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T follicular helper (Tfh) cells help orchestrate optimal humoral

immunity by helping B cells to produce affinity-matured, class-

switched antibodies in germinal centers. Recent studies have

unveiled the complexity and heterogeneity in Tfh cell

populations, particularly with respect to their cytokine

production. These distinct Tfh cell subsets help tune the class,

magnitude and quality of the immunoglobulins produced by B

cells, thus shaping the course of humoral responses. The Tfh

cell-B cell axis-dependent antibody production is mostly

beneficial, but at times can go awry and result in the generation

of pathologic antibodies that can harm the host. While IgE class

of antibodies are infamous for their detrimental role in allergic

diseases, emerging evidence is indicative of their pathologic

roles in other dysregulated immune states. Here, we discuss

the role of Tfh cell subsets in the regulation of pathologic IgE

production in allergies and other immunopathologic conditions.
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Introduction
Distinct classes of antibodies with unique biological

functions made by B lymphocytes are the cornerstone

of the humoral arm of the adaptive immune response.

Clonal selection, affinity maturation, class switching, and

the generation of long-lived memory B cells and plasma

cells are the foundation for an effective humoral immune

response and are typically reliant on CD4 T cell help [1].

A key subset of CD4 T cells that aid B cells in achieving

effective humoral immunity is T follicular helper (Tfh)

cells. Tfh cells are distinct from other effector CD4 T

cells by virtue of their surface markers (CXCR5, PD-1,

ICOS), cytokine expression (IL-21), signature
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transcription factor BCL6, and ultimately, their germinal

center location [2,3]. In general, effector CD4 T cell

response can be broadly classified as type 1 (Th1), type

2 (Th2), and type 3 (Th17) based on the CD4 effector T

cell subsets elicited [4]. Indeed, millennia of natural

selection have tailored immune responses to occur in

distinct ‘flavors’, and thus the type of CD4 T cells and

antibodies elicited, to best respond to specific insults; for

instance, the nature of immune cells elicited to a virus

(type 1 immunity) is distinct from anti-helminth

responses (type 2 immunity). Much like the effector

CD4 T cell type specialization, recent evidence shows

that Tfh cells are heterogeneous and can be classified into

the broad categories of type 1, 2, and 3 Tfh cells in mice

and humans [5].

Tfh cells and humoral responses play a vital role in the

success of vaccines and in protecting the host against a

multitude of viral and bacterial infections. However, Tfh

cells and antibody responses are not always beneficial. In

immune dysfunction such as allergy or autoimmunity,

Tfh cell-driven antibody responses can cause severe

pathology in the host [2]. The class of antibody that is

prototypically known to cause pathology in allergic dis-

eases is IgE. Archetypal immunological insults that gen-

erate the IgE class of antibodies are helminth infections

and allergic substances, both of which elicit type

2 responses. Although IgE antibodies may protect against

certain helminth infections or toxins, they are quintes-

sentially known for their involvement in the pathogenesis

of allergy and asthma. Cross-linking of IgE molecules

bound on surface of mast cells by allergens can lead to

mast cell degranulation and in the most severe cases,

systemic anaphylaxis [6,7]. Here, we discuss the recent

developments that help our understanding of the role of

Tfh cells in pathologic IgE antibody production.

Tfh cells, Tfr cells and allergic IgE
IgE-mediated allergies to environmental and food anti-

gens have lately grown to epidemic proportions [8].

Antigen-specific IgE generation is dependent on CD4

T cell help and the cytokine IL-4 [9,10]. IL-4-expressing

effector Th2 cells were originally thought to be the main

drivers of the IgE response because early mouse models

deficient in classic Th2 molecules such as IL-4, STAT6 or

GATA3 showed lack of IgE induction to model allergens

or type 2 immunizations [11–14]. However, recent stud-

ies, including ours, have revised this paradigm

[15��,16�,17,18,19�]. Genetic models of Tfh cell deletion

demonstrate that Tfh cells, but not Th2 cells, are critical
Current Opinion in Immunology 2022, 74:133–139
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for allergen-specific IgE. Importantly, in these experi-

ments, Th2-driven airway inflammation remained intact,

underscoring the functional dichotomy between Th2 and

Tfh cell subsets in allergen-induced asthma and patho-

logic IgE, respectively [15��,16�].

Tfh cells elicited in type 2 responses, often referred to as

Tfh2 cells or type 2 Tfh cells, are distinguished by their

ability to make abundant quantities of the cytokine IL-4

[5,15��,20–22]. Although IL-4 is considered as a canonical

Tfh cell cytokine by some and was shown to be expressed

in certain type 1 responses, the frequency of IL-4+ Tfh

cells as well as the levels of IL-4 expression is modest in

type 1 compared to type 2 responses [15��,23,24]. Isolated

loss of IL-4 in Tfh cells during type 2 responses abrogates

IgE production, signifying that Tfh cell-derived IL-4 is a

critical factor for IgE induction [19�]. However, although

IL-4+ Tfh cells are elicited in both helminth infections

and in allergic sensitization, the nature of the IgE induced

differs significantly (extensively reviewed elsewhere [6]).

In contrast to many helminth infections, IgE elicited to

allergens are typically high-affinity and anaphylactic,

suggesting that additional signals derived from Tfh cells

may be required for anaphylactic IgE in allergic sensiti-

zation. We recently found that allergens drive the differ-

entiation of two distinct IL-4+ Tfh cell populations (Fig-

ure 1): a novel population of IL-4 and IL-13 co-producing

Tfh cells in addition to the ‘classical’ IL-4+ Tfh2 cell

subset [15��]. Termed as Tfh13 cells, this subset

expresses canonical transcription factors of both classical

Tfh cells and Th2 cells, BCL-6 and GATA-3, respec-

tively, and are transcriptionally distinct from Tfh2 and

effector Th2 cells. The immunologic cues for Th13 cell

subset specialization in allergic responses is unknown and

warrants further study. Importantly, isolated loss of Tfh13

cells or IL-13 in Tfh cells results in poor induction of

anaphylactic, high-affinity IgE to the model allergen

Alternaria but modestly affects total or low-affinity IgE

levels [15��]. In a subsequent study, Tfh13 cells were also

reported by Clement et al. in a model of house dust mite

sensitization, and in vitro blocking of IL-13 by Tfh cells

suppressed IgE production in Tfh-B cell co-cultures

[25�]. IL-13 expression in Tfh cells has also been found

in mouse models of peanut allergy [26�] and IL-33+oval-

bumin sensitization [16�]. Tfh13-like cells are also found

in humans [15��,27–29]. One of the earliest papers that

characterized circulating CXCR5+Tfh-like cells (cTFh

cells) in humans showed that CXCR3-CCR6� cTfh cells

can produce IL-13 and express GATA-3 [27]. Further-

more, we and others have observed the presence of

cTfh13 cells in peanut-allergic and aeroallergen sensitive

patients [15��,28]. How Tfh13 cells may promote anaphy-

lactic IgE is unclear and warrants further study. Given

that germinal center environments poorly support IgE

production [30], Tfh13 cells may help overcome these

constraints by promoting the survival of IgE GC B cells,
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enhance sequential switching of IgG1 B cells to IgE B

cells, and/or amplify IgE plasma cell output.

Yet another key regulator of antibody responses including

that of IgE is the canonical Tfh cell cytokine IL-21

[7,31,32]. In contrast to IL-4 and IL-13, IL-21 seems to

work as a broad negative regulator of IgE responses

through the phosphorylation of STAT3 to block IgE class

switching [33,34�,35]. Indeed, Tfh cells abundantly

express this cytokine in type 1 immunizations (where

IgE is seldom made) compared to type 2 responses [15��],
and loss of IL-21 results in IgE augmentation [34�,36,37].
Previous studies in mice had shown that isolated loss of

IL-21R or Stat3 in B cells results in increased IgE

responses [35,36,37]. However, one conundrum in the

field has been that, in contrast to mouse models, IL-21

seemed to promote IgE secretion in human B cells in

some studies [38–40]. The IgE promoting role for IL-21

in human cells mainly stemmed from measuring IgE

levels in culture supernatants as a surrogate for IgE

switching with in vitro cultured circulating B cells. How-

ever, a recent paper by Allen and colleagues has revisited

the suppressive role of IL-21 for IgE in both humans and

mice [34�]. In mice, Tfh cell-specific loss of IL-21

resulted in IgE augmentation and parallel studies with

primary B cells from human tonsils also showed that IL-

21 impedes CD40+IL-4 mediated IgE class switching

[34�]. Importantly, this negative effect of IL-21 on IgE

switching was more pronounced on conditions where

CD40 signaling was limited. Intriguingly, Tfh13 cells

that promote anaphylactic IgE have reduced IL-21 which

may be an additional mechanism by which these cells

promote allergic IgE [15��].

If IgE can cause anaphylaxis reactions, why did such a

seemingly dangerous Tfh cell-dependent anaphylactic

IgE pathway evolve? One school of thought is that the

principal beneficial function of IgE is to protect the host

from helminth infections and at times the immune

response is ‘misdirected’ to innocuous substances, includ-

ing to food antigens [41]. The alternative school of

thought, originally proposed by Margie Profet, is that

allergic IgE could be a defense mechanism against toxins

and envenomation [42–44]. The experimental support for

this idea has been accumulating lately [45,46,47�,48].
Recent studies have shown that IgE to honeybee and

snake venom can help the host tolerate otherwise lethal

amounts of the venom in mice [45,46,48]. This IgE

conferred protection was antigen-specific, mast cell-

dependent and FceR1-dependent, and involved a local

anaphylactic response [46]. Similar to the studies on

venom, recently it was shown that IgE-mediated local

allergic activity confers protection against the pathogenic

bacteria Staphylococcus aureus in secondary infections and

intriguingly, toxin-replete S. aureus induced Tfh13 cells

and antigen-specific IgE, which was diminished in toxin-

deficient S. aureus [47�]. Thus, it is tempting to speculate
www.sciencedirect.com
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Schematic overview of the Tfh cell differentiation and IgE induction: Immunogens such as allergens or helminths can activate antigen presenting

cells and also elicit tissue damage. Cytokines such as TSLP, IL-33, IL-1, and IL-25 are released as a response to tissue damage caused by type

2 immunogens which skews APCs to steer the immune response to type 2. The activated APCs (primarily dendritic cells) migrate into the T cell

zone in the lymph node and activate naı̈ve T cells to adopt a type 2 differentiation program through mechanisms that are not completely clear.

The activated T cells differentiate into Th2 cells and type 2 Tfh cells, which are involved in tissue inflammation and help B cells produce

antibodies, respectively. In helminth infections, Tfh2 cells which produce IL-4 and IL-21 interact with germinal center B cells, to elicit low-affinity

IgE antibodies, presumably via direct class switching from IgM to IgE. Allergens induce Tfh13 cells that make IL-4 and IL-13 to aid high-affinity IgE

secreting cells. The Tfr cells may regulate this process by the neuritin-mediated suppression of antigen-specific IgE production, as well as through

IL-10 mediated enhancement of IgE B cells.

Abbreviations: BCL6, B cell lymphoma 6 protein; GC, germinal centers; GATA3, GATA binding protein 3; FceR, Fc epsilon receptor; ICOS,

inducible T cell costimulator; IgE, Immunoglobulin isotype E; IL-(4,13,21,10), interleukin-(4,13,21,10); Tfh cells, T follicular helper cells; cTfh,

circulating T follicular helper like cells; TSLP, thymic stromal lymphopoietin; STAT, signal transducer and activator of transcription.
that the ‘natural’ role for Tfh13 cells may be to promote

IgE to toxins to protect the host, but when this happens to

‘innocuous’ substances, one may develop aberrant allergic

responses to such antigens.

Distinct from Tfh cells, Tfr cells are a subset of T

regulatory (Treg) cells that can gain access to the B cell

follicle by virtue of their CXCR5 expression. Tfr cells

regulate the quality and magnitude of antibody responses

and also prevent aberrant auto-reactive antibody genera-

tion in the host [49–51]. Tfr cells express the signature

transcription factors of both Tfh cells (BCL6) and Tregs

(FoxP3). Several recent studies have assessed the role of

Tfrs cells in allergic IgE production [25�,26�,52��].
Employing an inducible in vivo depletion model of Tfr

cells, Clement et al. showed that acute loss of Tfr cells

during house dust mite extract sensitization resulted in
www.sciencedirect.com 
increased IgE plasma cells and IgE titers [25�]. They

further showed that Tfr cells suppress Tfh-derived cyto-

kines IL-4 and IL-13 and IgE production in an in
vitroTfh-Tfr-B cell co-culture assay, indicating direct

suppression of Tfh cell function by Tfr cells. However,

whether the escalated IgE response with the loss of Tfr

cells was due to the augmentation of Tfh13 cells in vivo is

unclear. In a more recent study using constitutive Tfr cell

knockout mice, Vinuesa and colleagues also showed

elevated IgE production in type 2 immunization and

food allergy models [52��]. In this study, Tfr cells did

not seem to directly impact IL-4 or IL-13 production by

Tfh cells but affected B cells directly. Mechanistically, a

Tfr cell-derived neurotrophic factor, neuritin, resulted in

inhibitory phosphorylation of adaptors of IL-4 and IL-13

signaling, thus constraining IgE B cells [52��]. Intrigu-

ingly and in contrast to these studies, Xie et al. showed
Current Opinion in Immunology 2022, 74:133–139
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that Blimp-1-expressing Tfr cell-derived IL-10 promotes

peanut-specific IgE responses in food allergy by enhanc-

ing GC responses [26�], similar to what has been demon-

strated in viral infections [53]. In the study by Xie et al.,
constitutive loss of Tfr cells resulted in poor induction of

antigen-specific IgE albeit with an increase in total IgE

levels. The precise reasons for the discrepant conclusions

from these studies are unclear. The study by Clement

et al. used a novel inducible deletion model to acutely

deplete Tfr cells [25�] while the studies by Xie et al. and

Gonzalez-Figueroa et al. used a FoxP3 cre Bcl6 flox

approach to constituently delete Tfr cells [26�,52��].
Further, the immunization models and/or the regimen

were also different in these studies. Overall, all the above

discussed studies point out the complexities in the biol-

ogy of Tfr cell and Tfh cell subsets in regulating the IgE

response and further work is needed to fully understand

the nuances of IgE regulation by these T cell subsets

(Figure 1).

Tfh cells and IgE in other immune disorders
In addition to allergens, helminth infections, venom, and

toxins, elevated IgE levels and IgE to self-antigens have

been reported in diseases such as systemic lupus erythe-

matosus (SLE), atopic dermatitis (AD), chronic urticaria

and has been implicated in their pathogenesis [54]. Here

we discuss the potential roles of Tfh cells and IgE in the

pathogenesis of SLE and AD as two examples. SLE is a

classical, systemic autoimmune disease typified by the

production of antibodies to nucleic acids and nucleopro-

teins. Clinical data and experimental models of SLE

suggest that IgM and class-switched IgG, IgA, IgE anti-

bodies to self-antigens are formed in SLE [55]. Classical

germinal centers and Tfh cell responses are critical for the

disease in most mouse models [56]. The precise role of

IgE remains perplexing in lupus. The incidence of anti-

nuclear IgE in SLE patients is extremely variable. How-

ever, IgE levels to self-antigens seem to correlate with the

severity of the disease [55,57,58]. A recent clinical trial

with omalizumab conducted on a small cohort of lupus

patients showed blocking IgE improved clinical symp-

toms, indicating its role in disease severity [59].

The relevance of IgE in SLE has been tested in certain

mouse models of the disease. Mice lacking the Src family

protein tyrosine kinase Lyn develop spontaneous lupus

nephritis with an associated increase of IgE to self-anti-

gens [60]. Lupus nephritis severity was reduced when

these mice were crossed to IgE or IL-4, but not mast cell,

deficient mice. In a different study, IgE deficiency

improved lupus-like symptoms in FcgRIIB�/� and

FcgRIIB�/�.Yaa lupus-prone mice [57]. However, in both

these studies, anti-nuclear IgG responses were also

impaired. Blocking IL-21, which typically amplifies

IgG but inhibits IgE, effectively blunts SLE pathology

in mice [61–63]. Thus, it is unclear whether IgE promotes

pathogenesis directly or amplifies autoreactive IgG
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production in SLE. The Tfh cells that drive IgE produc-

tion in SLE seem to be IL-4-producing Tfh cells. In a

recent study, mice with a T cell-specific deletion of ETS1

(ETS proto-oncogene 1) developed lupus-like disease

with high levels of IgE autoantibodies [64]. In these

mice, IL-4+ Tfh cell, but not Th2 cell, frequency corre-

lated with IgE germinal center B cells and autoantibodies.

In line with these findings, circulating Tfh2 cells are

associated with disease severity in lupus patients

[65,66]. Intriguingly, Tfh cells in ETS1 deficiency co-

expressed cytokines IL-13 and IL-4 and transcription

factors Gata3 and Bcl6, not unlike the pathologic Tfh13

cells in allergy described above. Further, in the Roquin-
san/san model of SLE, Tfh cells were sufficient to drive

spontaneous GCs and autoantibodies and additional IL-

21 deficiency in Tfh cells enhanced the IgE response

further [67]. Thus, it appears that the regulation of IgE by

Tfh cells in this disease may also be similar to allergic

responses; Tfh-derived IL-4 and IL-13 promote, while

IL-21 dampens, IgE.

AD, also known as eczema, is a chronic inflammatory skin

disease that typically is established in early infancy and its

cardinal manifestations are pruritus and skin lesions.

Inherent Th2 bias, high IgE levels (in most cases) along

with skin barrier disturbance are regarded as the central

disease mechanisms, although other T cell subsets (Th17,

Th1, Th22) and innate cells also contribute to the disease

[68]. AD can manifest without augmented IgE concen-

trations, and this form of the disease is known as non-

atopic or intrinsic AD [69]. AD is often thought to be the

first event that results in the ‘atopic march’, the tendency

to become sensitized to multiple environmental allergens

over time. Interestingly, considerable levels of IgE made

in AD are self-reactive or can be cross-reactive to envi-

ronmental antigens, and disease severity correlates with

the levels of IgE in some but not in other studies [69].

Although IgE-independent AD has been demonstrated in

certain mouse models of the disease [70,71], metanalyses

of clinical trials in AD patients and a recent large clinical

trial with pediatric AD patients show alleviation of symp-

toms with omalizumab treatment, suggesting that IgE

may contribute to disease severity [72,73]. However, the

precise mechanisms of IgE-mediated pathology induced

in AD remains unclear and requires further inquiry.

Although Tfh cells were shown to be induced in some

mouse models of AD, the function of these Tfh cells

remains to be well-characterized [74,75]. In a vitamin D3

analog MC903 driven model of AD, Tfh2 and Tfh13 cells

were both induced, but it is currently unclear if any of

these subsets contribute to the disease [74]. A study by

Szabo et al. observed increased frequency of IL-21+ cTfh

cells particularly in pediatric AD patients [76]. A different

study analyzed Tfh1, Tfh2, and Tfh17 cell subsets in

adult AD patients before and after omalizumab treat-

ment. At baseline, AD patients demonstrated lower

Tfh17 cell frequencies but no difference in overall Tfh
www.sciencedirect.com
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cells, and no significant changes in Tfh subsets were

observed after the completion of the treatment [77].

Thus, with the existing data, it is unclear whether Tfh

cells promote pathology in AD.

Conclusions and future directions
Recent research on the regulation of IgE responses has

unveiled the heterogeneity in Tfh cell subsets in type

2 immunity and has identified key cell types and mole-

cules that instruct B cells to generate pathologic IgE in

allergic sensitization. Key areas that are of immense

future interest are the following: 1) Understanding the

role of Tfh cytokines within and outside germinal centers

(GC): Recent evidence suggests that class switching to

IgG during protein antigen immunization occurs infre-

quently in the GCs but primarily at extrafollicular sites

[78��]. Given that Tfh cells that make IgE-promoting

cytokines are found both within the GCs and extrafolli-

cular sites [15��,20,21,79], the roles for these cytokines in

these distinct locations with respect to IgE remains to be

clarified. 2) Tfh cell subset specialization and plasticity:

Whether type 2 Tfh cell specialization predominantly

occurs via a linear developmental trajectory from naı̈ve

CD4 T cells or if these cells are a result of a transient

developmental state between Th2 cells and ‘canonical’

Tfh cells due to their proposed plasticity is unclear and if

this distinction matters for the nature of the IgE induced

is unknown. 3) Precise roles of Tfr cells in IgE response:

Tfr cells have been shown to inhibit as well as promote

IgE response. Spatiotemporal regulation of IgE and Tfh

cells by Tfr cells is an important future area of study. 4)

IgE in diseases other than allergy: Accumulating evi-

dence argues for a detrimental role for IgE in the prog-

nosis of several diseases, including AD and SLE. How-

ever, the nature of the IgE induced in these diseases

(affinity, anaphylactic ability, glycosylation status, etc.),

the precise mechanisms of how IgE regulates their path-

ogenesis, and if the regulation of IgE in such disease

states follows the rules of IgE induction as in allergy

remains to be examined further. Indeed, a deeper under-

standing of the nuances of Tfh cell differentiation into

specialized subsets and their regulation of IgE at a

molecular level is critical for developing future therapeu-

tic interventions for IgE-mediated diseases.
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