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Background: The capacity of CD81 T cells to control infections
and mediate antitumor immunity requires the development and
survival of effector and memory cells. IL-21 has emerged as a
potent inducer of CD81 T-cell effector function and memory
development in mouse models of infectious disease. However,
the role of IL-21 and associated signaling pathways in protective
CD81 T-cell immunity in human subjects is unknown.
Objective: We sought to determine which signaling pathways
mediate the effects of IL-21 on human CD81 T cells and whether
defects in these pathways contribute to disease pathogenesis in
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Hôpital Necker Enfants-Malades, Paris; uUniversit�e Paris Descartes-Sorbonne Paris

Cit�e, Institut Imagine, Paris; vthe Department of Pediatrics, Hiroshima University

Graduate School of Biomedical Sciences; and wthe Immunopathogenesis Section,

Laboratory of Clinical Infectious Diseases, National Institute of Allergy and Infectious

Diseases, National Institutes of Health, Bethesda.

*These authors contributed equally to this work.

�Deceased.
Supported by project and program grants from the National Health andMedical Research

Council (NHMRC) of Australia (to E.K.D., S.G.T., C.S.M., D.A.F., andM.C.C.), Can-

cer Council NSW (to S.G.T. and U.P.), and Rockefeller University Center for 541

400
patientswith primary immunodeficiencies caused bymutations in
components of the IL-21 signaling cascade.
Methods: Human primary immunodeficiencies resulting from
monogenic mutations provide a unique opportunity to assess the
requirement for particular molecules in regulating human
lymphocyte function. Lymphocytes from patients with loss-of-
function mutations in signal transducer and activator of
transcription 1 (STAT1), STAT3, or IL-21 receptor (IL21R) were
used to assess the respective roles of these genes in human CD81

T-cell differentiation in vivo and in vitro.
Clinical and Translational science (5UL1RR024143, to J.-L.C.). C.S.M. is a recipient

of a Career Development Fellowship and S.G.T. is a recipient of a Principal Research

Fellowship from the NHMRC of Australia.

Disclosure of potential conflict of interest: C. S. Ma has been supported by one or more

grants from the National Health and Medical Research Council of Australia

(NHMRC). J. Peake has received one or more payments for lecturing on allergy topics

and has been reimbursed for travel/accommodations/meeting expenses. M. A. French

has received one or more payments for lecturing from or is on the speakers’ bureau for

ViiVAustralia, MSD Australia, and Janssen Australia and has received one or more

payments for travel/accommodations/meeting expenses from MSD Australia and

ViiVAustralia. J.-L. Casanova has been supported by one or more grants from the Na-

tional Institutes of Health (grant no. 8UL1TR000043); has consultancy arrangements

with Regeneron, GlaxoSmithKline, NovImmune, BiogenIdec, Merck, and Sanofi-

Aventis; and has received one or more grants from or has one or more grants pending

with Merck. S. G. Tangye has been supported by one or more grants from the NHMRC

of Australia; has received support for travel from ESID, Keystone Symposia, and the

Jeffrey Modell Foundation; and has received one or more fees for serving as an expert

witness in a patent dispute. E. K. Deenick has been supported by one or more grants

from NHMRC, has received one or more payments for travel/accommodations/meet-

ing expenses from the Japanese Society for Immunology, and has received one or more

paid honoraria as an Editor for Immunology and Cell Biology. The rest of the authors

declare that they have no relevant conflicts of interest.

Received for publication January 22, 2013; revised May 16, 2013; accepted for publica-

tion May 16, 2013.

Available online July 10, 2013.

Corresponding author: Elissa K. Deenick, PhD, Immunology Research Program, Garvan

Institute of Medical Research, 384 Victoria St, Darlinghurst, NSW 2010, Australia.

E-mail: e.deenick@garvan.org.au.

0091-6749

http://dx.doi.org/10.1016/j.jaci.2013.05.029

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:e.deenick@garvan.org.au
http://dx.doi.org/10.1016/j.jaci.2013.05.029


Abbreviations used

AD-HIES: Autosomal dominant hyper-IgE syndrome

BCL: B-cell lymphoma

CTV: CellTrace Violet

EOMES: Eomesodermin

IL-21R: IL-21 receptor

LCMV: Lymphocytic choriomeningitis virus

PB: Peripheral blood

PID: Primary immunodeficiency

STAT: Signal transducer and activator of transcription

TCM: Central memory T

TCR: T-cell receptor

TEM: Effector memory T

TEMRA: Effector memory T cells expressing CD45RA
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Results: Mutations in STAT3 and IL21R, but not STAT1, led to a
decrease in multiple memory CD81 T-cell subsets in vivo,
indicating that STAT3 signaling, possibly downstream of IL-
21R, regulates the memory cell pool. Furthermore, STAT3 was
important for inducing the lytic machinery in IL-21–stimulated
naive CD81 T cells. However, this defect was overcome by T-cell
receptor engagement.
Conclusion: The IL-21R/STAT3 pathway is required for many
aspects of human CD81 T-cell behavior but in some cases can be
compensatedbyother signals.Thishelps explain the relativelymild
susceptibility to viral disease observed in STAT3- and IL-21R–
deficient subjects. (J Allergy Clin Immunol 2013;132:400-11.)

Key words: Autosomal dominant hyper-IgE syndrome, STAT3,
STAT1, IL-21, human CD81 T cells, memory, differentiation

CD81 T-cell responses are essential for the control of viruses
and protection against some tumors. Common g-chain family cy-
tokines are important regulators of CD81 T-cell behavior. Thus
IL-7 and IL-15 control lymphocyte homeostasis,1-3 whereas
IL-2 regulates differentiation of naive cells into effector or mem-
ory populations.4,5 IL-21 has also been reported to control CD81

T-cell function. In vitro IL-21 increases survival and proliferation
of mouse6-9 and human10-12 CD81 T cells and induces effector
molecules, such as IFN-g, granzyme B, and perforin,6,13-15 and
the transcription factors B-cell lymphoma 6 (BCL6) and eomeso-
dermin (EOMES), which control their differentiation into effector
and memory populations.16

IL-21 is also implicated in controlling immune responses
in vivo. Treatment of patients with cancer with IL-21 resulted in
upregulation of cytotoxic molecules, such as granzyme B, perfo-
rin, and IFN-g, in their CD81 T cells and natural killer cells.17 In
mice IL-21 enhancedmemory CD81T-cell responses during vac-
cinia infection9,18 and was required for CD81 T cell–mediated
control of chronic lymphocytic choriomeningitis virus (LCMV)
infection.19-21 IL-21, either alone or together with IL-15, also in-
creased the efficacy of antitumor responses by CD81 T
cells.8,9,22-25 Thus IL-21 is a potent inducer of CD81 T-cell effec-
tor function and memory, with clinical relevance in both antiviral
and antitumor immunity.
IL-21 mediates its effects by activating Janus kinases 1 and

3,15,26,27 leading to phosphorylation of signal transducer and ac-
tivator of transcription (STAT) 1, STAT3, and STAT5.6,15,26 IL-
21 can also activate mitogen-activated protein kinase and Akt.6

However, it is not clear which of these pathways mediates the
stimulatory effects of IL-21 on human CD81 T cells. Primary
immunodeficiencies (PIDs) resulting from mutations in single
genes provide a unique opportunity to address the role of indi-
vidual molecules in regulating immune responses. Autosomal
dominant hyper-IgE syndrome (AD-HIES) is a PID character-
ized by chronic eczema, increased serum IgE levels, and recur-
rent infections of the skin, mucosa, and lungs.28,29 Notably, some
patients with AD-HIES have impaired control of reactivation of
infection with herpes viruses (HSV and varicella zoster vi-
rus)29,30 and are predisposed to non-Hodgkin B-cell lym-
phoma.29-32 The molecular lesion in patients with AD-HIES is
a heterozygous mutation in STAT3, with mutant alleles working
in a dominant negative manner.33,34 Mutations in STAT1 also re-
sult in infectious susceptibility to particular pathogens. Thus
monoallelic or biallelic loss-of-function STAT1 mutations se-
verely compromise responses to IFN-g. However, responses to
IFN-a/b and IFN-l are either intact (autosomal dominant
STAT1 deficiency; heterozygous mutations) or impaired (autoso-
mal recessive STAT1 deficiency; biallelic mutations). Conse-
quently, these mutations result in clinical disease caused by
weakly virulent mycobacteria and occasionally nonlethal viral
infection.35,36 On the other hand, biallelic null mutations abolish
STAT1-dependent cellular responses to IFN-g, IFN-a/b, and
IFN-l, thereby predisposing affected subjects to fatal infection
with herpes viruses and mycobacteria.35,36 The importance of
IL-21 signaling in human subjects was recently highlighted by
the identification of 4 patients with IL21R mutations who have
recurrent respiratory tract and gastrointestinal infections, partic-
ularly with cryptosporidia, resulting in chronic liver disease.37

Two of these patients also exhibited ongoing infection with nor-
ovirus and rhinovirus, but immunity against herpes viruses and
other pathogens that are commonly problematic for patients
with combined immunodeficiencies (eg, cytomegalovirus and
EBV) appeared to be intact.37

Here we used STAT3 mutant (STAT3MUT), STAT1MUT, and
IL21RMUT patients to determine the requirement for STAT1 and
STAT3 in regulating human CD81 T-cell responses. IL-21 in
combination with IL-15 induced proliferation of and granzyme
expression in naive CD81 T cells. Loss of STAT3 function im-
paired IL-21–induced granzyme B expression but did not affect
its ability to induce proliferation. However, strong T-cell receptor
(TCR)/costimulatory signals could rescue granzyme expression
in STAT3MUT T cells. Loss of STAT1 function did not affect pro-
liferation or granzyme B production. We also found that STAT3,
but not STAT1, controlled the formation/maintenance of effector
and memory CD81 T-cell subsets in vivo, as evidenced by re-
duced frequencies of differentiated memory cell populations.
We also observed some memory deficiencies in patients with
IL21R mutations, implicating IL-21 as a potential STAT3-
activating cytokine required for CD81 memory T-cell homeosta-
sis. These findings provide insight into some of the clinical
features of AD-HIES and IL-21 receptor (IL-21R) deficiency,
including impaired control of viral infection and susceptibility
to B-cell lymphoma.

METHODS

Human samples
Buffy coats from healthy donors were purchased from the Australian Red

Cross Blood Service. Peripheral blood (PB) was collected from patients with

mutations in STAT3, STAT1, or IL21R (see Table E1 in this article’s Online
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Repository at www.jacionline.org for patient details). All human experiments

were approved by ethics committees in Canberra, Sydney, Melbourne, Bris-

bane, and Perth and the institutional review boards of Necker Medical School,

Rockefeller University, and the National Institutes of Health.

T-cell phenotyping and isolation
PB CD81 T cells were stained with mAbs to CD4, CD8, CCR7, and

CD45RA. Subsets were defined as naive (CD81CD42CCR71CD45RA1)

cells, central memory T (TCM) cells (CD8
1CD42CCR71CD45RA2), effec-

tor memory T (TEM) cells (CD8
1CD42CCR72CD45RA2), or effector mem-

ory T cells expressing CD45RA (TEMRA; revertant CD45RA effector memory

T cells; CD81CD42CCR72CD45RA1). For experiments with STAT3MUT

samples, naive cells were isolated from samples by using a Positive Isolation

Dynal Kit (Invitrogen, Carlsbad, Calif), followed by sorting

CD81CCR71CD45RA1 cells (FACSAria; BD, Franklin Lakes, NJ). Because

of limiting numbers of cells in STAT1MUT and IL-21RMUT samples, naive

CD81 T cells were isolated directly by means of sorting. For phenotyping,

cells were also stained for further cell-surface markers (see Table E2 in this

article’s Online Repository at www.jacionline.org for the mAbs used).

Expression of phospho-STATs
Normal naive CD81 T cells were cultured for 4 days with TAE beads (Mil-

tenyi Biotech, Bergisch Gladbach, Germany), rested for 2 hours in OPTI-mem

(Life Technologies, Carlsbad, Calif) plus Normicin (InvivoGen, San Diego,

Calif), and then stimulated in the absence or presence of IL-2 (50 U/mL),

IL-15 (50 ng/mL), and/or IL-21 (50 ng/mL) for 30 minutes. Cells were fixed

with 2% paraformaldehyde, permeabilized with 90% methanol, and stained

with anti–phospho-STAT1, STAT3, and STAT5 mAbs.
In vitro stimulation of naive CD81 T cells
Naive CD81 T cells were labeled with CellTrace Violet (CTV; Invitrogen)

and then cultured (approximately 43 104 cells/200 mL/well) with or without

TAE beads (1 bead/5 cells) for 4 or 10 days, respectively, either alone or to-

gether with 50 U/mL IL-2 (Millipore, Temecula, Calif), 50 ng/mL IL-15, or

50 ng/mL IL-21 (PeproTech, Rocky Hill, NJ). Cells were then harvested, per-

meabilized, and stained with anti-perforin and anti-granzyme B mAbs. Cell

division and phenotype were determined by using FlowJo software (TreeStar,

Ashland, Ore).

Quantitative PCR analysis
RNAwas isolated immediately after ex vivo isolation or after 4 or 10 days of

culturewith the RNeasy kit (Qiagen, Hilden, Germany). For quantitative PCR,

total RNAwas reverse transcribed with oligo-dT. Expression of genes was de-

termined by using real-time PCR with the LightCycler 480 Probe Master Mix

and System (Roche, Mannheim, Germany). All primers (see Table E3 in this

article’s Online Repository at www.jacionline.org) were from Integrated DNA

Technologies (Coralville, Iowa). All reactions were standardized to glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH).
RESULTS

IL-21 activates STAT1, STAT3, and STAT5 in human

CD81 T cells
IL-21 activates numerous intracellular signaling pathways,

including STAT1, STAT3, STAT5, mitogen-activated protein ki-
nase, andAkt.6,15,26We assessedwhich pathwayswere activated by
IL-21 inhumannaiveCD81Tcells. IL-21 induced strongphospho-
rylation of STAT3 and a low level of STAT1 and STAT5 phospho-
rylation (Fig 1). We also analyzed STAT activation induced by 2
otherg-chain cytokines that are potent inducers ofCD81T-cell pro-
liferation and differentiation, namely IL-2 and IL-15. In contrast to
IL-21, IL-2 and IL-15 did not result in phosphorylation of STAT1or
STAT3 but did induce STAT5 phosphorylation (Fig 1). The
combination of IL-15 and IL-21 did not alter the level of STAT
phosphorylation above that observed with these cytokines alone
(Fig 1). Therefore, of these cytokines, IL-21 uniquely activates
STAT1 and STAT3 in human CD81 T cells.

STAT1 and STAT3 mutations do not impair

proliferation of naive CD81 T cells
IL-21 plays a pivotal role in inducing proliferation of CD81 T

cells.10-12,38 However, because IL-21 activates multiple signaling
pathways, it is not clear which of these underlies this proliferative
effect. To address this, we used naive CD81 T cells from patients
withmutations inSTAT1 (n5 8),STAT3 (n5 15), or IL21R (n5 3).
Homeostatic cytokines support survival of CD81 T cells and

can induce proliferation and differentiation in the absence of ex-
trinsic TCR stimulation. Thus IL-15 mediates homeostatic prolif-
eration of memory cells and, combined with IL-21, drives naive
cells to effector phenotypes.9,12,38,39 In vitro culture of naive
CD81 T cells with IL-2 or IL-15 for 10 days significantly in-
creased the recovery of viable cells (Fig 2, A). In contrast, IL-
21 alone did not increase survival above that seen with media
alone. However, coculture with IL-15 plus IL-21 induced signif-
icant proliferation, as assessed by means of CTV dilution (Fig 2,
B). STAT3MUTor STAT1MUT CD81 T cells stimulated with IL-15
and IL-21 showed comparable proliferation to control cells (Fig 2,
B-D); however, proliferation of IL-21RMUT CD81 T cells was
strongly reduced, with the residual proliferation likely being in-
duced by IL-15 (Fig 2, C and D). Thus IL-21’s involvement in
the homeostatic turnover requires a functional IL-21R but is un-
affected by loss-of-function mutations in STAT3 or STAT1.

STAT3 is required for IL-21–induced expression of

granzyme B
The capacity of CD81 T cells to produce the cytotoxic mole-

cules granzymeB and perforin is important for their effector func-
tion.40 IL-2, IL-15, and IL-21 can all induce expression of these
molecules.7-9,16,41-43 Therefore we assessed the effect of STAT1,
STAT3, and IL21R mutations on the ability of these cytokines to
induce granzyme B. Coculture with IL-21 plus IL-15 induced
higher granzyme B expression in normal naive CD81 T cells
than did IL-2, IL-15, or IL-21 alone (Fig 3, A). However, both
IL21RMUT and STAT3MUT CD81 T cells cultured with IL-15
and IL-21 did not upregulate granzyme B to the same level as
seen in control cells (Fig 3). In contrast, STAT1MUT CD81 T cells
showed normal upregulation of granzymeB after stimulationwith
IL-15/IL-21 (Fig 3, B and C). Thus acquisition of the lytic ma-
chinery by naive CD81 T cells stimulated with IL-21 in combina-
tion with IL-15 was dependent on STAT3 signaling downstream
of a functional IL-21R.
TCR/costimulation rescues defective IL-21

responses in STAT3MUT CD81 T cells
During an immune response, CD81 T cells also receive signals

through the TCR and costimulatory molecules. Therefore we ex-
amined naive CD81 T-cell responses after culture with cytokines
and anti-CD3/anti-CD28/anti-CD2 stimulus (provided by TAE
beads). Addition of IL-15 or IL-21/IL-15 to cells from healthy do-
nors resulted in the recovery of significantly more CD81 T cells
than stimulation with TAE beads alone or TAE beads plus IL-2
(Fig 4, A). Proliferation analysis revealed that treatment of naive

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 1. IL-21 predominately activates STAT1, STAT3, and STAT5 in human CD81 T cells. A-C, Naive CD81 T

cells were activated for 4 days with TAE beads and recultured with cytokines for 30 minutes to determine

phosphorylation of STAT1, STAT3, and STAT5. Histograms show nil or cytokine cultures and are represen-

tative of 4 experiments. D-F, Graphs represent the fold increase in mean fluorescence intensity (mean 6
SEM, n 5 4) of cells stimulated with cytokine over nil cultures. The dashed lines indicate a fold change of

1 (ie, no change).
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CD81 T cells with TAE beads plus IL-21 increased the total per-
centage of divided cells and the average number of divisions the
cells had undergone compared with those cultured with TAE
beads alone (Fig 4, B and C). Interestingly, we detected no signif-
icant defect in the ability of TAE-activated naive STAT3MUT (Fig
4, A-C) or STAT1MUT (Fig 4,D) CD81 T cells to respond to IL-21
or IL-21/IL-15 costimulation. However, mutations in IL21R de-
creased recovery of viable cells and progression through division
in cultures containing IL-21 (Fig 4, E). IL-7, another g-chain cy-
tokine, also enhanced proliferation of normal naive CD81 T cells
that had been stimulated with TAE beads (data not shown). Al-
though previous studies have found that IL-7 can activate
STAT3,44,45 the ability of IL-7 to promote naive CD81 T-cell
proliferation was unaffected by mutations in STAT3 (data not
shown).
In cultures receiving cytokines alone, STAT3 mutations im-

paired the ability of IL-21 to upregulate granzyme B (Fig 3).
Therefore we determined whether signals provided by TCR/cos-
timulation modulated this impairment. Addition of IL-2, IL-15,
IL-21, or IL-21/IL-15 to TAE-stimulated cultures strongly (ie,
>20-fold) upregulated granzyme B expression in normal naive
CD81 T cells (Fig 5, A and D). In contrast to these cytokines,
the effect of IL-7 on granzyme B induction was modest (ie,
<10% granzyme B1 cells; see Parmigiani et al16 and data not
shown). Mutations in STAT3 (Fig 5, A and D) or STAT1 (Fig 5,
B and D) did not impair the ability of TAE-stimulated T cells to
upregulate granzyme B in response to any of the cytokines tested.
However, IL-21RMUT naive CD81 T cells were unable to upregu-
late granzyme B after IL-21 stimulation, and this was partially re-
covered by IL-15 (Fig 5, C andD). These results demonstrate that
stimulation through TCR/costimulation alters the activation of
the naive CD81 T cells such that STAT3 mutations no longer
prevent IL-21–induced expression of the cytotoxic mediator
granzyme B.



FIG 2. Cytokine-induced proliferation is impaired in IL-21R–deficient, but

not STAT1- or STAT3-deficient, naive CD81 T cells. A, Naive CD81 T cells

were cultured with cytokines only, and the numbers of live cells were deter-

mined (mean6 SEM, n5 5). B and C, Histograms show representative CTV

profiles of cells stimulated with IL-21/IL-15. The graph in Fig 2, B, shows the

number of divided cells in IL-21/IL-15 cultures (mean6 SEM, n5 5). D, Each

bar represents an individual patient or healthy donor for experiments by us-

ing cells from STAT1- and IL-21R–deficient patients. ***P < .001.

FIG 3. Cytokine-induced expression of granzyme B is impaired in IL-21R–

deficient or STAT3-deficient naive CD81 T cells. A and B,Naive CD81 T cells

were cultured with cytokines only, and graphs depict the fold increase

(mean 6 SEM, n 5 5) in mean fluorescence intensity (MFI) of granzyme B

over normal cells cultured with media alone (Fig 3, A). Each bar graph in

Fig 3, B, represents means and ranges of duplicate cultures from an individ-

ual patient or normal donor for experiments using cells from STAT1- and IL-

21R–deficient patients. A and C, Representative plots of cells from normal

donors or the indicated patients stimulated with IL-21/IL-15 and normal do-

nor cells from unstimulated cultures. **P < .01 and ***P < .001.
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Mutations in STAT3 and IL21R alter the frequencies

of memory CD81 T cells
Because IL-21 signals through IL-21R to activate STAT1 and

STAT3 and regulates effector function, we speculated that
impaired IL-21R, STAT1, or STAT3 function might also affect
CD81 T-cell differentiation in vivo. Therefore we examined PB
CD81 T-cell populations and phenotypes in patients with muta-
tions in these molecules. We found that CD81 T cells represented
21.0%6 1.1% of PB lymphocytes in healthy donors. This did not
differ for STAT3MUT (23.5% 6 1.5%), or IL-21RMUT (17.4% 6
2.6%) patients (Fig 6, A).
In human subjects the CD81 T-cell population can be divided

into subsets based on differential expression of CD45RA and
CCR7.46 The CD81 T-cell compartment of healthy donors thus
comprises naive (35.5% 6 2.3%), TCM (9.0% 6 7.0%), TEM

(33.5% 6 1.8%), and TEMRA (22.1% 6 2.1%) cells (Fig 6, B).
The distribution of these subsets in STAT1-deficient patients did
not differ from those in healthy control subjects (Fig 6, B). How-
ever, the frequency of naive CD81 T cells in STAT3-deficient pa-
tients was significantly increased (62.6% 6 5.7%, P < .001)
compared with that seen in healthy control subjects. This was as-
sociated with substantial decreases in TEM, TEMRA, and TCM cell
numbers in STAT3-deficient patients (19.9% 6 3.8%, 14.0% 6
2.7%, and 3.6% 6 0.8%, respectively; Fig 6, B). Furthermore,
analysis of CD81 T-cell subsets from the 3 IL-21R–deficient pa-
tients suggested that memory in these patients might also be dys-
regulated, with increased naive (57.5% 6 6.3%) and reduced
TEMRA (8.2%6 5.0%) cell numbers (Fig 6, B). It was recently re-
ported that populations of memory and effector CD81 T cells
reach adult levels by approximately 5 to 10 years of age.47,48

This is consistent with our finding that the proportions of memory
and effector CD81 T cells in the cohort of STAT1-deficient pa-
tients, the average age of which was 13 years (see Table E1),
were normal (Fig 6, B). Thus it is unlikely that the decreased fre-
quencies of nonnaive CD81 T cells in STAT3- and IL-21R–defi-
cient subjects reflects the inclusion of some younger patients in
these cohorts. These results suggest that STAT3, but not STAT1,
plays an important role in generating, maintaining, or both mem-
ory CD81 T cells. Analysis of further IL-21R–deficient patients



FIG 4. STAT3-deficient naive CD81 T cells proliferate normally in response to TCR engagement and activat-

ing cytokines. A-E, Naive CD81 T cells from healthy donors (n 5 6-8 [Fig 4, A-C]; n 5 3 [Fig 4, D]; and n 5 5

[Fig 4, E]) and STAT3-deficient (Fig 4, A-C; n5 6-8), STAT1-deficient (Fig 4, D; n5 3), or IL-21R–deficient (Fig

4, E; n 5 2) patients were cultured with TAE beads alone or together with cytokines. Total numbers of live

cells that had entered division (Fig 4, A, D, and E) from each culture were determined (mean 6 SEM). Fig 4,

B, Histograms show representative CTV. Numbers indicate percentages of divided cells (mean 6 SEM). Fig

4, C-E, Percentage of CD81 T cells in each division was determined. *P < .05, **P < .01, and n.s, not

significant.
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will be required to determine whether the required STAT3 activa-
tion is occurring downstream of IL-21 signaling or whether other
cytokines, such as IL-10,49 are also involved.

To further understand the decrease in memory CD81 T-cell
numbers in STAT3-deficient patients, we analyzed expression
of genes that control their differentiation and survival (see Fig
E1 in this article’s Online Repository at www.jacionline.org).
BCL2 was significantly higher in STAT3MUT naive compared to
normal naive CD81 T cells (see Fig E1). This suggests BCL2
might play a role in the survival and thus increased frequency
of naive CD81 T cells in STAT3-deficient patients. However,
we observed no other differences in expression of proapoptotic
or antiapoptotic molecules between patients and control subjects
(see Fig E1). Similarly, although transcription factors responsible
for CD81 T-cell function and differentiation were differentially
expressed across CD81 T-cell populations, we observed no
significant differences between normal and STAT3MUT CD81

T-cell numbers (see Fig E1).

http://www.jacionline.org


FIG 5. IL-21–induced granzyme B production is intact in TCR-stimulated STAT3-deficient CD81 T cells. A-C,

Naive CD81 T cells from STAT3-deficient (n 5 6-8; Fig 5, A), STAT1-deficient (n 5 3; Fig 5, B), or IL-21R–de-

ficient (n 5 2; Fig 5, C) patients or healthy donors (n 5 6-8) were cultured with TAE beads alone or together

with cytokines. Representative histograms of granzyme B expression (solid, normal subjects; colored lines,

patients) are depicted in Fig 5, A to C.D,Graphs show the fold increase (mean6 SEM) inmean fluorescence

intensity (MFI) of granzyme B expression by cytokine-stimulated normal and patient cells over those cul-

tured with TAE beads alone.
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STAT3-deficient TEM and TEMRA CD81 T cells have a

phenotype suggestive of sustained activation
CD81 T-cell subsets were further assessed for expression of a

range of molecules that change during differentiation from naive
to effector cells.50,51 STAT3MUT cells showed dysregulated ex-
pression of many of these molecules (Fig 7). For example, 2B4
was highest on normal CD81 TEM and TEMRA cells but was
increased 2- to 4-fold on STAT3MUT TEM cells (P <.001). In con-
trast, 2B4 was expressed at normal levels on STAT1MUT CD81 T
cells (Fig 7 and see Figs E2, A, and E3, A, in this article’s Online
Repository at www.jacionline.org). CD57 expression is associ-
ated with poorly proliferative, terminally differentiated T
cells.51,52 Consistent with this, the greatest frequency of CD571

cells was found in the TEMRA population. However, proportions
of CD571 cells in the TEM and TEMRA populations of STAT3MUT

CD81T cells were significantly increased relative to those seen in
normal and STAT1MUT cells (Fig 7). CD127 (IL-7 receptor a) is
highly expressed on naive and TCM cells and downregulated on
TEM and TEMRA cells. However, in STAT3MUT patients all mem-
ory populations displayed significantly decreased levels of
CD127 compared with healthy donors (Fig 7). Not all activation
molecules displayed altered expression, however, because CD95
was not altered on CD81 T cells from either the STAT1MUT or
STAT3MUT patients (Fig 7 and see Figs E2, A, and E3, A).

Chemokine receptors and adhesionmolecules are important for
regulating migration to secondary lymphoid organs and inflamed
tissues. CX3CR1, CD11a, and CD11b levels are highest on
TEMRA and TEM cells from healthy donors. However, their expres-
sion on STAT3MUT, but not STAT1MUT, TEM and TEMRA cells was
significantly (2- to 3-fold) higher than on normal cells (Fig 7 and
see Figs E2, B, and E3, B). Interestingly, STAT3MUT TEM and
TEMRA CD81 T cells had significantly higher expression of gran-
zyme B but not perforin. The altered expression of these mole-
cules by STAT3MUT CD81 T cells suggests they have
undergone aberrant differentiation in vivo, and the residual effec-
tor memory populations exhibit a more senescent/exhausted
phenotype.
DISCUSSION
Naive CD81 T cells must proliferate and acquire effector

function, processes believed to be regulated by IL-21, to estab-
lish protective antiviral and antitumor immunity. Indeed, IL-21
levels have been found to increase in vitro proliferation and
survival of mouse and human CD81 T cells,6-12,38 as well as in-
duce the effector molecules IFN-g, granzyme B, and perforin
and enhance their overall cytotoxicity.7-10,16,42,43 Furthermore,
in vivo delivery of IL-21 to patients with cancer upregulated
granzyme B and perforin in CD81 T cells.17 Consistent with
previous studies in multiple cell types,6,15,17,26 IL-21 induced
phosphorylation of STAT1, STAT3, and STAT5 in human
CD81 T cells. Yet the contribution of individual STATs and

http://www.jacionline.org


FIG 6. Mutations in STAT3, but not STAT1, impair generation of effector/memory CD81 T cells in vivo. PB

from healthy donors (n 5 46 or 51) or STAT3-deficient (n 5 12-14), STAT1-deficient (n 5 5 or 6), or IL-21R–

deficient (n 5 3) patients were assessed for the percentage of total CD81 T cells (A) or naive, TCM, TEM, and

TEMRA cells (B). Each symbol corresponds to an individual donor or patient, and lines represent means. His-

tograms and dot plots are from 1 representative donor or patient. *P < .05, **P < .01, and ****P < .0001.
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cytokines to the development and effector function of human
CD81 T cells has not previously been defined. To clarify the re-
quirements for these molecules in human CD81 T-cell function,
we analyzed CD81 T-cell differentiation in vivo and IL-21 sig-
naling in vitro in subjects with loss-of function mutations in
IL21R, STAT1, or STAT3.

The ability of IL-21 to promote proliferation of naive CD81 T
cells was unaffected by mutations in STAT1 or STAT3. In contrast,
impaired STAT3 signaling abolished upregulation of granzyme B
in response to IL-15/IL-21 when no exogenous TCR stimulus was
provided. This paralleled our observations from cells unable to
signal through the IL-21R, thereby suggesting that intact signal-
ing through the IL-21R/STAT3 axis is required for GZMB tran-
scription and subsequent cytotoxicity in human CD81 T cells
stimulated with IL-15/IL-21. These findings are physiologically
relevant because they infer that the increase in expression of gran-
zyme B observed in CD81 T cells of patients with cancer who
were administered IL-21 in the absence of specific T-cell activa-
tion17 was STAT3 dependent. This is supported by work showing
that IL-21–induced phospho-STAT3 binds upstream of Gzmb in
murine CD41 T cells.53 The inability of STAT3-deficient CD81

T cells to upregulate granzyme B in response to IL-15/IL-21
would be further compounded by impaired production of IL-21
by STAT3-deficient CD41 T cells.54 Surprisingly, we observed
that when naive STAT3MUT CD81 T cells were provided with ex-
trinsic TCR stimulus and IL-21, they were capable of upregulat-
ing granzyme B to similar levels as controls. IL-21–induced
granzyme B upregulation was also intact in STAT1-deficient na-
ive CD81 T cells, suggesting that TCR/costimulation did not re-
sult in a switch from a STAT3 to a STAT1 pathway downstream of
IL-21R for granzyme B regulation. Rather, TCR/costimulatory
signaling is likely to alter the sensitivity of cells to STAT3, such
that residual STAT3 activity in STAT3MUT CD81 T cells is suffi-
cient to induce a cytotoxic response.
Studies in mice have suggested that IL-21 is important for

controlling some viral infections, such as vaccina18 and chronic
LCMV.19-21 Patients with AD-HIES generally do not exhibit
heightened susceptibility to primary viral infection, but some
(<20%) do have an impaired ability to control reactivation of her-
pes viruses (HSV, EBV, and varicella zoster virus).29,30 On the



FIG 7. CD81 T cells from STAT3-deficient patients display a more activated phenotype. Subsets of naive,

TCM, TEM, and TEMRA CD81 T cells in PB of healthy donors (n 5 15) or STAT3-deficient (n 5 7) and STAT1-

deficient (n 5 3) patients were assessed for expression of 2B4, CD57, CD95, CD127, CX3CR1, CD11a,

CD11b, granzyme B, or perforin. Graphs represent the fold change in mean fluorescent intensity (MFI) of

the molecules relative to naive cells or the percentage of positive cells. **P < .01 and ***P < .001.
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other hand, the few IL-21R–deficient subjects documented to date
appear capable of mounting protective responses to these viruses
yet experience ongoing infection with norovirus and rhinovirus.37

However, both of these PIDs are associated with increased sus-
ceptibility to infection with bacterial and fungal pathogens
(Staphylococcus aureus, Candida albicans, Pneumocystis spe-
cies, and cryptosporidia).28,29,37,55,56 Our findings actually pro-
vide an explanation for the relatively mild susceptibility of
STAT3MUTand IL-21RMUT patients to primary viral infection, de-
spite predictions from mouse models.18-21,49 First, delivery of
strong TCR and costimulatory signals during viral infection
would facilitate normal induction of granzyme B in IL-21–stim-
ulated STAT3MUT cells. Second, granzyme B induction by IL-2
and IL-15 is intact in STAT3MUT and IL-21RMUT CD81 T cells.
Thus during most viral infections, combined signals by TCR/
costimulation, IL-2, IL-15, and/or IL-21 in naive CD81 T cells
would be sufficient to generate a protective cytotoxic response,
thereby circumventing the dependency on signaling through IL-
21R or STAT3.
An interesting feature of AD-HIES is predisposition to B-cell

lymphoma.29,31,32,57 It is possible that during an antitumor re-
sponse, immune activation is not as strong as during viral infec-
tion; thus the relative contribution of IL-21R/STAT3 signaling
in regulating granzyme B might be greater. Consequently,
STAT3 mutations could contribute to impaired CD81 T-cell im-
mune surveillance against B-cell malignancies. This is reminis-
cent of the susceptibility of perforin-deficient subjects to
hematologic neoplasms, including B-cell lymphoma.58

The reported role of IL-21 in memory cell development12,18,49

prompted us to investigate the phenotype of CD81 T cells from
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STAT1- and STAT3-deficient patients. Recent studies reported re-
duced frequencies of TCM cells in patients with AD-HIES,30

thereby implicating STAT3 in the development of ‘‘central mem-
ory’’ CD81 T cells.30,49 We found significant decreases not only
in TCM but also in TEM cell numbers in STAT3-deficient, but not
STAT1-deficient, subjects. These changes were not due to altera-
tions in total percentages of CD81 T cells or age-related varia-
tions in the number of naive versus memory cells (see Fig E4 in
this article’s Online Repository at www.jacionline.org). TEM

and TEMRA cell populations from STAT3-deficient patients also
displayed a phenotype of exaggerated differentiation often asso-
ciated with increased/sustained exposure to antigen.50,51,59 As-
sessment of IL-21R–deficient patients suggested IL-21 might
contribute to establishing some of the memory populations in
STAT3-deficient subjects. However, analysis of additional IL-
21R–deficient patients will be required to determine whether
IL-21 is the STAT3-activating cytokine required for maintaining
CD81 T-cell memory.

Several explanations can be proposed for the memory CD81

T-cell deficiency seen in patients with AD-HIES. First, STAT3
mutations might affect CD81 T-cell homeostasis or differentia-
tion. However, proliferation of STAT3MUT naive CD81 T cells
in response to IL-7 or IL-21/IL-15, which regulate the homeosta-
sis of CD81 T cells,2,9,38,42,60-64 was normal. Thus there is no ev-
idence that the homeostatic proliferation and survival of naive T
cells induced by these cytokines requires STAT3, implying that
the memory cell deficit is unlikely to be caused by impaired
proliferation.
Second, impaired STAT3 function might alter CD81 memory

T-cell numbers through effects on differentiation. CD81 T-cell
differentiation is regulated by multiple transcription factors
that control opposing fates: Eomes and Bcl-6 favor ‘‘central
memory’’ CD81 T-cell development, whereas T-bet and
Blimp-1 promote differentiation to ‘‘effector’’ CD81 T
cells.13,65-69 The observations that Socs3, Tbx21, Bcl6, and
Prdm1 are direct targets of STAT3,53 together with reduced ex-
pression of these genes in Stat32/2 murine CD81 T cells after
infection with LCMV49 and of SOCS3 and BCL6 in ex vivo iso-
lated STAT3-deficient human naive CD81 T cells,30 suggest that
STAT3 regulates CD81 T-cell differentiation by controlling ex-
pression of transcription factors. Consistent with this, we ob-
served decreased SOCS3 expression in IL-21–stimulated
STAT3-deficient naive CD81 T cells in vitro. Thus, as proposed
previously,49 decreased SOCS3 expression might contribute to
aberrant differentiation, resulting in the enhanced activated phe-
notype we observed in TEM and TEMRA cells in STAT3MUT pa-
tients. However, we saw no significant differences in the levels
of other transcription factors between normal and STAT3-
deficient CD81 T cells either directly ex vivo (see Fig E1) or
after IL-21 stimulation (see Fig E5 in this article’s Online Re-
pository at www.jacionline.org). This suggests that the IL-21/
STAT3 axis proposed to drive Bcl-6 expression and CD81

TCM cell generation might be an oversimplification. Instead,
STAT3 appears to have broader effects, being required for the
generation or maintenance of not only TCM cells but also TEM

and TEMRA cell populations.
Lastly, reduced memory CD81 T-cell frequencies in STAT3MUT

patients might reflect reduced signaling through the IL-7 receptor
(CD127). IL-7 is another homeostatic cytokine important for mem-
ory T-cell maintenance.39,61,63,64 Interestingly, CD127 expression
was significantly decreased on all memory populations from
STAT3-deficient patients compared with healthy donors, which is
consistent with a more activated phenotype. Thus reduced expres-
sion of CD127 on STAT3-deficient CD81 T cells might limit their
responsiveness to IL-7 signals, thereby compromising the prosur-
vival effects of IL-7 and compounding any decrease in memory
cell numbers caused by reduced memory cell differentiation.
These findings reveal STAT3, but not STAT1, as an important

downstream component of IL-21 signaling that mediates induc-
tion of effector function in CD81 T cells. However, a high level
of redundancy for the induction of cytotoxic function seems to
exist, suggesting that in most circumstances a functional level
of killing would still be generated. This is consistent with mild
susceptibility to viral infections in patients with either AD-
HIES or IL-21R deficiency. In contrast, STAT3 signals, possibly
initiated by IL-21, are critical for regulating the pool of all mem-
ory CD81 T-cell subsets in human subjects. Collectively, these
insights significantly add to our understanding of the function
of IL-21 and STAT3 in human CD81 T-cell development and be-
havior and disease pathogenesis in subjects with mutations in
STAT3 and IL21R.

We thank the patients and their families for their involvement in this work.

Key messages

d Loss-of function mutations in STAT3, causing AD-HIES,
and IL21R, compromise differentiation of human CD81

T cells to memory and effector cells.

d Mutations in STAT3, but not STAT1, abrogate the ability
of human CD81 T cells to differentiate into granzyme
B–expressing effector cells in response to IL-21.
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FIG E1. Differential expression of transcription factors and apoptotic family members in subsets of CD81 T

cells. Expression of the proapoptotic regulator BCL2 and the antiapoptotic regulators BCL2L11 and BCL2L1;

the transcription factors EOMES, TBX21, SOCS3, PRDM1, and BCL6; and the cytokine IFNGwas determined

in sorted purified subsets of CD81 T cells from normal donors and STAT3-deficient patients by means

of quantitative PCR. The results are means 6 SEMs (n 5 5) and are expressed relative to glyceraldehyde-

3-phosphate dehydrogenase (GAPDH). *P < .05, **P < .01, and ***P < .001.
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FIG E2. The ex vivo phenotype of STAT3-deficient CD81 T cells. A-C, Naive, TCM, TEM, and TEMRA CD81 T

cells in PB of normal donors (black histogram) and STAT3-deficient patients (gray histogram)were assessed

for expression of 2B4, CD57, CD95, CD127, CX3CR1, CD11a, CD11b, granzyme B, or perforin. Histogram

plots are from 1 representative healthy donor and 1 STAT3-deficient patient.
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FIG E3. The ex vivo phenotype of STAT1-deficient CD81 T cells. A-C, Naive, TCM, TEM, and TEMRA CD81 T

cells in PB of normal donors (black histogram) and STAT1-deficient patients (gray histogram)were assessed

for expression of 2B4, CD57, CD95, CD127, CX3CR1, CD11a, CD11b, granzyme B, or perforin. Histogram

plots are from 1 representative healthy donor and 1 STAT1-deficient patient.
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FIG E4. CD81 T-cell subsets in STAT3-deficient and STAT1-deficient patients. A-E, Percentages of CD81 (Fig

E4, A), naive (Fig E4, B), TCM (Fig E4, C), TEM (Fig E4,D), and TEMRA (Fig E4, E) cells are plotted against the age

of each subject at the time the PB samples were analyzed from healthy donors (n 5 31), STAT3-deficient

patients (n5 14), STAT1-deficient patients (n5 8), or IL-21R–deficient patients (n5 3). Each value represents

an individual donor or patient.
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FIG E5. Differential expression of transcription factors and apoptotic family members in cultured naive

CD81 T cells. Expression of the proapoptotic regulator BCL2 and the antiapoptotic regulators BCL2L11 and

BCL2L1; the transcription factors EOMES, TBX21, SOCS3, PRDM1, and BCL6; and the effector molecules

IFNG, GZMB, and PFR1 was determined by means of quantitative PCR in naive CD81 T cells from normal

donors and STAT3-deficient patients that were cultured for either 4 days with TAE beads in the absence

or presence of the indicated cytokines (A) or for 10 days with IL-21 and IL-15 alone (B). The results are

means 6 SEMs (n 5 4-7) and expressed relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

*P < .05, **P < .01, and ***P < .001.
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TABLE E1. Patients with PIDs

Disease Patient ID Mutation/genotype Age at analysis (y) References

AD-HIES HIES#1 R382Q 20 E1-E4

(STAT3 deficiency) HIES#2 V637M 21

(Heterozygous) HIES#4 H437P 11

HIES#5 Q644P 46

HIES#6 S465F 13

HIES#7 Y657N 48

HIES#8 R382W 9

HIES#91 L706M 23

HIES#101 L706M 49

HIES#11 R382W 14

HIES#13* V463D 18

HIES#14* V463D 41

HIES#15 R539P 14

HIES#16 V463D 38

HIES#17 F621L 3

MSMD 1 viral infection STAT1MUT1 1928insA (homozygous) 0.5 E5,E6

(STAT1 deficiency) STAT1MUT2� P696S (homozygous) 18

STAT1MUT3� P696S (homozygous) 14

MSMD only STAT1MUT4 Q463H/WT 10 E7,E8

STAT1MUT5 L706S/WT 5

(STAT1 deficiency) STAT1MUT9 E320Q/WT 4
STAT1MUT10� Y701C/WT 40 E9

STAT1MUT11� Y701C/WT 5

IL-21R deficiency IL21RMUT1§ C81_H82del (homozygous) 9 E10

IL21RMUT2§ C81_H82del (homozygous) 14 E10

IL21RMUT3 W138S (homozygous) 15.5 Unpublished

MSMD, Mendelian susceptibility to mycobacterial disease.

1,*,�,�,§Related subjects.
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TABLE E2. Primary mAbs

mAb Clone Company

CCR7-FITC 150503 R&D Systems, Minneapolis, Minn

Phospho-STAT5–A488 BD, Franklin Lakes, NJ

CD11b-PE D12 BD

CD45RO-PE UCHL1 eBioscience, San Diego, Calif

CD57-PE HCD57 BioLegend, San Diego, Calif

CD95-PE DX2 BD

244-PE 2B4; C1.7 Beckman Coulter, Fullerton, Calif

Perforin-PE dG9 eBioscience

Phospho-STAT3–PE BD

CD45RA-PerCpCy5.5 HI100 eBioscience

CD8-PeCy7 RPA-T8 BD

CD28-PeCy7 CD28.2 BioLegend

CD11a-APC HI111 BD

CD27-APC O323 eBioscience

CX3CR1-APC 2A9-1 BioLegend

Granzyme B–APC GB11 Invitrogen, Carlsbad, Calif

Phospho-STAT1–A647 BD

CD27-APC.Cy7 O323 BioLegend

CD8-Pacific Blue RPA-T8 BD

CD4-e450 OKT-4 eBioscience

CD127-e450 eBioRDR5 eBioscience

APC, Allophycocyanin; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PerCP, peridinin-chlorophyll-protein complex.
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TABLE E3. Real-time PCR primers

Gene Forward Reverse

BCL2 59-ttgacagaggatcatgctgtactt-39 59-atctttatttcatgaggcacgtt-39
BCL2L11/BIM 59-catcgcggtattcggttc-39 59-gctttgccatttggtcttttt-39
BCL2L1/Bcl-xL 59-tttctccttcggcggggcact-39 59-aaaagtatcccagccgccgttc-39
BCL6 59-gagctctgttgattcttagaactgg-39 59-gccttgcttcacagtccaa-39
EOMES 59-gtggggaggtcgaggttc-39 59-tgttctggaggtccatggtag-39
GAPDH 59-ctctgctcctcctgttcgac-39 59-acgaccaaatccgttgactc-39
GZMB 59-agatgcaaccaatcctgctt-39 59-catgtcccccgatgatct-39
IFNG 59-ggcattttgaagaattggaaag-39 59-tttggatgctctggtcatctt-39
PRDM1/BLIMP-1 59-aacgtgtgggtacgaccttg-39 59-attttcatggtccccttggt-39
PRF1 59-ccgcttctctatacgggattc-39 59-gcagcagcaggagaaggat-39
SOCS3 59-agacttcgattcgggacca-39 59-aacttgctgtgggtgacca-39
TBX21/T-BET 59-tgtggtccaagtttaatcagca-39 59-tgacaggaatgggaacatcc-39
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