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IL-21 signalling via STAT3 primes human naive B cells to respond to
IL-2 to enhance their differentiation into plasmablasts
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B-cell responses are guided by the integration of signals through the B-cell receptor

(BCR), CD40, and cytokine receptors. The common vy chain (yc)-binding cytokine

¢ |L21-mediated induction of interleukin (IL)-21 drives humoral immune responses via STAT3-dependent induction of

CD25 expression on naive transcription factors required for plasma cell generation. We investigated additional

human B cells requires mechanisms by which IL-21/STAT3 signaling modulates human B-cell responses by

STATS. studying patients with STAT3 mutations. IL-21 strongly induced CD25 (IL-2R«) in normal,

e A lack of response to IL-2 but not STAT3-deficient, CD40L-stimuIatedSna'|'ve B cells. Chromac:in immunoprecipita-

. tion confirmed IL2RA as a direct target of STAT3. IL-21-induced CD25 expression was

.may ampllfy .humor:al . also impaired on B cells from patients with IL2RG or IL21R mutations, confirming a
immunodeficiency in patients . . S .

. requirement for intact IL-21R signaling in this process. IL-2 increased plasmablast gen-
with STAT3’_IL2HG’ or eration and immunoglobulin secretion from normal, but not CD25-deficient, naive
IL21R mutations due to B cells stimulated with CD40L/IL-21. IL-2 and IL-21 were produced by T follicular helper
unresponsiveness to IL21. cells, and neutralizing both cytokines abolished the B-cell helper capacity of these cells.

Our results demonstrate that IL-21, via STAT3, sensitizes B cells to the stimulatory
effects of IL-2. Thus, IL-2 may play an adjunctive role in IL-21-induced B-cell differentiation. Lack of this secondary effect of IL-21 may
amplify the humoral immunodeficiency in patients with mutations in STATS3, IL2RG, or IL21R due to impaired responsiveness to IL-21.
(Blood. 2013;122(24):3940-3950)
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Introduction

The primary function of B cells is to produce antigen (Ag)-specific
antibodies that neutralize and clear pathogens. Antibody (Ab)
production is mediated by 2 populations of effector B cells: memory
cells, which circulate throughout the body and rapidly respond to
reencounter with the initiating Ag, and long-lived plasma cells,
which constitutively secrete large quantities of high-affinity, isotype-
switched Ab. Both populations are generated from naive B cells

during germinal center (GC) reactions occurring within secondary
lymphoid tissues.' GCs are established when B cells encounter
specific Ag and receive instructive signals from T follicular
helper (Tth) cells, which provide signals for their growth, survival,
selection, and differentiation.*

B-cell differentiation is influenced by many cytokines, includ-
ing interleukin (IL)-2, IL-4, IL-6, IL-10, IL-12, IL-13, IL-15,
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transforming growth factor-g®'® and IL-21.""""* IL-4 and IL-13
induce class switching, leading to expression and secretion of
immunoglobulin (Ig)G and IgE by naive B cells,**'* whereas IL-10
and IL-21 induce naive and memory cells to differentiate into
plasmablasts producing IgM, IgG, and IgA.>'>!*15 Some cytokines
induce secretion of particular Ig subclasses by human naive B cells,
with IL-4 and IL-13 inducing IgG4®° and IL-10 and IL-21 inducing
IgG1 and IgG3.' 121617 There is also significant interplay between
different cytokines: IL-4 enhances IL-21-induced switching to
IgG," and these cytokines synergize to induce IgE.'® Similarly,
transforming growth factor-B and IL-10 cooperate to induce IgA
production by naive B cells,” and IL-2 enhances the effects of
IL-10 on memory B-cell differentiation.'®*® On the other hand,
IL-4 inhibits IL-21-induced isotype switching to, and secretion
of, IgA.131°

IL-21 has emerged as the most potent cytokine influencing
human B cells. It induces secretion of IgM, IgG, and IgA from all
subsets of mature B cells.'®?' The IL-21 receptor comprises
a specific IL-21R chain and the common v chain (yc), an integral
component of the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15.*
Binding of IL-21 to its receptor activates JAK1 and JAK3, resulting
in phosphorylation and activation of STAT1, STAT3, and STATS,
thereby initiating gene transcription and effector function in re-
sponding cells.?> The predominant mechanism underlying
IL-21-induced B-cell differentiation is STAT3-mediated in-
duction of BLIMP-1,'%'32%25 a transcriptional repressor critical
for the generation of plasma cells and normal Ab responses in
vivo.!2°

Loss-of-function mutations in STAT3 cause Autosomal Dominant
Hyper-IgE Syndrome (AD-HIES).?”*® A feature of this condition
is impaired humoral immunity following infection and vaccination.”!
We have previously established that naive B cells from these
individuals fail to differentiate into Ag-specific memory cells in vivo
and Ab-secreting cells in response to IL-21 in vitro.”*> We have
now investigated additional mechanisms by which IL-21/STAT3
signaling modulates human B-cell responses and how defects in
this pathway contribute to poor serological immunity in patients
with immunodeficiencies.

Methods

Human blood and tissue samples

Buffy coats from healthy donors and spleens from cadaveric organ donors
were provided by the Australian Red Cross Blood Service and tonsillar
tissue from patients undergoing tonsillectomy. Peripheral blood was
collected from patients with mutations in STAT3, STATI, IL2IR, IL2RG,
and JL2RA.?"?*3233 Epstein-Barr virus-transformed lymphoblastoid B-cell
lines (LCLs) were established as described.??> Human experiments were
approved by the relevant institutional ethics committees at St. Vincent’s
Hospital, Royal Prince Alfred Hospital, Sydney Children’s Hospital Network,
Westmead Hospital, The Canberra Hospital (in Australia), as well as at
National Institute for Allergy and Infectious Diseases/National Institutes
of Health and Rockefeller University. The study was conducted in accordance
with the Declaration of Helsinki.

mAbs

The following mAbs were used: FITC-anti-CD20, APC-anti-CD10, APC-
anti-IgG, PE-anti-CD27, APC-anti-CD25, PE-anti-IL-2R3, PE-anti-IL-2Ry,
APC-anti-CD38, PE-anti-CD4, Alexa Fluor 647-anti-CXCRS5, PE-anti-pSTAT3
(pY705), Alexa Fluor 647-anti-pSTAT1 (pY701), Alexa Fluor 488-anti-
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pSTATS (pY694), APC-anti-IL-2 (BD Biosciences); FITC-anti-CD45RA,
PE-anti-IL-21, neutralizing anti-IL-2 (eBioscience); and Alexa Fluor 647-
anti-CD226 (DNAM1) (Biolegend).

B-cell phenotyping and isolation

Naive B cells were isolated from peripheral blood, tonsil, or splenic mono-
nuclear cells using negative isolation (Invitrogen) followed by sorting naive
B cells (CD20"CD27 CD10 IgG ™) after labeling with specific mAbs
(FACSAria; BD). The purity of the recovered population was typically
>98%.

In vitro activation and analysis of cultured human lymphocytes

Sorted naive B cells were cultured with CD40L'®** alone or together with
IL-10 (100 U/mL), IL-21 (0-50 ng/mL; PeproTech), and/or IL-2 (50 ng/mL;
Millipore). For phenotypic analysis, cells were labeled with 5 (and 6)-
carboxyfluorescein diacetate succinimidyl ester, cultured in 48-well plates
(~2 X 10° cells per 400 pwL/well) for 5 days, then harvested and incubated
with specific mAbs for fluorescence-activated cell sorter analysis. The
frequency of plasmablasts (CD27"CD38™)* and expression of CD25,
IL-2RB, and IL-2Ry were determined using FlowJo software (Tree Star,
Inc.). Ig secretion was determined by enzyme-linked immunosorbent
assay'> on supernatants of naive B cells (~5 X 10* cells per 200 pL/
well) cultured with CD40L alone or together with IL-2 and/or IL-21 for
10 to 12 days. CD4™ T-cell subsets were isolated from human tonsils and
stimulated with bead-bound antibodies against CD2, CD3, and CD28 (T cell
activation and expansion [TAE] beads; Miltenyi); intracellular cytokine
expression was determined as described.®® For T- and B-cell co-cultures,
sorted naive B cells were cultured in 96-well plates with sorted, mitomycin
C-treated CD4 " T-cell subsets (4.5 X 10* T and B cells per 200 wL/well)
35 with or without TAE beads and/or neutralizing anti-IL-2 Ab or IL-21R-
Fc (R&D) for 7 days.

Microarrays

Naive B cells were purified from normal human donors or STAT3-deficient
patients and cultured in 48-well plates (~2 X 10 cells per 400 pL/well) for
4 to 5 days with CD40L alone or together with IL-21. Cultured cells were
harvested and RNA extracted (RNeasy Mini Kit; Qiagen). Microarrays
were performed using GeneChip Human Gene 1.0 ST Arrays (Affymetrix).
Microarray data were analyzed using GenePattern software (version 3.2.3,
Broad Institute, Cambridge, MA). The GEO accession number for the
microarray data is GSE51587.

Quantitative polymerase chain reaction

Sorted naive B cells were cultured for 5 days with CD40L alone or together
with IL-21. Expression of IL2RA (forward, 5'-GAAATGCAAAGTCC
AATGCAG-3'; reverse, 5'-AATTCTCTCTGTGGCTTCATTTTC-3") was
determined using the Roche LightCycler 480 Probe Master Mix and System
and standardized to GAPDH (forward, 5'-CTCTGCTCCTCCTGTTCGAC-3';
reverse, 5'-ACGACCAAATCCGTTGACTC-3").

Chromatin immunoprecipitation assay

LCLs were fixed with formaldehyde, washed with cold phosphate-buffered
saline containing Protease Inhibitor Cocktail (Roche), resuspended in Nuclei
Buffer, and homogenized. Lysates were sonicated, depleted of insoluble
material, and immunoprecipitated with anti-STAT3 or mouse IgG. Immuno-
precipitated DNA was used as a template for quantitative polymerase chain
reaction using SensiMix Probe Master Mix (Bioline) and primers for GAPDH
(forward, 5'-TTGCAACCGGGAAGGAAA-3'; reverse, 5'-TAGCCTCGC
TCCACCTGACTT-3') and the promoter regions of PRDMI (forward, 5'-
TGCAGGAAGGTGGTAGGAAACGG-3'; reverse, 5'-TCGCTGGTGCGG
AAACTGCTT-3") and IL2RA (forward, 5'-TGTCATCCCCAAAACTCC
CG-3'; reverse, 5'-ACGTCACCAAGTAAAGGGCA-3").
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Figure 1. IL-21 directly induces IL2RA in normal, but not STAT3yyT, naive B cells. (A) Naive B cells were purified from the peripheral blood of normal donors (n = 4) and
STAT3-deficient AD-HIES patients (n = 3) and then cultured with CD40L alone (“CD40L”) or together with IL-21 (“+IL-21”). RNA was extracted after 4 days and microarrays
performed using Affymetrix Human Gene 1.0 ST Arrays. Genes with marked differences in expression between normal and STAT3-mutant (STAT3yut) cells are shown. (B)
Naive B cells from normal donors (n = 10) or patients with loss-of-function mutations in STAT3 (n = 6), STAT1 (n = 4), or IL21R (n = 2) were cultured with CD40L alone
(blue) or together with IL-21 (red). RNA was extracted after 5 days and used to determine expression of /L2RA by quantitative polymerase chain reaction. Results show
expression levels relative to B cells cultured with CD40L alone. Each symbol represents an individual experiment using cells from a different donor or patient; the horizontal
line represents the mean, *P < .05. (C) Chromatin immunoprecipitation (ChIP) was performed on normal LCLs using mouse Ig or anti-STAT3 Ab. Immunoprecipitated chromatin
was assessed for the presence of PRDM1 and IL2RA Results are expressed relative to gene expression in the input DNA and represent the mean + SEM from

3 separate experiments using different LCLs. *P < .05, ***P < .005.

Expression of phosphorylated STATs

LCLs were cultured in the absence or presence of IL-2, IL-21 or both
cytokines. Expression of phospho-STAT1, STAT3, or STATS5 was determined
as previously described.®

Results

IL-21 induces IL-2RA in normal, but not STAT3-deficient, naive
B cells

We have previously demonstrated that naive B cells from STAT3-
deficient individuals have impaired PRDM/BLIMP-1 up-regulation
in response to IL-21.%* To identify other STAT3-dependent genes
modulated by IL-21, we analyzed gene expression in normal and
STAT3-deficient naive B cells stimulated with CD40L alone or
together with IL-21. PRDM1 was the gene most strongly induced
in CD40L/IL-21-stimulated normal naive B cells compared with
those stimulated with CD40L alone (Figure 1A). As expected,
PRDM1 was not induced in IL-21-stimulated STAT3-deficient
naive B cells (Figure 1A). Similarly, other genes involved in plasma
cell formation, PERP1,’® XBP1,>® IGJ, IGKC, and IGLC, were also
up-regulated in normal but not STAT3-deficient naive B cells in
response to IL-21 (Figure 1A). Interestingly, the second most-
highly expressed gene in CD40L/IL-21-stimulated normal naive
B cells was IL2RA (Figure 1A). IL2RA encodes CD25 (IL-2Ro),
which, when complexed with IL-2Rp and IL-2R+vy/yc, forms the
high-affinity IL-2 receptor.?? Induction of IL2RA by IL-21 required
functional STAT3, as its level of expression in CD40L/IL-
21-stimulated STAT3-deficient naive B cells did not differ from
CD40L stimulation alone (Figure 1A).

To confirm the microarray data, we examined /L2RA mRNA in
normal and STAT3-mutant (STAT3yyr) naive B cells cultured with
CD40L with or without IL-21 for 5 days. As IL-21 can activate
STATI1 ,23 we also examined /L2RA induction in naive B cells from
individuals with loss-of-function STATI mutations.’ Although
IL-21 increased /IL2RA expression in CD40L-stimulated normal
or STAT1-deficient naive B cells by 6- to 10-fold (Figure 1B), it
had only a modest effect on IL2RA in STAT3y;yt naive B cells
(Figure 1B). Not surprisingly, IL-21 failed to increase IL2RA

expression in CD40L-stimulated IL-21R—deficient naive B cells
(Figure 1B).

Impaired induction of IL2RA by IL-21 in STAT3yyr naive
B cells suggested IL2RA may be a direct transcriptional target of
STATS3. To confirm this, we performed chromatin immunoprecip-
itation assays using normal LCLs. As a control, we assessed STAT3
binding to the PRDMI promoter. Immunoprecipitation with anti-
STAT3 Ab significantly enriched for PRDM1, confirming PRDM1
is a direct STAT3 target. A similar degree of enrichment was
observed for IL2RA, demonstrating that IL2RA is also directly
targeted by STAT3 (Figure 1C).

IL-21-induced expression of CD25 is impaired on STAT3-
deficient naive B cells

Assessment of the defect in IL2RA up-regulation in STAT3yur
naive B cells was extended by assessing the expression of CD25,
as well as IL-2R(3 and IL-2R+y/yc, on naive B cells from controls and
STAT3\yr patients following a 5-day culture with CD40L with or
without IL-21. Whereas IL-21 strongly increased CD25 on normal
B cells, there was a significant reduction in IL-21-induced CD25
expression on STAT3yyt naive B cells (Figure 2A,C). In contrast
to CD25, IL-21 had minimal effect on IL-2R3 and yc on CD40L-
stimulated normal and STAT3yyr naive B cells (Figure 2A).

To further explore the requirements for IL-21-induced CD25
expression, we examined individuals with defects in IL-21 signaling,
ie, loss-of-function mutations in IL2IR, IL2RG (encoding IL-2Rvy),
or STATI. Consistent with quantitative polymerase chain reaction
data, CD25 induction on CD40L/IL-21-stimulated STAT1-deficient
naive B cells was comparable to normal B cells (Figure 2B).
However, this effect of IL-21 was abolished by mutations in
IL2IR and IL2RG (Figure 2B-C). The inability of IL-21 to increase
CD25 expression on IL-21R- or yc-deficient naive B cells confirms
that both of these are essential, nonredundant components of 1L-21
signaling in B cells. Furthermore, STAT3 is the predominant
effector of IL-21R/yc signaling to induce CD25 on IL-21-stimulated
naive B cells.

Because induction of CD25 on activated lymphocytes is
transient,?? it was possible that lower CD25 levels on IL-21-
stimulated STAT3yut naive B cells reflected alterations in kinetics
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Figure 2. IL-21-induced gxpression of CD25 is A 10
impaired on STAT3yyr naive B cells. (A-C) Naive

B cells from normal donors or patients with loss-of- 80
function mutations in STAT3, STATY, IL2RG, or IL21R g‘::'e"l‘;' 60
were cultured with CD40L alone (blue) or in combination

with IL-21 (red). (A) Expression of IL-2Ra (CD25), IL- a0
2RB (CD122), and IL-2Ry (CD132, yc) on normal and 20
STAT3yyur B cells or of (B-C) IL-2Ra (CD25) on normal 0
and STAT1yur, STAT3uyur, IL-21RmyT, or IL2Rymut B 100
cells was determined after 5 days (or on day 0 for B). 80
The histogram plots in A and B are representative of STAT3
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of expression on these cells. When normal naive B cells were
cultured with CD40L alone, CD25 expression increased after 2
days (Figure 2D). This was greatly enhanced by exogenous IL-21,
being maximal after 3-4 days, exceeding that on CD40L-stimulated
cells by 3.5-fold (Figure 2D-E). Induction of CD25 on STAT3\yt
naive B cells followed kinetics similar to normal B cells, with
detectable increases in the presence of IL-21 over CD40L alone
after 2 to 4 days (compare Figure 2D-E). However, CD25 on IL-
21-stimulated STAT3yyr naive B cells was significantly reduced
compared with normal B cells (Figure 2D-E). The residual STAT3
function in STAT3yyr naive B cells likely explains the modest
increase in CD25 expression in response to IL-21. Consistent with
the requirement for IL-21R and yc as components of the IL-21R
complex, induction of CD25 was completely abrogated at all times
on naive B cells from patients with /L2RG and IL2]R mutations
(Figure 2D-E). The identical response of yc and IL21R-deficient
B cells suggests that IL-21 acts directly through the IL-21R/yc
complex to induce CD25 rather than indirectly by inducing IL-2,
which then promotes expression of its own receptor through CD25.

Incubation (days)

= STAT3 mut B cells = |L2RG mut B cells — IL21R mut B cells
IL-21-induced autocrine IL-10 secretion does not up-regulate

CD25 on naive B cells

Another CD40L/IL-21-induced STAT3-dependent gene expressed
by naive B cells was IL/0 (Figure 1A), which can also activate
STAT3 and promote human B-cell differentiation.®** Thus, impaired
production of IL-10 by IL-21-stimulated STAT3yyr naive B cells
may underlie their inability to up-regulate CD25. We therefore
compared CD25 induction on normal naive B cells cultured with
CD40L alone or with IL-10 or IL-21. Unlike IL-21, IL-10 did not
increase CD25 over levels observed with CD40L alone (Figure 3A).
It was also possible that IL-21 induced B cells to produce IL-2,
which functioned to promote expression of CD25 on B cells, as
occurs in T cells.>> However, microarray analysis indicated expression
of IL2 by in vitro-stimulated B cells was low/negligible, consistent
with previous studies of cytokine production by human B cells.*®*°
Thus, the failure of IL-10 to enhance CD25 on naive B cells, and
the lack of production of IL-2 by human B cells, excludes secretion
of endogenous IL-10 or IL-2 by IL-21-stimulated B cells as the
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Figure 3. IL-21, but not IL-10, induces CD25 ex-
pression on all activated naive B cells. (A) Naive B
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mechanism by which IL-21 induces STAT3-dependent CD25
expression.

The inability of IL-21 to induce CD25 on STAT3yyr naive
B cells is not due to preferential expression by
in vitro-generated plasmablasts

Although microarrays detect changes in mRNA expression globally
within a population of cells, if the population studied is heterogeneous,
they cannot distinguish differing expression levels between subsets
of these cells. Following in vitro culture with CD40L/IL-21, a subset
of normal naive B cells differentiates into plasmablasts.'*'?
STAT3y\urnaive B cells, however, do not undergo this differentiation
program.”® Thus, it was possible that impaired up-regulation of
CD25 on IL-21-stimulated STAT3)ur naive B cells reflected
preferential expression on plasmablasts and was a consequence of
an absence of such cells in these cultures. To address this, expression
of CD25 was determined on plasmablasts (CD38MCD27™) and
non-plasmablasts (CD38°CD277)** in cultures of CD40L/IL-21—
stimulated normal naive B cells (Figure 3B). CD25 was equally
expressed on both of these populations of cells (Figure 3C). In
contrast, DNAM1 (CD226), which was found to be an IL-21—
induced STAT3-dependent gene (Figure 1A), was preferentially
induced on plasmablasts (Figure 3D). Thus, functional STAT3 is
required for induction of CD25 on all IL-21-stimulated B cells,
rather than being selectively acquired by a distinct subset.

IL-2 promotes IL-21-induced plasmablast generation and Ig
secretion by naive B cells

We next investigated the physiological significance of IL-21-
induced CD25 expression on naive B cells. Normal naive B cells
were cultured with CD40L alone or together with IL-2, IL-21,
or both cytokines. CD40L alone or CD40L/IL-2 failed to induce
plasmablasts (CD38"CD27™) from naive cells (Figure 4A). How-
ever, a discrete plasmablast population was detected in cultures of

» DNAM-1

v

CD40L + IL-21:
plasmablasts

CDA40L/IL-21-stimulated naive B cells, the frequency of which was
increased by IL-2 (Figure 4A).

Induction of CD25 by IL-21 on CD40L-stimulated naive B cells
was dose dependent, and addition of IL-2 further enhanced CD25
expression above that induced by IL-21 (Figure 4B). Consistent with
these dose-dependent changes in CD25 expression, IL-2 signifi-
cantly augmented IL-21-induced plasmablast generation from, and
IgM and IgG secretion by, naive (Figure 4C-D) and memory (not
shown) B cells at most IL-21 concentrations tested. As IL-21
induces isotype switching to IgG1 and IgG3,'"'*'® we assessed
the effect of IL-2 on IgG subclasses. The IL-2-mediated increase
in total IgG secretion by CD40L/IL-21-stimulated naive B cells
predominantly resulted from enhanced IgG1 and IgG3 (Figure 4E).
Thus, IL-2 amplifies the response induced by IL-21 rather than
skewing IgG production to different subclasses. To further demon-
strate the physiological significance of IL-2-mediated enhance-
ment of IL-21-induced B-cell differentiation, we examined responses
of B cells isolated from an individual with an IL2RA mutation.*?
Whereas IL-2 increased IgM and IgG production by IL-
2]1-stimulated normal naive and memory B cells by >2-fold,
IL-2 failed to augment IL-21-induced differentiation of CD25-
deficient B cells (Figure 4F). Thus, through a positive feedback
whereby IL-21 induces CD25 expression on naive B cells and
IL-2 further amplifies its level of expression, IL-21-stimulated
naive B cells acquire responsiveness to the stimulatory effects of
IL-2. Importantly, this requires expression of the high-affinity IL-2
receptor, as evidenced by unresponsiveness of B cells that lack CD25
but continue to express components of the low and intermediate
affinity IL-2 receptor.>

IL-2 promotes proliferation of many cell types, including hu-
man B cells.® As various facets of lymphocyte differentiation are
linked to cell division, 15,1619 we established whether the effect of
IL-2 on IL-21-stimulated B cells resulted from enhanced pro-
liferation or differentiation. Carboxyfluorescein diacetate succini-
midyl ester-labeled naive B cells were cultured for 5 days with
varying concentrations of IL-21 in the absence or presence of IL-2.

20z aunr g0 uo 3sanb Aq jpd 0v6€/1LL90LEL/OYBEIVTIZT | /Pd-a]oie/pOO|qABU SUOKEDgNdYS.//:djjy WOl papeojumog



BLOOD, 5 DECEMBER 2013 * VOLUME 122, NUMBER 24 IL-2/STAT3 SIGNALLING ALLOWS B CELLS TO RESPOND TO IL-2 3945

CD40L alone +IL-2 +IL-21 +IL-2 +IL-21

CD38 ————»

010> 100 10" 10

CD27
B c
= 60009 g NolL2 251 * B No IL-2
= B+ L2 — 204 . — B +IL-2
£ 22 -
S 40001 8 8 154
K
S £ = 104
X 20001 3 5
0 o X 51
< <
a
o (U e e | T T 0-—F T T T T T
01 5 10 20 50 0 1 5 10 20 50
Concentration of IL-21 Concentration of IL-21
(ng/mil)
D o, IgM 1.0, E 16
5 E
TE,, go| H NolL-2 0.75] D 4, I I9G1
2 B +IL-2 = 1g9G2
= < [ 1gG3
s 0.5 % 08 B 19G4
[ -
S 0.25] o 04
2 »
> 0] ‘3, 0
0 5 10 20 50 0 5 10 20 50 No IL-2 L2
Concentration of IL-21 Concentration of IL-21 Culture Conditions
(ng/ml) (ng/ml)
F Naive IgM Naive IgG Memory IgM Memory IgG
E 50 : TTLII;Z 0.2 100 m No L2
g2 0.15 80 B +IL2
c 30 60
0 0.1
g 20 40
2 10 0.05 20
»n
> 0 0 0 0
Normal CD25- Normal CD25- Normal CD25- Normal CD25-
deficient deficient deficient deficient
G No IL-21 IL-21 1ng/ml IL-21 10ng/ml IL-21 20ng/ml IL-21 50ng/ml

1909 g No IL-2
x 807 g 4 1L2
60
=
x 40-]
20-
0

"010° 10° 10° 10° 010 10° 10* 10° 010° 10° 10° 10° 010> 10° 10* 10° 010 10° 10° 10°
CFSE >

Figure 4. IL-21-induced CD25 expression enables naive B cells to respond to IL-2 with enhanced plasmablast generation and Ig secretion. Naive B cells were
sorted from normal spleens and then cultured with CD40L alone in the presence or absence of IL-2 and/or IL-21. The proportion of plasmablasts (CD27"CD38") (A,C) and
expression of CD25 (B) were determined by flow cytometry after 5 days. The data depicted are representative of 4 (A) or 3 (B) separate experiments using naive B cells
isolated from different donor spleens. C represents the mean = SEM from 4 separate experiments; *P < .05, comparing cultures with and without IL-2. Secretion of IgM and
19G (D) or IgG subclasses (E) was determined after 10 to 12 days by enzyme-linked immunosorbent assay. Statistical analysis using 2-way ANOVA with Bonferroni post-test
analysis confirmed a statistically significant difference between cultures with or without IL-2 (P < .005 for both IgM and IgG) and between different concentrations of IL-21
(P < .005 for IgM; P < .001 for IgG). Data in D show mean *= SEM from 3 independent experiments on 3 different donor spleens, each performed in triplicate. Data in E show
mean * SEM from a single experiment performed in triplicate but is representative of 2 independent experiments performed on different normal donor spleens. (F) Naive and
memory B cells were isolated from a normal donor and a CD25-deficient patient and then cultured with CD40L/IL-21 alone or together with IL-2. Secretion of IgM and IgG was
determined after 10 days. Values represent the mean + SEM of triplicate cultures for normal B cells and the mean of single cultures for CD25-deficient B cells. (G)
Carboxyfluorescein diacetate succinimidyl ester profiles of splenic naive B cells from normal donors cultured for 5 days with CD40L alone or with varying concentrations of
IL-21 in the absence or presence of IL-2. Results are representative of 4 independent experiments using different normal donor spleens.
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Figure 5. Initial upregulation of CD25 by IL-21 licenses IL-2 to maintain plasmablast generation in the absence of IL-21. Naive B cells from normal human spleens were
initially cultured with CD40L together with IL-21. After 3 days, cells were harvested, washed, and recultured either in media alone or with IL-2. (A) After a further 3 days of culture,
the proportion of plasmablasts (CD27"CD38") was determined by flow cytometry. Each symbol corresponds to an individual experiment that used naive B cells from a different
normal donor spleen; the horizontal line represents the mean. (B) Secretion of IgM, IgG, and IgA was determined after 7 days of secondary culture in media alone or with IL-2 and
Ig secretion was determined by enzyme-linked immunosorbent assay. Results are expressed as fold-change in g secretion relative to the “no cytokine” secondary culture (set to
equal 1.0). The results for IgM represent mean = SEM (n = 3); IgG secretion was detected in only 1 of 3 experiments; IgA was detected in 2 of 3 experiments.

IL-2 had no significant effect on proliferation of CD40L-stimulated
B cells regardless of the IL-21 concentration (Figure 4G). Thus, IL-2
enhances plasmablast generation and Ig secretion by IL-21-stimulated
naive human B cells by increasing the rate of differentiation of these
cells rather than promoting proliferation or survival.

IL-2 alone can promote plasmablast generation from
IL-21—primed naive B cells

To assess whether the effects of IL-2 required the continual presence
of IL-21, naive B cells were first cultured for 3 days with CD40L/IL-
21, then washed and recultured in media alone or with IL-2. The
proportion of plasmablasts was determined by flow cytometry after
a further 3 days and Ig secretion after 7 days. The frequency of
plasmablasts and amounts of secreted IgM, IgG, and IgA were
increased 2- to 5-fold in cultures of IL-21-primed/IL-2—stimulated
secondary cultures compared with cells primed with IL-21 but
recultured without cytokines (Figure SA-B). IL-2 failed to induce
plasmablasts and Ig secretion by cells not primed with IL-21 (not
shown), highlighting the dependence of IL-2 on the expression of its
high-affinity receptor, induced by IL-21/STAT3 signaling, for these
effects to occur. Thus, the initial up-regulation of CD25 by IL-21
enabled IL-2 to promote B-cell differentiation.

IL-2 enhances IL-21-induced STAT3 phosphorylation in human
B-cell lines

Binding of [L-21 to IL-21R on B cells activates STAT1, STAT3, and
STAT5.2*** Correspondingly, IL-21 induced phosphorylation of
STAT1, STATS3, and to a lesser extent STATS in normal LCLs, with
a maximal response after 30 min and return to baseline by 120 min
(Figure 6A). IL-2 predominantly signals through STAT5.%* To
determine whether the combination of IL-2 and IL-21 alters phospho-
(p)STAT signaling, LCLs from normal donors or patients with
mutations in JL2RA* or IL21R* (Figure 6B) were stimulated with
IL-2 or IL-21 alone or together and intracellular pSTAT1, pSTAT3,
and pSTATS were determined. The magnitude of STAT1 and
STAT3 phosphorylation induced by IL-21, or of STATS induced by
IL-2, was similar to that induced by the combination of both IL.-2 and
IL-21 (Figure 6C). Consistent with this, the frequency of cells ex-
pressing pSTAT3 and pSTATS was unchanged with IL-2/IL-21
stimulation compared with IL-2 or IL-21 alone (Figure 6D). How-
ever, in the presence of IL-2 and IL-21, a greater proportion of B cells
coexpressed pSTAT3 and pSTATS than with either cytokine alone
(Figure 6D). The effect of IL-21 was specific, as it did not induce
STAT phosphorylation in IL-21Ryyt LCLs, whereas the residual

induction of pSTATS in CD25y;yr LCLs most likely results from
IL-2 signaling through the IL-2RB/yc complex (Figure 6C). Thus,
IL-2 and IL-21 are likely to achieve their complementary effect on
B-cell differentiation to plasmablasts by independent signaling path-
ways in a common subset of activated cells.

IL-2 and IL-21 produced by Tfh cells cooperate to induce Ig
secretion by cocultured naive B cells

B-cell differentiation into plasma cells and memory cells occurs pre-
dominantly in GCs."* Much of the IL-21 that stimulates B cells is
derived from Tth cells co-localizing with B cells in GCs. On the other
hand, IL-2 is produced by most subsets of activated CD4™ T cells.*
For IL-2 to best promote the effects of IL-21 in vivo, both cytokines
would need to be produced by the same cell type. To address this, naive,
CXCRS", CXCRS™™% and CXCR5™ Tth cells were isolated
from human tonsils,™ stimulated for 5 days, and cytokine expression
determined. While IL-2 was expressed by 50% to 80% of these CD4 ™
T-cell subsets, expression of IL-21 was greatest for CXCR5™emediate
and CXCR5"™ Tth cells® (Figure 7A). Importantly, 70% to 90% of
IL-21-expressing CD4™ T cells coexpressed IL-2 (Figure 7A).
Coexpression of these cytokines by Tth cells could facilitate their
combined effect on B-cell differentiation. To test this, naive B cells and
CXCR5%CD4™ T cells were co-cultured in media alone or with TAE
beads in the absence or presence of neutralizing Ab against IL-2, IL-
21R-Fc, or both. IgM secretion was measured after 9 days. Activated,
but not resting, CD4 " CXCR5™™4 T ¢ells and CXCRS5™ Tth cells
induced substantial IgM secretion by co-cultured B cells, and this was
unaffected by an isotype control mAb (Figure 7B). However, blocking
endogenous IL-2 or IL-21 reduced IgM secretion by ~35-80% and
~70%, respectively. Importantly, there was a greater reduction in IgM
secretion (>80%) when both IL-2 and IL-21 were concurrently
blocked, confirming that IL-2 and IL-21 derived from CD4 "CXCRS*
T cells cooperate to induce Ig secretion. Expression of IL-2, IL-21, and
ICOS by CXCR54CD4™ T cells was equivalent regardless of IL-2 or
IL-21 neutralization (data not shown), suggesting that the reduction in
IgM secretion was a direct effect of cytokine blockade on B-cell
function rather than a consequence of impaired T-cell activation.

Discussion

Previous studies have suggested a role for IL-2 during human
B-cell differentiation. However, its exact role in the complex network
of cytokines influencing B cells has not been fully elucidated. 1L-2
receptors have long been identified on normal and malignant human
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Figure 6. Effect of IL-2 and IL-21 on STAT phosphorylation in human B-cell lines. (A) LCLs from normal donors were incubated for varying times in the absence or
presence of IL-21. Phosphorylation of STAT1, STAT3, and STAT5 was then determined by intracellular staining and flow cytometry. Data are depicted as fold change in mean
fluorescence intensity of pSTAT in the presence of IL-21 over media alone. Results represent mean + SEM of experiments using LCLs from 6 different donors. (B) Expression
of CD25 and IL-21R was determined on LCLs derived from different normal donors (red histogram) or CD25-deficient (blue histogram) or IL21R-deficient (gray histogram)
patients (n = 2/group). (C-D) Normal, CD25-deficient (CD25yy7), and IL-21R—deficient (IL-21Ryyt) LCLs were incubated in the absence (Nil) or presence of IL-2, IL-21, or IL-
2/IL-21. Expression of pSTAT1, pSTAT3, and pSTAT5 was determined after 30 minutes. Results in C are expressed as fold change above pSTAT expression in cells cultured
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of pSTAT3 and pSTATS5 in LCLs cultured in the absence (no cytokine) or presence of IL-2, IL-21, or IL-2/IL-21.

B-cell subsets,lg’40 and CD25 can be induced by T-derived and
T-independent stimuli, including CD40L,*' IL-10,'°*?* BCR
engagement,*'** and TLR ligands.*' When combined with IL-2, most
of these stimuli enable Ab secretion by activated B cells.*'***> We
have identified a novel role for IL-21 in regulating human B-cell
differentiation. By inducing CD25, IL-21 sensitizes activated B cells
to the differentiation-promoting effects of IL-2, thereby enabling
cooperative interplay between IL-2 and IL-21 to amplify plasmablast
generation and Ab secretion. Thus, IL-2 may play an adjunctive role
in IL-21-induced B-cell differentiation.

By examining B cells from individuals with specific genetic mu-
tations, we revealed the critical requirement for the IL-21R/yc com-
plex as well as STAT3, but not STATT1, in this process. These findings

identify an additional defect contributing to the humoral impair-
ment in STAT3-deficient AD-HIES patients, who are predis-
posed to pyogenic infections with Staphylococcus aureus and
encapsulated organisms (Streptococcus pneumoniae, Haemophi-
lus influenzae), frequently culminating in parenchymal lung
damage such as bronchiectasis and pneumatocoeles. This may reflect
impaired Ag-specific Ab responses after immunization with T-dependent
Ag. 23! Previous studies have suggested that the humoral impairment in
AD-HIES arises predominantly from intrinsic B-cell abnormali-
ties, thereby highlighting the dependence of normal B-cell function
on STAT3. Thus, although serum levels of IgM, IgG, and IgA are
normal in AD-HIES, STAT3-deficient individuals fail to generate
normal levels of Ag-specific Ab or a normal pool of Ag-specific
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memory B cells in vivo® and their naive B cells fail to differentiate
into Ab-secreting cells in response to IL-10 or IL-21 due to an
inability to undergo the molecular changes required for commit-
ment to the plasma cell lineage.>> Our work extends these obser-
vations by demonstrating that STAT3yyT naive B cells fail to
up-regulate CD25 in response to IL-21, rendering them unable to
respond to the stimulatory effects of IL-2. This secondary defect
would exacerbate the limited response of STAT3yyt B cells to
the direct effects of IL-21 on B-cell maturation.

An inability to respond to IL-2 due to a lack of IL-21-induced
priming of naive B cells may also contribute to the humoral immu-
nodeficiency in <yc-deficient X-SCID patients, whose impaired
response to IL-21 causes their profound Ab deficiency,?' as well as
in patients with loss-of-function mutations in /L2/R who manifest a
memory B-cell deficiency and an inability to elicit normal Ab re-
sponses following vaccination and infection.’® Because the con-
sequences of humoral immunodeficiencies are often severe,
necessitating ongoing intravenous immunoglobulin therapy to
prevent recurrent infections and bronchiectasis, an improved
understanding of the molecular basis for their immune dysfunc-
tion may pave the way for more targeted therapies.

Our data revealed that IL-2 and IL-21 are coexpressed by
a substantial proportion of Tth cells, which would enable cooperation
between these cytokines in promoting B-cell maturation in GCs
(Figure 7C). The requirement for IL-21 or other exogenous stimuli
such as BCR engagement*' to prime B cells to the effects of IL-2
through enhanced CD25 expression ensures that the B-cell response to
IL-2 is regulated to occur only “on demand,” as B cells are sensitive to
only IL-2 in the presence of specific Ag or Tfh-derived cytokines. Our
data may also provide a mechanism for the positive correlation
between the frequency of IL-2-producing Ag-specific memory CD4*
T cells and IgG titers in vivo.*® It is plausible that the IL-2* memory
CD4" T cells examined*® contained IL-21—producing Tth cells.

IL-2, IL-21, and their receptors share several structural and func-
tional similarities. Both are type I cytokines whose receptors not only
require yc for signalling, but IL-21R exhibits substantial amino-acid
homology to IL-2RB.*” Both IL-2 and IL-21 are secreted by activated
CD4" T cells*>*® and act as T-cell growth factors.”*** BLIMP-1,
which influences terminal differentiation of B and T lymphocytes,* is
induced by IL-21 in B cells'***** and IL-2 in T cells.>® Although this
list is not exhaustive, these similarities support the evolution of a
concurrent role for IL-2 in B-cell maturation, given the essential role
of IL-21 in this process.

Overall, our study highlights the utility of examining B cells from
patients with monogenic primary immunodeficiencies to not only
clarify the roles of particular cytokines in the immune response of
normal individuals but also identify mechanisms underlying the
humoral defects characteristic of these conditions. In recent years,
genetic mutations underlying many primary immunodeficiencies
have been identified.'*”-*337 The phenotypic abnormalities in
these “Experiments of Nature”” demonstrate the nonredundant role for
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these genes. By examining B cells from patients with loss-of-function
mutations in STATI, STAT3, IL2RG, IL2IR, and IL2RA, we have
further elucidated the roles of yc cytokines, particularly IL-21 and
IL-2, in human B-cell differentiation. The complete loss of IL-
21-induced CD25 expression on yc-deficient and IL-21R—deficient
B cells and substantial impairment on STAT3-deficient B cells
confirms the nonredundant nature of the IL-21R/yc/STAT3 signaling
pathway during B-cell differentiation. These patients with rare im-
munodeficiencies therefore provide a unique opportunity to study
molecular requirements underlying human cytokine signaling path-
ways in health and disease and reveal potential targets for modulating
B-cell responses in both immunodeficiency and autoimmunity.
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