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Abstract

Allergic diseases are characterized by overactive type 2 immune responses to allergens and 

immunoglobulin E (IgE)-mediated hypersensitivity. Emerging evidence suggests that follicular 

helper T (TFH) cells, rather than type 2 T-helper (TH2) cells, play a crucial role in controlling IgE 

production. However, follicular regulatory T (TFR) cells, a specialized subset of regulatory T A
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(TREG) cells resident in B-cell follicles, restricts TFH cell-mediated help in extrafollicular antibody 

production, germinal center (GC) formation, immunoglobulin affinity maturation, and long-lived, 

high-affinity plasma and memory B-cell differentiation. In mouse models of allergic asthma and 

food allergy, CXCR5+ TFH cells, not CXCR5– conventional TH2 cells, are needed to support IgE 

production, otherwise exacerbated by CXCR5+ TFR cell deletion. Upregulation of TFH cell 

activities, including a skewing toward type 2 TFH (TFH2) and IL-13 producing TFH (TFH13) 

phenotypes, and defects in TFR cells have been identified in patients with allergic diseases. 

Allergen immunotherapy (AIT) reinstates the balance between TFH and TFR cells in patients with 

allergic diseases, resulting in clinical benefits. Collectively, further understanding of TFH and TFR 

cells and their role in the immunopathogenesis of allergic diseases creates opportunities to develop 

novel therapeutic approaches.

KEYWORDS: allergen immunotherapy, allergy, follicular helper T cell, follicular regulatory T 

cell, immunoglobulin E
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1. INTRODUCTION

Allergic diseases are a collection of disorders caused by the hypersensitivity of the immune system 

to innocuous environmental antigens, called allergens. This disease group including allergic 

rhinitis (AR, also known as hay fever), allergic asthma, food allergy, and atopic dermatitis (AD, 

also known as eczema) is estimated to affect more than 30% of the global population with an 

ever-increasing prevalence.1,2-4 Allergies can dramatically impair the quality of life of patients and 

some may trigger life-threatening reactions, thus, causing a significant socioeconomic burden.2,5 

Immunoglobulin E (IgE), the least abundant class of immunoglobulins, is the key driver of 

allergic responses.4,6,7 The high-affinity receptor for IgE, FcεRI, is highly expressed by mast cells 

and basophils in both humans and mice, and cross-linking of FcεRI through allergen-IgE binding 

efficiently sensitizes the mast cells and basophils to release biologically active mediators including 

histamine, tryptases, and various cytokines and chemokines, causing a cluster of typical allergic 

symptoms.8 In humans, FcεRI is also expressed by dendritic cells (DCs) and monocytes,9 which 

mediates IgE-dependent allergen uptake and presentation, and subsequently promotes type 2 

T-helper (TH2) cell polarization.9 The low-affinity receptor FcεRII is mainly expressed by B cells 

in human and mice and facilitates antigen presentation and IgE synthesis.8 For decades, 

allergen-specific IgE has been widely used in the clinical diagnosis of allergic diseases.10 

Recently, anti-IgE antibodies have shown considerable clinical efficacy in treating allergic asthma, 

AR, AD, and food allergy,11 supporting the pathogenic role of IgE in allergic diseases. 

B-cell class-switch recombination to the IgE isotype is induced by interleukin (IL)-4 and 

IL-13, the signature cytokines abundantly produced by TH2 cells.6,12 In contrast to the historic 

view that TH2 cells control IgE production, recent studies have identified a new type of TH cell 

localized in B-cell follicles in the secondary lymphoid organs, which is responsible for regulating 

antibody isotype switching, affinity maturation and B-cell memory generation.13-16 This 

population, named follicular helper T (TFH) cell, is characterized by the high expression of CXC 

chemokine receptor 5 (CXCR5), programmed cell death protein 1 (PD-1), B-cell lymphoma 6 

(Bcl-6), and IL-21 in both mice and humans.13-16 The significance of TFH cells in health and 

disease was initially revealed by their pathogenic role in promoting lupus and rheumatic diseases, A
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and protective role underpinning vaccine responses.13-19 Recent studies on mice and humans have 

revealed that IL-4+ TFH cells, but not CXCR5- TH2 cells, are required for IgE production.18,20,21 

More recently, it has been shown that IL-13-producing TFH cells, named as TFH13 cells and having 

both IL-4 and IL-13 production, are responsible for the production of high- but not low-affinity 

IgE in house dust mite (HDM)-sensitized mice, though as a rare population.22 The increased 

circulating TFH13 cells were observed in humans with IgE-mediated allergy.22 Furthermore, a 

subset of regulatory T (TREG) cells has been identified localizing within B-cell follicles and 

co-expressing TREG and TFH cell markers, CD3+CD4+CXCR5+Bcl-6+Foxp3+, in both mice and 

humans.23-25 These follicular regulatory T (TFR) cells counteract TFH cells and suppress IgE 

production in mice and humans, thus, preventing allergic responses.16,26   

Allergen immunotherapy (AIT) is a common and effective treatment for allergic diseases, 

aiming to re-establish allergen-specific immune tolerance.27-31 Despite the alteration of various 

immune cells and immunoglobulins, which has been implicated in AIT-induced immune 

tolerance, the precise mechanisms underlying AIT are far from being fully understood.27-29,32 In 

the clinic, one of the major challenges is to identify specific and powerful biomarkers to guide the 

proper selection of patients and monitor the response to AIT.33,34 Several recent studies have 

shown a re-establishment in the balance of TFH and TFR cells after AIT, which associates with AIT 

efficacy.35-37 Yao et al. reported that the mean ratio of TFR to TFH2 cells increased from 0.20 to 0.24 

in AR patients after AIT, indicating an improvement but not full reinstatement of TFR and TFH2 cell 

balance as compared to that in healthy controls (TFR to TFH2 cell ratio: 0.28).35 These new 

advances underline a potential value of using TFH and TFR cells as therapeutic targets and 

biomarkers in AIT.

In this review, we summarize the recent progress in our understanding of how TFH and TFR 

cells regulate allergic diseases, particularly their roles in controlling IgE production. We also 

discuss the modulation of TFH and TFR cells associated with efficient AIT and provide a 

perspective view on targeting TFH and TFR cells as a therapeutic strategy against allergic diseases.

2. DEVELOPMENT, PHENOTYPE, AND ROLE OF TFH CELLSA
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Identification of the CD4+ TFH lineage-specific transcription factor, Bcl-6, in 200938-40 led to the 

broad acceptance of these cells as a distinct lineage from TH1, TH2, TH17, and TREG cells. As the 

development of TFH cells has already been comprehensively reviewed,13-15 herein we aim to 

summarize only the key processes. T-cell differentiation initiates when naïve CD4+ T cells 

encounter antigen-presenting DCs at the T-cell zones of lymphoid tissues.14,41,42 In mice, it has 

been found that in addition to antigen presentation and co-stimulation, DC-derived cytokines, in 

particular IL-6, activate signal transducer and activator of transcription (STAT)3 to increase Bcl-6 

expression in T cells.14 IL‑6 also potentiates murine T cells to produce IL‑21, which in turn 

activates STAT3 and further enhances Bcl‑6 expression.14 In contrast, in humans, IL-12 but not 

IL-6 potently induces IL-21-expressing CD4+ TFH-like cells by activating STAT4.41 Additionally, 

transforming growth factor beta (TGF-β) also promotes human TFH cell differentiation by acting in 

synergy with STAT4-activating cytokines.43 By mouse studies, it has been found that T cells 

primed at T-cell zones rapidly downregulate the CC‑chemokine receptor 7 (CCR7);44 a fraction of 

cells upregulate CXCR5 to become precursor TFH (pTFH) cells.45 This dynamic change of 

chemokine receptors facilitates the migration of pTFH cells to the chemokine (CXC motif) ligand 

13 (CXCL13)-enriched T–B-cell border, where antigen-specific B cells present class II 

MHC-antigen to cognate pTFH cells.46,47 Although the exact mechanisms that guide the migration 

of TFH cells into the center of B-cell follicles and the full maturation of germinal center (GC)-TFH 

cells are not entirely clear, mouse and human studies indicated that the stable B–TFH cell 

interaction mediated by SLAM-associated protein (SAP)-dependent signaling is critical for 

completing and sustaining this final step of TFH cell differentiation.48,49 Bcl-6, CD40 ligand 

(CD40L), and ICOS expressed by TFH cells are essential for the GC formation in both humans and 

mice.14,50 Although CXCR5 is not absolutely necessary for TFH cell differentiation and GC 

formation, the acquisition and maintenance of high CXCR5 expression on TFH cells promote their 

proper localization in GCs.14 In the GC, TFH cells not only orchestrate the selection of high-affinity 

B cells but also promote the differentiation of B cells into immunoglobulin-producing plasma cells 

and memory B cells by secreting cytokines and expressing surface effector molecules.13-15 IL-21 

produced by TFH cells is necessary for optimal GC response and plasma cell differentiation in mice A
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and humans.13,51,52 IL-4 may act in synergy with IL-21 to support GC response as shown by the 

severer impairment of GC response in mice lack of both cytokines than that in mice with single 

cytokine deficiency.53 IL-9 produced by TFH cells has been implicated in supporting memory B 

cell generation in mouse models as well.54 Besides cytokine signals, the interaction of CD40 

ligand (CD40L) on TFH cells with CD40 on B cells is also important for GC B cells to differentiate 

into memory B cells and plasma cells as revealed by mouse studies.13,55

Advancement in understanding the origin and function of TFH cells is largely attributed to 

research on murine secondary lymphoid organ models.13-15 Because obtaining human samples of 

secondary lymphoid organs such as tonsil, spleen, and lymph node is extremely challenging, 

circulating CXCR5+CD4+ TFH (cTFH) cells in human peripheral blood samples have been studied 

as an alternative.21,45,56,57 Although flow cytometric analysis showed that cTFH cells express largely 

undetectable Bcl-6 and lower levels of ICOS and PD-1 in comparison with bone fide TFH cells in 

GCs,21,45 they share functional similarity with GC TFH cells and are able to induce antibody 

production from B cells (Table 1).21 cTFH cells contain long-lived memory cells, which are 

considered to represent a circulating memory compartment of TFH cells.21,45 Detailed analysis of 

cTFH cells has identified several subsets with distinct phenotypic and functional features.21,45 To 

date, there are several different combinations of surface markers that define cTFH cell subsets 

(Table 1).21,45,58 He et al. demonstrated that cTFH cells comprise activated CCR7lowPD-1high and 

resting CCR7highPD-1low subsets (Table 1).45 Resting cTFH cells are reported to recirculate through 

blood, similar to central memory T cells, whereas activated cTFH cells may originate from pTFH 

cells but not TFH cells in GCs .45 An increase of activated cTFH cells correlated with the abundance 

of newly generated TFH cells in secondary lymphoid organs in both mice and humans,45 suggesting 

that cTFH cells are indicative of active TFH cell differentiation in lymphoid tissues. Based on the 

expression of CXCR3 and CCR6, Morita et al. classified cTFH cells into three major subsets: 

CXCR3+CCR6– type 1 TFH (cTFH1), CXCR3–CCR6– type 2 TFH (cTFH2), and CXCR3-CCR6+ type 

17 TFH (cTFH17) cells (Table 1).21 These cTFH cell subsets highly resemble their equivalent TH cell 

subsets. cTFH1 cells express T-bet and interferon gamma (IFN-γ); cTFH2 cells express Gata3, IL-4, 

IL-5, and IL-13; and cTFH17 cells express Rorγt and IL-17A.21 IL‑21 is the signature cytokine of A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

TFH cells, and it promotes B-cell proliferation and the differentiation into plasma cells.14,53,59,60 

T-cell cytokines also play a decisive role in isotype class switching with IL-4 directing IgG4 and 

IgE, IL-13 directing IgE, and IL-21 directing IgG and IgA class-switch recombination.14,53,59-61 

However, several studies reported that IL-21 is a negative regulator of IgE class switch 

recombination in mouse and human B cells.62,63 TFH2 cells, but not TFH1 and TFH17 cells, have 

been identified to promote IgE secretion from B cells.21 It is now coming to the surface that the 

antigen type impacts the differentiation of TFH cells.22,53,64,65 For example, TFH1 cells are generated 

during human immunodeficiency virus and Ehrlichia muris infection,64 whereas TFH2 and TFH13 

cells are induced during allergen-sensitization.22 The discovery of dual transcription 

factor-expressing or cytokine-producing TFH cells indicates the plasticity and functional 

complexity of TFH cells.22,53,64,65 These dual transcription factor-expressing or cytokine-producing 

TFH cells play a specific role in dictating selective features of GC reaction. For example, Gata3 

and Bcl-6 double positive TFH cells drive high-affinity IgE production by secreting IL-21, IL-4, 

and IL-13 simultaneously in mice during allergic sensitization.22

3. DEVELOPMENT, PHENOTYPE, AND ROLE OF TFR CELLS

A population of CXCR5+ and Foxp3-expressing TREG cells was identified in B-cell follicles of 

secondary lymphoid organs by both mouse and human studies and coined as TFR cells by three 

independent research groups in 2011.23-25 TFR cells restrain TFH cell-induced GC responses by 

repressing TFH cell activation and its B cell-helper function.23-25,66 Accumulating evidence 

suggests that TFR cells likely develop from thymic TREG cells in a Bcl-6-dependent differentiation 

process, which is akin but also different to the development of TFH cells.23-25,67-70 Notably, in 

contrast to the positive role of IL-21 in the development of TFH cells, IL-21 signaling inhibits 

mouse TFR cell differentiation.71,72 

Phenotypically, TFR cells co-express the typical markers of TFH and TREG cells. Similar to TFH 

cells, TFR cells express high levels of CXCR5, PD-1, ICOS, and Bcl-6, which are required for 

migrating into B-cell follicles and maintaining the follicular residence.23-25 Meanwhile, TFR cells 

also express high levels of TREG-associated suppressive molecules, such as glucocorticoid-induced A
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TNF receptor-related protein, cytotoxic T lymphocyte-associated protein 4 (CTLA-4), and 

IL-10.23-25 TFR cells were initially defined as CD4+CXCR5+PD-1+Bcl-6+Foxp3+ T cells.23-25 

However, recent studies have highlighted a heterogeneity of TFR cells, such as the observation of 

CD25– TFR cells in both mice and humans.73-75 Since TFR cell differentiation is suppressed by IL-2, 

downregulation of CD25 is likely to be essential for the full maturation of TFR cells as revealed by 

mouse studies.76 Using highly multiplexed immunofluorescence imaging, Sayin et al. discovered 

TFR cells with low PD-1 expression levels, which are enriched in T–B-cell and GC–mantle borders 

in human lymph nodes.73 Therefore, the definition of TFR cells should be considered with caution. 

The different definitions of mouse and human TFR cells as determined by flow cytometric studies 

is summarized in Table 2.

The relationship between blood circulating TFR (cTFR) cells and TFR cells in B-cell follicles 

has been established by several studies (Figure 1).35,69,77 In mice, cTFR cells have memory-like 

properties and can recirculate through the blood and home toward B-cell follicles after 

reactivation.69 Yao et al. reported that TFR cell frequencies in tonsil and peripheral blood were 

closely correlated in a cohort of 21 subjects (r = 0.590, p = 0.005) (Table 3).35 Compared to GC 

TFR cells, human cTFR cells express substantially lower levels of CCR5, ICOS, PD-1, and Bcl-6 

and significantly higher levels of CCR7 and CD62L,35,69,77,78 highlighting a recirculating property 

of cTFR cells. Moreover, Yao et al. observed that CXCR5+CD45RAlowCD25highCD127low cTFR 

cells from healthy subjects were able to suppress TFH cell-induced IgM, IgA, IgG, and IgE 

production by B cells, in vitro (Table 3).35 Consistently, Dhaeze et al. reported that human 

CXCR5+CD25highCD127lowPD-1+ cTFR cells had comparable capacity as tonsil TFR cells in 

inhibiting the proliferation of CXCR5+ T cells in vitro.78 However, Fonseca et al. reported that 

human CXCR5+CD25+CD127- cTFR cells lacked B-cell suppressive capacity.77 Using a model of 

NP-OVA immunization, Sage et al. found that CD4+ICOS+CXCR5+GITR+ cTFR cells 

demonstrated weaker capacity to suppress TFH–B-cell responses than GC TFR cells.69 These 

discrepancies may be caused by the different TFR cell isolation methods in these studies and 

emphasize the heterogeneity of TFR cells (Table 2).

CTLA-4, IL-10, and TGF-β, the key molecules for TREG cell-mediated suppression,79-81 have A
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also been implicated in the suppressive activity of TFR cells.82-84 Deletion of CTLA-4 on TFR cells 

led to heightened antigen-specific antibody responses in mice.82,83 Consistently, patients with 

CTLA-4 haploinsufficiency displayed higher frequencies of cTFH cells with concomitantly lower 

frequencies of cTFR cells than healthy subjects.84 Although several studies have shown that TFR 

cell-derived IL-10 promoted GC responses and IgE production in mice,85,86 IL-10-producing 

follicular T cells appear to inhibit IgE production in humans.87,88 Despite these progresses, the 

molecular mechanisms underlying the suppressive function of TFR cells requires further 

investigation, particularly in comparison to conventional TREG cells.

4. TFH AND TFR CELLS AND IgE AFFINITY 

High-affinity IgE is more pathogenic at inducing allergic responses than low-affinity IgE.89 

Nevertheless, how TFH cells instruct high-affinity IgE production remains largely unknown. There 

are two main pathways of class switching for IgE: a direct pathway from IgM to IgE and a 

sequential pathway from IgM to IgG1 and then to IgE.8,22 In a mouse study, Xiong et al. reported 

that the sequential class switching directed high-affinity IgE production, whereas the direct class 

switching typically generated low-affinity IgE.90 Sequential class switching is involved in the 

generation of long-lived IgE+ plasma cells.91 The antigen-specific IgG1+ B cells have been 

reported to predate the IgE responses in a murine model of epicutaneous sensitization to foods.92 

Similar findings were observed by human studies whereby IgE-producing plasma cells showed the 

evidence of sequential switching from affinity-matured IgG1+ B cells during allergic 

sensitization.93,94 Very recently, a rare TFH cell population producing IL-13 (TFH13) has been 

identified in HDM and peanut-induced allergic mouse models.22 Single-cell RNA-sequencing 

analysis of murine T cells revealed that TFH13 cells are distinct from TH2 and TFH2 cells, 

characterized by concomitant high expression of IL-4, IL-5, IL-13, Bcl-6, and Gata3.22 

Conditional deletion of TFH13 cells specifically abrogated the production of high-affinity IgE 

while leaving low-affinity IgE intact and only slightly reducing high-affinity IgG1 in 

Alternaria-sensitized mice.22 Notably, the frequency of IL-4+ TFH cells was comparable between 

TFH13-deficicent and control mice.22 These results suggest that production of high-affinity IgE A
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critically depends on TFH13 cells, whereas IL-4+ TFH cells are more likely involved in low-affinity 

IgE production. Consistently, the IL-13 receptor, alpha 1 (IL-13R𝛼1) were highly expressed by 

IgE+ and IgG1+ GC B cells in allergen-sensitized mice, supporting a role of IL-13 and IgG1+ GC 

B cells in the sequential switching to high-affinity IgE (Table 1).22 Nevertheless, a recent study 

indicated that class-switch recombination to IgE occurred primarily during the initial T-cell:B-cell 

interaction rather than in GCs by using several mouse models.95 Future studies with novel 

technologies, such as intravital imaging, are required to delineate the location of IL-4+ TFH and 

TFH13 cells and their interaction with IgM+ and IgG1+ B cells.

Using a specific and inducible TFR cell-deleter mouse model, Clement et al. found that TFR 

cells regulated antigen-specific antibody production and B-cell memory at the incipient stages of 

the GC reaction.96 Deleting TFR cells before GC initiation resulted in heightened HDM-specific 

IgE production and increased lung inflammation in mice with HDM-induced allergic asthma.96 

However, the deletion of TFR cells did not change the frequencies of total TFH cells, GC B cells, 

IgG1+ B cells, IgE+ B cells, and plasma cells in mice with HDM-induced allergic asthma, 

suggesting a selective role of TFR cells in controlling antigen-specific IgE production in vivo.96 In 

vitro, co-cultures of purified TFH cells and total B cells from HDM-sensitized mice resulted in 

robust IL-4, IL-5, and IL-13 production, IgG1 and IgE class-switching, and plasma cell 

differentiation, which was significantly suppressed by TFR cells.96 These data suggest that murine 

TFR cells are able to suppress TFH cell, most likely TFH13 cell, -mediated IgE responses.

5. TFH AND TFR CELLS IN ALLERGIC DISEASES

5.1. Allergic asthma

In a mouse model of allergic asthma induced by house dust mites (HDM), IL-21-producing 

follicular helper-like T (TFH-like) cells were revealed to amplify the function of TH2 cells.97 André 

et al. reported that sensitization to HDM elicited IL-4-committed TFH cells, but not effector TH2 

cells, in draining lymph nodes that, after the HDM challenge, further differentiated into 

HDM-specific TH2 cells and homed to the lungs in mice.17 Noble et al. reported that abrogation of 

TFH cells expansion by disrupting IL-6 receptor signaling diminished the production of A
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antigen-specific IgE and IgG1; however, no effects were observed in lung TH2 responses in a 

mouse model of HDM-induced asthma.98 Similarly, Kobayashi et al. found that the deficiency of 

Bcl-6+ TFH cells caused a marked reduction in IgE levels, but not TH2 cell responses, in the 

airways of an allergen-induced asthma model.18 Taken together, it appears that TFH and TH2 cells 

execute distinct predominant roles in allergic airway responses in mice, with TFH cells mainly 

supporting IgE production (Figure 1). This notion is also supported by the findings that TFH cells, 

but not TH2 cells, are required for IgE production in helminth models.99,100 

Consistently, Uwadiae et al. discovered that the administration of anti-ICOS ligand antibody 

specifically disrupted TFH cell responses, accompanied by reduced lung inflammation and airway 

hyper-responsiveness in a mouse asthma model induced by HDM.101 In a similar model, He et al. 

reported that the deletion of Blimp-1 upregulated Bcl-6 expression in CD4+ T cells, leading to the 

suppression of Gata3 expression and TH2 cell differentiation.102 Their results suggest distinct 

mechanisms underpinning TFH and TH2 cell differentiation in response to allergens and Blimp-1 as 

a rheostat oppositely determining TFH v.s. TH2 fate commitment in the murine model of allergic 

asthma.

Consistent with the pathogenic role of TFH cells in murine allergic asthma, increased cTFH 

cells has been noted in patients with asthma.103 Gong et al. found that cTFH cells from patients with 

asthma were more effective at inducing IgE production from autologous B cells than those from 

control subjects; the frequency of cTFH cells was also positively correlated with serum IgE levels 

(Table 3).103,104 Moreover, the skewing of cTFH cells toward type 2 subsets was observed in 

patients with asthma,104-107 and the frequency of cTFH2 cells correlated with fractional exhaled 

nitric oxide and blood eosinophil levels (Table 3).105 Miyajima et al. reported that inhaled 

corticosteroid treatment significantly reduced the frequencies of cTFH2 and ICOS+ cTFH cells, 

accompanied by an improvement in symptoms in patients with allergic asthma.107 Although TFR 

cells have been found to supress HDM-specific IgE production and lung inflammation in mice 

with HDM-induced allergic asthma,96 there is no study adressing the invovlment of TFR cells in 

human asthmatic patients at present.  

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

5.2. AR

Although studies of total CXCR5+CD4+ cTFH cells in patients with AR have shown conflicting 

results, the increased frequency of CXCR3–CCR6– cTFH2 cells has been consistently demonstrated 

in patients with AR relative to that in healthy subjects (Table 3).105,108-111 Moreover, Yao et al. 

found that AR-derived cTFH2 cells produced larger amounts of IL-4 and had an enhanced capacity 

to induce IgE production than those from controls (Table 3).111 In contrast, no differences were 

observed in cTFH1, cTFH17, or CXCR5- conventional cTH2 cells between patients with AR and 

healthy subjects.111 The frequencies of Der p 1-specific IL-4+ cTFH2 cells, but not CXCR5- TH2 

cells, positively correlated with the level of Der p-specific IgE (Table 3);111 however, both cell 

types increased in patients with AR who are allergic to HDM, suggesting that in AR, TFH2 cells 

orchestrate IgE production in an antigen-specific manner. In this study, antigen-specific TFH or 

non-TFH cell subsets were defined by cytokine production. Although cytokine detection allows the 

identification of functional T cell subsets, cytokine-producing populations represent only a small 

fraction of total antigen-specific T cells.112 Moreover, the phenotypic properties of the reactive 

cells may be altered after antigen stimulation in vitro.112 Therefore, further studies employing 

other techniques are required to identify antigen-specific TFH or non-TFH cell subsets in allergic 

patients, such as MHC-peptide multimers method.

Chemokines and their receptors control immune cell migration. Der p 1-specific cTFH2 cells 

in patients with AR expressed CXCR5, whereas CXCR5- conventional cTH2 cells expressed 

CCR2 and CCR5,111 indicating a preferential migration of CXCR5- cTH2 cells to peripheral 

inflammatory sites to produce local inflammation (Figure 1). The higher expression of CCR7 and 

CD62L on human cTFH cells than on cTH2 cells indicates that allergen-specific cTFH cells may 

recirculate between the blood and secondary lymphoid organs (Figure 1). 

To study TFR cells in AR, Yao et al. examined the tonsillar TFR cells in subjects undergoing 

routine tonsillectomy due to tonsillar hypertrophy and who had or did not have concomitant AR.35 

Tonsillar Foxp3+ TFR cells were dramatically lower in patients with AR than in subjects without 

AR (Table 3).35 Furthermore, after establishing a correlation between cTFR cell and tonsillar TFR 

cell frequencies, Yao et al. determined a significant reduction of cTFR cells, defined as A
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CD3+CD4+CXCR5+CD45RAlowCD25highCD127low or CD3+CD4+CXCR5+CD45RAlowFoxp3+ TFR 

cells, in patients with AR compared to that in control subjects (Table 3).35 Nevertheless, the 

percentages of total TREG cells and CD45RAlowCXCR5- TREG cells were comparable between 

patients with AR and control subjects.35 The selective reduction of TFR cells highlights a specific 

role of TFR cells in preventing the development of AR. Furthermore, cTFR cells from patients with 

AR displayed a selective defect in suppressing the production of IgE but not that of other types of 

immunoglobulins.35 This raised the possibility that distinctive mechanisms may underlie the 

function of TFR cells in controlling the production of different immunoglobulin isotypes. Recently, 

a subset of IL-10-enriched follicular T cells in human tonsils was defined as 

CD25+CXCR5highPD-1high cells.87 These cells were able to restrain class switching to IgE, but not 

IgG, via IL-10 in vitro.87 In addition, cTFR cells derived from patients with AR had a compromised 

IL-10-producing capacity relative to those obtained from healthy subjects.88 

Using unsupervised hierarchical clustering and correlation analysis, additional negative 

correlations have been identified in the cTFR cell frequencies, with symptom scores and 

allergen-specific IgE levels in patients with AR.35,88 Notably, cTFR/cTFH2 cell ratios show a better 

correlation with symptom severity than the frequencies of TFR cells (r = -0.516 for cTFR/cTFH2 cell 

ratio vs r = -0.427 for TFR cells),35,88 emphasizing the importance of TFH and TFR cell balances in 

the pathogenesis of AR. 

5.3. Chronic rhinosinusitis with nasal polyps (CRSwNP)

Although there is continuous debate as to whether allergy is related to the pathogenesis of 

CRSwNP, local hyper-production of immunoglobulins, even in the absence of systemic atopy, has 

been documented in patients with CRSwNP.113-120 Elevated IgE and IgD levels were observed 

predominantly in eosinophilic nasal polyps, whereas IgG and IgA levels increased in both 

eosinophilic and non-eosinophilic nasal polyps.113,116 IgE and IgD are suggested to activate mast 

cells to drive local eosinophilic inflammation, and IgG can contribute to the activation of classical 

complement pathways in nasal polyps.116,121,122 Xiao et al. and Calus et al. reported a higher 

frequency of IL-21+CD4+ T cells locally in patients with CRSwNP than in control subjects.114,123 A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Calus et al. further revealed that polyp CXCR5+CD4+ T cells could induce the differentiation of 

naïve B cells into plasmablasts in vitro.123 Zhang et al. observed a significant expansion of 

CXCR5+ TFH cells in nasal polyps in comparison to those in the inferior turbinate mucosa from 

control subjects.113 TFH cells were mainly identified in lymphoid follicle-like structures in nasal 

polyps.113,115 Based on cytokine expressions, the total TFH, IFN-γ+ TFH1, IL-17A+ TFH17, and 

IL-21+ TFH cell counts were significantly higher in both eosinophilic and non-eosinophilic polyps 

than in the inferior turbinate mucosa from control subjects, whereas IL-4+ TFH2 cell counts were 

higher only in eosinophilic polyps (Tables 1 and 3).113 In T–B-cell cocultures, polyp CXCR5+ TFH 

cells, but not CXCR5– TH cells, were shown to have a potent ability to promote immunoglobulin 

production.113 CXCR5+ TFH cells from eosinophilic polyps had a higher capacity to induce IgE 

production from B cells than those from non-eosinophilic polyps, which was dependent on IL-4 

and IL-21 (Tables 1 and 3).113 These results indicate that IL-4+ TFH2 cells are essential for local 

IgE production in nasal polyps. In addition, skewed B-cell composition toward GC, memory, and 

antibody-secreting B cells was observed in nasal polyps and positively correlated with TFH cell 

frequencies in nasal polyps.113 These findings suggest that TFH cells may drive local B-cell 

proliferation and differentiation and immunoglobulin production in nasal polyps.113 

5.4. Other allergic diseases

Food allergy is a growing public health concern with peanut allergy as the best characterized 

example of food-induced fatal anaphylaxis.124,125 Inhalation of peanut flour induced the expansion 

of TFH cells in the draining lymph nodes of mice, which promoted peanut-specific IgE production 

more efficiently than TH2 cells.126 Genetic depletion of TFH cells compromised IgE production and 

protected mice from anaphylaxis, without affecting TH2 cells, in a mouse model for peanut 

allergy.126 Intriguingly, food allergens induced the generation of TFH2 cells in gut-associated 

lymphoid tissues and drove the spontaneous IgE elevation, even in mice without commensal 

microbiota (germ-free housing).127 In contrast to TFR cells in allergic asthma and rhinitis as 

described above, Xie et al. recently reported a surprising result in that the loss of TFR cells reduced 

peanut-specific IgE titers but increased non-specific IgE levels in a peanut-induced food allergy A
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model.86 They further revealed that the promotion of antigen-specific IgE production by TFR cells 

is dependent on IL-10.86 However, this conflicted with the reported suppressive role of IL-10 in 

IgE production,128 thereby warranting further investigation. In human, significantly higher 

frequencies of IL-4+ cTFH2 and IL-4+IL13+ cTFH13 cells were observed in patients with allergies to 

peanut than in non-sensitized individuals.22

Regarding AD, the expansion of CXCR5+ICOS+PD-1+ cTFH cells with enhanced 

IL-21-production was discovered in children with AD and the frequency of CXCR5+ICOS+PD-1+ 

cTFH cells correlated with disease severity (Table 3).129 Although Trichot et al. did not find 

significant differences in the frequency of CXCR5+ TFH cells and their subsets between patients 

with AD and healthy subjects, higher frequencies of total TFH, TFH1, and TFH2 cells were noted in 

the intermediate/high responders than in low responders after a 12-month dupilumab treatment.130  

6. TFH AND TFR CELLS IN AIT

AIT not only confers disease-modifying effects but also induces lasting clinical benefits for many 

years even after discontinuing therapy.28,29,131,132 Despite the modulation of various immune cells 

and immunoglobulins being implicated in AIT-induced immune tolerance, the precise mechanisms 

underlying AIT are far from understood.133-135 Advances in our understanding of the critical 

function of TFH and TFR cells in controlling allergic diseases has enabled researchers to dissect the 

role of TFH and TFR cells in AIT-induced immune tolerance. Schulten et al. described a lower 

frequency of CD45RO+ cTFH cells after subcutaneous AIT in patients allergic to timothy grass 

than in those not receiving AIT (Table 3).36 They observed that in vitro T-cell receptor and IL-2 

stimulation, which mimicked AIT, induced the differentiation of TFH cells into 

CXCR5+FOXP3+Helios+ TFR cells, as shown by the increase of TFR cells by about 6-fold 

compared to those without IL-2 stimulation.36 In a randomized, double-blind, placebo-controlled 

trial, Sharif et al. reported that a short-course of Lolium perenne peptide subcutaneous 

immunotherapy dramatically reduced the frequencies of IL-4+, IL-21+, and IL-4+IL-21+ 

CXCR5+PD-1+ cTFH cells, whereas increased frequency of IFN-γ+ cTFH cells in patients with grass 

pollen-induced AR, suggesting an immune switch from TFH2 to TFH1 during AIT (Table 3).37 A
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Furthermore, when investigating patients with AR who were allergic to HDM, Yao et al. noted 

that the frequencies of both Der p 1-specific IL-4+ cTFH and CXCR5- cTH2 cells significantly 

reduced after subcutaneous AIT (Figure 2 and table 3). Nevertheless, the reduction of Der p 

1-specific IL-4+ cTFH2 cells was more pronounced than that of Der p 1-specific IL-4+ cTH2 cells, 

underlining a dominant effect of TFH2 cells in AIT.111 Moreover, Yao et al. found that 

subcutaneous AIT not only increased the abundance of cTFR cells (Figure 2)35 but also restored the 

defected suppressive capacity of cTFR cells in patients with AR.35 Similarly, Sharif et al. observed 

a significant increase of CD4+CXCR5+PD-1+FoxP3+ cTFR cells and CTLA-4+ cTFR cells in Lolium 

perenne peptide-treated patients with AR (Table 3).37 

As a “blocking” antibody, IgG4 can compete with IgE for allergen binding, and thus, may be 

protective against allergic reactions.34,135 The induction of allergen-specific IgG4 has been 

associated with successful AIT.34 Yao et al. showed that the increase of Der p-specific IgG4 levels 

positively correlated with the reduction of Der p-specific IgE levels in patients with AR 

undergoing subcutaneous AIT.88 These data raised a notion that AIT may induce a shift from 

allergen-specific IgE to IgG4, which is potentially mediated by IL-10-secreting TFR cells.85 Indeed, 

Ito et al. observed a significantly high frequency of IL-10-producing cTFR cells in patients with 

IgG4-related disease, which positively correlated with serum IgG4 levels.136

When analyzing the association of TFH and TFR cell modulation with AIT efficacy, Yao et al. 

observed that the reduction of Der p 1-specific IL-4+ TFH2 cells and increase of TFR cells, but not 

their corresponding CXCR5– TH2 and TREG cells, positively correlated with the improvement of 

symptoms in patients undergoing subcutaneous AIT (Table 3).111 It is noteworthy that the ratio of 

TFR/TFH2 cells appeared to be more closely correlated with the clinical benefits of AIT than TFR 

cells alone (r = -0.451 for cTFR/cTFH2 cell ratio vs r = -0.325 for TFR cells),35 emphasizing a greater 

contribution of the TFR and TFH2 cell rebalance in improving the efficiency of AIT. To date, the 

mechanisms underlying the re-establishment of TFH and TFR cell balance during AIT remain 

poorly understood. Botta et al. reported that the kinetics of TFR cell generation was slower than 

that of TFH cells;76 thus, it is conceivable that prolonged allergen stimulation of AIT favors TFR 

cell generation. A
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Taken together, the changes in TFH and TFR cells after AIT and their association with AIT 

efficacy highlights a potential value of TFH and TFR cells as therapeutic targets and biomarkers for 

AIT. However, the variations of TFH and TFR definitions may limited clinical approaches of 

targeting TFH and TFR cells. Therefore, the heterogeneity of TFH and TFR cells should be carefully 

considered in further studies. Given that the correlation between TFH and TFR cells and AIT has 

been established in the context of subcutaneous AIT, it is necessary to assess the changes of TFH 

and TFR cells in other forms of AIT, such as the sublingual form. In addition, randomized trials are 

required to further validate the value of using TFH and TFR cells as a biomarker for predicting or 

monitoring the efficacy of AIT. 

Low-dose IL-2 therapy has been shown to substantially inhibit the generation of TFH cells, 

resulting in marked reductions of disease activity in patients with systemic lupus erythematosus.58 

In addition, IL-2/αnti-IL-2 complexes efficiently expanded peripheral TREG cells in mice in the 

presence or absence of allergens.137 Therefore, administration of low-dose of IL-2 during AIT may 

be a potential strategy to improve the efficacy of AIT. In future, it is very interesting to seek 

adjunctive medicines, chemical reagents, and nutrients, and even gene editing methods that can 

modify the function of TFH and TFR cells to enhance the efficacy of AIT.138  

7. CONCLUSIONS AND PERSPECTIVES

A tilted balance in the TFH–TFR cell regulatory axis, caused by aberrant TFH2 and TFH13 cell 

activation and TFR cell deficiency, may represent a common feature of allergic diseases. AIT can 

re-establish this balance, and therefore, a change in the TFH/TFR cell ratio may be applied as 

candidate biomarkers to guide and optimize AIT. Despite new knowledge gained in past decade 

on the role of TFH and TFR cells and the advancement in our understanding of the pathogenesis of 

allergic diseases, several key questions remain to be answered, such as why are TFR cells from 

patients with AR selectively defective at inhibiting IgE production but do not affect other 

antibodies isotypes? Additionally, what are the molecular mechanisms underlying the functions of 

TFH and TFR cells in controlling high-affinity IgE production? Moreover, the allergen specificity of 

TFH and TFR cells in allergic diseases remain to be elucidated in detail. Addressing these questions A
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will help in the development of future novel therapeutic interventions for allergic diseases.
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Figure legend

Fig. 1 Differentiation and migration of TFH, TH2, and TFR cells. DCs prime naïve CD4+ T cells 

in the T-cell zones of lymphoid tissues and initiate the differentiation of TFH or TH2 cells. Some 

precursor TFH (pTFH) cells acquire CXC chemokine receptor type 5 (CXCR5)+ phenotype and 

enter into the circulation, whereas pTFH cells with downregulated C-C chemokine receptor (CCR)7 

expression traffic to the B-cell follicle to complete their full differentiation. TFH cells promote 

immunoglobulin E (IgE) production and plasma cell differentiation by secreting interleukin (IL)-4, 

IL-13, and IL-21. Naïve TREG cells differentiate into TFR cells in the process akin to TFH cells. TH2 

cells with high expression of CCR2 or CCR5 preferentially migrate to inflamed nonlymphoid 

tissues, such as nasal polyps, and mediate local inflammatory responses by producing IL-4, IL-5, 

IL-9, and IL-13. In addition, CXCR5+ TFH cells and B cells are organized to form ectopic 

lymphoid tissues (eLTs) in inflammatory tissues, which can support local immunoglobulin 

production. Upon re-challenge, circulating memory TFH (cTFH) and TFR (cTFR) cells rapidly return 

to lymphoid tissues to accelerate GC formation. Abbreviations: ASC, antibody secreting cells; 

CXCR5, CXC chemokine receptor type 5; CCR, C-C chemokine receptor; DCs, dendritic cells; 

eLTs, ectopic lymphoid tissues; EOS, eosinophils; GC, germinal center; IgE, immunoglobulin E; 

IL, interleukin; MC, mast cells; T, naïve T; TFH, follicular helper T; cTFH, circulating TFH; pTFH, 

precursor TFH; Th2, type 2 T helper; TFR, follicular regulatory T; cTFR, circulating TFR; pTFR, 

precursor TFR.

Fig. 2 AIT re-establishes the balance between TFH and TFR cells in patients with AR. 

Compared to healthy controls, patients with AR demonstrate increased frequencies of circulating 

TFH2 cells and reduced frequencies of circulating TFR cells. Circulating TFH2 cells from patients 

with AR display a greater capacity to induce IgE production than those from healthy controls, 

whereas AR-derived TFR cells showed a defective function of suppressing IgE production. AIT 

reduces the number of allergen-specific circulating TFH2 cells and improves the frequencies and 

function of circulating TFR cells. Abbreviations: AR, allergic rhinitis; AIT, allergen 

immunotherapy; TFH2, type 2 follicular helper T; TFR, follicular regulatory T.A
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Table 1 Definition and function of TFH cell subsets in humans.

Location Cell type Definition by flow 

cytometry

Major function Ref.

Blood Memory cTFH CD4+CD45RA-CXCR5+ Promote IgM, IgG, and IgA production by 

autologous naïve B cells in vitro

21

cTFH1 CD4+CD45RA-CXCR5+ 

CXCR3+CCR6-

Unable to induce immunoglobulin production 

from autologous naïve B cells in vitro

21

cTFH2 CD4+CD45RA-CXCR5+ 

CXCR3-CCR6-

Promote IgM, IgG, IgA, and IgE production 

by autologous naïve B cells in vitro

21

cTFH17 CD4+CD45RA-CXCR5+ 

CXCR3-CCR6+

Promote IgM, IgG, and IgA production by 

autologous naïve B cells in vitro

21

Activated cTFH CD4+CD45RA-CXCR5+

CCR7lowPD-1high

Promote IgG production by autologous 

memory B cells in vitro

45

Resting cTFH CD4+CD45RA-CXCR5+

CCR7highPD-1low

Promote IgG production by autologous 

memory B cells in a capacity less than 

activated TFH cells in vitro

45

Tonsil GC TFH CD4+CXCR5highICOShigh Promote IgM, IgA, and IgG production by 

memory and GC B cells in vitro

139

TFH outside GC CD4+CXCR5lowICOSlow Promote IgM, IgA, and IgG production by 

naïve and memory B cells in vitro

139

Nasal polyps TFH CD4+CXCR5+ Induce IgM, IgG1, IgG2, IgG3, IgG4, IgA, 

and IgE production by autologous naïve B 

cells in vitro

113,

123

TFH1 CD4+CXCR5+IFN-γ+ Unknown 113

TFH2 CD4+CXCR5+IL-4+ Induce IgE production by autologous naïve B 

cells in vitro

113

TFH17 CD4+CXCR5+IL-17A+ Unknown 113

IL-21+ TFH CD4+CXCR5+IL-21+ Induce IgG, IgE, and IgA production by 113A
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autologous naïve B cells in vitro

GC, germinal center; CCR, C-C chemokine receptor; CXCR, C-X-C chemokine receptor; cTFH, 

circulating follicular helper T; ICOS, inducible T-cell costimulator; IFN-γ, interferon gamma; Ig, 

immunoglobulin; IL, interleukin; PD-1, programmed cell death protein 1; TFH, follicular helper T.
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Table 2 Definition of TFR cells by flow cytometry.

Species Location Definition Ref.

Mice Lymphoid tissues CD4+CXCR5highPD-1highFoxp3+

CD4+CXCR5+Bcl-6+Foxp3+

CD4+ICOS+CXCR5+Foxp3+CD19-

CD4+CXCR5+Foxp3+

CD4+Ly6C-PSGL-1lowCXCR5highPD-1highFoxp3+

24, 67, 140-144

25, 76, 82, 145 

66, 69, 96, 146, 147

70

85

Blood CD4+ICOS+CXCR5+Foxp3+CD19- 69, 146, 148

Human Lymphoid tissues CD4+CXCR5+Bcl-6+Foxp3+

CD4+CXCR5highPD-1highFoxp3+

CD4+CXCR5+Foxp3+

CD4+CD45RA-CXCR5highFoxp3+

CD3+CD8-CD25highCD127-CXCR5+

CD3+CD8-CD25highCD127-CXCR5highPD-1high

CD4+CXCR5int/highPD-1int/highFoxp3int/highCD25high

CD4+CXCR5+CD57+CD127-CD25+

25

74

77

35

149

149

150

151

Blood CD4+CXCR5+Foxp3+

CD4+CXCR5+CD45RA-CD25highCD127low

CD4+CXCR5+CD45RA-CD25highCD127lowFoxp3+

CD4+CXCR5+FOXP3+Helios+

CD4+CD25-CD127+CXCR5+PD-1+

77, 152, 153

35, 88, 111, 154

35

36

78

BCL-6, B-cell lymphoma 6; CCR, C-C chemokine receptor; CXCR, C-X-C chemokine receptor; 

Foxp3, forkhead box P3; ICOS, inducible T-cell costimulator; PD-1, programmed cell death 

protein 1; PSGL-1, P-selectin glycoprotein ligand-1; TFR, follicular regulatory T.
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Table 3 TFH and TFR cells in allergic diseases and immunotherapy in humans. 

Disease Sample 

size 

Cell type   Major finding Ref. 

Allergic asthma 26 cTFH: CD4+CXCR5+ Frequencies of cTFH cells are increased in patients with allergic asthma  103  

Allergic asthma 30 cTFH: CD4+CXCR5+ 

cTFH1: CXCR3+CCR6- cTFH 

cTFH2: CXCR3-CCR6- cTFH 

cTFH17: CXCR3-CCR6+ cTFH 

Frequencies of cTFH2 cells are increased in patients with allergic 

asthma; frequencies of TFH2 and TFH2/TFH1 ratio positively correlate 

with the total IgE level in the blood in patients with allergic asthma 

106 

Allergic asthma 25 cTFH: CD4+CXCR5+ Frequencies of cTFH and IL-4+ and IL-21+ cTFH cells are increased in 

asthmatic patients; cTFH cells from asthmatic patients promote IgE 

production in vitro 

104 

Asthma + AR 19 cTFH: CD3+CD4+CXCR5+ 

cTFH1: CXCR3+CCR6- cTFH 

cTFH2: CXCR3-CCR6- cTFH 

cTFH17: CXCR3-CCR6+ cTFH 

Frequencies and numbers of cTFH2 cells are increased in patients with 

concomitant asthma and AR; fractional exhaled nitric oxide and blood 

eosinophil levels positively correlate with TFH2/BREG ratio 

105 

AR 23 cTFH: CD3+CD4+CXCR5+ 

cTFH1: CXCR3+CCR6- cTFH 

cTFH2: CXCR3-CCR6- cTFH 

cTFH17: CXCR3-CCR6+ cTFH 

Frequencies and numbers of cTFH2 cells are increased in patients with 

AR 

 

105 

AR 10 cTFH: CD4+CXCR5+PD-1+ Frequencies of cTFH cells are reduced in patients with AR 110 

AR 32 cTFH: CD4+CXCR5+, 

CD4+PD-1+CXCR5+, and 

Frequencies of cTFH cells are increased in patients with AR 

 

108 



2 

CD4+CXCR5+ ICOS+ 

AR (allergic to 

timothy grass) 

25 cTFH: CD3+CD4+CD45RO+ 

CXCR5+ 

Frequencies of cTFH cells are comparable between patients with AR 

and healthy controls 

36 

AR (allergic to 

HDM only) 

27 cTFH: CD3+CD4+CD25-/lowCD127 

-/+CD45RAlowCXCR5+ 

cTFH1: CXCR3+CCR6- cTFH 

cTFH2: CXCR3-CCR6- cTFH 

cTFH17: CXCR3-CCR6+ cTFH  

Frequencies of cTFH cells are comparable between patients with AR 

and healthy controls; frequencies of cTFH2 cells are increased in 

patients with AR; cTFH2 cells from patients with AR robustly promote 

IgE production in vitro; frequencies of allergen-specific IL-4+ TFH cells 

are increased and positively correlated allergen-specific IgE levels in 

patients with AR 

111 

AR (allergic to 

HDM only) 

44 cTFH: CD3+CD4+CD25-/lowCD127 

-/+CD45RAlowCXCR5+ 

cTFH1: CXCR3+CCR6- cTFH 

cTFH2: CXCR3-CCR6- cTFH 

cTFH17: CXCR3-CCR6+ cTFH 

cTFR: CD3+CD4+CD25highCD127 

lowCD45RAlowCXCR5+, and 

CD3+CD4+CD25highCD127low 

CD45RAlowCXCR5+Foxp3+ 

GC TFR: CD4+CXCR5highFoxp3+ 

CD25- 

Frequencies and numbers of tonsillar TFR cells are reduced in patients 

with AR; frequencies of TFR cells in tonsils correlate with those in 

bloods; frequencies and numbers of cTFR cell are reduced in patients 

with AR; cTFR cell frequency and cTFR/cTFH2 ratio negatively associate 

with disease severity and allergen-specific IgE level in patients with 

AR; cTFR cells from AR patients are defective in suppressing IgE 

production in vitro 

35 

AR (allergic to 

HDM only) 

38 cTFH: CD3+CD4+CD25-/lowCD127 

-/+CD45RAlowCXCR5+ 

Frequencies of cTFH2 cells are increased and frequencies of cTFR cells 

are decreased in patients with AR; frequencies of cTFR cells and 

88 



3 

cTFR: CD3+CD4+CD25highCD127 

lowCD45RAlowCXCR5+ 

cTFR/cTFH2 ratio negatively correlate with CD23 expression on 

switched memory B cells in patients with AR; cTFR cells from patients 

with AR are defective in suppressing CD23 expression on switched 

memory B cells in vitro 

Aeroallergen-se

nsitized 

individuals 

13 cTFH13: CD4+CXCR5+CD40L+ 

IL-4+IL-13+ 

Frequencies of cTFH13 cells are increased in aeroallergen sensitized 

allergic patients 

22 

 

Nasal polyps 152 TFH: CD4+CXCR5+ Frequencies of nasal TFH cells and its subsets are increased in nasal 

polyps; nasal IL-4+ TFH cells may contribute to local IgE production in 

eosinophilic nasal polyps 

113 

Peanut allergy 6 cTFH13: CD4+CXCR5+CD40L+ 

IL-4+IL-13+ 

Frequencies of cTFH13 cells are increased in patients with peanut 

allergy 

 

22 

 

AD 29 cTFH: CD4+CXCR5+ICOS+PD-1+ Frequencies of cTFH cells are increased and frequencies of IL-21+ cTFH 

cells associate with disease severity in children with AD 

129 

AD 29 cTFH: CD4+CD45RO+CXCR5+ Frequencies of cTFH cells are comparable between patients with AD 

and healthy controls 

125 

AIT (AR 

patients) 

32 cTFH: CD3+CD4+CD45RO+ 

CXCR5+ 

TFH: 

CD4+CXCR5+FOXP3-Helios- 

cTFR: CD4+CXCR5+FOXP3+ 

Frequencies of cTFH cells, especially CXCR5high cTFH cells, are reduced 

after AIT; TFR cells are enriched in the CXCR5low cTFH cells, and 

frequencies of CXCR5low cTFH cells are increased after AIT; anti-IL-2 

reduce CXCR5 expression in cTFH cells in the presence of anti-CD3/28 

stimulation in vitro 

36 



4 

AD, atopic dermatitis; AIT, allergy immunotherapy; AR, allergic rhinitis; BREG, 

regulatory B cells; CCR, C-C chemokine receptor; CXCR, C-X-C chemokine receptor; 

cTFH, circulating follicular helper T; cTFR, circulating follicular regulatory T; Foxp3, 

forkhead box P3; HDM, house dust mite; ICOS, inducible T-cell costimulator; Ig, 

immunoglobulin; IL, interleukin; PD-1, programmed cell death protein 1; TFH, 

follicular helper T; TFR, follicular regulatory T. 

Helios+ 

AIT (AR 

patients) 

22 TFH: 

CD3+CD4+CD25-/lowCD127-/+CD

45RAlowCXCR5+ 

Frequencies of allergen-specific IL-4+ TFH cells are reduce after 

semidepot HDM allergen extracts treatment; reduction of 

allergen-specific IL-4+ TFH cells correlates with clinical efficacy after 

12 months of AIT 

111 

AIT (AR 

patients) 

27 cTFH2: CD3+CD4+CD25-/low 

CD127-/+ CD45RAlowCXCR5+ 

CXCR3-CCR6- 

cTFR: CD3+CD4+CD25highCD127 

lowCD45RAlowCXCR5+ 

Frequencies of cTFR cells and cTFR/cTFH2 ratio are increased after 

semidepot HDM allergen extracts treatment; cTFR cells display stronger 

function to inhibit IgE production after AIT; the increase of cTFR cells 

and cTFR/cTFH2 ratio correlate with clinical after 12 months of AIT 

35 

AIT (AR 

patients) 

21 cTFR: CD4+CXCR5+PD-1+ 

cTFR: CD4+CXCR5+PD-1+FoxP3+ 

Frequencies of IL-4+ and IL-4+IL-21+ TFH cells are reduced after 

Lolium perenne peptide immunotherapy; frequencies of cTFR cells are 

increased after AIT 

37 
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