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Summary
Although vitiligo is a multifactorial skin disease, accumulating data have strongly indicated that melanocytes are ultimately destroyed by a cascade of autoimmune responses. Contrast to widely accepted T cell-based cellular immunity, the role of B cell-based humoral immunity in vitiligo remains elusive. The present study investigated the changes of distributions and fucntions of circulating B cells and Tfh cells in patients with active non-segmental vitiligo. Compared with HC, the antibody secreting B cells in circulation were statistically increased along with high positive ratio of melanocyte specific antibodies in sera of patients. Meanwhile, the proportion of circulating Tfh cells was significantly elevated concomitant with increased Tfh17 cells and reduced Tfh2 subgroup as well as unchanged Tfh1 cells. The levels of IL-10 and IgM were greatly decreased while no statistical changes were found in IL-21, total IgG, IgE and IgA concentrations in sera of patients. Besides, vitiligo-derived circulating Tfh cells presented enhancement in inducing IgG production. Our study shed light on B cell-based humoral immunity in the pathogenesis of vitiligo and indicated that altered Tfh cells favored the differentiation of antibody secreting B cells and production of melanocyte-specific autoantibodies that may contribute to further progression of vitiligo. 
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Introduction
Vitiligo is an acquired depigmenting disease with complex etiological hypotheses including oxidative stress, autoimmunity, genetic predisposition, neural toxicity, environmental triggers, metabolic abnormalities, melanocytorrhagy, apoptosis and accelerated cell senescence, impaired renewal and intrinsic abnormalities in melanocytes[


1-4
]. Despite the interplay of multiple factors in the pathogenesis of vitiligo, growing clinicians and researchers have come to realized the pivotal role of autoimmunity that is triggered by the injuries of melanocytes and ultimately results in the loss of functional pigment cells in the skin[5


 ADDIN EN.CITE , 6
]. Accumulating data have strongly supported the importance of T cell-based cellular immunity[


7-9
]; however, the roles of B cell-based humoral immunity still remain obscure. 
Although the recognized melanocyte-reactive autoantibodies are very limited (such as antibodies to tyrosinase, tyrosinase-related protein-1 (TRP-1), tyrosinase-related protein-2 (TRP-2), Pmel17, SOX10 and melanin concentrating hormone receptor 1(MCHR1)) and some of them were found at a low frequency in the sera of vitiligo patients[


10-13
], the autoantibodies are one of the pathogenic factors that lead to destruction of pigment cells as evidenced by their melanocytotoxicity in vitro and in vivo[


11-14
]. Besides the classical complement mediated cytotoxicity and antibody dependent cellular cytotoxicity, IgG purified from vitiligo patients could penetrate into melanocytes and induce cell apoptosis or upregulate the expression of HLA-DR and intercellular adhesion molecule-1 (ICAM-1) on melanocytes to trigger further cellular immunity[15


 ADDIN EN.CITE , 16
]. These data strongly imply the involvement of B cells in vitiligo. 
However, as the producer of antibodies, the profile of B cells in vitiligo is still a matter of debate. Several groups reported that the proportion of B cells in peripheral blood of patients was comparable to that of healthy controls (HC) while other group demonstrated the B cells at all differentiation stages were significantly increased in active vitiligo patients[


17-19
]. Hann et al found that the frequency of B cells was higher in patients with short duration (less than 1 year) [20
]. In situ study, B cells were found in lesions at the early stage of the disease in Smyth line chickens while they were found only in perilesional skin of vitiligo patients[


21-23
]. 
Follicular helper T (Tfh) cells are an indispensible CD4+T cell subset that facilitates the B cell follicles and assists B cell differentiation and Ig production[24


 ADDIN EN.CITE , 25
]. Human circulating Tfh (cTfh) cells, the counterpart of Tfh cells in geminal centers, are also endowed with the ability to induct B cells to produce antibodies and it is much more convenient for researchers to investigate cTfh cells rather than Tfh cells from lymphoid organs[


26
]. It has been showed that cTfh cells are critically involved in the pathogenesis of several autoimmune diseases such as systemic lupus erythematosus (SLE), multiple sclerosis and Graves' disease[


27-29
]. In the context of autoantibodies in vitiligo patients, we assume that cTfh cells also participate in the pathogenesis of vitiligo. However, the data of cTfh cells in vitiligo are still very limited and the function of these cells is not fully understood. 
Till now, it is unclear about the detail profiles of humoral immunity in vitiligo. In this study, we investigated the abnormalities of peripheral B cells, cTfh cells and their subsets in patients and tried to unravel their potential roles in the pathogenesis of vitiligo. We first found that the frequency of antibody secreting B cells (AS B cells) was significantly increased in concomitant with high positive rate of mealnocyte-specific antibodies in patients with active non-segmental vitiligo (NSV). Besides obvious increase of cTfh cells, our data demonstrated signficant increased Tfh17 cells and greatly redued Tfh2 cells as well as unchanged Tfh1 cells in vitiligo patients and for the first time we showed enhanced assistant function of cTfh cells to B cells in vitiligo. In addition, our data implied the dysfuntion of unswitched memory B cells and Tfh2 cells in IgM production.

Materials and methods
Subjects
A total of 76 patients with active NSV successively enrolled in this study after written informed consent using protocols approved by the Hospital’s Protection of Human Subjects Committee( The First Hospital of Jilin University, Clinical Ethics Committee). For all included patients, new lesions and/or enlargement of pre-existing lesions of vitiligo emerged within last 6 months and no immunosuppressive treatment was administered in last 2 months. Patients with chronic inflammatory and autoimmune diseases except vitiligo were excluded in this study. 62 age and sex-matched volunteers with no history of inflammatory or autoimmune diseases were recruited as healthy controls (HC). Detail information of subjects was shown in Table 1.
ELISA


The levels of cytokines and Igs in sera were measured by human IL-21, IL-10, IgG, IgM, IgA and IgE ELISA Ready-SET-Go! Kits (eBioscience, US) according to manufacturer’ instructions. Samples were prediluted at 1:500,000, 1:10,000, 1:10,000, 1:10 for IgG, IgM, IgA and IgE ELISA analysis, respectively. For the samples from coculture supernatant, no dilution was prepared. All samples were tested in duplicate and optical densities were measured at 450 nm. Data were analyzed with ELISA CALC software.

Melanocyte culture

The foreskins of healthy adults from routine circumcisions were cleaned of excess subcutaneous tissue, cut into small pieces (5 x 5 mm), and incubated with 0.25% trypsin (Gibco, USA) at 4°C overnight. The epidermal sheets were separated from dermis by forceps, and the epidermal cells were collected and cultured with Hu16 medium prepared as reported previously[30
]. After 3 days of culture, geneticin was added to the medium (100 μg/ml) to eliminate contaminating cells. After primary cultures became confluent, the melanocytes were detached by 0.125 % trypsin/0.01 EDTA solution, diluted and seeded into culture flasks for subculture. The purification of melanocytes were identified by DOPA staining as described[


31
]. The third-passage cells were used in the following experiments.

Immunoflurensence assay

The melanocytes (104/ml) were subcultured into 48-well plates pre-placed with a sterile slide per well and incubated at 37°C in a humidified atmosphere containing 5% CO2 for 24 h. The cells were fixed with 100% methanol at -20°C for 3 min, incubated with 100 μl goat serum for blocking nonspecific binding sites for 30 min. After short time washing with PBS, 100 μl serum from the patients with active NSV and HC were added as the primary antibody to the cells and incubated at room temperature for 60 min, then incubated with 100 μl of FITC conjugated-goat anti-human IgG (Immunoway, USA, 1:50 diluted in PBS) for 60 min at room temperature. Between each step, the cells were washed with PBS three times. The samples were observed using an Olympus BX-50 fluorescence microscope.
FACS analysis

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized venous blood by density-gradient centrifugation on Ficoll-Histopaque (Sigma-Aldrich, USA). For surface staining, 4×105 PBMCs were stained for 30 min at 4°C with the following Abs or istotype matched controls: APC, PE, FITC, Alexa Fluor 488, PE-Cy7, or PE-Cy5.5 conjugated mAbs to human CD19, CD27, IgD, CD4, CXCR5, PD-1, ICOS, CXCR3 and CCR6 (eBioscience, USA). FACS analysis was performed with a FACS calibur flow cytometer (BD Biosciences, USA) using Flowjow software.
Cell isolation

Peripheral naïve B cells and total CD4+T cells were enriched by negative selection using the MACS Naïve B cell Isolation kit II and CD4+T cell isolation kit (both from Miltenyi Biotec, Germany) according to the manufacturer’s protocols. Isolated CD4+T cells were stained with PE conjugated anti-CD45 RA Ab and Alexa Fluor 488 conjugated anti-CXCR5 Ab and CD4+CD45RA+CXCR5+cells were harvested as Tfh cells by FACS sorting.
Tfh cell and B cell coculture
Naïve B cells (2×104/well) were cocultured with sorted CD4+CXCR5+Tfh cells (5×104/well) in the presence of 1μg/ml endotoxin-reduced Staphylococcal Enterotoxin B (SEB) (Sigma-Aldrich, USA) in RPMI 1640 complete medium supplemented with 10% heat-inactivated FBS. After 12-day coculture, the supernatant was collected and the concentrations of IgG and IgM were determined by ELISA.
Statistical analysis

A standard two-tailed t-test or a t-test with Welch’s correction was used for statistical analysis with Graphpad Prism 5.0 software; P values of ˂ 0.05 or less were considered statistically significant. 

Results
Altered Ig production and high incidence of melanocyte-specific antibodies in sera of patients with active NSV

To address the contribution of humoral immunity, we initially determined the levels of total IgG, IgM, IgE and IgA in the sera of active NSV patients (n=67) and HC (n=52) by means of ELISA. Unexpectedly, we found that compared with HC, only the concentration of IgM was dramatically decreased in sera of patients (P<0.001). Although the levels of total IgG, IgE, and IgA were slightly lower than those of HC, they all had no statistical significance (Fig.1a).
To make clear if there exists melanocyte-specific antibodies, the sera of patients with progressive NSV (n=53) and HC (n=42) were utilized as the first antibody to incubate with the cultured primary melanocytes (Fig.1b,c) isolated from a healthy donor in vitro. After staining with fluorescence-labeled secondary antibody, we found that 50/53 sera of patients vs 0/42 sera of HC demonstrated positive for the melanocyte specific antibodies (Fig.1d,e).  

Variations of B cells and B cell subsets in active NSV

Based on the data above, we presumed that B cells are involved in at least part of the disease. To verify the dysregulations in the circulating B cells and their subsets, we next applied flow cytometry to phenotype these cells. As depicted in Figure 2, we found that although the frequency of total CD19+B cells in PBMCs in patients with active NSV was not substantially different from those of HC, the percentage of IgD-CD27hi antibody-secreting B cells (AS B cells) did significantly increase in patients (P=0.041). In addition, no significant differences were found in the proportions of IgD+CD27+ unswitched memory B cells (USM B cells), IgD+CD27- naïve B cells, IgD- CD27+ switched memory B cells (SM B cells) and IgD- CD27- double negative B cells (DN B cells) in CD19+B cells between HC and active NSV patients.

Increased cTfh and altered distribution of cTfh subsets in active NSV

Tfh cells assist B cells in their maturation, differentiation and class-switching[32
]. We next determined the change of cTfh cells in peripheral blood. As human cTfh are generally defined as CD4+CXCR5+T cells[


26
], we first analyzed the frequency of CD4+CXCR5+ cells in CD4+T cells in patients and HC. We found that the ratio of CD4+CXCR5+T cells was significantly elevated in NSV patients compared with HC (P=0.036). In addition, cTfh cells also express two other important surface markers: the co-stimulatory molecule, inducible co-stimulatory molecule (ICOS) and immune-regulatory molecule programmed death 1 (PD-1) [


33
]. Thus, we detected the changes of CD4+CXCR5+PD1+ cells and CD4+CXCR5+ICOShig cells in circulation. Similarly, the proportions of CD4+CXCR5+PD1+ cells and CD4+CXCR5+ICOShig cells were both greatly raised in active NSV patients (P=0.015, P=0.017 respectively) (Fig.3 a,b).

According to CCR6 and CXCR3 expression, cTfh cells are divided into CXCR3+CCR6+Tfh1, CXCR3-CCR6-Tfh2 and CXCR3-CCR6+Tfh17 subsets[


26
]. To further address which subgroup of cTfh cells may play more important role in the progressive stage of vitiligo, we analyzed the expression of these two molecules on cTfh cells. Compared with HC, the percentage of Tfh1 cells in CD4+CXCR5+ cTfh cells had no significant change (P=0.09) in active NSV patients, whereas the proportion of Tfh17 cells was greatly increased (P<0.001) and Tfh2 cells statistically decreased (P=0.0083) (Fig.3 c,d). In addition, patients with active NSV displayed a significant reduction in the ratio of Tfh1/Tfh17 (P=0.003) and a great increase in (Tfh2+Tfh17)/Tfh1 (P<0.001).

Abnormalities in the function of cTfh in progressive NSV patients

To clarify whether the increase of AS B cells is associated with cytokines produced by cTfh cells and other regulatory cells in active NSV patients, the levels of IL-21 and IL-10 in the sera were detected by ELISA[
An important function of Tfh cells is to help B cells to produce antibodies. Next, we isolated the cTfh cells from patients and HC and compared their function of Ig induction in vitro. The isolated cTfh and naïve B cells were cocultured in vitro in the presence of 1μg/ml endotoxin-reduced SEB for 12 days. The concentrations of IgG and IgM in the supernatant were determined by ELISA. We found that compared with HC-derived cTfh cells, cTfh cells from NSV patient induced the homogenous naïve B cells to secrete higher level of IgG (P=0.03) and lower level of IgM (P=0.057) (Fig.4c-d). 

Discussion

Herein, we reveal unrecognized roles of B cell-based humoral immunity in the pathogenesis of vitiligo. First, we found that the frequency of AS B cells was significantly increased as well as high positive rate of melanocyte-specific autoantibodies in patients with active NSV compared with HC. It has been reported that IL-21 mainly secreted by Tfh cells is the most potent cytokine in the differentiation of antibody producing cells from naïve and memory B cells and its efficacy is 5 times stronger than that of IL-10 which has been considered as another important regulator in the differentiation of Ig producing cells only from memory B cells[


34
]. Consistent with Ala's results, the level of IL-10 in the sera of vitiligo patients had a statistical decrease in our study; however, IL-21 showed a slight increase rather than significant change as Zhou presented[35


 ADDIN EN.CITE , 36
]. The increment of AS B cells found in our study seemed to support the stronger efficiency of IL-21 in their differentiation and whether other factors also influence this process need further investigation. Besides, we did not find other subsets of B cells had obvious changes in vitiligo patients. Up to now, there was only one published study mentioned the subgroups of the B cells in vitiligo in which only 7 patients with active NSV enrolled[


37
]. They found USM B cells significantly increased in overall (active and stable) NSV patients compared with HC. Previous studies revealed that USM B cells are responsible for low-affinity, but high-avidity IgM production[


38
]. However, no information about IgM secretion was provided in that study. In contrast, our data showed not only unchanged frequency of USM B cells but also remarkably reduced IgM concentration in the sera of patients, which may imply significant dysfunction of this subset of B cells in IgM production in vitiligo. In addition, since we neither quantified these melanocyte specific autoantibodies nor identified the Ig type of them, unchanged levels of total IgG, IgE, IgA and greatly reduced IgM in sera of patients indicated that these autoantibodies could not be of IgM type and the amount of them did not reach the point that could affect the change of total Igs.

As we expected, concomitant with these alterations of B cell subsets, great changes of cTfh cells and their subsets were found in vitiligo patients: enhancement in whole cTfh cells along with strikingly elevated Tfh17 cells, greatly decreased Tfh2 cells and unchanged Tfh1 cells. It has been shown that among cTfh subsets, only Tfh2 and Tfh17 cells can help B cells to produce IgM, IgG and IgA, whereas Tfh1 cells cannot[


26
]. Besides, Tfh2 cells can also promote IgE secretion in mouse and human[39


 ADDIN EN.CITE , 40
]. Therefore, Tfh2 and Tfh17 cells are considered as efficient B cell helpers and the ratio of (Tfh2+Tfh17)/Tfh1 are usually analyzed as an index that reflects the balance among cTfh cell subsets[41


 ADDIN EN.CITE , 42
]. In line with Clement’s result, we found that the ratio of (Tfh2+Tfh17)/Tfh1 was significantly increased in acitve NSV patients. Clement did not demonstrate significant changes in Tfh2 and Tfh17 cells respectively in their study and the different number of patients enrolled with active NSV which may contribute to this discrepancy. 
Moreover, up to now, we first provide in vitro evidence about the greatly altered function of cTfh cells in vitiligo. cTfh cells isolated from active NSV patients induced more IgG production from autologous naive B cells than those from HC did, which is in accordance with high positive rate of melanocyte-specific antibodies in patients. Meanwhile, we found that patient-derived cTfh cells has less efficiency in IgM induction though it was comparable to those from HC. Except for the USM B cells, Tfh2 and Tfh17 cells participate in the induction of IgM[


26
]. According to the variations of these cells, we speculate that the significantly reduced Tfh2 cells may play more important role in IgM production in vitiligo. Coculture experiments of purified cTfh subsets with B cells will further decipher the striking reduction of IgM in vitiligo. 
Contrary to the effect of Tfh2 cells, IL-21 can downregulate IgE production by B cells in both mouse and human[43


 ADDIN EN.CITE , 44
]. Considering these two factors, the slight increment in IL-21 and the great reduction of Tfh2 subset in our study should be along with greatly reduced IgE in sera of patients. However our data showed a slight reduction in IgE level. More recently, Tfh13 cells, a distinct new Tfh cell subset, has been identified as another essential instructor for IgE production[


45
]. Therefore, future study on the change of Tfh13 cells in vitiligo is necessary and should be taken into account to futher explain the variation of IgE in vitiligo. It was reported that the level of IgE in serum was remarkably elevated in Gujarati patients with generalized vitiligo[


46
]. We speculate that the different race may account for the different result. 

Collectively, the work presented here provides the detail profiles of B cell-based humoral immunity in circulation at the active stage of vitiligo and these data may help us to fully understand the immuno-pathogenesis of vitiligo.
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Table 1. Clinical information of patients with active NSV and healthy controls.

	
	Patients with active NSV
	HC

	Gender
	
	

	Male
	34
	27

	Female
	42
	35

	Average age(year, mean±SD)
	33±12
	30±9

	Subtypes of NSV
	
	

	Generalized 
	59
	

	Universal 
	3
	

	Acral and mucous 
	6
	

	Unclassified
	8
	


Figure legends

Figure 1. Ig productions and high positive rate of the melanocyte specific antibodies in the sera of active NSV patients. (a) The levels of IgA, IgE, IgM, and total IgG in the sera of patients (n=67) and HC (n=52) were detected by ELISA. The diagrams showed the statistical results of various Igs. Data were expressed as mean± SD. n.s., P> 0.05; *, P <0.05. (b) Morphology of primary melanocytes isolated from healthy donor under inverted microscope (40×);  (c) Identification of purified melanocytes with DOPA staining (200×); (d) melanocyte-specific antibodies were determined by immunofluorescence assay. The melanocytes were positively stained by the sera of patients with active NSV. Fluorescence was found in the cytoplasm and nucleus and the membrane and nucleus demonstrated strong density of fluorescence (200×); (e) Faint staining of the cells by sera of HC (200×). 

Figure 2. Altered peripheral distribution of B cells and subsets in active NSV patients. (a) PBMCs from active NSV patients(n=67) and HC(n=52) were stained with fluorescently labeled Abs specific for CD19, IgD, CD27.  According to SSC and CD19 staining, cells were gated as CD19+ lymphocytes. The number showed in the graph represented the mean value of each CD19+B cell subset; (b), diagrams showed the statistical results of various CD19+B cell subsets. Data were expressed as mean± SD. n.s., P> 0.05; *, P <0.05.

Figure 3. Profiles of cTfh cells and their subsets in peripheral blood of progressive NSV patients. (a) PBMCs from active NSV patients(n=76) and HC(n=62) were stained with fluorescently labeled Abs specific for CD4, CXCR5, PD-1 and ICOS; (c) PBMCs from active NSV patients(n=31) and HC(n=17) were stained with fluorescently labeled Abs specific for CD4, CXCR5, CCR6, and CXCR3. According to SSC and CD4 staining, cells were gated as CD4+ T cells. The number showed in the graph represented the mean value of each CD4+ T cell subgroup; (b) and (d), diagrams showed the statistical results of cTfh cells and cTfh cell subsets, respectively. Data were expressed as mean± SD. n.s., P> 0.05; *, P <0.05; **, P <0.01; ***, P <0.001.

Figure 4. The comparison of cTfh function between patients with active NSV and HC. (a), The concentration of IL-21 in sera of patients (n=34) and HC (n=21); (b), The production of IL-10 in sera of patients (n=56) and HC (n=21); (c), The isolated CD45RA+CXCR5+CD4+ T cells and CD45RA-CD19+ naïve B cells were co-cultured in the presence of 1μg/ml endotoxin-reduced SEB for 12 days. The concentrations of IgG and IgM in the supernatant were determined by ELISA. Representative data were from three independent experiments. *, P <0.05.

