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Abstract 

The chemokine CX3CL1, also known as fractalkine, has distinct features compared 

with other classical chemokines. First, CX3CL1 and its sole receptor CX3CR1 

constitute their own unique CX3C chemokine family. Moreover, CX3CL1 exists in two 

isoforms suggesting a particular biological function that differs from other chemokines. 

Membrane-anchored CX3CL1 captures leukocytes as an adhesion molecule, while a 

shed soluble entity is believed to have chemoattractive activity, like other chemokines. 

The analysis of CX3CR1- and CX3CL1-deficient mice, suggests that CX3CL1/ 

CX3CR1 interactions play a role not only in homeostatic leukocyte migration, but also 

the development of inflammatory disease. While the key to understand the biological 

function of CX3CL1 is likely to lie in its unique structure, the detailed physiological 

role of the CX3C chemokine family remains still unknown. Here we report the results 

of a structure/function analysis of the in vivo roles of CX3CL1, with a particular 

focus on the soluble vs. membrane-bound isoforms using BAC transgenic mice. Our 

results establish that an obligatory soluble CX3CL1 isoform (CX3CL1105-myc) can 

reconstitute specific deficiencies of CX3CL1-deficient mice, such as the formation of 

transepithelial dendrites by intestinal macrophages, but is insufficient to rescue a 

reported survival defect of CX3CL1-deficient Ly6Clo blood monocytes.  
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I. Introduction 

1. Chemokines 

 Chemokines are a group of small (~8-14kDa) highly basic secreted proteins 

that mediate the migration of immune cells through induction of cell motility and 

activation of adhesion molecules. Currently, more than 40 chemokines have been 

identified that are traditionally divided according to the number and spacing of 

conserved N-terminal cysteine residues [1]. Another broad classification is based on 

the expression pattern and involvement in the pathological state. According to the 

latter, homeostatic chemokines such as CXCL12, CCL19 and CCL21 maintain the 

basal level of leukocyte migration for proper function of immune system. In contrast, 

inflammatory chemokines, such as CCL2 and CCL3, are temporally produced under 

inflammatory condition and have roles in both innate and adaptive immunity in 

response to infection and other physiological challenges.  

  Chemokine receptors belong to the seven transmembrane (7TM) G-protein- 

coupled receptor (GPCR) superfamily. The extracellular domains of the chemokine 

receptors determine the specificity of ligand recognition and the cytoplasmic loops are 

involved in receptor signaling, which leads to cytoskeletal reorganization, integrin 

activation and functions to increase cell adhesion and migration. At present, 18 

chemokine receptors have been identified. Some of these, such as CCR2 and CCR5, 

can be activated by several chemokines, whereas other chemokine receptors, such as 

CX3CR1, have only one known ligand [2].  

 Interactions between chemokines and their receptors classically stimulate 

leukocyte locomotion and trafficking for immune responses or homeostasis. In addition, 

chemokine receptor signals can be crucial for development, the organization of 

lymphoid organ, immune cell maturation and survival. 
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Table 1. Chemokine receptors and chemokine ligands 
Group Receptors Ligands 

CCR1 CCL3, CCL5, CCL7, CCL13, CCL15, CCL16, CCL23 

CCR2 CCL2, CCL7, CCL8, CCL13, CCL16 

CCR3 CCL5, CCL7, CCL8, CCL11, CCL13, CCL15, CCL16, CCL24, CCL26, CCL28 

CCR4 CCL17, CCL22 

CCR5 CCL3, CCL4, CCL5, CCL8, CCL11, CCL14, CCL16 

CCR6 CCL20 

CCR7 CCL19, CCL21 

CCR8 CCL1 

CCR9 CCL25 

 

 

 

 

CC 

CCR10 CCL27, CCL28 

CXCR1 CXCL6, CXCL7, CXCL8 

CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8 

CXCR3 CXCL4, CXCL9, CXCL10, CXCL11 

CXCR4 CXCL12 

CXCR5 CXCL13 

CXCR6 CXCL16 

 

 

 

CXC 

CXCR7 CXCL12 

C XCR XCL1, XCL2 

CX3C CX3CR1 CX3CL1 

 
Scheme. 1 Chemokine structures according to the number and spacing of 
cysteine residues.
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2. The CX3C chemokine group 
2.1 CX3CL1 structure 

 Classical chemokines are secreted and form chemotactic gradients by interaction 

with extra cellular matrix (ECM) proteoglycan, which prevents them from being 

washed away by the blood and lymph stream and presents them to chemokine 

receptors [3]. CX3CL1, also known as fractalkine, however, possesses a number of 

structural characteristics not previously found within other chemokine families. The 

first two N-terminal cysteines of its chemokine domain, which comprises 76aa (24-

100aa) are spaced by three amino acids leading to the CX3C classification (Scheme 

2). CX3CL1 and its receptor CX3CR1 comprise their own unique “CX3C family” 

suggesting a particular biological function [4-6].  

 

 
Scheme 2. The murine CX3CL1 sequence and CX3CL1 structure adapted from 
[7]. 
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 Unlike other chemokines that terminate at the end of chemokine domain, 

CX3CL1 is synthesized as a membrane-bound protein, with the CX3C chemokine 

domain presented atop of an extended glycosylated mucin-like stalk tethered to a 

transmembrane domain and a short cytoplasmic tail [8]. The mucin like stalk is not 

believed to have an impact on the affinity of CX3CL1 binding to CX3CR1, rather its 

purpose seems to be to ensure presentation of the chemokine domain well above 

other surface molecules decorating the cell membrane [9]. Recently it was reported 

that the transmembrane domain could mediate CX3CL1 clustering [10]. Moreover, 

CX3CL1 which contained mutant transmembrane domain displayed reduced 

glycosylation [11]. The short cytoplamic domain of CX3CL1 has tyrosine and serine 

residues that could potentially be phosporylated, but involvement of the cytoplasmic 

tail in signal transduction has not been reported. To date, CX3CL1 shares the unique 

membrane anchorage with only one other chemokine, the CXCR6 ligand CXCL16, 

which can function as a scavenger receptor for oxidized LDL [12]. 

 

2.2 CX3CL1 isoforms: membrane-bound and soluble 

 CX3CL1 is synthesized as a 50-75kDa precursor that upon removal of the N-

terminal leader peptide undergoes glycosylation to yield a membrane-anchored 95kDa 

protein [13]. Based on in vitro studies, this membrane anchorage allows murine and 

human CX3CL1 to function as an adhesion molecule to capture and arrest CX3CR1-

expressing leukocytes under conditions of physiological shear flow [14-16]. CX3CL1 is 

believed to be expressed on inflamed tissue, which thereby might promote monocyte 

recruitment [17-19]. Interestingly, in contrast to classical chemokines, firm adhesion 

between CX3CL1 and CX3CR1 is pertussis toxin-resistant and thus does not require G 

protein signaling by the CX3CR1 receptor to activate integrins. CX3CL1-mediated 
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adhesion is therefore integrin-independent [20].  

 Membrane-anchored CX3CL1 is a metalloprotease substrate. Metalloprotease-

mediated cleavage produces a soluble CX3CL1 entity retaining the mucin stalk 

(80kDa) [21], although it might also release shorter isoforms (A. Ludwig, personal 

communication). The shed CX3CL1 can potentially function as a chemoattractant 

molecule like other chemokines [4-6]. Soluble CX3CL1 is believed to result from 

constitutive cleavage by ADAM10 [22]. In addition CX3CL1 shedding is considerably 

enhanced under inflammatory conditions, as a result of cleavage by TACE/ADAM17 

[13, 23]. Metalloproteases cleave many types of cell surface proteins, such as TNF-α, 

TGF-β, notch, amyloid precursor protein, L-selectin, E-cadherin, N-cadherin VCAM-1, 

CD44 and CD33 [24]. ADAM cleavage sites are however poorly defined. Notably, a 

dibasic juxta-membrane motif that was originally reported as obligatory ADAM 

cleavage site of CX3CL1 [7] could not be confirmed by one of our collaborators (A. 

Ludwig, personal communication). It has been proposed that the proteolytic cleavage 

of CX3CL1 by ADAM10 or ADAM17 constitutes a critical switch from adhesive to 

chemoattractive function of CX3CL1 [25]. 

 

2.3 The expression pattern of CX3CL1 and CX3CR1 

 CX3CL1 was reported to be constitutively expressed on the surface of vascular 

endothelial cell [26], airway smooth muscle cells of the trachea [27, 28], neurons of 

the brain [29] and epithelial cells [30]. Expression was also reported for bone marrow 

culture-derived dendritic cells (DCs) [31, 32] and macrophages [33], although this 

remains to be confirmed as CX3CL1 otherwise seems to be restricted to non-

hematopoetic cells. Furthermore, it was shown that CX3CL1 expression was enhanced 

by pro-inflammatory cytokines such as TNF-α, INF-γ, IL-1β and regulated by TGF-β 
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and corticosteroids [28]. These cytokines induce NF-κB via PI3kinase to bind to the 

proximal CX3CL1 promoter, resulting in increase in the CX3CL1 expression [34].  

 CX3CR1 expression is restricted to hematopoetic cells including NK cell and T 

cell subsets, mast cells, DCs, macrophages, as well as blood monocytes. While 

CX3CL1 and CX3CR1 are widely expressed throughout the organism, in a given 

compartment their expression is cell type restricted. Thus, in the undamaged brain, 

dorsal root ganglia and spinal cord CX3CL1-CX3CR1 interactions are restricted to the 

neuronal/ microglial interface. In the gut, CX3CR1 expression is limited to the unique 

subset of CD103- CD14+ lamina propria macrophages, which interacts with CX3CL1-

expressing columnar epithelial cell to form trans-epithelial dendrites (TEDs). The most 

prominent, CX3CR1-expressing cell population in the blood is monocytes. 

 

2.4 Physiologic roles of CX3CL1 chemokine family 

 Although CX3CL1 has been shown to act as adhesion molecule and 

chemoattractant in vitro, the physiologic role of this chemokine remains unclear. 

Several groups have generated mutant mice for both ligand and the receptor of the 

CX3C family [35]. Both CX3CL1 and CX3CR1-deficient mice are viable, fertile and 

were on a first glance indistinguishable from their wild type littermates [36, 37]. 

However, more careful analysis revealed a number of distinct, though subtle 

phenotypes that highlight unique, non-redundant functions of the CX3C chemokine 

family. 

 

2.4.1 The role of the CX3C axis in blood monocyte survival 

 Monocytes are mononuclear phagocytes that are generated in bone marrow and 

circulate in the blood stream. Murine blood monocytes can be divided into two 
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populations according to the distinct level of CX3CR1 expression: murine “resting” or 

“patrolling” CX3CR1hi monocytes further characterized as being Ly6Clo CCR2- CD62L- 

and “inflammatory” CX3CR1low monocytes which are Ly6Chi CCR2+ CD62L+. Murine 

Ly6Chi and Ly6Clo monocytes correspond to human CD14hiCD16+/- and CD14-CD16+ 

monocytes, respectively [38]. Ly6Chi CX3CR1low monocytes can differentiate into DCs 

in non-lymphoid tissues such as intestine and lung [39, 40]. Ly6Chi CX3CR1low 

monocytes are poised to be recruited to sites of inflammation [40], however the 

absence of latter they can shuttle back to the bone marrow and convert into Ly6lo 

CX3CR1hi monocytes [40]. Relatively little is known about the fate and physiologic 

functions of Ly6Clo CX3CR1hi monocytes. It was reported that Ly6Clo CX3CR1hi 

monocytes differentiate into alveolar macrophages [39] and play a role in immune 

surveillance by crawling on the blood vessel walls [41, 42]. 

 The interactions of CX3CL1 and CX3CR1 have an impact on the blood 

monocyte homeostasis. Thus we have shown that circulating Ly6Clo CX3CR1hi blood 

monocytes are specifically reduced in CX3CL1- or CX3CR1-deficient mice, whereas 

Ly6C1hi CX3CR1low monocytes remain unaffected [18]. In the same study we showed 

that in vitro cultured human blood monocytes were rescued by treatment with 

recombinant CX3CL1 from induced cell death. Moreover, we established that 

transgenic overexpression of the anti-apoptotic factor Bcl2 in CX3CR1-deficient 

CX3CR1gfp/gfp:hMRP6-bcl2 transgenic mice [43] could rescue Ly6Clo blood monocytes. 

Accordingly, CX3CL1/R1 interactions seem to provide a critical survival signal for the 

Ly6Clo blood monocytes. Importantly, impaired survival of monocytes or plaque-

resident macrophages might explain the relative protection of CX3CR1-deficient  

ApoE-/- mice from atherosclerosis development [18, 44, 45] and the effect of human 

CX3CR1 polymorphisms on atherosclerosis susceptibility [46, 47]. 
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2.4.2 The role of the CX3C axis in Trans-epithelial dendrite (TED) formation  

 Mononuclear phagocytes residing in the intestinal lamina propria of the small 

and large bowel of mice can be divided into CD103+ and CX3CR1+ subpopulations 

[48-50]. Varol et al. showed that CX3CR1 expression is confined to lamina propria 

macrophages, which are derived from Ly6Chi monocytes [49]. Based on immuno-

histochemistry results, CX3CL1 expression has been reported for columnar epithelial 

cell of the terminal ileum [51, 52]. CX3CR1+ macrophages can penetrate epithelial 

tight junctions and extend dendrites into the intestinal lumen to sense and potentially 

sample bacteria. Interestingly, the formation of these trans-epithelial dendrites (TEDs) 

was found impaired in CX3CR1-deficient mice [52, 53]. However, the molecular 

mechanism that underlies the requirement of CX3CR1/L1 interactions for TED 

formation remains unknown. 

 

2.4.3 The role of the CX3C axis in oral tolerance induction and Th17 cell 

induction  

 Intestinal epithelial cells are continuously exposed to foreign antigens, such as 

the microflora, pathogens and food products. In gut homeostasis, intestinal immunity 

is tightly regulated maintaining tolerance to the commensals and dietary antigen. The 

latter is established through so-called “oral tolerance”, which is a suppressive immune 

response resulting in T cell anergy or the induction of regulatory T cells (Treg’s) 

[54]. Oral tolerance requires CD103+ DCs that have taken up food antigen to migrate 

to the mesenteric lymph nodes (MLN) and present the antigen to naïve T cells, 

which then can differentiate into Treg’s [54]. Accordingly, oral tolerance is impaired 

in CCR7-deficient animals. Interestingly, more recently the Pabst group established 

also a critical role for the non-migratory CX3CR1+ macrophages in tolerance 
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establishment. Thus, oral tolerance was found impaired in CX3CR1 deficient animals 

and suggested to result from a failure of these cells to locally expand the Treg’s that 

had homed back to the tissue due to a lack of IL-10 secretion [55]. 

 As one of the CD4 T cell subsets, Th17 cells are important for protective 

immune responses in the gut [56, 57]. Th17 cells differentiate from naïve T cell 

under the influence of IL-6 and TGF-β, express the transcription factor RORγt and 

secrete cytokines such as IL-6, IL-17A/F and IL-22 for protection against bacterial 

and fungal infections. Th17 cells are readily found in the lamina propria in steady 

state, but their formation and prevalence depends on the presence of specific 

commensal microflora [57, 58]. 

 

2.4.4 The role of the CX3C axis in neuropathic pain development 

 Neuropathic pain is a chronic disease caused by abnormal pain signaling of the 

somatosensory system in response to damaging lesions such as peripheral nerve injury. 

Neuropathic pain is believed to be triggered by the interaction of peripheral neurons 

and immune cells, like the microglia in the spinal cord [59]. Nerve injury activates 

Schwann cells and macrophages to produce MMPs resulting in the disruption of the 

blood/brain barrier and release a variety of chemokines for the recruitment of 

leukocytes. Moreover, Substance P and calcitonin gene related peptide (CGRP) are 

released from injured neurons. Activated microglia and infiltrating macrophages, 

neutrophils and mast cells subsequently secrete prostaglandin and inflammatory 

cytokines. 

 CX3CL1 was reported to be constitutively expressed by dorsal horn spinal cord 

neurons and sensory neurons in the DRG [60]. Nerve injury was shown to induce the 

upregulation of CX3CR1 in the spinal cord tissue. Recently, it was reported that 
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Cathepsin S released from microglia induced the cleavage of membrane-bound 

CX3CL1 on neurons [61, 62] and that the interaction of the shed CX3CL1 and 

CX3CR1 triggered the release of inflammatory cytokines via the p38 MAPK pathway 

[63]. The physiological significance of this process is underlined by the finding that 

CX3CR1-deficient mice were reported to be less sensitive to neuropathic pain [61, 62]. 

It thus seems that the interactions of CX3CL1 and CX3CR1 are linked to the 

neuropathic pain reception. 
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II. Objectives 

 The aim of this study was to understand the physiological role of the 

membrane-tethered and soluble isoforms of CX3CL1. To this end we performed a 

structure/function analysis by generating mice that harbor transgenes encoding soluble 

and membrane-anchored CX3CL1 variants. In addition we aimed to further define the 

in vivo expression pattern of CX3CL1 by using BAC transgenic mice that harbor a 

red fluorescent cherry reporter gene under the control of the CX3CL1 promoter. 

Finally, we generated CX3CR1-Cre mice in which one allele of CX3CR1 is replaced 

by gene encoding Cre recombinase to develop a tool for the genetic manipulation of 

CX3CR1-expressing cells.    

 

Specifically, I studied the role of CX3C axis in the following physiological setting: 

1. The intestinal macrophage/epithelial interface: 

 asking which CX3CL1 isoform is required for trans-epithelial dendrite formation 

of lamina propria macrophages? 

2. The monocyte/ blood vasculature interface: 

 asking how CX3CL1 mediates the survival of Ly6Clo CX3CR1hi blood 

monocytes? 

 

In addition I defined the CX3CL1 in vivo expression pattern using CX3CL1cherry 

reporter mice. 
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Scheme 3. CX3CL1 BAC transgenic mouse models used in this study 
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III. Material and Methods 
 

DNA constructs for the in vitro assays 

 We generated a CX3CL1 variant that lacks a cytoplasmic tail and a full-length 

CX3CL1 for control purpose. To ease the transfer of the genes encoding the CX3CL1 

variants into the pCDNA3 vector (Invitrogen), a pCDNA3-based plasmid harboring 

CX3CL1 exon1&2 was generated, which could be used in a cassette-mediated 

approach based on the introduction of silent mutation in the third codon of exon3 

resulting in an XhoI site. Using the Xho I site, CX3CL1 with a c-myc epitope was 

introduced in the 105aa position and 336aa position, respectively.  

 

Bone marrow chimeric mice 

 CX3CL1105-myc, CX3CL1395AA and CX3CL1 deficient mice were lethally 

irradiated with 950rad. The next day, 5x106 BM cells obtained from femora and 

tibiae of CX3CR1gfp/+ mice were intravenously (i.v) injected into the irradiated 

recipient mice, which were kept to rest for 6-8 weeks before the experiment.  

 

Western Blot 

 293T cells (5x106) were transiently transfected with pCDNA3 vector containing 

the CX3CL1105-myc transgene by Poly Ethylenimine (PEI). 293T cells were cultured in 

serum free media. After 24 hours, cells were lysed by lysis buffer (25mM Tris 

(pH7.5), 2mM VO3, 0.5mM EGTA, 10mM NaF, 10mM Nappi, 80mM Bgp, 25mM 

NaCl, 10mM MgCl2 and 1% Nonidet P-40), and incubated on ice for 20 min, 

following centrifugation at 14,000 rpm for 30min. Protein samples and supernatant 

were separated on 15% SDS-PAGE and blotted onto nitrocellulose membrane 

(Amersham Biosciences) using mouse anti-cMyc antibody (9E10) and goat anti-mouse 
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HRP. Blots were developed with the ECL kit.  

  Intestinal epithelial cells from CX3CL1105-myc or CX3CL1336-myc mice were lysed 

by lysis buffer and incubated on ice for 20 min, following centrifugation at 14,000 

rpm for 30min. Protein samples were separated on 8% and 15% SDS-PAGE and 

blotted on the nitrocellulose membrane using mouse anti-cMYC antibody (9E10) and 

goat anti-mouse HRP (1:10,000, Jackson laboratory). The blot was developed with the 

ECL solution and analyzed by a RAS detector.  

 

ELISA 

 CX3CL1 expression in-vitro; the CX3CL1 expression vectors were used to 

transiently transfect 293T cells (10 ug DNA; 4x106 cells/well by PEI). Medium was 

changed to serum free medium one day later. 96-well plates were coated overnight 

with rabbit anti-CX3CL1 antibody (eBioscience, 14-7999, 1:500). One day later, 

serially diluted supernatant from transfected and non-transfected 293T cells was added 

to the plates. Biotin-conjugated chicken anti-cMyc antibody (ICL, CMYC-45B-Z, 

1:5000) and streptavidin-HRP (eBioscience, 18-4100, 1:1000) were used for detection. 

After addition of the HRP substrate (Chemicon, ES001) the plates were read in an 

ELISA reader at O.D. 450nm. 

 CX3CL1 expression in-vivo: BM obtained from the tibia and femur of 

CX3CR1gfp/gfp was transferred into irradiated (950rad) CX3CL1105-myc and CX3CL1395AA 

recipient mice. 8-10 weeks later, serum was obtained from the blood of recipients. To 

detect the transgene-encoded CX3CL1 in serum, reagents were used according to the 

manufacturer’s protocol (DuoSet ELISA kit, R&D systems)   

 cMyc epitope detection in-vivo: For the specific detection for the soluble 

CX3CL1 transgene, soluble CX3CL1 (tagged by a cMyc epitope) was captured from 
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serum of  [CX3CR1gfp/gfp > CX3CL1105-myc] mice by rat anti-mouse CX3CL1(4ug/ml, 

R&D systems). As a secondary antibody, we used biotinylated chicken anti-cMyc 

(1:5,000, Immunology Consultant Latoratories Inc.) and streptavidin-HRP. The ELISA 

was developed by the TMB substrate and 1M H2SO4 then detected at 450nm.  

 Cytokine detection: Serum was obtained from the mice, in which colitis was 

induced by the 1.5% DSS. To detect the IL-6 in serum, reagents were used according 

to the manufacturer’s protocol (DuoSet ELISA kit, R&D systems)   

 

Transcription analysis 

 Total RNA was extracted from the ileum of CX3CL1105-myc and CX3CL1336-myc 

BAC transgenic mice by using Dispomix and RNA tissue kit (5prime).  Then, cDNA 

synthesis was performed with 1ug of total RNA by Masterscript RT-PCR kit (5prime). 

RT-PCR was performed using a standard protocol with exon-spanning primers for 

HPRT, with forward CX3CL1 primer and reverse myc epitope primers for the 

CX3CL1105-myc and CX3CL1336-myc transgenes.  

 

Cell preparation  

 Blood monocytes; Blood was obtained from the tail vein of mice at 7 to 10 

weeks of age. Erythrocytes and neutrophils were removed using a Ficoll density 

gradient (Amersham Biosciences Sunnyvale, CA). Ficoll was completely washed by 

PBS and cells were collected by the centrifugation at 1,400rpm for 5min at 4℃.  

 Alveolar and kidney cells; For the isolation of cells from the lung, each lobe 

of lung was cut as a small piece and incubated in PBS containing Ca2+ and Mg2+ 

(Sigma) supplemented with 4mg/ml of collagenase D (Roche) for 1h at 37℃. For 

kidney cell isolation, kidney were minced and incubated in RPMI 1640 supplemented 
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with 2mg/ml of collagenase D and 1mg/ml of dispase II (Roche) for 1h at 37℃. 

After erythrocyte were lysed by the ACK buffer (0.15M NH4Cl and 0.01M KHCO3), 

both alveolar cells and kidney cells were passed through a gray mesh and centrifuged 

at 1400rpm for 5min at 4℃. Cells were suspended with FACs buffer (PBS 

supplemented with 2mM EDTA, 0.05% sodium azide and 1% of fetal calf serum) for 

the flowcytometry analysis. 

 Lamina propria epithelial cells; To obtain the colonic epithelial cells and 

lamina propria cells, colon was longitudinally sectioned and cut into small pieces. 

Colonic epithelial cells were isolated by 5ml HBSS containing 10mM HEPES and 

5mM EDTA (pH 8.0) in the 37℃ incubator (300rpm) and collected by passing 

through a 100 um mesh. For the isolation of lamina propria cells, remnant colon 

pieces were digested by 5ml HBSS containing 10% FBS, 1mg/ml of dispase II 

(Roche) and 0.5mg/ml of collagenase D (Sigma) on a 37℃ shaking incubator (300 

rpm) for 1h. Completely digested colon suspensions were passed through a mesh and 

collected by centrifugation at 1400rpm for 5min at 4℃ 

 Thymic epithelial cells; Thymi were isolated and washed in PBS and fat and 

blood vessels wwere removed. Thymi were cut into small pieces and washed with 

5ml of PBS containing 2% FBS by pipetting. To remove thymocytes, thymi were 

incubated with 5ml of PBS with 0.5mg/ml of collagenase D and 1mg/ml of dispase 

II (Roche) for 15min at 37℃.  Thymi were repeatedly incubated in 3ml of PBS with 

0.5mg/ml of collagenase D and 1mg/ml of dispase II (Roche) for 15min at 37℃ to 

isolate thymic epithelial cells. Digested thymic tissue was passed through a mesh and 

cells were collected by centrifugation at 1400 rpm for 5min at 4℃.  

 Lamina propria DCs and macrophages; Colonic epithelial cells were 

removed by the HBSS containing DTT and 5% of FCS. For the isolation of lamina 
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propria cells (LPCs), colon pieces were digested by 5ml HBSS containing 10% FBS, 

1mg/ml of collagenase VIII (sigma) and at 37℃ shaking incubator (300rpm) for 1h. 

Completely digested colon tissue was passed through a mesh and cells were collected 

by  centrifugation at 1400rpm for 5min at 4℃.  

 TH17 cells; To isolate T cells from the intestine, lamina propria cells were 

isolated and fractionated on a percoll density gradient (40% and 80%). To allow for 

the intracellular cytokine staining of TH17 cells, IL17A production was triggered and 

accumulated by PMA and ionomycin treatment for 2 hours and treated with Brefeldin 

A (1:1000) for 2 hours at 37℃ 5% CO2. Cells were permeablized and fixed for the 

intracellular staining by the BD perm/fixation kit.  

 Kupffer cells; For the isolation of Kupffer cells, livers were digested with 

collagenase D(4mg/ml, Roche) at 37℃ for 1hour. Cells were passed through a mesh 

(100 um) and washed by centrifugation at 1400rpm, 4℃ for 5min. Mononuclear 

phagocytes were isolated by a 40% and 80% Percoll (Sigma) gradient, with 

centrifugation at 2200 rpm for 15min without acceleration. Cells were washed by PBS 

and stained with CD11b-PerCP (1:200, eBioscience) and F4/80-PE (EMR, 1:28, 

Serotec) antibody.  

 Splenic macrophages; Spleens were digested with collagenase D (4mg/ml, 

Roche) at 37℃ for 1hour. Cells were passed through a mesh (100um) and washed by 

centrifugation at 1400rpm, 4℃ for 5min. Splenic cells were treated with ACK 

solution to remove erythrocytes, washed with PBS and stained with CD11b-PerCP 

(1:200, ebioscience) and F4/80-PE (EMR,1:28, Serotec) antibody. 

 Microglia; Brains obtained from brain of the WT, CX3CR1gfp/+ mice and 

CX3CR1Cre: R26-YFP mice. Microglia were digested with collagenase D(1mg/ml, 

Roche) at 37℃ for 30min and isolated by a 40% and 80% Percoll gradient and 
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washed with PBS.  

 

Immunohistochemistry 

  Intestine, kidney and lung were obtained from CX3CL1 cherry reporter BAC 

transgenic mice crossed onto the CX3CR1gfp/gfp background. Intestine swiss roll and 

kidney samples were fixed overnight with 2% paraformaldehyde (PFA) at 4℃. Whole 

lungs were swollen by the injection of 1ml of 2% PFA into the trachea and fixed 

overnight with 2% PFA at 4℃. Samples were incubated in 30% sucrose at 4℃ for 2 

days, embedded in Tissue-Tek optimum cutting temperature compound (Sakura 

Finetechnical) and frozen in a bath of liquid nitrogen (N2) cold isopentane. Frozen 

intestine, kidney and lung tissues were sectioned into 10-12 um with a Leica cryo-

microtome. Intestine sections were stained with Periodic acid Schiff (PAS). Brain was 

fixed overnight with 2.5% fresh PFA at 4℃ and soaked in 30% sucrose for 2 days. 

Brain was frozen and cut into 25 um sections with a sliding microtome. Sections 

were stained with NeuroN (NeuN). Spinal cord was fixed with 2.5% fresh PFA at 

4℃ for 2days and decalcified by 12.5% EDTA (pH7.4) at 4℃ for 2-3days. Spinal 

cord was incubated in 30% sucrose for 2-3 days and lumbar regions (L3-L5) were 

embedded in OCT. Frozen L3-L5 was sectioned into 10 um with a cryo-microtome. 

Sections were stained with biotin anti-CGRP, followed by streptavidin conjugated 

aminomethyl coumarin acetate (AMCA). 

  

Assessment of TED formation.  

 Indicated mice were challenged by oral gavage with Aspergillus conidia (300ml 

of 1-2x 108 conidia/ml). The following day the mice were sacrificed and analyzed by 

microscopic analysis for the presence of TEDs. Only TEDs that reached the lumen 
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were considered for the quantification. 

 

Immunofluorescence and confocal microscopy 

 Sections of kidney, lung and brain were imaged using a LSM 510 confocal 

microscopy (Carl Zeiss) equipped with serial tile scanning. Image acquisition was 

processed with LSM software and Photoshop. Naïve tissue of terminal ileum and 

intestinal swiss roll section were also observed with LSM 510 confocal microscopy. 

Spinal cord pictures were taken on a fluorescent microscope.  

 

Two-photon microscopy and surgical procedure 

 Before imaging, mice were anesthetized by i.p injection of 100 mg ketamine, 

15 mg xylazine and 2.5 mg acepromazine per gram. After a midway section through 

the abdominal wall and peritoneum, the ileum was externalized carefully and 

immobilized using a custom-built imaging chamber. The lumen was exposed using a 

cautery (AARON Medical) and carefully flushed with PBS to remove fecal material. 

During imaging, mice were supplied with oxygen and their core temperature was 

maintained at 37ºC with a warming plate. Imaging was performed using the Ultima® 

two-photon microscope fitted with a Ti-sapphire Deep-sea Mai Tai® pulsed laser with 

a water immersed 20x objective, the excitation wavelength was set to 970 nm. To 

create time-lapse sequences, we typically scan 5 to 30 µm of tissue depth, at 5 µm 

Z-steps every 20 to 40 seconds. The movement of the cells was visualized using 

Volocity® software (Improvision Ltd.)  

 

Flowcytometric analysis  

 The following fluorochrome-labeled monoclonal antibodies and staining reagents 
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were used according to manufacturers protocols: PE-conjugated anti-CD115 

(eBioscience), APC-conjugated anti-Gr1 (Ly6C/G) (eBioscience) and PerCP-conjugated 

anti-CD11b were used for blood monocyte staining. Pacific blue-conjugated anti-

CD45.2 (eBioscience) and APC-conjugated anti-CD31 (eBioscience) were used for 

intestinal epithelial cell staining. Lamina propria cells were stained with CD11c-

APC(1:100, eBioscience), CD11b-PerCP Cy5.5(1:200, Biolegend), CD103-PE(1:100, 

BD pharmingen) MHC II-Alexa700 (1:100, eBioscience), CD45.2-(1:100, eBioscience) 

and DAPI. CD45-APC (eBioscience) was used for kidney and lung staining. TH17 

cells were stained with IL17A-PE, CD3-PerCP and CD4-APC. Peritoneal macrophages 

isolated from the peritoneal cavity were stained with CD11b-PerCP Cy5.5 (1:200, 

Biolegend) and F4/80-PE (EMR, 1:28, Serotec). Microglia were stained with CD45-

APC (1:100, eBioscience) and CD11b-PerCP Cy5.5 (1:200, Biolegend). Cells were 

analyzed on a FACS Calibur and LSR cytometer (BD) using Flow-Jo software 

(Treestar). 

 

Delayed Type Hypersensitivity (DTH) analysis 

 To investigate the contribution of CX3CR1/L1 interactions to tolerization, WT, 

CX3CR1- and CX3CL1-deficient mice were fed 200ul of ovalbumin (50 mg, Sigma) 

by gavage on two consecutive days. 10 days later, the animals were subcutaneously 

immunized with an emulsion of 100 ul of ovalbumin (300 ug) and 100ul of CFA 

(Sigma) containing 100ug MT. After 2 weeks, the mice were subcutaneously 

challenged in the right ear by injection of 50 ug ovalbumin in 20ul PBS. 20ul of 

PBS without ovalbumin were injected into the left ear as a control. Ear thickness was 

measured before and 2 days after the challenge. Ear swelling was calculated 

according to the following formula : (right ear thickness – left ear thickness)48h – 
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(right ear thickness – left ear thickness)0h. 

 

DSS-induced colitis model and Murine colonoscopy.  

 Mice received one cycle (7 days) of Dextran Sulfate Sodium Salt (DSS) (MP 

Biomedicals, C-160110) treatment (1. 5 % in drinking water). For continuous 

monitoring of colitis, we used a high-resolution murine video endoscopic system (Karl 

Storz). Endoscopic quantification of colitis was graded as described 
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III. Results 

1. Structure/ function analysis of CX3CL1 

1.1 In vitro characterization of the CX3CL1 variants used for transgenesis 

 To perform the structure/function analysis we generated four BAC transgenes. 

One plasmid encoded a CX3CL1105-myc protein, which spans the chemokine domain 

and a single mucin repeat fused to a C terminal myc tag recognizable by the 

monoclonal antibody 9E10. The second vector encoded the chemokine domain with 

the entire mucin-like stalk and the C-terminal myc tag (CX3CL1336-myc). The latter 

construct was designed because CX3CL1 was reported to be predominantly cleaved at 

a dibasic motif (Arg-Arg) at position 336 by ADAM10/17 [21]. Expression of the 

soluble CX3CL1 entities was confirmed by Western blotting (Figure 1 A-B).  and 

ELISA (Figure 1C).  CX3CL1105-myc and CX3CL1336-myc were found to be secreted to 

the medium by the transfected 293T cells.  

A.                                    B. 
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C. 

 

Figure 1. Expression of the CX3CL1105-myc and CX3CL1336-myc variants by 

transfected 293T cells 

(A) Western blot analysis of CX3CL1105-myc transfected 293T supernatant and cell 

lysate. (B) Western blot analysis of CX3CL1336-myc transfected 293T supernatant and 

cell lysate. (C) ELISA for serially diluted CX3CL1105-myc and CX3CL1336-myc 

transfected 293T supernatant. 

 

1.2. Generation of BAC transgenic mice and initial expression analysis 

1.2.1. Homologous recombination systems: recombineering and shuttle vector 

 To achieve physiological expression of the CX3CL1 variants we chose an 

approach involving Bacterial Artificial Chromosomes (BACs). To introduce the 

CX3CL1 variants into the BAC spanning the CX3CL1 locus (Roswell Park Cancer 

Institute; RP24-147I16) we used the pDelsac shuttle vector system which involves the 

generation of a shuttle vector containing a E.coli recombinase recA gene, followed by 

homologous recombination [64, 65]. The CX3CL1cherry reporter mice (see below) were 

generated using an alternative BAC recombineering strategy [66]. This approach is 

based on homologous recombination not mediated by RecA, but instead by the recE 

and recT proteins referred to as ET-cloning and pBAD-αβγ, in which recE and recT 

have been replaced by their respective functional counterparts of phage lambda. RecE 
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proteins are a 5’3’ exonucleases. RecT is a DNA annealing protein and recE and 

recT interaction is required for homologous recombination. Using ET recombination, a 

linear targeting DNA carrying short homologous region flanking a selectable gene is 

integrated into circular BAC DNA. Short homologous regions (approximately 50-80 

nucleotides) are sufficient to promote homologous recombination. 

 

 

Scheme 4. BAC approaches using the shuttle vector system and RedET 
recombineering 
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1.2.2. Obligatory secreted CX3CL1 variants 

 The modified RP24-147I16 BAC DNAs harboring the CX3CL1105-myc insert and 

the CX3CL1336-myc insert were purified, digested by BspE1 and injected into fertilized 

oocytes of CB6F1 mice. Founder mice were crossed with CX3CL1-deficient C57BL/6 

mice [36] to establish mouse strains that exclusively express the CX3CL1105-myc or 

CX3CL1336-myc variants. 

 CX3CL1 was reported to be constitutively expressed in the terminal ileum of 

the intestine [52, 53]. To confirm physiological BAC transgene expression, we 

isolated the terminal ileum of the CX3CL1105-myc and CX3CL1336-myc mice and 

performed an RT-PCR analysis. As shown in Figure 2A and B, expression of both 

CX3CL1105-myc and CX3CL1336-myc transgenes was detected in the terminal ileum of 

CX3CL1105-myc and CX3CL1336-myc transgenic mice, respectively (Figure 2A, B). 

Besides the RT-PCR, western blot analysis was performed for the CX3CL1105-myc 

protein expression. The intestinal epithelial fraction was isolated from CX3CL1105-myc 

mice and protein samples obtained from the epithelial cells were loaded on the SDS 

PAGE. Finally, CX3CL1105-myc protein (15kDa) was detected by the anti-myc antibody 

(Figure 2C).  

A.     B.       C. 

  

Figure 2. RT-PCR analysis for CX3CL1105-myc and CX3CL1336-myc expression in 
the terminal ileum and western blot analysis for CX3CL1105-myc 
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 To detect the secretion of soluble CX3CL1 transgene from CX3CL1105-myc mice, 

ELISA were performed on serum obtained from the bone marrow (BM) chimeric 

mice. Both [CX3CR1gfp/gfp >WT] and [CX3CR1gfp/gfp > CX3CR1gfp/gfp] BM chimeric 

mice showed CX3CL1 secretion, whereas no CX3CL1 level in serum of [WT > WT] 

or [WT > CX3CR1gfp/gfp] BM chimeric mice could be detected. Additionally, soluble 

CX3CL1 was detected in [CX3CR1gfp/gfp > CX3CL1105-myc: CX3CL1-/- ] and 

[CX3CR1gfp/gfp > CX3CL1395AA: CX3CL1-/- ] BM chimeras. Interestingly, as compared 

with [CX3CR1gfp/gfp > CX3CR1gfp/gfp] BM chimeras, soluble CX3CL1 was significantly 

reduced in [CX3CR1gfp/gfp >WT] BM chimeras (Figure 3A). ELISA was performed to 

confirm the transgene-encoded CX3CL1 secretion with anti-cMyc antibody. In 

[CX3CR1gfp/gfp > CX3CL1105-myc: CX3CL1-/-] BM chimeras, soluble CX3CL1 tagged 

with cMyc epitope was detected (Figure 3B).   

 Unfortunately, we subsequently noticed a mistake in the sequence of 

CX3CL1336-myc transgenic mice, a nine amino acid repeat (TTAPSPQVS) in the mucin-

like stalk. We hence excluded this mouse line in the further analysis. .  
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A. 

 

B. 

 

Figure 3. Serum ELISA of indicated BM chimeras for presence of secreted 
endogenous and transgene-encoded CX3CL1 isoforms. (A) Detection with anti-
CX3CL1 antibody, *** means P<0.001, one way ANOVA followed by Bonferroni’s 
Multiple Comparison. (B) detection of CX3CL1105-myc transgene encoded CX3CL1 with 
anti-myc antibody (9E10). ND; Not detectable 
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1.2.3. The obligatory membrane-anchored CX3CL1 variant 

 To generate membrane-anchored CX3CL1transgenic mice, a vector encoding a 

cytoplasmic tail truncated CX3CL1 isoform (CX3CL1trunc) was designed. CX3CL1trunc 

was introduced into the BAC RP24-147I16 clone by homologous recombination. 

Purified and BspE1 digested BAC DNA carrying the CX3CL1trunc insert was injected 

into oocytes of CB6F1 mice. Six pups were positive for the CX3CL1trunc transgene 

out of 68 mice. Three mice (Line #33, 46, 58) were confirmed for germline 

transmission of CX3CL1trunc transgene. 

 To test CX3CL1trunc expression, we isolated total RNA from the duodenum and 

terminal ileum of a transgenic mouse (line #58). cDNA was synthesized using M-

MLV reverse transcriptase. Primers were specifically chosen for exon1 and exon3 of 

CX3CL1trunc transgene. Transgene expression was readily detected in the duodenum and 

terminal ileum of CX3CL1trunc mice (Figure 4). 

 

 
Figure 4. RT-PCR analysis for CX3CL1trunc expression in the small intestine.  

The PCR product of the CX3CL1trunc transgene is 1.1 kb and HPRT is 300bp. 

 

 Recently, our collaborator A. Ludwig group found that the cytoplasmic tail 

truncation reduced CX3CL1 maturation and impaired CX3CL1 trafficking to the cell 

surface. Moreover, the residual truncated isoform reaching the surface was found to 
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be cleaved by ADAM to generate a soluble CX3CL1 [67]. Due to the impaired cell 

surface expression and the secretion by ADAM10 CX3CL1trunc mice was excluded in 

the further analysis. 
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1.2.4. The WT CX3CL1 variant with a silent mutation (control) 

 The myc-tagged soluble CX3CL1 and non-cleavable membrane-anchored 

CX3CL1 transgenes were designed by a cassette-mediated approach that is based on 

the introduction of a silent mutation in the third codon of exon3 of the murine 

CX3CL1 gene resulting in an Xho I site. As a control for the structure/function 

approach, we also generated mice harboring a CX3CL1395AA transgene that contained 

all the parts of CX3CL1. CX3CL1395AA DNA was digested by BspE1 and injected into 

oocytes of CB6F1 mice. Eight mice had the CX3CL1BAC transgene out of 72 founders. 

Three of the positive mice (Lines #23, #85 and #111) were obtained.   

 

- CX3CL1395AA transgene expression in small intestine 

 To test expression of the CX3CL1395AA transgene, total RNA was isolated from 

the duodenum and terminal ileum of three transgenic lines (Lines #23, #85 and #111). 

cDNA was synthesized using M-MLV reverse transcriptase. Primers were chosen for 

exon1 and exon3. After the PCR, the products were digested with XhoI. The PCR 

product amplified from the endogenous CX3CL1 message, which contains no XhoI 

site, is detected as a 1.2kb fragment. In contrast, the product amplified from the 

CX3CL1395AA cDNA contains an XhoI site and is hence digested into two fragments 

(1kb and 200 bp). Notably, comparison of the amounts of the PCR products obtained 

from the wt and tg cDNAs allows an estimate of the expression levels of the 

transgenes (Figure 5). Thus, the CX3CL1395AA gene seems less expressed in line #23 

as compared to line #85 and #111, most likely due to the number of integrated BAC 

copy numbers. As future control mice, we used CX3CL1395AA line #23 for the 

reconstitution of CX3CL1-deficient mice, because these transgenic mice display 

CX3CL1 expression levels most similar to the wt mice. 
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Figure 5. RT PCR analysis for CX3CL1395AA transgene expression in the small 

intestine. The amplified band of the endogenous CX3CL1 is 1.2kb and the one 

derived from the CX3CL1395AA transgene is split into 1 kb and 200 bp following 

XhoI digestion. 
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1.3. Phenotypes of CX3CL1105-myc transgenic CX3CL1-deficient mice 

 Our analysis of the BAC transgenic mice was focused on the potential of the 

various CX3CL1 transgenes to reconstitute reported phenotypes of CX3CL1-deficient 

mice. To this end all of our BAC transgenes were crossed onto a CX3CL1-/- 

background by interbreeding with CX3CL1-deficient animals kindly provided by Sergio 

A. Lira (Mount Sinai) [36]. 

 

1.3.1. Rescue of monocyte survival 

 CX3CL1 was reported to promote the survival of cancer cell lines, as well as 

cultured microglia [68]. Moreover, we recently showed that CX3CL1 and CX3CR1 are 

specifically required for the survival of the CX3CR1hi Ly6Clo monocyte subset in 

steady state [18]. We believe this finding explains the reported relative protection of 

CX3CL1- and CX3CR1-deficient mice from atherosclerosis development.  

 To test whether the soluble CX3CL1 entity would be sufficient to promote 

monocyte survival, we analyzed the blood of CX3CL1105-myc BACtg CX3CL1-/- mice. 

Introduction of the BAC transgene encoding the wt CX3CL1 readily restored the 

frequencies of the CX3CR1hi Ly6Clo monocytes (Figure 6A). However, although we 

previously showed that recombinant soluble CX3CL1 could promote the survival of 

cultured CD14++ CD16- human blood monocytes in vitro [18], soluble CX3CL1105-myc 

failed to rescue the murine CX3CR1hi Ly6Clo blood monocytes in vivo.  

 To study monocyte survival in a different system, CX3CR1gfp/+ bone marrow 

was transferred into the irradiated CX3CL1105-myc and CX3CL395AA recipient mice. After 

6 weeks, peripheral blood monocytes were analyzed by flowcytometer. Also in these 

animals the soluble CX3CL1105-myc failed to rescue the murine CX3CR1hi Ly6Clo blood 

monocytes (Figure 6B) 
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A. 

 

 
 
B. 
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Figure 6. Restoration of CX3CR1hi Ly6Clo monocyte survival 

 (A) Flow cytometric analysis of blood monocytes of WT mice, CX3CL1-/- mice, 

CX3CL1395AA:CX3CL1-/- mice, CX3CL1105-myc:CX3CL1-/- mice. Top: representative 

analysis of ficoll enriched wt blood cell sample indicating detection of Ly6Clo and 

Ly6Chi CD115+ monocyte populations. Bar diagram shows percentage of Ly6Clo 

monocytes (R3) of total blood monocyte (R2) for indicated mouse strains. N= 3-4 per 

group in six independent experiments; Error bars show mean ± SEM, *** means  

p<0.001 (one way ANOVA followed by Bonferroni’s Multiple Comparison)  

(B) Flow cytometric analysis of monocyte compartment of [CX3CR1GFP/+ > WT], 

[CX3CR1GFP/+ > CX3CL1-/-], [CX3CR1GFP/+ > CX3CL1395AA:CX3CL1-/-] and  

[CX3CR1GFP/+ > CX3CL1105-myc:CX3CL1-/-] BM chimeras. Top: representative analysis 

of ficoll enriched wt blood cell sample indicating detection of CX3CR1hi Ly6Clo and 

CX3CR1lo Ly6Chi CD115+ monocyte populations. Bar Diagram shows percentage of 

Ly6Clo monocytes (R3) of total blood monocyte (R2) for each mouse strain. N= 3-4 

per group in two independent experiments; Error bars show Mean ± SEM. *** means 

p<0.001 (one way ANOVA followed by Bonferroni’s Multiple Comparison) 
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1.3.2. Transepithelial dendrite formation by intestinal lamina propria 

macrophages  

 CX3CR1 is required by intestinal lamina propria macrophages to form trans-

epithelial dendrites (TEDs) that allow the cells to penetrate the epithelial barrier and 

sense and potentially sample the gut lumen [52, 53]. More recently, Chieppa et al. 

showed that formation of these dendrites needs a Myd88-dependent TLR signal in 

columnar epithelial cells [69]. However, the same group challenged the notion that 

CX3CL1/ CX3CR1 interactions are required for the TED formation. 

To investigate whether CX3CR1/L1 interactions are indeed critical for TED formation, 

we took advantage of BM transfer system. CX3CL1-deficient mice, CX3CL1105-myc mice on 

CX3CL1-deficient background, CX3CL1105-myc mice on wild type background and 

CX3CL1105-myc, mice which harbor one wt CX3CL1 allele were chosen as a recipient mice (>7 

weeks) and reconstituted with BM cells isolated from femora and tibiae of CX3CR1gfp/+ donor 

mice. The label allows the visualization of the CX3CR1+ cells and the TEDs [39]. The 

recipients were allowed to rest for 6 weeks before analysis. Mice was challenged with 

DsRed-transformed Aspergillus fumigatus conidia by gavage 16-24 hours before the analysis 

[53]. The terminal ileum of the animals was longitudinally sectioned and TEDs were 

documented by confocal microscopy and quantified. Notably, as in CX3CR1-deficient mice 

[39], As seen in Figure 7 A-C, TEDs were readily formed in the terminal ileum of 

[CX3CR1gfp/+ > wt] mice, but were undetectable in [CX3CR1gfp/+ > CX3CL1-/-] animals, or 

[CX3CR1gfp/gfp > wt] controls. The absence of TEDs in animals lacking epithelial CX3CL1 

expression confirms the requirement of CX3CR1/CX3CL1 interactions for their formation.  

Having established the absence of TEDs in CX3CL1-deficient mice, we next asked 

whether their formation could be restored by introduction of the obligatory secreted CX3CL1 

isoform. To this end CX3CR1gfp/+ BM was transferred into irradiated BAC transgenic 
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CX3CL1395AA:CX3CL1-/- mice and CX3CL1105-myc:CX3CL1-/- mice, as well as non-transgenic 

CX3CL1-deficient animals. Seven weeks after BM transfer the animals were gavaged with A. 

fumigatus conidia and analyzed for the presence of TEDs in their terminal ileum. As expected, 

TEDs were absent from CX3CL1-/- recipient mice. Introduction of the BAC transgene 

encoding the wt CX3CL1 restored TED formation (Figure 7 D), albeit at slightly reduced 

numbers (Figure 7 F), thus validating our approach. More importantly, however, TEDs were 

also readily observed in [CX3CR1gfp/+ > CX3CL1105-myc:CX3CL1-/-] chimeras (Figure 7 E),  

establishing that epithelial expression of a secreted CX3CL1 entity was sufficient to allow 

lamina propria CX3CR1-expressing macrophages to extend the protrusions towards the lumen. 

Collectively these results establish that TED formation can be promoted by a secreted 

diffusible CX3CL1 entity lacking the glycosylated stalk and is hence independent of any 

signaling by the trans-membrane CX3CL1 ligand towards the intestinal epithelial cells. 
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A.    B. 

  
C. 

 
D.     E. 

  
F. 
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Figure 7. Restoration of intestinal transepithelial dendrite formation 

(A, B) Representative confocal image of small intestinal villi demonstrating TEDs 

formed by CX3CR1/GFP+ lamina propria macrophages in (A) [CX3CR1gfp/+ > wt] and 

(B) [CX3CR1gfp/+ > CX3CL1-/-] BM chimeras after Aspergillus conidia challenge (1-2x 

108 conidia/ml); (green, lamina propria macrophages; red, conidia; yellow, merge). 

Arrows indicate TEDs.  

(C) Bar diagram summarizing TED quantification in indicated BM chimeras. Note 

absence of extension in mice with impaired CX3CR1/L1 interactions. Only TEDs that 

reached the lumen were considered for the quantification. Results are one 

representative of three experiments (N= 4). Error bars show SD. 

 (D, E) Representative confocal image of small intestinal villi demonstrating TEDs 

formed by CX3CR1/GFP+ lamina propria macrophages in (D) [CX3CR1gfp/+ > 

CX3CL1395AA:CX3CL1-/-] and (E) [CX3CR1gfp/+ > CX3CL1105-myc:CX3CL1-/-] BM 

chimeras after Aspergillus conidia challenge. Arrows indicate TEDs. 

(F) Bar diagram summarizing TED quantification in indicated BM chimeras. Note 

restoration of extensions in CX3CL1-/- mice harboring the CX3CL1395AA and 

CX3CL1105-myc transgenes. Results are one representative of three independent 

experiments (N= 3-5). N.D; Not detectable, Error bars show SD. This analysis was 

carried out in collaboration with Dr. Alexandra Vallon-Eberhard. 
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1.3.3. Oral tolerance impairment by CX3CR1 deficiency of intestinal lamina 

propria macrophage 

 Oral tolerance prevents fatal immune responses against the ingested food 

antigen. The group of Oliver Pabst, Hannover, recently showed that both lamina 

propria DCs and macrophages are critical for the induction and local expansion of 

regulatory T cells (Treg’s) required for oral tolerance establishment [54, 55]. In a 

collaborative effort the investigators had shared their finding that the CX3CR1 

deficiency impairs oral tolerance with us. In our experiments we saw the delayed 

type hypersensitivity (DTH) response significantly reduced in wt mice that had been 

fed with ovalbumin, as compared to animals gavaged with PBS, establishing that the 

tolerization had worked. However, as opposed to the results obtained in Hannover, 

also the DTH responses of CX3CR1- and CX3CL1 deficient mice fed with ovalbumin 

were partially impaired compared with the respective controls. Similar to tolerized WT 

mice, the DTH response was suppressed by OVA treatment of mice expressing the 

secreted CX3CL1 variant (CX3CL1105-myc mice) (Figure 8). Taken together, the 

discrepancy between our results and the results obtained by the Hannover group 

indicate that the dependence of oral tolerance establishment on CX3CR1/L1 

interactions is influenced by the microflora in the animal facility [57]. 
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A. 

 

Figure 8. Partial impairment of oral tolerance by CX3CR1 and CX3CL1 

deficiency 

Tolerized mice were fed ovalbumin by oral gavage. 10 days later, mice were 

immunized by ovalbumin (300ug) and CFA. After 2weeks, mice were challenged to 

the ear pina by ovalbumin (50ug) or PBS (control). After 48hours, ear thickness was 

measured. Data show one representative experiment out of three. N=3-7 mice per 

group. N.S; Not significant.  
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1.3.4. Reduction of Th17 cells in the absence of CX3CR1/L1 interaction 

 Emerging evidence indicates that the prevalence of Th17 cells is determined by 

the microflora [57], but the exact contribution of epithelium and immune cells in the 

lamina propria remains to be determined. To test a potential involvement of CX3CR1+ 

macrophages and TEDs in the establishment of Th17 populations we determined the 

Th17 pool of naïve wt, CX3CR1- and CX3CL1-deficient mice. 

 Both CX3CR1- and CX3CL1-deficient mice displayed a significant reduction of 

Th17 cells, as compared with WT mice (Figure 9). Also, CX3CL1105-myc mice did not 

display restored numbers of Th17 cells. Of note, it has recently been shown that the 

prevalence of Th17 cells is influenced by the microflora and that animals purchased 

from distinct vendors significantly differ in their intestinal Th17 populations [57]. We 

therefore are currently in the process to repeat the above mentioned study with wt 

littermate controls, to confirm the impact of the CX3C-deficiencies on the Th17 

prevalence. 
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A. 

 

	    

Figure 9. Reduction of Th17 cells in CX3CR1 and CX3CL1 deficient mice  

The FACS analysis shows TH17 cells, defined as IL17A+ cells gated on the 

CD3+CD4+ T cells in this experiment. Percentages of TH17 cells in WT, CX3CR1- 

and CX3CL1-deficient mice; * means P<0.01 (one-way ANOVA followed by 

Bonferroni’s Multiple Comparison)  
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1.3.5 Restoration of trans-epithelial dendrites affects the robustness of CX3CL1-

deficient mice to withstand a colitis challenge  

 CX3CR1-deficient mice have been reported to display altered sensitivity to 

protocols inducing gut inflammation[70-72]. However, in none of the cases it has been 

tested whether the observed phenotype was specifically due to impaired TED 

formation by CX3CR1+ intestinal macrophages. To investigate this issue we challenged 

wt mice, CX3CR1gfp/gfp mice, CX3CL1-/- mice and CX3CL1-/- mice harboring the 

CX3CL1395AA or CX3CL1105-myc BAC transgenes by oral administration of dextran 

sulfate sodium (DSS). This established colitis model is characterized by ulceration and 

submucosal inflammation provoked by disruption of the epithelial barrier and exposure 

to luminal microbiota [73]. As previously reported 48, CX3CR1-/- mice displayed a 

relative protection towards the DSS challenge when compared to littermate controls, as 

did CX3CL1-/- mice judged by endoscopic scores and their serum IL6 levels (Figure 

10A-D). Interestingly, however, when TEDs where restored in CX3CL1-/- mice by 

introduction of the CX3CL1395AA and CX3CL1105-myc transgenes, the animals developed 

more severe colitis, as judged by endoscopy and histological grading (Figure 10A, B 

and data not shown). Notably, repeated endoscopy showed that the effect was more 

pronounced in early stages of colitis development (d7), as compared to a later time 

point (d10) (Figure 10C). Given the fact that the secreted CX3CL1 failed to 

reconstitute monocyte survival, these data suggest a direct link of the ability of 

CX3CR1 macrophages to reach the gut lumen, i.e. their formation of TEDs, and the 

propensity to develop DSS-induced colitis. 
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A.       B. 

  
C.       D. 

  

Figure 10. Susceptibility to DSS induced colitis. 

(A) Colonoscopy scores of WT mice, CX3CR1-/- mice, CX3CL1-/- mice, 

CX3CL1395AA:CX3CL1-/- mice and CX3CL1105-myc:CX3CL1-/- mice after indicated DSS 

challenge (day 7).  

(B) Representative colonoscopy images taken from mice at day 7.  

(C) Change of colonoscopy scores between day 7 and day 10.  

(D) ELISA of serum of WT mice, CX3CR1-/- mice, CX3CL1-/- mice, 

CX3CL1395AA:CX3CL1-/- mice and CX3CL1105-myc:CX3CL1-/- mice after indicated DSS 

challenge for IL-6 (day 10).  

Results are one representative of two independent experiments (N= 5-7). *** p<0.001 

(one way ANOVA followed by Bonferroni’s Multiple Comparison).  
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2. Generation and analysis of CX3CL1 reporter mice  

2.1. Generation of CX3CL1 reporter mice  

 Due to the absence of suitable reagents our current knowledge about the in 

vivo expression pattern of the CX3CR1 ligand is rather limited. Moreover, some of 

the available reagents have been shown to exhibit severe cross-reactivity [30]. To 

allow for a high-resolution analysis we hence decided adopt the approach used for the 

CX3CR1 expression analysis [37] and generate mice that harbor a red fluorescent 

reporter under the CX3CL1 promoter. For the generation of these mice RP24-147I16 

BAC with the cherry reporter and neomycin gene insertion was transformed into 

SW106 bacteria (http://recombineering.ncifcrf.gov/#bacterial_strains), in which (L)-

Arabinose induction activates Cre recombinase expression to delete the neo gene 

flanked by the loxP sites. After digestion with BspE1 the cherry reporter BAC was 

injected into the oocytes of CB6F1 mice. The resulting transgenic founders were 

crossed to WT (C57BL/6) mice and CX3CR1gfp/gfp mice.  

 
 
Scheme 5. BAC transgene carrying the Cherry reporter gene insertion in the 
CX3CL1 locus. Note that the insertion of the cherry reporter replaces the first exon 
of the CX3CL1 gene, thus rendering it unfunctional. 
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2.2. Analysis for CX3CL1 expression using CX3CL1cherry mice 

2.2.1 Intestine 

 In the gut, CX3CL1 expression was reported for intestinal columnar epithelial 

cells [52], whereas CX3CR1 is expressed by lamina propria macrophages. To analyze 

the CX3CR1- CX3CL1 interface in the gut we analyzed the small and large intestine 

of CX3CL1cherry: CX3CR1gfp/+ mice and [CX3CL1gfp > CX3CL1cherry] BM chimeras. The 

analysis revealed considerable heterogeneity of reporter gene expression in the CD31+ 

epithelial cell fraction (Figure 11A).  

 Confocal microscopy analysis of CX3CL1cherry: CX3CR1gfp/+ mice revealed cherry 

expression by most columnar epithelial cells, but not the epithelium overlaying the 

Peyer’s patch (Figure 11B-F). Again, not all epithelial cells were CX3CL1-positive to 

the same extend. Especially, large granular epithelial cells highly expressed CX3CL1 

in both terminal ileum and proximal colon. To further define the CX3CL1hi epithelial 

cells, cherry expression was confirmed on frozen ileum section obtained from 

CX3CL1cherry: CX3CR1gfp/+ mice by the confocal microscopy. The same ileum sections 

were then stained with PAS. Subsequent analysis revealed that the CX3CL1hi cells 

represent goblet cell (Figure 11G).  
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F.     G. 

  

Figure 11. Analysis of CX3CL1cherry:CX3CR1gfp intestine.  

(A) Flow cytometric analysis of colon obtained from CX3CL1cherry:CX3CR1gfp mice. 

(B) Confocal tile scan image of ileum by swiss roll (C) Peyers’patch. (D) Ileum. (E) 

Colon. (F) Cecum. Two photon microscopic analysis of the colonic crypts (grey 

vessels) (collaboration with Julia Farache (G.Shakhar laboratory, WIS). (G) Cherry 

reporter expression by Goblet cells (upper panel), PAS staining of goblet cells (lower 

panel). Arrows indicate goblet cells.  
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2.1.2 Brain 

 CX3CL1 is constitutively expressed in the human, rat and mouse brain [29, 68, 

74, 75]. According to the RT-PCR and in situ hybridization, CX3CL1 is expressed in 

the cortex, the hippocampus, the basal ganglia and the olfactory bulb [76]. 

Interestingly, CX3CL1 and CX3CR1 show highly cell type-restricted expression 

patterns in the brain, with CX3CL1 being expressed by neurons and CX3CR1 by the 

microglia.  

 To simultaneously analyze the location of cells expressing the CX3C 

receptor/ligand pair in the brain we analyzed CX3CL1cherry:CX3CR1gfp/+ double reporter 

mice for cherry and gfp expression. Paraformaldehyde (PFA)-fixed whole brains were 

sagittally or coronally sectioned (25um size) with a sliding microtome. Whereas 

microglial cells, which express GFP were equally distributed in the brain, the 

CX3CL1cherry locus was specifically active in the cerebrum and olfactory bulb, but not 

in midbrain and cerebellum (Figure 12A). In the cerebrum, CX3CL1/cherry was found 

specifically expressed in the hippocampus, striatum, substantia nigra, amygdala and 

cortical layer II. Cortex layer V and VI displayed relatively low expression (Figure 

12B-F). However, CX3CL1/ cherry expression was absent from the thalamus and 

hypothalamus. Using a Neuro N(NeuN) and DCX staining, we found CX3CL1/cherry 

expressed by NeuN+ mature neurons, but not DCX+ neuronal precursors (Figure 12G-

J).  
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Figure 12. Confocal imaging of CX3CL1cherry : CX3CR1gfp/+  

(A) Sagittal section of brain (B) coronal section of brain (C) cerebral cortical layer II 

(D) Hippocampus (E) striatum (F) substantia nigra (G-J) G; neurons (CX3CL1cherry), 

H; neurons (NeuN), I; merged) J; neurons staining with DCX. blue; nuclei hoest 

staining, red; CX3CL1/Cherry, green; CX3CR1/GFP (A-F), DCX (J)  
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2.1.3 Spinal cord 

 CX3CL1 was reported to be constitutively expressed in dorsal horn spinal cord 

neurons and sensory neurons in the DRG [60]. Moreover, peripheral nerve injury 

induces the upregulation of CX3CR1 on the spinal cord [63, 77]. Recently, it was 

suggested that Cathepsin S released from microglia causes the cleavage of membrane-

bound CX3CL1 on neurons and that the subsequent interaction of the shed CX3CL1 

with CX3CR1 induces the release of inflammatory cytokines via p38 MAPK pathway 

[61-63]. Additionally, CX3CR1-deficient mice were reported to be less sensitive to 

neuropathic pain. It thus seems that the interactions of CX3CL1 and CX3CR1 are 

linked to the neuropathic pain reception. Notably, we found CX3CL1 to be expressed 

on the dorsal horn and cerebral cortex of central nervous system, but absent from the 

DRG of CX3CL1cherry : CX3CR1gfp/+ mice (Figure 13). It seems that the CGRP 

positive neurons expressed in the DRG are connected with another type of CX3CL1 

positive neurons in the dorsal horn. The CX3CR1/L1 interactions on microglia and 

neuronal interface should be investigated further in the neuropathic model. 

 
A.          B.  
 
 
 
 
          C. 
 
      
 
 
 

Figure. 13 Confocal imaging of spinal cord (L1-L2) of CX3CR1gfp:CX3CL1cherry  

reporter mouse (A) spinal cord and DRG (B) magnified image of dorsal horn (A) 
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(C) magnified image of DRG (A). Green; CX3CR1gfp macrophage, Red; CX3CL1cherry 

Neuron, purple; CGRP+ neurons 
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2.1.4 Lung 

 Previously, we reported that CX3CR1hiLy6Glo monocytes can differentiate into 

pulmonary macrophages residing in the lung parenchyma and alveolar space [39]. 

Recently Mionnet et al. showed that CX3CR1 deficient animals show an altered 

response to airway challenges including reduced airway hyper-responsiveness (AHR) 

and eosinophil recruitment, decrease of mucus secretion and TH2 cytokines. The 

authors speculated that CX3CR1 engagement provides a critical survival signal for 

lung TH2 cells under inflammatory conditions. However notably, only a very small 

fraction of CD4+ T cells expresses CX3CR1, even under inflammation [78]. 

Furthermore, CX3CR1 expression and curiously also CX3CL1 expression can 

reportedly be triggered on alveolar macrophages by exposure to cigarette smoke [79]. 

In humans, CX3CL1 is expressed by bronchial epithelial cells induced by IFN-γ and 

smooth muscle cells induced by inflammatory cytokine or high glucose [80]. Little is 

it known about the pulmonary expression and function of CX3CL1 in mice.  

 The flow cytometric analysis revealed that CX3CL1 expression was restricted to 

CD45-negative, non-hematopoietic cells (Figure 14A). CX3CR1 was found expressed 

by CD45-positive lung myeloid cells. Accordingly, the histological analysis revealed 

CX3CL1 expression by bronchial including CCSP+ clara cells and some alveolar 

epithelial cells (Figure 14B-C). Additionally and confirming an earlier report [79-81] 

we found CX3CL1 expressed by CX3CR1+ cells after exposure to the cigarette smoke 

for 2 weeks (Figure 14D).  
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A. 

     
B.        C. 

             
D. 

   

Figure 14. Analysis of lung of a CX3CR1gfp:CX3CL1cherry mouse 

(A) FACS analysis of lung cells stained with CD45. (B) confocal imaging of bronchia

l epithelium (C) Immunohistochemical analysis of CX3CL1cherry lung section (Green, Cl

ara cell secretory protein (CCSP); red, CX3CL1/cherry; blue, nuclear Hoechst staining. 

(D) Immunohistochemical analysis of cigarette smoke exposed lung (2weeks) section. 

red; CX3CL1/Cherry, green; CX3CR1/GFP, blue; nuclei hoest staining, arrows indicate 

Cherry/GFP merged cells (yellow). 
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2.1.5 Kidney 

 It was reported that CX3CL1 is expressed in renal tubular epithelial cells and 

podocytes in the glomerulus [82]. Moreover CX3CR1+ DCs form a tight network 

throughout the entire kidney [83] and chemokine receptors like CX3CR1 and CCR2 

were proposed to mediate monocyte/macrophage trafficking in the injured kidney [84, 

85]. To analyze CX3CL1 and CX3CR1 expression in the kidney we fixed 

CX3CL1cherry:CX3CR1gfp/+ kidneys, sectioned them with a sliding microtome and 

analyzed them by fluorescent and confocal microscopy. In the kidney cortex area, 

CX3CL1/cherry was specifically expressed in the glomeruli, whereas in the medulla, 

CX3CL1/cherry was expressed by tubular epithelial cells (Figure 15).  

A.  

     
B. 

   

Figure 15. Immunofluorescent analysis of CX3CL1cherry:CX3CR1gfp/+ kidney  

(A) Cortex area with glomerulus. (B) Medullar area red; CX3CL1/Cherry, green; 

CX3CR1/GFP  
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2.1.6. Thymus 

 So far, there was no report on CX3CL1 expression in the thymus. Using the 

flow cytometric and confocal analysis of CX3CL1/Cherry reporter mice, we found that 

CX3CL1/Cherry is expressed on both mature and immature medullar thymic epithelial 

cells (mTEC) respectively defined as CD45-MHCIIhiLy51lo CD45-MHCIIintLy51lo cells 

(Figure 16A-D). Confocal imaging showed that CX3CR1gfp cells are restricted to the 

medullar compartment, while Cherry/CX3CL1+ cells are found in the medulla and 

cortex (Figure 16E, F).  

 

A 

   
B      C       D        
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E     F 

  

Figure 16. Analysis of thymus of CX3CL1cherry reporter mouse. (A) FACS 

analysis of thymic epithelial cells stained for CD45, MHCII (I-Ab) and Ly51. (B) 

mature mTEC (R3), (C) immature mTEC (R4), (D) fibroblast (R5) in CX3CL1cherry 

mouse. (E) Confocal imaging of thymus in CX3CR1gfp:CX3CL1cherry mouse. (F) 

Magnified image of medullar area in CX3CR1gfp:CX3CL1cherry mouse. red; 

CX3CL1/Cherry, green; CX3CR1/GFP  
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2.1.7. Embryonic expression 

 To investigate CX3CL1 expression during embryonic development, which so far 

has not been characterized, we crossed CX3CL1cherry females to CX3CR1gfp/gfp males 

and analyzed the resulting CX3CL1cherry:CX3CR1gfp/+ offsprings. At day 15 of 

embryonic development, gross examination with a fluorescent stereomicroscope 

revealed cherry expression concentrated in the retina and barrel cortex (Figure 17A). 

Analysis of microsurgically isolated internal organs of the E15 CX3CL1cherry: 

CX3CR1gfp/+ embryos, revealed cherry and GFP reporter expression in the kidney, 

colon, cecum, but not the ileum (Figure 17B-D). Interestingly, cherry was also 

prominently expressed by neurons in the spinal cord and dorsal root ganglia (DRG) 

(Figure 17E). We also detected CX3CR1+ microglia. However these cells were not 

concentrated around the CX3CL1+ cells. 

A.                        B.                      C.  

   

D.                        E.                       

   

Figure 17. Expression analysis of CX3CL1+ and CX3CL1+ in the E15 embryo 

(A) whole embryo (B) ileum and cecum (C) colon (D) kidney (E) spinal cord 
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2.1.8 Retina 

 CX3CR1 deficiency in mice reportedly results in the accumulation of microglia 

on the retinal pigment epithelium (RPE) and triggered a disorder with similarity to 

Age-Related Macular Degeneration (AMD). We hence analyzed CX3CR1 and CX3CL1 

expression in retina of CX3CL1cherry:CX3CR1gfp/+ mice. After enucleation, the eyeballs 

were fixed in 2.5% phosphate- buffered PFA for 1 day. Retinas were extracted 

microsurgically, whole mounted on microscope slides and fixed in mounting medium 

for confocal microscopical analysis. We observed that CX3CL1 is highly expressed on 

the ganglion cells and CX3CR1gfp cells are expressed on the macrophages in 

retina .  

 

 

Figure 18. Whole mount of retina of CX3CL1cherry:CX3CR1gfp/+ mouse.  

red; CX3CL1/Cherry, green; CX3CR1/GFP  
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3. Generation and Analysis of CX3CR1Cre mice (collaboration with Dr. Simon Yona) 

3.1 Generation of CX3CR1Cre mice 

 To generate knock-in mice that express Cre recombinase under the regulation 

of CX3CR1 promoter, Cre and Neo gene were cloned into pDT targeting vector 

kindly provided by Dr. Elazar Zelzer (Dept. of Molecular Genetics, WIS). The 

linearized vector was transfected into ES cells of C57BL/6 origin for homologous 

recombination (Scheme 6). Following negative selection using DTA and positive 

selection by Neo, aggregated ES cells were picked and analyzed by PCR for the 

homologous recombination event (data not shown). Three positive clones were 

implanted into blastocysts, which were transferred into foster mothers to generate 

chimeras. In addition to the CX3CR1Cre mice, CX3CR1CreERT2 mice in which Cre 

recombinas is regulated under the estrogen receptor were generated by Dr. Simon 

Yona (data not shown).  

 

 

 

Scheme 6. Homologous recombination of Cre recombinase gene into the CX3CR1 

locus 

 



67	  
	  

3.2 Initial analysis of CX3CR1cre mice crossed to R26:YFP reporter mice 

 To confirm the germ line transmission of the chimeras and Cre recombinase 

expression, CX3CR1-Cre mice were crossed with Rosa26-stop-YFP mice [86], which 

express YFP reporter gene following the removal of floxed stop codon by Cre 

recombinase (CX3CR1Cre:R26-YFP). 

 YFP expression of CX3CR1Cre:R26-YFP mice was first analyzed in blood and 

bone marrow monocytes (Figure 16A,B). In CX3CR1gfp/+ mice, in which one allele of 

Cx3cr1 gene was replaced by EGFP reporter, both Ly6Chi and Ly6Clo blood 

monocytes express CX3CR1 [37]. Similar to the CX3CR1gfp/+ mice, Ly6Clo monocytes 

expressed YFP. Unexpectedly however, half of the Ly6Chi monocyte did not express 

YFP, compared with the Ly6Chi monocyte of CX3CR1gfp/+ mice (Figure 19A). In 

CX3CR1Cre:R26-YFP  BM, YFP was found  expressed by all Ly6Clo monocytes, 

similar to CX3CR1gfp/+ BM. However in contrast to CX3CR1gfp/+ mice, Ly6Chi 

monocytes were divided into YFP+ (15%) and YFP- (75%) populations in 

CX3CR1Cre:R26-YFP mice (Figure 19B). 

 Although peritoneal macrophages defined as CD11b+ EMR1(F4/80)+ cells do 

not display GFP expression in CX3CR1gfp/+ mice, YFP is clearly expressed by 

peritoneal macrophages of CX3CR1Cre:R26-YFP mice. A small population of Kupffer 

cells and splenic macrophages that express CD11bmid EMR1+ express GFP in the liver 

and spleen of CX3CR1gfp/+ mice. Unlike CX3CR1gfp/+ mice, CX3CR1Cre:R26-YFP mice 

prominently expressed YFP in the Kupffer cells and splenic macrophages (Figure 19C, 

F). YFP expression was also confirmed by confocal imaging in the CX3CR1Cre:R26-

YFP mice staining with EMR(F4/80) antibody, while it was absent in the CX3CR1gfp/+ 

Kupffer cells in liver, in which only perivascular macrophage expressed GFP.  

 All CD45+ CD11b+ microglia express GFP in CX3CR1gfp/+ mice [37]. In 
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CX3CR1Cre:R26-YFP mice, YFP is also expressed on the all the microglia (Figure 

19D). 

 In CX3CR1gfp/+ mice, lamina propria cells gated as DAPI-, CD45+ and MHCII+ 

can be divided into four defined subpopulations: CD11chi CD11bloCD103+ CX3CR1- 

cells (known as CD103+ CD11b- DCs); CD11chi CD11b+ CD103+ CX3CR1- cells 

(known as CD103+ CD11b+ DCs); CD11cmid CD11bhi CX3CR1+ cells (known as 

resident CX3CR1+ macrophages) and CD11c- CD11bhi CX3CR1+ cells (known as 

resident CX3CR1+ macrophages). Analysis of CX3CR1Cre:R26-YFP mice showed that a 

fraction of CD11chi CD11blo cells expressed both YFP and CD103, as did CD11chi 

CD11bhi LPC also expressed both YFP and CD103 (Figure 19E, F).  
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E. 

 
 
F.   CX3CR1GFP/+      CX3CR1Cre/+      CX3CR1CreERT2/+ 

      

    	    

Figure 19. Analysis of CX3CR1Cre:R26-YFP mice 

Flow cytometric analysis of (A) Blood monocytes and (B) BM monocytes, Flow 

cytometric analysis and confocal imaging of macrophages; (C) Macrophages of the 

peritoneal cavity, liver and spleen. Flow cytometric analysis of (E) microglia, (F) 

intestinal lamina propria DCs and macrophages. (F) Confocal imaging of Kupffer cells 
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(upper panel) and lamina propria macrophages (lower panel). (green; YFP/GFP, red; 

F4/80(EMR), yellow; merge) 
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IV. Discussion 

The aim of this study was to gain insight into the physiological function of the 

CX3C chemokine family. To this end we generated BAC transgenic mice expressing 

variants of the CX3CL1 ligand, as well as a cherry reporter gene under the CX3CL1 

promoter.  

 

Part I. Structure Function Analysis  

CX3CL1 is a unique chemokine that is synthesized as type I membrane protein and 

originally membrane-anchored. The CX3C chemokine domain is displayed on an 

extended mucin-like stalk. Cleavage by metalloproteases such as ADAM 10 and 

ADAM 17 subsequently can result in the release of a shed CX3CL1 isoform. To 

probe for distinct functions of the membrane-tethered and soluble CX3CL1 isoforms 

we generated BAC transgenic mice expressing a wt or an obligatory soluble 

chemokine variant and introduced them onto a CX3CL1-deficient background. We then 

asked whether these transgenes would be able to reconstitute known deficiencies 

caused by the absence of CX3CL1/R1 interactions.  

We previously had shown that human and mouse monocytes depend on CX3CR1 

engagement as a survival signal [18]. In this study, we reported that recombinant 

soluble CX3CL1 was able to rescue the human CD14++CD16- monocytes from death 

induced by serum deprivation in-vitro [18]. However, our results revealed that the 

interaction of CX3CR1 and soluble CX3CL1 in vivo is not sufficient to restore the 

level of Ly6Clo CX3CR1hi blood monocytes in CX3CL1105-myc:CX3CL1-/- mice. 

Moreover, also in adoptive BM transfers of CX3CR1gfp/+ BM into CX3CL1105-

myc:CX3CL1-/- mice Ly6Clo CX3CR1hi monocytes were not found rescued. In contrast, 

in CX3CL1395AA:CX3CL1-/- BAC transgenic mice expressing the full length CX3CL1 
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and [CX3CR1gfp/+ > CX3CL1395AA:CX3CL1-/-] BM chimeras, the Ly6Clo blood monocyte 

compartment was found restored. Based on these observations, we propose that 

monocytes in vivo require the encounter of membrane-anchored CX3CL1, rather than 

soluble CX3CL1 for their survival. 

Mononuclear phagocytes in the gut comprise CD103+ DCs derived from pre-DCs and 

CX3CR1+ lamina propria cells derived from monocytes [48, 49]. CD103+ DCs migrate 

from the lamina propria to the mesenteric lymph node (MLN) and have an efficient 

T cell priming capacity. CX3CR1+ macrophages on the other hand do not migrate and 

fail to induce T cell priming [87]. As resident macrophages, CX3CR1+ cells are able 

to extend transepithelial dendrites (TEDs) to sense and potentially sample luminal 

pathogens in the lamina propria [52]. TED extensions are a distinct feature of 

resident CX3CR1+ macrophages in the lamina propria. The mechanism of TED 

formation remains still on the controversial. Niess et.al showed that TED formation 

was dependent on the CX3CR1 when comparing CX3CR1gfp/+ to CX3CR1gfp/gfp mice 

[52].  In addition, we showed CX3CR1-mediated TED extension in the C57BL/6 mice 

not in the BALB/c mice [53]. However, Chieppa et.al demonstrated that the formation 

of transepithelial extensions he termed “ballon bodies” could be formed in absence of 

CX3CR1 and rather relied on the MyD88-dependent TLR signaling by epithelial cells 

[69]. By establishing the absence of TEDs in both CX3CR1- and CX3CL1-deficient 

mice we show here that TED formation depends on the CX3CL1-CX3CR1 axis. 

Moreover, TED formation by of CX3CR1+ lamina propria macrophages was rescued 

in both CX3CL1105-myc:CX3CL1-/- and CX3CL1395AA:CX3CL1-/- mice. These results 

strongly suggest that TED extensions are indeed mediated by the interaction of 

CX3CR1 on lamina propria macrophages with soluble CX3CL1 released from columnar 

epithelial cells, as well as membrane-anchored CX3CL1.  
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As mentioned above, oral tolerance fails to be established in CCR7 deficient mice 

due to the impaired migration of DCs to the mesenteric lymph node (MLN) [54]. 

However, while Hadis et Al. demonstrated that oral tolerance was also impaired in 

CX3CR1-deficient mice, our results revealed only a partially impairment in both 

CX3CR1- and CX3CL1-deficient mice. Moreover, oral tolerance was unaffected in 

CX3CR1-deficient animals held in a different facility (D. Littman, personal 

communication). We hence speculate that the dependence of tolerance induction on 

CX3CR1-CX3CL1 interactions might be affected by the intestinal commensal 

microbiota.  CD4 T cells are well known to be regulated by a specific type of 

commensal bacteria. For example, Clostridium species induce the colonic induced 

regulatory T cells (iTreg’s) [88] and Segmented Filamentous Bacteria (SFB) induce 

Th17 cells that determine the resistance against Citrobacter rodentium [57]. We 

observed a significant reduction of Th17 cells in both CX3CR1- and CX3CL1-deficient 

mice, although notably in the respective experiment control wt (C57BL/6) mice had 

been purchased rather than representing littermates. We are currently in the process to 

repeat this experiment with littermate controls. If our finding holds it might suggest 

an involvement of CX3CR1+ lamina propria macrophages and potentially their TED 

extensions in the sensing of the factors derived from commensal bacteria, such as 

SFB, that result in Th17 induction. Alternatively, the CX3CR1-deficiency might impair 

the ability of the macrophages to sense an epithelium-derived factor, such as SAA 

[57]. 
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Part II. In vivo Expression Analysis 

So far, the analysis of CX3CL1 expression in tissues has been confined to in-situ 

hybridization [74, 75, 89] and immuno-histochemistry that provided limited resolution 

and precluded the analysis of live tissue. By generating mice that harbor a CX3CL1-

promoter driven reporter transgene (cherry), we aimed to overcome these limitations. 

Analysis of CX3CL1cherry:CX3CR1gfp double reporter mice revealed that intestinal 

columnar epithelial cells expressed CX3CL1 in terminal ileum, colon and cecum. 

Moreover, CX3CL1 expression was especially prominent by goblet cells in ileum and 

colon . CX3CL1 expression on goblet cells was less pronounced in the distal colon, 

as compared to the proximal colon. Rather, CX3CL1 expression in the distal colon 

was concentrated on the surface epithelium exposed to the lumen. The reason for the 

prominent CX3CL1 expression in goblet cells and its physiological significance 

requires further study.  

CX3CL1 was found highly expressed in the brain, as suggested by earlier reports [74, 

75, 89]. Interestingly, however, while CX3CR1-expressing microglial cells were evenly 

distributed in brain, CX3CL1 expression was found regionally confined to neurons 

residing in the cerebrum (cortex, striatum and hippocampus), but not to the brain 

stem, midbrain and cerebellum. However, it is important to keep in mind that both 

our reporter constructs monitor promoter activity, rather than highlighting the actual 

protein in form of fusion proteins.  

It has been proposed that CX3CL1/R1 interactions might affect the severity of 

neurodegenerative diseases by neuronal-microglia communication. Thus, several 

research groups showed a neuroprotective function of CX3CL1 in vitro [68, 90, 91] 

and microglial neurotoxicity caused by CX3CR1 deficiency in vivo [92]. Recently, 

Bhaskar et al. reported that CX3CR1 deficiency promoted tauopathies by 
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hyperphosphorylation and aggregation of the microtubule-associated protein tau 

(MAPT) in MAPT transgenic mice model under the LPS administration [93]. Future 

experiments should show whether expression of the soluble CX3CL1 isoform can 

affect the formation of neurodegenerative disorders.  

Besides the brain, we observed that CX3CL1 was expressed by dorsal horn inter-

neurons that extend from DRG and are connect to CGRP fibers. It has been reported 

that CX3CL1 is constitutively expressed on neurons of the dorsal horn and DRG [60]. 

However, our analysis failed to demonstrate CX3CL1 expression by DRG sensory 

neurons, at least in the steady state. In a neuropathic pain study, it was shown that 

Cathepsin S released from microglia induced the cleavage of membrane-bound 

CX3CL1 on neurons and that the interaction of the shed CX3CL1 and CX3CR1 

resulted in release of inflammatory cytokines via p38 MAPK pathway [61]. 

Additionally, CX3CR1-deficient mice were reported to be less sensitive to neuropathic 

pain [61, 62].   

CX3CR1 is expressed by alveolar DCs that arise under inflammatory conditions from 

blood monocytes [39]. Moreover, a recent study suggested that CX3CL1 acts as 

survival factor for CX3CR1+ TH2 cells under inflammatory condition [78]. Especially, 

exposure to the cigarette smoke increased both CX3CR1 expression in alveolar 

macrophages [81, 94]. In humans, CX3CL1 is expressed on the bronchial epithelial 

cells induced by IFN- γ and smooth muscle cells induced by inflammatory cytokine or 

high glucose [80]. However, little is it known about pulmonary CX3CL1 expression 

and the function of CX3CL1 in mice. Using the reporter mice, we observed CX3CL1 

expressed by both bronchial and alveolar epithelial cells, but not haematopoietic cells 

(CD45+) in steady state. Under the inflammatory condition, CX3CL1 can however also 

be expressed by CX3CR1+ cells. We speculate that CX3CL1+/CX3CR1+ cells are not 
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resident macrophages, but infiltrating, monocyte-derived cells. Further study will be 

required to define these cells.  

CX3CL1 expression is reportedly upregulated in renal failure and lupus nephritis 

model in vivo [95, 96]. CX3CR1 is expressed by renal DCs and macrophages that 

form a contiguous network by dendrite extension throughout the entire kidney [83]. In 

a renal ischemic-reperfusion injury (IRI) model, CX3CR1 deficiency was shown to 

have a protective  role against renal injury by reducing inflammatory monocyte and 

macrophage infiltration [84]. Moreover, after IRI, also fibrosis was found reduced in 

CX3CR1 deficient mice [97]. Analysis of the CX3CL1cherry:CX3CR1gfp double reporter 

mice revealed that glomerular endothelial cells and renal tubular epithelial cells 

expressed CX3CL1. Accordingly, the interaction of CX3CR1 and CX3CL1 appears to 

be crucial for the inflammatory leukocyte trafficking, which is likely to have a 

critical impact on the development of renal inflammation and pathogenesis. 

In the thymus CX3CL1 expression is restricted to epithelial cells, while CX3CR1 is 

confined to thymic DCs. CX3CL1/R1 interactions might be important for the crosstalk 

between thymic DCs and mTEC. Further study is required involving the analysis of 

WT and CX3CL1-/- or CX3CR1gfp/gfp mice. 

 Collectively, the accumulated evidence from our study and that of the literature 

suggests that CX3CR1-CX3CL1 interactions might be a critical component in the 

development of inflammatory diseases in diverse organs, including the lung, intestine 

and kidney and as well as neurodegenerative disease in the central nervous system. 

Accordingly, although much remains to be elucidated, the CX3C family remains an 

interesting therapeutic target and the future study on molecular mechanism of 

CX3CR1-CX3CL1 interactions will provide new avenues for the treatment of 

inflammatory diseases.  
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Part III. Analysis of CX3CR1cre mice 

 In the frame of my PhD thesis, I generated mice that harbor a targeted 

replacement of the CX3CR1 by a Cre recombinase gene. These mice, which display 

constitute Cre activity in CX3CR1 expressing cells are meant to complement a recent 

mouse model established in our laboratory that involves a tamoxifen-inducible Cre 

recombinase in the CX3CR1 locus (CX3CR1Cre-ERT2 mice) (Yona and Kim et al. 

manuscript in preparation). CX3CR1cre mice were initially crossed to the reporter mice 

that harbor a silenced YFP reporter gene under the ubiquitous Rosa26 promoter, 

which is activated through excision of a loxP signal-flanked STOP cassette 

(CX3CR1cre:R26-YFP mice).  

 The analysis of CX3CR1gfp mice [37] and the staining for CX3CR1 surface 

expression established that all monocytes, including the Ly6Clo and Ly6Chi populations 

express CX3CR1 in BM and blood, although at discrete levels [38]. In contrast, 

reporter gene expression in CX3CR1Cre:R26-YFP mice was observed in all Ly6Clo 

monocytes, but a subpopulation of CD115+ Ly6Chi monocytes were YFP-. This 

phenotype is similar to the CX3CR1ERT2-Cre mice, in which Cre is induced by the 

activation of estrogen receptor following tamoxifen injection (data not shown). Varol 

et al. demonstrated through adoptive transfer experiments that CD115+Ly6Chi 

monocytes can convert into Ly6Clo monocytes in BM [40]. Moreover, using parabiotic 

animals Liu et al. established that Ly6Chi monocytes are a transient population with 

exceedingly limited half life, shorter even that that of granulocyte[98]. Monocytes are 

derived from Macrophage-Dendritic cell precursor (MDP) [40]. In light of the fact 

that we only observed reporter gene expression in a fraction of these cells (data not 

shown) and that YFP expression requires Cre-mediated rearrangement as well as YFP 

transcription and translation, we speculate that many Ly6Chi monocytes do not have 
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enough time to express YFP. In contrast, the relatively long-lived Ly6Clo monocytes 

have sufficient time to accumulate the reporter expression [98]. 

 Peritoneal macrophages, splenic red pulp macrophages and liver Kupffer cells 

lack CX3CR1 expression in CX3CR1gfp mice. In stark contrast, in CX3CR1Cre:R26-YFP 

mice, YFP was found expressed by peritoneal macrophages, splenic macrophages and 

Kupffer cells. This establishes that the respective populations all arose from CX3CR1+ 

progenitor cells that expressed Cre recombinase. Notably, after excision of the STOP 

cassette reporter gene expression from the R26 promoter is stable after differentiation 

of the cells.  

 All the CD11b+ CD45hi microglia express high levels of CX3CR1. Accordingly, 

all microglial cells of CX3CR1Cre: R26-YFP mice were YFP-positive Like CX3CR1Cre-

ERT2 mice, CX3CR1Cre mice are hence the powerful tool to study microglia biology. 

 Intestinal mononuclear phagocytes comprise two prominent populations of 

CD11cpos and CD11cneg CX3CR1+ macrophages that are GFP+ in CX3CR1gfp mice. As 

expected both populations were found to homogeneously express the YFP reporter in 

CX3CR1Cre:R26-YFP mice. Moreover, we also observed that a fraction of CD103+ 

CX3CR1neg DCs displayed rearrangements. Again these rearrangements seem to stem 

from a CX3CR1gfp mice precursor stage of the CD103+ DCs, potentially the MDPs. 

 Collectively CX3CR1Cre mice present a useful tool to study CX3CR1 expressing 

cells, in particular microglia, Kupffer cells and intestinal macrophages. We are 

accordingly currently in the process to cross the CX3CR1gfp animals to various floxed 

mice, such as iDTR mice [99], IL-10fl/fl mice [100] and MHC II (I-Ab)fl/fl mice [101]. 
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