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INTRODUCTION 
 

Mononuclear phagocytes, including macrophages and dendritic cells (DCs), comprise a 

large population of resident phagocytes found distributed throughout the body (Ginhoux et al., 

2006; Steinman and Cohn, 1973; van Furth and Cohn, 1968). Though conventional DCs are 

generated in peripheral sites from a dedicated precursor in the blood, monocytes are the 

circulating precursors of tissue macrophages. Monocytes also give rise to populations of cells 

variously referred to as “inflammatory DC” (Geissmann et al., 2003), “Tip-DC” (Serbina et al., 

2003), or “macrophage” (Ghosn et al., 2010). Throughout the course of this thesis I adopt the 

nomenclature of the latter author and will refer to all such cells as “macrophages”. 

Macrophages are equipped with receptors, such as Toll-like receptors (TLRs) and NOD-like 

receptors (NLRs), which permit them to rapidly and accurately detect pathogen-associated 

molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and, having 

done so, to produce pro-inflammatory mediators, such as IL-1!, IL-6, and TNF-", all of which 

are involved in initiating an innate immune response (Medzhitov, 2007). However, in many 

cases of inflammation initiated by bacterial infection, the resident macrophages have been 

shown to rapidly leave the infected site (Barth et al., 1995) and, at the same time, monocytes 

influx the inflamed site and give rise to new macrophage populations. The mechanisms 

governing this process of macrophage loss and renewal remain obscure. However, the newly 

formed macrophages have been shown to remove bacteria and apoptotic cells, support humoral 

immunity, and produce anti-inflammatory mediators, such as interleukin (IL) 10 and 

transforming growth factor (TGF) !1, which contribute to the resolution phase of inflammation 

(Arnold et al., 2007). 

1.  Blood monocytes are precursors of several phagocyte populations 

1.1.  Blood monocyte populations 

Mouse monocytes are generated in the bone marrow from a haematopoietic stem cell-

derived macrophage/dendritic cell progenitor (MDP) (Fogg et al., 2006; Liu et al., 2009). The 

newly formed monocytes exit from the bone marrow and enter the circulation where they make 

up 2% of blood leukocytes. Approximately 1x105 monocytes can be found in the circulation in 

a C57BL/6 mouse (Geissmann et al., 2003). The monocytes can be distinguished from other 

leucocytes since they express the myeloid lineage marker CD11b but lack the surface markers 

of neutrophils (Ly6G), eosinophils (SiglecF), B cells (CD19 and B220), T cells (CD90 and 

CD3e), and NK cells (NK1.1 and DX5) (Geissmann et al., 2003; Swirski et al., 2006). Two 
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populations of circulating monocytes can be distinguished by the fact that one expresses the 

Ly6C marker and the other does not. These two populations are not only observed in the 

bloodstream but are also found in the bone marrow and spleen (Swirski et al., 2009; Varol et 

al., 2007). 

The mouse Ly6C- monocytes have been termed “resident” monocytes and are 

comparable to the CD14lo CD16+ monocyte population found in human. This Ly6C- population, 

which makes up 20-30% of total blood monocytes (Landsman et al., 2007), has recently been 

shown to patrol the resting vascular endothelium by long-range crawling, and these cells are 

able to enter both normal and inflamed tissues (Auffray et al., 2007). This crawling property of 

these cells was shown to depend on their expression both of the heterodimeric !2 integrin LFA-

1 (a complex of CD11a and CD18) and of the CX3C motif chemokine receptor 1 (CX3CR-1). 

Both the ligands for the integrin (ICAM-1 to -3) and for the CX3CR-1 (fractalkine or CX3CL-1) 

are expressed on endothelial cells (Auffray et al., 2007; Bazan et al., 1997; Ishida et al., 2008). 

The mouse Ly6C+ monocytes, in contrast, resemble the human CD14+ CD16- monocytes and 

make up around 70-80% of the total monocytes. They have been considered as “inflammatory” 

cells which are selectively recruited to inflamed tissue because they express the CC motif 

chemokine receptor 2 (CCR-2) whose ligand is the monocyte-chemoattractant protein 1 (MCP-

1 or CCL-2) which is produced in inflamed tissues (Takahashi et al., 2009). The Ly6C- cells are 

therefore CX3CR-1hi and CCR-2- and the Ly6C+ cells are CX3CR-1lo and CCR-2+ (Geissmann 

et al., 2003). 

Since antibody against CX3CR-1 is not available, the expression of this receptor is 

measured by fluorescence in cells from mice which carry a knock-in of the gene coding for 

green fluorescent protein (GFP) into the CX3CR-1 locus (Jung et al., 2000). Since the CX3CR-1 

locus does not show haplo-insufficiency, the loss of function mutants of CX3CR-1 are 

recessive. Because of this, heterzygous CX3CR-1+/GFP mice may be used to track monocytes 

and their differentiated products by virtue of their expression of the fluorescent GFP protein 

(Bogunovic et al., 2009; Chorro et al., 2009; Niess et al., 2005; Schulz et al., 2009). 

1.2.  Monocyte half-life 

Using a pulse-chase labelling protocol van Furth and Cohn showed that blood 

monocytes are recirculating cells with a half-life of 22 hours and that they may be recruited 

into the inflamed peritoneum where they differentiate into macrophages (van Furth and Cohn, 

1968). Attempts to analyse this process by the standard procedure of adoptive transfer of 

labelled monocytes into the circulation have been vitiated by the fact that the preparation of the 
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monocytes changes the properties of the cells so that they no longer behave as they should. 

Monocytes isolated by magnetic or FACS sorting have a half-life when re-introduced into the 

circulation of less than a minute (Sunderkotter et al., 2004). Nevertheless, using this procedure, 

a few monocytes can indeed be followed as they home to the inflammed peritoneum, though 

the recovery of the transferred cells is less than 2% (Geissmann et al., 2003). Since it is not 

clear that the properties of the 98% which get lost are accurately represented by the 2% which 

are recovered, other means of analysis are required. An alternative procedure in which 

fluorescent beads are injected into the circulation does label monocytes, but the labelled cells 

now have a half-life of some 7 days (Tacke et al., 2006). Once again the cells have been 

radically altered by the manipulation. 

Parabiosis provides an elegant alternative means of estimating the residence time of 

undisturbed monocytes in the circulation (Liu et al., 2007). Cells with a long half-life in the 

circualtion become equally distributed in the parabiotic partners, whereas those with short half-

life do not. The study provided evidence that Ly6C- monocytes, but not Ly6C+ cells, reach 

equilibrium on day 9 after parabiosis. Although surgical manipulation in this model may 

change monocyte properties, the data clearly demonstrate that Ly6C- cells have a longer half-

life than that of Ly6C+ cells in circulation. To clarify the monocyte turnover, further 

investigations will be required. 

1.3.  Blood monocytes give rise to macrophages and dendritic cells in peripheral tissue 

It has been shown that blood monocytes are precursors of different phagocyte 

populations in the peripheral tissue (Geissmann et al., 2010). In the steady state, the two blood 

monocyte populations have different properties with respect to their  migration and 

differentiation potentials. On the one hand, the blood “resident” Ly6C- monocytes patrol 

resting tissue by crawling over the vascular endothelium (Auffray et al., 2007). After i.v. 

adoptive transfer of the Ly6C- monocytes, a tiny percentage of the transferred cells crossed the  

endothelial barrier to reach tissues including spleen, live, brain, and lungs (Geissmann et al., 

2003; Landsman et al., 2007). However, this migration is limited since the transferred cells 

were not detected in the bronchoalveolar lavage (BAL), thymus, peritoneal cavity, and 

parathymic lymph nodes (pLN) which drain the peritoneal cavity (Geissmann et al., 2003). In 

addition the very small numbers of transferred cells detected did not, in most cases, permit an 

assessment of whether they contributed to the pool of resident phagocytes. The only 

exceptional case was seen 4 days after i.v. transfer of 3x105 isolated Ly6C- monocytes when 13 

graft-derived DCs were detected in the lungs (Landsman et al., 2007). On the other hand, the 
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adoptive transfer procedure has shown that inflammatory Ly6C+ monocytes behave differently 

from the Ly6C- cells, because after transfer these cells did not enter the resting tissue 

(Geissmann et al., 2003). Instead  they were suggested to shuttle from the blood to the bone 

marrow where they are converted into Ly6C- monocytes prior to returning to the circulation 

and then contributing to the phagocyte pools in the tissues (Varol et al., 2007). Once again only 

a tiny proportion of the transferred cells were recovered. Nevertheless, these data collectively 

show that the Ly6C+ monocytes may be converted to Ly6C- cells after which they may enter 

the healthy tissue. 

During inflammation, both monocyte populations effectively migrate to the inflamed 

tissue. Once there, their developmental fate may be largely regulated by the tissue environment. 

For example, skin injury induced by irradiation resulted in recruitment of Ly6C+ monocytes 

which then gave rise to proliferating Langerhan’s cells in the epidemis (Ginhoux et al., 2006). 

This differentiation potential of Ly6C+ monocytes was quite different in injured skeletal muscle 

where the cells gave rise instead to so called “anti-inflammatory” M2 macrophages which 

produce TGF-!1 and orchestrate myogenesis and fiber growth (Arnold et al., 2007). In 

contrast, stimulation of the lungs with Lipopolysaccharide (LPS) or Mycobacterium 

tuberculosis resulted in an accumulation of monocytes which developed into both pulmonary 

DC and macrophage populations (Landsman et al., 2007; Skold and Behar, 2008). Injection 

(i.p.) of thioglycolate (Geissmann, Immunity, 2003, Serbina, Nat. Immunol. 2006), bacteria 

such as Listeria monocytogenes (Auffray et al., 2007), and parasites such as Toxoplasma gondii 

(Robben et al., 2005) directs the recruited monocytes along distinct differentiation pathways to 

form different functional macrophage populations. Collectively, these studies showed that the 

monocytes may be recruited to different inflamed tissues by a similar mechanism involving the 

local production of MCP-1 and CX3CL-1, but once the monocytes enter the inflamed tissue 

then their fate depends on tissue specific factors. The mechanisms which control the fate of 

monocytes in these various comparments, in particular in the peritoneum, requires further 

investigation. 

2.  Macrophages in the peritoneal cavity 

Under steady state conditions, the peritoneal cavity contains resident macrophages (van 

Furth and Cohn, 1968) which have been shown to consist of at least two distinct populations 

(Iwama et al., 1995). One subset contains approximately 20% of total peritoneal wash cells and 

expresses high levels both of the macrophage marker F4/80 (Austyn and Gordon, 1981) and of 

macrophage-stimulating protein receptor (MSP-R) also known as stem-cell derived tyrosine 
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kinase (Iwama et al., 1995). The second subset, in contrast,  expresses low levels of F4/80 and 

is MSP-R negative and makes up 5% of total peritoneal wash  cells. The properties of these two 

populations have recently been described in some more details (Ghosn et al., 2010). In this 

study, these two populations were distinguished by their cell-surface expression of CD11b and 

by cell size. Of those, F4/80hi MSP-Rhi macrophages express CD11bhi and they are relatively 

larger than the F4/80lo MSP-R- cells which are CD11bint.  Because of this, the authors refered to 

the CD11bhi population as large peritoneal macrophages (LPM) and the other CD11bint as small 

peritoneal macrophages (SPM). In addition, since the F4/80lo MSP-R- cells were shown to 

express MHC class II, they were suggested to act as antigen-presenting cells (APC) in the 

peritoneal comparment (Ghosn et al., 2010). However, this property was not documented. 

To our knowledge, the origins and kinetics of these cell populations are still a matter of 

controversy. Mice lacking the growth factor, colony-stimulating factor 1 (CSF-1), or its 

receptor CSF-1R (also known as CD115) have normal numbers of hematopoietic progenitor 

cells in bone marrow and spleen but are deficient in various tissue mononuclear phagocyte 

populations, including CD11b+ macrophages in both the peritoneal and pleural cavities (Dai et 

al., 2002). This suggests that CSF-1 may be essential for the formation of macrophages in 

tissues. The origin of peritoneal macrophages has been explored by studies using a murine 

lethal irradiation model (Ginhoux et al., 2006; Merad et al., 2002). After lethal irradiation, 

peritoneal macrophages were destroyed. Transplantation of bone marrow cells led to the re-

establishment of the macrophage populations in this comparment but the cells are of graft-

origin. This data demonstrates that peritoneal macrophages can be derived from precursors in 

the bone marrow. However, the mechanisms which contribute to the re-establishment are still 

not answered. 

The dynamics of peritoneal macrophage population turnover under steady state 

conditions are not well understood. Injection of a green fluorescent dye PKH-1 into the mouse 

peritoneum  specifically labelled the dominant F4/80hi CD11bhi subset of macrophages in vivo 

(Melnicoff et al., 1988). The labelled cells in the peritoneum were followed by FACS analysis 

which showed that they remain in this comparment for at least 28 days. This long term 

persistence of macrophages was confirmed in a mouse parabiosis model (Ansel et al., 2002). 

Analysis of peritoneal CD11b+ macrophages 8 weeks after parabiosis showed that 90% of 

macrophages remain of host origin in each parabiont partner. The data indicated that though 

peritoneal macrophages have low rates of turnover, their maintenance requires replacement 

from a pool of circulating precursors. However, we now know  that peritoneal macrophages are 
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made up of at least two distinct populations and this raises the question of whether both 

populations follow the same kinetics of turnover. 

3.  Changes in the peritoneal macrophage populations induced by inflammation 

Infection in the peritoneal compartment is called peritonitis. Two dominant effects on 

the cellular components are seen during peritonitis: the disappearance of resident leukocyte 

populations and the recruitment of new leukocyte populations derived from the circulation. In 

this thesis I have focussed on these changes in peritoneal macrophage populations. 

Peritonitis generally induces a so called “macrophage disappearance reaction” (MDR) 

which is defined as the inability to recover the cells from the peritoneal cavity by lavage (Barth 

et al., 1995). This phenomenon is not restricted to macrophages since lymphocytes have been 

shown to behave in the same way, albeit to a much lesser extent (Rajakariar et al., 2008). This 

MDR can be seen following sterile peritoneal inflammation induced by stimuli such as TG, 

LPS, and heparin or by infection with Bacille Calmette Guerin (BCG) (Barth et al., 1995). The 

MDR can occur within an hour and may persist for several days after initiation of a peritoneal 

inflammation. Melnicoff et al. labelled the mouse peritoneal F4/80hi CD11bhi macrophage 

population in vivo using the green fluorescent dye PKH-1 prior to induction of peritonitis by 

TG and then followed the fate of the labelled macrophages for several days. They showed that 

during the first hour, approximately 80% of labelled macrophages “disappeared” and were no 

longer recoverable in a peritoneal wash. The cells remained cryptic for at least 5 days 

(Melnicoff et al., 1989). This study suggested that on day 7 after inflammation the labelled 

macrophages re-appeared which was evidenced by an increased number of PKH-1+ cells 

relative to that in untreated animals. Since the PKH-1 dye intensity in the cells recovered on 

day 7 was only barely distinguishable from background, the results were interpreted as 

suggesting that these macrophages have high mitotic activity. The alternative explanation, that 

the weakly labelled cells seen on day 7 are newly formed phagocytes which have ingested 

debris from apoptotic labelled cells, was not considered. Indeed the macrophages which were 

rapidly lost from the peritoneum were shown to migrate to the draining parathymic lymph 

nodes (pLNs) as well as to associate with the omentum (Bellingan et al., 1996; Cao et al., 2005) 

and it was reported that these cells have low proliferating activity with only around  2% of 

them cycling at any time (Metcalf et al., 1992; van Furth and Cohn, 1968). Maintenance of 

macrophage population homeostasis must therefore require mechanisms other than division in 

situ. Thus, the idea that “disappeared” cells return to the peritoneum after inflammation 

remains to be established as does the origin of the peritoneal phagocyte populations present 
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after resolution of inflammation. The finding that the peritoneal macrophage population is 

heterogeneous makes a re-examination of their dynamics during peritonitis necessary. 

After the loss of resident peritoneal macrophages, peritonitis is characterized by the 

accumulation of granulocytes from the circulation and of monocytes which then differentiate 

into macrophages. The two monocyte populations described above have different kinetics of 

entry in peritonitis induced by Listeria monocytogenes (Auffray et al., 2007). The patrolling 

Ly6C- monocytes influx the peritoneum during the first hour of infection in a process 

dependent on CX3CR-1, while the inflammatory Ly6C+ monocytes, whose entry is dependent 

on CCR-2, only begin to be significantly detected several hours later (Auffray et al., 2007; 

Robben et al., 2005). Though the Ly6C- monocytes and the Ly6C+ monocytes quickly 

differentiate into macrophages, how they differentially contribute to the pool of macrophage 

populations is poorly understood. Nevertheless, the consequence of this differentiation is that 

the newly formed macrophages gain the capacity to present antigen and support T cell and B 

cell responses (Geissmann et al., 2003), phagocytose apoptotic and dead cells, and, in ways 

which are not well understood, to orchestrate resolution of the inflammation and initiate tissue 

repair by the secretion of TGF-!1 (Arnold et al., 2007). Since the current findings suggest that 

the two peritoneal macrophage populations have distinct functions in peritoneal immunity 

(Ghosn et al., 2010), it will be important to better understand how these macrophage 

populations are re-established during an inflammatory response. 

4.  Animal models to study polymicrobial sepsis: CLP, CASP, and FIP 

Ceacal ligation and puncture (CLP) and Colon ascendens stent peritonitis (CASP) are 

two standard models of polymicrobial sepsis and they have been widely used to study 

infectious inflamation in rodent animals including rat and mouse (Buras et al., 2005; Maier et 

al., 2004; Rice et al., 2005). Though they differ significantly in the kinetics of the infection 

which is induced (Maier et al., 2004) both are considered to be clinically relevant models of 

human peritonitis and both involve major operations on the animals with accompanying 

massive physiological stress. In CLP, the ligated ceacum is punctured while in CASP, a stent is 

inserted through the colon wall. These treatments lead to the leakage of ceacal contents, that 

contain a complex mixture of gram-positive and gram-negative bacteria, into the peritoneum 

(Secher et al., 2009), resulting in a marked local and systemic inflammation. Since CLP and 

CASP are complex, an alternative model of polymicrobial sepsis – fecal-induced peritonitis 

(FIP) – has been developed in which ceacal contents are prepared and then injected into the 

peritoneal cavity of a recipient (Wang et al., 2008). In this model, the animals are challenged 
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by the bacteria alone without the complications involved in surgical manipulation. For this 

reason I have chosen to use the FIP model for my study of monocytes and macrophages in 

bacterial septic peritonitis. 

5.  IL-10 is a regulatory factor of immune response in infection 

5.1.  IL-10 and its receptor 

IL-10, formerly called cytokine synthesis inhibitory factor, has long been known as an 

anti-inflammatory cytokine which inhibits the production of several pro-inflammatory 

mediators such as IFN-#, TNF-", MIP-2, and KC (Fiorentino et al., 1989; Howard et al., 1993; 

Londono et al., 2008; Sewnath et al., 2001). The gene encoding mouse IL-10 (mIL-10) contains 

five exons and is located on chromosome 1 (Kim et al., 1992). The mature mIL-10 polypeptide 

has a length of 160 amino acids and forms non-covalent homodimers (Moore et al., 2001; 

Moore et al., 1990). mIL-10 and hIL-10 share 73% amino acid identity, but though hIL-10 can 

act on both human and mouse cells, mIL-10 does not interact productively with the human IL-

10 receptor (Moore et al., 2001). 

IL-10 is not detected in tissue under steady state conditions but high amounts of IL-10 

are detected after tissue injury or after many bacterial or parasite infections (Bamboat et al., 

2010; Londono et al., 2008; Mittal et al., 2010; Schopf et al., 2002). IL-10 can be produced by 

several leukocyte populations including T cells, B cells, NK cells, monocytes, macrophages, 

conventional dendritic cells, and neutrophils (Ouyang et al., 2011). However, all of these cell 

population can, in turn, be targets of IL-10 since they all constitutively express the IL-10 

receptor (IL-10R). This receptor is composed of two subunits: the IL-10R1 (" subunit) which 

specifically binds to IL-10 and IL-10R2 (! subunit) which acts as a signal transducing element 

for the IL-10R1 as well as for the receptors of other members of the IL-10 family. Thus the IL-

22 receptor consists of IL-22R1 and IL-10R2, the IL-26 receptor consists of IL-26R1 and IL-

10R2, and the IFN-l receptor consists of IFN-lR1 and IL-10R2 (Donnelly et al., 2004). A 

mouse model in which the IL-10R1 has been conditionally gene targeted has been applied to 

study the cellular IL-10 network’s involvement in the  pathologenesis of diseases such as 

experimental colitis induced by dextran sulphate sodium (DSS) and parasite infection (Muller, 

2006; Pils et al., 2010; Roers et al., 2004; Siewe et al., 2006). 

5.2.  IL-10 is involved in regulating monocyte differentiation in infection 

Monocytes are recruited very early to the infected peritoneum and give rise there to 

macrophages which are referred to by some authors as “inflammatory DCs” (Auffray et al., 
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2007) and IL-10 is also produced in this early phase of infection (Zhang et al., 2009). These 

data suggest that IL-10 might be involved in regulating macrophage formation. Though this 

area of cell differentiation is still poorly understood, the first evidence suggesting a regulatory 

role for IL-10 in directing the differentiation of monocytes came from in vitro experiment using 

human monocytes (Allavena et al., 1998). In this study, the monocytes gave rise to cells which 

have a DC phenotype (CD1a+, MHC-II+, and efficiently prime T cells) after 7 days of culture in 

the presence of granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-13. In 

contrast, when the monocytes were cultured in the presence of macrophage colony stimulating 

factor (M-CSF), they differentiated into cells which have a macrophage phenotype (express 

CD14, CD68, and show enhanced phagocytosis activity). However, when IL-10 was added into 

the DC-differentiation culture system, the cultured monocytes changed their behavior and 

differentiated into macrophages which are phenotypically similar to those recovered from the 

macrophage-differentiation culture environment. Consistent with this observation, IL-6 and 

INF-# were shown to have a similar effect to IL-10 in that they switched the fate of monocytes 

from dendritic cell like to macrophage like by inducing an M-CSF autocrine loop in monocytes 

(Chomarat et al., 2000; Delneste et al., 2003). However, such mechanisms have not yet been 

demonstrated  in vivo. Nevertheless, these studies indicate that the differentiation of monocytes 

can be controlled by mediators produced in the inflamed tissue. 

6.  Aim of the study 

In this thesis, the physiological and functional properties and kinetics of peritoneal 

macrophage populations were examined under steady state homeostatic conditions and during 

an inflammatory response. Since bacterial peritonitis induces peritoneal macrophage 

“disappearance”, this study was designed to study how the macrophage populations are re-

established and to ask what role IL-10 might play in this process. 

!
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MATERIALS AND METHODS 
!
1.  Instruments 

- AXIO Imager, ZEISS. 

- Blood collection tubes (spray dried K2EDTA), BD Biosciences. 

- Cell strainers, BD Biosciences. 

- Centrifuges: 

! Multifuge 3 S-R, Heraeus Instruments. 

! EBA 12 R, Heraeus Instruments. 

- Digital balance, Sartorius AG. 

- FACSaria, Becton Dickinson GmbH. 

- FACScanto II, Becton Dickinson GmbH. 

- Freezer (-20oC), Liebherr International AG. 

- Incubator, Heraeus Instruments. 

- Milli-Q systems, Millipore. 

- MiniMACSTM separator, Miltenyi Biotec. 

- Thermocycler, Biometra. 

- Vortex (Genie 2), Scientific Industries. 

!
2.  Buffers and cell culture medium 

- 10X NH4Cl lysing buffer, BD Biosciences. 

- 5% Sheep blood agar plate, BD Biosciences. 

- Anaesthetic solution: 

! 2.4ml of Ketamine solution 500mg, Deltaselect. 

! 0.8ml of Rompun solution 2%, Bayer Vital GmbH. 

! 6.8ml of NaCl solution 0.9%, Braun. 

- Annexin V binding buffer, BD Biosciences. 

- CytoFix/Perm solution, BD Biosciences. 

- Histopaque 1083, Sigma-Aldrich. 

- MACS (Magnetic cell sorting) buffer: 

! PBS without Ca2+ and Mg2+, Biochrom AG. 

! 0.5% BSA (Bovine serum albumin), ROTH 

- PBS (Phosphate buffered saline) without Ca2+ and Mg2+, Biochrom AG. 

- PBS/EDTA buffer: 
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! PBS without Ca2+ and Mg2+, Biochrom AG. 

! 5mM Na2EDTA, ROTH. 

- Penicillin/Streptomycin (100X), PAA Laboratories GmbH. 

- Perm/Wash solution, BD Biosciences. 

- RPMI 1640 Ready Mix (supplemented with 10% FBS gold and L-glutamine (300mg/l), 

PAA Laboratories GmbH. 

!
3.  Reagents 

- Annexin V conjugated with PE or FITC, BD Biosciences. 

- BD FACSTM Accudrop beads, BD Biosciences. 

- BD TruCOUNT tubes, BD Biosciences. 

- BMQC (2,3,6,7-tetrahydro-9-bromomethyl-1H,5H-quinolizino(9,1-gh)coumarin), 

Molecular Probes. 

- CellTraceTM CFSE (carboxyfluorescein diacetate succinimidyl ester) cell proliferation 

kit, Molecular Probes. 

- Chicken ovalbumin peptide (323-339), H-Ile-Ser-Gln-Ala-Val-His-Ala-Ala-His-Ala-

Glu-Ile-Asn-Glu-Ala-Gly-Arg-OH, Peptides international. 

- Collagenase D, Roche. 

- Cytometry based assay (CBA) kit, Bender MedSystems. 

- 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. 

- Giemsa stain modified solution, Fluka (Sigma-Aldrich). 

- Lipopolysaccharide from E. coli 055:B5, Sigma-Aldrich. 

- MACS Pre-separated filters, Miltenyi Biotec. 

- Mouse recombinant IL-10 (Cys149Tyr) carrier-free, Biolegend. 

- MS columns, Miltenyi Biotec. 

- PI (Propidium iodide), BD Biosciences. 

- Rainbow calibration particles (8 peaks), 3.0 – 3.4mm, BD Biosciences. 

- Tag PCR core kit, Qiagen. 

!



Huu Hung Nguyen  MATERIALS & METHODS 

! 12 

4.  Antibodies and antibody-conjugated Microbeads 

Table 1: List of antibodies used for flow cytometry analysis 

Antibodies Clone Isotype control Fluorescent 
conjugation 

Company 

B220 (CD45R) RA3-6B2 Rat IgG2a, k PE, PerCP-Cy5.5 BD Biosciences 

CD3e 145-2C11 American hamster 
IgG1 

PE, PE CyTM7, 
Biotin 

BD Biosciences 

CD4 GK1.5 Rat IgG2b, k PE Miltenyi Biotec 

CD8a 53-6.7 Rat IgG2a, k FITC Miltenyi Biotec 

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

CD11c N418 Hamster IgG PE Miltenyi Biotec 

CD16/32 (FcR 
BlockTM) 

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 Biotec 

CD80 16-10A1 American hamster 
IgG 

APC eBiosciences 

CD90 30-H12 Rat IgG2b, k PE Miltenyi Biotec 

cKit (CD117) 2B8 Rat IgG2b, k APC eBiosciences 

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

F(ab’)2 fragment 
donkey anti-goat IgG 

Polyclonal F(ab’)2 frament 
donkey IgG 

PE Jackson 
ImmunoResearch 

Gr1 (Ly6G/Ly6C) RB6-8C5 Rat IgG2b, k APC-Cy7 BD Biosciences 

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

IL-10R1 (CD210) 1B1.3a Rat IgG1, k PE BD Biosciences 

Ly6G 1A8 Rat IgG2a, k PE, Biotin Miltenyi Biotec 

NK1.1 PK136 Mouse IgG2a, k FITC BD Biosciences 

NOS2 (iNOS) M-19 Goat IgG Purified Santa Cruz 
Biotechnology 

SiglecF E50-2440 Rat IgG2a, k PE BD Biosciences 

TCR DO11.10 KJ1-26 Mouse IgG2a, k PE Biolegend 

TER-119 Ter-119 Rat IgG2b, k PE Miltenyi Biotec 
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Table 2: List of antibody or streptavidin conjugated Microbeads for cell sorting by MACS 

Microbeads Clone Company 

B220 (CD45R) RA3-6B2 Miltenyi Biotec 

CD8a 53-6.7 Miltenyi Biotec 

CD11b M1/70 Miltenyi Biotec 

CD19 6D5 Miltenyi Biotec 

CD49b ( DX5) DX5 Miltenyi Biotec 

CD90 30-H12 Miltenyi Biotec 

MHC II M5/114 Miltenyi Biotec 

PE PE4-14D10 Miltenyi Biotec 

Streptavidin  Miltenyi Biotec 

TER-119 Ter-119 Miltenyi Biotec 
!

5.  Mice 

Mouse strains on the BALB/c background used: CD45.2 mice, congenic CD45.1 mice 

(a gift from Prof. Lars Nitschke, University of Erlangen-Nuernberg, Germany), IL-10-/- mice, 

CX3CR1+/GFP mice (a gift from Prof. Reinhold Forster, University of Hannover, Germany), and 

DO11.10 mice (a gift from Dr. Van Trung Chu, Deutsches Rheuma-Forschungszentrum, 

Berlin, Germany). Mouse strains on the C57BL/6 background used: CD45.2 mice, congenic 

CD45.1 mice (purchased from Charles River), IL-10R1-/- mice (a gift from Prof. Werner 

Mueller, University of Manchester, United Kingdom). The animals were bred and maintained 

in the Animal Facility, University of Greifswald. All experiments used 8-12 week old animals.!

6.  Inflammatory model 

In this study, peritonitis was induced by intraperitoneal (i.p.) injection of mouse ceacal 

content (fecal induced peritonitis, FIP). The ceacum of a mouse was removed. Its content was 

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

resulting suspension was filered 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 ceacal content (2mgCC or 15mgCC, respectively) was injected i.p. into recipient 

animals.!

7.  Sample preparation for FACS analysis 

7.1.  Blood 

To obtain blood, mice were anaesthetised by i.p. injection of anaesthetic solution (100µl!
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per 10g body weight). Blood was obtained via retro-orbital puncture (Hoff, 2000) through a 

capillary tube containing heparin into blood collection tubes containing K2EDTA. 

50µl of blood was used for analysis of leukocyte populations. The blood was stained 

with the following fluorochrome-labeled antibodies: 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. The erythrocytes 

were lysed with 1ml of 1X NH4Cl lysing buffer at room temperature in the dark for 10min. 

TruCOUNT beads were added and the sample was then washed twice with 1ml of cold PBS at 

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

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

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-. 

In some experiments in which IL-10R1 expression was analysed on blood monocytes, 

the blood was, instead, stained with anti-NK1.1_FITC, anti-IL-10R1-PE, anti-CD11b_PerCP-

Cy5.5, anti-Ly6G_APC, anti-Gr1(Ly6C/Ly6G)_APC-Cy7, and anti-CD45.2_V450.!

7.2.  Peritoneal wash cells 

To obtain cells from the peritoneum, mice were sacrificed by cervical dislocation and 

the skin at the umbilicus was incised. The edges of the abdominal skin were pulled in opposite 

directions to expose the musculoperitoneal cavity (Berry and Martinic, 2005) and the cavity 

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

then aspirated back. The lavage was filtered through a 30µm nylon cell strainer and kept at 4oC. 

100µl of peritoneal lavage was used for FACS analysis. The Fc receptors (CD16/CD32) 

were blocked with anti-CD16/CD32 antibodies at 4oC in the dark for 5min. The cells were then 

stained with the following fluorochrome-labeled antibodies: anti-CD45_FITC, anti-

SiglecF_PE, anti-Ly6G_PE, anti-CD11b_PerCP-Cy5.5, anti-CD19_PE-Cy7, anti-CD3e_PE-

Cy7, 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. 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 leukocytes are defined as CD45+ cells, macrophages as 
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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-. 

In some experiments, antibodies to CD11c, CD80, DX5, cKit or their isotype controls 

were used to define the marker profile of macrophages.!

7.3.  Omentum 

To obtain the omentum, the mice were sacrificed and the peritoneal cavity was opened 

by incision. The omentum is a fatty tissue which links several organs in the peritoneal cavity 

including spleen, stomach, pancreas and colon (Rangel-Moreno et al., 2009). The omentum 

was harvested, 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 discrupted 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 analyse  the peritoneal wash 

cells.!

7.4.  Parathymic lymph nodes 

To obtain the pLNs, the pleural cavity was opened by incision, the pLNs were excised 

(Van den Broeck et al., 2006) and kept in cold PBS at 4oC. For the preparation of single cell 

suspensions, the pLNs were teased apart with 27G needles and digested with enzymes as 

described above for the omentum. The LN 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.!

8.  Bacterial count 

To analyse the efficiency of bactericidal activity of peritoneal cells, the number of cfu 

injected into the peritoneal cavity and the number recovered from this cavity 1 day after FIP 

were determined. In these experiments groups of 3 mice were used. 
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To count the number of bacteria in a 15mgCC injection dose, 50µl (10%) of the 

injection dose was diluted by a factor of 104 and 50µl of this diluted suspension was plated in 

triplicate on 5% sheep blood agar plates to detect most aerobes. The plates were incubated at 

37°C for 3 days and the number of colonies was then counted. The total number of detected 

bacteria injected per mouse was calculated from the formula: 

CFU = N x F x (V1 / V2) 

In which: N: number of colonies detected per plate 
F: dilution factor 

V1: total volume injected i.p. (0.5ml) 
V2: volume of caecal preparation used for dilution (50µl) 

To estimate the number of bacteria recovered in the peritoneal wash, the lavage was 

collected by using 2ml of PBS and was diluted by a factor of 10. 50µl of this diluted 

suspension was plated in triplicate on 5% sheep blood agar plates and colonies was counted 

after 3 days of culture at 37°C. The number of detected bacteria recovered from the peritoneal 

cavity was calculated by following the formula: 

CFU = N’ x F’ x (V1’ / V2’) 

In which: N’: number of colonies detected per plate 
F’: dilution factor 

V1’: total volume of lavage (2ml) 
V2’: volume of lavage used for dilution (50µl)!

9.  Intracellular staining for iNOS 

Intracellular staining for expression of iNOS in the peritoneal macrophages was carried 

out as described by Serbina (Serbina et al., 2003). After extracellular staining with the 

following fluorochrome-labeled antibodies: anti-Ly6G_FITC, anti-CD11b_PerCP-Cy5.5, anti-

CD45.2_PE-Cy7, anti-F4/80_APC, anti-Gr1_APC-Cy7, and MHC-II_eF450, the cells were 

washed once with 1ml of cold PBS and fixed in 1ml of CytoFix/Perm solution at 4oC for 

20min. Thereafter, the cells were resuspended in 100µl of Perm/Wash solution and stained with 

purified goat anti-iNOS antibodies or with isotype control antibodies (goat IgG) at 4oC in the 

dark for 20min. The cells were then washed twice with 1ml of Perm/Wash solution before 

staining with the PE coupled F(ab’)2 fragment of donkey anti-goat IgG at 4oC in the dark for 

20min. The samples were then washed again twice with 1ml of Perm/Wash solution and 

resuspended in 0.5ml of Perm/Wash solution for FACS analysis.!
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10.  Blood monocyte isolation 

2ml of blood obtained from 3 mice was overlaid on 4ml of Histopaque 1083 (density 

1083g/ml) in a 15ml Falcon tube. The tube was filled up to the 14ml level with PBS and 

centrifuged with minimal acceleration and brake at 800 x g, 25oC for 45min. The interface 

containing peripheral blood mononuclear cells (PBMC) was collected, washed once in PBS and 

again in cold MACS buffer. The cells were resuspended in 100µl of cold MACS buffer and 

incubated for 5min with Fc receptor block antibodies. Thereafter the cells were incubated with 

anti-CD3e_Biotin, anti-Ly6G_Biotin, anti-SiglecF_PE, and with antibody-conjugated 

Microbeads including anti-TER119, anti-CD19, anti-B220, anti-CD90, anti-DX5, and anti-

MHC-II. The cells were gently shaken at 4oC for 30min, washed once with 1ml of cold MACS 

buffer and incubated with anti-PE Microbeads and Streptavidin Microbeads on a shaker at 4oC 

for 20min. The cell suspension was run through two successive MS-negative selection 

columns. The negative fraction was collected and the cells were washed once with 1ml of cold 

PBS. To check the monocyte purity, the cells were stained with fluorochrome-conjugated 

antibodies including anti-CD45_FITC, anti-CD19_PE, anti-B220_PE, anti-CD3e_PE, anti-

CD90_PE, anti-DX5_PE, anti-MHC-II_PE, anti-SiglecF_PE, anti-Ly6G_PE, anti-

CD11b_PerCP-Cy5.5, anti-F4/80_APC, and anti-Gr1(ly6G/Ly6C)_APC-Cy7. On FACS 

analysis, CD45+ leukocytes were gated. Monocytes were defined as CD11b+, F4/80+, CD19-, 

B220-, CD3e-, CD90-, DX5-, MHC-II-, SiglecF-, and Ly6G-. The monocyte subsets were 

determined by their differences in Gr1 (or Ly6C) expression. Typically, 1ml of blood yielded 

1.0 – 1.5x105 monocytes and the purity was roughly 80%. The cells were then used for 

morphological analysis by cytospins or for adoptive transfer experiments. 

In some experiments, the monocyte preparation obtained from CX3CR1+/GFP mice was 

subjected to FACS sorting (FACSaria) to separate two subsets of monocytes. The Ly6C- cells 

express CX3CR1/GFPhi and the Ly6C+ cells express CX3CR1/GFPlo. Typically, 1ml of blood 

yielded 0.8 – 1.0x104 Ly6C- monocytes and  4.0 – 5.0x104 Ly6C+ monocytes.!

11.  Peritoneal macrophage isolation 

11.1.  Peritoneal macrophages from uninfected mice 

In the case of uninfected mice, the perioneal wash cells were havested as described in 

Section 7.2, centrifuged, resuspended in 100µl of cold MACS buffer, and incubated with Fc 

receptor block antibodies at 4oC for 5min. The cells were then incubated with anti-

CD3e_Biotin, anti-SiglecF_PE, and antibody-conjugated Microbeads including anti-TER119, 

anti-CD19, and anti-DX5. The cells were gently shaken at 4oC for 30min, washed once with 
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1ml of cold MACS buffer, resuspended in 100µl of cold MACS buffer, incubated with anti-PE 

Microbeads and Streptavidin Microbeads, and incubated with gentle shaking at 4oC for 20min. 

The cell suspension was run through two successive MS-negative selection columns and the 

negative fraction was collected. The cells were washed once with 1ml of cold PBS and stained 

with fluorochrome-conjugated antibodies including anti-CD11b_PerCP-Cy5.5, anti-

F4/80_APC, anti-Gr1_APC-Cy7, and anti-MHC-II_eF450 at 4oC in the dark for 20min. 

Thereafter, this cell preparation was analysed and/or sorted by FACS. Macrophages are defined 

as CD11b+, F4/80+, and Gr1- and divided into two populations which differ by their levels of 

MHC-II expression. Re-analysis of the sorted populations showed that they were more than 

98% pure. These macrophage populations were then used for morphological analysis and T cell 

priming assays (see below: section 13).!

11.2.  Peritoneal macrophages from infected mice 

Perioneal wash cells were havested 3 days after FIP treatment. Macrophages were 

enriched by MACS sorting by a procedure similar to that used for cells in untreated animals 

(section 11.1) except that anti-Ly6G_Biotin was additionally used to deplete neutrophils. The 

macrophage enrichment preparation was then stained with fluorochrome-conjugated antibodies 

including anti-CD11b_PerCP-Cy5.5, anti-F4/80_APC, anti-Gr1_APC-Cy7, and anti-MHC-

II_eF450 and analysed or sorted on the FACSaria. Macrophage populations were determined 

using the same criteria as applied to cells from uninfected animals. In some experiments, 

CX3CR1/GFP expression was used to define and sort macrophage subsets. Re-analysis of 

sorted cells showed that the populations were more than 95% pure. These cells were used for 

morphological analysis, T cell priming assays, cell culture, and adoptive transfer experiments.!

12.  Morphological analysis 

After sorting monocytes and macrophages were examined by cytospins prepared at a 

cell density of 1x105 cells/ml. 0.2ml of cell preparations was loaded in the cytospin cuvettes 

and centrifuged at 800 x g for 3min. Slides were dried and stained with Giemsa according to 

the manufacturer’s protocol. Briefly, the slides were fixed in methanol for 10min, air dried, and 

immersed in Giemsa solution for 45min. The slides were then rinsed in distilled water, air 

dried, and the cells were examined with an AXIO Imager using a 100X oil immersion objective 

lens. Cell size was estimated by using MetaMorph version 7.1 software.!

13.  T cell priming assay in vitro 

The axillary and mesenteric lymph nodes (LNs) (Broeck, J. Imm. Met., 2006) were 

taken from one BALB/c CD45.2 DO11.10 mouse. The LNs were mechanically discrupted by 
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passage through a 70µm nylon cell strainer and filtered through a 30µm nylon cell strainer. 

This procedure yielded 20 – 30x106 cells. To isolate CD4+ T cells, the LN cells were incubated 

with Fc receptor block antibodies for 5min and then with the following antibody-conjugated 

Microbeads: anti-CD8a, anti-CD11b, anti-CD19, anti-DX5, anti-MHC-II, and anti-TER119 at 

4oC for 30min. The cells were then run through two successive MS-negative selection columns. 

The cells in the negative fraction were counted using TruCount beads. 10x106 cells were 

labelled with 2.5µM CFSE in 1ml pre-warmed PBS at 37oC for 5min (Quah et al., 2007). The 

reaction was stopped by washing twice with 1ml of RPMI medium supplemented with 10% 

(v/v) FCS. The cells were resuspended in RPMI-FCS medium for cell culture. To check for the 

efficiency of cell isolation and labelling, the cells were stained with fluorochrome-conjugated 

antibodies to CD4, CD8a, and to TCR DO11.10. On FACS analysis, this cell preparation was 

shown to contain roughly 99% CD4+ T cells which are TCR DO11.10+ and CFSE+. 

The peritoneal macrophage populations obtained from five untreated or three FIP 

treated BALB/c CD45.1 mice were sorted as described in section 11. 2x104 sorted 

macrophages were co-cultured with 1x105 CFSE-labelled CD4+ T cells in 200µl of RPMI-FCS 

medium in the presence of 20ng of OVA and 20ng of LPS in a 96-well plate at 37oC in a 5% 

CO2 atmosphere. After 4 days of culture, the cells were stained with anti-TCR DO11.10_PE, 

anti-CD3e_PerCP-Cy5.5, and anti-CD45.2_PE-Cy7 and analysed by FACS. The dilution of 

CFSE in TCR DO11.10+ T cells indicated their proliferation. Experiments were carried out in 

triplicate and two independent experiments were carried out for each determination.!

14.  Cytokine assays 

In this study, IL-10 produced in the peritoneum of mice during the first 10 days after 

FIP was analysed using a cytometry based assay (CBA) kit according to the manufacturer’s 

protocol. Mice were infected i.p. with 15mgCC. Peritoneal lavage was prepared at various time 

points including 6hrs, 24hrs (1 day), 72hrs (3 days), 144hrs (6 days) and 240hrs (10 days). 

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 untill analysis. 

Determinations were carried out using 4 mice per group. 

Other mediators produced by sorted peritoneal macrophage subsets obtained from a 

pool of 3 CX3CR1+/GFP mice on day 3 after FIP (15mgCC) were also analysed with the CBA 

kit. 5x105 macrophages/well were cultured in triplicate in 250µl of RPMI-FCS medium in a 96 

well-plate for 24hrs with or without re-stimulation with 400ng/ml of LPS. The culture 

supernatant was harvested by centrifugation twice at 10,000 x g for 10min, aliquoted, and kept 
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at -20oC before analysis. The mediators analysed included the pro-inflammatory cytokines IL-

1!, IL-1", IL-2, IL-6, IL-12p70, IFN-#, and TNF-!; anti-inflammatory cytokines IL-4, IL-5, 

IL-10, IL-13, and IL-17; chemokines CCL-2/MCP-1, CXCL-1/KC, MIP-1!; and the growth 

factor GM-CSF.!

15.  Phagocytosis assay in vivo 

Thymus was obtained from one BALB/c CD45.1 mouse at the age of 4 weeks. The 

tissue was mechanically disrupted by passage through a 70µm nylon cell strainer and filtered 

through a 30µm nylon cell strainer. Typically, one thymus yielded aproximately 100x106 cells. 

To isolate T cells, Fc receptors of the thymic cells were blocked with anti-CD16/32 antibodies 

at 4oC for 5min. The cells were then incubated with anti-CD11b Microbeads and anti-TER119 

Microbeads at 4oC for 30min. Thereafter, the cells were run through two successive MS-

negative selection columns and the negative fraction was collected. The cells in this fraction 

were counted using TruCOUNT beads, stained with anti-CD90_PE and anti-CD11b_PerCP-

Cy5.5 or with Annexin V_FITC and PI, and analysed by FACS. This preparation was more 

than 98% CD90+ T cells in which a few Annexin V+ apoptotic cells were detected. 50x106 

sorted cells were labelled with 10µM CellTrackerTM BMQC in 1ml of pre-warmed PBS at 37oC 

for 30min. The reaction was stopped by washing twice with 1ml of RPMI-FCS medium. To 

induce apoptosis, the cells were cultured with 1x10-6M dexamethasone for 6hrs at 37oC in a 5% 

CO2 atmosphere (Cifone et al., 1999). The efficiency of BMQC labelling and apoptotic 

induction was checked by staining the cells with Annexin V_FITC, PI, and anti-CD45.1_APC. 

This prodedure yielded 100% BMQC+ cells in which roughly 40 – 50% were apoptotic cells. 

After culture the cells were wash once with PBS and 4x106 cells were transferred i.p. 

into untreated BALB/c CD45.2 mice or into mice infected with FIP (15mgCC) 3 days 

previously. 1 hour after transfer, the peritoneal wash cells were havested by lavage and stained 

with anti-MHC-II_FITC, anti-CD45.1_PE, anti-CD11b_PerCP-Cy5.5, anti-CD19_PE-Cy7, 

anti-CD3e_PE-Cy7, anti-F4/80_APC, and anti-Gr1_APC-Cy7. In some experiments, the 

CX3CR1+/GFP mice were used as recipients. In this case the peritoneal wash cells were stained 

with anti-CD45.1_PE, anti-CD11b_PerCP-Cy5.5, anti-F4/80_PE-Cy7, anti-MHC-II_APC, and 

anti-Gr1_APC-Cy7. Phagocytosis was assessed as BMQC-labelled cells which did not express 

CD45.1 on the surface. For these experiments independent determinations from  four mice 

were carried out.!
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16.  Adoptive cell transfer experiments 

16.1.  Monocyte transfer to the peritoneum 

1x105 or 1.3x106 monocytes, 5x103 Ly6C- monocytes, or 3x104 Ly6C+ monocytes were 

transferred i.p. into untreated or FIP treated recipients. In this transfer system, the CD45 alleles 

(CD45.1 and CD45.2), which are recognized by two different monoclonal antibodies, were 

used to discriminate the donor cells from the host cells. 3 days after transfer, peritoneal cells 

were havested by lavage,  incubated with Fc receptor block antibodies for 5min and the cells 

were then stained with fluorchrome-conjugated antibodies including anti-CD45.2_FITC, anti-

SiglecF_PE, anti-Ly6G_PE, anti-CD11b_PerCP-Cy5.5, anti-CD45.1_PE-Cy7, anti-

F4/80_APC, anti-Gr1_APC-Cy7, and anti-MHC-II_eF450. In case of using CX3CR1+/GFP mice 

as donors, the combination of antibodies contains anti-SiglecF_PE, anti-Ly6G_PE, anti-

CD11b_PerCP-Cy5.5, anti-CD45.2_PE-Cy7, anti-CD45.1_APC, anti-Gr1_APC-Cy7, and anti-

MHC-II_eF450. TruCOUNT beads were added for cell counting. The cells were then washed 

once and analysed by FACS.!

16.2.  Peritoneal cell transfer 

1x106 total peritoneal wash cells from untreated BALB/c CD45.1 animals or 1.0 – 

5.0x105 sorted macrophage populations or subsets from FIP-treated BALB/c CX3CR1+/GFP 

CD45.1 mice treated 3 days before cell isolation with 15mgCC 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 3 days before cell transfer. 3 days or 7 days later, perioneal cells of recipients were 

havested by lavage, incubated with Fc receptor block antibodies for 5min and the cells then 

stained with different appropriate combinations of fluorchrome-conjugated antibodies (see 

above, section 16.1). TruCount beads were added for cell counting. The cells were then washed 

once and analysed by FACS.!

17.  IL-10 application 

100ng or 200ng of recombinant mouse IL-10 prepared in 100µl of PBS was injected ip. 

Two applications were made, the first at the same time of cell transfer or 3hrs after FIP 

treatment and the second application was made 18hrs after cell transfer or FIP treatment.!

18.  Statistical analyses 

Statistics and graphs were performed by using GraphPad Prism version 5. Student t-test 

was used and significant differences between data sets were not considered when p > 0.05.!
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RESULTS 
!
1.  Macrophages in the peritoneal cavity of normal mice 

1.1.  Flow cytometry analysis 

To analyse the peritoneal macrophage populations in normal BALB/c mice we stained 

total peritoneal wash cells with antibody to the myeloid marker CD11b. As shown in Figure 1A 

we found two distinct populations of CD11b positive cells which we refer to as R1 and R2. In 

agreement with published data (Ghosn et al., 2010), we found that the cells of the R1 

population are CD11bint and are larger than lymphocytes or eosinophils (Fig. 1B and 1C). The 

R2 cells are CD11bhi and they are both larger and more granular than the cells in the R1 

population (Fig. 1B and 1C). The R2 population also differs from R1 in that it shows a high 

degree of autofluorescence (Fig. 1D), a property which is typical of many macrophage 

populations (Austyn and Gordon, 1981). Both the R1 and R2 populations have the typical 

morphology of mononuclear phagocytes with a kidney-shaped nucleus and large vacuoles (Fig. 

1B). Neither of these cell populations expresses the Ly6G marker of neutrophils, the eosinophil 

marker SiglecF, the monocyte marker Ly6C, the B cell marker CD19, the T cell marker CD3e, 

the NK cell marker DX5, or the mast cell marker cKit (Fig. 1D). 

The R1 and R2 populations differ not only in their degree of expression of CD11b but 

also in the expression of other cell surface markers and this suggests that they may have 

distinct functions in the peritoneal innate immune defence  system. The R1 cells express low 

levels of the macrophage marker F4/80 but high levels of the antigen presenting molecule 

MHC-II, of the dendritic cell marker CD11c, and of the co-stimulatory molecule CD80 (Fig. 

1A and 1D) all of which suggests a possible involvement in T cell priming. Cells of the R2 

population, in contrast, express no detectable MHC-II, but do express high levels of F4/80 (Fig. 

1A and 1D). Since priming T cells and clearing apoptotic cells are two typical functions of 

tissue macrophages (Surh and Sprent, 1994), we set out to functionally characterise the R1 and 

R2 populations.!

1.2.  Functional analysis: T cell priming assay in vitro 

We first determined the relative capacity of the R1 and R2 populations to present 

antigen to T cells. For this we made use of DO11.10 mice which carry a transgene coding for 

both the TCR ! and ß chains of a MHC class II (I-Ad) restricted TCR directed to the chicken 

ovalbumin peptide 322-339. More than 97% of peripheral T cells in this strain express this 
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TCR combination which is detected by a monoclonal anti-TCR DO11.10 antibody (Murphy et 

al., 1990). 

  

  

Figure 1: Macrophage populations in the peritoneum of normal BALB/c mice. (A), Total 
peritoneal wash cells were stained with antibodies to CD11b, F4/80, and MHC-II and analysed by 
FACS. The data is representative of at least 6 similar experiments. (B), Cytospins of R1 and R2 
macrophages were stained with Giemsa dye (eosin and hematoxilin). The bar is 10µm. (C), The sizes 
of the R1 and R2 macrophages, B cells, T cells, and eosinophils. The bar shows the mean values. N = 
10, Student’s  t-test. *** shows p < 0.001. (D), The marker profiles of R1 and R2 macrophages 
obtained by FACS. The red histogram shows isotype control antibody and the green-filled histogram 
shows the antibody to a given antigen. The data is representative of 3 independent experiments. 

!
Peritoneal wash  cells from five BALB/c CD45.1 mice were pooled and depleted of B 

cells, T cells, NK cells, eosinophils and neutrophils by negative sorting using magnetic beads 

coupled to antibodies to CD19, CD3e, DX5, SiglecF and Ly6G. The resulting cell preparation 

contains the enriched R1 and R2 cell populations which are readily discriminated by staining 

them with anti-CD11b, anti-F4/80, and anti-MHC-II antibodies as shown in figure 1A. The two 

populations were then FACS sorted. The purity of the sorted R1 and R2 populations was more 

than 96% as estimated by FACS analysis (Fig. 2A). 

Lymph node cells prepared from the axillary and mescenteric lymph nodes (Van den 

Broeck et al., 2006) of BALB/c DO11.10 CD45.2 mice were subjected to negative sorting 

using anti-Ter119, anti-CD11b, anti-MHC-II, anti-DX5, anti-CD19, and anti-CD8 magnetic 

beads and the remaining cells were labelled with CFSE. On FACS analysis this preparation was 
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shown to contain roughly 99% CD4+ T cells which are TCR DO11.10 and CFSE positive (Fig. 

2B).   

The sorted R1 and R2 cells were then separately co-cultured in vitro with the CFSE- 

labelled ova-specific CD4+ T cells in the presence of OVA peptide and LPS for 4 days. The 

ability of the R1 and R2 cell populations to present antigen to the T cells and drive them into 

proliferation was determined by the dilution of CFSE in the T cell population. The R1 cell 

population was effective in priming the T cells, the R2 population, in contrast, was not (Fig. 

2C). 

  

  

Figure 2: T cell priming assay in vitro for peritoneal macrophage populations in steady state 
conditions. (A), Peritoneal macrophage populations in untreated BALB/c CD45.1 mice were sorted by 
MACS and FACS. (B), OVA specific CD4+ T cells isolated from the LNs of BALB/c DO11.10 
CD45.2 mice were labelled with CFSE. (C), The CFSE-labelled CD4+ T cells were co-cultured with 
each sorted macrophage population at a ratio of 5:1 (T cells:macrophages) in the presence of 20ng of 
OVA peptide and 20ng of LPS for 4 days. Cells were analysed by FACS after gating on the CD45.2 
population. The data are representative of two similar independent experiments done in triplicate. 

 

1.3.  Functional analysis: phagocytosis assay in vivo 

To determine the phagocytic capacity of the R1 and R2 populations we tested their 

ability to engulf apoptotic thymocytes in vivo. Thymocytes were prepared from BALB/c 

CD45.1 mice. CD11b+ cells and erythrocytes were depleted using magnetic beads conjugated 

with anti-CD11b and anti-Ter119 antibodies. FACS analysis of this preparation showed that 

99% of the cells are CD90 positive but CD11b negative (Fig. 3A). Additionally, staining the 

cells with Annexin-V showed that  less than 1% was apoptotic (Fig. 3A). The cells were then 
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labelled with the CellTrackerTM violet BMQC dye and treated in vitro with 1x10-6 mM 

dexamethosone for 6 hours to induce apoptosis (Cifone et al., 1999). This procedure yielded a 

population of BMQC+ CD45.1+ cells of which >40% were apoptotic as judged by Annexin-V 

staining (Fig. 3B). This cell preparation was injected into untreated normal BALB/c CD45.2 

mice and the peritoneal lavage was collected 1 hour later. We then examined the various 

peritoneal cell populations for phagocytosis which we defined as BMQC+ cells which did not 

express CD45.1 on the surface. Only the R2 cell population was significantly labelled not only 

at the population level (Fig. 3C) but also at the single cell level (Fig. 3D). 

  

  

Figure 3: In vivo phagocytosis activity of peritoneal macrophage populations in the steady state. 
(A), Isolated thymocytes obtained from BALB/c CD45.1 mice. (B), The BMQC-labelled thymocytes 
were incubated with 1x10-6 mM of dexamethasone in vitro for 6hrs to induce apoptosis. (C) These cells 
were injected i.p. into BALB/c CD45.2 mice. 1 hour later the peritoneal cells were recovered by lavage 
and assayed for BMQC+ cells which were CD45.1 negative.(D) The MFI of the BMQC+ R1 and R2 
populations was used to estimate the extent of apoptosis on a per cell basis. The bar shows mean ± 
SEM, N = 4, Student’s t-test.  *** shows p < 0.001. 

 

2.  Turnover of R1 and R2 cell populations 

In a mouse parabiosis model, a published study showed that 10% of peritoneal 

macrophages are replaced in each parabiont partner 8 weeks after surgery (Ansel et al., 2002). 

This finding demonstrated a low rate of turnover of the resident macrophages in the cavity. 
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However, whether the two macrophage populations have identical rates of turnover is 

unknown. 

To gain insight into the stability of R1 and R2 cells in vivo, total peritoneal wash cells 

from BALB/c CD45.2 mice were transferred i.p. into BALB/c CD45.1 animals. 72 hours later 

we quantified the grafted cells in the host peritoneum. We found that 50% of all transferred 

CD45.2+ cells could still be recovered in the lavage (Fig. 4). Of those, more than 50% of R1 

cells were no longer recoverable. The R2 macrophage population, in contrast, remained 

essentially intact. We also note that B cells, T cells, and eosinophils turned over at a rate 

similar to that of the R1 cells. Our results demonstrate that the R1 and R2 macrophage 

populations differ from each other in their rates of turnover: the R1 cells having a half-life of 

less than 3 days while the R2 cells do not detectably turnover within the 3 day period we 

examined. 

 

Figure 4: Turnover of leukocyte populations in the normal peritoneum. 1x106 peritoneal wash cells 
obtained from BALB/c CD45.2 mice were transferred i.p. into congenic BALB/c CD45.1 recipients. 3 
days later the peritoneal wash cells were recovered by lavage and stained with the appropriate 
antibodies. The grafted cell populations recovered from the peritoneum were counted by FACS using 
TruCount beads.  The bar shows mean ± SEM. N = 3. 

 
The short half-life of the R1 cells requires that they be constantly replaced. Since blood 

monocytes have been shown to be precursors of several tissue macrophage populations, we 

tested the possibility that the R1 cell population is replenished from monocytes.!

3.  Maintainance of R1 macrophage integrity by blood monocytes 

For reasons that are unclear intravenous (i.v.) transfer of blood monocytes into 

untreated animals results in almost complete loss of the transferred cells within a few minutes 

(Geissmann et al., 2003; Liu et al., 2007; Sunderkotter et al., 2004). Because of this 
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phenomenon, adoptive transfer i.v. cannot be used to study phagocyte dynamics. For this 

reason we decided to examine the differentiation of monocytes into peritoneal phagocytes after 

transfer directly into the peritoneum (Bellingan, J. Immunol. 1996). 

  

  

Figure 5: Blood monocytes differentiate into R1 macrophages in the normal peritoneum. (A), Left 
panel: Monocytes were isolated from BALB/c CD45.1 mice by magnetic sorting (MACS). Right panel: 
Cytospins of these monocytes were stained with Giemsa dye. The bar is 10µm. (B), Left panel: 1x105 
enriched monocytes were transferred i.p. into BALB/c CD45.2 mice. 3 days after transfer the peritoneal 
wash cells were obtained and analysed by FACS. The macrophages were gated using CD11b and the 
donor and host populations identified by their expression of CD45.1 or CD45.2 respectively. Centre 
panel: The differentiation of grafted monocytes was determined using F4/80 and MHC-II to distinguish 
the R1 and R2 populations. Right panel: Four recipients were analysed per group. The bar shows the 
mean values. 

 
Pooled peripheral blood was collected from four BALB/c CD45.1 mice and the 

monocytes were prepared by magnetic sorting as described in the Methods section. This 

enriched preparation contained roughly 70-80% monocytes as estimated by staining the cells 

with antibodies to CD11b and to markers used for monocyte isolation (Fig. 5A). Cytospins and 

Giemsa staining were performed for morphological analysis. The results showed that the sorted 

populations contain cells which have the classical morphology of monocytes (Fig. 5A). 1x105 

sorted monocytes were transferred i.p. into normal BALB/c CD45.2 animals. Grafted cells in 
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recipient peritoneum were analysed 3 days after cell transfer. The grafted monocytes develop 

almost exclusively into R1 macrophages (Fig. 5B). 

We conclude that the rapid rate of turnover of peritoneal R1 cells can be compensated 

by differentiation of new cells from blood monocytes influxing under steady state conditions. 

We next asked whether, under conditions where the R2 population is de-stabilised, it too can be 

replenished from blood monocytes.!

4.  Resident peritoneal macrophage populations rapidly disappear in polymicrobial 

sepsis – they associate with the omentum 

Bacterial peritonitis induces a so-called “macrophage disappearance reaction” (MDR) in 

the peritoneum (Barth et al., 1995) and as a result the resident macrophages can no longer be 

recovered by lavage. In our study, we injected caecal contents into the mouse peritoneum to 

induced peritonitis (FIP). At the dose used, which is equivalent to 15mg wet weight of caecal 

content, we detected 4-6x106 cfu by aerobic culture on sheep blood agarose plates (Fig. 6). 

However, we found that the animals dealt well with the infection as evidenced by the fact that 

none died and that 99% of the cfu detectable in this way were removed from the peritoneum 

within 24 hours (Fig. 6). 

  

Figure 6: Aerobes (cfu) recovered from the peritoneum 1 day after injection i.p. of 15mgCC. 
Ceacal contents were separately prepared from three BALB/c mice and each was plated in triplicate on 
5% sheep blood agar plates at 37oC for 3 days to determine the number of cfu prior to injection. An 
amount equivalent to 15mg CC was injected i.p. into each of three BALB/c recipients. 1 day later the 
peritoneal lavage was obtained and samples plated in triplicate on 5% sheep blood agar plates at 37oC 
for 3 days to determine the surviving cfu. Each line represents one recipient. Student’s t-test was used.  
*** indicates p < 0.001. 
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 We examined the kinetics of changes in the resident peritoneal macrophage populations 

after FIP in BALB/c mice. 1hr after FIP, we observed a dramatic decrease of CD45+ cells in the 

peritoneum (Table 3). Different peritoneal populations are lost to different extents, but the 

greatest loss was seen in the  resident R1 and R2 macrophage populations where >97% of the 

cells could no longer recovered from the peritoneum by lavage (Fig. 7A). 

Table 3: Total numbers of CD45+ leukocytes recovered from the peritoneum, omentum, and 

parathymic LNs of uninfected and infected (15mgCC i.p.) BALB/c mice. 

 Uninfected Infected 1 hour Infected 72 hours 

Peritoneal wash 4.1 ± 0.31 x 106 1.8 ± 0.21 x 106 19.9 ± 2.8 x 106 

Omentum 1.1 ± 0.25 x 106 4.4 ± 0.72 x 106 14.9 ± 0.32 x 106 

Parathymic LNs 1.7 ± 0.35 x 106 1.4 ± 0.27 x 106 4.9 ± 0.71 x 106 

Values show mean ± SEM. N = 4 for untreated controls and for animals infected for 1 hour. N = 3 for 

animals infected for 72 hours. 

Leukocyte populations in the peritoneum may associate with the omentum or exit via 

the draining parathymic lymph nodes (pLNs). The omentum is a fatty tissue which links the 

spleen, stomach, colon, and pancreas, and contains loosely organised lymphoid structures 

known as milky spots which are sites through which leukocytes can enter or leave the 

peritoneal cavity.  The pLNs are highly organised lymphoid organs which drain the peritoneal 

cavity (Rangel-Moreno et al., 2009). The rapid loss of resident macrophage populations from 

the peritoneum after infection prompted us to examine the macrophage populations associated 

with these organs. We therefore analysed macrophages in the omentum and parathymic LNs in 

untreated animals and in animals one hour after FIP treatment. 

In untreated animals the number of CD11b+ cells in the omentum varies from 4% to 

30% of total CD45+ leukocytes. In the pLNs, around 2% of CD45+ leukocytes are CD11b 

positive. The CD11b+ cells in these organs are mostly of the R1 type (Fig. 7B). The results 

show that R2 cells are a population of macrophages which are largely restricted to the 

peritoneal wash fraction in the steady state. 

In the infected mice, we found that a significant number of R2 macrophages, equivalent 

to roughly half of the total  pre-infection R2 population, was now detected in the omentum 

(Fig. 7B). However, we did not find any significant change in the size or composition of the 

macrophage populations in the parathymic LNs (Fig. 7B). These results indicate that on an 
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inflammatory challenge the peritoneal R2 macrophages leave the peritoneal wash fraction and 

become associated with the omentum. 

  

  

Figure 7: Macrophage populations in the peritoneum, omentum, and parathymic lymph nodes. 
(A), CD11b+, SiglecF-, Ly6G- and Ly6C- macrophages in the peritoneum were gated and analysed as 
shown. (B), Similar gating was used for macrophages in the omentum and parathymic LNs. The graphs 
show the absolute numbers of macrophage populations recovered from these organs. 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.  
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5.  Re-formation of peritoneal macrophage populations after infection 

5.1.  Flow cytometry analysis 

The disappearance of resident peritoneal macrophage populations raises the question of 

how the macrophage populations are re-established after infection. We therefore analysed the 

peritoneal wash cells by flow cytometry 3 days after FIP. We gated cells which are CD11b 

positive and excluded SiglecF+ eosinophils, Ly6G+ neutrophils, and Ly6C+ monocytes from the 

gated population. The remaining CD11b+ cells are comparable in their FACS profiles to the  

R1 and R2 cells seen in the normal peritoneum (Fig. 7A). The R1-like cells express MHC-II  

while the R2-like cells are MHC-II negative or low. The total number of macrophages 

dramatically increases (Fig. 7A). Thus macrophage populations are quickly re-established in 

the peritoneum after infection. 

Macrophage populations in the omentum analysed 3 days after FIP were similar to those 

seen in the peritoneal wash fraction at that time point (Fig. 7B). During the infection the 

number of cells in the draining parathymic LNs remains small at all time points examined and 

the majority of them have an R1-like phenotype (Fig. 7B).!

5.2.  Functional analysis: T cell priming assay in vitro 

The macrophage populations re-established in the peritoneal wash fraction were assayed 

for their ability to stimulate T-cell proliferation as described in the Methods section. Three days 

after infection with 15mgCC, peritoneal cells from two BALB/c CD45.1 mice were harvested 

by lavage. Samples were pooled and the cells were then depleted of granulocytes, lymphocytes, 

and NK cells by magnetic sorting as described in the Methods section. The remaining cells 

were stained with anti-CD11b, anti-F4/80, anti-Gr1, and anti-MHC-II. The R1-like and R2-like 

cells were then FACS sorted using the criteria shown in figure 7C. This sorting procedure 

resulted in populations each of which was 95% pure (Fig. 8A). The sorted cell populations 

were then separately co-cultured with the isolated CSFE-labelled CD4+ T cells from BALB/c 

DO11.10 CD45.2 mice in the presence of OVA peptide and LPS for 4 days. We found that R1-

like cells efficiently prime T cells while the R2-like cells do not (Fig. 8B). We conclude that 

the re-established R1-like population is the principle APC population in the wash fraction of 

the infected peritoneal cavity. 
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Figure 8: T cell priming assay in vitro for peritoneal macrophage populations formed 3 days after 
infection. (A), Peritoneal macrophage populations in infected (15mgCC i.p.) BALB/c CD45.1 mice 
were sorted by MACS and then by FACS. (B), The CFSE-labelled CD4+ T cells shown in Figure 2 were 
co-cultured with each sorted macrophage population at a ratio 5:1 (T cells:macrophages) in the presence 
of 20ng of OVA peptide and 20ng of LPS for 4 days. The data is representative of two similar 
independent experiments done in triplicate.  

!
5.3.  Functional analysis: phagocytosis assay in vivo 

Thymocytes from BALB/c CD45.1 mice were prepared, treated with dexamethasone 

and labelled with BMQC as described in the Methods section. The apoptotic thymocytes were 

then transferred i.p. into BALB/c CD45.2 recipients which had been FIP treated 3 days before 

cell transfer. 1hr after transfer, the peritoneal cells were recovered by lavage. Phagocytosis 

activity of each of the R1-like and R2-like populations was examined by flow cytometry 

analysis. The results showed that R2-like cells are the most effective peritoneal macrophages at 

clearing apoptotic cells both at the population level (Fig. 9A) and at the single cell level (Fig. 

9B). They not only show a higher capacity for phagocytosis activity but are also present in 

higher numbers than are the R1-like cells in the infected peritoneum (relative fractions of the 

total peritoneal wash macrophages are R1-like ~ 20% and R2-like ~ 80%). Other cell 

populations including Ly6C+ monocytes were much less effective in phagocytosing the BMQC 

labelled apoptotic thymocytes (Fig. 9). We conclude that the R2-like cells have the capacity to 

act as efficient scavengers in the infected peritoneum. 



Huu Hung Nguyen  RESULTS 

! 33 

  

Figure 9: In vivo phagocytosis activity of peritoneal macrophage populations formed 3 days after 
infection. (A), The BMQC-labelled apoptotic thymocytes isolated from BALB/c CD45.1 mice (shown 
in Figure 3) were injected i.p. into the infected BALB/c CD45.2 recipients induced by i.p. injection of 
15mgCC 3 days before cell transfer. 1 hour later the peritoneal cells were recovered by lavage and 
assayed for BMQC+ CD45.1- cells indicative of phagocytosis activity. (B), The phagocytosis capacity of 
the BMQC+ fraction of these two macrophage populations was compared on a per cell basis. Values are 
shown by mean ± SEM. N = 4, Student’s t-test. * shows p < 0.05, and *** shows p < 0.001.  

!
6.  Peritoneal macrophage populations after infection in CX3CR-1+/GFP mice 

6.1.  CX3CR-1 expression shows that the R2-like macrophage population is 

heterogeneous 

Since blood monocytes have been shown to fall into two populations which differ in 

their levels of expression of the fractalkine receptor CX3CR-1, we asked if this is also the case 

with the peritoneal macrophage populations. Since no antibody to CX3CR-1 is available we 

measured the expression indirectly using the CX3CR-1/GFP knock in mouse strain. We 

observed that in untreated BALB/c CX3CR-1+/GFP mice the peritoneal R1 and R2 macrophage 

populations differ in their levels of expression of CX3CR-1/GFP. The R1 cell population 

expresses high levels of CX3CR-1/GFP in these animals while the auto-fluorescent R2 

population does not (Fig 10A). 

Unexpectedly, we found that the R2-like macrophage population formed 3 days after 

FIP in BALB/c CX3CR-1+/GFP mice contains two distinct sub-populations one of which 

expresses low levels of CX3CR-1/GFP (refered to as R2-like A cell) and the other is CX3CR-

1/GFP high (refered to as R2-like B cell) (Fig. 10B). 

Morphologically, all R1-like, R2-like A, and R2-like B cells show the classical features 

of macrophage morphology (Fig. 10C). Both R1-like and R2-like B cells are significantly 
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smaller and less granular than the R2-like A population (Fig. 10D). Yet all three populations 

differ significantly from monocytes in that their expression of CD11b and F4/80 is substantially 

higher and they are all very much larger cells (Fig. 10D) These results show that infection 

drives the re-establishment of macrophage populations in which the CX3CR-1/GFPhi R2-like B 

population represent a newly defined peritoneal macrophage population. 

 

 

Figure 10: Peritoneal macrophage populations in CX3CR-1+/GFP transgenic mice. (A), The 
expression of CX3CR-1/GFP in the peritoneal R1 and R2 macrophages in untreated BALB/c wt and 
CX3CR-1+/GFP mice. (B), These mouse lines were injected i.p. with 15mgCC. The CX3CR-1/GFP 
expression divides the R2-like macrophage population formed 3 days after infection into two subsets 
which we call R2-like A and R2-like B macrophages. (C), Cytospins of R1-like, R2-like A, and R2-like 
B macrophages were stained with Giemsa dye. The bar is 10µm. (D), The sizes of R1-like, R2-like A, 
and R2-like B macrophages, and blood monocytes. The bar shows the mean values. N = 10, Student’s  
t-test. * shows p < 0.05, ** shows p < 0.01, and *** shows p < 0.001. One of three similar experiments 
is shown. 

!

6.2.  R2-like B macrophages do not differ from R2-like A macrophages in 

phagocytosing apoptotic cells in vivo 

We compared the relative ability of R2-like A macrophages and R2-like B macrophages 

to phagocytose apoptotic thymocytes in vivo using the same procedure as was applied to the 

cells in the normal peritoneum (Results section 1.3). BMQC labelled apoptotic thymocytes 

were prepared as described in the Methods section. The cells were then transferred i.p. into 

infected BALB/c CD45.2 CX3CR-1+/GFP mice which had been injected with 15mgCC 3 days 
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previously. 1 hour later, peritoneal cells were recovered by lavage. The cells were stained with 

appropriate antibodies to define macrophage populations and the phagocytosis activities of R2-

like A and R2-like B cells were compared. As shown in Figure 11, similar fractions of both R2 

like populations became BMQC labelled. In addition, at the single cell level we found that R2-

like B cells are efficient at engulfing apoptotic cells as are R2-like A cells. 

  

Figure 11: Comparison of phagocytosis activity of peritoneal R2-like A and R2-like B 
macrophages. (A), The BMQC-labelled apoptotic thymocytes isolated from BALB/c CD45.1 mice 
(shown in Figure 3) were injected i.p. into BALB/c CD45.2 CX3CR-1+/GFP recipients which had been 
infected with 15mgCC 3 days previously. 1 hour later the peritoneal cells were recovered by lavage and 
assayed for BMQC+CD45.1- cells in the R2-like A and R2-like B macrophage populations. (B), 
Comparison of the phagocytic capacity of the BMQC+ fraction on a per cell basis. The values are shown 
as mean ± SEM. N = 4. 

!
6.3.  R2-like B macrophages produce less iNOS in vivo than do R2-like A macrophages 

We tested the iNOS expression of the re-established macrophage populations 3 days 

after infection in the BALB/c CX3CR-1+/GFP mice. Peritoneal wash cells were stained with 

antibodies used to define macrophage populations prior to intracellular staining with anti-iNOS 

antibody or its isotype control. The stained cells were then examined by flow cytometry. The 

iNOS production was quantified by estimating the percent of iNOS+ cells and the mean iNOS 

fluorescent intensity (MFI) in each population. The results showed that the R2-like B 

population contains fewer iNOS+ cells than does the R2-like A population (Fig. 12). However, 

at the single cell level the MFI of iNOS in R2-like B population is comparable to that of the 

R2-like A cells. 
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Figure 12: iNOS expression in peritoneal macrophage populations in CX3CR-1+/GFP transgenic 
mice. (A), 3 days after FIP (15mgCC), the peritoneal cells were surface stained with appropriate 
antibodies and then intracellularly stained with antibody to iNOS. Macrophage populations were gated 
and their iNOS expression levels were determined. (B) These iNOS expression levels of the iNOS+ 
fractions are shown on a per cell basis. The bar shows mean ± SEM. N = 4, Student’s t-test. ** shows p 
< 0.01.  

!
6.4.  Cytokine and chemokine profiles of R2-like B macrophages differ from those of 

R2-like A macrophages 

Macrophages may be polarized either to “classical” M1 macrophages or to 

“alternatively activated” M2 macrophages. The direction of this polarization can be modulated. 

LPS and IFN-! induce classical activation of monocytes leading to cells which produce pro-

inflammatory cytokines including IL-12 (Shirey et al., 2010). Parasite infection and IL-4, in 

contrast, trigger alternative activation of macrophages resulting in secretion of anti-

inflammatory cytokines including IL-4, IL-13, and IL-10 (Fabre et al., 2009; Herbert et al., 

2004). Additionally, in skeletal muscle injury, blood monocytes migrate to the injured site 

where they give rise first to M1 macrophages which upon phagocytosis of cell debris are later 

converted to the M2 phenotype involved in mediating muscle regeneration (Arnold et al., 

2007). We therefore compared the cytokine and chemokine profiles of the R2-like A and R2-

like B populations to determine if they might represent different parts of the “classical” to 

“alternatively activated” spectrum. 

Three BALB/c CX3CR-1+/GFP mice were infected with ceacal content to induce 

peritonitis. 3 days later the peritoneal wash cells were recovered and pooled. The cells were 

depleted of lymphocytes, neutrophils, eosinophils and NK-cells by magnetic sorting as 

described in the Methods section. This cell preparation was then stained with appropriate 
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antibodies to gate R2-like A and R2-like B cells and FACS sorted. This procedure yielded 

populations which were >95% pure (Fig. 13A). 5x104 cells of each population were separately 

cultured in triplicate in a  96-well plate in the absence or in the presence of 400ng/ml of LPS 

for 24 hours. The supernatants were then havested and assayed for cytokine and chemokine 

production by using a cytometry based assay (CBA). Mediators analysed included pro-

inflammatory cytokines IL-1!, IL-1", IL-2, IL-6, IL-12p70, IFN-#, and TNF-!; anti-

inflammatory cytokines IL-4, IL-5, IL-10, IL-13, and IL-17; chemmokines MCP-1, CXCL-

1/KC, MIP-1", and the growth factor GM-CSF. 

  

  

Figure 13: Cytokine and chemokine profiles of peritoneal R2-like A and R2-like B macrophages. 
(A), Peritoneal macrophages from 3 infected BALB/c CX3CR-1+/GFP mice given 15mgCC i.p. 3 days 
previously were sorted by MACS. The R2-like A and R2-like B macrophages were then sorted by 
FACS. (B), 5x104 R2-like A and R2-like B macrophages were separately cultured in triplicate with or 
without stimulation of LPS (400ng/ml) for 24 hours. The supernatant was havested and analysed for 
mediator release using a CBA kit. The production of CCL-2/MCP-1, CXCL-1/KC, TNF-#, IL-6, and 
IL-10 is shown. The values are shown as mean ± SEM and analysed by the Student’s t-test. *** shows p 
< 0.001. 

 
In the absense of LPS, we found that R2-like A cells, but not R2-like B cells, produced 

large amounts of CCL-2 (Fig. 13B), which plays an important role in the recruitment of blood 

monocytes to inflamed tissues (Takahashi et al., 2009). Though LPS induced both populations 

to produce CCL-2, the R2-like A cells were still the dominant producers. Other chemokines 
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including CXCL-1/KC and MIP-1", and pro-inflammatory cytokines including TNF-# and IL-

6 were weakly produced by both cultured populations and after LPS stimulation these activites 

were significantly greater in R2-like B cells (Fig. 13B). IL-10 was produced equally by both 

populations after LPS stimulation. Other mediators including IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-

12p70, IL-13, IL-17, IFN-g, and GM-CSF were not detectably produced by the cultured cells 

even when they were stimulated with high concentration of LPS. 

Alltogether, our data show that after infection the R2-like macrophage population 

consists of two subsets which differ in their iNOS production, mediator secretion, but not 

phagocytosis activity. Nevertheless, both populations have a “classical” rather than 

“alternative” phenotype, though what roles they play in combating a bacterial infection remains 

to be established.!

7.  Peritoneal macrophage populations are derived from blood monocytes in infection 

7.1.  Re-establishment of peritoneal macrophage populations from blood monocytes 

We previously showed that most of the resident peritoneal phagocytes are lost within 

the first hour of infection. The increased numbers of macrophages found on day 3 post 

infection raised the question of their origin. We considered two possibilities. First, they are 

derived from cells which early in the infection migrated to the omentum. Second, they are 

derived from monocytes which influx into the peritoneal cavity from the circulation. 

 

Figure 14: The fate of resident leukocyte populations after infection. Total peritoneal wash cells 
obtained from BALB/c CD45.2 mice were transferred i.p. into BALB/c CD45.1 recipients along with 
15mgCC. 3 days later the peritoneal wash cells were recovered by lavage and stained with appropriate 
antibodies in the presence of TruCount beads. The grafted CD45.2 cell populations remaining in the 
peritoneum were determined by FACS. Values shown are mean ± SEM. N = 3.  

 
To test the first possibility, we transferred total peritoneal wash cells from untreated 

BALB/c CD45.2 mice into congenic CD45.1 recipients which received 15mgCC i.p. at the time 

of cell transfer. 72 hours later we quantified the grafted cells in the host peritoneum. We found 
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that approximately 80% of the grafted CD45.2 cells are lost (Fig. 14). About 99% of the grafted 

R1 cells and 97% of the R2  macrophages  could no longer be detected  in the lavage of the 

infected peritoneum. The numbers of other cell types including B cells, T cells, and eosinophils 

were also dramatically reduced, though to a lesser extent. We conclude that the roughly 4.5x106 

peritoneal macrophages including R1-like and R2-like cells (Fig. 7D) found on day 3 post 

infection do not derive from pre-infection resident cells which had migrated to the omentum. 

We next tested the possibility that the re-established macrophages might have 

developed from influxing monocytes. Blood monocytes from BALB/c CD45.1 mice were 

prepared (Fig. 5) and then transferred i.p. into infected BALB/c CD54.2 animals which 

received ceacal content at the time of transfer. 72 hours later, we examined the peritoneal wash 

cells in the recipients. In contrast to the situation in untreated recipients, where monocytes 

developed exclusively into R1 cells, we observed in this experiment that grafted monocytes 

changed their behavior so that a majority of the cells developed instead into the R2-like 

population (Fig. 15). 

From these experiments we conclude that the peritoneal resident macrophages associate 

with the omentum on infection and do not return to the wash fraction thereafter. The re-

establishment of macrophage populations of the peritoneal wash fraction is driven by the  

differentiation of influxing monocytes. 

 

Figure 15: Blood monocytes differentiate into R2 macrophages in the infected peritoneum. 1x105 
monocytes isolated from BALB/c CD45.1 mice were transferred i.p. into BALB/c CD45.2 mice given 
15mgCC at the time of monocyte transfer. 3 days later the peritoneal wash cells were obtained by 
lavage and analysed by FACS. The macrophages were gated as shown in Figure 7A.  The differentiation 
of grafted monocytes was determined. The bar shows the mean values. N = 4 recipients. 

!
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7.2.  Monocyte populations have non-identical differentiation potentials in infection 

In CX3CR-1+/GFP mice, blood monocytes can be devided into two subsets one of which 

expresses CX3CR-1/GFPhi and Ly6C- and the other is CX3CR-1/GFPlo and Ly6C+. Published 

studies have suggested that these two monocyte subsets have distinct potentials of 

differentiation under inflammatory conditions (Auffray et al., 2007; Landsman et al., 2007). 

We therefore tested whether this is also the case in our model of peritoneal macrophage re-

establishment after FIP. 

  

 

 

Figure 16: Distinct differentiation potentials of monocyte subsets in the infected peritoneum. (A), 
Monocytes isolated from BALB/c CX3CR-1+/GFP CD45.1 mice by MACS were stained with antibodies 
to CD11b and Ly6C (Gr1) and subjected to FACS sorting. Two monocyte subsets were separated on the 
basis of CX3CR-1/GFP and Ly6C expression as shown. 5x103 Ly6C- monocytes and 3x104 Ly6C+ 
monocytes were separately transferred (i.p.) into BALB/c CD45.2 mice. (B), Transfer into untreated 
mice. (C), Transfer into mice infected i.p. with 15mgCC at the time of monocyte transfer. 3 days after 
transfer, the grafted cells recovered from the peritoneum of recipients were analysed by FACS. The data 
is representative of two recipients per group. 
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Blood monocytes from eight BALB/c CX3CR-1+/GFP CD45.1 mice were prepared by 

magnetic sorting as described in the Methods section. The cell preparation was then stained 

with CD11b, Ly6C (Gr1) antibodies. Monocyte subsets were gated and sorted by flow 

cytometry resulting in roughly 99% pure populations (Fig. 16A). The sorted subsets were then 

separately transferred into untreated BALB/c CD45.2 recipients or to recipients which were 

given i.p. 15mgCC at the time of cell transfer. 72 hours after transfer, peritoneal cells were 

recovered by lavage, stained with appropriate antibodies, and then analysed by FACS. The 

donor derived macrophages were gated and their differentiation assessed using the criteria used 

to define macrophage populations in the infected BALB/c CX3CR-1+/GFP mice (Fig. 10). We 

found that both monocyte subsets developed into R1-like macrophages in untreated animals 

(Fig. 16B). In infection, however, monocyte differentiation is radically changed and both 

subsets generated R2-like macrophages. In this infection scenario two thirds of the 

CX3CR1/GFPlo Ly6C+ monocytes differentiated into R2-like A macrophages and the remainder 

gave rise to R2-like B macrophages (Fig. 16C). In contrast, most recovered CX3CR1/GFPhi 

Ly6C- monocytes developed into R2-like B macrophages (Fig. 16C). 

8.  The re-established macrophage populations rapidly leave the peritoneum in the 

later phase of infection 

The re-establishment of different macrophages populations during infection prompted 

us to test their stability and the developmental relationships among them in the infected (after 

day 3 of infection) and non-infected peritoneum. The peritoneal macrophages formed on day 3 

after infection (15mgCC i.p.) in the BALB/c CX3CR1+/GFP CD45.1 mice were prepared by 

MACS sorting as shown in the Methods section. These preparations were then stained with 

appropriate antibodies to define different macrophage populations and sorted by FACS using 

the criteria shown in Fig. 10B. The sorted cell populations, which were >95% pure, were then 

transferred i.p. into untreated BALB/c CD45.2 mice and into animals which were infected with 

15mgCC 3 days before cell transfer. On day 3 and day 7 after transfer, peritoneal wash cells 

were harvested by lavage and analysed. Macrophages were gated and the grafted CD45.1+ cells 

are shown in Figure 17. 

In infected recipients, more than 98% of the grafted macrophage populations were lost 

during the course of observation. We observed that the grafted R1-like cells did not change 

their phenotype by day 3 but none of the transferred cells could be recovered from the 

peritoneum at day 7 (Fig. 17B). A small fraction of the grafted R2-like A and R2-like B cells, 

in contrast, developed into R1-like cells 3 days after transfer and this fraction became higher 7 
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days after transfer (Fig. 17B). However, at the later time point, few of  the grafted R2-like A 

and R2-like B cells were still recoverable in the peritoneal wash fraction. (Fig. 17B). We also 

note that R2-like A cells had the potential to give rise to R2-like B cells after transfer, but not 

vice versa (Fig. 17B). In untreated recipients, we found that 98% of the transferred R1-like 

cells were lost over the course of 3 days, but 5% to 10% of transferred R2-like A and R2-like B 

cells were recovered in the wash fraction. On day 7 after transfer, the number of the grafted R1-

like cells was much more reduced but the number of both grafted R2-like A and R2-like B cells 

was comparable to that recovered on day 3 after transfer. Aditionally, our analysis showed that 

both the grafted R1-like and R2-like A cells maintained their phenotype after transfer (Fig. 

17A). Surprisingly, the majority of grafted R2-like B cells developed to R2-like A cells (Fig. 

17A) suggesting that the R2-like B cells may be less mature than R2-like A cells. 

These data show that infection drives the re-establishment of the peritoneal wash 

macrophage populations and that they show considerable plasticity in the later phase of 

infection. However, these cell populations are unable to be maintained in the infected 

peritoneum leading to a second phase of the macrophage disappearance reaction after 3 days 

and suggesting that the peritoneal cavity is still in an inflammatory state. In contrast, when 

transferred into the normal peritoneum the R2-like A and R2-like B cells, but not R1-like cells, 

are stably maintained. All these cell populations retain their phenotype except that the R2-like 

B cells down regulate CX3CR-1/GFP expression to become R2-like A cells. Nevertheless, once 

again, the R1-like and R2-like macrophage populations re-established after infection show 

properties comparable to the pre-infection R1 and R2 macrophage populations, respectively.!
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Figure 17: The relationship between macrophage populations after infection. (A), Peritoneal 
macrophage populations in 3 infected BALB/c CX3CR-1+/GFP mice which had received 15mgCC i.p. 3 
days previously were sorted by MACS. The R1-like, R2-like A, and R2-like B macrophages were then 
sorted by FACS. This sorting procedure gave >95% pure. 1x105 R1-like macrophages and 5x105 R2A-
like and R2B-like macrophages were separately transferred (i.p.) into untreated or concurrently infected 
BALB/c CD45.2 recipients. (B), Transfer into untreated mice. (C), Transfer into infected mice. 3 days 
and 7 days after transfer the grafted cells in the recipient peritoneal cavity were analysed by FACS. The 
data is representative of two recipients per group. 
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9.  Blood monocytes are continueously recruited to the infected peritoneum in the 

later phase of infection but they change their differentiation program to give rise to R1-

like macrophages 

           

 

Figure 18: The second phase of macrophage disappearance after 3 days of infection. (A), total 
peritoneal macrophages were counted from day 3 to day 10 of FIP (15mgCC) in BALB/c CX3CR1+/GFP 
mice. The bar shows mean ± SEM. N = 4, Student’s  t-test, ** shows p < 0.01, and *** shows p < 
0.001. (B), The R1-like, R2-like A, and R2-like B macrophage populations from day 3 to day 10 of FIP. 
Values  shown are mean ± SEM. N = 4. (C), The peritoneal Ly6C+ monocytes from day 3 to day 10 of 
FIP. Values shown are mean ± SEM. N = 4, Student’s  t-test. ** shows p < 0.01, and *** shows p < 
0.001. 

 
The second phase of macrophage disappearance in the later phase of infection must 

require the second phase of macrophage re-establishment. We tested this hypothesis by 

analysing the macrophage populations recovered in the peritoneal wash fraction of infected 

BALB/c CX3CR1+/GFP mice 3 days, 6 days and 10 days after infection (15mgCC i.p.). We 

found that the absolute number of the cells rapidly decreases (Fig. 18A) indicating that the 

macrophage populations re-established by day 3 remain in the infected peritoneum only 

transiently. Though R2-like A and R2-like B cells were still significantly detected on day 6, 

they were mostly gone by day 10 after infection. In contrast the number of R1-like cells 
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increased over the time of our observation (Fig. 18B). However, since the experiment shown in 

Figure 17 shows that the cells turnover quickly and that none of them could be recovered by 

day 7 after transfer (day 10 after infection), the finding of increased numbers of R1-like cells 

on day 10 shows that this population  must be being continuously replenished by blood 

monocytes.!

 

 

Figure 19: Apoptosis in peritoneal macrophage populations after infection. Macrophages recovered 
3 days and 6 days after FIP (15mgCC) were analysed for apoptosis by staining the cells with Annexin-V 
and DAPI. (A), 3 days after FIP. The bar shows the mean value. N = 4.  (B), 6 days after FIP. The bar 
shows the mean values. N = 3.  

 
We then tested this hypothesis by analysing Ly6C+ monocytes (gating strategy was 

shown in Figure 7A) in the peritoneum during the first 10 days of infection. We found that the 

cell number of this monocyte population dramatically increases on day 3 and remains mostly 

unchanged untill day 10 of infection (Fig. 18C) indicating that the cells are continuously 
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recruited to the peritoneum and contribute to the pool of R1-like cells. The data suggest that in 

the later phase (after day 3) of infection the recruited monocytes do not behave as do those 

which entered the peritoneum in the early phase (before day 3) of infection, since beyond day 3 

monocytes no longer give rise to the R2-like macrophages. We intend to use adoptive transfers 

to confirm this point. 

To gain insight into the mechanism of macrophage unstability from day 3 to day 10 post 

infection, we hypothesized that apoptosis might be involved. We therefore examined the 

number of apoptotic cells in these populations on day 3 and day 6 after infection. Annexin V 

and DAPI staining were used to determine apoptotic cells and dead cells respectively. We 

found that a small fraction of R2-like A cells is apoptotic (3%) and dead (8%) by day 3 (Fig. 

19A). However, all three macrophage populations appeared to contain increased numbers of 

Annexin V+ apoptotic cells (roughly 15%, 25%, and 20% for R1-like, R2-like A and R2-like B 

cells respectively) but not of DAPI+ dead cells by day 6 (Fig. 19B). This  indicates that the re-

established macrophages are cleared by apoptosis in the late phase of infection.!

10.  The formation of R2-like macrophages during infection correlates in time with the 

production of IL-10 

 

Figure 20: IL-10 production in the peritoneal cavity following infection. Supernatants of peritoneal 
lavage were collected at different time points after FIP (15mgCC) as shown. The IL-10 production was 
measured by CBA kit. Values shown are mean ± SEM. N = 4 mice per group.  

 
IL-10 has been shown to be involved in regulating human monocyte differentiation in 

vitro. To gain insight into the effect of IL-10 in macrophage formation during infection, we 

analysed its kinetics of induction in the peritoneal cavity of BALB/c mice over the first 10 days 

of FIP infection by using a cytometry based assay (CBA) kit. We did not detect IL-10 in the 

peritoneal wash of uninfected mice, but it was rapidly produced at the early stages of infection 
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(Fig. 20). This production peaked at 24hr and decreased thereafter with low but significant 

levels of IL-10 being maintained until day 10 post infection. The results indicate that if IL-10 

plays a regulatory role, its most significant effect would be expected to be apparent within the 

first 3 days after infection. In addition, the results show that this IL-10 production is correlated 

with the re-establishment of macrophages. To determine whether IL-10 participates in 

regulating monocyte differentiaton during infection induced by FIP, we next analysed 

peritoneal macrophage populations in untreated and FIP treated mice which genetically lack 

either IL-10 or the IL-10R1.!

11.  IL-10 signalling is required for the rapid re-establishment of R2-like macrophages 

11.1.  Peritoneal wash macrophage populations in IL-10-/- mice 

FACS analysis of blood monocytes from 7-8 weeks old healthy IL10-/- mice and age 

and sex matched wildtype controls showed that the two groups were comparable with no 

significant difference in the distribution of the two monocyte subpopulations in the circulation 

(Fig. 21A). Analysis of cell populations in the peritoneum showed that R1 macrophages, R2 

macrophages, B cells, T cells, and eosinophils were all present at similar levels in the mutant 

and control mice (Fig. 21A). The results indicate that in steady state conditions the 

development of monocytes and peritoneal wash macrophage populations are IL-10 

independent. 

We then analysed the cell populations formed in the peritoneal cavity of IL-10-/- mice 

and control animals 3 days after FIP. In agreement with published studies which show that IL-

10-/- mice are more susceptible than wild type controls in various peritonitis models using LPS 

or E. coli (Sewnath et al., 2001; Siewe et al., 2006), the IL-10-/- mice died within 24 hours of 

receiving a dose of 15mgCC i.p.. For this reason the dose of caecal content was reduced to 

2mg. At this dose all IL10-/- animals recovered from the infection. Peritoneal cells in these 

infected groups were recovered by lavage and stained with appropriate antibodies used to 

define the macrophage populations. We found that the IL10-/- mice failed to efficiently generate 

the R2-like macrophages following infection. The reduction of the R2-like cells was associated 

with an increased number of R1-like cells (Fig. 21B). 

The lack of R2-like macrophages in the peritoneum of the IL-10-/- mice might be due to 

the enhanced migration of these cells to the omentum and so we also analysed the omental 

macrophage populations. We found that the formation of the R2-like macrophage populations 

is also impaired in the IL-10-/- mice (Fig. 21C). 
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To confirm the crucial role of IL-10, 100ng of rmIL-10 were injected i.p. into FIP 

treated IL-10-/- mice at 3 hours and 18 hours post infection. Macrophage populations were 

analysed 3 days after infection. We found that administration of exogenous rmIL-10 efficiently 

rescued R2-like cell generation (Fig. 21B). We conclude that IL-10 is involved in driving 

peritoneal macrophage formation during infection. 

 

 

 

Figure 21: Circulating monocyte subsets and peritoneal macrophage populations in BALB/c IL-
10-/- mice. (A), Blood monocyte subsets and peritoneal macrophage populations in the untreated IL-10-/- 
and control mice. Results of one of four similar experiments are shown. (B), Re-established peritoneal 
macrophage populations 3 days after FIP (2mgCC) in BALB/c mice and IL-10-/- mice with and without 
exogenous rmIL-10. 100ng of mrIL-10 was injected i.p. at 3 hours and 18 hours after FIP. The fractions 
of R1-like and R2-like macrophages are shown. The bar shows the mean value. Four to eight mice per 
group. Student’s  t-test. *** shows p < 0.001. (C), The macrophage populations in the omentum 3 days 
after FIP. The results of one of three BALB/c mice and one of three IL-10-/- mice are shown. 
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11.2.  Peritoneal wash macrophage populations in IL-10R1-/- mice 

An identical set of experiments was done using IL-10R1-/- mice. Under steady state 

conditions, our data showed that there is no difference in distribution of blood monocyte 

populations and peritoneal macrophage populations between mutants and controls (Fig. 22A). 

However, the lack of IL-10R1 in mice alters the re-establishment of macrophage populations in 

the peritoneal cavity after FIP treatment (Fig. 22B) in that the R2-like macrophages are not 

efficiently generated. The result is similar in extent to that seen in the IL-10-/- mice (Fig. 21B). 

These data shows that the IL-10 signalling cascade is essential to regulate peritoneal 

macrophage population re-establishment in infection. 

 

 

Figure 22: Circulating monocyte subsets and peritoneal macrophage populations in C57BL/6 IL-
10R1-/- mice. (A), Blood monocyte subsets and peritoneal macrophage populations in the untreated IL-
10R1-/- and control mice. Results of one of three similar experiments are shown. (B), Re-established 
peritoneal macrophage populations 3 days after FIP (2mgCC) in C57BL/6 control and IL-10R1-/- mice. 
The fractions of R1-like and R2-like macrophages are shown. The bar shows the mean values. 3 mice 
per group. Student’s  t-test. *** shows p < 0.001.  

!
12.  IL-10 targets monocytes to drive their differentiation into R2-like macrophages 

The results shown in Figure 21 and 22 suggest that the generation of R2-like 

macrophages after infection involves an essential IL-10 dependent step. In an endotoxin shock 
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model in conditional IL-10R1-/- mice, it was shown that the expression of IL-10R1 in 

monocytes and neutrophils, but not in lymphocytes, is essential to dampen the immune 

response (Pils et al., 2010). This demonstrates that monocytes and neutrophils are functionally 

IL-10 responsive cells in this inflammatory situation. 

Since our study follows the differentiation of monocytes in the peritoneum, we 

examined IL-10R1 expression on blood monocytes by FACS. We found that blood monocytes 

express high levels of the IL-10 receptor (Fig. 23A) and the specificity of the antibody was 

confirmed by examining monocytes from IL-10R1-/- mice (Fig. 23A and 23B). 

 

Figure 23: IL-10R1 expression on the blood monocyte subsets. (A), Blood monocytes from C57BL/6 
wt mice were analysed for IL-10R1 expression by FACS (upper row). The specificity of monoclonal 
anti-IL-10R1 antibody was confirmed by staining the monocytes obtained from C57BL/6 IL-10R1-/- 
mice (lower row). (B) The IL-10R1 intensity was compared between the two mouse strains. Bars show 
the mean values. N = 5, Student’s  t-test. *** shows p < 0.001. 

!
To determine whether the IL-10 receptor on monocytes is required for directly 

regulating their differentiation into R2-like macrophages in vivo, we transferred 1x105 blood 

monocytes prepared from C57BL/6 CD45.1 mice i.p. into C57BL/6 IL-10R1-/- CD45.2 

recipients or control C57BL/6 CD45.2 animals infected with 2mgCC at the same time as cell 

transfer. 3 days later, the peritoneal wash cells in these recipients were examined by FACS. 

After gating on the macrophages, we observed that in the control recipients, both the grafted 

and the recipient monocytes differentiated as expected into the R2-like macrophages and to a 

similar extent (Fig. 24A). In the IL-10R1-/- recipients, the host IL-10R1-/- monocytes failed to 

generate any substantial R2-like macrophages, but the grafted wt monocytes did (Fig. 24B). 

The results show that IL-10 produced in infection directly acts via the IL-10R1 expressed on 

blood monocytes to drive their development in vivo in the direction of the R2 population. 
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Figure 24: IL-10R1 on monocytes is necessary to drive R2-like macrophage generation. All mice 
were on the C57BL/6 background. (A), 1x105 monocytes from CD45.1 mice were transferred i.p. into 
infected CD45.2 mice which had been given 2mgCC i.p. at the time of cell transfer. The differentiation 
of grafted monocytes was analysed on day 3 post transfer. (B), In a similar experimental setting 1x105 

monocytes from CD45.1 mice were transferred i.p. into infected IL-10R1-/- CD45.2 mice. The bar 
shows the mean values. Three to five recipients per group were used. Student’s  t-test. * shows p < 0.05, 
** shows p < 0.01, and *** shows p < 0.001.  

!
13.  The IL-10R1+/+ monocytes have the possibility to drive the signalling incompetent 

IL-10R1-/- monocytes into the R2-like phenotype in infection 

The experiment in Figure 24B demonstrates that monocytes are the target of IL-10 to 

drive their differentiation in R2-like cell direction. To confirm this finding and to test the way 

in which IL-10 regulates this differentiation process, monocytes isolated from C57BL/6 IL-

10R1-/- CD45.2 mice were transferred into the peritoneum of infected C57BL/6 CD45.1 mice 

in the same experimental setting as in Figure 24A and 24B. 3 days after transfer, the peritoneal 

cells in recipients were harvested by lavage and analysed by FACS. We expected that the 

grafted IL-10R1-/- monocytes, but not the host IL-10R+/+ monocytes, would fail to give rise to 
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R2-like macrophages since they cannot react to IL-10. However, we found that both the grafted 

IL-10R-/- and host IL-10R+/+ monocytes effectively developed into R2-like macrophages (Fig. 

25A). Indeed the mutant cells are even more effective in this regard than their wild type 

counterparts. The results show that the IL-10R1 expression on grafted monocytes is not 

required to permit their conversion to the R2-like macrophage population. How do the grafted 

mutant monocytes in Figure 25A give rise to R2-like macrophages without IL-10 interaction 

and how are we to explain the apparent contradiction between the results shown in Figure 24B 

and those in Figure 25A? We propose a model which is formally equivalent to IL-2 activation 

of antigen stimulated T cells (Malek, 2008). In our model IL-10 receptor on monocytes plays 

the role of the T cell receptor (TCR) on T cells. Interation of IL-10 with its receptor on a 

monocyte leads to the release of an unknown factor X (the monocyte equivalent of the T cell’s 

IL-2) which then works in an autocrine, or less efficiently in a paracrine, fashion to direct 

monocyte differentiation into the R2-like pathway. If this is the case then why do the host IL-

10R1-/- monocytes in the experiment shown in Figure 24B fail to give rise to R2-like 

macrophages? We believe that the concentration of factor X derived from 1x105 grafted IL-

10R1+/+ monocytes in this experiment is very limited and is inadequate for paracrine activation 

of the huge number of IL-10R-/- host monocytes. In contrast, in the experiment shown in Figure 

25A, the huge number of host IL-10R1+/+ monocytes produce sufficient factor X to efficiently 

drive the grafted IL-10R1-/- bystander monocytes into the R2-like cell direction. To test this 

hypothesis, a similar experiment to that in Figure 24B was carried out where 1.3x106 IL-

10R1+/+ monocytes (a 13 times higher number than were used for the experiment shown in 

Figure 24B) were used for transfer. 3 days after transfer into infected IL-10R1-/- recipients, the 

peritoneal wash cells were harvested by lavage, stained with appropriate antibodies, and 

analysed by FACS. The macrophages were gated. We found that the grafted competent IL-

10R1+/+ monocytes not only give rise to R2-like macrophages but that they also now efficiently 

drive the host IL-10R1-/- monocytes to differentiate into R2-like cells (Fig. 25B). 



Huu Hung Nguyen  RESULTS 

! 53 

 

 

Figure 25: An IL-10 dependent paracrine fashion of R2-like macrophage generation. All mice 
were on the C57BL/6 background. (A), 1x105 monocytes from IL-10R1-/- CD45.2 mice were transferred 
i.p. into infected CD45.1 mice which had been given 2mgCC i.p. at the time of cell transfer. The 
differentiation of grafted monocytes was analysed on day 3 post transfer. (B), In a similar experimental 
setting 1.3x106 monocytes from CD45.1 mice were transferred i.p. into infected IL-10R1-/- CD45.2 mice 
The bar shows the mean values. Two to three recipients per group were used. Student’s  t-test. * shows 
p < 0.05, and ** shows p < 0.01. 

!
14.  Administration of exogenous IL-10 alone is sufficient to drive the generation of R2 

macrophages from monocytes in untreated mice 

Since transfer of monocytes into the peritoneum of untreated animals fails to generate 

R2 macrophages (Fig. 5B) and since the non-infected peritoneum has no detectable IL-10, we 

hypothesized that administration of IL-10 i.p. might result in R2 cell generation. To test this 

hypothesis, the isolated monocytes from C57BL/6 CD45.1 mice were transferred i.p. into 

C57BL/6 CD45.2 animals which received 200ng of rmIL-10 at the time of transfer and a 

similar second dose of rmIL-10 18 hours after transfer. The control group received instead 
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PBS. 3 days after transfer, the peritoneal cells were havested by lavage, stained with 

appropriate antibodies, and analysed by FACS. We found that injection of PBS in the control 

group did not change the differentiation of grafted monocytes which gave rise exclusively to 

R1 macrophages (Fig. 26A). However, approximately 10% of graft-derived cells have an R2 

phenotype in mice receiving rmIL-10 (Fig. 26B). This fraction of graft-derived R2 cells is 

statistically significantly different to that in control group, (N = 3, t-test, p < 0.05). Thus, the 

administration of rmIL-10 alone in uninfected animals is sufficient to efficiently drive the 

grafted monocytes to form R2 macrophages. 

 

 

Figure 26: Blood monocytes differentiation in the normal peritoneum in the presence of 
exogeneous IL-10. Monocytes were isolated from C57BL/6 CD45.1 mice by MACS. 1x105 enriched 
monocytes were i.p. transferred into untreated C57BL/6 CD45.2 mice. (A), The recipients did not 
receive mr-IL10. (B), The recipients received 200ng of mr-IL10 by injection i.p. at the time of cell 
transfer and a second dose of 200ng 18 hours after cell transfer. 3 days after transfer the peritoneal wash 
cells recovered by lavage were analysed by FACS. The macrophages were gated and the differentiation 
of grafted monocytes was determined. The bar shows the mean values for three recipients per group. 

!
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DISCUSSION 
!
1.  Dynamics of peritoneal resident macrophages under steady state conditions 

Mammals carry around ten times more bacterial than eukaryotic cells around with them 

and the vast majority of these bacteria are in the lumen of the gut where they are separated 

from the peritoneal cavity by a single layer of gut epithelial cells. For this reason the peritoneal 

cavity must be equipped with a powerful and effective means of responding rapidly against any 

commensals or pathogens which manage to traverse this epithelial layer. Here peritoneal 

macrophages provide an essential first line of defence. Consistent with previous published 

work (Ghosn et al., 2010; Iwama et al., 1995), we show that there are two distinct macrophage 

populations in the peritoneal wash fraction in normal un-infected mice. The first population 

expresses CD11bint, F4/80lo and MHC-IIhi (the R1 cells) and the second population expresses 

CD11bhi, F4/80hi and MHC-IIlo (the R2 cells). We carried out a functional analysis of these 

populations and showed that the R1 cells, but not the R2 cells, efficiently act as APC to prime 

CD4+ T cells and induce clonal expansion in the T cell population. In contrast, the R2 cells, but 

not the R1 cells, efficiently phagocytose apoptotic cells in vivo. These results demonstrate that 

R1 cells and R2 cells have quite distinct functional potentials and hence may play distinct roles 

in surveillance of the peritoneal cavity and in organising immune responses to bacterial 

challenge. 

Adoptive transfer of total peritoneal wash cells into the peritoneal cavity of untreated 

recipient animals provides a means of examining the normal homeostatic dynamics of these 

two cell populations. By this means it was possible to show that the R1 cells have a half-life of 

less than 3 days in the peritoneal cavity, whereas no loss of the R2 cells was detected over this 

3 day observation period. This is consistent with a published study which showed that resident 

peritoneal CD11bhi F4/80hi macrophages (R2 cells in our study) labelled with PKH-1 in vivo 

are stable for at least 28 days (Melnicoff et al., 1988). Because the R1 cell population turns 

over quite rapidly under steady state conditions, it must be constantly being replaced, and since, 

under steady state conditions, around 4% of the monocytes which leave the bone marrow are 

estimated to enter the normal peritoneum (Van Furth et al., 1973), we hypothesized that these 

blood monocytes would develop preferentially into the R1 rather than R2 cells. 

Transfer of monocytes i.v. in the mouse suffers from severe drawbacks. Numerous 

studies show that all isolation protocols so far tested result in monocyte preparations that do not 

behave like normal monocytes after transfer into recipients. Their half life in the circulation is 
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reduced to less than 1 minute (Liu et al., 2007; Sunderkotter et al., 2004) and their 

extravasation into the peritoneum under non-inflammatory conditions is not detectable 

(Geissmann et al., 2003; Serbina and Pamer, 2006). Because of this we have chosen to directly 

transfer the isolated monocytes into the peritoneum of untreated mice and to study their ability 

to form macrophages under both inflammatory and non-inflammatory conditions.  

This approach provides a ready and reliable way of studying monocyte differentiation in 

the peritoneal cavity, but brings with it the disadvantage that the monocytes do not go through 

the normal process of extravasation from the blood. From work carried out in vitro it has been 

claimed that human monocytes can be directed towards a “DC” differentiation programme as 

they cross the vascular endothelial barrier (Randolph et al., 1998) suggesting that endothelial 

cells in the vascular tissue contribute to this process of cell differentiation. However, this 

conclusion is controversial as a separate analysis showed that mouse Ly6C- and Ly6C+ 

monocyte subsets have distinct differentiation potentials in vivo and that after transmigration 

into the infected peritoneum they give rise to peritoneal macrophages and “inflammatory DCs” 

respectively (Auffray et al., 2007). Because of this, monocyte differentiation is thought to be 

largely determined by cues provided by the tissue of destination (Geissmann et al., 2010). 

Some of these conflicting results may be due to the fact that experiments carried out with 

human monocytes may not be directly applicable to mouse cells or they may be due to 

differences in the experimental protocols used. For this reason other approaches are required.  

Using direct transfer of monocytes into the peritoneal cavity we found that three days 

later most of the grafted cells recovered from the recipient peritoneum have the R1 cell 

phenotype. In contrast, only a few graft-derived R2 cells were found. Our data show that the 

short-lived R1 macrophage population is replaced continuously by differentiation of influxing 

blood monocytes. The monocytes do not, however, contribute significantly to the long-lived R2 

macrophage population. The R2 population behaves as if it constitutes a niche which, under 

steady state conditions, is recognised as being full. How this niche is established and 

maintained is, for the moment, quite unknown. Though we know nothing about the initial 

formation of the R2 population, useful information about these cells can be drawn from an 

analysis of the response of the R2 niche to inflammatory stimuli which disrupt its normal 

homeostatic regulation.!

2.  Dynamics of peritoneal macrophages in wild type mice after bacterial infection 

In this study, peritoneal homeostasis was disturbed by injection of ceacal contents into 

the mouse peritoneum which  leads to a polymicrobial peritonitis (FIP) and to marked local and 
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systemic inflammation (Secher et al., 2009; Wang et al., 2008). Published work shows that in 

peritonitis, the resident macrophages can no longer be recovered in a peritoneal wash. The cells 

are variously claimed to migrate to the draining parathymic LNs or to become associated with 

the milky spots which are clusters of leukocytes embedded in the omentum (Bellingan et al., 

1996; Geissmann et al., 2003; Rangel-Moreno et al., 2009). During the first hour after 

infection, we found that the R1 and R2 resident macrophage populations were lost to an equal 

extent from a peritoneal wash. To follow their route of migration, we then analysed the changes 

in the macrophage populations in the parathymic LNs and in the omentum.  

In untreated animals R1 macrophages, but not R2 macrophages, were found in both 

omentum and pLNs. After infection the number of R1 cells associated with the omentum and 

pLN is slightly reduced. This suggests either that the peritoneal wash R1 population does not 

associate with these structures or, alternatively, that the wash fraction R1 cells quickly exit the 

peritoneum by trafficking rapidly through the parathymic LNs or milky spots. In a rapid 

passage the number of R1 cells associated with these structures at any given moment might be 

small and could be missed in this sort of analysis. The migratory route taken by these R1 

peritoneal wash macrophages after infection thus remains to be elucidated. 

In contrast, after FIP treatment, the R2 population, was detected in substantial numbers 

in the omentum, while few were seen in the parathymic LNs. Though we have no estimate for 

the efficiency of recovery of cells from the omentum tissue, we do recover after infection 

around 50% of the peritoneal wash R2 population cells in this organ. We conclude that a large 

fraction – perhaps even the large majority – of the R2 population becomes tightly associated 

with the omentum soon after peritoneal infection. Since these R2 cells have considerable 

phagocytic capacity it would seem likely that the omentum becomes a major site for clearance 

of bacteria in the peritoneum. 

These results indicate that the organised lymphoid tissues of the peritoneal cavity, the 

omentum and the parathymic lymph nodes, are normally populated by R1 macrophages – cells 

which have an antigen presenting phenotype. Antigen presentation is a process which is 

normally thought of as requiring cell interactions which are only possible in organised 

lymphoid tissue. In this sense the R1 population in the peritoneal wash fraction may represent a 

form of “strategic reserve” to be drawn on in times of trouble. 

For the R2 cells a similar scenario may hold. They are present free in the peritoneal 

wash fraction under normal homeostatic conditions but rapidly move to the omentum on 
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infection. Whether they there become associated with the milky spots or whether they are more 

generally associated with the large open surface of the omentum itself remains to be 

established. In either case the R2 population of the wash fraction may serve as a reserve of 

phagocytic cells which can be quickly recruited to their site of action – the omentum – during 

infection.!

3.  Re-establishment of the peritoneal macrophage populations 

Blood monocytes are precursors of many different mononuclear phagocyte populations 

including brain microglia, splenic Tip-DCs, pulmonary DCs, and pulmonary macrophages, 

(Getts et al., 2008; Landsman et al., 2007; Mildner, 2007; Serbina et al., 2003). The peritoneal 

macrophages formed during peritonitis are also derived from blood monocytes (Sunderkotter et 

al., 2004; Van Furth et al., 1973).  

The rapid loss of macrophages from the peritoneal wash fraction after infection is 

followed by their replacement so that by 3 days after infection populations of R1-like and R2-

like cells with functional properties and surface markers analogous to those seen in the 

macrophages of uninfected animals are once more present. The similarities of these R1-like and 

R2-like cells to the pre-infection populations does not stop there, for the relative sizes of these 

two  populations 3 days after infection (20% R1-like cells : 80% R2-like cells) is the same as 

the ratio of R1 to R2 cells prior to infection. Nevertheless 3 days after infection the populations 

of both cells are much larger than the populations present in the steady state.  

To our knowledge, there is no evidence in the literature to show whether the resident 

peritoneal macrophages that become associated with the omentum return to the peritoneum 

after resolution of the bacterial infection. To examine this point we used adoptive transfers of 

peritoneal cells into genetically marked recipients. These experiments demonstrate that the 

populations of peritoneal wash macrophages which are re-established 3 days after infection do 

not come from cells which had associated with the omentum. The clear implication of this is 

that the replacement populations are derived from blood monocytes. However transfer of 

monocytes into the peritoneum of an uninfected animal yielded only R1 cells. Where then do 

the R2 cells come from? 

To approach this question we adoptively transferred blood monocytes into infected 

animals (Fig. 15) and, to our surprise, these cells now almost exclusively differentiated into 

macrophages with the R2 phenotype. This tells us that though the monocytes normally 
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differentiate only into R1 cells, they acquire the capacity to form R2 cells in the inflammatory 

environment of the infected peritoneum.!

4.  The R2-like macrophage population in CX3CR-1+/GFP mice 

In the same model of infection (FIP), analysis of the peritoneal macrophage populations 

re-established on day 3 after infection in the BALB/c CX3CR-1+/GFP mice showed that the R2-

like macrophages formed during infection are not identical to the R2 population in un-infected 

animals. In the infected mice the R2-like population is made up of two distinct populations 

which can be discriminated by their different expression levels of CX3CR-1/GFP.  

It is conceivable that these two cell populations with their rather different functional 

options may work synergistically to control a peritoneal bacterial infection in a way that neither 

alone could achieve. For example, the R2-like-B cells did not produce MCP-1 in culture, 

whereas high amount of this chemokine were detected in culture supernatant of the R2-like A 

cells. Since the MCP-1-/- mice show an impaired recruitment of monocytes to the inflammed 

peritoneum induced by thioglycolate broth or zymosan A (Takahashi et al., 2009), our results 

indicate that the R2-like A cells may contribute to the recruitment of blood monocytes from the 

circulation. In addition the R2-like-A cells produce higher amounts of iNOS than do the R2-

like B cells. Further work will be required to show the functional importance of these newly 

defined R2-like-B peritoneal macrophage population.!

5.  The re-established macrophage populations undergo a second phase of re-

organization 

Macrophage populations rapidly disappear from the peritoneum during the first hour of 

infection but they are then replaced from blood monocytes so that at 3 days after infection the 

R1-like and R2-like populations are roughly 8 to 10 times larger than the equivalent 

populations in uninfected animals. Between days 3 and 10 these large populations of re-

established macrophages are pruned back (Fig. 17B and 18B). Analysis of the Annexin V 

expression on these cells during this reduction phase shows that apoptosis is involved in the 

process by which the excess cells are removed (Fig. 19). On day 10 after infection, when the 

monocytes are still recruited, only R1-like cells are formed suggesting that the re-establishment 

of R2 macrophages is supported only in the early phase of infection.!

6.  Mechanisms which regulate the choice of macrophage fate in the peritoneum 

Transfer of monocytes from un-infected mice into un-infected recipients results in their 

conversion solely to cells with the R1 phenotype (Fig. 5). Because of this, we consider it likely 



Huu Hung Nguyen  DISCUSSION 

! 60 

that under normal conditions, in the absence of infection, the default pathway of monocyte 

differentiation in the peritoneum is to the R1 phenotype. However, some R2 cells must also be 

produced. The R2 cells in the normal uninfected peritoneum turn over very slowly and this 

implies that the number of monocytes required to maintain the R2 niche is very small. Though 

the mechanism which directs the monocytes into the R2 niche is unknown, we can define two 

central characteristics of it.  

(1) The process is independent of the IL-10 signalling system because both the IL-10-/- 

and the IL-10R1-/- mice have normal complements of R2 cells (Fig. 21A and 22A). 

(2) The mechanism operates with an efficiency sufficient to keep the long-lived, slowly 

turning over R2 population topped up, but it has a low through-put. While well 

suited to slowly building up and maintaining the R2 population under normal non-

infected conditions this mechanism is not capable of rapidly generating the large 

number of R2 cells required to re-establish the R2 population after infection. 

The rapid generation of a large population of R2 cells, necessary after infection, must 

therefore utilise a different mechanism. Again we can define two central characteristics.   

(1) The mechanism is IL-10 dependent as shown by the fact that neither the IL-10-/- nor 

IL-10R1-/- animals can re-establish the R2 population after infection (Fig. 21B and 

22B). 

(2) It is capable of generating R2 cells with high efficiency and with high through-put 

but it is limited to the early period of infection when high levels of IL-10 are 

available in the peritoneum (Fig. 20). 

The experiment shown in Figure 24 was carried out to determine which cells must 

respond to IL-10 in order that the R2 population be rapidly formed. The initial experiment, in 

which wild type monocytes were transferred into IL10R1-/- signalling incompetent hosts 

showed that the grafted IL-10R1+/+ signalling competent cells are able to respond to the IL-10 

provided early in infection, while the IL-10R1-/- host monocytes cannot. This seemed to allow 

for a simple hypothesis that direct activation of monocytes via the IL-10R1 is necessary and 

sufficient to permit development in the R2 direction. This hypothesis gained credence from the 

experiment shown in Figure 21B in which the addition of exogenous IL-10 is sufficient to drive 

the generation of R2-like cells in infected IL-10-/- animals. 

 Were this simple model to be correct then it predicts that IL10R1-/- monocytes 

transferred into a wild type host would fail to form R2 cells. This experiment, shown in Figure 

25A, gave the surprising result that both the IL-10 signalling competent host monocytes and 
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the signalling incompetent grafted monocytes generated R2 cells. Indeed, in this case the IL-

10R1-/- grafted cells were converted to R2 cells with even higher efficiency than were the IL-

10R1+/+ cells shown in Figure 24B. 

This shows that the essential interaction of IL-10 with its receptor does not need to take 

place on the cell which will thereafter be directed to the R2 niche. The grafted monocytes in 

Figure 25A develop efficiently and in an IL-10 dependent manner into R2 cells even though 

they are unable to respond to IL-10. 

 

Figure 27: A predicted mechanism of IL-10 directed R2 macrophage generation. 

 
For this reason the model had to be modified by assigning IL-10 an essential but less 

direct role in directing the differentiation of monocytes to R2 cells. In its modified form (Fig. 

27), IL-10 interacts with the monocytes in the peritoneum and causes them to release a 

mediator X. In analogy to IL-2 signalling in T cell activation (Malek, 2008) we propose that 

factor X will then bind to its receptor on monocytes to initiate the R2 differentiation program. 

As is the situation with IL-2 on T cells, factor X may operate not only to stimulate the cell 

which produced it in an autocrine fashion, but also – albeit with reduced efficiency – to 

stimulate IL-10R1-/- deficient bystander cells in a paracrine fashion. This provides an 

explanation for the generation of IL-10R1+/+ monocyte derived R2 cells in an IL10R1-/- host in 

Figure 24B. In this case factor X can only be produced by the small number of grafted 

monocytes. The factor will therefore be limiting and, although the autocrine activation loop 

functions, it is not sufficient to drive all of the grafted cells to R2. Not surprisingly, the level of 
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factor X is also too low to stimulate the host cells in a paracrine fashion. In contrast, in the 

experiment shown in Figure 25A the grafted monocytes cannot themselves respond to IL-10 

but all of the host monocytes can. The large number of host cells produce factor X which 

becomes non-limiting and so all monocytes – host and graft derived – are efficiently driven in 

the direction of R2. This model was confirmed by the experiment shown in Figure 25B that 

increasing the number of grafted IL-10R1+/+ monocyte results in an increase in the 

concentration of factor X in the peritoneum and now the host IL-10R1-/- monocytes can be 

driven into the R2 direction. 

 The weakness of this model is that we are forced to propose the existence of factor X, a 

mediator whose molecular nature is quite unknown. However, the basic outline of the model 

can still be tested because it makes the clear prediction that differentiation, even of IL-10R-/- 

monocytes, to the R2 state can only take place in the presence of a sufficient level of IL-10. As 

shown in Figure 20, the IL-10 concentration in the infected peritoneum peaks 1 day after 

infection and falls off rapidly thereafter. Were our model to be correct then the generation of 

R2 cells by the IL-10 dependent pathway would be operative only over the first few days of 

infection. This is exactly what we see. As shown in Figure 18, 10 days after infection, when the 

IL-10 level in the peritoneum has returned to background levels, R2 cells can no longer be 

efficiently formed. Because of this we hypothesised that in a normal peritoneum, where no 

detectable IL-10 is present, the injection of rmIL-10 would stimulate the generation of R2 cells. 

This is indeed the case (Fig. 26). In this protocol the grafted monocytes are directed along the 

R2 differentiation pathway even in a non-inflammatory environment. 

In this work we have delineated the processes by which macrophage populations in the 

mouse peritoneum are formed and maintained. These experiments open up new questions of 

which the most pressing is certainly the nature of Factor X. Further work will be needed to 

pursue this point. Possibly micro-array anaylsis might reveal potential mediators produced by 

monocytes in the inflamed peritoneum at early stages of the infection which would bring us the 

next crucial step forward.!
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SUMMARY 
!

The aim of this thesis work was to explore the physiological and functional properties 

of peritoneal macrophage populations in both the steady state and in inflammatory conditions. 

In the steady state there are two populations of macrophages in the peritoneum which I refer to 

as the R1 and R2 populations. The R1 cells are a rapidly turning over population which 

constitute around 20% of the peritoneal macrophages. I show that these cells have the capacity 

to efficiently present peptides on MHC-II to CD4+ T cells but that they are poor at 

phagocytosis. Monocytes transferred into the un-infected peritoneum give rise almost 

exclusively to this R1 population, suggesting that the R1 fate is the default pathway of 

monocyte development under steady state conditions. In contrast, the R2 population in the 

peritoneum turns over very slowly in the steady state and is composed of cells which are poor 

at the presentation of peptide to T cells but which are efficient at phagocytosis.  

Both of these populations are lost from the peritoneum within an hour of the induction 

of a poly-microbial peritonitis. A large fraction of the R2 population relocates from the 

peritoneal wash fraction to the omentum, the fate of the R1 population is less clear. Over the 

course of the next three days, the macrophage populations in the peritoneum are re-established. 

Transfer experiments using genetically marked cell populations demonstrated that neither the 

R1 nor the R2 populations which “disappeared” one hour after infection contributes to the re-

established peritoneal wash fraction macrophage pool at day 3. While the re-established R1 

population retains the functional properties and the FACS phenotype of the steady state R1 

cells, the re-established R2-like population is clearly not identical to the R2 cells present in the 

pre-infection environment. In particular, this R2-like population can be split into two sub-

populations which have non-identical functional properties. In this inflammatory situation 

monocytes transferred into the peritoneum now acquire the capacity to differentiate not only 

into R1-like cells but also into R2-like macrophages.  

I looked for the molecular basis driving this change of monocyte differentiation in the 

infected peritoneum by using a solid phase cytometry based ELISA procedure to examine the 

spectrum of cytokines produced in the peritoneum in response to poly-microbial infection. One 

of the most prominent cytokines produced early in infection is IL-10. To determine whether IL-

10 is directly involved in assigning monocyte fate in the peritoneum I looked at the ability of 

mice carrying a targeted deficiency of either the IL-10 gene or of the IL-10 receptor gene to 

form the R2-like cells after infection. Neither mouse strain efficiently generates the R2-like 
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population after infection. Adoptive transfer of genetically marked wild type or mutant 

monocytes into appropriate hosts demonstrated that the effect of IL-10 is not direct. Rather, the 

IL-10 responding cell produces a mediator which then directs monocyte fate. Thus, the 

bystander IL-10R deficient monocytes are driven by the mediator produced by wild type 

monocytes to generate R2 cells with high efficiency. 

The crucial role of this IL-10 dependent pathway was underscored by supplementation 

experiments. Mice carrying a targeted deficiency of the IL-10 gene fail to generate the R2 

population during peritonitis. However, injection of IL-10 into these animals rescues the 

capacity to form the R2 population. In addition the normal default pathway of monocyte 

development in un-infected animals which leads to the R1 population is modulated by injection 

of IL-10 so that the monocytes can now differentiate into the R2 population.  

The work presented in this thesis describes the steady state populations of phagocytes in 

the un-infected peritoneum and the dynamics of these populations during the induction of 

peritonitis. It also uncovers an IL-10 dependent pathway which regulates the choice of 

monocyte developmental fate within the peritoneum.!

!
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