Monogenic mutations differentially affect the quantity and
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Background: Follicular helper T (Tgy) cells underpin T cell-
dependent humoral immunity and the success of most vaccines.
Tgg cells also contribute to human immune disorders, such as
autoimmunity, immunodeficiency, and malignancy.
Understanding the molecular requirements for the generation
and function of Tgy cells will provide strategies for targeting
these cells to modulate their behavior in the setting of these
immunologic abnormalities.

Objective: We sought to determine the signaling pathways and
cellular interactions required for the development and function
of Try cells in human subjects.

Methods: Human primary immunodeficiencies (PIDs) resulting
from monogenic mutations provide a unique opportunity to
assess the requirement for particular molecules in regulating
human lymphocyte function. Circulating follicular helper T
(cTgg) cell subsets, memory B cells, and serum immunoglobulin
levels were quantified and functionally assessed in healthy
control subjects, as well as in patients with PIDs resulting from
mutations in STAT3, STATI1, TYK2, IL21, IL21R, ILI0R,
IFNGRI1/2, ILI2RB1, CD40LG, NEMO, ICOS, or BTK.
Results: Loss-of-function (LOF) mutations in STAT3, IL10R,
CD40LG, NEMO, ICOS, or BTK reduced cTgy cell
frequencies. STAT3 and IL21/R LOF and STATI1 gain-of-
function mutations skewed cTgg cell differentiation toward a
phenotype characterized by overexpression of IFN-y and
programmed death 1. IFN-vy inhibited cTrg cell function

in vitro and in vivo, as corroborated by
hypergammaglobulinemia in patients with IFNGR1/2, STATI,
and IL12RB1 LOF mutations.

Conclusion: Specific mutations affect the quantity and quality of
cTgy cells, highlighting the need to assess Tgy cells in patients
by using multiple criteria, including phenotype and function.
Furthermore, IFN-y functions in vivo to restrain Tgy cell-
induced B-cell differentiation. These findings shed new light on
Trn cell biology and the integrated signaling pathways required
for their generation, maintenance, and effector function and
explain the compromised humoral immunity seen in patients
with some PIDs. (J Allergy Clin Immunol 2015;umm:mus-uuN,)

Key words: Follicular helper T cells, humoral immunity, primary
immunodeficiencies, cytokine signaling

Naive CD4 ™" T cells differentiate into distinct populations of
effector cells with specialized functions. Such fine tuning en-
sures the generation of appropriate immune responses that effi-
ciently clear pathogens and generate long-term protective
immunity after infection or vaccination." The CD4" T cells
responsible for mediating the differentiation of naive B cells
into memory cells and plasma cells, thereby providing effective
humoral immunity against T-dependent (TD) antigen, are follic-
ular helper T (Tgy) cells.”” Tgy cells express increased levels of
CXCRS5, programmed death 1 (PD-1), B-cell lymphoma 6 (Bcl-
6), and several molecules involved in T-cell/B-cell interactions
and localize to follicles of secondary lymphoid tissues.” Dif-
ferentiation of naive CD4™ T cells into Ty cells is a complex
process requiring integration of signals delivered by dendritic
cells, B cells, cytokines, specific signaling pathways, and tran-
scription factors.”” The critical role of Tgy cells in eliciting
long-lived humoral immunity is evidenced by impaired genera-
tion of germinal centers (GCs), memory B cells, and antibodies
to TD antigen in mice and human subjects who lack genes that
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Bcl-6: B-cell lymphoma 6
cTgy: Circulating follicular helper T
DN: Double-negative
DP: Double-positive
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GOF: Gain of function
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IL-12R: IL-12 receptor
IL-21R: IL-21 receptor
LOF: Loss of function
PD-1: Programmed death 1
PID: Primary immunodeficiency
STAT: Signal transducer and activator of transcription
TD: T-dependent
Try: Follicular helper T
Tgr: Follicular regulatory T
Treg: Regulatory T

promote Try cell formation.” ® Antibody-mediated autoimmune
conditions can also be caused by dysregulated Ty cell func-
tion.”” Thus delineating molecular requirements underlying
Tgq cell generation and function are important in understanding
how these cells operate and in identifying pathways that could be
targeted in the settings of vaccination, immunodeficiency, or
autoimmunity.

Although studies of mice and some human immune disorders
have taught us much about Tgy cells, our understanding of hu-
man Tgy cell biology remains incomplete, largely because of
limited access to lymphoid tissues, where Tgy cells are located.
However, progress has been made by studying circulating
CD4*"CXCR5™ T cells as correlates of tissue Ty cells. Subsets
of circulating follicular helper T (cTgy) cells have been
reported, with CCR6", CCR6'PD-1", or CCR7"PD-1"
subsets being superior to other subsets in providing B-cell
help.'®'" These subsets correlated with antibody responses to
influenza virus after vaccination in young adults, but not older
adults,'? and are increased in patients with autoimmune dis-
eases” "' %1% and decreased in patients with HIV infection."'
Similarly, CD4"CXCR5 "PD-1"CXCR3™ T cells were identi-
fied as the circulating counterpart of lymphoid Tgy cells, and
their frequencies positively correlated with neutralizing anti-
bodies in patients with HIV infection.'” Although these studies
generally confirmed that PD-1"CXCR37/CCR6" cTpy cells
are a reliable correlate of Tgy cells in human lymphoid tissue,
the identity of the circulating B-helper human CD4" T cells
remains contentious because other studies demonstrated that
CXCR5"CXCR3" or even CXCR5 CD4" T cells exhibit
detectable B-helper function'''>'®!'” and correlate with
influenza vaccine responsiveness.'®"

To assess the molecular requirements for the generation and
function of human cTgy cells, we investigated more than 110
subjects with 14 different monogenic mutations that underlie
primary immunodeficiencies (PIDs). Our findings identify
mutations that have distinct quantitative effects, qualitative
effects, or both on human cTgy cells, providing an explanation
for humoral immune defects in some PIDs, as well as insights
into mechanisms regulating human Tgy cell differentiation and
function.
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