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Abstract 

The complexity of the roles of Toll-like receptors (TLRs) is attributable to their ability to 

promote or suppress autoimmune diseases. Recent studies have demonstrated that B cells 

regulate autoimmune diseases, including multiple sclerosis (MS), by producing interleukin 

(IL)-10. By using CpG DNA as a TLR9 agonist, we investigated the immunoregulatory 

functions of B cell via TLR9 in MS. Our results indicate that TLR9-mediated IL-10 production 

by B cells was significantly decreased in MS, and this decrease is likely due to decreased TLR9 

expression in memory B cells, suggesting a role of TLR9 in immunoregulation in MS. 
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1. Introduction 

Multiple sclerosis (MS) is an inflammatory, demyelinating disease that affects the central 

nervous system (CNS). Autoimmunity plays a major role in susceptibility to and development of 

MS. It has been demonstrated that bacterial or viral infections can trigger MS onset and/or 

relapse via molecular mimicry (Zhang et al., 2008) and induction of Toll-like receptor (TLR) 

signaling (Iwasaki and Medzhitov, 2004). The innate immune response, which is the first- line of 

defense against microbial pathogens, was recently found to participate via TLR signaling in the 

regulation of the antigen-specific adaptive immune response during MS pathogenesis (Boonstra 

et al., 2006). Studying the direct immunoregulatory functions of TLR-signaling pathways will 

potentially establish the validity of the long-held notion that bacterial and viral infections protect 

against the subsequent development of autoimmune diseases (Lehmann and Ben-Nun, 2002). 

This “hygiene hypothesis” offers an explanation for the high prevalence of autoimmune diseases, 

including MS (Bach, 2002). 

TLRs are a class of germline-encoded receptors that can be activated by pathogen-associated 

molecular patterns (PAMPs). These receptors are essential for the generation of adaptive 

immune responses against a wide variety of microbial and nonmicrobial components (Iwasaki 

and Medzhitov, 2004; Takeda et al., 2003). In humans, 10 TLRs and their corresponding 

agonists have been described. TLR9 was identified in B cells and plasmacytoid dendritic cells 

(DCs), and unmethylated CpG DNA was identified as a TLR9 agonist. 

The complexity of TLR roles in the pathogenesis of autoimmune diseases is attributable to 

their ability to promote or suppress autoimmune diseases. Prinz and colleagues demonstrated that 

mice deficient in MyD88, an adaptor protein for all TLRs except TLR3, are resistant to 

experimental autoimmune encephalomyelitis (EAE) induced by a peptide derived from myelin 

oligodendrocyte glycoprotein (MOG), and that TLR9 mediates pathogenesis in this model (Prinz 

et al., 2006). On the other hand, Marta and colleagues demonstrated that TLR4- and 
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TLR9-deficient mice exhibit more severe EAE symptoms than those observed in wild-type mice, 

and that TLR4 and TLR9 have regulatory roles in EAE (Marta et al., 2008).  

B cells express TLR9 intracellularly, produce antibodies, and contribute to pathogenesis 

during acquired immune responses by producing autoantibodies, leading to autoimmunity. B 

cells also contribute to immune responses by functioning as antigen- presenting cells and by 

secreting cytokines. In addition to these potentially pathogenic roles, experimental evidence 

indicates that regulatory B cells develop in different murine autoimmunity models and suppress 

the progression of immune-mediated diseases. Detailed studies of the underlying mechanisms 

revealed that B cells regulate EAE by producing IL-10 (Fillatreau et al., 2002), while B cells 

from MS patients produce low levels of IL-10 (Duddy et al., 2007). It is conceivable that 

multiple activation pathways, including those mediated by B-cell receptor (BCR), CD40, and 

TLR, regulate various functions of B cells (Vos et al., 2000). 

Considering this background, we aimed to elucidate the mechanisms underlying the 

immunoregulatory functions of TLR9 in MS by studying B-cell cytokine profiles and their 

responses upon stimulation with CpG DNA. We demonstrated that TLR9-mediated IL-10 

production in B cells is decreased in MS, and this decrease is likely due to decreased TLR9 

expression in memory B cells. 
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2. Materials and methods 

 

2.1 MS patients and healthy individuals  

We recruited 36 patients with relapsing-remitting MS [age, 36.2 ± 10.5 years (mean ± SD)] 

and 10 age- and sex-matched healthy subjects (age, 34.8 ± 11.0 years) (Table 1). MS diagnosis 

was established according to Poser’s criteria (Poser et al., 1983), and patients with optico-spinal 

MS or relapsing Devic’s disease were excluded. In our study, 6 patients were in the relapsing 

phase (age, 32.3 ± 14.8 years) and 30 in the remitting phase (age, 37.0 ± 9.6 years). Of the 

patients in the remitting phase, 10 (age, 39.6 ± 4.4 years) were treated with IFNβ-1a (30 μg by 

intramuscular injection once a week); 10 (age, 35.5 ± 9.0 years) were treated with IFNβ-1b (8 

million units by subcutaneous injection every alternate day); and the remaining 10 (age, 37.7 ± 

12.7 years) did not receive any disease-modifying therapy (DMT). The abovementioned patient 

groups were consistently treated with IFNβ-1a and IFNβ-1b for at least 6 months. The study was 

approved by the ethical committee of Hokkaido University Hospital. All subjects granted written 

consent forms. 

 

2.2. Isolation of B cells 

Venous blood was drawn into tubes containing ethylene- diamine- tetraacetic acid (EDTA) and 

peripheral blood mononuclear cells (PBMCs) were freshly separated by standard density 

centrifugation and Ficoll-Paque (Pharmacia Biotech). CD19-positive B cells were purified using 

magnetic cell sorting (MACS; Miltenyi Biotec) by negative immunomagnetic selection 

according to the manufacturer’s protocol without any modification. Isolated B cells had a purity 

of > 93 % as assessed by flow cytometry. 

 

2.3. Flow cytometry 
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To perform cell surface staining, we added PE-conjugated anti-human CD5, CD27, CD80, and 

CD86 antibodies (BD Biosciences, San Jose, CA, USA), and PE-Cy5-conjugated anti-human 

CD19 (BD Biosciences) to whole blood, which was incubated for 30 min on ice. For intracellular 

staining, we used IntraprepTM (Beckman Coulter, Miami, FL, USA) for fixation and 

permeabilization. For intracellular staining, the cells were incubated with 5 μl FITC-conjugated 

anti-human TLR9 (Imgenex, San Diego, CA, USA) for 30 min according to the manufacturer’s 

protocol without any modification. The staining was conducted in PBS supplemented with 2% 

fatal calf serum (FCS). Cells were analyzed immediately on a FACSCalibur flow cytometer (BD 

Biosciences) with CellQuest software (BD Biosciences). 

 

2.4. B cell stimulation and cytokine responses 

Isolated B cells were cultured at a density of 2 × 105 cells per well in 24-well, flat-bottom 

plates in complete RPMI 1640 medium supplemented with 10% FCS (HyClone Laboratories, 

Logan, UT). CpG oligodeoxynucleotide 2006 (5′-TCGTCGTTTTGTCGTTTTGTCGTT-3′) was 

used optimally at 0.25 μM. The CpG-stimulated cells were then cultured for 24 hours at 37 °C in 

a humidified atmosphere containing 5% CO2 before the supernatants were collected. Aliquots of 

the supernatants were prepared and frozen at −80 °C until batch analysis was performed for 

measuring cytokines by standard ELISA. IL-10, IL-12 (p40), and tumor necrosis factor-α 

(TNF-α) were assayed using OptEIA ELISA kits (BD Biosciences) according to the 

manufacturer’s protocol. Lymphotoxin-α (LT-α) was assayed using ELISA plates coated 

overnight with 2 μg/ml anti-human LT-α (BD Biosciences). After the plates were washed and 

blocked with 10% FCS, the samples were incubated for 2 hours at room temperature. The plates 

were washed once again and 1 μg/ml biotinylated anti-human LT-α (BD Biosciences) with 

avidin-conjugated HRP were added for 1 hour at room temperature. After further washing, color 

was developed using tetramethylbenzidine for the OptEIA kits. 
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2.5. Statistical analysis 

Results were expressed as means ± standard deviation (SD) and considered statistically 

significant when p < 0.05. Analysis of variance (ANOVA) was used to compare cytokine 

production and antigen expression in B cells among all the patient groups, and Tukey-Kramer 

comparison tests were subsequently performed. Spearman rank correlation was used for 

correlation analysis. 
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3. Results 

 

3.1. Abnormal B cell-cytokine network in MS 

The average levels of IL-10 derived from unstimulated B cells did not significantly differ 

among patients with relapsing MS, MS patients without DMT, MS patients with IFNβ-1a 

treatment, MS patients with IFNβ-1b treatment, and healthy individuals. The mean levels of 

IL-10 produced by B cells stimulated with CpG DNA minus IL-10 levels produced by 

unstimulated B cells (∆IL-10 in pg/ml) for the abovementioned groups were as follows: patients 

with relapsing MS, 2.69 ± 5.84; MS patients without DMT, decreased to 0.17 ± 4.00; MS 

patients treated with IFNβ-1a, 0.27 ± 6.0; MS patients treated with IFNβ-1b, 2.41 ± 3.17; and 

healthy subjects, 13.13 ± 14.59 pg/ml (Figure 1A). These results show that IL-10 production via 

TLR9 in B cells was significantly decreased in MS patients (p < 0.001). Neither the disease 

phase (remitting or relapsing) nor DMT affected IL-10 production via TLR9 in B cells. 

The average levels of IL-12 derived from unstimulated B cells did not significantly differ 

among the abovementioned groups. The mean levels of IL-12 (p40) produced by B cells 

stimulated with CpG DNA minus the IL-12 levels produced by unstimulated B cells (∆IL-12) 

were 31.31 ± 29.74, 0.99 ± 14.15, and 0.53 ± 1.07 pg/ml in patients with relapsing MS, MS 

patients without DMT, and healthy subjects, respectively (Figure 1B). Furthermore, ∆IL-12 was 

decreased to 6.22 ± 29.03 in MS patients treated with IFNβ-1a and to 1.35 ± 33.62 pg/ml in 

those treated with IFNβ-1b. These results show that IL-12 (p40) production via TLR9 in B cells 

was significantly greater in patients with relapsing MS than in all the other groups (p < 0.05).  

The mean levels of ∆TNF-α in pg/ml for the abovementioned groups were as follows: patients 

with relapsing MS, 7.33 ± 11.23; MS without DMT, 5.50 ± 10.03; MS patients with IFNβ-1a 

treatment, 5.34 ± 15.0; MS patients with IFNβ-1b treatment, 1.88 ± 13.06; and healthy subjects, 

2.56 ± 6.29 (Figure 1C). No significant differences were found in TNF-α production via TLR9 
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in B cells among the above groups. 

  The mean amount of ∆LT-α were under zero in all the abovementioned groups (data not 

shown). 

 

3.2. Decreased mean fluorescence intensity (MFI) of TLR9 in memory B cells in MS 

To investigate the profiles of B cells, we assessed the expression of the surface antigens CD5, 

CD27, CD80, and CD86 and measured intracellular TLR9 in CD19-positive B cells. The 

proportion of CD27-positive B cells (memory B cells) was significantly higher in patients with 

relapsing MS than in MS patients treated with IFNβ-1a or IFNβ-1b (p < 0.05) (Figure 2A, 2B). 

Furthermore, this proportion did not differ significantly among the other groups. The proportion 

of CD80-positive B cells was also significantly higher in patients with relapsing MS than in the 

other study groups (Figure 2A, 2C). Moreover, the proportion of CD86-positive B cells was 

significantly lower in MS patients treated with IFNβ-1b than in those who did not receive DMT 

(Figure 2A, 2D). There were no significant differences in proportion of CD5-positive B cells 

among all the other groups (data not shown). 

The MFI of TLR9 in B cells did not differ significantly among all the groups (Figure 3A); 

however, the average TLR9 MFI in memory B cells was significantly lower in the MS patients 

than in healthy individuals (p < 0.01; Figure 3B, 3C). 

 

3.3. Correlation between TLR9-mediated IL-10 production in B cells and TLR9 MFI in 

memory B cells 

To evaluate the relationship between cytokine production via CpG DNA and TLR9 expression 

in memory B cells, we examined the correlation between TLR9 MFI in memory B cells and 

IL-10 or IL-12 (p40) production in CpG-DNA-stimulated B cells. A significantly positive 

correlation was found between B cell-mediated IL-10 production and TLR9 MFI in B cells from 
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all the subjects (p < 0.001, r = 0.752) (Figure 4), but no correlation was found between IL-12 

(p40) production and TLR9 MFI in memory B cells (data not shown).  
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4. Discussion 

The major findings of the present study are as follows: (1) IL-10 production by 

CpG-DNA-stimulated B cells was significantly lower in MS patients than in healthy, control 

individuals, (2) IL-12 production by B cells was significantly higher in patients with relapsing 

MS than in those with remitting MS or healthy individuals, (3) the TLR9 MFI in memory B cells 

was significantly lower in MS patients than in the controls, and (4) a significant, positive 

correlation was found between TLR9 MFI in memory B cells and IL-10 production. These 

results suggest that TLR9-mediated cytokine production by B cells could be dysregulated in MS 

patients and that the decrease in TLR9-mediated IL-10 production by B cells may partly be 

associated with low TLR9 expression in memory B cells. 

TLRs play complex roles in the pathogenesis of autoimmunity because they can either 

promote or suppress autoimmune diseases. Lampropoulou and colleagues demonstrated that 

MyD88, an adaptor protein for all TLRs except for TLR3, plays a dual role in EAE because it 

controls both disease initiation and termination (Lampropoulou et al., 2008). Moreover, Prinz 

and colleagues demonstrated that MyD88- / - mice are resistant to MOG-peptide-induced EAE 

and that TLR9 modulates pathogenesis in this model (Prinz et al., 2006). In contrast, Marta and 

colleagues demonstrated that TLR9-deficient mice exhibit more severe EAE symptoms than 

wild-type mice owing to increased levels of IL-6 (Marta et al., 2008). They also reported that the 

critical difference between disease- promotion and disease- suppression in TLR9-deficient mice 

with EAE depends on the immunization regimen used for EAE induction (Marta et al., 2008). 

For examples, Marta and colleagues used MOG for immunization; MOG can adequately prime 

encephalitogenic Th17 cells. In contrast, Prinz and colleagues used an MOG-derived peptide in 

an immunization regimen that required a booster to induce EAE. The difference in immunization 

may explain the differences in the results of the 2 studies, because unlike immunization with 

MOG peptide, immunization with MOG protein induces pathogenic B cell responses and 
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demyelinating antibodies that are similar to those in human MS. Mechanisms of TLR9 

regulation have not been fully understood because of its dual actions on both B cells and other 

cells such as dendritic cells (DCs). However, the data collected by Marta and colleagues strongly 

suggest that B cell responses, including immunoregulation, in their model are more 

physiologically relevant than those in the model used by Prinz and colleagues. Our results show 

that the TLR9-mediated immunoregulatory functions of B cells are dysregulated in MS. 

B cell-derived IL-10 is considered to be insufficient for regulating autoimmune diseases. The 

evidence for the regulatory functions of B cells in autoimmune diseases was first provided by 

Wolf and colleagues who demonstrated that B10.PL mice lacking B cells suffer from an 

unusually severe and chronic form of EAE (Wolf et al., 1996). The B cell-mediated regulation of 

EAE is associated with suppression of Th17 cells; IL-10 from TLR-activated B cells inhibits 

secretion of Th17 and promotes secretion of IL-6, IL-12, transforming growth factor-β 

(TGF-β), and IL-23 (McGeachy et al., 2007). These findings suggest that B cell-derived IL-10 

plays an important role in suppressing T cell-mediated autoimmunity in EAE. Duddy and 

colleagues identified IL-10-producing B cells in MS patients and demonstrated that B cells from 

these patients produce less amount of IL-10, suggesting that these B cells have regulatory roles 

in MS (Duddy et al., 2007). In that study, B cells were stimulated through CD40 alone or 

through dual BCR and CD40 activation. 

All B cell subsets produce IL-10 in response to TLR9 activation; however, the immune 

regulatory functions of B cell subpopulations may significantly differ. Indeed, Bernasconi and 

colleagues have demonstrated that expression of TLR9 differs in naïve and memory B cells and 

that CpG DNA selectively activates memory B cells (Bernasconi et al., 2003). TLR9 is 

expressed at low levels in human naïve B cells; it is rapidly up-regulated by BCR and expressed 

at high constitutive levels in memory B cells. Consistent with these observations, it was reported 

that CpG DNA directly acts on memory B cells and induces their proliferation and 
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differentiation into Ig-secreting cells. In contrast, naïve B cells require synergistic stimulation by 

anti-Ig and CpG to exhibit the same results (Bernasconi et al., 2003). Our data demonstrated a 

positive correlation between B cell IL-10 production and TLR9 expression in memory B cells, 

suggesting that CpG DNA may activate memory B cells selectively and induce IL-10 

production. 

IFNβ-1a and IFNβ-1b have been used for many years as a first- line of therapy for 

relapsing-remitting MS. Their efficacy in suppressing disease activity has been well documented 

in large, randomized, placebo-controlled clinical trials (PRISMS Study Group, 1998; IFN-β 

Multiple Sclerosis Study Group, 1993). IFNβ is known to be secreted during innate immune 

responses to viral infections, but the physiological role of endogenous type-I IFN in the 

regulation of the adaptive immune response is poorly understood. Zhang and colleagues have 

proposed that treatment with IFNβ-1a induces TLR7 expression; inhibits IL-1β, TGF-β, and 

IL-23, but induces IL-27 secretion by monocyte-derived DC. These cytokines collectively inhibit 

DC-mediated Th17 cell differentiation (Zhang et al., 2009). In our study, IFNβ-1a and IFNβ-1b 

affected neither IL-10 and IL-12 production nor TLR9 expression in B cells. Further studies are 

required to characterize the mechanisms of IFNβ-induced TLR9 expression in other cells such as 

DC. 

To our knowledge, this is the first study to report that TLR9-mediated IL-10 production in B 

cells is significantly decreased in MS. In addition, we have showed that the decreased IL-10 

production was significantly correlated with TLR9 expression in memory B cells. Together with 

the results of previous studies, the present findings suggest that TLR9 in B cells plays an 

important role in innate and adaptive immunity and therefore in the regulation of MS 

pathogenesis. Furthermore, TLR9 may be a potential therapeutic target in the treatment of MS. 
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Figure Legends 

 

Figure 1. TLR9 mediated decreased IL-10 but increased IL-12 (p40) production by B cells 

in MS.  

The y-axis represents the mean IL-10, IL-12, and TNF-α levels in B cells stimulated with CpG 

DNA minus IL-10, IL-12, and TNF-α levels in unstimulated B cells (∆IL-10, ∆IL-12, and 

∆TNF-α in pg/ml). (A) TLR9-mediated IL-10 production by B cells was significantly decreased 

in MS. Neither the disease phase nor DMT affected TLR9-mediated IL-10 production by B cells. 

(B) TLR9-mediated IL-12 (p40) production by B cells was significantly increased in patients 

with relapsing MS than in all other patients and controls. (*p < 0.05, **p < 0.01) (C) No 

significant differences were found in TLR9-mediated TNF-α production by B cells among the 

groups.  

 

Figure 2. Surface-antigen profiles of B cells. 

(A) Example dot-plots of CD27, CD80, and CD86 expression on CD19-positive B cells in MS 

patients and healthy individuals. The numbers in the right upper quadrant represent the % of 

positive cells in B cells. (B) No significant differences were found in the proportions of 

CD27-positive B cells (memory B cells) between MS patients and healthy individuals. The 

proportion of CD27-positive B cells was significantly higher in patients with relapsing MS than 

in MS patients treated with IFNβ-1a or IFNβ-1b. (C) The proportion of CD80-positive B cells 

was significantly higher in patients with relapsing MS than in the other patient groups or controls. 

(D) The proportion of CD86-positive B cells was significantly lower in MS patients treated with 

IFNβ-1b than in those not receiving DMT. (*p < 0.05)  

 

Figure 3. TLR9 MFI in B cells and CD27-positive B cells.  
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(A) No significant differences were found in TLR9 MFI in B cells among all the study groups. 

(B) However, TLR9 MFI in memory B cells was significantly lower in MS patients than in 

healthy individuals. (* p < 0.01) (C) Representative results of TLR9 MFI in memory B cells. 

MFI values are indicated above the corresponding histograms. Shaded histograms indicate the 

staining pattern of isotype-control antibodies. 

 

Figure 4. Correlation between TLR9-mediatedIL-10 production by B cells and TLR9 MFI 

in memory B cells 

IL-10 production by B cells correlated positively with TLR9 MFI in memory B cells in all the 

subjects (p < 0.001, r = 0.752). 
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Table 1 Profiles of MS patients and healthy controls. 

 

 N F:M mean age disease  EDSS 
   (years) duration 
    (years) 

MS 

 Relapsing phase 6 4:2 32.3 ± 14.8   5.6 ± 2.4    4.3 ± 2.9   

 Remitting phase  

  Untreated 10 8:2 37.7 ± 12.7    8.6 ± 5.2    2.1 ± 1.5 

  Treated with IFNβ-1a 10 7:3 39.6 ± 4.4     9.2 ± 5.5    2.2 ± 1.7 

  Treated with IFNβ-1b 10 6:4 35.5 ± 9.0     8.1 ± 5.2    2.2 ± 1.9 

 

Healthy control  10 7:3 34.8 ± 11.0      

 

Data represent mean ± SD. 
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Figure 1 

A                                 B 

                               
 

C                                 

             



Hirotani et al., 22 

Figure 2 
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Figure 4 

 
 


