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Abstract

CX3CR1-deficient mice develop very severe experimental autoimmune encephalomyelitis (EAE), 

associated with impaired NK cell recruitment into the CNS. Yet, the precise implications of NK 

cells in autoimmune neuroinflammation remain elusive. Here we investigated the pattern of NK 

cell mobilization and the contribution of CX3CR1 to NK cell dynamics in the EAE.

We show that in both wild-type (WT) and CX3CR1-deficient EAE mice, NK cells are mobilized 

from the periphery and accumulate in the inflamed CNS. However, in CX3CR1-deficient mice, the 

infiltrated NK cells displayed an immature phenotype contrasting with the mature infiltrates in WT 

mice. This shift in the immature/mature CNS ratio contributes to EAE exacerbation in CX3CR1-

deficient mice, since transfer of mature WT NK cells prior to immunization exerted a protective 

effect and normalized the CNS NK cell ratio. Moreover, mature CD11b+ NK cells show higher 

degranulation in the presence of autoreactive 2D2 transgenic CD4+ T cells and kill these 

autoreactive cells more efficiently than the immature CD11b− fraction.

Together, these data suggest a protective role of mature NK cells in EAE, possibly through direct 

modulation of T cells inside the CNS, and demonstrate that mature and immature NK cells are 

recruited into the CNS by distinct chemotactic signals.
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Introduction

The role of natural killer (NK) cells in neuroinflammation remains controversial. We and 

others have presented evidence for deficient NK cell activity in patients with multiple 

sclerosis (MS), suggesting that NK cells may have a protective, disease-limiting role in 

neuroinflammation [1–6]. However, the results in the animal model of MS, experimental 

autoimmune encephalomyelitis (EAE), are contradictory; both a protective [7–9] as well as a 

pathogenic [10] role for NK cells in disease development has been described.

NK cells are highly heterogeneous and versatile cells with respect to their phenotype, 

function and organ distribution [11–15]. Thus, one could speculate that while a certain 

subtype may contribute to pathology, another subset may be protective in the appropriate 

environment [16].

Along this line, we reported reduced gene expression of CX3CR1 – the receptor for the 

chemokine CX3CL1 (fractalkine) – in MS patients compared with healthy individuals, and a 

correlation of the frequency of circulating CX3CR1-expressing NK cells with disease 

activity [3]. We also showed that the expression of CX3CR1 serves to discriminate fully 

mature from immature human NK cells [17]. Thus, diminished levels of CX3CR1-

expressing NK cells may be associated with a diminished frequency of mature NK cells in 

MS. Consistent with this, mice deficient for CX3CR1 (CX3CR1GFP/GFP mice), experienced 

more severe EAE, corresponding with a selective reduction of NK cell infiltrates in the 

inflamed CNS compared to control animals [18]. This suggested that CX3CR1-expression 

may be related to the migration or effector function of “protective” NK cells. However, it 

still remains unclear whether a particular NK cell subtype confers protection, how and where 

protective NK cells exert their function and how they are mobilized during the course of 

neuroinflammation.

In this study, we investigated NK cell dynamics during the course of EAE, and the 

implications of the chemokine receptor CX3CR1 on NK cell migration and effector function 

using the MOG33–35-induced EAE model. We found that CX3CR1 mediates recruitment and 

migration of mature NK cells into the CNS, and that this process contributes to control CNS 

autoimmunity.

Results

NK cell frequency in peripheral blood decreases during EAE

To investigate how NK cells are distributed in vivo during neuroinflammation, we induced 

EAE in C57BL/6 WT mice and longitudinally monitored NK cell frequencies in peripheral 

blood during the course of disease (Fig. 1A). We found that NK cell frequencies in blood 

decreased directly after the peak of disease (day 16), precisely 20 days after immunization, 

from 5.01 % ± 1,43 % (day 0) to 2.67 % ± 0,95% (day 20) (p = 0,0136). This may point to a 

Hertwig et al. Page 2

Eur J Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neuroinflammation-related altered fate of NK cells. To investigate the distribution of NK 

cells in the CNS and immune tissues at disease onset, and at time of the observed decrease 

of NK cells in blood, C57BL/6 WT EAE mice were sacrificed at day 10 and 20 post-

immunization (p.i.) and NK cells numbers were assessed in blood, LN, spleen and CNS 

(Fig. 1B). We observed that already at day 10 p.i., NK cells accumulated into the CNS and 

decreased in lymph nodes and spleen. At day 20, elevated numbers of NK cells were found 

in the CNS, which corresponded with a dramatic reduction of the number of circulating NK 

cells in blood. Thus, at day 20 p.i. not only the frequency of NK cells (Fig. 1A) but also the 

absolute number of cells in the circulation were diminished.

CX3CR1-deficient and WT NK cells show comparable migration behaviour during EAE

It was previously reported that CX3CR1-deficient animals experience a more severe EAE 

course characterized by a reduced migration of NK cells into the CNS [18]. Thus, we 

investigated how CX3CR1-deficiency might affect NK cell distribution during 

neuroinflammation. We confirmed that CX3CR1-deficient mice showed a significant 

increase in disease severity, and earlier disease onset, as well as an increased disease 

incidence (Table 2). The analysis of NK cell numbers in blood, spleen, draining lymph 

nodes and the CNS at day 20 p.i. also revealed an increase of the NK cell fraction in the 

CNS of CX3CR1-deficient mice from day 0 to day 20 after immunization. However, no 

differences were observed in the peripheral blood (Fig. 2A). Additionally, NK cell numbers 

were diminished in the spleen at day 10 after immunization, whereas no changes were 

observed in the draining lymph nodes (Fig. 2A).

At day 20 p.i., the frequencies and absolute numbers of NK cells in the spleen and CNS did 

not differ between WT and CX3CR1-deficient mice (Fig. 2B shows the NK cell frequencies 

(left) and absolute numbers (right)). In blood, NK cell numbers and frequencies at day 20 

p.i. were significantly higher in CX3CR1-deficient compared to WT mice (Fig. 2B). 

Absolute numbers of NK cells were significantly lower in the draining lymph nodes of 

CX3CR1-deficient mice compared to WT at this time point (Fig. 2B). Intriguingly, both 

frequency and absolute numbers of NK cells in non-immunized CX3CR1-deficient mice 

were extremely reduced in the CNS compared to WT animals (Fig. 2C).

Peripheral and not CNS CX3CR1-deficiency leads to a more severe EAE

We next investigated whether, in our hands, the increased EAE severity observed in 

CX3CR1GFP/GFP mice is due to the deficient expression of the receptor in peripheral 

immune cells. In bone-marrow (BM) chimera experiments complementary to those shown 

by Garcia et al. [19], we demonstrated that immune reconstitution of irradiated WT 

CX3CR1+/+ animals with CX3CR1-deficient bone marrow cells (CX3CR1GFP/GFP → WT) 

led to an aggravated EAE course (Supplemental Fig. 1A), and higher disease activity 

(Supplemental Fig. 1B) compared to control mice reconstituted with non-compromised 

CX3CR1+/+ BM cells (CX3CR1+/+→WT). Thus, deficient CX3CR1 expression in 

peripheral immune cells leads to EAE aggravation.

Hertwig et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NK cells from CX3CR1 deficient mice show normal functional properties

We previously reported that CX3CR1 expression influenced human NK cell cytokine 

expression, activation status, maturation, cytotoxic activity, and proliferative responses [17]. 

Therefore, to rule out that CX3CR1-deficient NK cells may have intrinsic functional deficits 

that could influence our results, we examined the general cytotoxic activity, cytolytic protein 

and cytokine profiles from spleen-derived NK cells of unmanipulated WT and CX3CR1-

deficient mice, by calcein-acetyoxymethyl release assay and quantitative real-time rtPCR, 

respectively. We observed the same NK-cell-effector-/YAC-1-target-cell ratio-dependent 

lysis capacity of CX3CR1-deficient NK cells compared to WT NK cells (Fig. 3A). 

Additionally, we observed that CX3CR1+/+ and CX3CR1-deficient murine NK cells 

expressed similar levels of the cytotoxicity mediators perforin and granzyme b (Fig. 3B) and 

the effector cytokines IFN-gamma, GM-CSF, TNF-alpha, IL-10 and IL-13 (Fig. 3C).

Moreover, lack of CX3CR1 did not affect NK cell maturation, according to the expression of 

CD11b and CD27 [20, 21]. All different CD3−NK1.1+ NK cell fractions of the immature 

(CD11bneg/lowCD27+), mature (CD11b+CD27+) and fully differentiated NK cells 

(CD11bhighCD27−) (Figure 4, right panels) were present in peripheral blood (Fig. 4A) and 

spleen (Fig. 4B) of CX3CR1-deficient mice. However, in CX3CR1-deficient mice the 

fraction of fully differentiated cells was even larger than in WT, while the fractions of 

immature and early mature cells were smaller.

CX3CR1-deficient EAE mice show deficient migration of mature NK cells into the CNS

We next investigated whether CX3CR1 may be involved in the migration of a particular NK 

cell subtype into the CNS, as has been postulated for human NK cells [16, 22].

In WT animals, CX3CR1 is predominantly expressed on pre-mature/tolerant CD11b−CD27− 

(NK cells with predominantly inhibitory signals) [23, 24] and fully differentiated mature 

CD11b+CD27− (data not shown). Thus, during EAE, CX3CR1-deficiency may affect 

circulation of these distinct fractions.

At day 20 p.i., analysis of NK cells isolated from the CNS, LN, spleen and blood of WT and 

CX3CR1 deficient mice with EAE showed that the proportions of mature CD11bhigh CD27+ 

and fully differentiated CD11bhigh CD27− NK cells were significantly decreased in the CNS 

of CX3CR1-deficient, but were elevated in spleen, compared to WT (Fig. 5A). Altered 

distribution of mature vs. immature NK cell fractions in the CNS of CX3CR1-deficient EAE 

mice was reflected in the elevated immature/mature ratio observed under CX3CR1-

deficiency (Fig. 5B).

Transfer of splenic NK cells prior to EAE induction ameliorates EAE severity, delays 
disease onset and restores the NK cell phenotypic ratio inside the CNS

We showed that the frequency of mature NK cells migrating into the CNS during EAE was 

reduced in CX3CR1-deficient mice compared to WT mice, although the total amounts of 

NK cells in the CNS were comparable. Deficient NK cell activity inside the CNS may 

contribute to the increased EAE severity observed in CX3CR1 deficient animals. To 

examine whether functional splenic NK cells from WT mice may restrict EAE development, 
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splenic NK cells from WT and CX3CR1-deficient mice (or PBS as control) were transferred 

into CX3CR1-deficient recipient mice one day before the induction of EAE. Transfer of WT 

NK cells reduced EAE incidence (Table 3), ameliorated clinical severity (Fig. 6A) and 

cumulative disease activity (Fig. 6B), and delayed disease onset (Fig. 6C). Mice transferred 

with NK cells from CX3CR1-deficient donors also appeared to benefit from the transfer. 

Next, we investigated in 9 and 5 of the mice receiving WT or CX3CR1-deficient NK cells, 

respectively, whether this single NK cell administration prior to immunization might affect 

the NK cell distribution inside the CNS compared to the PBS control mice. At day 20 p.i., 

frequencies and number of CNS NK cells were assessed, along with maturation phenotype 

defined by the expression of CD27 and CD11b. Mice that received a transfer of WT, but not 

of CX3CR1-deficient NK cells, showed higher numbers of NK cells in the CNS compared to 

the PBS-injected control group (p = 0.054) (Fig. 7A). Interestingly, the NK cell composition 

inside the CNS of CX3CR1GFP7GFP recipient mice resembled that of PBS-injected control 

mice, with high proportions of CD11bneg/lowCD27+ NK cells and only low levels of the 

potent CD11bhighCD27+ NK cells. However, in contrast, in mice transferred with WT-NK 

cells, the proportion of CD11bhighCD27+ cells was highly increased in the CNS (Fig. 7B and 

C). Accordingly, the ratio of immature to mature NK cells was significantly higher in these 

mice as compared to WT NK cell recipient mice (Fig. 7D). Frequencies and numbers of 

CD4 or CD8 T cells remained unaltered with respect to the control mice injected with PBS 

(data not shown).

Mature CD11b+ NK cells are more cytotoxic to autoreactive encephalitogenic CD4+ T cells 
than CD11b− NK cells

To investigate the mechanisms by which mature CD11b+ NK cells may protect from EAE, 

we investigated the cytotoxic capacities of CD11b+ and CD11b− NK cells towards 

encephalitogenic MOG-specific CD4+ T cells derived from the 2D2 mouse. For this, short-

term CD4 cell lines were generated with the specific MOG antigen in vitro, as described in 

the Methods. At day 7, the cells were re-stimulated unspecifically with anti-CD3/anti-CD28 

in the presence of CD11b+ or CD11b− NK cells that were previously activated with/ without 

IL-2. After 24 hours of co-culture, T cell viability and apoptosis was analysed by DNA-

staining with 7-AAD. Similarly, NK cell degranulation was analysed by the surface 

expression of CD107a using flow cytometry. We found a higher numbers of CD107a 

positive cells within the CD11b+ NK cell population compared to the CD11b− NK cell 

subset. Correspondingly, we found that the CD11b+ NK cells killed autoreactive CD4+T 

cells more efficiently in vitro as indicated by the elevated numbers of T cells that were 

stained with 7-AAD (Fig. 8B). In addition, FACS sorted CD11b+ and CD11b− NK cells 

were analysed for their IFN-gamma and perforin expression by flow cytometry. Here, we 

found that after IL-2 stimulation, CD11b+ NK cells produced higher levels of IFN-gamma 

and, specially, much more perforin compared with the CD11b− subset (Fig. 8C).

Discussion

In this study, we show that NK cells are recruited into the CNS during inflammation and that 

CX3CR1-mediated migration of mature CD11bhigh NK cells contributes to limit the severity 

of EAE.
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We found that during EAE the frequency and absolute numbers of NK cells were diminished 

in peripheral blood and spleen, but increased inside the CNS, pointing to a selective NK cell 

migration from the periphery into the CNS during inflammation. NK cell mobilization to the 

target organs has been reported in the course of autoimmune [25, 26] and CNS pathology 

[16], suggesting that targeted migration of NK cells may either contribute to, or restrict the 

pathologic process. Our previous reports on NK cells in MS suggested that abnormal NK 

cell differentiation and activity may support chronic inflammation [3, 22, 27, 28]. Thus, we 

speculated that NK cell migration into the CNS after peak of disease could contribute to 

EAE amelioration. We tested this hypothesis using the well-described CX3CR1-deficient 

(CX3CR1GFP/GFP) mouse, which was shown to develop severe EAE, with deficient NK cell 

migration into the CNS [18].

In fact, we confirmed that CX3CR1-deficient mice are more susceptible to EAE than WT 

mice. However, in contrast to the previous report [18], we also observed a mobilization of 

NK cells from the periphery into the inflamed CNS in the CX3CR1-deficient EAE mice. 

This discrepancy on migration of CX3CR1-NK cells into the inflamed CNS may result from 

differences in the experimental approaches used in the two studies. In the current study, CNS 

infiltrating NK cells were assessed during the earlier EAE phases, i.e. until disease peak, 

whereas Huang et al. [18] analysed NK cells at the time of remission. Similarly, transient 

alterations in NK cell frequencies and cytotoxic activity have been described in MS patients 

during periods of disease activity [4, 29–32]. Thus in EAE, the dynamics of NK cells and 

disease activity may also be interrelated.

Our ex vivo experiments did not show evidence of intrinsic alteration in NK cell phenotype 

or function in CX3CR1-deficient mice. The comparison of CX3CR1-deficient and WT 

revealed similar NK cytotoxic capacity and production of cytolytic proteins and effector 

cytokines. Our data on the cytolytic capacity of CX3CR1-deficient and WT cells are in 

disagreement with the report by Ponzetta el al [33], which showed an enhanced cytotoxicity 

of splenic NK cells from CX3CR1-deficient mice. While Ponzetta at al. used whole 

splenocytes activated with IL-15 for their cytotoxic assay [33], we utilized sorted NK cells, 

to avoid contamination of cytotoxic CD8 T cells. Moreover, we did not pre-activate the cells 

with IL-15. These experimental differences may explain the divergent results. We further 

show that peripheral CX3CR1-deficient NK cells display the same distinct maturation stages 

as WT cells. Altogether, these data indicate that CX3CR1-signalling is not essential for NK 

cell activation or differentiation. As shown for human NK cells [17], we demonstrated that 

CX3CR1 is predominantly expressed on fully differentiated CD11bhighCD27− NK cells, 

confirming a previous report on CX3CR1 expression within the late differentiated fraction of 

CD11b+KLRG1+ NK cells [33]. Fractalkine (CX3CL1), the ligand of CX3CR1 is secreted 

by neurons, among other cells, during brain inflammation [34] and appears to direct the 

activity of CX3CR1-expressing microglia in various pathological scenarios in the brain [34–

40]. Thus, during EAE, neuron-derived fractalkine may contribute to the recruitment of 

mature NK cells to inflamed sites. We show that at day 20 p.i., the CX3CR1-deficient mice 

display a diminished frequency of mature, and an elevated frequency of immature NK cells 

in the CNS, compared to WT animals. Interestingly, in non-immunized CX3CR1-deficient 

mice the proportion of mature NK cells was generally higher in peripheral blood and spleen 

compared to WT mice. We also confirmed the results of Poli et al. which showed a 
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predominant presence of immature NK cells in the brains of healthy mice [16] (data not 

shown). Thus, our data point to a specific involvement of CX3CL1/fractalkine in the 

recruitment of mature NK cells into CNS during inflammation.

Finally, we demonstrated that transfer of CX3CR1+/+ NK cells, but not of CX3CR1-

deficient NK cells, led to disease amelioration, delayed disease onset and reduced EAE 

incidence in CX3CR1-deficient mice. Moreover, transfer of WT NK cells appeared to 

restore the balance of immature and mature NK cell in the CNS during EAE, pointing to a 

protective role of mature NK cells into the EAE. It remains unclear why mature NK cells 

limit EAE while in an experimental stroke model they seem to contribute to exacerbation of 

brain infarction [41]. Deficient CX3CR1 expression on NK cells might further influence NK 

cell interactions with other immune cells, such as dendritic cells (DCs) or monocytes [42]. 

Although we cannot rule out that the beneficial effects of transferred NK cells were exerted 

in the periphery, our in vitro experiments using bone marrow derived DCs co-cultured with 

either CX3CR1-deficient or WT NK cells did not show evidence of different effects of these 

NK cells on DC differentiation and activation in vitro (data not shown). Thus, these findings 

point rather to modulatory effects inside the CNS, as postulated by Hao et al. [9]. We 

previously showed that neither CX3CR1neg/low nor CX3CR1high NK cells influenced the 

phenotype of monocytes, but rather differentially modulated their co-stimulatory capacities 

by increasing the expression of CD40 [17]. In this line, we are currently investigating the 

effects of the different NK cell subsets on infiltrating and resident myeloid cells.

Recently, Garcia et al. showed that CX3CR1 deficiency was associated with enhanced 

recruitment of CD115+Ly6C−CD11c+ dendritic cells into the inflamed EAE brain, 

correlating with increased severity of CNS pathology [19]. Here, we showed that NK cells 

also contribute to disease aggravation in the CX3CR1-deficient mice. We speculate that in 

CX3CR1-deficent mice, the presence of CX3CR1-negative immature NK cells may lead to 

altered immunomodulatory interactions between NK cells and pathogenic T cell and/ or NK 

cells and myeloid cells, such as DCs [19] and/or microglia [9, 43], contributing to an 

enhanced pathogenic T cell response, and hence increased EAE disease severity in 

CX3CR1-deficient mice. Here we found that CD11b+ NK cells produce high levels of 

perforin and IFN-gamma. Consistent with this result, we show that the CD11b+ subset 

degranulates more in the presence of encephalitogenic T cells, and kills these autoreactive 

CD4+ T cells more efficiently than the CD11b− counterpart, thus offering a possible 

explanation of the mechanism by which CD11b+ NK cells may exert neuroprotective effects. 

This presumption should be however confirmed in follow-up experiments using in our set-up 

NK cells from IFN-gamma- and perforin-deficient mice.

In summary, our data indicate that CX3CR1 deficient mice show impaired migration of 

mature NK cells into the CNS during EAE, suggesting that recruitment of fully matured NK 

cells may contribute to limit neuroinflammation. In human, we and others have presented 

data indicating that the enrichment of mature NK cells may contribute to the beneficial 

effects of certain MS therapies, including mitoxantrone in patients with secondary-

progressive MS [28], natalizumab [44] and fingolimod [45]. For other therapies, such as 

daclizumab or beta-interferon, a treatment-induced enrichment of immature CD56bright cells 

has been postulated to be beneficial for patients [1, 46, 47]. Thus far, it remains uncertain 
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which particular subsets may be beneficial in human disease [27], in part because data on 

human NK cells is available for blood and CSF but not for CNS tissue. We previously 

described that NK cells in the CSF of patients with neuroinflammation show a CD56bright, 

CX3CR1- immature phenotype, in contrast to the NK cells in the blood of the same patients 

[22]. Immature NK cells displayed similar chemotactic tools as the well-described central 

memory T cells (Tcm) observed in the CSF in patients with MS [48–50], which are only able 

to migrate into the CNS parenchyma after differentiating into effector memory cells [51]. 

Accordingly, immature CD56bright NK cells may become mature and upregulate CX3CR1 

inside the CSF [22], allowing mature NK cells to penetrate into the CNS, where they might 

exert neuroprotective effects as we observed in mouse. Thus, the CSF may represent a 

separate compartment between blood and CNS tissue, suggesting that CSF NK cells might 

have a different phenotype than NK cells within the CNS tissue. Nevertheless, it remains to 

be established how the different NK cells subsets infiltrate the CNS, and how the migration 

route might affect their activity and maturation. Extended research is needed to obtain a 

more complete picture of NK cell migration into the CNS in mouse and human, and to 

identify which cell populations may be beneficial in various contexts.

Materials and methods

Mice

WT C57BL/6 mice were obtained from the Research Institute for Experimental Medicine 

(FEM) of the Charité (Berlin, Germany). Homozygote and heterozygote breeding of 

CX3CR1 deficient (CX3CR1GFP/GFP) mice was conducted at the FEM under specific 

pathogen-free conditions. T cell receptor (TCR)-transgenic 2D2 mice were kindly provided 

by Prof. Dr. Dirnagl (Center for Neurology, Neurosurgery and Psychiatry, Charité Berlin, 

Germany). All animal experiments were approved by the regional animal study committee 

of Berlin (LAGeSo) and performed in accordance to national and international guidelines.

Generation of bone marrow chimeric mice

Recipient C57BL/6 (WT) mice (4–5 week old) were irradiated with a dose of 900 rad and 

reconstituted with 25 × 106 cells isolated from CX3CR1-deficient (CX3CR1GFP/GFP) or WT 

donor mice as previously described [52]. Six weeks after reconstitution, the CX3CR1 

genotype was determined using polymerase chain reaction (PCR) based genomic DNA 

analyses and flow cytometric analyses of expression of the inserted GFP gene [53]. The 

primers X, 5′-TTC ACG TTC GGT CTG GTG GG-3′ and Y, 5′-GGT TCC TAG TGG 

ACG TAG GG-3′ (annealing temperature: 60°C), were used for the amplification of the 

wild-type allele, while the primers Y and Z, 5′-GAT CAC TCT CGG CAT GGA CG-3′ 
(annealing: 60°C), were used for the amplification of the mutant allele. Mice were allowed 

to reconstitute for 6–7 weeks after bone marrow transfer before EAE induction.

Induction and assessment of EAE

Active EAE was induced in C57/BL5 as described previously [54, 55]. In brief, inbred mice 

were immunized subcutaneously with 250 µg myelin oligodendrocyte glycoprotein peptide 

35–55 (MOG33–35) (Pepceuticals, Leicester, UK) emulsified in complete Freund's adjuvant 

(Difco Laboratories, USA) containing 800 µg Mycobacterium tuberculosis H37Ra (Difco 
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Microbiology, USA). Pertussis toxin (PT, 200 ng) (Sigma Aldrich, Germany) was injected 

intraperitoneally the day of immunization and repeated 48 hours later. Mice were weighed 

and examined daily for EAE symptoms and scored as follows: 0, no signs of neurologic 

disease; 1, lack of tail tone; 2, abnormal gait, hind-limb weakness; 2.5, partial hind-limb 

paralysis; 3, complete hind-limb paralysis; 3.5, ascending paralysis; 4, tetraplegia; and 5, 

moribund or death. Mice were sacrificed when they reached a score of > 3.0. To determine 

the cumulative disease activity, the area under the curve (AUC) from the clinical score plot 

for each individual mouse was calculated and analysed with the Mann-Whitney test using 

GraphPad Prism 5.01.

NK cell Transfer

WT and CX3CR1GFP/GFP mice were killed by cervical dislocation, and the spleens were 

collected. Splenocytes were isolated by macerating the tissue through a 100 µm mesh 

(Becton Dickinson, Germany) and purified NK cells were obtained using negative cell 

separation (MACS NK Cell Isolation Kit, Miltenyi Biotech, Germany). 0.5–1 × 106 WT or 

CX3CR1GFP/GFP NK cells were injected intravenously into CX3CR1GFP/GFP recipient mice 

one day before EAE immunization. Intravenous injection with phosphate buffered saline 

(PBS) was performed as control. Active EAE was induced as described above.

Preparation of PBMCs and NK cell staining for flow cytometry

Mice were lethally anaesthetized with a mixture of ketamine (415 mg/kg) (Actavis, 

Germany) and xylazine (9,7 mg/kg) (Bayer Health Care, Germany) and perfused with PBS. 

Cells from blood, spleen, lymph nodes and the CNS were isolated and prepared as described 

previously [8, 56–58]. Single cell suspensions were washed with FACS buffer [PBS; 1% 

BSA (SERVA Electrophoresis GmbH, Germany), 0.5% NaN3 (Sigma Aldrich, Germany)] 

and incubated with mouse Fc Block™ (BD Pharmingen™, Germany) for 15 min to block 

nonspecific Ig-binding to the Fc receptor. Thereafter, NK cells were stained with a panel of 

conjugated antibodies diluted in FACS buffer for 20 min at 4°C. After washing cell pellets, 

samples were analysed by flow cytometry on a FACS Canto™ or a LSR Fortessa™ (BD 

Bioscience, Germany). The following anti-mouse antibodies were used: CD3 PacBlue (BD 

Pharmingen™, Germany, clone: 500A2), CD11b PE (BD Pharmingen™, Germany, clone 

M1/70), NK1.1 APC (Miltenyi Biotec, Germany, clone: PK136), CD27 PECy7 

(eBioscience, San Diego, CA, clone: LG.7F9), CD45 FITC (eBioscience, San Diego, CA, 

clone: 30-F11), CX3CR1 FITC (R&D Systems, Minneapolis, USA, polyclonal) and 

CX3CR1 PerCPCy5 (Biolegend, San Diego, CA, clone: SA011F11). For intracellular 

stainings, cells were incubated for 20 min at 4°C in 0.5% saponin (in PBS) (Sigma Aldrich, 

Germany) after the surface staining, followed by a 20 min antibody incubation for 

intracellular markers (anti-mouse IFN-gamma and perforin, eBioscience, San Diego, CA, 

clone: XMG1.2 and eBio0MAK-D, respectively). Absolute cell numbers were determined 

using TrueCount™ Tubes as indicated by the manufacturer’s instructions (BD Bioscience, 

Germany). Lymphocytes were identified by their characteristic size and granularity in the 

sideward to forward scatter graph. NK cells were distinguished from other lymphocytes by 

their lack of CD3 and expression of NK1.1. NK cells were further sub-classified according 

to the expression of the maturation markers CD11b and CD27 in pre-mature 
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(CD11b−CD27−), immature (CD11bneg/lowCD27+), mature (CD11b+CD27+) and fully 

differentiated NK cells (CD11bhighCD27−).

NK cytotoxicity measurements

Effector NK cells were negatively selected from splenocytes of unmanipulated WT and 

CX3CR1GFP/GFP mice using the NK Isolation kit (Miltenyi Biotech, Germany) according to 

the manufacturer’s instructions. The purity of enriched NK cells was consistently >90%. NK 

cells were diluted to 1.6 × 106 cells/ ml and used as effector cells in a cytotoxicity assay. 

Cytotoxicity was determined using the calcein-acetyoxymethyl release assay, as described 

previously [3, 59]. In brief, target YAC-1 lymphoma cells were long-term cultured in 

complete medium [RPMI 1640 (Gibco, Germany) supplemented with 2 mM L-glutamine 

(Gibco, Germany), 100 U/ ml penicillin (Seromed, Austria), 100 µg/ ml streptomycin 

(Seromed, Austria), 10% FCS, Sigma Aldrich Germany, and 1% HEPES (Gibco, Germany)] 

and showed a viability of >80%. After harvesting, YAC-1 cells were washed 3 times with 

PBS, incubated with 15 µM calcein-AM (MoBiTec GmbH, Germany) for 30 min at 37°C in 

5% CO2, washed again 3 times with complete medium, and adjusted to 4 × 105 cells/ ml for 

the cytotoxicity assay. 100 µl of target cells and 100 µl of various effector cell dilutions were 

placed into a flat bottom 96-well microtiter plate (Corning/Costar, USA) (effector: target cell 

ratios ranging from 40:1 to 5:1). After incubation for 4 h at 37°C in 5% CO2, 40 µl of each 

supernatant were harvested and added to 60 µl of complete medium, then placed into a fresh 

flat-bottom plate. Samples were analyzed in quadruplicate and measured using a Wallac 

Victor2 1420 Multilabel spectrofluorimeter (Perkin Elmer, USA) (excitation filter: 485 nm; 

emission filter: 535 nm). Specific lysis (percentage of calcein-AM release) was calculated 

according to the following formula: [(test release − spontaneous release) / (maximum release 

− spontaneous release)] × 100. Spontaneous release refers to calcein-AM released from 

target cells in complete medium alone, while maximum release refers to calcein-AM 

released from target cells lysed in complete medium containing 1,8% Triton X-100 (Sigma 

Aldrich, Germany).

Quantitative real-time rtPCR

Lymphocyte RNA was isolated using the RNeasy® Mini Kit (QIAGEN, Germany) or the 

E.N.Z.A.® Total RNA Kit 1 (Omega, Bio-Tek, USA). Total RNA was then reversely 

transcribed to cDNA with random hexamers using the TaqMan Reverse Transcription 

Reagents (Perkin Elmer, Foster City, CA), according to the manufacturer’s instructions. 

Quantitative real-time rtPCR was performed on an ABI Prism 7000 Sequence Detection 

System (Applied Biosystems, Germany) [3, 17, 60]. Primers and probes are listed in Table 1. 

18S rRNA was expressed at a constant level across all of the samples analysed (data not 

shown), and was used as the endogenous reference. All samples were run in duplicate. 

Comparative threshold method (ΔΔCt) was used to quantify the results obtained by real-time 

rtPCR. Target expression was normalized to the endogenous housekeeping gene (18S rRNA) 

for each sample.

In vitro co-culturing of CD4+ T cells and NK cells

CD4+ T cells specific for the myelin peptide MOG35–55 were isolated from lymph nodes of 

TCR-transgenic 2D2 mice [61], using the CD4+ T cell Isolation kit (Miltenyi Biotech, 
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Germany). Splenocyte suspensions from the same donor mice were prepared as described 

above, irradiated (30 Gray) and incubated for 1h with 12,5µg/ml MOG35–35 peptide 

(Pepceuticals, UK). CD4+ T cells and irradiated splenocytes were co-cultured 1:1 in 

complete medium [RPMI 1640 (Gibco, Germany) supplemented with 2 mM L-glutamine 

(Gibco, Germany), 100 U/ml penicillin (Seromed, Austria), 100 µg/ml streptomycin 

(Seromed, Austria), 10% FCS, Sigma Aldrich Germany, and 1% HEPES (Gibco, 

Germany)]. Cultures were split if necessary and stimulated with IL-2 (100 U/ml) 48 hours 

later. After 5 days in culture, CD4+ T cells were reactivated with anti-CD3/anti-CD28 (3 

µg/ml) overnight and cultured 1:1 with FACS-sorted splenic CD11b+ or CD11b− NK cell 

from wild-type mice, previously activated with IL-2 (100 U/ml) for 24 hours in complete 

medium. Cells were harvested after 24 hours and CD4+ T cells were stained for viability (7-

AAD staining, Miltenyi Biotech, Germany), NK cells were stained for the degranulation 

marker CD107a (BD Pharmingen™, Germany, clone 1D4B) for FACS analysis as described 

above.

Statistical analyses

GraphPad Prism 5.01 was used for statistical analysis. The t-test was used for two-group 

comparisons. EAE clinical scores were analysed using the non-parametric Mann-Whitney 

test, or the Kruskal-Wallis test (with Dunn’s post-hoc test), for two- or three-group 

comparisons, respectively. EAE onset and survival were analysed using the log-rank 

(Mantel-Cox) test, and incidence analysed with Fisher’s exact test. P-values < 0.05 were 

considered significant (* p < 0.05, ** p < 0.01, *** p < 0.001). Figures show bars or dots 

indicating mean ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. 
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Figure 7. 
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Figure 8. 
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Table 1

Primers and probes for real RT-PCR.

Name Primer Sequence 5' → 3'

m-18S Forward TTC GAA CGT CTG CCC TAT CAA

Reverse TCC CCG TCA CCC ATG GT

Probe CGA TGG TAG TCG CCG TGC CTA CCA

m-IL10 Forward TCG GCC AGA GCC ACA TG

Reverse AGG TAA AAC TGG ATC ATT TCC GAT A

Probe TGC AGG ACT TTA AGG GTT ACT TGG GTT GC

m-IL13 Forward AGC CTG TGG CCT GGT CC

Reverse TCA AGA AGA AAT GTG CTC AAG CTG

Probe CAC AGG GCA ACT GAG GCA GGC A

m-GM-CSF Forward GCC ATC AAA GAA GCC CTG AA

Reverse GCG GGT CTG CAC ACA TGT TA

Probe ACA TGC CTG TCA CAT TGA ATG AAG AAG TAG AAG

m-IFN-γ Forward CAG CAA CAG CAA GGC GAA A

Reverse CTG GAC CTG TGG GTT GTT GAC

Probe AGG ATG CAT TCA TGA GTA TTG CCA AGT TTG A

m-TNF-α Forward CCA AAT GGC CTC CCT CTC AT

Reverse TCC TCC ACT TGG TGG TTT GC

Probe* CTC ACA CTC AGA TCA T

m-granzyme B TaqMan® Gene Expression Assay Applied Biosystems (Germany)

m-perforin TaqMan® Gene Expression Assay, Applied Biosystems (Germany)

All primers and probes were bought from Eurofins MWG GmbH, Germany.

*
Probe for m-TNF-α is labelled with MGB; all other probes are FAM-TAMRA labelled
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Table 2

Clinical EAE data of CX3CR1-deficient and WT mice.

Group N Incidence Mean disease
onset ± SD

Mean maximum
clinical score ± SD

CX3CR1GFP/GFP 10 8 / 10 16.0 ± 2.7 1.9 ± 0.6

WT 10 6 / 10 18.4 ± 2.6 1.4 ± 0.7
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Table 3

Clinical data of CX3CR1-deficient mice transferred with NK cells or control PBS injection prior 

immunization.

Genotype of
transferred NK cells

N Incidence Mean disease
onset ± SD

Mean maximum
clinical score ± SD

CX3CR1GFP/GFP 21 15 / 21 13.7 ± 1.6 1.7 ± 1.4

CX3CR1+/+ 20 13 / 20 13.9 ± 1.9 1.2 ± 1.3

PBS 18 17 / 18 11.6 ± 1.7 2.3 ± 1.1
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