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T follicular helper (Tfh) cells are critical for
providing the necessary signals to induce
differentiation of B cells into memory and
Ab-secreting cells. Accordingly, it is impor-
tant to identify the molecular requirements
for Tth cell development and function. We
previously found that IL-12 mediates the
differentiation of human CD4* T cells to the
Tfh lineage, because IL-12 induces naive
human CD4* T cells to acquire expression
of IL-21, BCLS, ICOS, and CXCRS5, which

typify Tfh cells. We have now examined
CD4* T cells from patients deficient in IL-
12Rp1, TYK2, STAT1, and STATS3 to further
explore the pathways involved in human Tfh
cell differentiation. Although STAT1 was dis-
pensable, mutations in IL12RB1, TYK2, or
STAT3 compromised IL-12-induced expres-
sion of IL-21 by human CD4* T cells. Defec-
tive expression of IL-21 by STAT3-deficient
CD4* T cells resulted in diminished B-cell
helper activity in vitro. Importantly, muta-

tions in STAT3, but not IL12RB1 or TYK2,
also reduced Tfh cell generation in vivo,
evidenced by decreased circulating
CD4+*CXCR5* T cells. These results high-
light the nonredundant role of STAT3 in
human Tth cell differentiation and suggest
that defective Tth cell development and/or
function contributes to the humoral defects
observed in STAT3-deficient patients.
(Blood. 2012;119(17):3997-4008)

Introduction

The generation of robust Ab responses is crucial for the correct
functioning of the immune system. The importance of this is
apparent in diseases that result from dysregulated humoral immune
responses. For example, immunodeficient states and autoimmune
disorders can develop as a consequence of impaired or exaggerated
Ab responses, respectively. Thus, it is imperative to identify factors
that control Ab responses. Early studies found that T cells play an
important role in initiating Ab responses (reviewed in Tangye
et all). This was mediated by instructive signals in the form of
cell-cell contacts and secretion of soluble mediators such as
cytokines. More recently, a subset of CD4" T cells with specialized
B-cell helper capabilities was identified that is now referred to as
T follicular helper (Tfh) cells.>? Tth cells are identified by several
characteristics that also serve functional roles. Thus, Tfh cells
express the chemokine receptor CXCRS5,%? which facilitates their

positioning to B-cell follicles in secondary lymphoid tissues, and
the transcription factor Bcl-6,% which is required for the commit-
ment of naive CD4% T cells to the Ttfh lineage.>” Tfh cells also
express the costimulatory molecules CD40L, ICOS, 0X40, and
members of the SLAM family, as well as the cytokine IL.-21,>4812
all of which play important roles in the induction of T cell-
dependent (TD) B-cell activation and differentiation.

Because of the importance of Tth cells in regulating Ab
responses, much work has been performed to determine the
requirements for their differentiation from naive CD4* T cells. It
was initially found that IL-21 was required for the development of
murine Tfh cells.!>! This was later expanded to include IL-6 and
IL-27.15-17 However, conflicting findings have been made about the
relative importance of IL-6 and IL-21 to murine Tth cell forma-
tion!®1%; this may reflect redundancy because these cytokines, as
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Table 1. Primary immunodeficient patients
Disease Patient ID Mutation/genotype
MSMD (IL-12RB1 deficiency) L12RBI#T 1745_1746insCA+1483 + 182-1619-1073del
IL12RB1#2 628_644dup
IL12RB1#3 R173P
IL12RB1#4 1791+ 2T>G
IL12RB1#5 - . ctsR.
IL12RB1#6 1623_1624delinsTT
MSMD + viral infection STAT1# 1928insA (homozygous)
(STAT1 deficiency) STAT1#2 P696S (homozygous)
i STAT1#3 P696S (homozygous)
MSMD only STAT1#4 Q463HWT
(STAT1 deficiency) | STATI#5 -L706S/WT
STAT1#6 L706S/WT
AD-CMC STATigot# AZ67V
STAT1gof#2 A267V
STAT{gof#3 A267V
AD-HIES STAT3#1 R382Q
STAT3#2 V637M
STAT3#3 R382Q
 STAT3#4 H437P
STAT3#5 Q644P
STAT3#6 S465F
STAT3#7 Y657N
STAT3#8 RaB2wW
STAT3#9 L706M
STAT3#10 L706M
STAT3#13 V463del
STAT3#14 V463del
STAT3#15 R593P
: : STAT3#16 V463del
AR-HIES (incl infection with mycobacteria, viruses and fungi) TYK2#1 550_553GCTTdel (homozygous)
MSMD + viral infection ) TYK2#2 2292-2301del

MSMD indicates Mendelian susceptibility to mycobacterial disease; WT, wild type; AD-CMC, autosomal dominant chronic mucocutaneous candidiasis; AD-HIES,
autosomal dominant hyper-IgE syndrome; AR-HIES, autosomal recessive hyper-IgE syndrome; and gof, gain-of-function

well as [L-27, can operate through STAT3.2021 We and others
previously showed that IL-12 is the key cytokine implicated in
the differentiation of human Tfh cells in vitro.11-22 IL-6, IL-21,
IL-23, and IL-27 also induce human Tfh-like cells in vitro,
albeit to a much lesser extent than IL-12.11:17-22 We have now
extended these observations by investigating the molecular
requirements for the differentiation of naive human CD4*
T cells into Tth cells. This was achieved by studying patients
with primary immunodeficiencies resulting from mutations in
ILI2RB1, STATI, STAT3, and TYK2. IL-12-mediated induction
of human Tfh-like cells was abolished in the absence of
IL-12RB1 or TYK2, and significantly reduced in CD4% T cells
deficient in STAT3 function. In contrast to the effects of IL-12,
induction of Tfh cells by IL-6, IL-21, IL-23, and IL-27 was
completely dependent on STAT3. These studies indicate that
multiple cytokine pathways are involved in the differentiation of
human Ttfh cells, and IL-12 most efficiently induces human Tfh
cells predominantly in a STAT3-dependent manner. This defect
in generating Tfh cells from STAT3 mutant (STAT3yyr) CD4+
T cells would contribute to impaired TD humoral immune
responses observed in patients with STAT3 mutations. In con-
trast, the ability of non-IL-12 cytokines to induce Tfh cell
function is sufficient to elicit intact Ab responses in persons with
impaired IL-12R signaling.

Methods

Human patient samples

Patients with mutations in J/LI2RBI, STATI, TYK2, and STAT3 have been
previously described (Table 1%3-28), PBMCs were isolated from these
patients and healthy donors (Australian Red Cross). Tonsils were obtained
from St Vincent’s Hospital, Sydney. All studies were approved by Institu-
tional Human Research Ethics Committees, and all participants gave
written informed consent in accordance with the Declaration of Helsinki.

Antibodies

Alexa-647—-conjugated anti-IL-21, biotinylated anti-ICOS, PE-anti-CD4,
Pacific Blue—anti-CD4, peridinin chlorophyll protein complex (PerCP)/
cyanine 5.5-anti-CD45RA, anti-IFNv, and FITC-anti-CD45RA were pur-
chased from eBiosciences. Alexa-647-anti-CXCRS, allophycocyanin—anti-
CD38, FITC-anti-CD20, PE~anti-CD4, anti-CD27, PerCP-anti-CD3 mAb,
and streptavidin—PerCP were purchased from Becton Dickinson.
Allophycocyanin—anti-CD4 was purchased from Caltag, and FITC-anti-
CCR?7 was purchased from R&D Systems.

CD4* T-cell isolation

CD4* T cells were isolated from healthy donors or immunodeficient
patients with the use of Dynal beads.2? Peripheral blood (PB) CD4* T cells
were labeled with anti-CD4, anti-CD45RA, and anti-CCR7, and naive



From bloodjournal.hematologylibrary.org at The University of Tokushima on March 28, 2013. For personal use

BLOOD, 26 APRIL 2012 - VOLUME 119, NUMBER 17

Table 2. Primers for gPCR

only.
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Gene Primers UPL probe Amplicon size, bp
Bcte . fwd: gagetetgtigaticttagaacigg - e e e
s : ,'kre‘\:r:‘fgkcéttg‘ctica{cagtccaé, ' S ! Hea : e
TBX21 fwd: tgtggtcbaagmaatcagoa 9 77
lLZi SR rev: tgacaggaatgggkaacé\ktgé % 7 : S L 88
b  fwd: aggaaaccaccticcacaaa e
, . rev: gaateacatgaagggoatgtt S E

IFNG fwd: ggcatittgaagaattggaaag 21 112

rev: titggatgctctggtcatctt

fwd: ctétgctc‘c'tccigttcgac :

GAPDH =
: : rev: acgaccaaatccgttgactc

60 S 12

CD45RAYCCR7* CD4* T cells were isolated (> 98% purity) with the use
of a FACSAria (BD Biosciences).

Cell cultures

Naive PB CD4* T cells were labeled with CFSE (Molecular Probes) and
cultured with T-cell activation and expansion beads (anti-CD2/CD3/CD28;
Miltenyi Biotec) alone (nil culture) or under Th1l (IL-12 [20 ng/ml; R&D
systems]), Th2 (IL-4 [100 U/ml]), or Th17 (IL-1@ [20 ng/ml; Peprotech]),
IL-6 (50 ng/mL; PeproTech), IL-21 (50 ng/mL; PeproTech), IL-23 (20 ng/
mL; eBioscience), anti~IL-4 (5 pg/mL), and anti-IFNy (5 p.g/mL; eBiosci-
ence)?>? polarizing conditions, or with IL-6, IL-21, IL-23, or IL-27
(50 ng/mL; eBioscience) alone. After 4 or 5 days, expression of intracellu-
lar cytokines, transcription factors, and surface phenotype of cells
determined.

T- and B-cell coculture assays

Naive CD4* T cells were activated for 5 days (see previous section),
treated with mitomycin C (100 pg/mL; Sigma-Aldrich) and then cocultured
at a 1:1 ratio (50 X 10%200 pL/well) with sort-purified allogeneic naive
(CD20+CD27-CD38inery tonsillar B cells.!'?? After 7 days Ig secretion
was determined by ELISA.?

Cytokine and transcription factor expressions

Activated CD4* Tcells were restimulated with phorbol 12-myristate
13-acetate (100 ng/mL) and ionomycin (750 ng/mL) for 6 hours, with
Brefeldin A (10 pg/mL) added after 2 hours. Cells were then fixed with
formaldehyde, and expression of cytokines was detected by intracellular
staining.2>2% RNA was extracted with the use of RNeasy kit (QIAGEN) and
transcribed into cDNA with the use of random hexamers and Superscript 111
(Invitrogen). All quantitative PCR (qPCR) primers (Integrated DNA
Technologies) were designed with Roche UPL Primer Design Program.
Primer sequences, Roche UPL probes, and size of each amplicon are listed
in Table 2. gPCR was performed with Roche LightCycler 480 Probe Master
Mix and Roche Lightcycler 480 System with the following conditions:
denaturation at 95°C for 10 minutes; amplification for 45 cycles at 95°C for
10 seconds, 65°C for 30 seconds, and 72°C for 5 seconds; and cooling at
40°C for 30 seconds. All reactions were standardized to GAPDH.

Results

Patients deficient for IL-12Rp1 have altered differentiation of
CD4* T cells in vivo

IL-12 can induce human naive CD4* T cells to differentiate into
IL-21-expressing cells that resemble Tfh cells in vitro.!b?2 To
investigate this function of IL-12 further, we examined patients
with homozygous or compound heterozygous null mutations in
ILI2RB1.26 We first determined the frequency of total CD4* T cells
and CD4% Tcells with a naive (CD45RATCCR7%), memory
(CD45RA-CCR7%/7), or Tfth (CXCR5™") phenotype in healthy

donors (age range, 16-64 years) and patients deficient for IL-
12RB1 (Figure 1A-D,F). Patients deficient for IL-12RB1 had a
normal frequency of CD4* T cells (Figure 1; Table 3). In contrast,
they had a significant increase in the frequency of naive and a
corresponding significant decrease in memory CD4* T cells (Fig-
ure 1A-E; Table 3). When the phenotype of CXCR5* T cells was
analyzed, ~ 90% were found within the CD45RA ™ (ie, memory)
subset (Table 32311). Therefore, we analyzed the frequency of both
CXCR5*CD45RA™ and CD45RA™ T cells in healthy donors and
in patients deficient for IL-12Rp1. No significant difference was
observed for the frequency of circulating CD4* CXCR5TCD45RA ™
or CD45RA™ Tth-like cells in healthy donors and patients deficient
for IL-12RB1 (Figure 1A-B,F; Table 3).

Naive CD4* T cells from patients deficient for IL-1 2Rp1 are
unable to differentiate into IL-21-expressing cells in response
toIL-12

To assess the potential of CD4" T cells deficient for IL-12RB1 to
differentiate into Tfh-like cells, we examined the ability of naive
cells to express IL-21 in vitro. Naive CD4* T cells were cultured
with T-cell activation and expansion beads alone (nil) or with IL-12
(Th1). After 5 days, cells were restimulated with phorbol 12-
myristate 13-acetate/ionomycin, and the expression of IL-21 and
IFNvy was then determined. Naive CD4" T cells from either healthy
donors or patients deficient for IL-12RB1 expressed little IL-21 or
IFNvy when cultured under neutral (nil) conditions (Figure 1G-J).
However, when normal naive CD4* T cells were cultured under
Thl-polarizing conditions (ie, with IL-12), IL-21- and IFNvy-
expressing cells were readily detectable (Figure 1G,LJ). In con-
trast, IL-12 failed to induce IL-21 or IFNv in naive CD4* T cells
deficient for IL-12RB1 (Figure 1H-J). Next, we questioned whether
naive CD4* T cells deficient for IL-12RB1 could differentiate into
IL-21-expressing cells in response to other cytokines and signaling
pathways. Accordingly, naive CD4" T cells from healthy donors
and patients deficient for IL-12RB1 were subjected to Th2 (IL-4)
and Th17 (IL-1pB, IL-6, IL-21, IL-23) polarizing conditions or were
cultured in the presence of IL-6, IL-21, IL-23, or IL-27. A small
frequency of IL-21-expressing cells could be generated from both
normal and IL-12RB 1-deficient naive CD4™* T cells activated with
IL-21 or IL-27 (Figure 1I). Similarly, although IL-12 could not
induce IFNy in naive CD4* T cells deficient for IL-12RB1, the
ability of IL-27 to induce IFNvy was unaffected by ILI2RBI
mutations (Figure 1J). Taken together these results indicate that,
although IL-12~induced IL-21 expression is abrogated by ILI2RBI
mutations, other cytokines and their associated signaling pathways that
induce IL-21 (eg, IL-21 and IL.-27, albeit to a lesser extent than IL-12)
are intact, which is consistent with normal Ab responses to infection and
vaccinations in these patients.30-3!
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Figure 1. Naive CD4+ T cells deficient for IL-12Rp 1 fail to differentiate into IL-21-expressing cells in response to IL-12. (A-F) The frequency of total CD4* T cells, and
naive (CD45RA*CCR7+), memory (CD45RA+*CCR7-/*), and CXCR5+CD45RA~ CD4* T cells, in PBMCs was determined for healthy donors and patients deficient for IL-12RB1.
(A-B) Representative dot plots from 1 donor and 1 patient. (C-F) The frequency of (C) total, (D) naive (CD45RA+*CCR7+), (E) memory (CD45RA*CCR7-/+), and (F) CXCR5*CD45RA~
CD4+ T cells from all healthy donors (total CD4* T cells, n = 54; naive CD4* T cells, n = 70; memory CD4* T cells, n = 70; CXCR5*CD45RA~ CD4" T cells, n = 61) and patients
deficient for IL-12RB1 examined (n = 6). (G-J) Naive CD4* T cells isolated from healthy donors (n = 5) and patients deficient for IL-12Rp1 (n = 5) were cultured for 5 days under neutral
(nil); polarizing Th1, Th2, or Th17 conditions; or in the presence of IL-6, IL-21, IL-23, or IL-27, and intracellular expression of IL-21 and IFNy were then determined. (G-H) Representative dot
plots of IL-21 and IFNy expression by activated naive CD4* T cells from 1 donor and 1 patient deficient for IL-12Rg1. (I-J) Percentage of activated normal and IL-12RB1—deficient naive
CD4* T cells induced to express (1) IL-21 or (J) IFNy in response to the indicated culture. The values represent the mean = SEM.

Analysis of cytokine responsiveness in STAT-deficient human

CD4* T cells

The cytokines that induce IL-21 in human naive CD4% T cells
(IL-12, IL-6, IL-21, IL-23, IL-27)!%22 function by activating

JAK/STAT signaling pathways. These cytokines phosphorylate
STAT1 (IL-6, IL-12, IL-21, IL-23, IL-27), STAT3 (IL-6, IL-12,
IL-21, IL-23, IL-27), STAT4 (IL-12, IL-23), and STAT5 (IL-
12),20.21.2432-35 We confirmed these studies by showing that these



