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Autosomal dominant hyper-IgE syndrome (AD-HIES) is a rare inherited primary immunodeficient disease (PIDs), which is caused by STAT3 gene mutations. Previous studies indicated a defective Toll-like receptor (TLR) 9-induced B cell response in AD-HIES patients, including proliferation, and IgG production. However, the other TLRs-mediated B cell responses in AD-HIES patients were not fully elucidated. In this study, we systematically studied the B cell response to TLRs signaling pathways in AD-HIES patients, including proliferation, activation, apoptosis, cytokine, and immunoglobulin production. Our results showed that the TLRs-induced B cell proliferation and activation was significantly impaired in AD-HIES patients. Besides, AD-HIES patients had defects in TLRs-induced B cell class switch, as well as IgG/IgM secretion and IL-10 production in B cells. Taken together, we first systematically reported the deficiency of TLRs driven B cell response in AD-HIES patients, which help to have a better understanding of the pathology of AD-HIES.
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INTRODUCTION

Hyper-IgE syndrome (HIES) is a kind of rare inherited primary immunodeficient disease (PIDs), which is characterized by elevated IgE levels, eczema, recurrent infections, and pneumonia. Both autosomal dominant (AD) and autosomal recessive (AR) modes of inheritance were reported in the patients with HIES, of which AD-HIES was the most common form. Loss-of-function (LOF) mutations of the gene encoding the signal transduction and activators of transcription 3 (STAT3) were identified as the cause of AD-HIES. In addition to the typical clinical manifestation of HIES mentioned above, AD-HIES patients were also reported to suffer from some non-immunological manifestations such as scoliosis, pathologic fractures, pneumatoceles, retained childhood dentition, coronary-artery aneurysms, brain lesions, craniofacial abnormalities (1, 2).

Signal transduction and activators of transcription 3, which belongs to the signal transducer and activator of transcription (STAT) family of signal responsive transcription factors, was reported to be involved in multiple biological functions, including cell proliferation, inflammation, differentiation, and survival. Therefore, it is not surprising that AD-HIES patients with STAT3 mutations displayed a wide array of clinical features, which involves multiple organs in the body. According to researchers, STAT3 was involved in regulating T cells, B cells, neutrophils, and macrophages (3) in the immune system. For example, AD-HIES patients were reported to have reduced neutrophil chemotaxis and function, defective development and maintenance of T cell memory, reduced Th17 cells, reduced memory B cells, defective IL-10 and IL-21 signaling (3).

The innate immune system is the first defense by detecting and eliminating invading pathogens in humans. Pattern recognition receptors that widely exist in cells can further recognize pathogen-associated molecular patterns (PAMPs) such as liposomes, lipoproteins, proteins, and nucleic acids. Toll-like receptors (TLR), which belong to a special class of PAMPs, are involved in the recognition of molecular structures specific for microbial pathogens. Toll-like receptors are reported to express in antigen-presenting cells such as dendritic cells and macrophages, which play an important part in innate and adaptive immune responses (4). There are 10 types of TLRs reported in human beings, which can be grouped into two main categories: cell surface receptors that can recognize microbial membrane lipids including TLR1, 2, 4, 5, 6, 10, whereas receptors localized in the endosome including TLR3, 7, 8, 9 recognize microbial nucleic acids (4, 5). Among all the TLRs, TLR7 and TLR9 were demonstrated to be the widely expressed TLRs in human B cells, which were also regarded to be crucial to B cells' functions including proliferation, apoptosis, activation marker expression, and cytokine and immunoglobulin secretion (6–8). Studies showed the TLR9 agonists CpG oligodeoxynucleotides (CpG ODNs) could activate B cells response, promoting cell proliferation, plasma cells generation, cytokine secretion, and protecting them from apoptosis (6, 7, 9, 10). More than that, B cell activation mediated by TLR7 and TLR9 agonists can stimulate the production of IgG and IgM, making antibody shift to IgG2a and blocking the production of IgG1 and IgE (11–15). Of note, recent studies showed that STAT3 might play an important role in the B cell response mediated by TLRs, including cell proliferation, differentiation, and immunoglobulin production (16, 17). However, up to now, the other TLRs mediated B cell responses in AD-HIES patients were not fully elucidated. Therefore, more efforts are still needed to be done for further exploration.

Herein, we aimed to study the B cell responses upon TLRs agonists in AD-HIES patients, systematically evaluate the TLR-induced B cell response in patients with STAT3 mutations, including proliferation, apoptosis, surface marker expression, memory B cell subsets, cytokine, and immunoglobulin secretion. Illustrating the role of STAT3 in TLRs-induced B cell responses in AD-HIES patients is the combination of basic and clinical medical studies and has great clinical value. It will not only help to give us a better understanding of the pathogenesis of AD-HIES but provide new ideas in target treatment development.



METHODS


Patients and Control Samples

Six STAT3 mutant HIES patients (2 females and 4 males, age range 0.5–15 years; median 8.5 years) were enrolled in the experiment treated at Shanghai Jiaotong University-affiliated hospitals from June 2003 to August 2017. Patients met all of the following criteria: (1) Typical clinical symptoms of AD-HIES, including bacterial infections of the skin and lungs (especially pneumatocele and bronchiectasis), craniofacial abnormalities, mild traumatic fractures, scoliosis, retained childhood dentition, etc.; (2) Serum IgE levels > 2,000 IU/ml, and there were common allergen-specific IgE positives; (3) Patients who were determined to have a heterozygous dominant-negative mutation in the STAT3 gene by gene mutation analysis (Table 1). The detailed clinical features of these patients including history, immunophenotype characterization, and the treatment has already been published before by our group (1). At the same time, 12 healthy age-matched controls were recruited as the healthy controls, who had no obvious infection 4 weeks before blood donation, no blood products, and no immune modulators were used. All AD-HIES patients and healthy age-matched controls themselves or their guardians signed written informed consent and volunteered to be enrolled in the study. The study was approved by the local ethical institute (Shanghai Children's Medical Center, Shanghai Jiaotong University).


Table 1. Demographic, clinical, and laboratory characteristics of STAT3 mutant HIES patients reported in this study.
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Cell Preparation

Human peripheral blood mononuclear cells (PBMCs) were isolated from 10 ml heparinized blood obtained from patients and healthy controls using Ficoll (Stemcell). Cells were cultured in RPMI-1640 containing 10% heat-inactivated fetal bovine serum (FBS) (Hyclone), 2 mM L-glutamine, 50 μg/ml streptomycin, and 100 U/ml penicillin (Hyclone).



Proliferation Analysis

CFSE cell proliferation assay was used to monitor the B cell proliferation after treatment with various stimuli. Peripheral blood mononuclear cell were incubated in 5 μmol/l CFSE at 37°C for 10 min and washed with PBS supplemented with 5% FBS. CFSE-labeled PBMC (3 × 105/well) were seeded in 96-well U bottom plates (BD) and divided into six groups: (1) control group; (2) TLR7/8 agonist (R848, 2.5 μg/ml, InvivoGen) group; (3) TLR9 agonist (CpG ODN 2006, called “CpG” here, 5 μg/ml, InvivoGen) group; (4) anti-IgM F(ab)2 fragments (anti-IgM, 0.5 μg/ml, Jackson Immuno Research) and sCD40L (1 μg/ml, R&D Systems) served as B cell activation stimulus; (5) R848 (2.5 μg/ml) combined with anti-human IgM (0.5 μg/ml) and sCD40L (1 μg/ml); (6) CpG (5 μg/ml) combined with anti-human IgM (0.5 μg/ml) and sCD40L (1 μg/ml). After 5 days, cells were harvested, washed, and stained with CD19-APC-H7 (BD) according to the manufacturer's instructions. Samples were then analyzed using BD FACS Canto II (BD, USA).



Apoptosis Analysis

Human PMBC were plated in 96-well U bottom plates (3 × 105/well) and divided into three groups: (1) control group; (2) R848 group (2.5 μg/ml); (3) CpG group (5 μg/ml). After 2 days, cells were harvested, washed, and stained with CD19-APCH7, Annexin V-APC, and 7AAD according to the manufacturer's instructions. Samples were then analyzed using BD FACS Canto II (BD, USA).



Flow Cytometry

Human PMBC were plated in 96-well U bottom plates (3 × 105/well) and divided into three groups: (1) control group; (2) R848 group (2.5 μg/ml); (3) CpG group (5 μg/ml). Cells were cultured for 3 days, then washed and stained with the following panels: B cell activation marker panel (CD19-FITC, CD80-PE, CD86-APC, CD40-APCH7, and HLA-DR-PE-Cy7); antibody panel (CD19-FITC, IgM-PE, and IgG-BV605); cytokine panel (CD19-FITC, IL-6-PE, and IL-10-APC); and isotype switch marker panel (CD19-FITC, CD27-PE-Cy7, and IgD-Percp-Cy5.5). For the intracellular staining panel, golgi plug (BD, USA) was added 5 h before harvesting the cells. After staining the surface marker, we used the Fixation/Permeabilization Kit (BD, USA) for intracellular marker staining. Flow cytometric analysis was performed using a Canto II flow cytometer (BD, USA). CS&T beads (BD, USA) were used in every experiment to maintain quality performance over time, Compensation was performed by using the negative control sample, single positive controls, and compensation beads (BD, USA) (for low expression markers). Flow cytometry data were analyzed using Flowjo 10.4 software (Treestar, USA).



Statistical Methods

Graphpad Prism 6 software was used to generate graphs and process the experimental data. The data were compared by Student's t-test, one-way ANOVA, or Mann Whitney test. P < 0.05 indicated that the difference was statistically significant.




RESULTS


Defective TLRs-Induced B Cells Proliferation in AD-HIES Patients With STAT3 Mutations

The proliferation of B cells is essential to adaptive immunity and is a key event to evaluate B cell function. To investigate the TLR-induced B cell proliferation in AD-HIES patients, CFSE labeled PBMCs from AD-HIES patients and age-matched healthy controls were stimulated with R848 or CpG (TLR7/8 or TLR9 agonists, respectively) alone, or in combination with F(ab') 2 fragments (anti-IgM) plus soluble CD40L (sCD40L). After 5 days' culture, CD19+ B cell proliferation rate was determined. As shown in Figure 1, significant proliferation of CD19+ B cell in TLRs stimulation group alone, as well as in combination with anti-IgM and sCD40L, were observed in both AD-HIE patients (P = 0.037 and P < 0.001 for R848 group and CpG group vs. control group, respectively; P = 0.003 and P < 0.001 for R848 and CpG together with anti-IgM plus sCD40L group vs anti-IgM plus sCD40L group, respectively), and healthy controls (all P-values were < 0.001). However, compared with healthy controls, AD-HIES patients had significantly decreased B cell proliferation rate upon TLRs stimulation alone, or in combination with anti-IgM and sCD40L. These data indicated that TLRs-induced B cell proliferation was defective in AD-HIES patients.
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FIGURE 1. Defective R848 and CpG driven B cell proliferation in AD-HIES patients with STAT3 mutations. PBMCs from AD-HIES patients and healthy controls were incubated with R848, CpG alone, or co-stimulation with sCD40L and F(ab′)2 anti-IgM for 5 days, then the B cell proliferation was determined by flow cytometry using CFSE. (A) A representative flow cytometric analysis of the B cell proliferation (results came from P6). (B) The results were expressed as the mean percentage of proliferative CD19+ B cell ± SD. Healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each). *P < 0.05, **P < 0.01, ***P < 0.001.




Defective TLRs-Induced B Cell Activation in AD-HIES Patients

CD40, CD80 CD86, and MHCII are markers close related to B cell activation. Evaluation of the expression of these markers could help to assess B cell functions in the immune system. It was reported that B cell could be activated upon TLRs stimulation, with an upregulation of CD40 molecules, as well as some co-stimulation molecules including CD80, CD86, and HLA-DR on B cell surface (18, 19). As reported before, the expression of CD40, CD80, CD86, and HLA-DR on B cell surface were all significantly upregulated upon TLRs stimulation in healthy controls. However, only the expression of CD86 and CD40 on B cell surface was upregulated upon TLRs stimulation in AD-HIES patients; while the expression of CD80 and HLA-DR was not affected (Figure 2). Moreover, compared with healthy controls, TLRs-induced up-regulation of CD40, CD80, and CD86, but not MHCII was significantly decreased on B cell surface in AD-HIES patients, which suggested a defective TLRs-induced B cell activation in AD-HIES patients.


[image: Figure 2]
FIGURE 2. Defective R848 and CpG driven B cell activation in AD-HIES patients with STAT3 mutations. PBMCs from AD-HIES patients and healthy controls were incubated with R848 or CpG for 3 days, then the expression of CD40, CD80, CD86, and HLA-DR molecules on the B cell surface was determined by flow cytometry. A representative flow cytometric analysis (P6) (A) and the mean fluorescence intensity (MFI) of CD80 (B), CD86 (C), CD40 (D), and HLA-DR (E) were shown. Results were expressed as mean ± SD. Healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each) in this study. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Defective TLR-Induced Intracellular IgG, IgM, and IL-10 Secretion in B Cells From AD-HIES Patients

Antibodies secretion is the most important part of the adaptive immune system and a signal of B cell differentiation and activation. Recently, a defective TLR9-induced IgG secretion by PBMC was reported in AD-HIES patients (16). In the present study, we further detected TLRs-induced IgG, as well as IgM secretion in B cells from AD-HIES patients. Our results showed that, compared with healthy controls, AD-HIES patients had significantly decreased TLRs-induced IgM and IgG secretion (Figure 3).
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FIGURE 3. Reduced IgM and IgG production induced by R848 and CpG in AD-HIES patients with STAT3 mutations. PBMCs from AD-HIES patients and healthy controls were incubated with R848 or CpG for 3 days, then the productions of IgM and IgG in B cells were evaluated by intracellular flow cytometry. Representative intracellular flow cytometry of IgM (A) and IgG (B) production in B cell after R848 or CpG stimulation (results came from P6). The results are expressed as the mean percentage of IgM positive (C) and IgG positive (D) in CD19+ B cell ± SD. Healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each) in this study. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


B cells are capable of producing cytokines, which depends on their differentiation state and activation conditions. The TLR-induced IL-6 and IL-10 secretion in B cells from AD-HIES patients was determined in this study. As shown in Figure 4, R848 and CpG could significantly increase intracellular IL-10 secretion in B cells from healthy controls (Figures 4A,C), but they had little effects on the IL-6 secretion (Figures 4B,D). Of note, compared with age-matched healthy controls, a defective TLRs-induced IL-10 secretion in B cells was observed in AD-HIES patients. These results indicated that the STAT3 might be involved in TLR-induced IgG and IgM secretion, as well as IL-10 secretion in B cells.
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FIGURE 4. Decreased IL-10 production in B cells induced by R848 and CpG in AD-HIES patients with STAT3 mutations. PBMCs from AD-HIES patients and healthy controls were incubated with R848 or CpG for 3 days, then the production of IL-10 in B cells was evaluated by intracellular flow cytometry. Representative flow cytometry of IL-10 (A) and IL-6 (B) in B cell after R848 or CpG stimulation (results came from P6). The results are expressed as the mean percentage of IL-10 positive (C) and IL-6 positive (D) in CD19+ B cell ± SD. Healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each) in this study. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Defective TLR-Induced B Cell Class Switch in AD-HIES Patients

Immunoglobulin isotype switch occurs after activation of B cells, which is a crucial part of functional antibody secretion followed by B cell proliferation. Autosomal dominant hyper-IgE syndrome patients were previously reported to have significantly decreased CD27+ memory B cells, including both CD27+IgD− class-switched memory B cells and CD27+IgD+ non-class-switched memory B cells (20). The B-cell subset distribution observed in the present study was consistent with the previous reports (Figure 5). The results showed that CpG stimulation significantly increased the percentage of CD27+IgD− class-switched memory B cells in healthy controls. However, there was no significantly increased CD27+IgD− class-switched memory B cells observed in AD-HIES patients after CpG stimulation, which indicated that STAT3 might be involved in B cell antibody isotype conversion (Figure 5). However, R848 stimulation, which had a small effect on the B cell isotype switch, could be seen as a negative control (Figure 5).


[image: Figure 5]
FIGURE 5. Reduced number of switched memory B cells in AD-HIES patients with STAT3 mutations. PBMCs from AD-HIES patients and healthy controls were incubated with R848 or CpG for 3 days, then the expression of CD27 and IgD on the B cell surface was determined by flow cytometry. Representative flow cytometric results (A) and transformed memory CD27+IgD− cells (B) in B cell after R848 or CpG stimulation (results came from P6). The results are expressed as the mean percentage of CD27+IgD− cells in CD19+ B cell ± SD. Healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each) in this study. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




TLRs-Induced B Cell Apoptosis Was Not Affected in AD-HIES Patients

Induction of B cell apoptosis and its regulation are likely to play important roles in humoral immunity. Apoptosis and necrosis of B cells after TLR stimulation were analyzed in AD-HIES patients and healthy controls in this study. As shown in Figure 6, R848 and CpG decreased the apoptosis of B cells in both AD-HIES patients and age-matched healthy controls. However, there was no significant B cells' apoptosis and necrosis difference between the two groups, which indicated that B cell apoptosis was not affect in AD-HIES patients (Figure 6).
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FIGURE 6. Similar apoptosis of B cell induced by R848 and CpG in AD-HIES patients and healthy controls. PBMCs from AD-HIES patients and healthy controls were incubated with R848 or CpG for 2 days, then the apoptosis of B cell was evaluated by flow cytometry. (A) Representative flow cytometry of B-cell apoptosis after d R848 or CpG stimulation (results came from P6). The percentages of B cell apoptosis (B) and necrosis (C) in healthy controls (Hc, n = 12 each) and AD-HIES patients (Pt, n = 6 each) were shown as the mean ± SD. Apoptotic B cells: AnnexinV+7AAD−; Necrotic B cells: AnnexinV+7AAD+. *P < 0.05, **P < 0.01.





DISCUSSION

Autosomal dominant hyper-IgE syndrome with STAT3 deficiency is an extremely rare primary immunodeficiency disease with a prevalence of nearly 0.64–1/1,000,000 (1). One of the most striking clinical features for patients with LOF STAT3 mutations is recurrent infections. Therefore, it would be easy to deduce that the STAT3 signaling pathway played a vital role in human immune systems. Remarkably, the decreased memory B cells reported in AD-HIES patients throw light on the role of STAT3 in B cell development and function. Previous research has shown that STAT3 was downstream of DOCK8 in TLR9-mediated B cell proliferation and IgG secretion. However, the TLRs-induced B cell response in AD-HIES patients has not been fully explored yet. In the present study, we demonstrated STAT3 participated in TLR7/9-induced B cell response, including proliferation, activation, IgM/IgG secretion, IL-10 secretion, and B cell class switch.

Anti-human IgM antibodies can bind to IgM receptors expressed on the surface of B cell membranes and activate cross-linking of surface receptors, signal transduction, and antigen presentation. It has been reported that sCD40L acts similarly to CD40L and can help activate B cells (21). CD40 and CD40L signal pathways provide the second signal for B cell activation, which is crucial for the growth, differentiation, and proliferation of B cells (21). A wide variety of studies have shown that sCD40L and anti-human IgM promoted B cell activation induced by R848 and CpG (22–24). It is reported that patients with DOCK8 mutations had B cell proliferation defects induced by CpG, in which STAT3 was downstream of DOCK8 (16). In this study, we further demonstrated that, in addition to CpG, R848 could also induce B cell proliferation both in healthy controls and AD-HIES patients. However, compared with the healthy controls, the TLRs-induced B cell proliferation was significantly defective in AD-HIES patients. These results indicated that STAT3 participated in TLRs-induced B cell proliferation. Apart from the STAT3 signaling pathway, other pathways were also reported to be involved in the TLRs-induced B cell proliferation. For example, Fruman et al. reported that subunit p85α of phosphoinositide 3-kinase (PI3K) was an important enzyme for B cell differentiation and proliferation (25). Defects in B-cell proliferation in the TLR-MyD88-STAT3 signal in AD-HIES patients might be related to p85α in PI3K, which is worthwhile to further explore.

It is known from the previous study that CD80 and CD40 expression on the surface of naive B cells from healthy controls can be significantly up-regulated even after stimulation with CpG (6). In this study, we showed that the B cell surface CD80, CD86, and CD40 expression in AD-HIES patients induced by R848 and CpG was significantly decreased than that in healthy controls, which implied the connection between STAT3 and TLRs-induced B cell activation. Moreover, given the well-demonstrated role of CD80 and CD86 in T-B cells' cooperation, we can speculate that the TLR-STAT3 signaling pathway might also be involved in the interaction of B cells and T cells. In AD-HIES patients, Th17 differentiation disorder results in a defect of IL-17 secretion and neutrophil proliferation and chemotaxis abnormal, which makes patients vulnerable to Candida infection (26, 27). The impaired CD80 and CD86 expression on B cells in AD-HIES patients might be related to their impaired CD4+ T cell differentiation. CD40 can bind to CD40L which express on T cells, providing a second signal for B cell activation. CD40 expression on the surface of B cells reflects the degree of B cell activation. STAT3 mutation may affect B cells' second signal transduction by down-regulating CD40 expression. HLA-DR expression in healthy controls was significantly up-regulated only after stimulation, but not in patients. Previous studies had a similar result that HLA-DR expression in naive B cells was significantly increased induced by CpG in healthy controls (6). Whereas, TLR-STAT3 signaling pathway had no close correlation to B cell antigen presentation.

IgM and IgG secretion in healthy human B cells increased after being stimulated with R848 and CpG. However, AD-HIES patients had no significant changes in IgM and IgG secretion stimulated with R848 and CpG. Similar results were obtained in the studies of Wei Jiang and Mark Glaum, which showed that R848 and CpG can stimulate IgM and IgG secretion in naive B cells in healthy controls (6, 8). These results proved that the functional deficiency of antibody secretion in the patient has no connection to the large population of naive B cells in patients. Therefore, the TLR-STAT3 signal pathway might be related to the secretion of IgM and IgG. Moreover, Giardino reported that patients with NF-κB deficiency can not secrete IgG antibodies after CpG stimulation, which proved that the TLR9-NF-κB signal pathway is also involved in B cell antibody secretion (28). Previous studies showed that the total serum IgM and IgG concentrations in AD-HIES patients were similar to normal people (1). However, the detection method in this study is different from most studies. The lower secretion of IgM and IgG in patients during the study might be due to the abnormal transmission of the TLR9-STAT3 signal pathway, which weakened the immune response, slowed the secretion of antibodies, shifted the peak of antibody secretion, then led to patients' repeated Candida infection.

IL-6 secretion increased slightly in healthy controls after CpG in our study, which is associated with NF-κB and STAT3 phosphorylation. The expression of STAT3 protein and STAT3 phosphorylation in IL-6 knockdown mice was significantly reduced (29). At the same time, other studies had found that IL-6 secretion was reduced in samples from AD-HIES patients, and STAT3 deficiency led to impaired IL-6 signal pathway (30). The STAT3 mutation had no significant effect on IL-6 secretion in B cells but inhibited serum total IL-6 secretion. The reason might be the fact that the production of IL-6 in the patient's serum was mainly produced by T cells. Hence, patients had no significant change in B cells' IL-6 secretion. The amount of IL-10 secreted by healthy controls' B cells was very low. IL-10 secretion increased significantly induced by R848 and CpG in the control group, but not in patients. Therefore, the TLR-MyD88-STAT3 signal pathway might be involved in IL-10 secretion by B cells. IL-10 was mainly secreted by Th2 cells and other immune cells including B cells, dendritic cells, and NK cells (31). STAT3 deficiency caused up-regulation of Th1 cytokines and down-regulation of the anti-inflammatory factor IL-10 (32). IL-10 secretion by dendritic cells and Th17 cells can also be regulated by the TLR9-MyD88-ERK-STAT3 signal pathway, which was consistent with the results of our study.

CD27 is expressed on the surface of memory B cells. Two types of BCRs are expressed on the surface of mature primary B cells, which are mIgM and mIgD. The mIgD of activated B cells or memory B cells gradually disappeared. After being stimulated by CpG, CD27+IgD−B cells were significantly increased in healthy controls. The R848 stimulation did not induce any class-switching in healthy controls, which made the outcome of this experiment not that informative. However, we observed that CpG stimulation did induce class-switching in healthy controls, which suggested that the TLR9 pathway might contribute to B cell isotype switch in healthy controls. On the contrary, stimulation with the TLR9 agonist did not trigger B class-switching in HIES patients with STAT3 mutations, indicating that inhibition of STAT3 might be involved in TLR9-induced B cell isotype switch. Therefore, R848 stimulation, which had a small effect on the B cell isotype switch, could be seen as a negative control. Studies showed that CpG can lead to B cells antibody isotype switching through innate immune pathways (13, 33), or the up-regulation of MyD88 expression (13). Further studies about TLR9-induced B cell isotype switching remains to be done. Early studies showed that the number of memory B cells in AD-HIES patients was significantly lower than that in normal people (1, 20), which was also confirmed by the significantly lower number of switched memory B cells in patients in our study.

After CpG stimulation, healthy human B cell apoptosis was significantly reduced, while R848 stimulation was not. In AD-HIES patients, both R848 and CpG significantly reduced B-cell apoptosis. A study by Wei Jiang also reported that R848 and IL-4 significantly reduced B cell apoptosis. However, the STAT3 mutation did not affect B cell apoptosis which suggested that there might be other TLR signaling pathways that participate in saving B cell apoptosis of patients with STAT3 mutations (6).

Despite having mutations in different domains of STAT3, all patients showed similar kinds of defective B cell function ex-vivo results. It was reported that these mutations were all LOF STAT3 mutations and led to impaired STAT3 signaling (34, 35), which might have a similar effect on patients' B cell function.

In conclusion, we found that the B cell proliferation, CD80, CD86, and CD40 expression, IgG and IL-10 secretion, and switched memory B cell subsets were defective in AD-HIES patients induced by TLR7 and/or TLR9 agonist. We studied and found the connection between the TLR-STAT3 signal pathway and B cell function from a clinical perspective by using AD-HIES patients' cells. Therefore, abnormal TLR-MyD88-STAT3 signal pathway might participate in the pathogenesis of B cell dysfunction and a series of immune phenotypes in AD-HIES patients. Whereas, the detailed pathogenesis of STAT3 mutation in the TLR-MyD88-STAT3 signal pathway needs to be further studied. At the same time, this signal pathway might also be related to the pathogenesis of other primary immunodeficiency diseases, such as hyper IgM syndrome, and chronic granulomatosis. Further research about the TLR-MyD88-STAT3 signal pathway will help us to reveal every small link of AD-HIES immune deficiency, and develop targeted treatments to reduce the pain for children currently suffering from the disease.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Local Ethical Institute (Shanghai Children's Medical Center, Shanghai Jiaotong University). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

RG, JW, YJ, and TC contributed to the design and implementation of the research, patients' organization, analysis of the results, and the writing of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by grants from the National Natural Science Foundation of China (81871303, 81701626, 81571605, and 81273314).



ACKNOWLEDGMENTS

We thank patients and their families in this research and the nursing staff in Shanghai Children's Medical Center for the collection of specimens.



REFERENCES

 1. Wu J, Chen J, Tian ZQ, Zhang H, Gong RL, Chen TX, et al. Clinical manifestations and genetic analysis of 17 patients with autosomal dominant hyper-IgE syndrome in Mainland China: new reports and a literature review. J Clin Immunol. (2017) 37:166–79. doi: 10.1007/s10875-017-0369-7

 2. Wu J, Hong L, Chen TX. Clinical manifestation of hyper IgE syndrome including otitis media. Curr Allergy Asthma Rep. (2018) 18:51. doi: 10.1007/s11882-018-0806-6

 3. Hillmer EJ, Zhang H, Li HS, Watowich SS. STAT3 signaling in immunity. Cytokine Growth Factor Rev. (2016) 31:1–15. doi: 10.1016/j.cytogfr.2016.05.001

 4. Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol. (2003) 21:335–76. doi: 10.1146/annurev.immunol.21.120601.141126

 5. Akashi-Takamura S, Miyake K. TLR accessory molecules. Curr Opin Immunol. (2008) 20:420–5. doi: 10.1016/j.coi.2008.07.001

 6. Jiang W, Lederman MM, Harding CV, Rodriguez B, Mohner RJ, Sieg SF. TLR9 stimulation drives naive B cells to proliferate and to attain enhanced antigen presenting function. Eur J Immunol. (2007) 37:2205–13. doi: 10.1002/eji.200636984

 7. Capolunghi F, Cascioli S, Giorda E, Rosado MM, Plebani A, Auriti C, et al. CpG drives human transitional B cells to terminal differentiation and production of natural antibodies. J Immunol. (2008) 180:800–8. doi: 10.4049/jimmunol.180.2.800

 8. Glaum MC, Narula S, Song D, Zheng Y, Anderson AL, Pletcher CH, et al. Toll-like receptor 7-induced naive human B-cell differentiation and immunoglobulin production. J Allergy Clin Immunol. (2009). 123:224.e4–30.e4. doi: 10.1016/j.jaci.2008.09.018

 9. Huggins J, Pellegrin T, Felgar RE, Wei C, Brown M, Zheng B, et al. CpG DNA activation and plasma-cell differentiation of CD27- naive human B cells. Blood. (2007) 109:1611–9. doi: 10.1182/blood-2006-03-008441

 10. Bekeredjian-Ding I, Doster A, Schiller M, Heyder P, Lorenz HM, Schraven B, et al. TLR9-activating DNA up-regulates ZAP70 via sustained PKB induction in IgM+ B cells. J Immunol. (2008) 181:8267–77. doi: 10.4049/jimmunol.181.12.8267

 11. Peng SL, Szabo SJ, Glimcher LH. T-bet regulates IgG class switching and pathogenic autoantibody production. Proc Natl Acad Sci USA. (2002) 99:5545–50. doi: 10.1073/pnas.082114899

 12. Liu N, Ohnishi N, Ni L, Akira S, Bacon KB. CpG directly induces T-bet expression and inhibits IgG1 and IgE switching in B cells. Nat Immunol. (2003) 4:687–93. doi: 10.1038/ni941

 13. He B, Qiao X, Cerutti A. CpG DNA induces IgG class switch DNA recombination by activating human B cells through an innate pathway that requires TLR9 and cooperates with IL-10. J Immunol. (2004) 173:4479–91. doi: 10.4049/jimmunol.173.7.4479

 14. Heer AK, Shamshiev A, Donda A, Uematsu S, Akira S, Kopf M, et al. TLR signaling fine-tunes anti-influenza B cell responses without regulating effector T cell responses. J Immunol. (2007) 178:2182–91. doi: 10.4049/jimmunol.178.4.2182

 15. Jegerlehner A, Maurer P, Bessa J, Hinton HJ, Kopf M, Bachmann MF. TLR9 signaling in B cells determines class switch recombination to IgG2a. J Immunol. (2007) 178:2415–20. doi: 10.4049/jimmunol.178.4.2415

 16. Jabara HH, McDonald DR, Janssen E, Massaad MJ, Ramesh N, Borzutzky A, et al. DOCK8 functions as an adaptor that links TLR-MyD88 signaling to B cell activation. Nat Immunol. (2012) 13:612–20. doi: 10.1038/ni.2305

 17. Liu BS, Stoop JN, Huizinga TW, Toes RE. IL-21 enhances the activity of the TLR-MyD88-STAT3 pathway but not the classical TLR-MyD88-NF-kappaB pathway in human B cells to boost antibody production. J Immunol. (2013) 191:4086–94. doi: 10.4049/jimmunol.1300765

 18. Wortis HH, Teutsch M, Higer M, Zheng J, Parker DC. B-cell activation by crosslinking of surface IgM or ligation of CD40 involves alternative signal pathways and results in different B-cell phenotypes. Proc Natl Acad Sci USA. (1995) 92:3348–52. doi: 10.1073/pnas.92.8.3348

 19. Marasco E, Farroni C, Cascioli S, Marcellini V, Scarsella M, Giorda E, et al. B-cell activation with CD40L or CpG measures the function of B-cell subsets and identifies specific defects in immunodeficient patients. Eur J Immunol. (2017) 47:131–43. doi: 10.1002/eji.201646574

 20. Speckmann C, Enders A, Woellner C, Thiel D, Rensing-Ehl A, Schlesier M, et al. Reduced memory B cells in patients with hyper IgE syndrome. Clin Immunol. (2008) 129:448–54. doi: 10.1016/j.clim.2008.08.002

 21. Graf D, Muller S, Korthauer U, van Kooten C, Weise C, Kroczek RA. A soluble form of TRAP (CD40 ligand) is rapidly released after T cell activation. Eur J Immunol. (1995) 25:1749–54. doi: 10.1002/eji.1830250639

 22. Liu BS, Cao Y, Huizinga TW, Hafler DA, Toes RE. TLR-mediated STAT3 and ERK activation controls IL-10 secretion by human B cells. Eur J Immunol. (2014) 44:2121–9. doi: 10.1002/eji.201344341

 23. Clemente A, Pons J, Lanio N, Cunill V, Frontera G, Crespi C, et al. Increased STAT3 phosphorylation on CD27(+) B-cells from common variable immunodeficiency disease patients. Clin Immunol. (2015) 161:77–88. doi: 10.1016/j.clim.2015.09.004

 24. Wang SP, Iwata S, Nakayamada S, Niiro H, Jabbarzadeh-Tabrizi S, Kondo M, et al. Amplification of IL-21 signalling pathway through Bruton's tyrosine kinase in human B cell activation. Rheumatology (Oxford). (2015) 54:1488–97. doi: 10.1093/rheumatology/keu532

 25. Fruman DA, Snapper SB, Yballe CM, Davidson L, Yu JY, Alt FW, et al. Impaired B cell development and proliferation in absence of phosphoinositide 3-kinase p85alpha. Science. (1999) 283:393–7. doi: 10.1126/science.283.5400.393

 26. Milner JD, Brenchley JM, Laurence A, Freeman AF, Hill BJ, Elias KM, et al. Impaired T(H)17 cell differentiation in subjects with autosomal dominant hyper-IgE syndrome. Nature. (2008) 452:773–6. doi: 10.1038/nature06764

 27. Puel A, Cypowyj S, Marodi L, Abel L, Picard C, Casanova JL. Inborn errors of human IL-17 immunity underlie chronic mucocutaneous candidiasis. Curr Opin Allergy Clin Immunol. (2012) 12:616–22. doi: 10.1097/ACI.0b013e328358cc0b

 28. Giardino G, Cirillo E, Gallo V, Esposito T, Fusco F, Conte MI, et al. B cells from nuclear factor kB essential modulator deficient patients fail to differentiate to antibody secreting cells in response to TLR9 ligand. Clin Immunol. (2015) 161:131–5. doi: 10.1016/j.clim.2015.08.008

 29. Grivennikov S, Karin E, Terzic J, Mucida D, Yu GY, Vallabhapurapu S, et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated cancer. Cancer Cell. (2009) 15:103–13. doi: 10.1016/j.ccr.2009.01.001

 30. Freeman AF, Holland SM. The hyper-IgE syndromes. Immunol Allergy Clin North Am 28(2), 277-291, viii. (2008). doi: 10.1016/j.iac.2008.01.005

 31. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol. (2010) 10:170–81. doi: 10.1038/nri2711

 32. Holland SM, DeLeo FR, Elloumi HZ, Hsu AP, Uzel G, Brodsky N, et al. STAT3 mutations in the hyper-IgE syndrome. N Engl J Med. (2007) 357:1608–19. doi: 10.1056/NEJMoa073687

 33. Manis JP, Tian M, Alt FW. Mechanism and control of class-switch recombination. Trends Immunol. (2002) 23:31–9. doi: 10.1016/s1471-4906(01)02111-1

 34. de Araujo ED, Orlova A, Neubauer HA, Bajusz D, Seo HS, Dhe-Paganon S, et al. Structural implications of STAT3 and STAT5 SH2 domain mutations. Cancers (Basel). (2019). 11:1757. doi: 10.3390/cancers11111757

 35. Lin L, Wang Y, Sun B, Liu L, Ying W, Wang W, et al. The clinical, immunological and genetic features of 12 Chinese patients with STAT3 mutations. Allergy Asthma Clin Immunol. (2020) 16:65. doi: 10.1186/s13223-020-00462-w

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Gong, Wu, Jin and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-738799-g005.gif
% of CDI9'CD27'1g0" cells

«

0

° He
=P





OPS/images/fped-09-738799-g006.gif
fa

QLA 100 10 %





OPS/images/fped-09-738799-g003.gif





OPS/images/fped-09-738799-g004.gif





OPS/images/fped-09-738799-t001.jpg
Gender Identified Amino

ID* Ageat
last
evaluation
(vear)
Pl 5  Mae
P2 05 Male
P37  Female
P4 15  Female
P5 10 Male
P6 15  Male

STAT3 acid
mutation

1144C>T R382W

1771A>G KS91E

1909G>A V637M

1144C>T R382W

1909G>A VB37TM

1145G>A R382Q

Type

De
novo

novo

De
novo

De
novo

De
novo

Immunological Non-

features

Pneumonia,
preumatocele,
ofitis media,
sepsis, skin
infections,
pulmonary
atelectasis,
eczema

Peumonia,
skin infections,
lymph node
abscesses,
eczema
Pneumonia,
bronchiectasis,
skin infections,
thrush, EBV
infection,
eczema
Pneumonia,
bronchiectasis,
skin infections,
lymph node
abscesses,
pneumothorax,
pleural
thickening,
eczema
Pneumonia,
bronchiectasis,
otitis media,
skin infections,
eczema

Pneumonia,
bronchiectasis,
skin infections,
otitis media,
lymph node
abscesses,
eczema

immunological

features

Lymphocytes
(cells/ul)

Distinctive 4,400

facial (1,480-2,847)

features,

retained

primary teeth

Distinctive 5,490

facial features  (2,187-6,352)

Distinctive 2,300
facial (1,424-2,664)
features,

fracture

Distinctive 3,790
facial (1,169-2,071)
features,

retained

primary teeth,

WFT

Distinctive 2,200

facial features ~ (1,325-2,276)

Distinctive 2,700
facial (1,169-2,071)
features,

retained

primary teeth

CD3 cells
(% of

lymphocytes) lymphocytes) lymphocytes) lymphocytes) lymphocytes)

70.7
(69.5-75.6)

84.2
(65.3-73.1)

8.4
(60.1-74.1)

7.6
(61.3-73.1)

74.4
(657.1-73.4)

87.8
(61.3-73.1)

Lymphocytes subsets®

CD4 cells
(% of

40.2
(28.5-41.1)

489
(28.2-47.7)

499
(26.2-40.8)

352
(26.4-40.9)

422
(24.0-38.7)

436
(26.4-40.9)

CD8 cells
(% of

18.4
(19.7-32.0)

35.4
(15.9-31.5)

271
(19.7-34.1)

336
(21.0-33.7)

29.9
(21.0-33.9)

403
(21.0-33.7)

Bcells
(% of

2
(105-21.8)

45
(17.2-29.7)

92
(10.2-20.1)

8.1
(7.7-16.8)

204
9.2-19.5)

87
(7.7-168)

NK cells
(% of

32
(7.8-21.0)

57
(6.7-15.9)

03
9.0-22.2)

45
(11.4-27.6)

44
(10.0-27.0)

23
(11.4-27.6)

Immunoglobulin®

Serum
IgE
(1U/mi)

6,710

2,510

10,000

2,500

26,000

22,900

Serum
19G
o)

92

kg

15.2

1.6

123

14.1

Serum
IgM
o)

0.7

24

29

09
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in that paper.
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