrate into lymph 

nodes in a manner dependent on the cell adhesion molecule CD62L and the chemokine 

receptor CCR7; a consistent migration from blood through high endothelial venules 

(Cheong C et al., 2010). The monocyte emigration is also mediated by other chemokine 

CCR1, CCR5 by CCL3, CCL5 ligands.  It serves monocyte recruitment into inflamed tissue 

and CX3CL1- CX3CR1 axis which recruits monocytes to splenic sites of bacterial 

infections (Proudfoot et al., 2003, Auffray et al., 2007). Also different molecules PSGL1 

using P-selectin serves migration through inflamed dermal venules, L- selectin LFA1 

using ICAM1 patrolling during steady state; MAC1 using ICAM-1 serves adhesion during 

acute inflammation (Shi et al., 2011). During L. monocytogenes infection IFN-γ produced 

in the spleen by NK cells in the proximity to recruited LY6Chi monocytes drive monocyte 

differentiation into TIP DCs at the site of bacterial infection (Kang et al., 2008). Cytokines 

also play an important role in mediating phagocyte recruitment by interacting with 

chemokines from the inflamed sites. Several cytokines are known to influence monocyte 

differentiation to macrophages or DCs. IL-10 is one of the important anti inflammatory 

cytokines shown to guide monocyte differentiation to macrophages (Allavena et al., 

1998). 

 

4.3 Mononuclear phagocyte system:  

The mononuclear phagocyte system (MPS) is composed of monocytes, 

macrophages and dendritic cells and it plays an important role in organismal 

homeostasis. Macrophages arise from hematopoietic progenitors (Geissmann et al., 

2010), which differentiate, directly or via circulating monocytes, into subpopulations of 
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tissue macrophages and closely related myeloid DCs (Steinman et al, 2010). The DCs 

then present antigens to naive T helper lymphocytes. Macrophages from intestine and 

colon represent the largest population of mononuclear phagocytes in the body (Lee et 

al., 1985, Smith et al., 2011).  

 

4.3.1 Constitutive exocytosis of inflammatory cytokines in macrophages  

Constitutive exocytosis is the predominant mechanism for cytokine release from 

macrophages and DCs, which do not have typical secretory granules. Macrophages also 

produce and secrete a cascade of other pro-inflammatory and anti-inflammatory 

cytokines, such as IL-6, IL-10, IL-12, and a host of chemokines that are trafficked and 

secreted by constitutive exocytosis, moving, sometimes simultaneously, through the ER 

and Golgi complex (Lacy et al., 2011).  

 

4.3.2 Macrophages send live and die signals to neutrophils 

Neutrophils are short lived cells, but migration towards the site of injury or 

infection exposes neutrophils to survival signals that increase their life-span. IL-1β, 

granulocyte colony-stimulating factor (G-CSF) and granulocyte monocyte colony 

stimulating factor (GM-CSF) are released by macrophages and can delay neutrophil 

apoptosis (Lacy et al., 2011). 
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Figure 2.  The mononuclear phagocyte system. (Adopted from Lawrence et al., 2011) 

Myeloid cells are derived from haematopoietic stem cells (myeloid colony-forming units (M-CFU)) 

in the bone marrow of the mature adult or the yolk sac of the developing embryo. In the bone 

marrow, monocytes develop from a macrophage colony-stimulating factor 1 (CSF1)-dependent 

macrophage and dendritic cell (DC) progenitor (MDP), which also gives rise to common DC 

progenitors (CDPs). Blood monocytes and most tissue macrophages develop from an MDP-

derived pro-monocyte precursor.  
 

However, macrophage derived factors do not always extend neutrophil lifespan. 

In inflamed sites macrophages are the main source of TNF, and TNF has divergent, dose-

dependent effects on neutrophil survival. Although low concentrations of TNF prevent 

neutrophils from dying, higher concentrations promote neutrophil apoptosis. 

Monocytes and macrophages also display membrane-bound TNF, which can induce 

neutrophil death and therefore promote resolution of inflammation (Soehnlein et al., 

2010). Uptake of apoptotic neutrophils can stimulate macrophages to release mediators 

that suppress the inflammatory response. It has been shown that incubation of LPS-

activated monocytes with apoptotic lymphocytes inhibited monocyte release of TNF, but 
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their production of the anti-inflammatory cytokines TGFβ and IL-10 was increased 

(Soehnlein et al., 2010). 

 

4.3.3 Macrophage activation:   

 The MPS is particularly a dynamic system during inflammation or infection. 

Under such conditions, blood monocytes are recruited into the tissues, where they 

differentiate into macrophages or DCs. Macrophages can acquire distinct functional 

phenotypes depending on the microenvironment. Two well-established polarized 

phenotypes are often referred to as classically activated macrophages (M1) and 

alternatively activated macrophages (M2). The M1/M2 nomenclature is derived from 

the cytokines that are associated with these macrophage phenotypes, as these cytokines 

namely, IFN-γ or IL-4 and IL-13 are linked with Th1 and Th2 type immune responses, 

respectively.  

M1 macrophages: Macrophages with an activation phenotype associated with increased 

microbicidal activity and antigen-presenting function. M1-type activation is usually 

modeled in vitro by INF-γ and/or LPS stimulation (Murray et al., 2011). In mice, 

M1-associated markers include IL-12, MHC class II molecules and nitric oxide synthase 2 

(NOS2) (Lawrence et al., 2011).  

M2 macrophages: Macrophages those are associated with parasitic infections and 

Th2-type immune responses. M2-type activation is usually modeled in vitro by IL-4 

and/or IL-13 stimulation. In mice, M2-associated markers include resistin-like-α (also 

known as FIZZ1), arginase 1, chitinase 3-like 3 (also known as YM1), IL-10 and 

macrophage mannose receptor 1 (also known as CD206); however, M2 macrophages are 

associated with anti-inflammatory and homeostatic functions linked to wound healing, 

fibrosis and tissue repair (Martinez et al., 2009). 

 

4.3.4 Dendritic cells:  

The DCs were discovered by Steinman and Cohn (1973), in the mouse spleen 

with a unique morphology that displayed an unrivaled ability to stimulate naive T cells. 

These cells, which in mouse are characterized by high-level expression of the β integrin 

CD11c, are now termed classical (or conventional) DCs (cDCs) (Bar-On et al., 2010). 

Murine cDCs are further subdivided according to phenotype into three subpopulations: 
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CD11b+ cDCs, CD11b+ CD4+ cDCs and CD11b-CD8+ cDCs (Shortman et al., 2007). DCs are 

key players in the induction and maintenance of adaptive immunity, acting as sentinels 

and conveying antigenic information to T cells. In addition to driving effector T cell 

responses against pathogens, DCs also regulate T cell responses against self antigens and 

innocuous foreign antigens by inducing the differentiation of regulatory T (Treg) cells, T 

cell anergy, or clonal deletion of effector T cells specific for such antigens (Maldonado et 

al., 2010). 

 

4.4 Lymphoid organs connected to the peritoneum 

Recruitment of lymphocytes from blood circulation and from peripheral tissues 

to the lymph nodes is essential to maintain immune surveillance and generation of an 

adaptive immune response during inflammation (Bao et al., 2010). Antigen presenting 

cells enter lymph nodes through afferent lymphoid vessels, while lymphocytes enter 

lymph nodes through a specialized vasculature of high endothelial venules (HEVs). 

Homing of lymphocytes to lymph nodes involves multiple stepwise interactions between 

lymphocytes and HEV cells, including L-selectin-mediated cell rolling and tethering, 

chemokine-mediated integrin activation, and integrin-mediated cell sticking or firm 

adhesion, which leads to transmigration across blood vessels (Fig 1, Mackay et al., 2008). 

Mouse peritoneum drains to omental lymphoid organ and parathymic lymph nodes. 

 

4.4.1 Omental lymphoid organ: 

The omentum is a fatty tissue that is formed by a double layer of mesothelial 

cells that connects the stomach, pancreas, spleen, and colon (Williams et al., 1986). 

Embedded within the omentum are opaque structures, which are clusters of leukocytes, 

called milky spots. Initial lymphatics of the omentum begins at the milky spots and drain 

into lymph collectors. The lymphatic capillaries in the omental milky spots take part in 

the absorption of various substances from the peritoneal cavity (Shimotsuma et al., 

1993). The murine greater omentum are concentrated in milky spots, on the periphery 

of the adipose tissue band also known as the omental fat band (OFB) (Carlow et al., 

2009). Milky spots are mainly composed of macrophages and B1 cells, resembling the 

cellular composition found in the peritoneal cavity. Human and mouse greater omentum 

contains similar physical structure. Milky spots contain HEVs that express the peripheral 
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lymph node addressin (PNAd) as well as the mucosal addressin (MAdCAM-1), permitting 

entry of lymphocytes from the bloodstream into the milky spots (Berberich et al., 2008; 

Rangel-Moreno et al., 2009). In fact, milky spots were proposed to be the port of entry 

for B1 cells that migrate from the bloodstream towards the peritoneal cavity (Ansel et al., 

2002).  

Although there is precedent for omental absorption of protein and particulates 

from the peritoneal cavity, lymphatic drainage via this route is considered to be minor 

relative to exit via diaphragmatic and visceral lymphatics. Leukocytes may exit the 

periotneum upon resolution of an inflammatory response and, in response to innate 

immune activators, B-1 B cells migrate from the peritoneum to the spleen via several 

routes including the omentum. Recently, splenic B-2B cells introduced into the 

peritoneum cavity were shown to access the omentum (Carlow et al., 2009). In 

homeostasis, omentum contains macrophage population; the inflammation induced 

disappearance of peritoneal resident macrophages may also home to the omentum.  

 

4.2.2 Parathymic lymph nodes:  

The Lymph nodes (LNs) are the organs where innate immune responses lead to 

acquired immunity, where some of our most devastating pathogens evade immunity, 

and where auto-reactive lymphocytes first encounter tissue-specific self-antigens and 

are either tolerized or activated (Von Andrian et al., 2003). Naive lymphocytes search for 

their cognate antigen during frequent visits to these local ‘antigen libraries´. To trigger 

an immune response, the rare antigen-specific T and B cells must first interact with 

professional antigen-presenting cells, DCs. Macrophage clearance from resolving peritonitis 

occurs by emigration into draining lymphatics rather than local apoptosis (Bellingan et al., 

1996).  

 

5 Granulocytes recruitment during inflammation 

5.1 Neutrophils 

Neutrophils are produced from stem cells in the bone marrow that proliferate 

and differentiate to mature neutrophils fully equipped with an armory of granules 

(Borregaard, 2010). Neutrophils are essential effector cells of the innate immune 

response, forming the first line of defense against bacterial and fungal pathogens. Given 
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their destructive potential, neutrophil entry into tissue must be tightly regulated in vivo 

to avoid damage to the host (Sadik et al., 2011).   

The neutrophil recruitment is multiphase process involving interactions with 

patrolling monocytes and resident macrophages. Phase I: patrolling non-classical 

monocytes and resident macrophages are among the first cells to sense a disturbance in 

tissue homeostasis. They rapidly produce cytokines and chemokines to alert the immune 

system and recruit neutrophils. 

Phase II: shortly after the alarm has gone off, neutrophils invade the site of injury and 

release granule contents that promote the extravasation of inflammatory monocytes. 

Phase III: the life-span of emigrated neutrophils is rather short and is subject to 

modification by pro or anti-apoptotic signals, some of which are produced by 

macrophages. Macrophages and apoptotic neutrophils prevent further infiltration of 

neutrophils, but signals from apoptotic neutrophils promote continued monocyte influx.  

Phase IV: the clearance of apoptotic neutrophils promotes an anti-inflammatory 

programe in macrophages, which ultimately leads to the reconstitution of tissue 

homeostasis (Soehnlein et al., 2010).  

 

5.2 Eosinophils 

Eosinophils differentiate from stem cells in response to a specific cytokine 

growth factors in the bone marrow. Eosinophil differentiation occurs as a result of the 

collective effects of various transcription factors, such as GATA-1, FOG-1, CCAAT 

enhancer–binding protein C/EBP-α and the ETS family transcription factor PU.1. The role 

of GATA-1 is primarily in facilitating the differentiation of granulocyte macrophage 

progenitors into eosinophils, whereas FOG-1 must be down-regulated for eosinophil 

development to occur. Indeed, GATA-1–deficient mice do not have eosinophils and 

deletion of a specific GATA-binding site of the murine GATA-1 promoter results in Δdbl 

GATA mice strains in which terminal differentiation of eosinophils is prevented (Yu et al., 

2002, Hirasawa et al., 2002).  

Eosinophils, cells of the innate immune system, have varied effector and 

immunomodulatory functions in health and in the pathogeneses of asthma, allergies, 

and other diseases (Kita et al., 2011). Many activities of eosinophils are mediated by 

preformed proteins stored within cytoplasm specific granules. These eosinophil granules 
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contain four quantitatively dominant cationic proteins, including major basic protein 

(MBP), whose extracellular release is associated with classical effector and pro-

inflammatory roles of eosinophils (Rothenberg et al., 2006). Eosinophil specific granules, 

notably, are also sites of storage for many, if not all, of the several dozen cytokines that 

human eosinophils quite distinctly contain in preformed intracellular pools. These 

cytokines include IL-4, IL-6, IFN, and the chemokines eotaxin (CCL11) and RANTES 

(regulated on activation, normal T cell expressed and secreted, CCL5). Under baseline 

conditions eosinophils traffic into gastrointestinal where they normally reside within 

lamina propria. Eosinophils are also known to process and present variety of microbial, 

viral and parasitic antigens. After treatment with GM-CSF, eosinophils promote T cell 

proliferation in response to Staphylococcal superantigen stimulation (Rothenberg et al., 

2006).  

Eosinophils secrete an array of cytokines (IL-2, IL-4, IL-6, IL-10, IL-12) capable of 

promoting T cell proliferation, activation, and Th1/Th2 polarization. Murine eosinophils 

promote IL-4, IL-5, and IL-13 secretion by CD4+ T cells. Eosinophils can also regulate T cell 

polarization through their synthesis of indoleamine 2, 3-dioxygenase (IDO), an enzyme 

involved in oxidative metabolism of tryptophan, converting tryptophan to kynurenines 

(KYN). KYN regulates Th1 and Th2 imbalance by promoting Th1 cell apoptosis 

(MacKenzie et al., 2001). The macrophage activation from M1 to M2 state is 

characterized by their different metabolism, once they are activated through their IL- 4 

receptor. The presence of eosinophils in the intestinal surroundings plays a strategic role 

in producing IL-4 during inflamed condition and through its subsequent macrophage 

activation state.  

 

6. Outlook 

 

Understanding the mononuclear phagocyte recruitment by their interaction with 

cytokine- chemokine axis in animal models of sepsis is important and defining in terms 

of designing strategies to combat sepsis. The recent developments of therapies and drug 

targets based on targeting chemokines and cytokines are remarkable but still a lot work 

needs to be done in identifying more specific targets. Recently, siRNA mediated targeted 

depletion of CCR2 by utilizing lipid nano particles in murine macrophages is used to 
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deplete the recruitment of LY6Chi CCR2+ monocyte subset and to attenuate 

inflammation in several models of vascular injury (Leuschner et al., 2011). It is essential 

for host homeostasis and survival to limit the deleterious effects of selected monocyte 

subsets while preserving housekeeping and clearance functions of resident tissue 

macrophages. 

 Cytokines are important activators and regulators of immune responses and 

therefore hold great potential as targets for new therapeutic strategies. However, the 

selection of which cytokines to target, and in particular the identification of which 

cytokines regulates the rate-limiting steps of disease pathways is crucial for the success 

for such strategies. The approved drugs are available and several others are in phase II 

or III trials which target human cytokines for several inflammatory indications. Among 

the approved drugs, Infliximab is an immunoglobulin G1 (IgG1) mouse–human chimeric 

antibody against TNF-α whereas adalimumab and golimumab are fully human antibodies. 

Another drug target is IL-6-IL-6R complex, which is also successfully targeted by using IL-

6R-specific mAbs (tocilizumab) and soluble gp130–Fc to block IL-6 signaling. On the 

other hand for asthma treatment anti IL-5 Humanized mAbs (reslizumab and 

mepolizumab) were effective in reducing circulating eosinophil numbers but were not 

clinically successful (Kopf et al., 2010). There are also problems involved in targeting 

cytokines that are produced early in inflammatory cascade such as TNFα and IL-6, as the 

therapies does not prove effective in certain patients with severe inflammation (Mackay 

et al., 2008). Therefore, for treatment of late stage infections or inflammation, there is a 

need to target downstream cytokines to increase specificity of the therapy. For example, 

two cytokines, IL-4 and IL-13 can be simultaneously controlled by targeting IL-4Rα–IL-

13R1 complex. There are still many mechanisms involved in later stages of peritoneal 

infections and sepsis are not yet clearly understood. In this direction, there is need to 

elucidate the mediators involved in early phagocyte recruitment and to check their 

possible role in modulating the fate of peritonitis and resolution of the disease.  
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7. Aim of study 

To determine the mediators involved (IL-10, IL-6) in the recruitment of monocytes, 

neutrophils and eosinophils to the peritoneum during inflammation. 

To study the physiological properties of resident macrophage populations under steady 

state condition and during inflammation.  

To elucidate Interleukin IL-10 dependent recruitment of eosinophils during peritoneal 

infection. 
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MATERIALS AND METHODS 

 

1.  Instruments 

Name         Source 

Agarose gel electrophoresis system     Bio-Rad 

Blood collection tubes (spray dried K2EDTA)   BD Biosciences 

Cell strainers        BD Biosciences 

Centrifuges: 

1. Multifuge 3 S-R      Heraeus Instruments 

2. EBA 12 R       Heraeus Instruments 

 Digital balance      Sartorius AG 

FACScanto II       Becton Dickinson GmbH 

Freezer (-20oC)       Liebherr International AG 

Incubator       Heraeus Instruments 

Milli-Q systems      Millipore 

Thermo cycler       Biometra 

 UVITECH UVIdoc Gel Documentation System  Jencons Scientific 

Vortex (Genie 2)      Scientific Industries 

 

2.  Buffers and Mediums 

Name         Source 

10X NH4Cl lysing buffer     BD Biosciences 

Anaesthetic solution: 

2.4ml of Ketamine solution 500mg,     Delta select 

0.8ml of Rompun solution 2%,     Bayer Vital GmbH 

 6.8ml of NaCl solution 0.9%.     Braun 

Annexin V binding buffer     BD Biosciences 

Histopaque 1083      Sigma-Aldrich 

 

PBS/EDTA buffer: 

PBS without Ca2+ and Mg2+,     Biochrom AG 
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5mM Na2EDTA.      carlROTH 

20x Sodium Borate buffer 

8g NaOH           carlROTH 

45g Boric Acid          carlROTH 

To 1 litre with MilliQ H20 

 

Omental cells isolation Buffer: 

HBSS  : 500ml     Invitrogen 

FCS (10%) :50ml      Invitrogen 

HEPES (0.01Mo): 5ml      Biochrom AG 

 

3.  Reagents 

Name         Source 

Agarose        carlROTH 

Annexin V conjugated with PE or FITC   BD Biosciences 

BD TruCOUNT tubes       BD Biosciences 

BD™ Cytometric Bead Array (CBA)    BD Biosciences 

Brewer thioglycollate medium    Sigma-Aldrich 

Collagenase D       Roche 

 Cytometry based assay (CBA) kit     Bender Med Systems 

DAPI (4’, 6-diamidino-2-phenylidole dihydrochloride) Sigma-Aldrich 

Dexamethasone       Sigma-Aldrich 

DMSO (Dimethyl sulfoxide) 99.5%    Roche 

DNase I        Roche 

Dneasy blood and tissue kit     Qiagen 

India ink       Pelican 

Low DNA Mass™ Ladder     Invitrogen 

MACS Pre- separation filters      Miltenyi Biotec 

PI (Propidium iodide)      BD Biosciences 

Tag PCR core kit      Qiagen 
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Table 1 Lipopolysaccharides   

 

Source Product Number/code Company 

Escherichia coli O127:B8 L 3880 Sigma-Aldrich 

Escherichia coli 055:B5 L 2880 Sigma-Aldrich 

Escherichia coli 0111:B4 Ultra-pure LPS-EB tlrl-eblps InvivoGen 

Salmonella typhimurium SL1181 L9516 Sigma-Aldrich 

 

Table 2. Recombinant Mouse Interleukins 

Recombinant Interleukins Product number Company 

Mouse IL-10 417-ML-005 R & D Systems 

Mouse IL-6 406-ML/CF R & D Systems 

Mouse IL-10 (Cys 149 
Tyr) 

1023-ML-010/CF R & D Systems 

Mouse IL-10 130-094-068 Miltenyi Biotec 

Mouse IL-1 α 130-094-051 Miltenyi Biotec 

Mouse IL-1 β 130-094-053 Miltenyi Biotec 

Mouse  IL-4 130-094-061 Miltenyi Biotec 

Mouse INF-γ 130-094-061 Miltenyi Biotec 

Mouse TNF-α  410-MT/CF R & D Systems 

 

4. Antibodies  

Table 3 List of antibodies used for flow cytometry analysis 

Antibodies Clone Isotype control Fluorescent 
conjugation 

company 

CD3e 145-

2C11 

American Hamster 

IgG1 

PE, PE 
CyTM7,v500 

BD 

Biosciences 

CD11b M1/70 Rat IgG2b, k PE, PerCP-Cy5.5 BD 

Biosciences 

CD11c N418 Hamster IgG PE,FITC Miltenyi 

Biotech 
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CD16/32 (FcR 
Block TM) 

2.4G2 Rat IgG2b, k Purified Miltenyi 
Biotec, 

Biolegend 

CD19 1D3 Rat IgG2a, k PE, PE-CyTM7 BD 

Biosciences 

CD45 30-F11 Rat IgG2a, k FITC BD 

Biosciences 

CD45.1 A20 Mouse (A.SW) IgG2a, 
k 

PE, PE-CyTM7 BD 

Biosciences 

CD45.2 104 Mouse (SJL) IgG2a, k FITC BD 

Biosciences 

CD49b (DX5) DX5 Rat IgM PE Miltenyi 

Biotech 

F4/80 BM8 Rat IgG2a, k PE-CyTM7, APC eBiosciences, 
Biolegend 

Gr1 

(Ly6G/Ly6C) 

RB6-8C5 Rat IgG2b, k PerCP-Cy5.5, 

APC-Cy7 

BD 

Biosciences 

MHC-II M5/114 Rat IgG2b, k FITC, PE, eF450 Miltenyi 
Biotec, 

eBiosciences 

Ly6G 1A8 Rat IgG2a, k PE, FITC,APC Miltenyi 

Biotec 

SiglecF E50-

2440 

Rat IgG2a, k PE BD 

Biosciences 

TER-119 Ter-119 Rat IgG2b, k PE Miltenyi 

Biotec 
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5. Mice 

All the experiments were performed using different mice strains of BALB/c background – 

1. BALB/c wild-type mice were purchased from Charles River and bred in animal 

facility. 

2. CD45.2 mice and congenic CD45.1 mice were obtained from Prof. Lars Nitschke, 

University of Erlangen- Nürnberg, Germany. 

3. IL-10-/- mice were obtained from Dr. Ute Hoffmann (AG Prof. Alf Haman) DRFZ, 

Berlin, Germany. 

4. CX3CR1GFP mice were a gift from Prof. Reinhold Forster, University of Hannover, 

Germany to our group. 

5. ΔdblGATA-1 mice were a gift from Prof. Claudia Berek, Deutsches Rheuma-

Forschungszentrum, Berlin, Germany.  

 

The animals were bred and maintained in the Animal Facility, University of Greifswald. 

All experiments were done by using 8-12 week old animals. All animal experiments were 

carried out according to the German animal ethics and safety regulations and norms of 

University of Greifswald. 

 

6. Genotyping of IL10 KO mice by using PCR. 

As the IL-10 ko mice I received from DRFZ were heterozygous, I did the PCR screenings to 

obtain homozygous IL-10 ko mice; further breeding and maintenance was done at 

animal facility of University of Greifswald. The mice were genotyped by first isolating tail 

DNA using Dneasy blood and tissue kit and further by using PCR. The DNA isolation and 

PCR protocol are described below.  

A. Tail lysis  

Around 0.2-0.5 cm of mouse tail was cut and kept it in a 1.5 ml eppendorf tube, 180 µl of 

tail lysis buffer was added and boiled for 30 min (either by boiling water or heat block). 

After cooling of samples 180 µl neutralization buffer was added and vortexed. The tail 

lysis mixture was stored at 40C until use. Mouse genomic DNA was isolated and used for 

PCR. 

 

 



31 
 

B. PCR 

 

 Conditions for PCR:  

1 sample     Final Concentration 
35.3 µl  ddH2O 
  5.0 µl  10x buffer   1X 
  2.0 µl  1.25 mM dNTP  200 µM 
  3.0 µl  MgCl2    1.5 mM 
  0.8 µl  Forward primer  20 µM 
  0.8 µl               Reverse primer  20 µM 
  0.8 µl               Neo primer   20 µM 
  0.3 µl  Taq (5 U/µl)   1.5 U 
 
  2.0 µl   DNA (when cutting 0.5 cm tails) 
 
  50 µl  
 

 

 

 

PCR Program:  
 

 C Time 
95 4 min 

 94 45 sec 
 57 1 min          35 cycles 
 72 1 min 
 72 7 min 
 4 hold 
 

Primers (stock: 200 µM; working: 20 µM) 

Table 4 Primers 

Name Primer Amplicon size (bp) 

IL-10 wt. F TGA TGC TTC CCA CTT CCT TC  

IL-10 wt. R ATA CAT GAT GAT CAA AAT GAA AAG CT 200 

IL-10 ko. F GCC TTC AGT ATA AAA GGG GGA CC  

IL-10 ko. R GTG GGT GCA GTT ATT GTC TTC CCG  

IL-10 neo CCT GCG TGC AAT CCA TCT TG 450 
 

The PCR amplicons were checked by using 1.3 % Agarose gel. 

 

 

 

M: Low DNA mass ladder 

Figure. 3   PCR product of 450 

bp confirms IL-10 ko mice. 



32 
 

7. Inflammatory models 

In my study to define the phagocyte recruitment during peritoneal inflammation, 

different inflammatory stimuli were tested and used.  

 

7.1 The induction of mice peritonitis was done by i.p. injection of 5ng E.coli LPS or by ip 

injection 0.5ml of 4% Brewer´s Thioglycollate. The dose of 5ng LPS was enough to give 

similar recruiting effect as obtained with 4% Thioglycollate in peritoneum. The effect of 

LPS was also confirmed by using different bacterial sources and different doses (Table 1). 

The 20µg or 5µg of LPS treatment decreased the blood leukocyte number significantly 

but erythrocyte number remained unchanged. However, 5ng LPS treatment does not 

affect the blood leukocytes number.   

 

7.2  Another model was used by injection of mouse caecal content (fecal induced 

peritonitis, FIP) (Wang Z., et.al. 2008). The cecum of a mouse was removed and its 

content was weighed and resuspended in PBS (1ml PBS for each 100mg wet weight of 

ceacal content). The suspension was filtered through a 70μm nylon cell strainer to 

remove large debris. The preparation of caecal contents was then diluted with PBS and 

an amount equivalent to 2mg or 15mg of caecal content (2mgCC or 15mgCC, 

respectively) was injected i.p. into recipient animals. Mice were sacrificed at different 

time points, peritoneal lavage samples were prepared and FACS analysis was performed. 

The FACS details are described in the next section.  

 

7.3 Standard Laparotomy surgery was performed on BALB/c wild type and IL-10 ko 

mice. At first mice were anesthetized by using anaesthetic solution (100µl per10 gm 

body weight) and underwent a 2-cm midline laparotomy surgery with mechanical 

abrasion of the right peritoneal wall. After 6 hrs of treatment mice were sacrificed and 

peritoneal lavage was prepared. Lavage was centrifuged at 500g for 5 min at 40C and 

reconstituted with 200μl of PBS. Total number of peritoneal cells was calculated and 1 

million cells were taken for further antibody staining. Two sets of samples were 

reconstituted with 100μl of PBS. All samples were stained with FcR blocking antibody at 

40C for 10 min.  First set of samples were stained with Ly6G-FITC, Siglec F-PE and CD11b-

perCP antibodies and Incubated at 40C for 20 min. Second set of samples were stained 
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with Ly6G-FITC, MHCII-PE and CD11b-perCP antibodies and Incubated at 40C for 20 min. 

Samples were added 1ml of FACS buffer along with BD TruCOUNT beads and centrifuged 

the cells 500 x g for 5 min at 40C.  The samples were reconstituted with 200μl FACS 

buffer and then measured at FACScanto II. 

8.  Sample preparation for FACS analysis 

8.1 Blood 

Mice blood was obtained by anesthetizing mice by i.p. injection of anaesthetic 

solution (100μl per 10g body weight). Mice were bled via retro-orbital plexus (Hoff, 2000) 

using a capillary tube containing heparin into blood collection tubes containing K2EDTA. 

For sample preparation of leukocyte populations, 50μl of blood was used. The Blood was 

stained with the following fluorochrome-labeled antibodies (Table 3): anti-CD45_FITC, 

anti-DX5_PE, anti- CD11b_PerCP-Cy5.5, anti-CD19_PE-Cy7, anti-CD3e_PE-Cy7, anti-

Ly6G_APC, and anti- MHC-II_eF450 at 4oC in the dark for 20min. The anti-Gr1 

(Ly6C/Ly6G) _APC-Cy7 antibodies were then added and the blood was again kept at 4oC 

in the dark for 20min. Erythrocytes were lysed with 1ml of 1X NH4Cl lysing buffer at 

room temperature in the dark for 10min. Before washing the samples were added with 

TruCOUNT beads and then each sample was washed twice with 1ml of cold PBS at 500 x 

g and 4oC for 5min (same centrifuging condition was applied to all washing steps). The 

pellets were further resuspended in 0.5ml of cold PBS for FACS analysis. Total leukocytes 

were defined as CD45+ cells, monocytes as CD11b+, DX5-, and Ly6G-, neutrophils as 

CD11b+, Ly6G+, Ly6C+, eosinophils as SSChi, CD11b+, and Ly6C+, NK cells as SSClo and DX5+, 

B cells as CD19+, and MHC-II+, and T cells as CD3e+ and MHC-II-.  The same procedure 

was applied for preparing all blood samples. 

 

8.2 Peritoneal wash cells 

The wild-type or infected mice were sacrificed by cervical dislocation and the skin 

at the umbilicus was incised to obtain cells from the peritoneum. The edges of the 

abdominal skin were pulled in opposite directions and pinned down to expose the 

musculo peritoneal cavity   as described by Berry and Martinic, 2005. The cavity was 

further washed by flushing with 2ml of PBS with or without EDTA. The peritoneal lavage 

was then aspirated back; filtered through a 30μm nylon cell strainer and kept at 4oC. 
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100μl of peritoneal lavage was used for staining for FACS analysis. The Fc receptors 

(CD16/CD32) were blocked by adding anti-CD16/CD32 antibodies into the sample and 

kept at 4oC in the dark for 5min. The samples were further stained with the following 

fluorochrome-labeled antibodies: anti-CD45_FITC, anti- SiglecF_PE, anti-Ly6G_PE, a nti-

CD11b_PerCP-Cy5.5, anti-CD19_PE-Cy7, anti-CD3e_PECy7, anti-F4/80_APC, and anti-

MHC-II_eF450 and incubated at 4oC in the dark for 20min. Thereafter, anti-Gr1 

(Ly6C/Ly6G) _APC-Cy7 was added and the cells were again kept at 4oC in the dark for 

20min. Before washing the samples, TruCOUNT beads were added to estimate absolute 

cell numbers. The samples were then washed with 1ml of cold PBS and the pellets were 

resuspended in 0.5ml of cold PBS for FACS analysis. Total leukocyte population was 

defined as CD45+ cells, macrophages as CD11b+, F4/80+, Ly6C-, SiglecF-, and Ly6G- cells, 

eosinophils as SSChi, CD11b+, SiglecF+, and F4/80+ cells, neutrophils as CD11b+, Ly6G+, 

and Ly6C+ cells, B cells are CD19+ and MHC-II+, and T cells are CD3e+ and MHC-II-. The 

same procedure was applied for preparing all peritoneal samples. 

 

8.3 Bone Marrow 

 The wild-type or infected mice were sacrificed by cervical dislocation and the skin 

at the umbilicus was incised to obtain the bone from thigh region.  All muscle tissues 

were removed from the bone and then femur and tibia bones were separated by cutting 

at the knee joint. The bone marrow cells were collected by flushing 1 cm of femur bone 

with 2 ml of PBS using 25- guage needle. Bone marrow cells were pipetted up and down 

to bring cells to single cell suspension. Cells were passed through cell strainer and 

washed. The cells were counted and then separated in two halves to further stain with 

the following fluorochrome-labeled antibodies: anti-Ly6G _FITC, anti- SiglecF_PE, 

DX5_PE, anti-CD11b_PerCP-Cy5.5, anti-CD19_APC, anti-CD3e_PECy7, and anti-MHC-

II_PE and incubated at 4oC in the dark for 20min. Before washing the samples, 

TruCOUNT beads were added to estimate absolute cell numbers. The samples were then 

washed with 1ml of cold PBS and the pellets were resuspended in 0.5ml of cold PBS for 

FACS analysis. All FACS data was analysed by using WinMDi version 2.8 or FlowJo version 

7.5.5.  
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8.4 Localization of Omentum  

As mentioned (Rangel-Moreno et al., 2009) the omentum is a fatty tissue which 

links several organs in the peritoneal cavity including spleen, stomach, pancreas and 

colon. The localization of the omentum within the peritoneal cavity of wild-type mouse 

is shown in Figure 3A and 3B (images adopted from Berberich S. et.al. 2008 and Carlow 

D. et.al. 2009).  The BALB/c wt mice were injected ip. with 0.5ml of sterile PBS or India 

ink or 0.5 ml of India ink plus 5ng of LPS (Dux et al , 1986) (Van den Broeck et al. 2006). 

After 2 hours mice were sacrificed and the peritoneal cavity was opened by incision to 

harvest omentum (figure 4C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4 Localization of Omentum 

A. localization of the omentum within the peritoneal cavity also has shown the positions of 

stomach, intestine and spleen (Berberich S. et.al. 2008). B. Omental fat band is shown (Carlow D. 

et.al. 2009) C. We defined Omental fat band by comparison and by observation India ink spots 

into omental fat band 2 hours after India ink + LPS Injection, the fat band is indicated with 

arrows. 
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Omentum was washed twice in cold PBS-EDTA buffer and kept in cold PBS at 4oC. 

For single cell preparation, the omentum was cut into small pieces and digested in 1ml 

of enzyme solution containing Collagenase D (1.5mg/ml) and DNase I (2mg/ml) at 37oC 

for 1 hour. The sample was then mechanically disrupted by passage through a 70μm 

nylon cell strainer and filtered through a 30μm nylon cell strainer. The sample was 

washed twice with 1ml of cold PBS. The pellets were resuspended in 2ml of cold PBS, 

and kept at 4oC. 50μl of omental cell suspension was used for FACS analysis. Antibody 

combinations and staining protocols were the same as those described above to analyze 

the peritoneal wash cells. 

8.5 Localization of Parathymic lymph nodes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 The pLNs from the pleural cavity opened by incision shown by arrows. 

The swollen black parathymic lymph nodes (PTLNs) were observed 2 h after India ink + 5ng LPS 

treatment. PTLNs are shown with arrows.  

 

The BALB/c wt mice were injected ip. with 0.5ml of India ink plus 5ng of LPS. 

After 2 hours mice were anesthetized with 250µl Ketamine IP injection and bled through 

retro orbital plexus and sacrificed to prepare peritoneal lavage with 2ml PBS. The pLNs 

were obtained from the pleural cavity opened by incision (Van den Broeck et al., 2006); 
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the pLNs were swollen and turned black due to India ink (figure 5) and kept in cold PBS 

at 4oC.  

After localizing pLNs the ink was not used in subsequent experiments. The 

surgically removed pLNs were teased apart with 27G needles and digested with enzymes 

as described above for the omentum cells. The pLN cells were finally resuspended in 

100μl of cold PBS and kept at 4oC. The entire cell suspension was used for FACS analysis. 

Antibody combinations and staining protocols were as described above for the 

peritoneal wash cells. 

 

Interleukin application 

Different types of mouse interleukins were injected ip into the wild-type mice. 

The IL-10 was injected at different concentrations and the resulting recruitment of 

lymphocytes was titrable and the number of lymphocytes recruited after 1µg IL-10 dose 

were comparable with number of lymphocytes recruited after 5ng LPS treatment. Thus, 

in further experiments, 1µg of cytokine dose was used. 

At first BALB/c or CX3CR1GFP mice were injected ip with different concentrations 

of (10ng to 1µg) recombinant mouse cytokines (Table 1) which were prepared in 100μl 

of PBS. At different time intervals (3, 6 and 18 hours) mice were anesthetized, bled via 

retro orbital plexus and then sacrificed to take peritoneal lavage in PBS. Samples were 

prepared for FACS analysis and analysed as detailed above. 

 

Cytokine assays 

The production of IL-4 cytokine in the mice peritoneum checked at 18hrs after 

FIP, was analysed using a cytometry based assay (CBA) kit according to the 

manufacturer’s protocol. Mice were infected i.p. with 15mg CC and sacrificed after 18hrs. 

Peritoneal lavage was prepared, cellular components of the lavage were removed by 

centrifugation twice at 10,000 x g for 10min. The supernatant was collected, aliquoted, 

and kept at -20oC until analysis. Cytokine assay was carried out using 3 mice per group. 
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Adoptive cell transfer experiments 

Peritoneal cell transfer 

The total peritoneal wash cells (1x106) from untreated BALB/c CD45.1 animals were 

transferred i.p. into untreated BALB/c CD45.2 mice or into animals which were FIP-

treated at the time of cell transfer or 1 hour or 3 days before cell transfer. After different 

time points (1hour or 3 days) recipient mice were sacrificed to harvest peritoneal cells 

by lavage, incubated with FcR blocking antibody for 5min and the cells then stained with 

appropriate combinations of different fluorochrome-conjugated antibodies (Table 3) as 

explained above section in peritoneal cell preparation. TruCount beads were added for 

cell counting. The cells were then washed once and analysed by using FACS. All statistics 

and graphs were performed by using GraphPad Prism version 5. 
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RESULTS 

 

1. Macrophages associated with peritoneum  

 Peritoneal cavity surrounds to some of the most vital organs of the body and 

given its crucial role in biological functions including regulation of inflammation, we 

analyzed the normal peritoneal macrophage populations. Peritoneum surrounds the 

macrophages of gastrointestinal mucosa which represent the largest pool of tissue 

macrophages in the body (Lee et al., 1985).  To analyze peritoneal macrophage 

populations the peritoneal cells were stained with antibodies against CD11b, F4/80, 

MHC class II, CD11c, Siglec F, CD103, CD19 and Ly6G to define macrophage, DCs, B cells, 

T cells, neutrophils and eosinophils. The uninfected mouse peritoneum contains major 

populations of lymphocytes (B, T and NK cells) as well as resident macrophages, 

dendritic cells and eosinophils (fig 6A). In normal peritoneum, two populations of 

peritoneal macrophages express CD11bint, low levels of the macrophage marker F4/80lo 

and MHC-IIhi (namely R1 cells) and the second population expresses CD11bhi, F4/80hi and 

MHC-IIlo and show high auto fluorescence (namely R2 cells) (fig 6B). The normal 

peritoneum exhibited less than 1% granulocytes and over 90% of them were eosinophils.  

 To define changes in the composition of the cellular infiltrates after peritoneal 

inflammation we used fecal induced peritonitis infection model which provides a 

defined and sterile site of infection and allows to readily distinguishing resident cells 

from immigrated cell population. We observed the disappearance of 97% of the resident 

R1 and R2 cells (fig 8A, B). Within 1h of fecal induced peritonitis. Other peritoneal cell 

populations including B cells, T cells and eosinophils were also reduced in number but to 

a lesser extent. A similar phenomenon was observed 6h after induction of a sterile 

peritoneal inflammation by application of 0.5ml of Brewers Thioglycollate medium or 6h 

after 5ng LPS treatment (fig 7A, B). These peritoneal wash macrophage populations can 

no longer be recovered soon after infection or sterile inflammation raised the question 

about their fate.  
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Figure 6 
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Figure 6: Total peritoneal wash cells  

 (A) Representative FACS analysis showing the gating strategy to define the Total peritoneal 

wash cells from a BALB/c mouse labeled with antibodies to CD11b, F4/80, MHC class II, CD11c, 

Siglec F, CD103, CD19 and Ly6G to define macrophage, DCs, B cells, T cells, neutrophils and 

eosinophils.  

(B) Representative FACS analysis showing the gating strategy to define R1 and R2 cells by 

labeling with CD11b, F4/80 and MHC class II after gating out SiglecF+   and Ly6G+ cells. This gating 

strategy was used in further experiments to define R1 and R2 populations  of CD11b+, SiglecF-, 

Ly6G- and Ly6C- macrophages in the peritoneum were gated and analysed as shown in fig B. 

Similar gating was used for macrophages in the omentum and parathymic lymph nodes (PTLNs).  

(C) Representative FACS plots showing gating for total peritoneal wash cells prepared from 

uninfected CD45.1+/+ mice and transferred intraperitoneally into uninfected or infected CD45.2+/+ 

BALB/c congenic mice. The transferred total peritoneal cells were gated out to show R1 and R2 

cells recovered in peritoneum of control (uninfected) mice, while during infection the 
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transferred cells were lost from the peritoneum.  R1 and R2 cells disappeared 1h after infection 

is shown after gating the specific cell type.  

(D) FACS plot depicting the total recovered peritoneal cells from control and 1h infected mice, 

the graph showing the absolute number s of recovered R1 and R2 cells per peritoneal cavity. 

Values are shown as mean of two independent experiments. Statistical significance was 

determined by two way ANOVA and Bonferroni post test. ** shows p < 0.01, and *** shows p < 

0.001. 

 The disappearance of resident cells after infection raised important question 

regarding their role after CC infection.  To further localize and determining their role, I 

decided to look the lost resident cells into peritoneum associated organized lymphoid 

tissues; as it has been reported in previous studies that during certain inflammatory 

conditions omentum and parathymic lymph nodes (PTLNs) are known to be associated 

with peritoneal cell migration (Geissmann et al., 2003, Rangel-Moreno et al, 2009). 

 

2. Peritoneal resident phagocytes migrate to the Omentum and parathymic lymph 

nodes 

 To determine the fate of the peritoneal wash macrophage populations, the 

extent of their association with peritoneal lymphoid tissues was assessed. As a first step 

the macrophage populations present in the omentum and in the PTLNs which drain the 

peritoneum was examined. The normal cell composition of Omentum, PTLNs and 

mesenteric lymph nodes (MLNs) in terms of R1 and R2 cells is shown in (fig 8C). There 

was a dramatic loss of CD45+ cells from the peritoneum within 1h of infection. Under 

physiological conditions the omentum contain substantial R1 cell population, also PTLNs 

and MLNs contain a small fraction of R1 cells. However, after 1h of CC infection R2 cells 

were located in the omentum (fig 8D). The recruitment of R1 and R2 cells was 

significantly increased in PTLNs and omentum 72h after CC infection (fig 8E). The cells 

recovered at 72h may be partly replenished from blood monocytes, were designated ´R1 

like´ and ´R2 like´ cells.  The recruitment of R1 and R2 cells into PTLNs and omentum 1h 

and 72h after infection gave sufficient evidence to further confirm their migration to 

these organs.  

 Next I determined whether the resident macrophage populations were 

replenished at 72h may be associated with cells migrated to omentum in infection. Total 
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peritoneal wash cells were prepared from 2 uninfected CD45.1+/+ BALB/c mice; and 

1x106 cells were transferred i.p. into CD45.2+/+ BALB/c congenic animals. 1h later the 

fraction of the transferred R1 and R2 populations remaining in the peritoneal cavity was 

determined (Fig 8 F, G). Also 1x106 CD45.1+/+ peritoneal wash cells were transferred into 

a CD45.2+/+ recipients; simultaneously infected with 15mg CC again 1h and 72h later 

grafted populations were determined (fig 8 D,E). Interestingly, the phagocyte population 

was reorganized in peritoneum and omentum, R1 like and R2 like cells after 72h of CC 

infection may have been replenished from blood monocytes (Fig 8 H, I).  

 

Figure 7 

 

Figure 7:  Peritoneal wash cells from CX3CR1GFP/+ mice, 6h after measurement with two 

different batches of 4% Brewers Thioglycollate medium (0.5ml i.p.).  

 (A)  Representative FACS plot showing the total peritoneal cells labeled with antibodies to 

CD11b and MHC II depicting the loss of peritoneal cells highlighted in rounded rectangle (after 

treatment with TG1) 6h after treatment with two different batches of 4% Brewers Thioglycollate 

medium (0.5ml i.p.).  
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(B) The absolute numbers of monocytes, granulocytes, resident macrophages and DCs in the 

peritoneal cavities were determined by using TruCount beads. The results of one of two 

independent experiments are shown.  

 

Figure 7 

 

 

Figure 7: (C)  Total peritoneal wash cells labeled with antibodies to CD11b and MHC II after 5ng 

LPS i.p. treatment  at different time points (3h, 6h and 8h) demonstrating the increased 

recruitment of monocytes and granulocytes is shown in the regions with red and black rounded 

rectangle and square, respectively. 

(D) The absolute numbers of monocytes and granulocytes in the PC 8h after 5ng of LPS was 

applied i.p.     Data represented as mean ± SEM, N = 3, and statistical significance was determined 

by Student’s t-test. *** shows p < 0.001. 
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Figure 8 

 

 

 

 

Figure 8:  Macrophage populations in the peritoneal wash, omentum and parathymic 

lymph nodes of BALB/c mice.  

The CD45+ cells in each preparation were gated to remove Siglec F+ eosinophils, and Ly6G+ 

neutrophils. The CD11b+ populations were then analysed as shown.  

(A) An untreated mouse and a mouse infected with 15mg equivalent caecal content for 1h. 
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(B) The absolute number of R1 and R2 cells 1h after infection. Three mice per group and a 

representative from two to three independent experiments are shown. Values are shown as 

mean ± SEM. N = 3, Student’s t-test. ** shows p < 0.01, and *** shows p < 0.001. 

(C) Macrophage populations (R1 &R2) in the peritoneal wash, omentum, para thymic and 

mesenteric lymph nodes.  

 

Figure 8 

 

 

 

Figure 8: (D) Comparison between R1 and R2 cell populations in untreated animals and in those 

infected with 15mg CC for 1h and 72h.  
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Figure 8 

 

 

 

Figure 8: (E) The three graphs depict the absolute numbers of R1 and R2 cells after 1 h of 

infection and shows R1 like and R2 like cells after 72 h of infection. Values are shown as mean ± 

SEM. N = 3, two way ANOVA and Bonferroni post test. * shows p < 0.05, ** shows p < 0.01, and 

*** shows p < 0.001. 

(F) Total peritoneal wash cells were prepared from untreated CD45.1+/+ BALB/c and 1x106 cells 

were transferred i.p. into a CD45.2+/+ BALB/c congenic mice. 1h later the fraction of each 

population of grafted cells remaining in the peritoneal cavity was determined. The same was 

done for CD45.1+/+ recipients which were infected at same time with 15mg CC and the remaining 
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grafted populations were determined 1h later in peritoneal wash and omentum, Representative 

results from two independent  experiments are shown.  

Figure 8 

 

Figure 8: (G) Comparison between grafted R1 and R2 cell populations was obtained from 

untreated animals and in those infected with 15mg CC for 1h. The three graphs depict the 

absolute numbers of transferred R1 and R2 cells after 1h of infection in peritoneum, omentum 

and parathymic lymph nodes (PTLNs). In graphs the red bar indicates total transferred cells 

recovered from the recipient mice (CD45.2+/+ BALB/c), the blue bar indicates recovered cells 

from an uninfected control mice and brown bar shows the recovered cells from the mice 1h 

after infection. Values are shown as mean ± SEM. N = 2, two way ANOVA and Bonferroni post 

test.  * shows p < 0.05, ** shows p < 0.01. 
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(H) Total peritoneal wash cells were prepared from uninfected CD45.1+/+ BALB/c mice and 1x106 

cells were transferred i.p. into a CD45.2+/+ BALB/c congenic animal. 72h later the fraction of each 

population of grafted cells remaining in the peritoneal cavity, omentum and parathymic lymph 

nodes was determined. The same was done for CD45.1+/+ recipients who were infected at same 

time with 15mg CC and the remaining grafted populations were determined 72h later in 

peritoneal wash, omentum and parathymic lymph nodes (PTLNs).  The results of one of two 

similar experiments are shown.  

 

Figure 8 

 

Figure 8: (I) Comparison between grafted R1 and R2 cell populations was determined in 

untreated animals and in those infected with 15mg CC for 72h. The three graphs depict the 

absolute numbers of transferred R1 and R2 cells after 72h of infection in peritoneum, omentum 

and parathymic lymph nodes (PTLNs). In graphs the red bar indicates total transferred cells 

recovered from the recipient mice (CD45.2+/+ BALB/c), the blue bar indicates recovered cells 

from an uninfected control mice and brown bar shows the recovered cells from the mice 1h 

after infection. Values are shown as mean mean ± SEM. N = 2, two way ANOVA and Bonferroni 

post test. *** shows p < 0.001. 
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 The number of CD45.1 cells recovered in the peritoneal wash cells after 72h was 

determined. Almost no R1 and R2 cells were recovered in the recipients infected with 

CC, although presence of the grafted B cells was observed after infection. The cells 

which were lost from the peritoneum 1h after CC infection do no return in significant 

numbers to the peritoneum. To further understand the mechanism behind the 

recruitment of phagocytes into inflammed sites and their further homing into lymphoid 

organs the role of different cytokines in the peritoneal cavity was analyzed. 

 

3. Effect of IL-10 on phagocytes recruitment. 

 

During inflammation, IL-10 and IL-6 are rapidly induced which makes them 

possible mediators involved in organizing in the early cellular response (Zang et al, 2009) 

(N. Hung, 2011, PhD thesis from our group). Many recent studies show that IL-10 

influences monocyte differentiation into Mφs or DCs (Allavena et al, 1998). The early 

production of IL-10 after inflammation made it an interesting candidate to test its role in 

phagocyte recruitment.  

In this experiment CX3CR1GFP/+ mice were i.p. injected with 1μg of IL-10 in 100μl 

of PBS. There was no cell recruitment into the peritoneum after i.v. infection suggesting 

the effect of IL-10 induced recruitment to be local (Fig 9A). The population seen in 

thioglycollate and LPS induction was comparable to IL-10 treatment. The recruitment of 

monocytes after IL-10 injection was concentration dependent; there was gradual 

increase in monocyte recruitment with increasing IL-10 concentration (fig 9B). The 

number of monocytes and granulocytes observed after IL-10 injection were comparable 

to the numbers recruited 3h after thioglycollate treatment (fig 9C).  
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Figure 9 

 

 

Figure 9:  Effect of cytokine treatment on phagocyte recruitment.  

(A) IL-10 induced monocyte recruitment into the peritoneum of CX3CR1GFP/+ mice 3h after 

intraperitoneal treatment of IL-10 but not after intravenous IL-10 treatment. 

(B) The IL-10 induced recruitment of monocytes was increased with increase in concentration. 

The results of one of three similar experiments are shown.  

(C) Representative FACS analysis showing the gating and absolute numbers of monocytic cells 

recruited after 3h of different treatments. The results of one of three similar experiments are 

shown. 
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4. Effect of different cytokine treatment on phagocyte recruitment. 

The role of cytokines to attract different phagocytes to the peritoneum was further 

tested. Mice were injected i.p. with 1µg of IL-10, IL-6 and TNF-α to see their effect on 

immune cell recruitment into the peritoneum 3h later. In the peritoneal wash, 

significant difference in the ratio of eosinophils to neutrophils after both IL-10 and IL-6 

treatment were observed. Of the cytokines tested, IL-10 had the most significant effect 

on recruitment of different phagocytes into the peritoneum (fig 9D). The i.p. application 

of IL-6 and TNF-α also showed phagocyte recruitment to the peritoneum, but to lesser 

extent than IL-10 (fig 9D). The eosinophil recruitment after IL-10 application was 

significant over other phagocyte recruitment.  

 

Figure 9 

 

 

Figure 9: (D) The absolute number of monocytes, neutrophils and eosinophils from the 

peritoneum of a mouse injected with 1µg of IL-10, IL-6, and TNF-α 3h after the treatment. The 

results of one of three similar experiments are shown, Values are shown as mean ± SEM. N = 5, 

One way ANOVA and Tukey´s post test. * shows p < 0.05, ** shows p < 0.01. 

 

        IL-10 is known as master regulator of other cytokines, as it controls production of 

proinflammatory cytokine at transcriptional level of different immune cell types and 

eventually the excessive recruitment of phagocytic cells to inflammation (Saraiva et al., 

2010).  The result in application experiment showed completely opposite and novel 

effect of IL-10, by recruitment of phagocytes to the peritoneum; IL-10 is known to 

decrease production of proinflammatory cytokines and subsequent recruitment of 
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phagocytes during infection. To further test this proinflammatory effect of IL-10, IL-10 ko 

mice were used. 

 

5. Effect of cecum infection on phagocyte recruitment in IL-10 ko mice. 

 To follow up the IL-10 story, IL-10 ko mice were compared with respective 

infected or uninfected wild type animals. In uninfected animals phagocyte and 

lymphocytes were examined. In blood, bone marrow and peritoneum the cell 

populations were defined by their expression of MHC, the CD11b marker of myeloid cell 

population, the Ly6G marker of neutrophils, the eosinophil marker Siglec F, the T cell 

marker CD3e, the B cell marker CD19, and the NK cell marker DX5. By this analysis the 

wild type and IL-10 ko mice had no significant differences in terms of their cell 

populations present in blood, bone marrow and peritoneum (fig 10 A ,B).   

 The wild type and IL-10 ko mice were injected i.p. with 15mg of CC material and 

sacrificed at different time points (1h, 3h and 6h). After 6h mice were sacrificed and 

peritoneal lavage was prepared. In comparison to the wild type, the pattern of cell influx 

in IL-10 ko mice was dramatically changed. There was an increase in the absolute 

numbers of recruited monocyte, granulocytes, T and B cells (fig 10 C). Interestingly, the 

recruitment of eosinophils was markedly reduced in IL-10 ko mice after infection but not 

after sterile injury (fig 10 D).  The result of this genetic experiment confirmed the 

observation from biochemical experiment where i.p. injection of IL-10 in wild type mice 

increases eosinophils recruitment to the peritoneum (fig 10 C).  
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Figure 10 
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Figure 10:  Effect of IL-10 on phagocyte recruitment.  

(A) Total peritoneal wash cells from uninfected BALB/c and IL-10 ko animals were resuspended 

with TruCount beads and labeled with antibodies  to CD11b, F4/80, MHC class II, CD11c, CD3e, 

CD19, Ly6G and Siglec F per cavity are shown absolute numbers of macrophage, DCs, T cells, B 

cells,  neutrophils and eosinophils. Values are shown as mean. N = 2. 

(B) Absolute numbers of these cell populations in blood and bone marrow. The results of one of 

two similar experiments are shown.  

(C) Absolute numbers of monocytes, neutrophils, eosinophils, B cells and T cells from the 

peritoneum of BALB/c and IL-10 ko mice 6h after 15 mg equivalent CC infection. The results of 

one of two similar experiments are shown. Values are shown as mean ± SEM. N = 3, Student’s t-

test. * shows p < 0.05, ** shows p < 0.01, and *** shows p < 0.001. 

(D) Effect of different cytokines on eosinophil recruitment. The graph depicts absolute number 

of eosinophils recruited to the peritoneum 3h after different i.p. cytokine treatment. Values are 

shown as mean ± SEM. N = 5, Student’s t-test. * shows p < 0.05. 
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(E) Peritoneal eosinophils numbers 6h after CC infection or Laparotomy. The graph 

demonstrates the absolute number of eosinophils recruited 6h after CC infection (FIP) or 

laparotomy surgery to the peritoneum. The results of one of two similar experiments are shown. 

Values are shown as mean ± SEM. N = 3, Student’s t-test. * shows p < 0.05. 

 

The importance of IL-10 in recruitment of eosinophils was confirmed by biochemical and 

genetic experiment, it also suggested the possible interaction between IL-10 and 

eosinophils and their role in modulating peritoneal inflammation. To further determine 

the role of eosinophils during inflammation, I decided to use Δdbl GATA−/− mice, the 

mice in which eosinophil lineage development is blocked by deletion of the high-affinity 

double GATA site in the GATA-1 promoter hence they lack mature eosinophils (Yu et al, 

2002). 

 

6. Role of eosinophils in phagocyte recruitment. 

 The reduced recruitment of eosinophils in IL-10 KO mice suggests a possible role 

of eosinophils during infection. To examine this point further Δdbl GATA ko mice which 

lack mature eosinophils were used. The Δdbl GATA ko mice and wild type controls were 

injected i.p. with 15mg CC. After 6h of treatment, mice were sacrificed and peritoneal 

lavage was prepared. Samples were stained with antibodies to Ly6G, Siglec F, CD11b, 

MHCII, CD3e and CD19 for FACS analysis. In the absence of eosinophils there was a 

significant increase in T and B cell recruitment to the peritoneum but no significant 

differences in the recruitment of other cell populations were observed (fig 11A). 
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Figure 11 

 

 

 

Figure 11: Role of eosinophils during infection.  

(A) The graph depicts absolute number of peritoneal cells from BALB/c and Δdbl GATA ko 

(BALB/c background) mice 6h after 15mg CC infection. The results of one of two similar 

experiments are shown. Values are shown as mean ± SEM. N = 3, Student’s t-test. * shows p < 

0.05, ** shows p < 0.01, and *** shows p < 0.001.  

(B) Changes in peritoneal IL-4 concentration following infection in BALB/c mice (N. Hung). The 

concentrations of peritoneal IL-4 are shown at different time points after 15mg CC infection. The 
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peritoneal lavage was used to analyze different cytokines by using CBA kit. (C) The graph depicts 

peritoneal IL-4 production of BALB/c and Δdbl GATA ko mice 18h after peritoneal CC infection. 

Values are shown as mean ± SEM. N = 3, Student’s t-test. * shows p < 0.05.  

 

 As we didn’t see a significant difference in the recruitment of monocytes and 

neutrophils to the peritoneum but significant increase in T and B cell recruitment it 

suggested the interaction of eosinophils with the latter cell type. As T and B cells are on 

the adaptive hand of immune system I decided to see the role of eosinophils at later 

time point. Since eosinophils are major source of IL-4; IL-4 have been suggested to play a 

major role in directing the differentiation of macrophages to alternatively activated (M2) 

rather than to classical (M1) activation (Gordon et al., 2010); we further examined IL-4 

production in wild type and Δdbl GATA mice. In wild type mice, we observed increased 

IL-4 production at 18h after fecal peritonitis.  While in the Δdbl GATA mice the rise of IL-

4 production was significantly less (fig 11C). The absence of IL-10 showed decreased 

eosinophil recruitment during peritoneal infection and in the absence of eosinophils the 

IL-4 production was significantly reduced.  The role of eosinophils in modulating 

bacterial infection is not vastly studied, these results suggest a clear evidence of 

interaction between IL-10 and eosinophil recruitment during CC infection. The 

production of IL-4 is a decisive factor in determining the outcome of infection their role 

in determining the fate of resident macrophages during infection.  
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DISCUSSION 

 1.  Peritoneal cells under normal physiological and inflammatory conditions. 

The peritoneum comprises a single layer of mesothelial cells supported by a basement 

membrane and an underlying sheet of connective tissue; contains liver, spleen, most of 

the gastro-intestinal tract and loosely bound milky spots. As peritoneal cavity 

surrounding to some of the most vital organs of the body, it participates in multiple 

biological functions including regulation of inflammation, fibrinolysis, angiogenesis, and 

tissue remodeling processes (Brokelman et al, 2011). Mice peritoneal cells mainly 

comprise of lymphocytes, dendritic cells and CD11b+ myeloid cells which have the typical 

phenotype of macrophages under normal physiological condition (Fig 6 A). The 

mononuclear phagocytes play important role in maintaining peritoneal homeostasis as 

they take part in both innate and adaptive immunity. In normal peritoneum two 

populations of peritoneal macrophages express CD11bint, F4/80lo and MHC-IIhi (namely 

R1 cells) and the second population expresses CD11bhi, F4/80hi and MHC-IIlo (namely R2 

cells) (Fig 6 B, C) (Ghosn et al., 2010).  

Inflammation is important for host defense against invasive pathogens. In 

response to an infection, a cascade of signals leads to the recruitment of inflammatory 

cells, particularly innate immune cells such as neutrophils and macrophages (Chen et al., 

2010). With the vast knowledge of over decades about the function of macrophages 

from different organs; there is still no clear evidence on heterogeneity of peritoneal 

macrophages in terms of their function during inflammation. The previous reports about 

resident peritoneal macrophages have shown contradictory findings; the role of 

leukotrienes derived from resident peritoneal macrophages in the development of early 

vascular permeability in sterile peritonitis (Kolaczkowska et al., 2002). The PMN 

recruitment in rat models of peritonitis was shown to be orchestrated by the resident 

peritoneal macrophages (de souza et al., 1985, Barja-Fidalgo et al., 1992). Other studies 

shown that depletion of resident macrophages inhibits PMN influx in LPS induced 

inflammation by the action of IL-10 and also has no effect in TG peritonitis, and 

increased PMN influx in zymosan peritonitis (Ajuebor et al., 1999 and Knudsen et al., 

2002). The use of conditional macrophage ablation transgenic mouse (CD11bDTR) 

showed 98% macrophage ablation resulting in less PMN recruitment into peritoneum 
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after TG peritonitis. The use liposomal clodronate gives only 80% macrophage ablation 

and even macrophage transgenic mice were not 100% effective (Cailhier et al., 2005). 

These factors were considered, before the transfer of peritoneal cells in CD45 congenic 

mice.  

To determine the fate of resident myeloid cells during infection; total peritoneal 

wash cells were prepared from uninfected CD45.1+/+ mice and transferred 

intraperitoneally into uninfected or infected CD45.2+/+ BALB/c congenic mice. The 

transferred total peritoneal cells were recovered in peritoneum of uninfected mice, 

while during infection the transferred cells were rapidly lost from the peritoneum (Fig 6 

C, D). The infection induced disappeared peritoneal resident cells were reorganized 72h 

after infection, possibly from influxing blood monocytes. The reorganization of lost R1 

and R2 population after infection was studied by transferring negatively purified blood 

monocytes from CD45.1 donor mice into population in uninfected mice. In mice infected 

with CC and transferred with monocytes showed grafted monocyte development into 

only R2 cells (N. Hung from our group has demonstrated that). The difference in the 

development of reorganized monocytes after infection suggests their differential 

function and migration fate during inflammation. 

 The fecal induced peritonitis model was used to mimic the clinical CLP model 

(Wang et al., 2008), although the cells recruitment is dose dependent.  During sterile 

inflammation as well as in CC peritonitis inflammation the phenomenon of 

disappearance of resident peritoneal cells was observed. After 1h of CC peritonitis, 97% 

of resident cells disappeared while this phenomenon was slower after LPS or TG 

treatment. The disappearance of resident cells was reported earlier in guinea pigs 

(Nelson et al., 1963) and later termed as macrophage disappearance reaction (Barth et 

al., 1995). The inflammatory stimuli from different origins can trigger different cytokine 

and chemokine response as observed in the experiment where i.p. treatment of LPS, TG 

produces different inflammatory responses in terms of number of inflammatory cells 

recruited to the site.   

 

2. Loss of peritoneal wash cells on inflammation.  

After inducing sterile inflammation by TG or LPS the resident peritoneal cells 

could no longer be recovered in a peritoneal wash 6h after treatment. The TG used from 
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two different batches also showed similar and reproducible differences (fig 7 A, B). LPS 

from different bacterial sources also resulted in a dose dependent loss of resident cells 

(fig 7 C). In further experiments CC induced peritonitis model was used to study the loss 

of resident macrophages and after this treatment both resident R1 and R2 cells were 

lost even more rapidly (fig 8 A). Already 1h after infection, the number of transferred 

cells recovered in a peritoneal wash was significantly reduced suggesting their possible 

exit from the peritoneum (fig 8 B). After 72h of infection these cell populations 

reappeared though not in higher numbers suggesting that they had been replenished at 

least in part from blood monocytes.  

The higher i.p. dose of LPS (5µg) resulted in no leukocyte recruitment to the 

peritoneum but with 5ng LPS, there was increased recruitment of monocytic cells as well 

as granulocytes, 8h after treatment (Fig 7 C, D). The time difference between 

recruitment of leukocytes to peritoneum can partly be explained by the dose of 

inflammation and their recruitment via different chemokines. It has been shown that 

LPS down-regulated CCR2 expression both in vitro and in vivo (Zhou et al., 1999). 

Injection of LPS into mice dramatically reduced the expression of CCR2 on the surface of 

peripheral blood cells and completely blocked macrophage infiltration into the 

peritoneal cavity in response to TG elicitation by possible mechanism of inhibition of 

CCR2 mRNA and desensitization of CCR2 receptor (Zhou et al., 1999).  A study 

demonstrated that low concentrations of Toll-like receptor (TLR) ligands in the 

bloodstream drive CCR2-dependent emigration of monocytes from the bone marrow. 

This study also showed that 20ng of LPS was sufficient for increasing the frequencies of 

circulating monocytes while higher dose (2µg) resulted in loss of the effect (Shi et al., 

2011). This observation is in line with the experiment where 5ng of i.p. LPS dose induces 

leukocyte recruitment but with higher dose of LPS there was no recruitment of cells (Fig 

7 C, D).  The possible explanation for no cell recruitment after high LPS dose is that 

higher dose of LPS induce sequestration of myeloid cells in other organs (Andonegui et 

al., 2003,2009) or could reduce emigration of monocytes from the bone marrow. The 

LPS induced monocyte emigration was MyD88-dependent from the bone marrow was 

independent of TNF and type I interferon expression (Shi t al., 2011). But these 

observations do not explain the disappearance of resident peritoneal cells. 
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The resident macrophage subsets have an important role to play in infection as they 

produce set of cytokines and chemokines during inflammation (Rosenberger et al, 2003). 

The selective depletion of peritoneal macrophages resulted in increased bacteremia and 

severe inflammation (Leendertse et al., 2009). The absence of peritoneal macrophages 

decreases neutrophil recruitment to the site and subsequently increases sepsis (Ajuebor 

et al., 1999). The two R1 and R2 peritoneal macrophage populations express different 

levels of surface markers and they have different phenotypes. The R1 cells act as APC to 

prime CD4+ T cells and also induce clonal expansion in the T cell population while the R2 

cells actively phogocytose apoptotic cells in vivo (N. Hung, 2011). However, the early 

disappearance of R1 and R2 cells after infection raised important questions about their 

functions and development (Ghosn et. al, 2010). The loss of peritoneal resident cells is 

replenished by new blood cells leads to an important question of where the resident 

peritoneal cells go after infection. Their possible niches are discussed below in detail. 

 

3. Where do the resident peritoneal cells go after infection? 

The fate of the resident peritoneal cells was followed after inflammation in 

lymphoid organs (Om and LNs) soon after infection (fig 8 C). The transfer experiment 

showed even in the absence of peritoneal macrophages during infection; the transferred 

cells also decline rapidly. This suggests that these inflammed macrophages emigrate 

rapidly from peritoneum during the resolution phase, contrasting with the function of 

persistent resident macrophages; unlike polymorphonuclear leukocytes, which dies by 

apoptosis and digested by macrophages (Bellingan et al, 1996). The inflammatory 

macrophages do not die locally; they may emigrate to draining lymph nodes and might 

play a role in antigen presentation. The parathymic lymph nodes which drain 

peritoneum are one possible niche for emigration of these cells (Geissmann et al., 2003). 

The observation from (Rangel-Moreno et al,2009) showing the role of Omentum as a 

site for B cell lymphopoiesis and supports B and T cell responses to peritoneal antigens. 

Omentum is a fatty tissue that connects the spleen, stomach, pancreas, and colon. It 

contains milky spots (MS), which are clusters of leukocytes embedded in the omental 

tissue (Krist et al., 1995). The MS also collect fluids, particulates and cells from the 

peritoneal cavity. This prompted us to ask the possible niche for lost peritoneal 

macrophages which might have migrated to these places to interact with lymphocytes. 
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The normal cell composition of omentum, parathymic lymph nodes and 

mesenteric lymph nodes showed only presence of R1 cells in uninfected mice. The 

number of R1 cells present in omentum was much higher than parathymic lymph nodes; 

whereas mesenteric lymph nodes had very few R1 cells (fig 8 C).  The CC infection 

induced lost cells from peritoneum were emigrated into omentum and parathymic 

lymph nodes and not in mesenteric lymph nodes (fig 8 D). When absolute numbers were 

compared, the R1 cells were observed in parathymic lymph nodes after 72h of infection 

but not after 1h which might be time dependent. The R2 cells were selectively observed 

in Omentum just 1h after infection and 72h as well (fig 8 E). These results were further 

confirmed by transfer experiment showing emigration of R2 cells into omentum 1h after 

infection but not in untreated mice (fig 8 F). The differential expression of adhesion 

molecules and chemokine receptors on R1 and R2 cells may define their different 

homing and function. The inflammation induced cytokine chemokine response generally 

characterized by particular inflammatory stimuli and the corresponding cell to it via 

different mechanisms.  

 

4. What pulls the blood cells to the inflammatory site (cytokines, chemokines)? 

The production and release of cytokines from innate immune cells are critical responses 

to inflammation and infection in the body. Cytokine secretion is a complex and tightly 

controlled process; the intracellular pathways involved for release are often uniquely 

tailored to each cytokine and cell type (Lacy et al., 2011). Analysis of cytokine production 

after CC peritonitis showed early production of IL-10 and IL-6. Rapid induction of IL-10 

mRNA was also reported in plasma 2h after mice treated with CLP and had increased 

TNF levels followed by mortality after pretreatment with anti IL-10 mAb (van der Poll et 

al., 1995). IL-10 and IL-6 are one of the early cytokines produced during inflammation, 

which makes them possible mediators involved in early phagocyte activation (Schaljo et 

al, 2009). Many recent studies shown the role of IL-10 in pathogen mediated activation 

of monocytes and their differentiation into Mφs or DCs (Murray et al. 2005, Rivollier et 

al., 2012); and in inhibiting the expression of chemokines, inflammatory enzymes, and 

potent proinflammatory cytokines (Lang et al., 2002 , Feldmann et al., 2003). The IL-10 

also can control the induction of LPS induced proinflammatory genes as shown in human 

macrophages. The inhibition of transcription of TNF gene through a novel mechanism of 
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targeting the rapid elongation by Pol II in a gene specific manner to inhibit the Rel A 

mediated recruitment of CDK9 to the TNF but not to the NFKBIA promoter, to prevent 

phosphorylation of RNA Pol II (Smallie et al. 2010).  A controlled trial of IL-10 

administration on humans was tested and it showed that IL-10 administration inhibits T 

cell proliferation and LPS-induced monocyte production of IL-1, TNF-alpha, IL-6, and IL-8 

(Chernoff et al., 1995).  

 In my study, the role of IL-10 and other cytokines was tested as possible mediators of 

early inflammation (Fig 9 B). IL-10 induced recruitment of phagocytes to peritoneum was 

surprising; IL-10 is as a known anti inflammatory cytokine and was playing a role as a 

chemoattractant. The number of monocytes recruited after IL-10 treatment was 

comparable to the number recruited after TG treatment (Fig 9 C). The intraperitoneal 

application of other proinflammatory cytokines also resulted in the recruitment of 

monocytes and neutrophils into the peritoneum but the effect was mild (Fig 10 D). IL-10 

is produced by variety of cell types in different inflammatory stimuli may suggest their 

differential interaction with other cell types (Saraiva et al., 2010, Smallie et al, 2010). 

The i.p. dose of 0.5 -1 µg of recombinant murine IL-10 reproducibly protected BALB/c 

mice from endotoxin (Howard et al., 1993). The ability of IL-10 to recruit monocytes, 

neutrophils and eosinophils was surprising and prompted us to ask its role during 

infection. This was further tested by using IL-10 ko mice (Kühn et al., 1993). 

 

5.  Genetic experiment does not support the results of the application experiment  

IL-10 is known for inhibiting chronic and acute inflammation by decreasing the amounts 

of proinflammatory cytokines made by activated macrophages. IL-10 controls 

proinflammatory cytokine and chemokine production indirectly via the transcription 

factor Stat3 (O'Shea et al., 2008). The untreated BALB/c and IL-10 ko mice have 

comparable phagocyte and lymphocyte populations in the peritoneum, blood and bone 

marrow (Fig 10 A, B). The CC induced peritonitis in IL-10 ko mice however showed 

increased recruitment of monocytes, neutrophils, T cells and B cells into the peritoneum 

6h after infection (Fig 10 C). This observation of cell recruitment after peritonitis is in 

lines with other study showing function of IL-10 in dampening the proinflammatory 

effect after different peritoneal inflammations (Ocuin et al., 2011). Since a dose of 15mg 

equivalent CC infection lead to the death of IL-10 ko mice by 18h after infection, we 
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switched to using a much lower dose (2mg equivalent). Under this regime all of the IL-10 

ko mice survived. The increased mortality of IL-10 ko mice can be correlated with several 

other studies showing multiple organ failure and death in the absence of endogenous IL-

10 after different inflammatory stimuli (Gazzinelli et al., 1996, Sewnath et al, 2001). A 

dose of neutralizing anti-TNF mAb in IL-10 ko mice showed increased survival due to 

blocking of beneficial inhibitory effects of endogenous IL-10 on systemic inflammation 

and resulted in exaggerated TNF response (Sewnath et al, 2001). During parasitic 

infection IL-10 dampens the differentiation of monocytes to TIP-DCs and protects the 

host from tissue damage (Guilliams et al., 2009). The pathogenic TNF production by 

myeloid M1 cells was limited by IL-10 through NF- κB p50 member in Trypanosoma 

congolense infection-resistant mice (Bosschaerts et al., 2011).  The effect of IL-10 as 

chemoattractant for leukocytes was surprising but absence of IL-10 (IL-10 ko) couldn’t 

hamper leukocyte recruitment after peritoneal infection except for the eosinophils.  

As the IL-10 application experiment showed significant monocyte, neutrophil and 

eosinophil recruitment in vivo it still remains puzzling what made these cells recruit to 

the peritoneum? There might be a possible explanations for the role of IL-10 as a 

proinflammatory/ chemotactic for monocytes, neutrophils and eosinophils in CCL16 

(Figure 12). The human chemokine HCC4 (now CCL16) is the only known chemokine 

which is up regulated in the presence of IL-10; CCL16 demonstrated chemotactic activity 

for monocytes in the presence of IL-10 (Hedrick et al., 1998, Zlotnik et al., 1999). CCL16 

is chemotactic for monocytes, lymphocytes, eosinophils, and DCs, which increases their 

adhesive properties and myelosuppressive activity (Youn et al., 1998, Nakayama et al., 

2004). CCL16 human ligands are HCC4/LEC/LCC1 and it binds with CCR1 and CCR2, CCR5 

and CCR8 (Cappello et al., 2006). Interestingly, CCL16 was also observed in human 

plasma (Nomiyama et al., 2001). Another important study showed in active ulcerative 

colitis, dendritic cells in the lamina propria were associated with IL-10 in the T cell rich 

area. The CCL16 released by lamina propria-infiltrating macrophages elicits massive 

recruitment of immune reactive cells in ulcerative colitis (Pannellini et al., 2004). Also 

elevated levels of CCL16 were shown in BALF of patients with eosinophilic pneumonia. 

The CCL16 levels were shown to be correlating with the numbers of eosinophils and 

lymphocytes. The CCL16 expression was reported in alveolar macrophages and more 

strongly in dendritic cells (Nureki et al., 2009). 
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 6. Role of Eosinophils in infection (IL-4 production) 

Although eosinophils are potent effector cells which are recruited to the site of 

inflammation; under homeostatic conditions eosinophils constitute an abundant 

leukocyte population in the gastrointestinal tract (Carlens et.al. 2009).  Eosinophils have 

shown active migration to the peritoneum under homeostatic conditions by a process 

that requires expression of a GPCR on eosinophils and the recruitment was macrophage 

independent manner (Ohnmacht et al., 2007). The present knowledge of eosinophils 

during parasitic infections and their role in allergies and asthma and their role as 

antibacterial was surprising. It demonstrated in vivo by using interleukin-5 transgenic 

mice which showed profound eosinophilia and improved clearance of P. aeruginosa into 

the peritoneal cavity; bacterial clearance following adoptive transfer of eosinophils, and 

impaired bacterial clearance in mice with a congenital eosinophil deficiency confirmed 

the eosinophil specific mechanism (Linch et al, 2009).  Interestingly in my study there 

was significantly lowered eosinophil recruitment after CC infection but not after 

laparotomy surgery in IL-10 ko mice (Fig 10 D). The role of endogenous IL-10 in 

promoting bronchial eosinophilic inflammatory reaction and goblet cell development 

induced by allergen was shown via enhancing IL-5 production; significantly less 

eosinophil recruitment into the airways of IL-10 ko mice (Yang et al., 2000). This study 

highlights the importance of IL-10 in eosinophil recruitment in airway inflammation via 

IL-5. Other contrasting studies reported role of intranasal administration of recombinant 

IL-10 on inhibiting recruitment of eosinophils in allergic mice (Zuany-Amorin et. al., 

1995), and knockout of the IL-10 gene augments allergen-induced eosinophilic airway 

inflammation (Grünig et al., 1997, Van Scott et al, 2000). The IL-10 dependent increased 

recruitment of eosinophils during infection but not after airway inflammation indicates 

different aspect of the cell behavior under different inflammatory condition. I also found 

no correlation of eosinophil recruitment during laparotomy surgery in IL-10 ko mice 

(Figure 10 D). It suggested the eosinophil recruitment as a possible mechanism in 

resolution of infection and the involvement of cytokine, chemokine mediators in the 

activation of eosinophils.   

 The possible role of eosinophils in bacterial infection is not clearly understood. 

The use of Δdbl GATA mice (Yu et al., 2002) which are eosinophils deficient gave us the 

opportunity to address the question about role of eosinophils during fecal induced 



67 
 

peritonitis. In the absence of eosinophils, monocyte and neutrophil recruitment was 

unaffected, while there was increased T and B cell recruitment (Fig 11 A). After 6h CC 

administration there was slightly less though not significant monocyte recruitment. The 

increase in T and B cell recruitment suggested the role of eosinophils in Th0 to Th2 shift. 

Eosinophils are known to produce array of cytokines (IL-2, IL-4, IL-5, IL-10, IL-12, IL-13, IL-

16, IL- 18, and TGF) after their engagement with receptors for cytokines, 

immunoglobulins, and complement under different inflammatory conditions 

(Rothenberg et al., 2006). As eosinophils are one of the main IL-4 producers; IL-4 

production was further tested during infection. The intraperitoneal IL-4 production 

reduces to baseline after 6 days of peritoneal infection (Figure 11 B). The IL-4 production 

was peaked in between 18h to 24h in CC infected mice while, in GATA ko mice the IL-4 

production was significantly reduced 18h after infection (Fig 11 B, C). The differences 

observed in the number of cells recruited in peritoneum, in the absence of eosinophils 

suggests their importance in determining the microenvironment during peritoneal 

infection.  

IL-4 modulates the macrophage function by impairing macrophage induced phagocytosis 

of N. meningitidis but increases the pathogen induced signalling and cytokine secretion 

(Varin et al, 2010). The microbial and cytokine milieu drives macrophages to express 

specialized and polarized functional properties in terms of their classical (M1) activation 

or alternative (M2) activation state. The production of IL-4 in the inflammatory condition 

can be a decisive step of macrophage polarization. It is demonstrated that IL-4 can 

directly influence the macrophage phagocytosis, endocytosis and autophagy (Martinez 

et al., 2009). IL-4 directs DCs to produce less IL-10, resulting in more IL-12 production to 

promote the Th1 response (Yao et al., 2005). IL-10 and IL-4 induce distinct and non 

overlapping gene expression patterns in macrophages (Stumpo et al., 2003). The 

antagonistic relationship between IL-4 and IL-10 was shown in filarial worm infection 

where deficiency of IL-4 showed persistence of filarial worms and microfilarial 

production, this permissivity was reversed in mice deficient in both IL-4 and IL-10 

(Specht et al., 2004). On the other hand the adoptive transfer of IL-4Rα+ macrophages 

had shown increased eosinophilic inflammation in asthma model (Ford et al., 2012). The 

IL-4/IL-13 stimulation of macrophages induces the production of eotaxin 1 and 2 (CCL11 
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and CCL24) which felicitates chemotaxis of eosinophils (Watanabe et al., 2002). The 

macrophages increase the Th2 inflammation and subsequently eosinophil recruitment. 

 

 7. Does Interleukin-10 modulate peritoneal inflammation by recruiting eosinophils? 

 IL-10 is a master regulator of many inflammatory conditions; it promotes 

differentiation of APCs, controls inflammation by down regulating or completely 

inhibiting many proinflammatory cytokines (Couper et al., 2008). Macrophage derived 

IL-10 can inhibit differentiation of neighboring cells into classically activated 

macrophages, allowing the macrophage population to be self-regulating (Grunstein et al., 

2001, Katakura et al., 2004). My observations clearly show the role of IL-10 in the 

recruitment of eosinophils by an unknown mechanism. This is the first observation to 

our knowledge showing the IL-10 dependent eosinophil recruitment after fecal induced 

peritonitis. Based on my observations and with the present knowledge about 

eosinophils function in bacterial infections I have proposed a hypothetical model (figure 

12) depicting the possible mechanism of eosinophil recruitment and their role in 

resolving inflammation.  

1. IL-10 may recruits eosinophils via CCL16: The enhanced recruitment of eosinophils 

after IL-10 application may be due to their interaction via CCL16 mediator; CCL16 

production is shown to be increased from macrophages in the presence of IL-10. CCL16 

is chemotactic for monocytes, lymphocytes, eosinophils, and DCs, which increases their 

adhesive properties and myelosuppressive activity (Youn et al., 1998, Nakayama et al., 

2004). The CCL16 released by lamina propria-infiltrating macrophages showed massive 

recruitment of immune reactive cells in ulcerative colitis in the presence of IL-10 

produced in the surroundings (Pannellini et al., 2004). Recombinant human CCL16 

treatment showed dose-dependent and very efficient migration of human eosinophils 

which was more than eotaxin/CCL11 treatment; intravenous injection of CCL16 into 

mice showed a rapid mobilization of eosinophils from bone marrow to peripheral blood 

(Nakayama et al., 2004). 

2. Eosinophils may promote resolution phase by macrophage activation: The early 

production of proinflammatory cytokines after peritonitis was shown to be controlled by 

IL-10 produced from peritoneal macrophages. The Th2 type (IL-5, IL-4, IL-13) cytokine 

production was reduced by IL-10 and subsequently eosinophil recruitment in mouse 
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model of asthma (Kosaka et al., 2011). Eosinophils secrete IL-4 which can induce 

alternative macrophage activation. Activation of STAT6 by IL-4 induces a transcriptional 

cascade by attaching with IL-4Rα- IL-13Rα1 on macrophage. Another study showed 

nematode parasites death in eosinophil-ablated mice, suggesting eosinophils support 

parasite growth and survival by promoting accumulation of Th2 cells and preventing 

induction of iNOS in macrophages and neutrophils (Gebreselassie et al., 2012). The IL-4 

production in type 2 inflammation also increases the accumulation of large number of 

macrophages. The recent finding showed the IL-4 is solely responsible for the 

accumulation and proliferation of tissues macrophages rather than previous notion 

about blood monocytes replenishing the macrophage population in nematode infection 

(Jenkins et al., 2011). In the absence of IL-4 (IL-4 ko mice) there was less macrophage 

accumulation in pleural cavity after L. sigmodontis infection and macrophages were 

unable to become alternatively activated. The role of IL-4 in driving macrophage 

accumulation and macrophage activation was further shown by i.p. injection of 

recombinant IL-4c which increased peritoneal cellularity, increased macrophage number 

and alternative activation phenotype infection (Jenkins et al., 2011). Mouse eosinophils 

and eosinophil-derived lipid mediators (Protectin D1) have been shown to promote the 

resolution of acute peritonitis (Yamada et al., 2011). 
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Figure 12 Hypothetical model for IL-10 interaction with eosinophil. 

AAM: Alternatively activated macrophages, STAT6: signal transducer and activator of 

transcription, TLR4: Toll like receptor 4, CCL16:  Chemokine (C-C motif) ligand 16 (The 

human chemokine HCC4), IL-13Rα1:  Interleukin 13 receptor, alpha 1, IL-4Rα: Interleukin 

4 receptor alpha. 

1. The peritoneal macrophages producing IL-10 after activation by TLR pathway which 

enhance the CCL16 production from macrophages and subsequently the eosinophil 

recruitment. 

2. After CC infection the recruited eosinophils produce IL-4 in the peritoneal 

environment and change the macrophage activation state to `M2`, which decreases the 

proinflammatory response and lead macrophages into resolution phase. Thus restoring 

the tissue homeostasis and healing process.  
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Conclusion: 

  The thesis work shows a new aspect of IL-10 interaction with eosinophils in 

mouse peritoneal environment during peritonitis. It gives a new insight for 

understanding the possible role of eosinophils in modulating the peritoneal environment 

in resolution of bacterial infection and can be useful in designing new approaches for 

therapeutic strategies in combating sepsis and peritoneal inflammation. 
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