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1. Introduction 

The overall aim of this thesis was to investigate the in vivo regulation of TH17 cells in 

atherosclerosis aggravated by renal impairment and in vitro modulation of TH17 polarization in 

the cell culture. This thesis is subdivided into two parts. Part one is about the role of T cell 

CX3CR1 which is the receptor of fractalkine in excess atherosclerosis induced by renal 

impairment. Part two focuses on an unexpected amplification of TH17 polarization by coated 

cytokine preparations in cell culture. 

1.1 Part One 

1.1.1 Atherosclerosis and chronic kidney disease (CKD) 

Chronic kidney disease (CKD) is defined by 2012 Kidney Disease: Improving Global 

Outcomes (KDIGO) Guideline as “abnormalities of kidney structure or function, present 

for >3 months, with implications for health” [1]. It is classified based on cause, glomerular 

filtration rate (GFR) category, and albuminuria [1]. In Europe, adjusted CKD prevalence 

varies between 3.31% in Norway and 17.3% in northeast Germany [2]. In China prevalence 

of CKD is 10.8%, while the absolute number of patients is estimated to be around 119.5 

million [3]. Cardiovascular disease (CVD) is the predominant cause of mortality both in 

adults and children with kidney dysfunction, compared to proceeding into end stage renal 

disease (ESRD) and requiring renal replacement therapy [4, 5]. Approximately 50% of 

individuals with ESRD died from CVD, which is 15 to 30 times higher than the CVD 

mortality in the general population [6]. 

Atherosclerosis is a chronic inflammatory disease that is initiated by the accumulation 

of lipids in the intimal layer of the artery and constitutes the single most important contributor 

to CVD [7-9]. In the early stages of atherosclerosis, the retention of low density lipoprotein 

(LDL) in the arterial intima triggers an inflammatory response in the vessel wall [10]. The 

elicited immune response influences plaque formation and stability [10].  

Mouse models have been established to mimic human atherosclerosis [11-13]. Both 

apolipoprotein E (Apoe)-/- and low density lipoprotein receptor (LDLr)-/- mice are prone to 

develop plaques after high fat diet and therefore commonly used as atherosclerosis models 

[11, 13, 14]. Unilateral nephrectomy significantly impairs their renal function and increases 

atherosclerotic lesion burden which permitted us to explore the underlying mechanisms. [11, 

14].  
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1.1.2 Role of T helper (TH) cells in atherosclerosis  

The immune system consists of cells and molecules with specific functions in 

defending against infections [15]. It can be subdivided into innate immune system and 

adaptive immune system. The innate immune system is composed of phagocytic cells 

(neutrophils, monocytes and macrophages), basophils, eosinophils, mast cells, and natural 

killer cells. It reacts rapidly and nonspecifically upon encountering a pathogen. The adaptive 

system containing antigen-specific B and T cells is more specific and has a “memory”, 

making subsequent immune responses to same antigens faster and more efficient [15].  

T cells include CD4+ T cells and CD8+ T cells which are also known as T helper (TH) 

cells and cytotoxic T (TC) cells respectively. TH cells play an essential role in atherosclerosis 

via releasing T cell cytokines. There are at least 4 subsets of TH cells (TH1, TH2, TH17 and T-

regulatory (TREG) cells) which have distinct transcription factors and cytokine profiles and 

play different roles in atherosclerosis.  

TH1 cells, which secrete IFN-γ as a signature cytokine, are described to be pro-

atherosclerotic [16].  Additionally, deficiency of T-bet, the key transcription factor of TH1 

cells, attenuated atherosclerosis in an Apoe-/- mouse model. This further indicates a pro-

atherosclerotic role of TH1 cells [17]. 

The role of TH2 cells in atherosclerosis is still debated. Deficiency of IL-4, the 

prototypical cytokine of TH2 cells, reduced atherosclerosis in both LDLr-/- and Apoe-/- mice 

[18, 19]. However, in another study, neither exogenous administration nor genetic deficiency 

of IL-4 had an effect on plaque development [20]. Overall, these studies suggest that TH2 cells 

do not protect mice from atherosclerosis and may even be pro-atherosclerotic.  

TREG cells are a subset of TH cells characterized by their immunosuppressive property 

[21] and play a protective role in atherosclerosis [22]. Their capability of self-tolerance is 

transmitted by cellular contact or production of anti-inflammatory cytokines such as IL-10, 

TGF-β, and IL-35 [21]. The forkhead box P3 (FoxP3) is identified as key lineage marker and 

master transcription factor of TREG cells. Depletion of FoxP3-expressing TREG cells led to a 

2.1 fold increase of atherosclerosis in LDLr-/- mice [22]. 

TH17 cells, a subset of TH cells recognized in recent years, lead to a revision of the 

TH1/TH2 paradigm [21]. Differentiation from naïve T cells into TH17 cells requires the master 

transcription factor retinoid orphan receptor γt (RORγt) [23]. Some other transcription factors 

such as RORα [24], signal transducer and activator of transcription 3 (STAT3) [25], aryl 

hydrocarbon receptor (AhR) [26] and runt-related transcription factor 1 (RUNX1) also 

participate in the regulation of TH17 polarization. TH17 cells produce a large amount of 
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signature cytokine IL-17A as well as lower levels of IL-17F, IL-22 and IL-23 [21]. The role 

of IL-17A in atherosclerosis has been investigated in a number of mouse models but appears 

to be highly context-dependent [21]. Neutralization of IL-17A with mouse monoclonal anti-

IL-17A antibody did not affect atherosclerotic lesion size [27, 28] while rat monoclonal anti-

IL-17A antibody significantly reduced atherosclerosis [27, 29] compared with isotypes in 

LDLr-/- and Apoe-/- mice fed with high fat diet. This may be accounted for the unspecific 

effect of rat antibodies when used in mice. Since neutralization with antibodies cannot 

completely block the signaling, genetically deficient mice are used to provide a model with 

complete absence of IL-17A. 6 to 8 week-old Il-17a-/-Apoe-/- [30, 31] and IL-17A receptor 

deficient (Il-17ra-/-Apoe-/-) [30] mice developed milder atherosclerosis than Apoe-/- mice after 

a western diet for 12 or 15 weeks. In contrast to that, another study reported that Il-17a-/-Apoe-

/- mice at ages of 6 to 8 weeks exhibited accelerated atherosclerosis compared to Apoe-/- mice 

after high fat diet feeding for 8 or 16 weeks [32]. It is difficult to explain this discrepancy. 

However, under renal impairment, we have previously observed a pro-atherosclerotic role of 

IL-17A in the LDLr-/- mice [14].  

TH cells play different roles in atherosclerosis depending on the subsets. In fact, 

changes in TH cells have also been observed in patients suffering from renal disease, 

providing a potential link with CVD prevalence. 

1.1.3 Altered TH cells in renal impairment are associated with CVD 

In patients with reduced renal function, impaired immune system is noted [33].  

Regarding CD4+ TH cells, both the total number and composition are altered in CKD [34, 35]. 

First of all, progression from mild renal impairment to ESRD is almost linearly associated 

with reduced circulating TH cell numbers [35]. This decrease is mainly attributed to the 

reduction of naive (antigen-inexperienced) TH cells and not to memory (antigen-experienced) 

TH cells in CKD [36, 37]. Also, increased apoptosis induced by activation in circulating T 

cells was observed in patients with ESRD [37, 38]. At last, a decrease of T cell proliferation 

was indicated in an in vitro uremic milieu [39]. However, these studies did not investigate the 

alterations of different subsets of TH cells. 

Altered adaptive immunity in ESRD patients is associated with CVD prevalence [33]. 

In a small cohort study which had 20 hemodialysis patients and 10 healthy individuals, 

elevated TH1 cell levels were observed in the patients group [40]. In a study which included 

38 ESRD patients and 24 healthy volunteers, the percentage of TH17 cells was significantly 

higher in the ESRD group compared to the healthy controls [41].  
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In addition to these observational studies in humans, mechanical researches performed 

in animal models are intended to assess the role of TH cells in the atherosclerosis aggravated 

by renal impairment. In previous research of our lab, elevated IL-17A in mice with renal 

impairment mediated excessive atherosclerosis and vascular leukocyte infiltration [14]. This 

supports the hypothesis that elevated TH17 level in renal impairment may increases the risk of 

atherosclerosis and CVD. However, more high quality studies investigating the underlying 

mechanisms of TH cells in the increased CVD prevalence in renal impairment are required. 

1.1.4 Role of CX3CR1 in atherosclerosis 

CX3CR1 is a cell surface receptor mainly expressed on leukocytes, including T cells, 

monocytes, dendritic cells and natural killer cells [42], but also non-myeloid cells like aortic 

smooth muscle cells [43]. The receptor responds to its unique ligand, fractalkine (or 

CX3CL1) and thereby mediates in cell migration, adhesion and proliferation [42, 44]. 

Fractalkine is a stalked chemokine which occurs in both membrane-bound and soluble form 

in vivo. It is predominantly expressed by epithelial cells [45, 46], but also by endothelial and 

smooth muscle cells under inflammatory conditions [47, 48]. 

Fractalkine-CX3CR1 signaling has been demonstrated to be pro-atherosclerotic by 

several studies. For example, it plays an important role in aortic myeloid phagocytes 

accumulation in plaque formation [49-52]. In murine models, CX3CR1 genetic deficiency 

(CX3CR1-/-, mostly studied in CX3CR1gfp/gfp mice which express the green fluorescent protein 

reporter gene instead of CX3CR1 [53]) decreased the atherosclerotic lesion size in both Apoe-

/- mice fed a high-fat diet [50, 51] and those fed a normal chow diet [52]. This beneficial 

effect was confirmed by the adoptive transfer of CX3CR1 deficient bone marrow into 

wildtype (WT) recipient, indicating a major role of myeloid CX3CR1 in plaque development 

[54]. In Apoe-/- mice and LDLr-/- mice pharmacologic CX3CR1 inhibition mildly decreased 

lesion size [55].  

There are mainly two possible explanations for the pro-atherosclerotic effects of 

CX3CR1. First, CX3CR1 is highly expressed on the surface of monocytes and controls their 

migration and adhesion to endothelial cells [56] and smooth muscle cells [43]. Monocytes are 

the main precursors of lesional macrophages in the plaque. Global deficiency of CX3CR1 

impeded entry of monocytes to aortic plaques in a murine aorta transplantation model [57]. 

However, whether accumulation of other leukocytes in aortic plaques is hindered in the 

absence of CX3CR1 remains elusive. Second, a variety of studies show that fractalkine-

CX3CR1 interactions confer an essential survival signal in different cell types [58-61]. 
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Fractalkine exhibited an anti-apoptotic effect on human monocytes and smooth muscle cells 

ex vivo [54, 58, 59]. Deficiency of CX3CR1 induced a reduction of CX3CR1highGr1low 

monocytes due to impaired cell survival [54, 62]. CX3CR1-/- macrophages had increased 

apoptosis in hepatic fibrosis and renal candidiasis and fibrosis [60, 61, 63]. The fact that 

CX3CR1 promotes survival signaling among diverse cell types attracted us to look at its role 

in TH cells. 

1.1.5 T cell CX3CR1 in inflammation 

Murine splenic and peripheral blood T cells were reported to be negative for CX3CR1 

expression under a non-inflammatory status [53]. Afterwards no studies on murine T cell 

CX3CR1 expression either in inflammatory or non-inflammatory status were noted. However, 

there are a number of researches reporting CX3CR1 on human TH cells. In one study 

CX3CR1 expression was detected on human TH1 cells but not on human TH2 cells which were 

both generated from human neonatal leukocytes in vitro [64]. Another in vivo study detected 

CX3CR1 expression on human TH2 cells, however, in a different disease which was airway 

inflammation [65]. CX3CR1 expression on TH1 cells was upregulated in patients with 

psoriasis, a chronic skin disease, compared with healthy volunteers [64]. Additionally, 

CX3CR1 provided a survival advantage for both TH1 and TH2 cells in human inflamed airways 

but not under homeostatic conditions [65]. However, whether CX3CR1 has an effect on TH17 

cells and the mechanisms of modulation have not been reported. 

One cohort study which included 128 CKD patients and 62 healthy controls indicated 

an association between CX3CR1+ TH cells and progression of atherosclerosis in CKD [66]. 

Mechanism studies are difficult to be performed in human beings. Therefore, we used the 

CX3CR1-/- mouse model and investigated the role and underlying mechanism of T cell 

CX3CR1 in atherosclerosis induced by renal impairment. 
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1.2 Part Two 

1.2.1 TH17 polarization  

In vitro culture is a standard method to investigate mechanisms of TH cell polarization 

[67-69]. Polarization to specific T helper lineages requires cytokines in combination with T 

cell activation [67-69]. According to the classical two-signal model of T cell activation, both 

first signal T cell receptor (TCR) triggering and the co-stimulatory CD28 signaling are 

required for the full T cell activation [70]. The TCR-driven pathways that induce proliferation 

and cytokine production signal through TCR-CD3 complex [71]. Accordingly, anti-CD3 and 

anti-CD28 are pre-coated to the cell culture surface to activate T cells as a commonly used 

way. Subsequently, diverse cytokines are added in solution to help naïve T cells differentiate 

into TH17 (TGFβ, IL-6 and IL-23), TH1 (IL-12) and TREG (TGFβ and IL-2) cells [72]. 

1.2.2 Factors that regulate TH17 polarization 

TH17 cells display a great degree of developmental plasticity due to their complex 

transcriptional regulatory network which includes RORγt, STAT3, as well as AhR [73]. A 

number of cytokines [67-69] and low molecular weight agents such as lipopolysaccharide 

(LPS), AhR ligands, some adjuvants and integrin activators [26, 74, 75] that affect TH17 

polarization have been reported.  

LPS, a major component found in the outer membrane of gram-negative bacteria, is a 

common contaminant of recombinant proteins [76]. LPS has profound effects on CD4+ T cell 

responses via Toll-like receptor 4 which are expressed on T cells [77]. It has been 

demonstrated that LPS has a positive role in TH1 polarization [77], while its role in TH17 

polarization is context-dependent [74, 78, 79]. This may be attributed to different 

experimental conditions such as genetics, route of immunization, dosage and timing [77].  

AhR, a ligand-dependent transcription factor in response to aromatic hydrocarbons, is 

ubiquitously expressed in vertebrate cells [80]. Activation of AhR induced marked increase in 

TH17 proportion and cytokine production [26]. Among typical cell culture components, 

ligands to AhR are found in high concentrations in Iscove’s modified Dulbecco’s (IMDM) 

cell culture medium [81, 82]. Therefore the most commonly used medium, Roswell Park 

Memorial Institute (RPMI)-1640 which contains much less AhR agonists induces relatively 

lower levels of TH17 polarization [81]. 

 Adjuvants are defined as agents that can modulate the immunogenicity of an antigen 

and are therefore frequently used in both human and animal vaccines to assist the immune 
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response [83]. Adjuvants can be composed of different constituents with different functions, 

including depot or targeting functions and immunostimulatory or -modulatory activity [83]. 

Some adjuvants can activate cells of the adaptive immune system beyond providing a depot of 

antigens [84]. For example, Alum, the most widely used adjuvant in human vaccines, 

promoted TH2 responses [85, 86]. Complete Freund’s adjuvant (CFA), an oil-in-water 

emulsion with heat-killed mycobacteria and known as one of the strongest adjuvants, induces 

IL-17A secreting cells in vivo and is therefore used to establish a variety of autoimmune 

disease mouse models [87]. 

Integrins are a family of noncovalent heterodimers which are expressed on the surface 

of most nucleated cells [88]. They provide transmembrane linkage between cell surface 

ligands or special extracellular matrix and cytoskeleton [88]. Cellular stimulants could modify 

T cell responses via activation of their surface integrins. For instance, collagen binds to the 

surface integrins of TH17 cells and then promotes lineage polarization [89]. An RGD peptide 

sequence in TGFβ also favors TH17 differentiation via binding to their integrins [75, 90].  

To investigate the effect of recombinant fractalkine in TH17 polarization, we added the 

fractalkine in either coated (pre-coat the cell culture surface together with anti-CD3/anti-

CD28) or soluble (to the culture medium along with polarizing cytokines) form to the 

splenocytes. Surprisingly, only coated but not soluble fractalkine enhanced TH17 

differentiation. This enhancement persisted in fractalkine receptor deficient splenocytes 

verifying a non-specific effect. To address the underlying mechanism of this robust TH17 

amplification, we performed further experiments. 
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Figure 1. Procedure of cell culture with coated/soluble fractalkine and other agents. 96-well plate is pre-

coated with 7μl αCD3/αCD28 for 30min. After that, cell culture medium and splenocyte suspension are 

added to the plate in solution. Fractalkine, cytokines, LPS, Collagen as well as CFA are added in an either 

coated or soluble way as indicated. 
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2. Aim 

Part One 

Loss of renal function increases the risk of developing atherosclerosis and subsequent 

cardiovascular death. Leukocyte accumulation in the arterial wall contributes to 

atherosclerotic plaque formation. TH cells which play essential roles in atherosclerosis are 

altered both in total number and composition in CKD. We have previously reported a 

mechanistic role of IL-17A, the signature cytokine of TH17 cells, in excess atherosclerosis 

induced by renal impairment. Our initial experiments showed that CX3CR1 deficiency 

abolished aggravation of plaque lesion size acquired from renal impairment in Apoe-/- mice 

fed a high-fat diet. CX3CR1 is mainly expressed on leukocytes including monocytes and T 

cells. We therefore investigated the role and regulation of T cell CX3CR1 and connection 

between CX3CR1 and IL-17A in atherosclerosis formation in renal impairment. 

Part Two 

To investigate mechanisms of TH cell polarization and efficacy of therapeutic 

interventions targeting TH cell subsets, cell culture is widely applied. TH17 cells, a TH cell 

subset found during the recent years, have attracted intensive attention due to their essential 

roles in immunity. A large number of factors regulating their differentiation have been 

determined, however, not completely. Our initial data showed that cytokine preparations 

coated to the cell culture surface compared to the same amount given in solution significantly 

amplified TH17 polarization. To define appropriate controls for further TH17 polarization 

experiments, where specific gene deficient controls might not be available, we here explored 

the underlying mechanism. 
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T Cell CX3CR1 Mediates Excess Atherosclerotic
Inflammation in Renal Impairment

Lei Dong,*† Johannes Nordlohne,* Shuwang Ge,*† Barbara Hertel,* Anette Melk,‡

Song Rong,* Hermann Haller,* and Sibylle von Vietinghoff*

*Division of Nephrology and Hypertension, Hannover Medical School, Hannover, Germany; †Department of

Nephrology, Tongji Hospital, Huazhong University of Science and Technology, China; and ‡Division of Pediatrics,

Hannover Medical School, Hannover, Germany

ABSTRACT

Reduced kidney function increases the risk for atherosclerosis and cardiovascular death. Leukocytes in

the arterial wall contribute to atherosclerotic plaque formation. We investigated the role of fractalkine

receptor CX3CR1 in atherosclerotic inflammation in renal impairment. Apoe2/2 (apolipoprotein E)

CX3CR12/2 mice with renal impairment were protected from increased aortic atherosclerotic lesion size

andmacrophage accumulation. Deficiency of CX3CR1 in bonemarrow, only, attenuated atherosclerosis in

renal impairment in an independent atherosclerosis model of LDL receptor–deficient (LDLr2/2) mice as

well. Analysis of inflammatory leukocytes in atherosclerotic mixed bone-marrow chimeric mice (50% wild-

type/50% CX3CR12/2 bone marrow into LDLr2/2 mice) showed that CX3CR1 cell intrinsically promoted

aortic T cell accumulationmuchmore than CD11b+CD11c+myeloid cell accumulation and increased IL-17-

producing T cell counts. In vitro, fewer TH17 cells were obtained from CX3CR12/2 splenocytes than from

wild-type splenocytes after polarization with IL-6, IL-23, and TGFb. Polarization of TH17 or TREG cells, or

stimulation of splenocytes with TGFb alone, increased T cell CX3CR1 reporter gene expression. Further-

more, TGFb induced CX3CR1 mRNA expression in wild-type cells in a dose- and time-dependent manner.

In atherosclerotic LDLr2/2 mice, CX3CR1+/2 T cells upregulated CX3CR1 and IL-17A production in renal

impairment, whereas CX3CR12/2 T cells did not. Transfer of CX3CR1+/2 but not Il17a2/2 T cells into

LDLr2/2CX3CR12/2 mice increased aortic lesion size and aortic CD11b+CD11c+ myeloid cell accumulation

in renal impairment. In summary, T cell CX3CR1 expression can be induced by TGFb and is instrumental in

enhanced atherosclerosis in renal impairment.

J Am Soc Nephrol 27: ccc–ccc, 2015. doi: 10.1681/ASN.2015050540

Impaired kidney function from any cause, a com-

mon condition in the general population, markedly

elevates the risk of cardiovascular events and

death.1–3 Unilateral nephrectomy significantly de-

creases renal function inApoe2/2 and LDL receptor

(LDLr2/2)–deficient mice.4,5 Already this moderate

decrease in renal function increases atherosclerotic

lesion size paralleling the increase in atherosclerotic

lesion burden observed in humans.4,6,7These athero-

sclerotic mouse strains have been employed for the

investigation of mechanisms of increase in athero-

sclerosis in moderate renal impairment.5,7,8

Inflammatory leukocytes promote growth and

regulate composition and thereby stability of the

atherosclerotic plaque.9–11 T cells are major modi-

fiers of plaque formation among adaptive immune

cells. TH1 cells promote atherosclerosis, and TREG
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cells can attenuate lesion formation. The role of TH17

cells appears to be highly context-dependent.12 We have

shown that the TH17 cell cytokine IL-17A aggravates athero-

sclerosis in renal impairment and is required for enhanced

aortic CD11b+CD11c+ myeloid cell accumulation in this

condition.5

Myeloid cells that phagocytose lipids and form foam cells

accumulate in the atherosclerotic lesion due to bothmonocyte

immigration and local proliferation.13 During atherogenesis,

CD11c expression on aortic CD11b+ myeloid cells

increases.14,15 This cell type is capable of both lipid phagocy-

tosis and antigen presentation14–17 and can productively in-

teract with T cells in the murine aorta.18 In moderate renal

impairment, aortic CD11b+CD11c+myeloid cell numbers ex-

pand significantly.5 Aortic myeloid cells mostly derive from

peripheral blood monocytes at early stages of atherosclerosis

development.13 Multiple chemokines have been implicated in

this, including fractalkine receptor CX3CR1, which promotes

lesion progression.10,19 CX3CR1 is expressed on leukocytes,

including monocytes, dendritic cells, T cells, and natural killer

cells,20 but also nonmyeloid cells such as aortic smoothmuscle

cells.21 CX3CR1 deficiency (CX3CR12/2, mostly studied in

CX3CR1gfp/gfp mice22) decreases the development of athero-

sclerotic lesions in Apoe2/2 mice.23–25 This protection is

transferred by deficient bone marrow, indicating a major role

of myeloid CX3CR1 in lesion development.26 In Apoe2/2 and

LDLr2/2mice, pharmacologic CX3CR1 inhibitionmoderately

decreases aortic root lesion size.27

Two main mechanisms for the proatherogenic function

of CX3CR1 have been proposed. First, CX3CR1 is highly

expressed on monocytes and mediates their adhesion to

endothelial cells28,29 and smooth muscle cells.21 The absence

of systemic CX3CR1 impedes monocyte accumulation in the

plaque in an aorta transplantation model.30 Its role in aortic

accumulation of other leukocytes has not been reported.

Second, CX3CR1 inhibits apoptosis of smooth muscle

cells31 and monocytes32 ex vivo, and under proatherogenic

conditions in vivo.26 During atherosclerosis development,

CX3CR1lowGr1high inflammatory monocyte blood counts

increase in Apoe2/2, but not Apoe2/2CX3CR12/2 mice.30,33

In resting mice, however, mostly CX3CR1highGr1low mono-

cytes are affected but only under certain conditions.26,34,35

CX3CR12/2 macrophages undergo excess cell death in he-

patic fibrosis36 and renal candidiasis37 and fibrosis.38

CX3CR1 is upregulated on T cells in inflammation,

CX3CR1 protects TH2 and TH1 cells from apoptosis, and

cytokine production is higher in CX3CR1+ than CX3CR1–

TH1 cells.39,40 However, whether CX3CR1 modifies other

T cell subtypes and its mechanism of regulation on T cells

has not been reported.

Our initial experiments showed that Apoe2/2CX3CR12/2

mice were completely protected from increase in atheroscle-

rotic lesion size in renal impairment. We therefore investigated

role and regulation of leukocyte CX3CR1 in atherosclerosis

and renal impairment.

RESULTS

Absence of Fractalkine Receptor CX3CR1 Abrogates

Excess Atherosclerotic Lesion Formation in Renal

Impairment

Atherosclerotic lesions in renal impairment were studied in

Apoe2/2 mice after unilateral nephrectomy, which signifi-

cantly decreases their renal function.4–6 Renal impairment in-

creased atherosclerotic aortic lesions as previously described

(Figure 1A, clinical characteristics in Supplemental Table 1).4–7

Absence of CX3CR1 (CX3CR1gfp/gfp, termed CX3CR12/2

throughout this manuscript) impeded atherosclerosis devel-

opment as previously reported.23–25 In addition, it completely

prevented an increase of lesion size in renal impairment in all

parts of the aortic vessel, namely aortic arch, thoracic, and

abdominal aorta (Figure 1B). Changes in male and female

mice were very similar (Supplemental Figure 1, A and B). His-

tologic aortic root lesions were moderately but significantly

increased in renal impairment as previously described (Figure

1C).4,5,8 CX3CR1 deficiency prevented additional lesion

growth in renal impairment. At this stage of atherosclerosis,

CX3CR1 deficiency did not alter histologic aortic root lesion

size in mice with normal renal function. This differs from an

earlier time point,24 suggesting that the role of CX3CR1 for

total lesion size may be more obvious at early stages in the

respective aortic region. Lesion composition in regards to col-

lagen contents was unaltered (Supplemental Figure 1, C and D).

To investigate the inflammatory vascular infiltrate, leuko-

cytes were assessed in blood and the atherosclerotic aortic root.

Monocytes express CX3CR1 and increase in blood during high-

fat-diet feeding and atherosclerosis development in Apoe2/2

but not Apoe2/2CX3CR12/2 mice.30,33 We made a similar

observation (Supplemental Figure 2). Renal impairment, how-

ever, did not significantly alter total blood monocyte levels in

either Apoe2/2 or Apoe2/2CX3CR12/2 mice if all four groups

were compared (Supplemental Figure 2, Supplemental Table 1).

In contrast to blood, in the atherosclerotic aortic root, renal

impairment significantly increased F4/80+ macrophage con-

tent (Figure 1D), a cell type that also expresses CD11c in the

atherosclerotic aorta (data not shown). It also increased aortic

root cell proliferation (Figure 1E). This was completely preven-

ted in the absence of CX3CR1. Both increased lesion size and

macrophage infiltration propose CX3CR1 as a central media-

tor of aggravation of atherosclerosis and vascular inflamma-

tion in renal impairment.

Absence of CX3CR1 on Bone Marrow–Derived Cells
Prevents Aggravated Atherosclerosis in Renal

Impairment

CX3CR1 is highly expressed on myeloid cells, most promi-

nently on monocytes in the blood, but also on vascular cells.20

Monocytes are the main precursors of lesional macrophages

that are increased in renal impairment. We wanted to examine

if bone marrow CX3CR1 plays a role in atherosclerosis aggra-

vation in renal impairment. An independent atherosclerosis
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model of LDLr2/2 mice were reconstituted with either wild-

type (WT) or CX3CR12/2 bone marrow (characteristics in

Supplemental Table 2). Renal function was significantly re-

duced after unilateral nephrectomy (Supplemental Figure 3).5

Atherosclerotic root lesions quantified after 10 weeks on a high-

fat diet were significantly smaller in the absence of bonemarrow

CX3CR1 (Figure 2, A and B). Also, aortic CD11b+CD11c+ my-

eloid cells were significantly fewer in bone marrow CX3CR12/2

mice than WTmice with renal impairment (Figure 2C).

These results suggest a central role for

leukocyte CX3CR1 in lesion development

in renal impairment. We next generated

mixed bone-marrow chimeric mice to bet-

ter understand the role of CX3CR1 in in-

dividual leukocyte fate in atherosclerosis. A

mix of 50% WT (CD45.1) and 50%

CX3CR12/2 (CD45.2) bone marrow was

transferred into lethally irradiated LDLr2/2

mice (characteristics in Supplemental

Table 3). Flow cytometric analysis of ath-

erosclerotic aortas after 10 weeks on a

high-fat diet showed no significant differ-

ence in numbers of WT and CX3CR12/2

CD11b+CD11c+ myeloid cells (Figure 2D).

The tendency towards an increase in renal

impairment was very similar for both gen-

otypes. Monocytes are precursors of most

early plaque macrophages, however, during

later stages of atherosclerosis, most myeloid

cells are derived locally.13 To test for a role

of CX3CR1 in monocyte recruitment, aorta

analysis was conducted earlier, after 6 weeks

of high-fat diet. Atherosclerotic aortic root

lesion size increased with renal impairment

(Figure 2E). The tendency towards an in-

crease in renal impairment was very similar

for CD11b+CD11c+ myeloid cells of both

genotypes in the identical environment

of mixed bone-marrow chimeric mice.

CX3CR12/2 cells were even more common

thanWT cells among aortic CD11b+CD11c+

myeloid cells (Figure 2F). This argues

against an individual monocyte recruit-

ment defect in the absence of CX3CR1.

The results in Figure 2F constitute an

overrepresentation of CD45.2+ cells among

aortic myeloid cells compared with periph-

eral blood, where counts did not signifi-

cantly differ from the expected 50%

(Supplemental Figure 4). Replacement of

recipient cells was very good in both blood

and bone marrow (see Concise Methods).

Still, we separately addressed locally derived

CD45.2+CD11b+CD11c+ myeloid cells of

donor origin in the aorta by a single injec-

tion of clodronate liposomes to deplete phagocytes fromLDLr2/2

mice transplanted with mixed bone marrow (50% WT

[CD45.1] and 50% CX3CR12/2 [CD45.2]) before induction

of atherosclerosis.41 When aortic CD11b+CD11c+ myeloid

cells were assessed after 6 weeks on a high-fat diet, very similar

proportions of WTand CX3CR12/2 cells were recovered from

the aortas (Figure 2G). Compared with controls with normal

kidney function but otherwise the same treatment, aortic

CD11b+CD11c+ myeloid cells of both genotypes again

Figure 1. Atherosclerotic lesions and inflammatory infiltrates increase in Apoe2/2 but not
Apoe2/2CX3CR12/2 mice with renal impairment. Atherosclerotic lesions after 12 weeks
of high-fat diet were analyzed in Apoe2/2 and Apoe2/2CX3CR12/2 mice that had
undergone either renal impairment (RI) or control surgery (ctrl). (A–C) Lesion size was
analyzed as total aortic en face lesion size (A), separately in aortic arch, thoracic aorta,
and abdominal aorta (B) (n=7–8, Bonferroni after ANOVA), and aortic root lesions
stained with oil-red-O/light-green/hematoxylin (C) (n=5–7, Bonferroni after ANOVA,
scale bar: 500 mm). (D) Aortic root macrophage area after immunofluorescence
staining (green: F4/80, blue: 49,6-diamidino-2-phenylindole, n=4–5 mice per group,
Bonferroni after ANOVA). (E) Ki67 proliferation marker expression in the plaque area
(purple: KI67, blue: 49,6-diamidino-2-phenylindole, scale bar: 500 mm, n=4 mice per
group, Bonferroni after ANOVA). *P,0.05, **P,0.01, ***P,0.001.
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similarly tended towards an increase in renal impairment,

although this was statistically significant only in WT cells

(Figure 2G). These experiments show a role of bone marrow

CX3CR1 in aggravation of atherosclerosis in renal impairment,

however, they argue against a major individual cell–specific

monocyte or CD11b+CD11c+ myeloid cell progenitor effect

of CX3CR1 in aortic homing.

Impaired Aortic Accumulation and TH17 Polarization of

CX3CR12/2 T cells

Among bone marrow–derived cells, CX3CR1 is also expressed

on T cells.20 Given the impact of T helper cells in atherogen-

esis,9,12 we analyzed aortic lymphocytes in mixed bone-marrow

chimeric LDLr2/2mice. CX3CR12/2 T cells were underrepre-

sented in the atherosclerotic aortas compared with WT cells

from the same animal (Figure 3A). Also, aortic CX3CR12/2 T

cells were relatively less frequent than in the spleen (Figure 3B).

Third, aorticCX3CR12/2 T cells were decreased compared with

aortic and splenic CX3CR12/2 B cells (a CX3CR1-negative cell

type) (Figure 3, A–D). The CX3CR12/2 T cells are CD45.2+,

therefore, their deficiency in accumulating in the aorta may

even be underestimated as any residual recipient leukocytes

are CD45.2+ and would obscure the observed diminution

(Figure 3A).

T cell polarization toward phenotypes with known roles in

atherogenesis, namely TH1, TH17, and TREG cells, was investi-

gated in the spleens of the same mice (Figure 3, E–G). While

proportions of WT and CX3CR12/2 cells among TH1 cells

(Figure 3E) closely resembled their proportion among all T cells

(Figure 3B), CX3CR12/2 cells were significantly less abundant

among both TH17 (Figure 3F) and TREG cells (Figure 3G) in

mice with renal impairment. Similarly, in LDLr2/2 mice with

Figure 2. Bone marrow CX3CR1 promotes atherosclerosis but not individual monocyte aortic homing in LDLr2/2 mice with renal
impairment. (A–C) LDLr2/2 mice reconstituted with either WT or CX3CR12/2 bone marrow were kept on a high-fat diet for 10 weeks
after unilateral nephrectomy. (A, B) Aortic root lesion size was assessed by histology (n=5–6, scale bar: 500 mm). (C) Aortic
CD11b+CD11c+ myeloid cells were investigated by flow cytometry (n=4–5). (D–G) LDLr2/2 mice reconstituted with 50% WT (CD45.1)
and 50% CX3CR12/2 (CD45.2) underwent surgery (unilateral nephrectomy [RI] and control [ctrl]). (D) After 10 weeks on a high-fat diet,
aortic CD11b+CD11c+ myeloid cells were assessed by flow cytometry for WT (CD45.1) and CX3CR12/2 (CD45.2) genotype and
numbers compared in RI and ctrl mice (n=4–7, two independent experiments). (E, F) After 6 weeks on a high-fat diet, aortic root lesion
size was assessed by histology (E, n=4) and aortic CD11b+CD11c+ myeloid cells quantified by flow cytometry (F, n=5–6, two independent
experiments). (G) A single injection of clodronate liposomes was applied on day 0 of a 6-week high-fat diet. Aortic CD11b+CD11c+

myeloid cells were measured by flow cytometry (n=5). *P,0.05, **P,0.01, ***P,0.001.
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renal impairment that had been reconstituted with either WT

or CX3CR12/2 bone marrow, the proportion of splenic TH17

cells was significantly lower in mice without bone marrow

CX3CR1 (Figure 3, H–J). A nonsignificant trend toward reduc-

tion was observed in TREG cells, however, TH1 cells were not

significantly altered. These in vivo data indicate a defect in

aortic CX3CR12/2 T cell accumulation and TH17 polarization

in atherosclerosis and renal impairment.

Impaired IL-17A Production and TH17 Polarization of

CX3CR12/2 Cells In Vitro

In vitro TH1, TH17, and TREG cell polarization was conducted

for WT and CX3CR12/2 splenocytes in parallel. TH17 and

TREG polarization increased WT, but not CX3CR12/2 T cell

survival (Figure 4, A–C). No significant difference was seen in

cell proliferation assessed by intracellular dye dilution (n=2,

data not shown). Marker cytokines of T cell lineages were

measured in the supernatants (Figure 4, D–F). Compared with

WT cells cultured in parallel, supernatants ofCX3CR12/2 sple-

nocytes contained markedly less IL-17A, but not IL-10 or

IFNg. After restimulation and intracellular staining, the pro-

portion of TH17 cells was significantly lower in polarized

CX3CR12/2 than WT splenocytes (Figure 4, G–I). A similar

trend was observed in TREG cells. There was no significant

impact of CX3CR1 genotype on TH1 cell polarization. Taken

together, TH17 cell polarization was impaired in the absence

of the CX3CR1 gene.

TGFb Induces T Cell CX3CR1 Expression

After TH17 polarization, we noted an increase of CX3CR1

promotor-driven green fluorescent protein (GFP) in TH17

cells compared with TH17 cells obtained from cultures without

polarizing cytokines (Figure 5A). Therefore the cytokines that

were part of the TH17 polarization protocol were tested sepa-

rately. CX3CR1 promotor-driven GFP was measured in IL-

17A+ T cells. Expectedly, cultures with single cytokines resulted

in markedly fewer IL-17A+ T cells, but CX3CR1 promotor-

driven GFP expression among them was induced even more

strongly by TGFb alone than by the TH17 cocktail. Neither IL-6

nor IL-23 exerted a significant effect (Figure 5, A and B).

Figure 3. Role of CX3CR1 in aortic T and B lymphocyte accumulation and T helper cell differentiation in atherosclerosis. (A–G) Mixed
bone-marrow chimeric (50% WT [CD45.1]/50% CX3CR12/2 [CD45.2]) LDLr2/2 mice after control (ctrl) or renal impairment (RI) surgery
were given 10 weeks of a high-fat diet. (A–D) WT (CD45.1) and CX3CR12/2 (CD45.2) genotype of abT cell receptor+ T cells (A, B) and
CD19+ B cells (C, D) was analyzed by flow cytometry in aortas (A, C) and spleens (B, D) (n=4–7, two independent experiments). (E–G)
Splenic T cell cytokine production was analyzed after ex vivo restimulation with PMA/ionomycin and intracellular staining for IFNg (E),
IL-17A (F), and transcription factor FoxP3 expression (G). (H–J) LDLr2/2 mice with either WT or CX3CR12/2 bone marrow underwent
surgery for RI and were kept on a high-fat diet for 10 weeks. Cytokine production in splenic T cells was assessed after intracellular
staining for IFNg (H), IL-17A (I), and FoxP3 (J, n=5). *P,0.05, **P,0.01, ***P,0.001.
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Also, after TREG polarization with TGFb, CX3CR1 promotor-

driven GFP significantly increased among TREG cells defined

either by FoxP3+ (Figure 5C) or CD4+CD25+ with better

discr imination on the latter, non-

permeabilized cells (Figure 5, D and E).

To further define the TGFb effect,

CX3CR1 mRNA was assessed in WT sple-

nocyte culture. TGFb induced CX3CR1

mRNA both dose- and time-dependently

(Figure 5F). TGFb receptor–mediated

SMAD activation was inhibited pharma-

cologically.42,43 This reduced CX3CR1

mRNA expression in WT cells to baseline

(Figure 5G). Also in isolated CD4+ T cells,

TGFb significantly induced CX3CR1

mRNA (Figure 5H). These data suggest

TGFb is a mediator of CX3CR1 expression

in T cells.

T Cell CX3CR1 and IL-17 Expression is

Upregulated in Renal Impairment

In atherosclerotic mice transplanted with

CX3CR12/2 bone marrow, no consistent

change of leukocyte CX3CR1 levels was

measured with renal impairment as mean

fluorescence intensity of the GFP reporter

gene (data not shown). However, given the

role of CX3CR1 in cell survival (Figure 4,

A–C),32 we reasoned cells that increased

their GFP expression as an indicator of

CX3CR1 promotor activity might have

vanished. To test for CX3CR1 expression

in atherosclerosis in the presence of a

functional CX3CR1, we generated strains

of LDLr2 /2CX3CR1+/2 and LDLr2 /2

CX3CR12/2 mice.

In LDLr2/2CX3CR1+/2 mice, aortic

CD11b+CD11c+ myeloid cells but not

T cell numbers increased significantly in

renal impairment (Figure 6A), similar to

our earlier studies with bone marrow–

transplanted LDLr2/2mice (Figures 2 and 3),

while in direct comparison, aortic CD11b+

CD11c+ cells in LDLr2/2CX3CR12/2 mice

were unchanged (Figure 6F). CX3CR1 ex-

pression was significantly enhanced on

aortic T cells and CD11b+CD11c+ myeloid

cells (Figure 6, B and C), while in the ab-

sence of CX3CR1, neither aortic T cell nor

CD11b+CD11c+ CX3CR1 promotor-

driven GFP cell number increased in renal

impairment (Figure 6, G and H). Also the

proportion of TH17 cells increased signifi-

cantly in renal impairment (Figure 6, D

and E). Among CX3CR1 promotor-driven

GFP-positive T cells, the proportion of IL-17 producers was

significantly higher than in all T cells (P=0.02 for control and

P,0.001 for mice with renal impairment) and further

Figure 4. Impaired TH17 and TREG differentiation of CX3CR12/2 cells in vitro. In vitro TH
cell polarization was conducted in WT and CX3CR12/2 splenocytes in parallel as de-
scribed in the Concise Methods section. (A–C) Cell viability is depicted as proportion of
live T cells among all events after 4 days of polarization and restimulation in TH17 (A), TREG
(B), and TH1 polarized cells (n=6–8, from three to four experiments). (D–F) Cell culture
supernatants were assessed for T cell markers IL-17A (D), IL-10 (E), and IFNg (n=3 po-
larizations). (G–I) Intracellular staining after polarization was used to assess proportion of
polarized T cells. IL-17A was stained after restimulation in TH17 polarized and control TH0
cells (G, n=12, from six independent parallel experiments). The proportion of FoxP3+

T cells was studied after TREG polarization and in control TH0 cells (H, n=5–8, from three
independent experiments). Intracellular IFNg production assessed in THI7 polarized WT
and CX3CR12/2 T cells (I, n=6, from three independent experiments).
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increased in renal impairment (Figure 6E). In contrast, in

LDLr2/2CX3CR12/2mice, splenic IL-17A producers were un-

altered in renal impairment (Figure 6, I and J). The proportion

of splenic IL-17A producers was significantly lower in LDLr2/2

CX3CR12/2 than CX3CR1+/2 mice with renal impairment

(Figure 6, D and I, P=0.02). This demonstrates that CX3CR1

Figure 5. TGFb induces T cell CX3CR1 expression. (A, B) In vitro T cell culture in CX3CR12/2 splenocytes was performed in the
absence of exogenous cytokines (TH0), with IL-6, IL-23, and TGFb (TH17), or in the presence of individual cytokines (IL-6, IL-23, or TGFb).
CX3CR1 promotor-driven GFP expression was assessed by flow cytometry in IL-17A+GFP+ live T cells (A, examples and % of GFP+

among IL-17A+ live T cells, B, Mean fluorescence intensity of IL-17A+GFP+ live T cells from n=4–16, from two to seven independent
experiments, Dunnett test after ANOVA). (C–E) CX3CR12/2 splenocytes were polarized toward TREG (IL-2 and TGFb) and the pro-
portion of CX3CR1GFP among FoxP3+ T cells (C, n=6–8, from three independent experiments) and CD4+CD25+ cells (D), and the mean
fluorescence intensity of CD4+CD25+GFP+ cells assessed (E, n=6, from three independent experiments). (F–H) WT splenocytes were
stimulated with TGFb. (F) Dose and time response of CX3CR1 mRNA was assessed by quantitative PCR (one of two experiments, with
parallel results). (G) Splenocytes were stimulated with TGFb (1 ng/ml) for 2 hours in the presence of inhibitor SB and CX3CR1 mRNA
expression assessed relative to DMSO ctrl (n=4, two independent experiments). (H) CD4+ sorted splenic T cells were stimulated with
TGFb (1 ng/ml) and CX3CR1 mRNA expression was assessed (n=6, three independent experiments).
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and IL-17A are induced in T cells during atherosclerosis in

renal impairment and that a functional CX3CR1 is required

for this.

CX3CR1+ T Cells Promote Atherosclerotic

Inflammation in Renal Impairment

To test whether T cell CX3CR1 was mechanistically relevant

for the increased atherosclerotic lesion in renal impairment,

LDLr2/2CX3CR12/2 mice with renal impairment and con-

trols received a single adoptive transfer ofCX3CR1+/2CD4+ T

cells. CX3CR1+/2CD4+ T cells restored the increase in ath-

erosclerotic lesion size in renal impairment (Figure 7, A and

B). Also, the number of aortic myeloid cells was significantly

higher (Figure 7C). To test whether IL-17A production in

CX3CR1-competent T cells was required for this process,

we adoptively transferred Il17a2/2 T cells into LDLr2/2

CX3CR12/2 mice after renal impairment or control surgery.

Il17a2/2 T cells failed to increase lesion size (Figure 7, A and

B) or CD11b+CD11c+ myeloid cell numbers (Figure 7C) in

renal impairment. These results support the hypothesis that

both T cell CX3CR1 and T cell IL-17A are required for en-

hanced atherosclerosis in renal impairment.

DISCUSSION

Our data demonstrate that T cell CX3CR1

mediates excess atherosclerotic inflamma-

tion in renal impairment. They also define

TGFb as a novel inducer of CX3CR1 in T

cells. Absence of CX3CR1 prevented in-

crease in atherosclerotic lesion size in renal

impairment in both Apoe2/2 and LDLr2/2

mice. The absence of bone marrow

CX3CR1 significantly decreased aortic my-

eloid cell numbers and lesion size in renal

impairment. Contrary to our primary hy-

pothesis, monocytic myeloid cells with

high CX3CR1 expression did not have a

major defect in homing to the atheroscle-

rotic aorta. Instead, CX3CR12/2 T cells

were significantly underrepresented. This

is reminiscent of impaired intradermal T

cell accumulation in a model of atopic der-

matitis.44 Increased T cell CX3CR1 in CKD

has previously been associated with carotid

intima-media thickness.45 Also in our ex-

periments, aortic T cells upregulated

CX3CR1. Beyond this, adoptive transfer

of CX3CR1-competent T cells into LDLr2/2

CX3CR12/2 mice sufficed to restore excess

atherosclerotic inflammation in renal impair-

ment, demonstrating their mechanistic

importance.

T cells express CX3CR1 in mice40 and

humans.39,46,47 Our data demonstrate

TGFb as inducer of CX3CR1 during T cell

polarization both by reporter gene and mRNA expression.

TGFb increased CX3CR1 T cell intrinsically. However, its action

was not limited to T cells. A similar response has been described

during glial differentiation48,49 and we found that TGFb also

increased CX3CR1 expression in murine blood monocytes

and bone marrow– derived macrophages (unpublished data).

CX3CR12/2 cells undergo excess apoptosis in TGFb-rich en-

vironments such as renal38 and hepatic fibrosis,36 while its role

has been debated at rest.32Upregulation by TGFbmay contrib-

ute to increased CX3CR1 sensitivity in these conditions.

In vitro TH17 polarization induced less IL-17A secretion

and a smaller proportion of TH17 cells among CX3CR12/2

splenocytes. TH1, TH17, and TREG cells modulate atherosclero-

sis progression.9 In our experiments, increase in atheroscle-

rotic lesion size in renal impairment paralleled upregulation of

IL-17A inWT T cells. TH17 cells were decreased in the absence

of CX3CR1. Transfer of CX3CR1-competent T cells alone suf-

ficed to restore atherosclerotic lesion size and increasemyeloid

cells in renal impairment in LDLr2/2CX3CR12/2 mice.

Consistent with the role of IL-17A in aggravation of athero-

sclerosis in renal impairment demonstrated previously,5 this

was absent if CX3CR1-competent Il17a2/2T cells were transferred.

Figure 6. Renal impairment increases aortic and splenic T cell CX3CR1 expression.
LDLr2/2CX3CR1+/2 (A–E) and LDLr2/2CX3CR12/2 mice (F–J) with renal impairment (RI) or
control surgery (ctrl) were analyzed after 10 weeks of a high-fat diet. (A–C and F–H) Flow
cytometry of the aorta to assess total aortic T cell receptor b+ T cells and CD11b+CD11c+

myeloid (A, F), and the number of CX3CR1 promotor-driven GFP+ cells among aortic T
cells (B, G) and CD11b+CD11c+myeloid cells (C, H). (D, E and I, J) T cell IL-17A production
was analyzed after splenocyte restimulation and intracellular staining in all cells (D, I) and
CX3CR1gfp T cells (E, J) (n=8–10, four independent experiments for LDLr2/2CX3CR1+/2

mice and n=4–6, three independent experiments for LDLr2/2CX3CR12/2 mice).
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Published data in other disease models show significantly

reduced disease severity and TH17 infiltration in collagen-

induced arthritis in the absence of CX3CR1,50 and trends to-

ward less IL-17A in mucosal candidiasis51 and nephrotoxic

nephritis.52 In contrast, in experimental autoimmune enceph-

alitis, both IL-17 and IFNg production and disease severity

were enhanced in CX3CR12/2 mice compared with WT con-

trols, however, this effect was not T cell intrinsic.53 In colitis,

IL-17A production was not affected or even increased in

CX3CR12/2mice,54,55whichwas attributed to defective intra-

mural macrophage populations.54 Regarding the other main

TGFb-promoted T cell subgroup, TREG cells, these tended to54

or were significantly reduced in CX3CR12/2 mice with colitis

and T cell–mediated skin immunity.56 These published results

are consistent with the hypothesis that TGFb–mediated

CX3CR1 upregulation in T cells is functionally relevant be-

yond the atherosclerosis phenotype described here. Given the

role of TGFb during T cell polarization, this would affect mostly

TREG and TH17 cells and their intermediates.57 It is conceivable

that an abundance of TGFb, the relevance of CX3CR1 on hom-

ing to the affected organ, and pathophysiologic importance of

TREG versus TH17 cell subsets (versus other leukocytes such as

monocytes) will contribute to the influence of CX3CR1 on dis-

ease outcome. In summary, our data show promotion of ath-

erosclerosis by T cell CX3CR1 in renal impairment.

CONCISE METHODS

Animals
WT C57Bl/6, CX3CR12/2 (termed CX3CR1gfp/g fp58), LDLr2/2,

Apoe2 /2 (all CD45.2 on a C57Bl/6 background) and congenic

B6.SJL-PtprcaPepcb/BoyJ (CD45.1) mice (Jackson

Labs, Bar Harbor, ME), Il17a2/2mice59 (kindly

provided by Dr. Y. Iwakura, University of

Tokyo), and CX3CR12/2 crossed with Apoe2/2

and LDLr2/2 to obtain double-deficient mice

were genotyped by PCR and used in age- and

sex-matched groups. Mice were kept in

specific-pathogen-free conditions. Animal ex-

periments were approved by the Landesamt für

Verbraucherschutz und Lebensmittelsicherheit,

Lower Saxony, Germany. Mice were maintained

on a high-fat diet (Harlan Teklad 88137, 40% of

kcal from fat, 1.5% cholesterol, 0.68% calcium,

0.56% phosphorous) or normal chow diet for

the indicated time periods. Serum urea, cre-

atinine, electrolytes, and lipids were mea-

sured by an Olympus AU400 Chemistry

Immuno Analyzer (Olympus, Hamburg,

Germany), and blood counts by an automatic

analyzer (VetABC animal blood counter,

ScilVet, Viernheim, Germany). FITC-sinistrin

clearance was determined using the NIC-Kidney

Device according to the manufacturer’s instruc-

tions (Mannheim Pharma and Diagnostics GmbH, Mannheim,

Germany).

Bone Marrow Transplantation and Kidney Surgeries
Procedures were performed essentially as described.5 Lethal irradia-

tions were performed in a 137Cs irradiator (10 Gray) at 6 weeks of age,

mice were reconstituted with unfractioned bone marrow. Recipient

chimerism was assessed in mixed bone-marrow chimeric (50% WT

[CD45.1] and 50% CX3CR12/2 [CD45.2] bone marrow) LDLr2/2

mice. Recipients were CD45.2+. As among blood monocytes, all

CX3CR12/2 (CD45.2) monocytes are GFP+, any GFP– CD45.1–

blood monocyte would be a recipient cell; 9860.2% of GFP– blood

monocytes (i.e., non-CX3CR12/2 cells) was CD45.1+ (i.e., of donor

origin) in these mice. Similarly, among GFP– bone marrow mono-

cytes, 9461%were of donor (CD45.1) origin (n=9 for bothmeasure-

ments), indicating a very good replacement efficacy.

For nephrectomy, mice were anesthetized by intraperitoneal injec-

tion of ketamine (125 mg/kg), xylazine (12.5 mg/kg), and atropine

(0.025 mg/kg) and procedures were performed as described.5 Post-

operative analgesia was with intraperitoneal buprenorphine as

needed. Mice were rested for 1 week after surgery before a high-fat

diet was started. If indicated, mice were injected intravenously with

200ml of liposomal clodronate41 (5 mg/ml) once on day 0 of the high-

fat diet. For adoptive transfer experiments, 1.53106CD4+ splenocytes

per recipient were isolated using a BD FACSAria and injected intrave-

nously into recipients irradiated with 3 Gray on day 0 of the high-fat diet.

Quantification of Atherosclerosis and Aortic and

Histologic Analysis
The procedure for en face and histologic assessment of murine

atherosclerotic lesion size has been previously described.5 For histo-

logic aortic root analysis, frozen 5-mm thick sections from the aortic

Figure 7. CX3CR1+/2 but not Il17a2/2 T cells increase atherosclerosis in LDLr2/

2CX3CR12/2 mice with renal impairment. LDLr2/2CX3CR12/2 mice after renal im-
pairment (RI) or control surgery (ctrl) were adoptively transferred with either CX3CR1+/
2 or Il17a2/2 CD4+ T cells. Lesions and aortic leukocytes were analyzed after 6 weeks
of a high-fat diet starting on the day of adoptive transfer. (A, B) Atherosclerotic aortic
root lesions were assessed by histology (A shows example [bar indicates 500 mm], B
shows statistical analysis of n=5 per group for CX3CR1+/2 and n=6–7 for Il17a2/2

CD4+ T cells). Two-way ANOVA showed significant differences between RI mice re-
ceiving CX3CR1+/2 T cells and all other groups, asterisks indicate significant differ-
ences between RI and ctrl mice that received CX3CR1+/2 T cells. (C) Aortic
CD11b+CD11c+ myeloid cells were analyzed by flow cytometry (n=5, three in-
dependent transfers for CX3CR1+/2, n=6–7, three independent transfers for Il17a2/2,
Bonferroni test after two-way ANOVA).
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valve plane in 50-mm intervals covering a total of 400 mm were

stained with oil-red-O with hematoxylin and light-green counterstain

or Picrosirius red. For immunofluorescence, F4/80 (BM8) (BD Biosci-

ence), rabbit anti-mouse Ki67 (Sp6, Thermo Fisher Scientific, Fremont,

CA), and the following secondary antibodies were used: anti-FITC

Alexa Fluor 488 (Molecular Probes), goat anti-rabbit Cy3 (Jackson

Immunoresearch, Newmarket, UK). Images were obtained with a Leica

DMI3000Bmicroscope with 53, and 203 original magnification using

Leica Application Suite version 3.5.0 (Leica, Wetzlar, Germany).

Quantification was conducted with National Institutes of Health Im-

ageJ software and the GNU Image Manipulation Program (version

2.8). For aortic roots, a data point represents a mean of all sections’

lesion sizes from one mouse.

Cell Culture, Stimulation, and T Cell Polarization
Total and CD4+-enriched (CD4+ T cell isolation kit, Miltenyi,

Bergisch Gladbach, Germany) mouse splenic lymphocytes were cul-

tured on plate-bound purified anti-CD28 and anti-CD3 (Biolegend,

San Diego, CA) without exogenous cytokines (TH0), in the presence

of 10ng/ml IL-12 andanti–IL-4 (3mg/ml) (TH1), or in thepresenceof IL-6

(50 ng/ml), TGFb (1 ng/ml), IL-23 (20 ng/ml), anti-IFNg (3 mg/ml),

and anti–IL-4 (3 mg/ml) for TH17 polarization in complete Iscove’s

Modified Dulbecco’s Medium. For TREG polarization, culture was in

RPMIwith TGFb (10 ng/ml) and IL-2 (10 ng/ml; all from Peprotech,

Biolegend, or eBioscience, San Diego, CA). FoxP3 was detected in

5361% of CD4+CD25+ T cells after 3 days of TREG polarization

(n=4). CellTrace Far Red Cell Proliferation Kit (Life Technologies,

Darmstadt, Germany) was used according to the manufacturer’s in-

structions. Restimulation was with PMA/ionomycin as previously de-

scribed.5 SMAD3 inhibitor (SB431542, 5 mM) and DMSO controls

were used as indicated.

RNA Isolation, Real-Time PCR, and ELISA
RNA was isolated using NucleoSpin RNAII Kit (Macherey-Nagel,

Duren, Germany) and reverse-transcribed with M-MLV Reverse

Transcriptase (Promega, Mannheim, Germany) according to the

manufacturer’s instructions. Real-time PCR was performed on a

LightCycler480 using SYBR Green (Roche Diagnostics, Grenzach-

Wyhlen, Germany). Primers were selected using PrimerBank as

follows: CX3CR1: fw: GGACTCACTACCTCATCAGCC, rev:

TCCGGTTGTTCATGGAGTTGG, HPRT: fw : CAGTCC-

CAGCGTCGTGATTA, rev: AGCAAGTCTTTCAGTCCTGTC. Prod-

ucts were confirmed by melting curve analysis and gel electrophoresis.

Transcript levels were normalized to HPRT using the DCt method.

Cytokine concentrations were determined using BD Enhanced Flex

Cytometric bead assay according to the manufacturer’s instructions.

Enzymatic Digestion of Tissues and Flow Cytometry
Preparation and enzymatic digestion of tissues was performed as

described.5 The following antibodies were used: anti-CD4 (GK1.5),

anti-CD11b (M1/70), anti-CD11c (N418), anti-CD25 (PC61), anti-

CD45 (30-F11), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD115

(AFS98), anti-Gr1 (RB6–8C5), anti-T cell receptor b (H57–597),

anti-CD19 (6D5), anti-MHCII (M5/114.15.2), anti-FoxP3 (150D),

anti-IL-17A (TC11–18H10.1), and anti-IFNg (XMG1.2) (obtained from

Biolegend, eBioscience, or R&D systems). Yellow and near-infrared

LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen, Carlsbad, CA)

was used according to the manufacturer’s instructions. Flow cytom-

etry analysis was performed on a Becton-Dickinson FACS Canto or

LSRII. Gating was performed for live CD45+ cells in all organ digests,

and for live cells after cell culture. Data were analyzed using FlowJo

software (TreeStar Inc., Ashland, OR).

Statistical Analyses
Two-tailed t test was used to compare two conditions. If more than

two conditions were compared, Bonferroni test of selected conditions

was applied after ANOVA. P,0.05 was considered statistically signif-

icant. Data are expressed as mean6SEM. P values are indicated as

follows: *P,0.05, **P,0.01, ***P,0.001.
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