REVIEW
URRENT
C
OPINION

Human T follicular helper cells in primary
immunodeficiencies
Cindy S. Ma a,b, Gulbu Uzel c, and Stuart G. Tangye a,b

Purpose of review
To summarize our understanding of the biology of T follicular helper (Tfh) cells and how insights into this
are being provided by the study of human monogenic immunological diseases.
Recent findings
Antibody production is a key feature of the vertebrate immune system. Antibodies neutralize and clear
pathogens, thereby protecting against infectious diseases. Long-lived humoral immunity depends on help
provided by Tfh cells, which support the differentiation of antigen-specific B cells into memory and plasma
cells. Tfh cells are generated from naı̈ve CD4þ T cells following the receipt of inputs from various cell surface
receptors. Although genetically modified mice have provided a great understanding of the requirements for
generating Tfh cells, it is critical that the requirements for human Tfh cells are also established. This is being
achieved by the systematic analysis of humans with monogenic mutations that cause primary
immunodeficiencies characterized by impaired humoral immunity following infection or vaccination.
Summary
The elucidation of the mechanisms that regulate Tfh cell generation, differentiation and function should
reveal targets for novel therapeutics that may offer opportunities to manipulate these cells to not only
improve humoral immunity in the setting of primary immunodeficiencies but also temper their dysregulation
in conditions of antibody-mediated autoimmunity.
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INTRODUCTION
In healthy individuals, natural infection or immunization with approved vaccines usually generates
protective immunity such that infectious disease
from subsequent exposure is prevented. The ability
of the mammalian immune system to generate such
robust, efficient and specific immunity and memory
relies on the flexibility of naı̈ve CD4þ T cells to
differentiate into diverse subsets equipped with
specific functions to eradicate pathogenic threats
[1]. Th1, Th2 and Th17 cells have been implicated
in providing immune-mediated protection against
specific pathogens [intracellular viruses and mycobacteria (Th1), extracellular parasites (Th2) and
fungi (Th17)] [1,2]. However, a cardinal feature of
immunity following natural infection, and the success of most vaccines, is the generation of long-lived
plasma cells and memory B cells selected to produce
high-affinity neutralizing antibodies either constitutively or following reencounter with the initiating
pathogen [3–5]. This process is dependent on T
follicular helper (Tfh) cells, a specialized population
www.co-pediatrics.com

of effector CD4þ T cells. Here, we will review the
biology of Tfh cells and discuss how defects in Tfh
cell formation or function can contribute to the
clinical features of human monogenic conditions.

T FOLLICULAR HELPER CELLS:
DISCOVERY IN HUMAN LYMPHOID
TISSUES
Tfh cells were first identified in human tonsils as
CD4þ T cells expressing the B-cell zone-homing
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than CD4þCXCR5 T cells [13,14,15 ,16 ,17].
However, key differences exist between circulating
Tfh cells and those in secondary lymphoid tissues,
including substantially reduced expression of Bcl-6,
ICOS and PD-1 by blood Tfh cells, and their expression of CCR7 [9,13,14,15 ,16 ,17]. This change in
phenotype possibly coincides with the evolution of
a lymphoid tissue Tfh cell into a quiescent memorytype cell following tissue egress and entry into the
circulation.
The population of circulating CD4þCXCR5þ
T cells is heterogeneous, with distinct subsets being
identified according to differential expression of
specific surface receptors. Morita et al. [14] originally
reported the presence of subsets on the basis of the
expression of CXCR3 and CCR6. Thus, they found
Th1 (CXCR3þCCR6), Th2 (CXCR3CCR6) and
Th17-like (CXCR3CCR6þ) populations of Tfh cells.
In addition to producing varying amounts of IL-21,
Th1-like, Th2-like and Th17-like Tfh cells expressed
signature features of conventional Th1 (i.e., TBX21;
IFNg), Th2 (GATA3; IL-4, IL-5, IL-13) and Th17
(RORC; IL-17A, IL-22) cells [14]. Notably, the Th2Tfh and Th17-Tfh subsets produced higher levels of
IL-21 and induced greater B-cell differentiation than
Th1-like Tfh cells [14]. More recently, Locci et al.
[15 ] and He et al. [16 ] fractionated circulating
CD4þCXCR5þ T cells into subsets according to
differential expression of PD-1 and CXCR3 or
CCR7. This revealed that the PD-1þCXCR3 and
PD-1þCCR7lo subsets of CD4þCXCR5þ T cells were
enriched for IL-21-secreting cells and were most
efficient at providing help for B-cell differentiation
in vitro [15 ,16 ]. These findings led to the conclusion that circulating CD4þCXCR5þ T cells have
most likely undergone a Tfh differentiation program
in vivo and can be used as a surrogate or biomarker of
lymphoid tissue Tfh cell activity ex vivo. Indeed,
these studies successfully established correlations
between the overabundance of Th2 and Th17-type
or PD-1þCCR7lo Tfh cells and severity of disease
in the setting of some autoimmune conditions
[14,16 ], as well as between the presence of
PD-1þCXCR3 Tfh cells and the ability to generate
neutralizing Abs against HIV in infected individuals
[15 ]. Thus, the identification of a circulating
counterpart of Tfh cells has laid the foundation to
more easily study these cells in human disease.
&&

KEY POINTS
 Analysis of human PIDs characterized by poor antibody
responses provides an opportunity to dissect the
molecular and cellular requirements for generating Tfh
cells in humans.
 Loss-of-function mutations in CD40LG, ICOS, SH2D1A,
BTK and STAT3 compromise the generation of Tfh cells
in humans.
 Tfh cells are required for the generation of long-lived
humoral immunity to T-cell-dependent antigens.
 The rapid discovery of new gene mutations underlying
novel human PIDs will facilitate the identification of
novel regulators of human Tfh cell generation
and function.

chemokine receptor CXCR5, but lacking the T-cell
zone chemokine receptor CCR7, thus allowing them
to reside in B-cell areas of secondary lymphoid
tissues [6,7]. Beyond CXCR5, Tfh cells are typically
identified by high levels of expression of the surface
receptors, ICOS and PD-1, the transcriptional
repressor, BCL6, and the cytokine, IL-21 [6–9].
The close proximity of Tfh cells to B cells facilitates
T-dependent B-cell activation, expansion and differentiation. Indeed, CD4þCXCR5þ T cells are more
efficient than CD4þCXCR5 T cells at inducing class
switching and Ab secretion by cocultured B cells
through mechanisms predominantly involving
CD40L, ICOS and IL-21 [6,7,10–12]. These initial
descriptions resulted in the recognition that Tfh
cells, rather than Th2 or another effector CD4þ
T-cell subset, were primarily responsible for mediating T-dependent B-cell differentiation and generating long-lived humoral immunity (Fig. 1a).

T FOLLICULAR HELPER CELL SUBSETS
Although the initial characterization of Tfh cells
at the cellular, molecular and functional levels
involved the analysis of lymphoid tissues, extrapolation of these findings to settings of human disease
is challenging as access to human lymphoid tissues
is not always possible. This has necessitated the
study of a small subset of CXCR5-expressing
CD4þ T cells in the peripheral blood. Although there
have been some conflicting findings, the general
consensus is that these cells are the circulating
counterpart of Tfh cells in human secondary lymphoid tissues. Blood-derived CD4þCXCR5þ T cells
express higher levels of ICOS, CD40L, PD-1, IL-21,
IL-10, CXCL13 and BCL6 – which are all features of
Tfh cells – following in-vitro stimulation, and are
more efficient at inducing B-cell differentiation,
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REQUIREMENTS FOR T FOLLICULAR
HELPER CELL FORMATION: INSIGHTS
FROM MICE
The generation of Tfh cells results from a complex
series of interactions initially between naı̈ve CD4þ
T cells and dendritic cells (DCs) in the T-cell zone of
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(a)
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FIGURE 1. Pathways leading to T follicular helper (Tfh) cell development – effect of PID mutations. (a) Following encounter
with dendritic cells (DCs), naı̈ve CD4þ T cells develop into activated pre-Tfh-type cells that migrate into B-cell follicles. Signals
provided by B cell reinforce the ‘Tfh program’, resulting in the generation of differentiated Tfh cells, which can migrate into
germinal centers and provide help to Ag-specific B cells for their differentiation into long-lived memory B cells and plasma
cells. Multiple inputs from both DCs and B cells are required for Tfh formation, including cytokines and receptor/ligand
interactions. Similarly, signals delivered through the IL-10/IL-10R and IL-2/CD25/STAT5 axes suppress Tfh formation.
(b) Indicates where and how specific monogenic mutations can perturb Tfh formation. Mutations in CD40LG, ICOS, STAT3,
SAP and BTK (resulting in a lack of B cells) (depicted by solid red crosses) have all been found to the compromise formation of
Tfh cells in humans. Mutations in IL12RB1 or IL21/IL21R (depicted by outline red crosses) may reduce Tfh cell numbers;
however, more studies are required to definitively establish the roles of these genes in Tfh formation. Mutations in PI3K p110d,
CD19/CD21/CD81, IL10/IL10RB and CD25 (depicted by outline black crosses) may theoretically impact Tfh function, with
PI3K p110d and CD19/CD21/CD81 being required for Tfh formation and IL10/IL10RB and CD25 signaling functioning to
restrain Tfh formation. Thus, the latter mutations may contribute to aberrant Tfh generation and development in settings of
monogenic autoimmune conditions.

lymphoid tissues and subsequently between these
DC-primed CD4þ T cells and B cells within follicles.
Indeed, B cells are required for the generation of Tfh
cells as these cells fail to form in B-cell-deficient
mice [18,19]. These interactions involve numerous
cell surface receptors (CD28, ICOS, CD40L, SLAM
family members) and cytokines (e.g., IL-6, IL-12,
IL-21, IL-27) coupled to their associated signaling
pathways (SAP, STAT1 or STAT3) (Fig. 1a). Although
Tfh cells are reduced in many gene-targeted mice, no
722
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single cytokine or signaling pathway is essential,
indicating that substantial redundancy exists
between these pathways (reviewed in [20–23]).
Interactions between these ligands and receptors leads to the induction of key transcription
factors that imprint upon the activated CD4þ T cells
a Tfh fate. Bcl-6 was the first, and perhaps the best
characterized, transcription factor identified as
being required for Tfh cell formation. Bcl-6 functions as a transcriptional repressor. By suppressing
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the expression of Tbx21, Gata3 and Rorc, Bcl-6 prevents the commitment of naı̈ve CD4þ T cells into
Th1, Th2 and Th17 cells, respectively [20–26].
However, it is possible that Bcl-6 also contributes
to Tfh formation by inducing expression of relevant
target genes [20,23]. Interestingly, some signature
features of Tfh cells – such as CXCR5 and IL-21 –
were not induced by Bcl-6 alone [20–22]. This led to
the discovery of additional transcription factors –
Ascl2, BATF, cMAF, IRF4, STAT3 – that work cooperatively or sequentially to induce Tfh cells [20–23].
Thus, BATF can induce Bcl-6 and cMAF [27], with
cMAF inducing CXCR5 and IL-21 [28–30], whereas
STAT3-activating cytokines can directly induce
IL-21, as well as cMAF and possibly BATF [29,31].
Interestingly, the E3 ubiquitin ligase Itch is important for inducing or maintaining Bcl-6 expression in
Tfh cells and is thus required for Tfh formation [32].
Recently, Ascl2 was also found to play a critical role
in inducing CXCR5 and regulating trafficking of
Tfh cells [33].
Although many factors are important for
promoting Tfh cell genesis, a smaller number of
molecules that restrain Tfh formation have been
identified. The most potent repressor of Tfh cells
is Blimp-1, which is induced by IL-2/STAT5 signaling and represses Bcl-6 [24,34] (Fig. 1a). IL-10 also
ameliorates Tfh formation; however, the molecular
pathway(s) underpinning this effect are unknown
[22] (Fig. 1a). Another regulator is the transcription
factor FoxP1, which suppresses Tfh formation by
inhibiting expression of ICOS and IL-21 [35]. Interestingly, Itch can associate with FoxP1 to promote
its degradation, thereby relieving FoxP1-mediated
negative regulation of Tfh cells [32]. Thus, akin to
Bcl-6 and Blimp-1, Itch and FoxP1 may function as
another Yin-Yang pair acting as diametric opposites
to promote and impede, respectively, Tfh formation
[32,35]. Overall, positive and negative signals from
various inputs operate to dynamically and intrinsically fine-tune Tfh formation and function, thereby
ensuring the induction of a Tfh response that is
appropriate for the current pathogenic threat. Dysregulation of this process appears to cause diseases as
diverse as autoimmunity, immunodeficiency or
malignancy characterized by the overrepresentation, reduction or transformation, respectively, of
Tfh cells [21,22].

REQUIREMENTS FOR T FOLLICULAR
HELPER CELL FORMATION: INSIGHTS
FROM HUMAN PRIMARY
IMMUNODEFICIENCIES
The vast majority of our knowledge on the requirements for generating Tfh cells has come from the

analysis of gene-targeted or naturally occurring
mutant mice. Although it is highly likely that these
requirements are mirrored in human Tfh cells, in
light of the numerous differences between human
and murine immune systems [36], it is important to
confirm that this is indeed the case. The study of
humans with monogenic immunological diseases
such as primary immunodeficiencies (PIDs) has
established some of the requirements for generating
human Tfh cells.
Hyper IgM (HIGM) syndrome is characterized by
normal to elevated serum IgM, but severely reduced
IgG, IgA and IgE resulting in increased susceptibility
to infection by a range of pathogens. HIGM can be
caused by mutations in CD40LG or CD40, underscoring the requirement for CD40/CD40L signaling
for immunoglobulin isotype switching. Mutations
in ICOS manifest as adult-onset common variable
immunodeficiency, whereas mutations in SH2D1A
(encoding SAP) cause X-linked lymphoproliferative
disease (XLP) with progressive hypogammaglobulinemia being a key clinical trait [37]. Common features of these PIDs are impaired humoral immune
responses associated with defects in generating
memory B cells and a deficit of well-formed germinal centers in secondary lymphoid tissues [37]. In
contrast, X-linked agammaglobulinemia (XLA) is
caused by BTK mutations, resulting in an almost
complete loss of B cells due to a block at the preB-cell stage of development and a severe reduction
in levels of all serum immunoglobulin isotypes [37].
The predominant expression of CD40L, ICOS
and SAP by T cells pointed to the CD4þ T cellintrinsic nature of defective humoral immunity in
HIGM, ICOS deficiency and XLP, respectively.
Analysis of peripheral blood samples revealed that
the frequencies of circulating CD4þCXCR5þ T cells
are dramatically decreased in CD40L-deficient and
ICOS-deficient individuals [38] (Fig. 1b). These findings indicate that signals received via CD40/CD40L
and ICOS/ICOS-L are required not only for B-cell
differentiation but also for the generation, maintenance and survival of human Tfh cells [38]. XLA
patients also had few circulating CD4þCXCR5þ
T cells [39] (Fig. 1b), reminiscent of B-cell deficient
mice [18]. The fact that a similar reduction was
found in common variable immunodeficiency
patients with reduced peripheral B cells [39] implied
that the Tfh cell deficit was primarily due to the
absence of B cells rather than a lack of BTK, which
can function in some myeloid cells that persist in
XLA patients. This establishes the importance of B
cells for the induction or maintenance of Tfh cells in
humans and infers important roles for ICOS/ICOS-L
and CD40L/CD40 interactions between B cells and
CD4þ T cells in these processes. Unlike patients with
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mutations in CD40LG, ICOS or BTK [38,39], XLP
patients have normal numbers of circulating Tfhlike cells [16 ,19,40]. However, SAP-deficient
CD4þ T cells failed to acquire functional attributes
of Tfh cells in vitro [19,40,41].
Autosomal dominant hyper-IgE syndrome is
caused by mutations in STAT3 [37]. Although
affected patients do not exhibit hypogammaglobulinemia per se, they do have impaired functional Ab
responses and a reduction in circulating memory B
cells [37,42,43]. Consistent with such defects in
humoral immunity, these patients have a deficiency
in circulating CD4þCXCR5þ T cells (Fig. 1b), and
their naı̈ve CD4þ T cells fail to differentiate into Tfhlike cells following in-vitro stimulation [17,44].
STAT3 is activated by cytokines including IL-6,
IL-12, IL-21 and IL-27, which contribute to Tfh cell
generation in mice [20–23]. Thus, these cytokines
probably combine to control human Tfh differentiation in a STAT3-dependent manner. Signal
integration between multiple cytokines is likely
required because the frequencies of circulating
CD4þCXCR5þ T cells in patients with loss-of-function mutations in IL21R [45 ] or IL21 [46 ] are not
significantly reduced compared to normal controls
(Fig. 1b). Similarly, although IL-12 is the main
inducer of human Tfh-like cells in vitro [47,48],
we found that mutations in IL12RB1, encoding
IL-12Rb1, caused only a mild (and nonsignificant)
reduction in circulating Tfh cells [44]. Despite this,
another study observed fewer circulating Tfh cells
(Fig. 1b), memory B cells and lower avidity Ab
responses to tetanus in patients with IL12RB1
mutations [49 ] even though these patients had
normal levels of serum IgG against tetanus toxoid,
rubella, Epstein-Barr virus, cytomegalovirus and
varicella virus [49 ] As the defect in circulating
CD4þCXCR5þ T cells improved with age [49 ],
IL-12 signaling may only be required for Tfh cells
early in life. Overall, it would appear that in the
absence of IL-12 or IL-21 signaling, compensatory
mechanisms involving other cytokines function to
preserve Tfh cell differentiation.
Analyses of monogenic PIDs revealed requirements for B cells, CD40LG, ICOS, SH2D1A, STAT3
and possibly IL12RB1 in Tfh formation, function
and maintenance (Fig. 1b). They also provided further correlative evidence that circulating Tfh cells
are related to bona-fide Tfh cells, as a deficit of
peripheral CD4þCXCR5þ T cells paralleled a
deficiency of germinal centers and presumably lymphoid tissue Tfh cells. However, the fact that circulating Tfh cells were present in normal frequencies
in XLP patients highlights the need to consider
alternative approaches to interrogate Tfh function
in PIDs beyond merely phenotyping. Extending this
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analysis to quantify subsets (using CCR7/PD-1 or
CXCR3/CCR6 expression), coupled with in-vitro
analysis of function (e.g., expression of IL-21, inducing B-cell differentiation), may provide more robust
read-outs of the status of Tfh cells and their function
in the setting of PIDs.

WHAT ELSE CAN PRIMARY
IMMUNODEFICIENCIES TEACH US ABOUT
HUMAN T FOLLICULAR HELPER CELLS?
The studies detailed above can be examples, and
inspirations, for future investigations using other
monogenic immunological diseases that could
inform us of the pathways that converge to yield
human Tfh cells, as well as identifying novel targets
to modulate human Tfh formation in the settings of
autoimmunity or PID. For instance, the role of B
cells in inducing Tfh cells could be further refined by
studying humans with loss-of-function mutations
in molecules that play important roles in regulating
B-cell function, such as CD19 [50], CD81 [51] and
CD21 [52] (Fig. 1b). Similarly, studies have revealed
that ICOS signals via the PI3 kinase pathway to
generate Tfh cells in mice [53,54]. Humans with
gain-of-function mutations in PI3CKD, encoding
the p110d subunit of PI3 kinase, have poor humoral
immunity to T-dependent and T-independent Ags
[55 ,56 ]. Although this likely results from a B-cellintrinsic defect [56 ], it is possible that dysregulated
ICOS signaling in CD4þ T cells impacts Tfh cell
development, further compromising Ab responses
(Fig. 1b). Gain-of-function mutations in STAT1 were
originally reported to cause chronic mucocutaneous
candidiasis [57]. However, it is now evident that
these mutations result in a broad and variable
clinical phenotype, with some patients presenting
with defects in generating protective Ab responses
[37,57]. These patients will provide an opportunity
to address the role of aberrant STAT1 signaling in
human Tfh cells and may resolve conflicting results
regarding the importance of STAT1 in murine Tfh
cells [58–60].
Humans have also been identified with
mutations in IL10 or IL10RB1, which cause earlyonset severe inflammatory bowel disease [61], and
IL2RA (CD25) or STAT5B, causing not only severe
multisystemic autoimmune manifestations due to
defects in homeostasis of regulatory T cells (Tregs)
but also immune deficiency characterized by
recurrent microbial infections [62]. As signaling
via IL-10/IL-10R and CD25/STAT5 pathways constrain Tfh development in mice [22,23,34], the
assessment of Tfh-type cells in these patients could
provide important insights into the role of these
cytokine signals in regulating human Tfh cells
&&
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(Fig. 1a,b). Interestingly, mutations in ITCH yield
an autoimmune phenotype similar to patients
with defects in IL2RA or STAT5B [62]. Although
the development of autoimmune manifestations
in patients with IL10, IL10RB1, IL2RA, STAT5B or
ITCH mutations are probably due to impaired
Treg function, aspects of these conditions may also
involve dysregulated Tfh cells, as noted for other
systemic (polygenic) autoimmune conditions
[21,22]. It will be important to determine whether
ITCH is a positive or negative regulator of human
Tfh cells, as it was recently shown to promote Tfh
formation in mice [32].
In addition to conventional Tfh cells that
promote T-dependent B-cell responses, a subset of
Tfh cells – T follicular regulatory (Tfr) cells – has
been identified that suppresses humoral immunity
by acting on either Ag-specific B cells or Tfh cells
themselves [21,22]. Although the exact mechanisms
underlying Tfr-mediated repression remains to be
completely elucidated they are likely to be similar to
those utilized by conventional Tregs, such as cytokines (IL-10, TGFb, IL-35) and surface receptors
(CTLA4) [62]. As more studies are being performed
to dissect Tfr cells in mice and understand how they
restrain humoral immunity, PIDs represent a
resource to extrapolate some of these findings to
humans, thereby revealing the biology of human
Tfr cells. Thus, individuals with mutations in IL10/
IL10R, IL2RA/STAT5B, ITCH and FOXP3 [61,62], as
well as the recent identification of individuals with
heterozygous mutations in CTLA4 [63 ], who all
develop severe autoimmunity, provide invaluable
opportunities to determine the molecular requirements for the generation and function of human Tfr
cells. Interestingly, Meffre and colleagues recently
reported that patients with IPEX due to FOXP3
mutations have an increased frequency of circulating Tfh-like cells and these cells had greater expression of the Tfh-related molecules BCL6, PD1, ICOS
and IL21 than corresponding normal cells [64 ].
Whether these differences result from a lack of Tfr
cells themselves, a lack of regulation of Tfh cells by
Tfr cells or both remains to be determined, but this
study reveals the potential insights that can be
gained by analyzing Tfh, and potentially Tfr, cells
in patients with monogenic autoimmune diseases,
akin to our improved knowledge of human Tfh cells
from analyzing PIDs.
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CONCLUSION
Studies of genetically modified or naturally occurring mutant mice have led to a stunning increase in
our understanding of the factors required for the
generation, function and regulation of Tfh cells.

Although many of these processes are likely to be
conserved in other mammalian species, in order to
develop rational strategies for treating various
immunological dyscrasias it remains important to
study Tfh biology in humans. Analyses of patients
with monogenic PIDs or autoimmune diseases have
indeed yielded critical insights into human Tfh cells
and have provided the framework for continued
investigation of these cells in different immune
settings. With the exponential increase in discovery
of novel genes causing PIDs by next-generation
sequencing [65], it is clear that many examples of
monogenic immunological diseases will arise providing fertile ground for future studies and greater
knowledge of the molecular and cellular regulation
of human Tfh cells.
Acknowledgements
Research performed in the authors’ labs is supported by
grants and fellowships awarded by the National Health
and Medical Research Foundation of Australia, Cancer
Council NSW (C.S.M., S.G.T.) and the National Institutes of Health (G.U.).
Conflicts of interest
There are no conflicts of interest.

REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:
&
of special interest
&& of outstanding interest
1. O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment and
plasticity of helper CD4þ T cells. Science 2010; 327:1098–1102.
2. Deenick EK, Ma CS, Brink R, Tangye SG. Regulation of T follicular helper cell
formation and function by antigen presenting cells. Curr Opin Immunol 2011;
23:111–118.
3. Ahmed R, Gray D. Immunological memory and protective immunity: understanding their relation. Science 1996; 272:54–60.
4. Rajewsky K. Clonal selection and learning in the antibody system. Nature
1996; 381:751–758.
5. Tangye SG, Tarlinton DM. Memory B cells: effectors of long-lived immune
responses. Eur J Immunol 2009; 39:2065–2075.
6. Breitfeld D, Ohl L, Kremmer E, et al. Follicular B helper T cells express CXC
chemokine receptor 5, localize to B cell follicles, and support immunoglobulin
production. J Exp Med 2000; 192:1545–1552.
7. Schaerli P, Willimann K, Lang AB, et al. CXC chemokine receptor 5 expression defines follicular homing T cells with B cell helper function. J Exp Med
2000; 192:1553–1562.
8. Chtanova T, Tangye SG, Newton R, et al. T follicular helper cells express a
distinctive transcriptional profile, reflecting their role as non-Th1/Th2 effector
cells that provide help for B cells. J Immunol 2004; 173:68–78.
9. Rasheed AU, Rahn HP, Sallusto F, et al. Follicular B helper T cell activity is
confined to CXCR5(hi)ICOS(hi) CD4 T cells and is independent of CD57
expression. Eur J Immunol 2006; 36:1892–1903.
10. Kim CH, Rott LS, Clark-Lewis I, et al. Subspecialization of CXCR5þ T cells: B
helper activity is focused in a germinal center-localized subset of CXCR5þ
T cells. J Exp Med 2001; 193:1373–1381.
11. Kim JR, Lim HW, Kang SG, et al. Human CD57þ germinal center-T cells are
the major helpers for GC-B cells and induce class switch recombination.
BMC Immunol 2005; 6:3.
12. Bryant VL, Ma CS, Avery DT, et al. Cytokine-mediated regulation of human B
cell differentiation into Ig-secreting cells: predominant role of IL-21 produced
by CXCR5þ T follicular helper cells. J Immunol 2007; 179:8180–8190.
13. Chevalier N, Jarrossay D, Ho E, et al. CXCR5 expressing human central
memory CD4 T cells and their relevance for humoral immune responses.
J Immunol 2011; 186:5556–5568.

1040-8703 ß 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins

www.co-pediatrics.com

725

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Allergy, immunology and related disorders
14. Morita R, Schmitt N, Bentebibel SE, et al. Human blood CXCR5(þ)CD4(þ) T
cells are counterparts of T follicular cells and contain specific subsets that
differentially support antibody secretion. Immunity 2011; 34:108–121.
15. Locci M, Havenar-Daughton C, Landais E, et al. Human circulating PD&&
(þ)1CXCR3(-)CXCR5(þ) memory Tfh cells are highly functional and correlate with broadly neutralizing HIV antibody responses. Immunity 2013;
39:758–769.
16. He J, Tsai LM, Leong YA, et al. Circulating precursor CCR7(lo)PD-1(hi)
&&
CXCR5(þ) CD4(þ) T cells indicate Tfh cell activity and promote antibody
responses upon antigen reexposure. Immunity 2013; 39:770–781.
References [15&&] and [16&&] confirmed that circulating CD4þCXCR5þ T cells
corresponded to lymphoid tissue Tfh cells and identified subsets of circulating Tfh
cells that correlated with either severity of autoimmune disease or the induction of
successful Ab responses in HIV-infected individuals.
17. Mazerolles F, Picard C, Kracker S, et al. Blood CD4þCD45ROþCXCR5þ
T cells are decreased but partially functional in signal transducer and activator
of transcription 3 deficiency. J Allergy Clin Immunol 2013; 131:1146–1156;
1156 e1141-1145.
18. Haynes NM, Allen CD, Lesley R, et al. Role of CXCR5 and CCR7 in follicular
Th cell positioning and appearance of a programmed cell death gene-1high
germinal center-associated subpopulation. J Immunol 2007; 179:5099–
5108.
19. Deenick EK, Chan A, Ma CS, et al. Follicular helper T cell differentiation
requires continuous antigen presentation that is independent of unique B cell
signaling. Immunity 2010; 33:241–253.
20. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol 2011;
29:621–663.
21. Ma CS, Deenick EK, Batten M, Tangye SG. The origins, function, and
regulation of T follicular helper cells. J Exp Med 2012; 209:1241–1253.
22. Tangye SG, Ma CS, Brink R, Deenick EK. The good, the bad and the ugly: TFH
cells in human health and disease. Nat Rev Immunol 2013; 13:412–426.
23. Choi YS, Yang JA, Crotty S. Dynamic regulation of Bcl6 in follicular helper
CD4 T (Tfh) cells. Curr Opin Immunol 2013; 25:366–372.
24. Johnston RJ, Poholek AC, DiToro D, et al. Bcl6 and Blimp-1 are reciprocal and
antagonistic regulators of T follicular helper cell differentiation. Science 2009;
325:1006–1010.
25. Nurieva RI, Chung Y, Martinez GJ, et al. Bcl6 mediates the development of
T follicular helper cells. Science 2009; 325:1001–1005.
26. Yu D, Rao S, Tsai LM, et al. The transcriptional repressor Bcl-6 directs
T follicular helper cell lineage commitment. Immunity 2009; 31:457–468.
27. Ise W, Kohyama M, Schraml BU, et al. The transcription factor BATF controls
the global regulators of class-switch recombination in both B cells and T cells.
Nat Immunol 2011; 12:536–543.
28. Kroenke MA, Eto D, Locci M, et al. Bcl6 and Maf cooperate to instruct human
follicular helper CD4 T cell differentiation. J Immunol 2012; 188:3734–3744.
29. Pot C, Jin H, Awasthi A, et al. Cutting edge: IL-27 induces the transcription
factor c-Maf, cytokine IL-21, and the costimulatory receptor ICOS that
coordinately act together to promote differentiation of IL-10-producing Tr1
cells. J Immunol 2009; 183:797–801.
30. Bauquet AT, Jin H, Paterson AM, et al. The costimulatory molecule ICOS
regulates the expression of c-Maf and IL-21 in the development of follicular T
helper cells and TH-17 cells. Nat Immunol 2009; 10:167–175.
31. Hiramatsu Y, Suto A, Kashiwakuma D, et al. c-Maf activates the promoter and
enhancer of the IL-21 gene, and TGF-beta inhibits c-Maf-induced IL-21
production in CD4þ T cells. J Leukoc Biol 2010; 87:703–712.
32. Xiao N, Eto D, Elly C, et al. The E3 ubiquitin ligase Itch is required for the
differentiation of follicular helper T cells. Nat Immunol 2014; 15:657–666.
33. Liu X, Chen X, Zhong B, et al. Transcription factor achaete-scute homologue 2
initiates follicular T-helper-cell development. Nature 2014; 507:513–518.
34. Johnston RJ, Choi YS, Diamond JA, et al. STAT5 is a potent negative regulator
of TFH cell differentiation. J Exp Med 2012; 209:243–250.
35. Wang H, Geng J, Wen X, et al. The transcription factor Foxp1 is a critical
negative regulator of the differentiation of follicular helper T cells. Nat Immunol
2014; 15:667–675.
36. Mestas J, Hughes CC. Of mice and not men: differences between mouse and
human immunology. J Immunol 2004; 172:2731–2738.
37. Al-Herz W, Bousfiha A, Casanova JL, et al. Primary immunodeficiency diseases: an update on the Classification from the International Union of
Immunological Societies Expert Committee for Primary Immunodeficiency.
Front Immunol 2014; 5:162.
38. Bossaller L, Burger J, Draeger R, et al. ICOS deficiency is associated with a
severe reduction of CXCR5þCD4 germinal center Th cells. J Immunol 2006;
177:4927–4932.
39. Martini H, Enright V, Perro M, et al. Importance of B cell co-stimulation in
CD4(þ) T cell differentiation: X-linked agammaglobulinaemia, a human model.
Clin Exp Immunol 2011; 164:381–387.
40. Coraglia A, Felippo M, Schierloh P, et al. CD4þ T Lymphocytes with follicular
helper phenotype (T(FH)) in patients with SH2D1A deficiency (XLP). Clin
Immunol 2011; 141:357–364.
41. Ma CS, Hare NJ, Nichols KE, et al. Impaired humoral immunity in X-linked
lymphoproliferative disease is associated with defective IL-10 production by
CD4þ T cells. J Clin Invest 2005; 115:1049–1059.

726

www.co-pediatrics.com

42. Avery DT, Deenick EK, Ma CS, et al. B cell-intrinsic signaling through IL-21
receptor and STAT3 is required for establishing long-lived antibody
responses in humans. J Exp Med 2010; 207:155–171.
43. Deenick EK, Avery DT, Chan A, et al. Naive and memory human B cells have
distinct requirements for STAT3 activation to differentiate into antibodysecreting plasma cells. J Exp Med 2013; 210:2739–2753.
44. Ma CS, Avery DT, Chan A, et al. Functional STAT3 deficiency compromises
the generation of human T follicular helper cells. Blood 2012; 119:3997–
4008.
45. Kotlarz D, Zietara N, Uzel G, et al. Loss-of-function mutations in the IL-21
&&
receptor gene cause a primary immunodeficiency syndrome. J Exp Med 2013;
210:433–443.
The first description of IL-21R-deficient humans.
46. Salzer E, Kansu A, Sic H, et al. Early-onset inflammatory bowel disease and
&
common variable immunodeficiency-like disease caused by IL-21 deficiency.
J Allergy Clin Immunol 2014; 133:1651–1659; e1612.
The first description of IL-21-deficient humans.
47. Ma CS, Suryani S, Avery DT, et al. Early commitment of naive human CD4(þ)
T cells to the T follicular helper (T(FH)) cell lineage is induced by IL-12.
Immunol Cell Biol 2009; 87:590–600.
48. Schmitt N, Morita R, Bourdery L, et al. Human dendritic cells induce the
differentiation of interleukin-21-producing T follicular helper-like cells through
interleukin-12. Immunity 2009; 31:158–169.
49. Schmitt N, Bustamante J, Bourdery L, et al. IL-12 receptor beta1 deficiency
&
alters in vivo T follicular helper cell response in humans. Blood 2013;
121:3375–3385.
Reported a possible role for IL-12R signaling in generating human Tfh cells,
revealed by analyzing patients with loss-of-function mutations in IL12RB1.
50. van Zelm MC, Reisli I, van der Burg M, et al. An antibody-deficiency syndrome
due to mutations in the CD19 gene. N Engl J Med 2006; 354:1901–
1912.
51. van Zelm MC, Smet J, Adams B, et al. CD81 gene defect in humans disrupts
CD19 complex formation and leads to antibody deficiency. J Clin Invest 2010;
120:1265–1274.
52. Thiel J, Kimmig L, Salzer U, et al. Genetic CD21 deficiency is associated
with hypogammaglobulinemia. J Allergy Clin Immunol 2012; 129:801–810;
e806.
53. Gigoux M, Shang J, Pak Y, et al. Inducible costimulator promotes helper T-cell
differentiation through phosphoinositide 3-kinase. Proc Natl Acad Sci U S A
2009; 106:20371–20376.
54. Rolf J, Bell SE, Kovesdi D, et al. Phosphoinositide 3-kinase activity in T cells
regulates the magnitude of the germinal center reaction. J Immunol 2010;
185:4042–4052.
55. Angulo I, Vadas O, Garcon F, et al. Phosphoinositide 3-kinase delta gene
&&
mutation predisposes to respiratory infection and airway damage. Science
2013; 342:866–871.
56. Lucas CL, Kuehn HS, Zhao F, et al. Dominant-activating germline mutations
&&
in the gene encoding the PI(3)K catalytic subunit p110delta result in
T cell senescence and human immunodeficiency. Nat Immunol 2014;
15:88–97.
&&
&&
References [55 ] and [56 ] are the first description of humans with a PID
resulting from gain-of-function mutations in PI3CKD.
57. Boisson-Dupuis S, Kong XF, Okada S, et al. Inborn errors of human STAT1:
allelic heterogeneity governs the diversity of immunological and infectious
phenotypes. Curr Opin Immunol 2012; 24:364–378.
58. Choi YS, Eto D, Yang JA, et al. Cutting edge: STAT1 is required for IL-6mediated Bcl6 induction for early follicular helper cell differentiation.
J Immunol 2013; 190:3049–3053.
59. Ray JP, Marshall HD, Laidlaw BJ, et al. Transcription factor STAT3 and type I
interferons are corepressive insulators for differentiation of follicular helper
and T helper 1 cells. Immunity 2014; 40:367–377.
60. Nakayamada S, Poholek AC, Lu KT, et al. Type I IFN induces binding of STAT1
to Bcl6: divergent roles of STAT family transcription factors in the T follicular
helper cell genetic program. J Immunol 2014; 192:2156–2166.
61. Kotlarz D, Beier R, Murugan D, et al. Loss of interleukin-10 signaling and
infantile inflammatory bowel disease: implications for diagnosis and therapy.
Gastroenterology 2012; 143:347–355.
62. Verbsky JW, Chatila TA. Immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) and IPEX-related disorders: an evolving web of heritable autoimmune diseases. Curr Opin Pediatr 2013; 25:708–714.
63. Kuehn HS, Ouyang W, Lo B, et al. Immune dysregulation in human subjects
&&
with heterozygous germline mutations in CTLA4. Science 2014; doi:
10.1126/science.1255904. [epub ahead of print]
The first description of humans with monogenic mutations in CTLA4 that cause
autoimmune disease.
64. Kinnunen T, Chamberlain N, Morbach H, et al. Accumulation of peripheral
&&
autoreactive B cells in the absence of functional human regulatory T cells.
Blood 2013; 121:1595–1603.
Describes the aberrant generation of circulating Tfh-like cells in patients with
severe autoimmunity due to a deficiency of Tregs due to mutations in FOXP3.
65. Conley ME, Casanova JL. Discovery of single-gene inborn errors of immunity
by next generation sequencing. Curr Opin Immunol 2014; 30C:17–23.

Volume 26  Number 6  December 2014

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

