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High Th2 cytokine levels and upper airway
inflammation in human inherited T-bet deficiency
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James P. Di Santo”2@®, Cindy S. Ma'®V@®, Guy Gorochov® @, Aziz Bousfiha*>****@®, Laurent AbelX101****@, Stuart G. Tangye!®****@®,
Jean-Laurent Casanova0%***@, |acinta Bustamante'01L20***@®, and Federica Sallusto®****@®

We have described a child suffering from Mendelian susceptibility to mycobacterial disease (MSMD) due to autosomal
recessive, complete T-bet deficiency, which impairs IFN-y production by innate and innate-like adaptive, but not mycobacterial-
reactive purely adaptive, lymphocytes. Here, we explore the persistent upper airway inflammation (UAI) and blood
eosinophilia of this patient. Unlike wild-type (WT) T-bet, the mutant form of T-bet from this patient did not inhibit the
production of Th2 cytokines, including IL-4, IL-5, IL-9, and IL-13, when overexpressed in T helper 2 (Th2) cells. Moreover,
Herpesvirus saimiri-immortalized T cells from the patient produced abnormally large amounts of Th2 cytokines, and the
patient had markedly high plasma IL-5 and IL-13 concentrations. Finally, the patient’s CD4* ap T cells produced most of the
Th2 cytokines in response to chronic stimulation, regardless of their antigen specificities, a phenotype reversed by the
expression of WT T-bet. T-bet deficiency thus underlies the excessive production of Th2 cytokines, particularly IL-5 and IL-13,
by CD4* aP T cells, causing blood eosinophilia and UAI. The MSMD of this patient results from defective IFN-y production by
innate and innate-like adaptive lymphocytes, whereas the UAI and eosinophilia result from excessive Th2 cytokine production
by adaptive CD4* af T lymphocytes.

Introduction

Inherited human T-bet deficiency causes susceptibility to my-
cobacterial infection by disrupting both the development of
innate or innate-like adaptive lymphocytes, including natural
killer (NK), invariant NK T (iNKT), mucosal-associated invariant
T, and V82" y8 T cells, and their production of IFN-y (Yang et al.,
2020). By contrast, the patient’s purely adaptive T lymphocytes
produce IFN-y normally in response to mycobacterial antigens.
The patient described here also displays persistent upper airway
inflammation (UAI) and blood eosinophilia, which were not

explored mechanistically in our previous report. Little is
known about the genetic and immunological basis of airway
inflammation or hyperresponsiveness in humans. Patients with
rare loss-of-function or hypomorphic variants of DOCKS, IL6R,
TGFBR1, TGFBR2, CARDII, IKBKG, CARD14, and CARML2, or with
gain-of-function mutations of JAKI, are prone to asthma
(Gruber et al., 2020; Del Bel et al., 2017; Dorjbal et al., 2019;
Mark et al., 2012; Peled et al., 2019; Wang et al., 2016; Spencer
et al., 2019; Freeman and Holland, 2009; Zhang et al., 2009;
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Tangye et al., 2017; MacCarrick et al., 2014; Milner, 2020; Lyons
and Milner, 2018). These patients typically display other mani-
festations of hyper-T helper type 2 (Th2) cell diathesis or allergy,
including high serum IgE levels, food allergy, urticaria, and atopic
dermatitis, collectively known as primary atopic disorders. Ge-
netic deficiencies underlying peripheral eosinophilia overlap
considerably with these primary atopic disorders (Williams et al.,
2015). However, no clear genetic or immunological mechanism
has yet been identified in patients with isolated UAI and blood
eosinophilia in the absence of other Th2 cell diatheses.

Interestingly, the T-bet protein is down-regulated in the
airways of human patients with asthma (Finotto et al., 2002).
Moreover, a common variant of TBX21 is associated with sus-
ceptibility to asthma, albeit with only a small effect (Raby et al.,
2006). Finally, the H33Q common variant of TBX21 is associated
with the improvement of asthma with the use of inhaled corti-
costeroids (Tantisira et al., 2004). In mice, a lack of T-bet
(Tbx21-/-) leads to spontaneous airway hyperresponsiveness
(AHR) resembling asthma, but without the need for allergic
sensitization (Finotto et al., 2002). Both spontaneous and
allergen-induced types of AHR are mediated by at least four
known mechanisms: (1) overproduction of a Th2 cytokine, IL-13
(Finotto et al., 2005), which acts as a primary regulator of mucus
cell metaplasia and mucus hypersecretion in the airways (Gour
and Wills-Karp, 2015; Fujiwara et al., 2007); (2) changes in the
calcium homeostasis of airway smooth muscle cells, with an
increase in baseline airway tone that may be dependent on or
independent of IL-13 (Bergner et al., 2006); (3) a greater re-
sponsiveness of airway smooth muscle cells to platelet-derived
growth factor, contributing to airway hyperplasia (Singer, 2011);
and (4) aberrant neutrophilic airway inflammation mediated by
a dysregulation of Th17 cell differentiation (Fujiwara et al., 2007;
Durrant et al., 2009). In addition to IL-13, other Th2 cytokines,
such as IL-4 and IL-5, are produced in abnormally large amounts
in Tbx21”/~ mice. However, these cytokines appear to be dis-
pensable for AHR (Finotto et al., 2005, 2002). In addition to
regulating AHR, T-bet can also suppress local eosinophil re-
cruitment in mice (Matsuki et al., 2017; Glanville et al., 2016).
We therefore tested the hypothesis that human T-bet deficiency
underlies UAI and blood eosinophilia by enhancing the pro-
duction of one or more Th2 cytokines.

Results

Persistent AHR in human T-bet deficiency

As previously reported, the patient (P; Fig. 1 A), who is now 5 yr
old, has autosomal recessive complete T-bet deficiency (Yang
et al., 2020). He developed disseminated Bacillus Calmette-
Guérin (BCG) infection at the age of 3 mo, which was cured by
antimycobacterial antibiotic therapy. P was hospitalized for 5 d
for upper AHR at the age of 11 mo, requiring treatment with
inhaled corticosteroids and albuterol. He was also found to have
blood eosinophilia (1,460/mm? normal range: 100-600/mm?).
The clinical manifestations in the upper respiratory tract of
rhinorrhea, breathing difficulties, wheezing, and coughing have
persisted ever since. These symptoms appear to be independent
of environmental triggers, such as exercise, cold air, change of
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season, food, or parasitic infections. Food allergy, atopic der-
matitis, high serum IgE concentration, and urticaria have never
been documented in P. Bronchial provocation tests with direct
or indirect stimuli have not been performed in P due to his
young age. He requires twice-daily treatment with inhaled flu-
ticasone and frequent visits (~10 visits/yr) to the emergency
room, with hospitalization for 2-3 d, about once monthly, for
acute exacerbations of UAI requiring treatment with oral or
intravenous corticosteroids and inhaled salbutamol. P’s symp-
toms seem to have improved recently, and he was not hospi-
talized during the last year. His peripheral eosinophil count has
remained high (2,849/mm?; normal range: 100-600/mm?), but
counts of neutrophils, basophils, lymphocytes, and monocytes
were found to be normal during a regular check-up at the age of
4 yr. However, P suffered two wheezing episodes requiring 5 d
of treatment with oral prednisolone at a dose of 2 mg/kg/d. P has
had no episodes of severe bronchiolitis caused by respiratory
syncytial virus or rhinovirus infection, which have been linked
to an increased risk of asthma or reactive airway disease later in
life (Lotz et al., 2013; Sigurs et al., 2010; Stein et al., 1999; Carroll
et al., 2009; Jackson et al., 2008). P’s plasma tested negative for
these viruses with VirScan (Yang et al., 2020). His parents are
healthy, with no history of smoking or asthma. P’s brother has a
history of allergic rhinitis only. We investigated whether the up-
per respiratory tract inflammation of P was due to an unrecog-
nized allergy. We used the Allergy Explorer to map the plasma IgE
profiles of P and controls against 282 potential allergens. Plasma
IgE specific for grass pollen, tree pollen, and house dust mite was
found in individuals with known allergies (Fig. 1 B). The plasma of
P’s brother, who has allergic rhinitis, gave a positive reaction for
mites, and contained seafood-specific IgE. However, no IgE spe-
cific for any of the 282 allergens tested, other than wasp venom,
was detected in P’s plasma (Fig. 1 B). Thus, like Tbx21-/~ C57BL/6
mice (Finotto et al., 2005, 2002), this patient with inherited T-bet
deficiency suffers from an uncommon form of persistent, spon-
taneous, and apparently nonallergic hyperresponsiveness of the
upper respiratory tract with blood eosinophilia.

The pathogenic TBX21 variant fails to suppress Th2 cytokine
production by human CD4* T cells

T-bet represses Th2 cell lineage commitment by preventing the
transcription factor GATA-3 from binding to its target DNA and
suppressing GATA-3 expression (Hwang et al., 2005; Usui et al.,
2006; Zhu et al., 2012). Through these mechanisms, T-bet sup-
presses the production of Th2 cytokines, such as IL-4, IL-5, IL-9,
and IL-13. We investigated the suppression of Th2 cytokines by
T-bet, by the retroviral transduction of naive CD4* T cells from
healthy donors that had been expanded under ThO-, Thi-, and
Th2-polarizing conditions with empty vector (EV), WT, or mu-
tant (Mut) T-bet. The transduced cells also expressed a bicis-
tronic CD271 surface reporter for magnetic-activated cell sorting
(MACS) and surface staining (Fig. S1 A). Consistent with a
previous report that Mut T-bet is less stable than WT T-bet
(Yang et al., 2020), cells overexpressing Mut T-bet had smaller
amounts of intracellular T-bet (Fig. S1 A). Thl cell polarization
induced higher levels of T-bet, while Th2 cell polarization in-
creased the expression of GATA-3 (Fig. 1 C; and Fig. S1, Band C).
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Figure 1. Neither overproduced nor endogenous Mut T-bet can suppress Th2-cytokines. (A) Pedigree of the previously reported kindred including a
patient (P) with human T-bet deficiency. (B) Results of screening for IgE against 282 allergens with the ALEX Allergy Explorer. One healthy control (CTRL),
positive controls (patients with known allergy and atopy), P (M/M), P’s brother (WT/WT), and his heterozygous parents (WT/M). (C) Naive CD4* T cells from
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CTRLs were expanded under ThO cell-, Thl cell-, and Th2 cell-polarizing conditions. Cells were transduced with EV, WT, or Mut TBX21 cDNA expressed with a
bicistronic CD271 surface reporter sequence. ICS for IL-13 and T-bet in response to P/I stimulation in nontransduced (NT) or CD271* transduced cells is shown.
(D-F) Percentage of cells, either CD271~ or CD271*, producing IL-13 (D), IL-9 (E), and IL-5 (F), as in C. (G) Transduced cells were identified on the basis of their
surface expression of the bicistronic reporter CD271, isolated by MACS, stimulated with P/I, and subjected to RT-qPCR analysis of /L5 expression. (H-L) Th2
cells isolated as in G were stimulated by incubation with anti-CD3/CD28 mAbs for 3 d. Culture supernatants were analyzed for IL-4 (H), IL-5 (1), IL-13 (J), IL-10
(K), and TNF-a (L) with LEGENDplex. (M-0) The spontaneous production of IL-5 (M), IL-10 (N), and IL-22 by HVS-T cells from CTRL and M/M individuals was
assessed with the LEGENDplex assay. In D-F, bars represent the mean and the SEM. In G-0, bars represent the mean and the SD. Dots represent individual
samples and technical replicates. Two-way ANOVA was used in D-F. One-way ANOVA was used in G-0. In D-0, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****

P < 0.0001. All experimental data, except for the ALEX allergy screen, were verified in at least two independent experiments.

The overexpression of WT, but not Mut, T-bet slightly reduced
the expression of GATA-3 in healthy donors’ CD4* T cells ex-
panded under Tho, Thl, and Th2 conditions (Fig. S1, B and C).
As expected, the intracellular production of Th2 cytokines, in-
cluding IL-5, IL-9, and IL-13, was enhanced by Th2 cell polari-
zation but suppressed by Thl cell polarization (Fig. 1, C-F; and
Fig. S1, D and E). The overexpression of WT, but not Mut, T-bet
induced high levels of intracellular IFN-y production (data not
shown) and repressed the production of IL-13 by ThO and Th2
cells (Fig. 1, C and D; and Fig. S1 D). Similarly, the production of
IL-5 and IL-9 by Th2 cells was suppressed by the overexpression
of WT, but not Mut, T-bet (Fig. 1, E and F; and Fig. S1 E). The
suppression of Th2 cytokines was probably not due to the in-
crease in IFN-y production, as high levels of IFN-y did not
suppress the production of Th2 cytokines by CD271- Th2 cells
not successfully transduced by WT T-bet (Fig. 1, D-F; and Fig.
S1D). Enriched Th2 cells transduced with EV, WT, or Mut T-bet,
and nontransduced cells were stimulated with PMA and Ion-
omycin (P/I) or with mAbs directed against CD3 and CD28. The
expression of IL5 (Fig. 1 G) and the secretion of IL-4, IL-5, IL-13,
and IL-10, but not TNF-a, by Th2 cells was suppressed by WT
T-bet (Fig. 1, H-L). However, when overexpressed, Mut T-bet
did not repress the production of these cytokines by Th2 cells
(Fig. 1, H-L). Thus, Mut T-bet, when overexpressed, is unable to
inhibit the production of Th2 cytokines.

High Th2 cytokine production by patient-derived T cell lines

We also investigated the function of endogenous Mut T-bet
in Herpesvirus saimiri-transformed T cells (HVS-T) from P. By
contrast with the abolition of IFN-y production by P’s HVS-T
cells (Yang et al., 2020), intracellular production of IL-5 and IL-
9, response to stimulation with P/I, was markedly increased in
P’s HVS-T cells compared with that in the corresponding cells
from healthy donors (Fig. S1, F and G). Almost all IL-5- and IL-
9-producing cells expressed high levels of GATA-3 (Fig. S1 F),
suggesting that disinhibition of GATA-3 in inherited T-bet
deficiency might account for the increased production of Th2
cytokines. However, intracellular GATA-3 protein levels were
normal in P’s HVS-T cells (Fig. S1 F). Moreover, intracellular
production of IL-10, an immunosuppressive cytokine, and IL-22,
a Thi7-dependent cytokine, by HVS-T cells from P was up-
regulated in response to stimulation with P/I (Fig. S1, H-K). In
the absence of stimulation, HVS-T cells from P also produced
markedly higher levels of IL-5, IL-10, and IL-22 (Fig. 1, M-0). To
examine whether endogenous Mut T-bet also inhibits the ex-
pression of GATA-3, like the Mut T-bet in an overexpression
system (Fig. S1, B and C), we also tested the expression of GATA-
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3 by immunoblotting and the mRNA level of GATA3 by RT-
quantitative PCR (RT-qPCR). The protein level of GATA-3 was
comparable between HVS-T cells from P and healthy donors,
while T-bet was reduced in HVS-T cells from P (Fig. S1 L). Both
TBX21 and GATA3 were expressed normally in HVS-T cells from
P (Fig. S1, M and N). We further compared the expression of
GATA3 in expanding CD4* T blasts from healthy donors and P.
Similarly, the expression of both GATA3 and TBX21 was normal
in expanding CD4* T blasts from P (Fig. S1, O and P). Thus, when
constitutively or overexpressed, Mut T-bet fails to suppress the
production of Th2 cytokines, while endogenous Mut T-bet, unlike
when it is overexpressed, does not suppress GATA-3 expression.

High plasma levels of IL-5 and IL-13 in human T-bet deficiency
The frequencies of peripheral Th2 and Thi7 cells were normal in
P (Yang et al., 2020). We then assessed P’s plasma IFN-y, IL-4,
IL-5, IL-13, IL-10, and IL-22 concentrations with an ultrasensi-
tive cytokine profiling assay. P’s basal plasma IFN-y concen-
tration was similar to that of healthy controls (Fig. 2 A).
However, his plasma concentrations for Th2 cytokines, in-
cluding IL-5 and IL-13, but not IL-4, were much higher than
those of controls (Fig. 2 B). Consistent with data from HVS-T
cells, his plasma IL-10 and IL-22 concentrations were also high
(Fig. 2, C and D). IL-5 mediates airway hyperreactivity and
blood eosinophilia in mouse models of asthma (Foster et al.,
1996), and is targeted by mepolizumab, reslizumab, and benra-
lizumab in the treatment of severe eosinophilic asthma in hu-
mans (Pelaia et al., 2019). It also controls eosinophil production
and peripheral eosinophil numbers in humans (Rothenberg and
Hogan, 2006; Roufosse, 2018). IL-13 has pathogenic effects during
the development of bronchial asthma in mice. Indeed, Tbx21/~
mice develop AHR due to the overproduction of IL-13 (Wills-Karp
et al., 1998; Zhu et al., 1999; Griinig et al., 1998; Hershey, 2003;
Finotto et al., 2002, 2005). However, the role of IL-22 in the
development of AHR in murine models remains unclear. Some
studies have suggested that IL-22 suppresses airway inflamma-
tion, whereas others have suggested a pathogenic effect in AHR
(Hirose et al., 2013). We therefore hypothesize that the patho-
genesis of the UAI and blood eosinophilia observed in P may
involve an overproduction of Th2 cytokines, including IL-5
and IL-13 in particular.

Overproduction of Th2 cytokines in response to chronic
stimulation in human T-bet deficiency

We investigated the lymphocyte subsets responsible for pro-
ducing Th2 cytokines by stimulating peripheral blood mono-
nuclear cells (PBMCs) from P and healthy donors with P/I for
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determined with a Simoa analyzer. (E) PBMCs from CTRL, WT/WT, or M/M individuals were left untreated (nonstimulated, NS) or were stimulated with P/I
ex vivo. ICS for IL-13 and T-bet is shown. Frequencies of T-bet'lL-13* and T-betMIL-13* cells are highlighted. (F and G) Percentages of IL-13- (F) or IL-
5-producing (G) cells as in E. (H) Following viSNE dimensionality reduction with IL-13-producing nonstimulated cells from CTRL, WT/WT, and M/M individuals,
cells from WT/WT and M/M individuals were mapped onto a tSNE graph for visualization. (I-N) PBMCs from CTRL, age-matched controls (Age-CTRL), WT/WT,
WT/M, or M/M individuals were stimulated by incubation with BCG-lysate (BCG-L) in the presence of IL-2 for 2 wk. The levels of IL-4 (I), IL-5 (J), IL-13 (K), IL-9
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(L), IL-17A (M), and IL-22 (N) in culture supernatants were determined with the LEGENDplex assays. (0) PBMCs from CTRL, WT/WT, WT/M, or M/M individuals
were stimulated with BCG-L in the absence of IL-2 for 16 d. Cells were restimulated with P/l for the ICS of Th2 cytokines. ICS for IL-13 is shown. (P) The
percentage of IL-13-producing cells as in O is shown. (Q) viSNE dimensionality reduction for IL-13-producing cells as in O and P was applied to all samples. A
tSNE map showing IL-13-producing cells from the P (M/M) is shown. In A-D, F, G, I-N, and P, bars represent the mean and the SEM. Dots represent individual
samples and technical replicates. One-way ANOVA was used in A-D. In A-D, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data in A-D were from a
single experiment using plasma sampled on different dates or from different individuals as biological replicates to secure enough replications. All experimental
data in E-Q were verified in at least two independent experiments. MAIT, mucosal-associated variant T.

8 h. We analyzed the intracellular production of Th2 cytokines,
including IL-4, IL-5, IL-9, and IL-13, and the expression of sur-
face lineage-specific markers, by intracellular and surface
staining with a 21-color panel and spectral flow cytometry (Fig.
S2 A). Intracellular IL-13 levels were high in T-bet-deficient cells
in the absence of stimulation (Fig. 2, E and F). Most of these IL-
13-producing cells, in the absence of stimulation, were negative
for T-bet expression (Fig. 2 E). As reported before (Solomou
et al., 2006), brief P/I stimulation significantly increased the
expression of TBX21 mRNA and its intracellular protein level (Fig.
S2, B and C). Similar to a previous report (Yang et al., 2020), P/I
stimulation drastically increased intracellular levels of T-bet
even in P’s PBMCs, which seemingly outweighed the protein
deficit caused by mutation-mediated instability (Fig. 2 E). This
resulted in saturating intracellular T-bet levels in PBMCs from
both healthy donors and P. However, P/I stimulation did not
significantly increase IL-13 production, and the increase in the
level of IL-13-producing cells in P did not persist (Fig. 2, E and F).
No increase in the intracellular levels of other Th2 cytokines or
IL-10 was observed in PBMCs from P (Fig. S2, D-F; and Fig. 2 G).
IL-13-producing cells were clustered using an unsupervised di-
mensionality reduction for lineage-determining surface markers
with viSNE (Amir et al., 2013). More than 80% of the IL-
13-producing cells in the basal state were TCR aff* T cells
(Fig. 2 H and Fig. S2 A). Innate lymphoid cells (ILCs), including
IL-13-producing ILC2, are an exceedingly rare population in
peripheral blood in humans. ILC2 responses, including the pro-
duction of IL-13, are enhanced in Thx21/~ mice (Garrido-Mesa
et al., 2019). Using a stringent gating strategy (Lim et al., 2017),
ILC progenitor (ILCP) and ILC2s were found in normal fre-
quencies in P (Yang et al., 2020). However, ILC2s, but not ILCP,
seemed to express slightly higher levels of intracellular GATA-3
(Fig. S2 G). Thus, it remains possible that a minor proportion of
the increased plasma IL-5 and IL-13 in P originates from ILC2s.
Th2 cytokines are produced after Thi cytokines (Duechting et al.,
2017). We therefore investigated cytokine production during
prolonged T cell activation. PBMCs from P or healthy donors
were stimulated with lysates of Mycobacterium bovis BCG (BCG-
lysates), a mixture of protein and small-molecule antigens
capable of activating both adaptive and innate lymphocytes.
After the prolonged expansion of antigen-specific T cells for a
period of 2 wk, we determined the levels of Th2 cytokines in
culture supernatants. Levels of IL-4, IL-5, and IL-13, but not
IL-9, were remarkably higher than those for controls or for P’s
relatives (Fig. 2, I-L). The levels of the Thi7 cytokines inves-
tigated, including IL-17A and IL-22, were also high in P’s cells
(Fig. 2, M and N). The level of production of Th2 cytokines
was, therefore, markedly higher in response to prolonged
antigenic stimulation.
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CD4* af T cells probably govern the overproduction of

Th2 cytokines

We investigated the cellular basis of Th2 cytokine overproduc-
tion during chronic stimulation by stimulating cells with BCG-
lysates for 16 d and then restimulating them with P/I and
performing surface and intracellular staining (ICS) and spectral
flow cytometry. After this prolonged expansion, cellular com-
position was similar between controls and P, except that P had a
lower proportion of V82* y8 T cells (Fig. S2 H). However, the
frequency of IL-13-producing lymphocytes was higher among
cells from P than among cells from healthy donors (Fig. 2, O and
P). We analyzed the cellular composition of this population by
clustering IL-13-producing cells from all individuals on the basis
of the expression ofrelevant surface markers. We used viSNE
to reduce dimensionality, and the clusters were mapped onto
t-distributed stochastic neighbor embedding (tSNE) plots (Amir
et al., 2013). Strikingly, almost 80% of IL-13-producing cells
were TCRaB*CD4* T cells (Fig. 2 Q). By contrast, in response to
P/I stimulation, IL-4- and IL-5-producing lymphocytes were
produced at similar saturating frequencies in both healthy
controls and P (Fig. S2, I-K). IL-9 production was no greater
than that of healthy donors (Fig. S2, I and L). Intracellular IL-22
production was markedly higher for P than for any of the
controls (Fig. S2, I and M), suggesting that T-bet deficiency also
unleashed the production of Th17 cytokines. Importantly, the
overproduction of Th2 cytokines in response to prolonged an-
tigenic stimulation was dominated by CD4* aff T cells.

Single-cell RNA sequencing (scRNA-seq) reveals a larger
number of IL5-expressing CD4* T cells

We thus focused on CD4* T cells from P with T-bet deficiency, as
they played a dominant role in the production of Th2 cytokines
(Fig. 2). We used MACS to sort CD4* T cells from the PBMCs of P,
and we then activated these cells with anti-CD3/CD28 mAbs and
performed scRNA-seq analysis. As expected, IFNG was one of the
most strongly expressed genes in control CD4* T cells. Inter-
estingly, IL5 and ILI3 expression levels were very high in CD4*
T cells from P (Fig. 3 A). In particular, IL5-expressing CD4*
T cells were strongly up-regulated in human T-bet deficiency, to
levels >10 times higher than those in healthy donors (Fig. 3 B).
IL5Migh cells from P had a unique transcriptomic profile, different
from that of those from healthy donors, with significantly lower
levels of COMMD?, NEFL, CIZ1, SULF2, EIF2S3B, LDOCI, SEPTS,
R3HCCI, ERCCI, MNATI, BOLA3, MRPL40, and RORA expression
(Fig. 3 C). In the T-bet-deficient patient, IL5M¢h CD4* T cells also
presented higher levels of expression for other Th2 cytokine genes,
including 114, IL9, and ILI3, than IL5"¥ cells (Fig. 3 D). ILI3 expres-
sion was also up-regulated in T-bet-deficient CD4* T cells (Fig. 3 E).
GATA3 expression was normal in CD4* T cells from P (Fig. 3 F).
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Figure 3. Overproduction of IL-5 and IL-13 by CD4* T cells from a patient with T-bet deficiency. (A) Total CD4* T cells from P (M/M indicated in red) or a
healthy donor (CTRL, in black) were stimulated by incubation with anti-CD3/CD28 mAbs for 14 h. Cells were subjected to scRNA-seq. A volcano plot of
differentially expressed genes (DEG) is shown. (B) Level of IL5 expression as in A. (C) Plot showing DEGs between CTRL and M/M cells expressing high levels of
IL5. (D) Plot showing DEGs between cells expressing (IL5 pos) or not expressing IL5 (IL5 neg). (E-G) Level of IL13 (E), GATA3 (F), and GATA3-ASI (G) expression as
in A. (H) Total CD4* T cells from CTRL or M/M individuals were activated or expanded with anti-CD3/CD28 mAbs under ThO cell- or Th1 cell-polarizing
conditions. M/M cells were transduced with EV or WT TBX21 cDNA (WT) for complementation. ICS for IFN-y and IL-5 is shown. (1) ICS for IL-5, IL-4, IL-13, and
IL-17A is shown as in H. (J-L) Percentages of IL-5-producing (J), IL-4* IFN-y~ (K), and IL-13* IFN-y~ (L) cells as in H and | are shown. In J-L, bars represent the
mean and SD. Dots represent individual samples. Data from A-G were summarized from a single scRNA-seq experiment containing >2,000 single-cell datasets,
which secures enough replications. Data from H-L were verified in at least two independent experiments.

However, the expression of GATA3-AS], a long noncoding RNA,  T-bet-deficient CD4* T cells overproduce Th2 cytokines

which functions as a positive regulator of GATA3 expressionand ~ We investigated whether the overproduction of Th2 cytokines
the coding gene of which is proximal to GATA3 within the same ge- was dependent on a lack of T-bet. CD4* T cells from healthy
netic locus (Gibbons et al., 2018), was increased in T-bet-deficient ~donors or P were isolated by MACS and subjected to polyclonal
CD4* T cells (Fig. 3 G). Thus, a Th2 cell bias, with, in particular, a  expansion with anti-CD3/CD28 mAbs under ThO or Thi cell
skew to higher levels of ILI3 and IL5 expression, in CD4* T cells is  polarization. Cells from P were also subjected to retroviral
accompanied by changes in the expression of other sets of genes. ~ transduction with EV or WT T-bet to rescue T-bet deficiency.
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Nontransduced and transduced cells were restimulated with P/I.
As reported previously (Yang et al., 2020), the intracellular
production of IFN-y by P was markedly reduced (Fig. 3 H) but
IL-17A expression was increased in ThO cells from P (Fig. 3 I).
The intracellular expression of IL-5 was found to be higher in
T-bet-deficient CD4* ThO cells and was mostly found in the IFN-
y-negative cells (Fig. 3 H). By contrast, IL-17A-producing ThO
cells were still able to produce Th2 cytokines, in particular IL-4
and IL-13 (Fig. 3 I). The increase in IL-5 production by Tho cells
from P was abolished by complementation with WT T-bet but
not EV (Fig. 3, H-J). Moreover, frequencies of IFN-y~IL-4* and
IFN-y-IL-13* cells were increased in ThO cells from P but re-
versed by complementation with WT T-bet (Fig. 3, I-L). Tbx21-/-
CD4* T cells in mice are capable of producing modest amounts of
Th2 cytokines even in response to Thl cell polarization (Szabo
et al., 2000). Frequencies of IL-5-producing IFN-y-IL-4* and
IFN-yIL-13* cells were reduced during Thl cell polarization
(Fig. 3, H and J-L). Similar to findings from mice, they were still
higher than those of Thi cells from healthy donors, and the in-
creases were reversed by complementation with WT T-bet (Fig. 3, H
and J-L). Therefore, T-bet-deficient CD4* T cells overproduce Th2
cytokines in a T-bet-dependent manner.

T-bet-deficient CD4* T cells are epigenetically poised to
promote Th2 skew

We then investigated the molecular mechanism by which T-bet
suppresses the expression of Th2 cytokines. Datasets from an
omni-ATAC-seq experiment probing expanded CD4* ThO cells
from healthy donors and from P, and P’s cells complemented
with EV or WT T-bet, were reanalyzed focusing on Th2 cell-
specific difference (Yang et al., 2020). As T-bet deficiency un-
leashes Th2 cell production by disinhibition of GATA-3 (Hwang
etal., 2005), we first focused on loci that were both differentially
regulated in P in a T-bet-dependent manner and occupied by
GATA-3 binding (Yang et al, 2020; Kanhere et al., 2012).
Chromatin accessibilities of 1,262 loci, which are capable of
binding GATA-3 in Th2 cells of healthy donors, were up- or
down-regulated in P, and the differences were reversed by
complementation of WT T-bet but not EV (Fig. S3 A). A majority
of loci, the chromatin accessibilities of which were closed in P
and were opened by T-bet complementation, were also co-
occupied by T-bet, while most of others that were opened up
by the lack of T-bet were not bound by T-bet (Fig. S3 A). We next
focused on Th2 cell-related genes. At three distal loci down-
stream from the IL5 locus, including two loci adjacent to IRF],
chromatin accessibility was higher in the absence of T-bet, but
abolished by WT T-bet complementation (Fig. 4 A). The chro-
matin accessibility of a locus upstream from IL5, within the in-
tron between exons 13 and 14 of RAD50, which is also 60 kb
upstream from IL5, was also increased by the lack of T-bet, but
this greater accessibility was reversed by WT T-bet (Fig. S3 B).
Similarly, the chromatin accessibilities of promoter regions of
IL4R and STATS, two crucial components of IL-4 signaling, were
opened up in T-bet deficiency in a T-bet-dependent manner
(Fig. 4, B and C). All these loci enabled GATA-3 to bind in Th2
cells (Fig. 4, A-C). Chromatin accessibilities of two loci within
the MAF locus, which encodes c-MAF, a key transcription factor
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determining the terminal differentiation of Th2 cells in mice (Ho
et al., 1998), were also opened up in T-bet-deficient CD4" T cells
in a T-bet-dependent manner (Fig. 4 D). Chromatin accessibility
of transcriptional start site of GATA3 was also slightly increased
by the lack of T-bet, while chromatin accessibilities of two in-
tronic loci within GATA3 were regulated oppositely (Fig. S3 C).
The TCE-7.1 region or T cell-specific GATA3 enhancer (Tcel), a
7.1-kb cis element located 280 kb 3’ to Gata3 in mice, was found
to enhance Gata3 expression in mice (Ohmura et al., 2016;
Hosoya-Ohmura et al., 2011). Interestingly, a region with high
chromatin accessibility was found within the corresponding
TCE-7.1 region in humans (Fig. S3 D). Although the chromatin
accessibility of this peak was suppressed by the overexpression
of WT T-bet, its chromatin accessibility was comparable be-
tween ThO cells from healthy donors and P (Fig. S3 D). In ad-
dition to IL5, IL4R, STAT6, GATA3, and MAF, chromatin
accessibilities of other loci related to lineage determination of
Th2 cells, including those within ICOS, MYD88, IKZFI1, CYLD, and
ITK (Reuter et al., 2016; Quirion et al., 2009; Piggott et al., 2005;
Miller et al., 2004; Au-Yeung et al., 2006; Hwang et al., 2005;
Tesciuba et al., 2008), were also opened up in T-bet deficiency,
but their greater accessibilities were reversed by WT T-bet
complementation (Fig. 4 E). Thus, T-bet deficiency controls a
series of Th2 cell-dependent genes by de-repression of GATA-3,
thereby probably facilitating GATA-3-dependent induction of
Th2 cell genes.

IL-5 is produced by memory CD4* T cells of various
specificities

We recently reported a normal response of the memory CD4*
T cells of P to antigenic peptides derived from influenza A virus,
human cytomegalovirus (HCMV), EBV, tetanus toxoid, BCG, and
Candida albicans (Yang et al., 2020). The production of IL-4 and
IL-9 by memory CD4* T cells in response to various antigens was
similar for P and controls, with the exception of subtle differ-
ences in production by EBV-, C. albicans-, or tetanus toxoid-
responsive T cells (Fig. S3, E and F). By contrast, P’'s CD4* T cells
produced significantly higher levels of IL-5 and IL-13 in response
to various pathogens (Fig. 4, F-L). Influenza A-, C. albicans-,
EBV-, and tetanus toxoid-reactive memory CD4* T cells pro-
duced IL-13, and HCMV-reactive memory CD4* T cells produced
IL-5, in amounts similar to those produced by controls (Fig. S3,
G-K). BCG-, C. albicans-, EBV-, influenza A virus-, and tetanus
toxoid-reactive memory CD4* T cells from P also produced higher
levels of IL-17A and IL-22 than their counterparts from controls
(Fig. 4, M-R), suggesting a phenotypic skew toward Thi7 cells, in
addition to Th2 cell skew. Inherited human T-bet deficiency thus
disinhibits the production of pro-asthmatic Th2 cytokines, in
particular IL-5 and IL-13, by memory CD4* T cells, regardless
of their antigen specificities (Fig. 4 S).

Discussion

We report here the clinical, immunological, and molecular study
of UAI and eosinophilia in a patient with inherited, complete
T-bet deficiency. Despite the normal development of Th2 CD4*
T cells in vivo (Yang et al., 2020), the lack of T-bet resulted in the
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Figure 4. Epigenetic regulation of Th2 genes and antigen specificity of IL-5- and IL-13-producing memory CD4* T cells from inherited T-bet de-
ficiency. (A) Chromatin accessibility of IL5 and its adjacent IRF1 loci. (B-D) Chromatin accessibilities of IL4R (B), STAT6 (C), and MAF (D) loci. (E) A selection of
loci, the chromatin accessibilities of which are differentially regulated in M/M with the difference reversed by WT T-bet complementation, is shown in the heat
map. (F-J) T cell clones from memory CD4* T cell libraries responding to peptide pools derived from BCG (F), C. albicans (G), EBV (H), influenza A virus (), or
tetanus toxoid (J) were subjected to Luminex assays to assess the levels of IL-5. (K and L) T cell clones from memory CD4* T cell libraries responding to peptide
pools from BCG (K) and HCMV (L) were subjected to Luminex assays to assess the levels of IL-13. (M-Q) T cell clones from memory CD4* T cell libraries
responsive to peptide pools from BCG (M), C. albicans (N), EBV (0), influenza A virus (P), or tetanus toxoid (Q) were subjected to Luminex assays to assess the
levels of IL-17A. (R) T cell clones from memory CD4* T cell libraries responsive to peptide pools from the pathogens indicated were subjected to Luminex
assays to assess the levels of IL-22. (S) High levels of Th2 cytokines, UAI, and peripheral eosinophilia in the patient with inherited human T-bet deficiency. In
F-R, bars represent the mean and SD. Dots represent individual T cell clones. Unpaired Student’s t test was used in F-R. In F-R, *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001. Data from A-E were summarized from a single experiment with library preparations from three controls (CTRLs) and independent
repeats of libraries preparation from M/M and M/M complemented with EV or WT. Data from F-R summarized from a single experiment that contained

hundreds of single-cell clones that were independently measured to secure enough replications.

production of larger amounts of IL-5 and IL-13 by CD4* aff
T cells. The lack of T-bet prevented the inhibition of GATA3-
dependent epigenetic regulation of the IL5, STAT6, IL4R, MAF,
ITK, and other loci related to Th2 cell skew. This mechanism
probably drives the pathogenesis of persistent nonallergic UAI
and peripheral eosinophilia in this patient. Key observations in
Tbx21~/~ mice support this conclusion: (1) the development of
spontaneous, nonallergic AHR in Thx21~/~ mice is caused by the
dysregulation of IL-13 (Finotto et al., 2002, 2005); (2) T-bet
deficiency in mice results in aberrant eosinophil regulation
(Fujiwara et al., 2007); (3) T-bet suppresses Th2 cytokines by
inhibiting GATA3 (Hwang et al., 2005); (4) consistent with early
studies of human T cell differentiation, studies of T-bet- and
GATA3-deficient mice have suggested that there may be mutual
antagonism between the Thl and Th2 cell pathways (Hwang
et al., 2005; Kidd, 2003; Usui et al., 2003; Yagi et al., 2010;
Amsen et al., 2009). This conclusion is also supported by studies
of other human inborn errors of immunity, as patients with IL-
12RP1 or IFN-yR1 deficiency have been shown to be more likely
to develop asthma and atopic disease (Wood et al., 2005). In-
terestingly, by contrast to the antimycobacterial function of
T-bet, which is restricted to innate (NK) and innate-like adap-
tive T cells (MAIT, iNKT, and V82* v8 T cells; Yang et al., 2020),
the unleashing of Th2 cell skewing by T-bet occurs predomi-
nantly in purely adaptive CD4* af T cells. Our study fulfills the
criteria for genetic studies of single patients (Casanova et al.,
2014), with complete clinical penetrance, defective function of
the Mut T-bet, and the overproduction of Th2 cytokines as a
mechanism of disease, thereby establishing a causal relationship
between T-bet deficiency and nonallergic UAI with eosinophilia.
Nevertheless, other T-bet-deficient patients will need to be
identified to corroborate our findings, as the TBX21 genotype is
rare (<5 x 1078), whereas the UAI with blood eosinophilia phe-
notype is more common (prevalence of eosinophilic asthma: ~4
x 1073; de Groot et al., 2015). Interestingly, heterozygous Tbx21*/~
mice also develop UA]J, but the heterozygous parents of P have
never developed this condition (Finotto et al., 2002). Moreover,
consistent with findings for mice (Lazarevic et al., 2011), the
patient also displays an apparent Thi7 cell skewing of CD4*
T cells, which does not seem to have conferred any distinctive
clinical phenotype by the age of 5 yr. Careful follow-up of this
patient will be required. Inherited human T-bet deficiency un-
leashes Th2 cytokines, including IL-5 and IL-13 in particular, in
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CD4* af T cells, resulting in nonallergic UAI and eosinophilia.
Together with our previous study of Mendelian susceptibility to
mycobacterial disease in this patient, these findings suggest that
human T-bet acts more as a regulator of Th2 cytokines than as
an inducer of the Thl cytokine IFN-y in CD4* af§ T cells.

Materials and methods

Sample collection

The study was approved by and performed in accordance with
the requirements of the institutional ethics committee of Necker
Hospital for Sick Children and Rockefeller University. Informed
consent was obtained for the patient, his relatives, and healthy
control volunteers enrolled in the study. Experiments using sam-
ples from human subjects were conducted in the United States,
France, and Switzerland, in accordance with local regulations and
with the approval of the institutional review boards of the corre-
sponding institutions.

ALEX allergen screen

Allergy Explorer version 2.0 (ALEX?; Macro Array Diagnostics)
was used to determine the levels of IgE against 282 allergens (156
extracts and 126 molecular allergens) according to the manu-
facturer’s instructions. Briefly, plasma samples from P and
controls were diluted 1:5 with a cross-reactive carbohy-
drate determinant inhibitor-containing diluent and incu-
bated on the chip. Detection was performed by adding an
alkaline phosphatase-conjugated anti-human IgE antibody
(Ab). Raptor software (Macro Array Diagnostics) was used
to quantify plasma IgE within a range of 0.3-40 kU/liter.
Values 20.30 kU/liter were considered to be positive.

Th2 cytokine determinations in TBX21-transduced primary
CD4* T cells

This experiment was performed as previously described (Yang
et al., 2020). In brief, PBMCs from two healthy donors were
stained with Fcblock, anti-CD45RA-Alexa 488, anti-CD4-APC-
Cy?7, anti-CCR7-Alexa 647, anti-CD127-BV650, and anti-CD25-PE
Abs. Live naive CD4* T cells (CD4*CCR7*CD45RA*) after ex-
cluding regulatory T cells (CD4*CD25*CD127") were isolated by
FACS. Cells were stimulated with anti-CD3/CD28 Ab Dyna-
beads (Thermo Fisher Scientific) at a 1:1 cell:bead ratio under
Tho, Thi (recombinant human IL-12; 2.5 ng/ml; R&D), and Th2
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(recombinant human IL-4; 12.5 ng/ml; R&D) cell-polarizing
conditions, in the presence of 100 IU/ml proleukin IL-2 (PRO-
METHEUS). 7 d later, the cells were restimulated with Dyna-
beads at a 1:2 (bead:cell) ratio and transduced with retroviruses
generated from pLZRS-ires-ACD271 plasmids containing EV,
WT, or Mut TBX21 cDNA, as previously described, the following
day (Martinez-Barricarte et al., 2016; Yang et al., 2020). After
culture for another 6 and 7 d, aliquots of cells were restimulated
with 25 ng/ml PMA and 0.5 uM Ionomycin for 6 h in the
presence of Protein Transport Inhibitor (eBioscience). Cells
were stained with Zombie-NIR live-dead exclusion dye (Bio-
Legend), FcBlock (Miltenyi Biotec), and FITC-conjugated anti-
CD271 Ab (BioLegend). Cells were then fixed, permeabilized
with FOXP3/perm kit (Thermo Fisher Scientific), and subjected
to overnight ICS with anti-GATA3-BV421 (BD Biosciences), anti-
IL-13-BV711 (BD Biosciences), anti-IFN-y-eFluor450 (eBio-
science), anti-IL-9-PERCP/Cy5.5 (BioLegend), anti-IL-5-PE
(BioLegend), anti-T-bet-PE/Cy7 (BioLegend), anti-IL-10-PE/
Dazzle594 (BioLegend), anti-IL-22-APC/Fire750 (BioLegend),
anti-TNF-BV510 (BioLegend), anti-RORy/RORyT-BV650 (BD
Bioscience), anti-IL-17A-BV785 (BioLegend), and anti-IL-4-Alexa
647 (BioLegend), followed by flow cytometry analysis with an
Aurora cytometer (Cytek).

Alternatively, transduced cells were isolated with anti-CD271
Ab-coated beads (Miltenyi Biotec) 14 d after stimulation. Along
with nontransduced cells, they were restimulated with P/I. Cells
were subjected to RT-qPCR analysis of IL5 expression. Cells were
also restimulated with anti-CD3/CD28 Dynabeads (Thermo
Fisher Scientific) for 3 d. The levels of cytokines, including
TNF-a, IL-4, IL-5, IL-13, and IL-10, in culture supernatants were
determined with LEGENDplex (BioLegend).

Spontaneous cytokine production by HVS-T cells

We plated 100,000 HVS-T cells from healthy donors or P in a 96-
well U-bottomed plate at a density of 106 cells/ml in the presence
of recombinant human IL-2 (Roche) at 20 IU/ml. The plate was
incubated for 2 d, and the culture supernatants and cells were
harvested for LEGENDplex determinations of Th cytokines, in-
cluding IL-5, IL-13, IL-2, IL-6, IL-9, IL-10, IFN-y, TNF-a, IL-17A,
IL-17F, IL-4, IL-21, and IL-22.

Detection of intracellular production of cytokines by

HVS-T cells

HVS-T cells from six healthy donors and P were cultured in the
presence of IL-2 at 20 TU/ml (Roche). HVS-T cells were har-
vested, counted, and topped up to 10° cells/ml without recom-
binant IL-2. 200 pl cells per well were plated to 96-well round
bottom tissue-culture plates. After 24 h culture, cells were
stimulated with 25 ng/ml PMA and 0.5 uM Ionomycin for 3 h.
Protein transport inhibitor (eBioscience) was added to each well.
After another 3 h, cells were harvested for surface staining with
FcBlock, anti-CD271-FITC Abs, and Zombie-NIR live-dead ex-
clusion dye (BioLegend). Cells were then fixed, permeabilized
with FOXP3/perm kit (Thermo Fisher Scientific), and subjected to
overnight ICS with anti-GATA3-BV421 (BD Biosciences), anti-IL-13-
BV711 (BD Biosciences), anti-IFN-y-eFluor450 (eBioscience), anti-
IL-9-PERCP/Cy5.5 (BioLegend), anti-IL-5-PE (BioLegend),
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anti-T-bet-PE/Cy7 (BioLegend), anti-IL-10-PE/Dazzle594 (Bi-
oLegend), anti-IL-22-APC/Fire750 (BioLegend), anti-TNF-
BV510 (BioLegend), anti-RORY/RORYT-BV650 (BD Bioscience),
anti-IL-17A-BV785 (BioLegend), and anti-IL-4-Alexa 647 (Bi-
oLegend), followed by flow cytometry analysis with an Aurora
cytometer (Cytek).

Cytokine determinations in plasma

Plasma samples were collected from 36 healthy donors and from
P with T-bet deficiency and his relatives, and were stored at
-80°C until use. Concentrations of IL12p70, IL-1B, IL-4, IL-5,
IFN-y, IL-6, IL-8, IL-22, TNF-q, and IL-10 were determined with
a 10-plex planar array immunoassay on the Quanterix SP-X
imaging and analysis platform, with reagents and procedures
obtained from Quanterix Corporation (Quanterix Human Cor-
Plex Cytokine Panel Array). Calibrators were run in duplicate,
and five-parameter logistic regression was used for fitting.

The Simoa (single molecule array) HD-1 analyzer (Quanterix)
was used for the ultrasensitive immunodetection (digital ELISA)
of IL-13, in a single-plex bead-based assay, according to the
manufacturer’s instructions. Calibrators were run in duplicate,
and a four-parameter logistic regression was used for fitting.

The concentration of each cytokine in the samples tested was
determined by interpolation from the calibration curve, with
multiplication by the dilution factor. Cytokine concentrations
are expressed in picograms per milliliter or nanograms per
milliliter. If a cytokine was not detectable in the sample, the
limit of detection value was used. For cytokines present at
concentrations higher than the upper limit of the detection
range, we used the upper limit of quantification.

Ex vivo production of Th2 cytokines

PBMCs from six healthy donors, P’s WT/WT brother, and P
(mutant/mutant; M/M) were plated in 96-well round-bottomed
wells at a density of 300,000 cells per well, in 200 pl of medium
per well. Each sample was plated in duplicate. Cells were cul-
tured in an incubator overnight. We then left one set of wells
untreated, and stimulated the other wells with 50 ng/ml PMA
and 1 uM Ionomycin. After 4 h of stimulation, GolgiPlug was
added to all three sets of wells. After incubation for another 4 h,
the cells were harvested for ICS. In brief, cells were harvested
and stained with Zombie-NIR (BioLegend) for 15 min. The cells
were then stained for surface markers with FcBlock (Miltenyi
Biotec), anti-ySTCR-Alexa 647 (BioLegend), anti-CD3-V450 (BD
Biosciences), anti-CD56-BUV563 (BD Biosciences), anti-CD4-
BV750 (BD Biosciences), anti-VS8ITCR-FITC (Miltenyi Biotec),
anti-CD8-BUV7373 (BD Biosciences), anti-V82TCR-BUV805 (BD
Biosciences), anti-CD19-Spark-NIR685 (BioLegend), anti-Va7.2-
Alexa 700 (BioLegend), MRI1-tetramer-BV421 (National In-
stitutes of Health tetramer center), anti-VP11-APC (Miltenyi
Biotec), and anti-iNKT-BV480 (BD Biosciences) Abs (Corbett
et al., 2014). Cells were stained by incubation on ice with the
labeled Abs for 30 min. Cells were fixed by incubation with
fixatives from the FOXP3 staining kit (Thermo Fisher Scientific)
for 30 min. Cells were washed and permeabilized, and ICS was
performed with anti-IL-13-BV711 (BD Biosciences), anti-IL-9-PERCP/
Cy5.5 (BioLegend), anti-IL-4-BV786 (BioLegend), anti-IL-5-PE
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(BioLegend), anti-T-bet-PE/Cy7 (BioLegend), anti-IL-10-PE/Daz-
zle594 (BioLegend), anti-IL-22-APC/Fire750 (BioLegend), and
anti-TNF-BV510 (BioLegend) Abs. After overnight staining, the
cells were washed, resuspended, and subjected to spectral flow
cytometry on an Aurora flow cytometer (Cytek).

To examine the expression of T-bet in response to stimula-
tion with P/I, PBMCs from three healthy donors were plated in
96-well round-bottomed wells at a density of 300,000 cells per
well in 200 pl of medium per well. Each sample was plated in
triplicate. Cells were cultured in an incubator overnight. We
then left one set of wells untreated, and stimulated the other two
wells with 50 ng/ml PMA and 1 uM Ionomycin. After 4 h of
stimulation, GolgiPlug was added to all three sets of wells. After
incubation for another 4 h, the cells from untreated wells and
one of the two P/I-stimulated wells were harvested for ICS as
above. The other P/I-stimulated wells were used for isotype
control staining. In brief, cells were stained with isotype-PE/
Cy7-1gG Ab (BD Bioscience), instead of anti-T-bet-PE/Cy7 Ab,
while all other staining Abs and staining procedures remained
the same. After staining overnight, cells were subjected to flow
cytometry analysis with an Aurora cytometer (Cytek).

To examine the expression of TBX21 mRNA in response to
stimulation of P/I, PBMCs from three healthy donors were
plated in 48-well round-bottomed wells at a density of 500,000
cells per well in 500 pl per well. A duplicate set of wells was
plated for each PBMC sample. After overnight culture, 50 ng/ml
PMA and 1 uM Ionomycin were added to one set of wells, while
the other set of wells was left untreated. After 8 h, all cells were
harvested for RNA extraction with the Quick-RNA 96 Kit (Zymo
Research). cDNA synthesis was done with oligo-dT using Su-
perScript I1I (Thermo Fisher Scientific). RT-qPCR was performed
using the Taqman system, and GUSB was used as an endogenous
control (Applied Biosystems).

Examination of ILCs from peripheral blood of inherited T-bet
deficiency

Immunophenotyping of ILCs was performed in a recent publi-
cation, in which the staining and experimental procedures were
described (Yang et al., 2020). Datasets from this published work
were reanalyzed focusing on GATA-3 expression in ILCs, which
was not done in the last publication. ILCP and ILC2, based on
their surface markers described previously (Yang et al., 2020),
were gated, and intracellular expression of GATA-3-BUV395 was
analyzed using Flow]o.

Cytokine production by and ICS of PBMCs in response to
prolonged stimulation with BCG-lysates

BCG-lysates were prepared and provided by Dr. Carl F. Nathan
(Weill Cornell Medicine, New York, NY). PBMCs from adult
donors, the T-bet M/M P, and his relatives were resuspended at
a density of 10° cells/ml. We plated 200 pl cells per well for each
treatment in a 96-well U-bottomed plate. We added BCG-lysate
to each well at a final concentration of 5 ug/ml. Recombinant IL-
2 (Roche) was added to a final concentration of 10 IU/ml. Fresh
medium and IL-2 were added to the culture every 3-4 d. After 14
d, culture supernatants were used for cytokine determinations
with LEGENDplex.
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PBMCs from 20 adult donors, 4 age-matched controls, the
T-bet M/M P, and his relatives (WT/M mother and WT/WT
brother) were resuspended at a density of 106 cells/ml. Cells
were stimulated with BCG-lysates and added to each well at a
final concentration of 5 ug/ml, without recombinant IL-2. After
16 d, Golgiplug (BD Biosciences) was added to the wells, together
with 50 ng/ml PMA and 1 uM Ionomycin. The cells were incu-
bated for 5 h and then harvested for ICS for cytokines. In brief,
cells were harvested and stained with Zombie-NIR (BioLegend)
for 15 min. Cells were then stained for surface markers
with FcBlock (Miltenyi), anti-ySTCR-Alexa 647 (BioLegend),
anti-CD3-V450 (BD Biosciences), anti-CD56-BUV563 (BD Bio-
sciences), anti-CD4-BV750 (BD Biosciences), anti-V81TCR-FITC
(Miltenyi Biotec), anti-CD8-BUV7373 (BD Biosciences), anti-
V82TCR-BUVS05 (BD Biosciences), anti-CD19-Spark-NIR685
(BioLegend), anti-Va7.2-Alexa 700 (BioLegend), MRI1-tetramer-
BV421 (National Institutes of Health tetramer center), anti-Vp11-
APC (Miltenyi Biotec), and anti-iINKT-BV480 (BD Biosciences)
Abs (Corbett et al., 2014). Cells were stained by incubation
with the Abs on ice for 30 min. Cells were fixed by incubation with
fixatives from the FOXP3 staining kit (Thermo Fisher Scientific) for
30 min. Cells were washed and permeabilized, and ICS was per-
formed with anti-IL-13-BV711 (BD Biosciences), anti-IL-9-PERCP/
Cy5.5 (BioLegend), anti-IL-4-BV786 (BioLegend), anti-IL-5-PE
(BioLegend), anti-T-bet-PE/Cy7 (BioLegend), anti-IL-10-PE/Daz-
zle594 (BioLegend), anti-IL-22-APC/Fire750 (BioLegend), and anti-
TNF-BV510 (BioLegend) Abs. After overnight staining, the cells
were washed, resuspended, and subjected to spectral flow cy-
tometry on an Aurora flow cytometer (Cytek).

scRNA-seq of CD4* T cells

Frozen PBMCs from a healthy donor and TBX21 M/M P were
thawed and cultured for 9 h in medium containing 5% human
serum. CD4" T cells were isolated with anti-CD4 Ab-coated beads
(Miltenyi Biotec) and activated by incubation with plate-bound
anti-CD3 mAb (5 pg/ml; clone TR66) and anti-CD28 mAb (1 pg/
ml; clone CD28.2; BD Biosciences) for 14 h. The cells were col-
lected, centrifuged at 300 xg for 10 min, and washed with PBS +
0.04% BSA. Cells were counted, and viability was assessed
by Trypan blue (VWR) staining. The cell concentration was
adjusted to 1,000 cells/pl in PBS + 0.04% BSA, and the cells
were loaded onto a 10x Genomics Chromium Single Cell A chip.
The Chromium Single Cell 3' Reagent kit (v2) was used for
RT and library preparation, according to the manufacturer’s
instructions. Library quality was analyzed with a Bioanalyzer
High Sensitivity DNA chip (Agilent). Sequencing was per-
formed with Illumina NextSeq 500 in a 26-bp Read 1, 98-bp
Read 2, and 8-bp Index 1 configuration. We obtained a mean of
23,283 reads per cell for the healthy donor and 89,076 reads per
cell for P (TBX21 M/M). Reads were mapped onto the hg38
human reference genome assembly, and barcodes and UMIs
were filtered and counted with CellRanger (v3.0.1). For each
gene and cell, a list of UMI counts was obtained. The data were
further analyzed with the Seurat v3 R package (Stuart et al.,
2019). Cells with >10% mitochondrial genes or outside the
[200, 5,000] interval of detected genes per cell were excluded.
Normalization was performed by regularized negative binomial
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regression, with mitochondrial percentage included as an addi-
tional covariate (Hafemeister and Satija, 2019). CD4* monocytes
were identified on the basis of their transcriptional profile and
excluded from further analysis. Wilcoxon rank-sum tests were
performed for analysis of differential expression between two
groups. The Gene Expression Omnibus accession no. for the
scRNA-seq dataset reported in this paper is GSE174804.

Omni-ATAC-seq on CD4* T cells and analysis

The omni-ATAC-seq experiment was previously performed in a
recent publication (Yang et al., 2020). Datasets were previously
deposited at National Center for Biotechnology Information-
Bioproject under accession no. PRINA641463. Datasets were re-
visited in this study focusing on Th2 cell targets, which were not
investigated in the previous report. Similar to a previous study
(Yang et al., 2020), T-bet chromatin immunoprecipitation se-
quencing (ChIP-seq) data in human Thi cells (Sequence Read
Archive accession no. SRR332104) and GATA-3 ChIP-seq data
in human Th2 cells (Sequence Read Archive accession no.
SRR332106), and their input controls were retrieved as un-
aligned sequences from the European Nucleotide Archive
(Kanhere et al., 2012). Sequences were aligned with the hg38
genome from the Bsgenome.Hsapiens.UCSC.hg38 Bioconductor
package (version 1.4.1), with Rsubread’s alignment method, and
predicted fragment lengths calculated with the ChIPQC package
(Carroll et al., 2014; Liao et al., 2014; de Santiago and Carroll,
2018). Normalized, fragment-extended bigWigs signals were
created with the rtracklayer package as previously reported
(Yang et al., 2020).

We focused on analyzing chromatin accessibility regions that
were differentially regulated in the patient’s CD4* T cells (M/M)
relative to controls but reversed by WT T-bet complementation
(M/M + WT versus M/M + EV). For differential accessibility
analysis, we imported raw ATAC-seq read counts into DESeq2
(version 1.20.0) and used a multifactorial generalized linear
model to identify differential sites while accounting for cell type.
Loci with statistically significant changes (Benjamini-Hochberg
adjusted P value <0.05) in chromatin accessibility were checked
for whether they overlap with T-bet ChIP-seq peaks in Thi cells
or GATA-3 ChIP-seq peaks in Th2 cells. Among all loci that
overlapped with GATA-3 ChIP-seq peaks, 413 loci, the chromatin
accessibilities of which were increased in T-bet-deficient CD4*
T cells but reversed by WT T-bet complementation, and 849 loci,
the chromatin accessibilities of which were decreased in a
T-bet-dependent manner, were visualized within a heatmap
using the pheatmap R package (version 1.0.12). ChIP-seq and
omni-ATAC-seq peaks were reviewed using the Broad’s Inte-
grative Genomics Viewer (Robinson et al., 2011).

ICS of Th2 cytokines in T-bet-deficient CD4* T cells in vitro

This experiment was performed as previously described (Yang
et al., 2020). Briefly, CD4* T cells were isolated from PBMCs
from five healthy donors (controls), the T-bet WT/M heterozy-
gous father (TBX21 WT/M), and the T-bet M/M P (TBX21 M/M),
with anti-CD4 Ab-coated beads (Miltenyi Biotec). This popula-
tion of cells was then expanded with anti-CD3/CD28 Ab-coated
Dynabeads (Thermo Fisher Scientific) at a 1:1 (cell:bead) ratio
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under ThO cell-polarizing conditions, in the presence of 100 IU/
ml proleukin IL-2 (PROMETHEUS) and anti-human IL-10 neu-
tralizing Ab (Thermo Fisher Scientific). Cells were restimulated
with anti-CD3/CD28 Ab-coated Dynabeads every 7-8 d. P’s CD4*
T cells were transduced with retroviruses obtained from pLZRS-
ires-ACD271 plasmids with or without WT TBX2I or EV cDNA, as
previously described (Martinez-Barricarte et al., 2016; Yang
et al., 2020). Cells were stained with Zombie NIR Live-Dead
exclusion dye (BioLegend) and anti-CD271-FITC Ab (BioLegend)
and were then fixed and permeabilized. They were stained with
anti-TNF-a-BV510, anti-IL-13-APC, anti-IL-4-PE, anti-IL-17A-
BV785, anti-IL-10-PE-Dazzle594, anti-IL-5-BV421, and anti-IFN-
y-PerCp-Cy5.5 Abs and subjected to flow cytometry in an Aurora
cytometer (Cytek).

Production of Th2 cytokines by pathogen-specific T cell clones
This experiment was performed as previously described (Yang
etal., 2020). T cell libraries generated from memory CD4* T cells
were stimulated with autologous irradiated B cells and the BCG
peptide pool (0.5 pg/ml/peptide, comprising 211 15-mer pep-
tides), the HCMV peptide pool (0.5 pg/ml/peptide, comprising
76 15-20-mer peptides), the EBV peptide pool (0.5 ug/ml/pep-
tide, comprising 46 15-20-mer peptides), the influenza virus HA
peptide pool (2 pg/ml/peptide, comprising 351 15-mer peptides),
the C. albicans peptide pool (0.5 pg ml/peptide, comprising
252 15-mer peptides) or the tetanus toxoid peptide pool (1 ug/
ml/peptide, comprising 125 15-20-mer peptides; peptide pools
kindly provided by C. Lindestam Arlehamn and A. Sette, LaJolla
Institute for Immunology, La Jolla, CA; Geiger et al., 2009). Cy-
tokine levels in the supernatant were determined in Luminex
bead-based assays (Life Technologies) according to the manu-
facturer’s instructions.

Statistical analysis

Statistical analysis was performed with PRISM software
(Graphpad). All values are expressed as the mean * SD or SEM,
as indicated in the figure legends. Student’s t tests, one-way
ANOVA, two-way ANOVA, or nonparametric tests were per-
formed, depending on the hypotheses tested, as explained in
the figure legends. An a < 0.05 was considered statistically
significant.

Online supplemental material

Fig. S1 supplements Fig. 1 and shows that overproduced or en-
dogenous Mut T-bet fails to suppress Th2 cytokines. Fig. S2
supplements Fig. 2 and shows the production of Th2 cytokines
in response to chronic stimulation. Fig. S3 supplements Fig. 4
and shows the epigenetic regulation of Th2 genes and antigen
specificity of memory CD4* T cells producing Th2 cytokines
from inherited T-bet deficiency.
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Figure S1. Overproduced or endogenous Mut T-bet fails to suppress Th2 cytokines. (A) Naive CD4* T cells from controls (CTRLs) were expanded under
ThO cell-, Thl cell-, and Th2 cell-polarizing conditions. Cells were transduced with EV, WT, or Mut TBX21 cDNA expressed with a bicistronic CD271 surface
reporter sequence. Surface CD271 staining and ICS for T-bet in response to P/I stimulation are shown. Gating strategy and plots showing the expression of
T-bet and CD271 in nontransduced or transduced ThO cells from a CTRL. (B) Levels of CD271 and GATA-3 expression in nontransduced cells or cells transduced
with EV, WT, or Mut TBX21 cDNA as in A. Mean fluorescent intensities (MFls) of GATA-3 in CD271~ and CD271* cells are highlighted. (C) MFI of GATA-3 in
CD271" and CD271* cells as in B. (D) ICS for IL-13 and T-bet in response to P/I stimulation in cells not successfully transduced (CD271-) is shown. (E) ICS for IL-
9, IL-5, and T-bet in response to P/I stimulation in cells successfully transduced (CD271*) is shown. (F) ICS for IL-5, IL-9, and GATA-3 in HVS-T cells from
CTRLs and the patient (P) in response to P/I. Percentages of IL-5- and IL-9- producing cells are indicated. The MFI for GATA-3 is also marked. (G) Frequencies of
IL-5- or IL-9-producing cells as in F. (H) ICS for IL-10 and GATA-3 in HVS-T cells from CTRLs and P in response to P/I. (I) Frequency of IL-10-producing cells as in
H. (J) ICS for IL-22 and IFN-y in HVS-T cells from CTRLs and P in response to P/I. (K) Frequency of IL-22-producing cells as in J. (L) Immunoblotting of GATA-3,
T-bet, and GAPDH in HVS-T cells from CTRLs or P. (M and N) mRNA level of TBX21 and GATA3 in HVS-T cells from CTRLs or P determined by RT-qPCR. (O and P)
mRNA level of TBX21 and GATA3 in expanding CD4* T cell blasts from CTRLs or P determined by RT-qPCR. In G, |, K, and M-P, bars represent the mean and the
SEM. Dots represent individual samples. All experimental data were verified in at least two independent experiments. FSC-A, forward scatter area; FSC-H,
forward scatter height; lympho, lymphocyte; SSC-A, side scatter area.
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Figure S2. Production of Th2 cytokines in response to chronic stimulation. (A) PBMCs from CTRL, WT/WT, or M/M individuals were left untreated
(nonstimulated, NS) or were stimulated with P/l ex vivo. The gating strategy for ICS of IL-13-producing cells from PBMCs of P in the absence of stimulation is
shown. (B) PBMCs from controls (CTRLs) were either untreated or stimulated with P/I. ICS of IL-13 along with T-bet or isotype-control for T-bet was shown.
(C) mRNA levels of TBX21 in PBMCs with or without P/I stimulation as in B. (D-F) Percentages of IL-4- (D), IL-9- (E), or IL-10-producing (F) cells as in A are
shown. (G) ILCP and ILC2 from CTRL, WT/WT, WT/M, or M/M were plotted for their intracellular GATA-3 expression. Mean fluorescent intensity (MFI) of
GATA-3 is highlighted. (H) PBMCs from CTRL, age-matched controls (Age-CTRL), WT/WT, WT/M, or M/M individuals were stimulated with BCG-lysates (BCG-
L) in the absence of IL-2 for 16 d. Cells were restimulated with P/I for the ICS of Th2 cytokines. Live single lymphocytes from each sample were selected for
viSNE dimensionality reduction analysis. The viSNE data were plotted on a tSNE map. Clusters of different lymphocyte subsets, including CD56* NK, CD19* B,
V82 y8 T (Vd2 gdT), V81 y8 T (Vd1 gdT), V81-V82~ v T (Vd1-Vd2- gdT), MAIT, iNKT, CD4* aB T (CD4 abT), and CD8* af T (CD8 abT) cells, are shown. (1) ICS for
TNF-q, IL-4, IL-5, IL-9, and IL-22 as in H is shown. (J-M) Percentages of cells producing IL-4 (J), IL-5 (K), IL-9 (L), and IL-22 (M) as in | are shown. In C-F and J-M,
bars represent the mean and the SEM. Dots represent individual samples. Unpaired Student’s t test was used in C. ¥, P < 0.05. All experimental data were
verified in at least two independent experiments. FSC-A, forward scatter area; MAIT, mucosal-associated variant T; SSC-A, side scatter area.
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Figure S3. Epigenetic regulation of Th2 genes and antigen specificity of memory CD4* T cells producing Th2 cytokines from inherited T-bet de-
ficiency. (A) Heat map showing 1,262 loci that are bound by GATA-3 and the chromatin accessibilities of which are differentially regulated in M/M, with the
difference reversed by complementation of WT T-bet. (B) Chromatin accessibility of a locus spanning IL5, RAD50, and IL13. (C and D) Chromatin accessibilities
of GATA3-ASI and GATA3 loci (C) as well as a cis-regulatory region, named TCE-7.1 (D). (E-K) Libraries of memory CD4* T cells from a healthy donor (CTRL) and
the patient (M/M) were screened for antigen reactivity by culturing T cells with autologous antigen-presenting cells, with or without peptide pools derived
from the microbes indicated. T cell clones from memory CD4* T cell libraries responding to peptide pools from indicated pathogens were subjected to Luminex
assays to determine the levels of IL-4 (E), IL-9 (F), IL-13 (G-J), and IL-5 (K). In E-K, the bars represent the mean and SD. Dots represent individual T cell clones.
Unpaired Student’s t tests were used in E-K. In E-K, *, P < 0.05; **, P < 0.0L; ****, P < 0.0001. Data from A-D were summarized from a single experiment with
library preparations from three CTRLs and independent repeats of library preparations from M/M and M/M complemented with EV or WT. Data from E-K
summarized from a single experiment that contained hundreds of single-cell clones that were independently measured to secure enough replications.
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