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Human germline heterozygous gain-of-function
STAT6 variants cause severe allergic disease
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STAT6 (signal transducer and activator of transcription 6) is a transcription factor that plays a central role in the
pathophysiology of allergic infllmmation. We have identified 16 patients from 10 families spanning three continents with a
profound phenotype of early-life onset allergic immune dysregulation, widespread treatment-resistant atopic dermatitis,
hypereosinophilia with esosinophilic gastrointestinal disease, asthma, elevated serum IgE, IgE-mediated food allergies, and
anaphylaxis. The cases were either sporadic (seven kindreds) or followed an autosomal dominant inheritance pattern (three
kindreds). All patients carried monoallelic rare variants in STAT6 and functional studies established their gain-of-function
(GOF) phenotype with sustained STAT6 phosphorylation, increased STAT6 target gene expression, and T,;2 skewing. Precision
treatment with the anti-IL-4Ra antibody, dupilumab, was highly effective improving both clinical manifestations and
immunological biomarkers. This study identifies heterozygous GOF variants in STAT6 as a novel autosomal dominant allergic
disorder. We anticipate that our discovery of multiple kindreds with germline STAT6 GOF variants will facilitate the
recognition of more affected individuals and the full definition of this new primary atopic disorder.

Introduction

Asthma and related atopic diseases, including atopic der-
matitis, food allergy, allergic rhinitis, and eosinophilic gas-
trointestinal diseases, are estimated to affect ~20% of the
global population imposing immense health and economic
burdens (Dierick et al., 2020). Identifying human single-
gene defects that lead to severe allergic disease—so-called
primary atopic disorders (PADs)—is a powerful strategy to
define the cellular and molecular mechanisms that drive
human allergic inflammation (Lyons and Milner, 2018;

Vaseghi-Shanjani et al., 2021). Identifying new PADs accel-
erates the diagnosis and treatment of affected individuals and
can uncover new molecular targets for preventing and treating
common allergic disease.

Currently there are only a few known inborn errors of im-
munity (IEls) underlying severe allergic disease (Milner, 2020).
Indeed, most cases are of unknown etiology, particularly those
that are isolated or sporadic. In this study, we describe a novel
human PAD caused by germline heterozygous gain-of-function
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(GOF) variants in the gene STAT6 found in 16 individuals from 10
unrelated families spanning three continents. Signal transducer
and activator of transcription 6 (STAT6) is the main tran-
scription factor that mediates the biological effects of IL-4,
a key cytokine necessary for type 2 differentiation of
T cells, B cell survival, proliferation, and class switching to
IgE (Goenka and Kaplan, 2011; Takeda et al., 1996; Villarino
et al., 2020; Villarino et al., 2017), as well as that of IL.-13, a
cytokine linked to anaphylaxis (Gowthaman et al., 2019).
Affected individuals experienced early-onset severe,
sometimes fatal, multisystem allergic disease which was
refractory to conventional treatments. Notably, precision
therapeutics aimed at targeting exaggerated STAT6 sig-
naling were beneficial in those who received them.

Results

Identification of 16 patients from 10 families with severe
early-onset allergic disease heterozygous for rare damaging
STAT6 variants

We studied 16 patients from 10 kindreds with severe early-onset
allergic disease spanning three continents. Patients were iden-
tified by their expert clinicians as candidates for genetic as-
sessment based on their extreme phenotype and, in some cases,
their family history (see clinical narratives in Data S1; Tables S4
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and S5; and Fig. 1 A). The patients were from diverse ethnicities,
specifically European (Kindred D, F, and J), Middle Eastern
(Kindred A and C), Hispanic (Kindred B), South Asian (Kindred
H), East Asian (Kindred E), and Southeast Asian (Kindred Y).
The cases were either sporadic (seven kindreds) or affected
multiple individuals of either sex over different generations
consistent with autosomal dominant (AD) inheritance (Kindreds
C, F, and J). All patients carried monoallelic rare variants in
STATé (NM_001178079.2). The consensus negative selection
score of STAT6 reveals a negative selection score that overlaps
with known AD IEIs (Rapaport et al., 2021), consistent with the
AD inheritance pattern observed in Kindreds C, F, and ] (Fig. 1B).
In addition, and also consistent with an AD disorder, by se-
quencing both healthy parents (when available) we established
that the STAT6 mutation was de novo in Patient 2 (P2), P5, P10,
and P12 (from Kindreds B, D, G, and I, respectively; Fig. 1 A). The
disease was fully penetrant in the families studied, as all STAT6
variant carriers were affected. None of the variants have
previously been reported in population databases (Fig. 1 C;
i.e.,, gnomAD). All the variants were private to the studied
kindreds, except the p.D419G variant which was common in
Kindreds A and E. Pathogenicity prediction models identify all
of these variants to be pathogenic, evidenced by high patho-
genic CADD (Rentzsch et al., 2021), SIFT (Sim et al., 2012), and
Polyphen-2 (Adzhubei et al., 2010) scores (Tables S4 and S5).
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Figure 1. 16 patients with severe allergic disease and STAT6 variants in different protein domains. (A) Family pedigree of the 16 patients from 10
different families. Filled symbols = affected individual; unfilled symbols = unaffected individual. (B) Consensus negative selection (CoNeS) score for STAT6 in
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relation to the score for known IEI genes reported with inheritance pattern of either AD, AR, or both (AD + AR). (C) Frequency and CADD score for missense
(black) and predicted LOF (pLOF, blue) STAT6 variants reported in a public database and STAT6 variants reported in our patient cohort (red). The dotted line
corresponds to the mutation significance cutoff (MSC). (D) Schematic illustrating the protein domains of STAT6. Amino acid location of the variants shown are
highlighted, with the length of the bar corresponding to the number of patients reported with variants at that site. (E) Structural model of the DNA-STAT6
homodimer complex showing location of the different STAT6 variants in relation to the DNA-binding interface.

Remarkably, nine patients from six kindreds carried a variant
affecting amino acid D419. Importantly, variants leading to
amino acid changes at p.D419, p.D519, and p.P643 can be found
in the Catalogue of Somatic Mutations in Cancer (COSMIC)
database as recurrent somatic variants in lymphoma with some
experimental evidence for a GOF phenotype for variants at
p.D419 (Yildiz et al., 2015; Zamo et al., 2018; Fig. S1 A). The
reported variants lie in different protein domains of STATS,
including the DNA-binding domain (p.E382 and p.D419), the
linker domain (p.D519), and the SH2 domain (p.K595), while
p.P643 lies in close proximity to the p.Y641 phosphorylation
site (Fig. 1, D-E). Although the variants were located within
different domains of the STAT6 protein, modeling of STAT6
interacting with DNA reveals that all the identified variants
(with the exception of p.P643) lie near the protein-DNA in-
terface and result in amino acids changes leading to increased
electro-positivity at physiological pH (Fig. 1 E). Notably, E382
and D419 are located in regions responsible for protein-DNA
recognition (Li et al., 2016). Changes in these variants decrease
the electro-negativity of the protein near the DNA-binding
interface and are predicted to enhance STAT6 binding to
DNA (Fig. 1 E and Fig. S1 B). In aggregate, these data suggest that
the STAT6 germline monoallelic variants identified in the pa-
tients underlie severe allergic disease by a GOF mechanism.

Unifying clinical features of the 16 patients with severe
allergic disease
The patients in the cohort were aged from 3 to 60 yr. Full clinical
narratives are provided in Data S1, and their clinical features are
summarized in Fig. 2 A. All had severe allergic disease which
began in their first year of life. Severe, treatment-resistant
atopic dermatitis (15/16) and food allergies (15/16) were the
most common clinical manifestations, followed by asthma (11/16)
and eosinophilic gastrointestinal disease (10/16) and severe epi-
sodes of anaphylaxis (9/16). Clinical laboratory testing was notable
for eosinophilia and markedly elevated serum IgE levels (Fig. 2, B
and C). Other aspects of the clinical laboratory and immunological
work up were largely unremarkable, although clinical hallmarks
of chronic systemic inflammation were present in some patients
(i.e., elevations in white blood cell counts, platelets, and serum
immunoglobulin levels). T, B, and natural killer (NK) cell numbers
were all typically in the normal range (Fig. S2). Clinical biopsies
confirmed the presence of eosinophils in the skin and gastroin-
testinal tract (Fig. 2, E-G). Endoscopic visualization of the
esophagus revealed trachealization and furrowing consistent
with eosinophilic esophagitis (Bolton et al., 2018; Fig. 2, Hand I).
In addition to atopic disease, half of the patients presented
with recurrent skin, respiratory, and viral infections, although
there were no deep-seated or fatal infections. Short stature (less
than third percentile for age) was a common feature (7/16), and
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5/16 had other skeletal issues such as pathologic fractures and
generalized hypermobility. Finally, two of the patients died from
their disease; one from anaphylaxis at the age of 20 yr and an-
other from a cerebral aneurysm at age 35 yr. These clinical
presentations highlight the severity of the multi-system disease
found in this patient cohort.

Functional analysis of the STAT6 variants confirms their

GOF activity

To assess the functional impact of the STAT6 variants, we se-
lected HEK293 cells as our model system, as these cells lack
endogenous STAT6 but express other components of the IL-4R
pathway (Fig. 3 A; Mikita et al., 1996). HEK293 cells were
transfected with each of the 10 patient STATé variants along
with three different controls: WT STATS, a predicted damaging
STAT6 population variant found in the gnomAD healthy popu-
lation database (p.A321V), and a biochemically inactive STAT6
variant (p.Y641F; Wick and Berton, 2000). To investigate STAT6
transcription factor activity, we conducted luciferase assays
with three different reporter plasmids containing STAT6 bind-
ing sites (Li et al., 2016). While there were some difference re-
lated to the specific combinations of reporter plasmids and
patient variants, there was evidence of GOF activity with all
STATS6 patient variants resulting in higher promoter activity at
baseline and after stimulation compared to the controls (Fig. 3 B
and Fig. S3, A and B). The phosphorylation status of STAT6
variants was also quantified by flow cytometry and was con-
firmed to be higher at baseline and after stimulation compared
to WT (Fig. 3, C and D; and Fig. S3 C). STAT6 phosphorylation
was not detectable by flow cytometry for the p.P643R variant;
however, increased baseline phosphorylation was confirmed by
immunoblotting (Fig. 3 E and Fig. S3, D and E). This may point to
a conformational change in tertiary structure of STAT6 near the
phosphorylation site p.Y641 for this variant that rendered it
inaccessible to the flow cytometry antibody.

We next evaluated if the increased promoter activity leads to
global transcriptomic changes. As transcriptomic studies on
HEK293 cells after IL-4 stimulation have been challenging to
interpret (Yildiz et al., 2015), we stably expressed p.E382Q and
p-D419G STAT6 by lentiviral transduction in Jurkat T cells,
which express endogenous STAT6 and serve as a model of het-
erozygosity (Kim et al., 2012). Here, we observed that WT-,
p.E382Q-, and p.D419G-transduced cells clustered separately
from each other both at baseline and after stimulation with IL-4
(Fig. 3 F). Differential gene expression analysis revealed signif-
icantly increased transcript abundance of known STAT6 target
genes, including IL4R (Goenka and Kaplan, 2011), CISH (Yildiz
et al.,, 2015), and XBPI (Bettigole et al., 2015) in p.E382Q and
p-D419G transduced cells when compared to WT transduced
control (Fig. 3 G). Interestingly, p.E382Q and p.D419G had 67 and
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A

Clinical Feature
Patient Age Range
Severe Atopic Disease - no. (%)
Disease onset in early infancy

Severe, widespread treatment-resistant
atopic dermatitis

Multiple food allergies

Asthma

Anaphylaxis

Drug allergies
Infection - no. (%)

Recurrent skin infections (e.g. S.aureus, C.
albicans, molluscum contagiosum)

Recurrent respiratory infections

Recurrent viral infections
Gastrointestinal Disorders — no. (%)

Eosinophilic gastrointestinal disease

Early gastro-oesophageal reflux disease
(GERD)

Other Gl issues (Constipation, Diarrhea)
Skeletal Issues — no. (%)
Osteoporosis, pathologic fractures
Generalized hypermobility and joint pain
Vascular anomalies — no. (%)
B cell lymphoma - no. (%)
IgE concentration >240 pg/L - no. (%)
Eosinophil count >500/pL - no. (%)
Mortality related to underlying disease — no. (%)

Short stature (<3rd percentile for age)

D

Value

3-60 years

16 (100)
16 (100)
15 (94)

15 (94)
11(69)
9 (56)
7 (44)
8 (50)
7 (44)

5 (31)
2(13)
11 (69)
10 (63)
4 (25)

3(19)
5(31)
3(19)
3(19)
2(13)
1(6)
15 (100)
15 (100)
2(13)
7 (44)
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Figure 2. Major clinical features of the 16 patients. (A) Tabulation and comparison of the clinical phenotype for 16 patients. Please note blood eosinophil
and IgE values were only available for 15 patients. (B) IgE concentration in whole blood for 15 out of the 16 patients. Shaded area represents IgE < 240 pg/liter,
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which is the typical upper limit of normal. (C) Eosinophil count in whole blood for 15 out of the 16 patients. Shaded area represents counts <0.5 x 10%/liter,
which is the typical upper limit of normal. The horizontal broken line denotes an eosinophil count of 1.5 x 10%/liter, since hypereosinophilic syndrome is
traditionally defined as peripheral blood eosinophilia >1.5 x 10%/liter persisting =6 mo. (D) Photograph of widespread and severe atopic disease. (E) Pho-
tomicrograph of the skin biopsy showing marked pseudoepitheliomatous hyperplasia with acanthosis, hyperkeratosis, and focal parakeratosis, suggestive of
lichen simplex chronicus (H&E stain, original magnification 2x). Moderate chronic inflammation within the papillary dermis in which scattered eosinophils
(white arrows) are conspicuous (inset, H&E stain; original magnification, 40x). (F) Photomicrograph of duodenal biopsy showing abundant eosinophils (white
arrows) amongst lymphocytes (H&E stain; original magnification, 40x). (G) Photomicrograph of gastric antral biopsy showing abundant infiltrate of eosinophils
(arrows) amongst lymphocytes and plasma cells (H&E stain; original magnification, 40x). (H and 1) Endoscopic images showing (H) furrowing and (1) tra-

chealization in the middle esophagus, suggestive of eosinophilic esophagitis.

80 uniquely increased hits, which did not overlap with WT nor
with each other (Fig. 3 H, Fig. S3 F, and Table S6). This suggests
that the altered activity of both p.E382Q and p.D419G is not re-
stricted to enhanced activity of known STAT6 targets alone.
Further investigation through gene set enrichment analyses
(GSEA) showed increased enrichment in IL-4-STAT6 target genes
at baseline (Fig. 3 I and Table S7), increased enrichment in T
helper 2 (Ty2) drivers after stimulation (Elo et al., 2010; Fig. 3 ]
and Table S7), and increased enrichment in proliferation path-
ways for p.D419G consistent with its known oncogenic activity
(Ritz et al., 2009; Tate et al., 2019; Yildiz et al., 2015; Fig. S3 G).

Patients with GOF STAT6 variants have slower STAT6
dephosphorylation kinetics after IL-4 stimulation and an
enhanced T2 signature
To further investigate the role of STAT6 GOF variants in pri-
mary cells, STAT6 phosphorylation was quantified in patient
samples. Unexpectedly, we found no differences in the percentage
of phospho-STAT6 positive cells between patients and healthy
controls after IL-4 stimulation over a 60 min time course nor after
stimulation with different doses of IL-4 (Fig. S4, A and B). How-
ever, differences emerged when we monitored the kinetics of
STAT6 dephosphorylation after stimulation (Fig. 4, A and B; and
Fig. S4 C). Specifically, washing out of IL-4 led to slower de-
phosphorylation kinetics of STAT6 in most patient cells compared
to healthy controls (Fig. 4, A and B; and Fig. S4 D), supporting a
GOF mechanism in patient lymphocytes. We did note that one of
our kindreds did not display delayed dephosphorylation (Fig.
S4 D), suggesting that this might not be the only GOF mecha-
nism. Indeed, increased STAT6 activity without phosphorylation
has previously been reported in follicular lymphoma research
studying the p.D419 mutational hotspot (Yildiz et al., 2015).
Given that the STAT® axis is critical for the differentiation of
Ty2 cells (Kaplan et al., 1996), a subset of CD4* helper T cells that
is a major contributor to the pathogenesis of allergic disease, we
next investigated Ty2 signatures in these patients. Patients
showed skewing towards Ty2 pathway activity compared to
healthy controls based on higher levels of the T2 cytokines IL-5,
IL-13, and IL-4 as measured by flow cytometry (Fig. 4, C and D), or
through transcriptomic signature by single-cell RNA sequencing
(scRNAseq; Fig. 4 E). High throughput proteomics also validated
the increased IL-4 expression, but not high IL-13 expression (Fig.
S4 E). Differences in proportions of other subsets of helper T cells
were restricted to higher IL-21* cells in patient memory CD4*
T cells (Fig. S4 F). scRNAseq showed that patient B cells expressed
high IGHE and low IGHGS3 (Fig. 4 F), reflecting patterns opposite
of those seen in STAT6 knockout mice (Shimoda et al., 1996;
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Sulczewski et al., 2021), and CD4* T cells express high GATA3.
scRNAseq further demonstrated that IL4R, a gene encoding a
key receptor that mediates STAT6 activation, was upregulated
in all B and T cell subsets (Fig. 4 F and Fig. S4 G).

Using flow cytometry, we confirmed that IL-4Ra expression
was significantly higher on both naive and memory CD4* T cells
of seven patients from three different kindreds compared to
nine healthy controls (Fig. 5 A). IL-4Ro expression was also
found to be higher in non-class switched memory and class
switched memory B cells of unstimulated patient primary cells
(Fig. 5 B). These findings suggest higher baseline activity of
STAT6 in patient cells driving IL-4Ra expression similar to that
seen in our Jurkat model (Fig. 3, G-J; and Tables S6 and S7).
Finally, we measured the expression of CD23 (the low-affinity
IgE receptor, FceRII) which is known to be upregulated by
STATé6 (Fig. S3 B; Kneitz et al., 2000) and we found higher ex-
pression of CD23 on all subsets of patient B cells at baseline
(Fig. 5 B) and following stimulation with IL-4 (Fig. S4 H). Taken
together, these experiments conducted using primary patient
cells further confirm the STAT6 GOF phenotype.

JAK inhibitors and IL-4Ra monoclonal antibody can be used as
potential therapeutics for patients with STAT6 GOF variants
Due to the severity of the multi-system allergic disease experi-
enced by the patients in our cohort, various treatment
approaches were used over the years. Corticosteroids,
administered topically and systemically, were the mainstay of
treatment for most patients. Unfortunately, even high doses of
corticosteroids were unable to control the allergic inflammation
and they were responsible for many side-effects including cat-
aracts and osteoporosis. Other treatments used in this cohort
that proved ineffective included topical tacrolimus, oral metho-
trexate, and mepolizumab (an anti-IL-5 monoclonal antibody).
Having demonstrated that heterozygous STAT6 variants lead
to higher STAT6 activity and Tyx2 immunological skewing, we
tested in vitro whether targeting the STAT6 pathway could be
clinically beneficial. Based on our findings of higher phospho-
rylation of STATS6, and higher expression of IL-4Ra, we selected
the JAK inhibitors, ruxolitinib and tofacitinib, and the anti-1L-4Ra
antibody, dupilumab, as drugs to test in vitro as they are all used
clinically for treatment of allergic disease (Bacharier et al., 2021;
Beck et al., 2014; Bissonnette et al., 2016; Kim et al., 2020). We
demonstrated that both ruxolitinib and tofacitinib effectively de-
creased the patient-specific enhanced STAT6 phosphorylation/
activation in HEK293 cells at baseline and after IL-4 stimulation,
whereas dupilumab inhibited IL-4 mediated increase in
STATS activity (Fig. 6 A and Fig. S5 A). We further confirmed in
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Figure 3. STAT6 variants lead to increased STAT6 activity in HEK293 cells and Jurkat T cells. (A) Schematic illustrating classical IL-4-mediated STAT6
activation, dimerization, and phosphorylation. (B) Luciferase assay of STAT6 activity on a plasmid containing a 4x STAT6 binding site (TTCCCAAGAA; the
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underlined bases represent two half-sites for STAT6-specific binding) for WT-, different STAT6 variant-transfected HEK293 cells before and after stimulation
with IL-4 (0.02 ng/ml for 4 h); n = 3. (C) Phospho-STAT6 (Y641) expression in WT- and STAT6 variant-transfected HEK293 cells before and after treatment with
IL-4 (10 ng/ml for 30 min). Gating strategy for pSTAT6* cells can be found in Fig. S3 C. (D) Quantification of C; n = 4. (E) Immunoblot in HEK293 cells
transfected with WT-, inactive- (p.Y641F), p.P643R-, and p.D419G-STAT6 variants for pSTAT6, and Myc-tag before and after treatment with IL-4 (10 ng/ml for
30 min); n = 3. Full-length immunoblot for this can be found in Fig. S3, D and E. (F) Principal component analysis (PCA) comparing unstimulated and stimulated
(100 ng/ml IL-4 for 4 h) WT (green), p.E382Q (blue), and p.D419G (purple) STAT6-transduced Jurkat T cells. Individual symbols represent technical replicates of
one transduced pool for each genotype. PC1 and PC2 contribution is shown in brackets. (G) Normalized counts comparing stimulated WT (green) vs. p.E382Q
(blue) or p.D419G (purple), for IL4R, CISH, and XBP1. (H) Heatmap representation of normalized counts of a transcription set defined as IL-4 targets in
transduced Jurkat T cells. (I and J) Asterisk indicates adjusted P value <0.05. GSEA plots for (I) curated STAT6 target genes comparing WT vs. either p.E382Q
(blue) or p.D419G (purple) at baseline, or () IL-4-T,;2 targets genes comparing WT vs. either p.E382Q (blue) or p.D419G (purple) after stimulation with IL-4.

Normalized enrichment score and adjusted P value are shown. Source data are available for this figure: SourceData F3.

patient primary cells that tofacitinib accelerated STAT6 de-
phosphorylation following IL-4 stimulation (Fig. 6 B). These
data suggest the potential clinical benefit of directly targeting
the IL-4/STAT6 pathway in patients with STAT6 GOF variants.

Once their STAT6 GOF variant was identified, three of the
patients were started on dupilumab and all showed significant
clinical improvement. P6, who has been on treatment with du-
pilumab for over 2 yr, serves as an illustrative example. Mir-
roring peripheral blood eosinophil counts (Fig. S5 B), repeated
whole blood RNAseq showed global transcriptomic changes that
were suggestive of mildly increased eosinophilic and allergic
gene signatures after 38 d, followed by a shift of the tran-
scriptome towards healthy controls after 123 and 492 d, re-
spectively (Fig. 6 C and Fig. S5, C-E). scRNAseq confirmed a
decrease in Ty2 gene signatures 2 yr following initiation of
dupilumab, accompanied by a decrease in the expression of IL-
4R on both naive CD4* and CD8* T cells (Fig. 6, D-E). Clinically,
these changes were accompanied by dramatic increase in
growth velocity, improved skin condition as quantified by
SCORAD (SCORing atopic dermatitis) and EASI (eczema area
and severity index) scores, and the ability to wean from oral
corticosteroids (Fig. 6, F-H). Similarly, P1 experienced re-
markable clinical benefits with dupilumab with improved
skin inflammation (Fig. 6 D), resolution of pruritus, and the
ability to discontinue oral daily high dose corticosteroids. In
addition to resolution of skin inflammation with dupilumab, P2
was able to discontinue swallowed budesonide without a flare
in the severity of her eosinophilic esophagitis. Our preclinical
data also suggested that JAK inhibitors may be beneficial (Fig. 6,
A and B), and P4 had received tofacitinib (5 mg/d) for 2 mo at
the time this manuscript was finalized. His initial response
to tofacitinib was encouraging with less dysphagia, less
esophageal food impaction, improved endoscopic appearance
of the esophagus, and a marked reduction in the number of
intraepithelial eosinophils.

Discussion

We present a combination of clinical, genetic, molecular, and
transcriptional evidence of a new human disorder caused by
germline AD GOF STAT6 variants in 16 patients with life-long
severe allergic disease. These variants led to sustained STAT6
phosphorylation, increased STAT6 target gene expression, and
Ty2 skewed transcriptional profile. Importantly, we demonstrate
in three patients that dupilumab treatment is a highly effective
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targeted therapeutic option, improving both clinical manifes-
tations of disease and immunological biomarkers.

Although the full phenotype(s) of individuals with GOF
STAT6 variants will only be uncovered through the identifica-
tion of additional affected individuals, we propose to classify
human germline AD GOF STAT6 syndrome as a PAD (Lyons and
Milner, 2018; Milner, 2020; Vaseghi-Shanjani et al., 2021). Based
on our study, possible clinical “red flags” for this new disorder
include: (i) early life onset; (ii) peripheral blood eosinophilia;
(iii) elevated serum IgE; (iii) widespread, treatment-resistant
atopic dermatitis; (iv) multiple food and drug allergies; (v) se-
vere (and even fatal) anaphylaxis; (vi) recurrent skin and res-
piratory infections; (vii) eosinophilic gastrointestinal disorder,
including eosinophilic esophagitis; (viii) asthma; (ix) allergic
rhinoconjunctivitis; (x) short stature; and possibly (xi) vascular
malformations of the brain.

STATS6 is intimately linked to the biology of allergic inflam-
mation. The central and most studied role of STATS6 is in me-
diating the biological effects of IL-4, a cytokine necessary for Ty2
differentiation, B cell survival, proliferation, and class switching
to IgE (Elo et al., 2010; Takeda et al., 1996), as well as in driving
M2 macrophage polarization (Ginhoux et al., 2016). In T cells,
STAT6 activation induces the expression of GATA3, the master
regulator of Ty2 differentiation, which in turn enhances ex-
pression of IL-4, IL-5, and IL-13, cytokines necessary for
promoting allergic responses by activating mast cells and
eosinophils (Sloka et al., 2011). The presence of greater T2 cell
populations, or Ty2 cells producing copious amounts of IL-4/IL-
5/IL-13, could be a driver of the observed allergic phenotype
presented in our patients. Elevated IgE in partnership with mast
cells is important for both acute and chronic manifestations of
allergic disorders and can be an additional driver of the allergic
diathesis (Galli and Tsai, 2012). STAT6 hyperactivation in air-
way epithelial cells and resident dendritic cells can further
create an environment favoring asthma and chronic lung dis-
ease, as this would induce production of chemokines that pro-
mote Ty2 cells and eosinophil recruitment (Matsukura et al.,
2001; Medoff et al., 2009). Population genetics provide further
support for the central role that STAT6 plays in the development
of human allergic disease. Multiple independent genome-wide
association studies (GWAS) have found that polymorphisms in
STAT6 associate with many allergic conditions (Table 1). Our
study expands this appreciation of the role of STAT6 in human
disease by establishing that heterozygous GOF variants cause a
monogenic form of severe allergic disease.
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Figure 4. Primary lymphocytes of STAT6 GOF patients display higher STAT6 activity and T2 skewing. (A) Histograms showing phosphorylation of
STAT6 in healthy control (blue) and patient (red) LCLs that were stimulated with IL-4 (10 ng/ml) for 15 min, washed with PBS and subsequently incubated in IL-
4-free media for 15, 30, and 60 min. Gating strategy for pSTAT6" cells can be found in Fig. S4 C. (B) Quantification of pSTAT6" cells from three separate
experiments done in A, multiple unpaired t test corrected for multiple comparison using the Benjamini-Hochberg method. ***, P < 0.001. (C) Frequency of IL5,
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IL13*, and IL4* cells in memory CD4* T cells of one representative patient, along with one representative healthy control. (D) Quantification of C showing IL5",
IL13* and IL4* cells in patients along with 15 age-matched healthy controls. **, P < 0.01; ***, P < 0.001. (E) Uniform manifold approximation and projection
(UMAP) visualization of scRNAseq done on enriched T cells comparing one patient with one age-matched healthy control. (F) Dot plot showing expression of
selected differentially expressed genes (adjusted P value < 0.05) observed in scRNAseq between patient and healthy control and associated with T cells, B cells,

monocytes, or dendritic cells.

The fatal cerebral aneurysm in P10 (p.E382Q) was not clini-
cally anticipated, but it is possible that the STAT6 GOF variant
also increased the risk of developing cerebral aneurysms. In-
deed, P1 (p.D419G) also had multiple rare anatomical variants in
the arteries of the Circle of Willis. Intracranial aneurysms have
been reported in patients with both STAT3 loss-of-function
(LOF) and STATI1 GOF (Chandesris et al., 2012; Dadak et al., 2017;
Toubiana et al., 2016). Increased activation of other STAT family
members, including STAT2, STAT3, and STAT5 have also been
observed in human abdominal aortic aneurysms (STAT6 was not
evaluated), although it is not clear whether enhanced STAT
phosphorylation contributes to aneurysms or is the result of
inflammation caused by aneurysms (Liao et al., 2012). As more
individuals with STAT6 GOF variants are identified, the possi-
bility of cerebral vascular anomalies warrants investigation.

It is noteworthy that the oldest patient in this cohort, P7
(p.D419H), experienced recurrent B cell lymphoma—follicular
lymphoma at 49 yr and diffuse large B cell lymphoma at age 60
yr. Activating somatic mutations in STAT6 are well documented
in B cell lymphoma with amino acid D419 being a particular
mutational hotspot (Ritz et al.,, 2009; Tate et al., 2019; Yildiz
et al., 2015). The patient’s p.D419H variant has been reported
multiple times as a somatic mutation in COSMIC, as have other
variants found in our patient cohort (i.e., p.D419, p.D519, and
p-P643). More patients will need to be identified and followed to
fully define the phenotype caused by germline STAT6 GOF
variants, but it is biologically plausible that these patients may
be at higher risk of developing B cell malignancies warranting
enhanced clinical vigilance.

A GOF STAT6 model (designated STAT6VT) has previously
been described in vitro (Daniel et al., 2000) and has been used
to study chronic atopic dermatitis in mouse models (Bruns
et al., 2003; DaSilva-Arnold et al., 2018). STAT6VT has the
substitution of two amino acid residues, at positions 547 and
548, in the SH2 domain resulting in a STAT6 mutant that is
constitutively active in an IL-4-independent manner and is
unresponsive to IL-4 stimulation (Daniel et al., 2000). The
humans we identified with STAT6 GOF variants and STAT6VT
mice share a number of key features of the allergic diathesis,
including elevated serum IgE and chronic atopic dermatitis.
Very recently, a report was published describing a father and
his two sons with severe allergic disease who were all heter-
ozygous for the GOF STAT6 variant p.E377K (Suratannon et al.,
2022). This new family shares many of the features we report
in our cohort of 10 families (Fig. 2 A), further emphasizing
that patients with early onset severe allergic disease should be
assessed for underlying monogenic gene defects, including
STATS.

There is now a growing list of human single gene defects
that cause the classic hyper-IgE phenotypic triad of eczema,
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recurrent skin and lung infections, and elevated serum IgE
(Freeman and Milner, 2020; Vaseghi-Shanjani et al, 2021;
Zhang et al., 2018). AD hyper-IgE syndrome caused by dominant
negative variants in STAT3 (i.e., Job’s syndrome or STAT3 LOF) is
the best characterized of these conditions, but this list of dis-
orders also includes other AD (IL6ST; Beziat et al., 2020) and
autosomal recessive (AR; ZNF34l [Béziat et al., 2018], IL6ST
[Shahin et al., 2019]) disorders (Bergerson and Freeman, 2019;
Minegishi, 2021). Notably, the patients we identified with STAT6
GOF variants did exhibit some of the extra-immunological
features typical of STAT3 LOF, specifically hyperextensible
joints, pathologic fractures, and vascular anomalies (Bergerson
and Freeman, 2019).

Beyond defining the phenotype of STAT6 GOF, we also pre-
sent laboratory and clinical evidence supporting the effective-
ness of dupilumab and tofacitinib treatment in these patients. It
was notable that the three patients (P1, P2, and P6) who received
dupilumab have experienced dramatic improved atopic derma-
titis and could be weaned off systemic corticosteroids. P6, who
had short stature and delayed bone age before starting the bio-
logic agent, experienced rapid height and weight gain following
initiation of dupilumab. In addition to the documented clinical
benefits of dupilumab therapy in patients with STAT6 GOF, we
also present early data suggesting that the JAK inhibitors,
ruxolitinib or tocafitinib, may be effective in this patient
population.

While this study has many strengths, notably the extreme
allergic phenotype of the 16 patients combined with in-depth
functional assessment of their STAT6 variants; because of the
global nature of our cohort, the study does have limitations.
First, patients were identified by their local expert clinicians as
candidates for genetic assessment based on their extreme al-
lergic phenotype and, in some cases, their family history. As a
result, we do not have prospectively defined inclusion criteria.
Second, the global nature of the cohort and variation in local
access to medications such as dupilumab limited our ability to
run the same assays on pre-treatment primary cells from all
patients. Despite these limitations, our study does identify GOF
variants in STAT6 as a novel monogenic allergic disorder. We
also present clinical and single cell evidence of the effectiveness
of dupilumab in STAT6 GOF patients. We anticipate that this
discovery will facilitate the recognition and targeted treatment
of more affected individuals and, with time, a full definition of
the human genotype-phenotype relationship caused by germline
human STATé GOF variants will emerge, including under-
standing the risk of lymphoma.

Based on our findings reported in this study, we suggest that
heterozygous GOF variants in STAT6 be added to the list of AD
causes of the hyper-IgE phenotype. While each of the conditions
known to cause a hyper-IgE phenotype has some specific clinical
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Figure 5. Primary lymphocytes of STAT6 GOF patients display high expression of STAT6 target genes. (A) Expression of [L4Ra in naive and memory
CD4* cells is quantified as % positive cells in primary patient cells (n = 7, red) and healthy controls (n = 9, blue). Gating strategy for naive and memory and CD4*
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is presented along with a dot plot for a fluoresence minus one (FMO) IL-4Ra sample to display IL-4Ra* gating, as well as a representative dot plot for a patient
and healthy control. (B) Expression of CD23 and IL4Ra in naive, non-class switched memory and memory B cells is quantified as % positive cells in primary
patient cells (n = 7, red) and healthy controls (n = 9, blue). Gating strategy for B cell subsets is presented along with a dot plot for an FMO IL-4Ra sample to
display IL-4Ra* gating, as well as a representative dot plot for a patient and healthy control. Unpaired t test. **, P < 0.0L; ***, P < 0.001.

features (e.g., viral skin infections are a defining feature of
DOCKS deficiency; Biggs et al., 2017; Chu et al., 2012), there is
considerable clinical overlap and clinically approved testing of
these pathways is rarely available. Therefore, we recommend
genetic testing as the most efficient initial diagnostic approach
to patients who experience severe allergic disease beginning
very early in life. Finally, we demonstrate that dupilumab and
JAK inhibition may be an effective targeted treatment options
for patients with GOF STAT6 variants.

Materials and methods

Ethical considerations

All procedures performed in the study were in accordance with
the ethical standards of the institutional research committee
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. All study participants
and/or their parents/guardians provided written informed
consent. Research study protocols were approved by local
institutions, specifically: The University of British Columbia
Clinical Research Ethics Board (H09-01228, H15-00641),
University College London Research Ethics Committee (04/
Q0501/119, 06/Q0508/16), University of Hong Kong Insti-
tutional Review Board (UW 08-301), National Institutes of
Health Institutional Review Board (NCT01164241), Child-
ren’s Hospital of Philadelphia Institutional Review Board
(19-016617), Children’s Hospital Bambino Gesu Ethical
Committee (1702_OPBG_2018).

Identification of STAT6 variant via next-generation sequencing
Based on local availability, research or clinical next-generation
sequencing of the genomic DNA was performed using either
whole exome or a targeted panel approach (as described previ-
ously; Béziat et al., 2021; Campbell et al., 2022; Chovanec et al.,
2022; Hebert et al., 2022; Murrell et al., 2022; Tarailo-Graovac
et al,, 2016). After bioinformatic analysis, de novo and inherited
STATé6 variants that were predicted to be damaging and that
segregated with disease were identified in each family (Tables
S4 and S5).

Generation and expression of STAT6 variant plasmids

STAT6 variants described in this study were generated through
site-directed mutagenesis (SDM) for transfection purposes. Ex-
pression of WT STAT6 or STAT6 variants were induced tran-
siently in HEK293 cells using lipofectamine, or stably in Jurkat
T cells using a lenti-viral approach. See supplemental methods at
the end of the PDF for details.

Luciferase reporter assays

Luciferase reporter plasmids encoding a 4x STAT6 binding site
(TTCCCAAGAA; the underlined bases represent the two half-
sites for STAT6-specific binding), encoding the promoter site
for CCL26, and encoding the promoter site for FCER2 were used
to assess WT and variant STAT6 promoter activity (Li et al.,
2016; Yildiz et al., 2015). See supplemental methods at the end
of the PDF for details.

Table 1. Number of published GWAS studies linking polymorphisms (SNPs) in STAT6 to common allergic diseases in the population

Phenotype Number of published References
associations

Asthma? 14 Daya et al., 2019; Demenais et al.,, 2018; Ferreira et al,, 2019; Han et al., 2020; Johansson et al.,
2019; Olafsdottir et al., 2020; Pickrell et al., 2016; Pividori et al., 2019; Sakaue et al., 2021; Shrine
et al, 2019; Valette et al., 2021; Zhu et al., 2020; Zhu et al,, 2018; Zhu et al,, 2019

Eosinophil count 7 Astle et al., 2016; Chen et al,, 2020; Héglund et al., 2022; Kachuri et al., 2021; Kichaev et al,, 2019;
Sakaue et al,, 2021; Vuckovic et al., 2020

Allergic disease 3 Ferreira et al., 2017; Ferreira et al.,, 2020; Zhu et al,, 2018

Atopic dermatitis/eczema 3 Johansson et al,, 2019; Kichaev et al., 2019; Tanaka et al,, 2021

Serum IgE level 2 Daya et al., 2021; Granada et al.,, 2012

Allergic sensitization 2 Bonnelykke et al., 2013; Waage et al., 2018

Allergic rhinitis 1 Johansson et al., 2019

Eosinophilic gastrointestinal 1 Sleiman et al., 2014

disorders

Significant genome-wide associations (P < 5 x 10~8) between STAT6 SNPs and all relevant allergic traits were obtained through the National Human Genome
Research Institute-European Bioinformatics Institute GWAS Catalog (https://www.ebi.ac.uk/gwas/).
aIncludes asthma, childhood-onset asthma, adult-onset asthma, and atopic asthma.
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Figure 6. JAK inhibitors and IL-4Ra antibody can be used as potential therapeutics for patients with GOF STAT6 variants. (A) Quantification of
phospho-STAT6 expression in transfected HEK293 cells left untreated (black) pre-treated with ruxolitinib (10 M, 1 h; pink), tofacitinib (10 puM, 1 h; green), or

Sharma et al. Journal of Experimental Medicine
Human germline STAT6 gain-of-function variants https://doi.org/10.1084/jem.20221755

£20Z Jequaoe( G| uo Jesn ejebiep Jo) ewoy AuN Aq pd 66212202 Wel/L/68711/55.122028/G/02Z/4Ppd-elonie/wal/Bio ssaidny//:dpy woly papeojumoq

13 0f 18


https://doi.org/10.1084/jem.20221755

dupilumab (10 nM, 1 h; blue), before and after stimulation with IL-4 (10 ng/ml, 30 min). Individual points represent separate transfections for each genotype
(n = 4). Gating strategy for pSTAT6" cells can be found in Fig. S3 C. One-way ANOVA and Tukey’s post-hoc test. *, P < 0.05; **, P < 0.01; *** P < 0.001.
(B) Quantification of pSTAT6* cells in patient (red) and healthy control (blue) LCLs stimulated with IL-4 (10 ng/ml for 15 min), washed and incubated in
tofacitinib (10 uM) for 15, 30, and 60 min. Dotted translucent lines are indicative of no tofacitinib treatment (Fig. 4 B); n = 1. Gating strategy for pSTAT6" cells
can be found in Fig. S4 C. (C) Cell type proportion gene signature as determined by the software Cibersort, in a patient undergoing dupilumab treatment for 2 yr
and five healthy controls. Cell labels are listed on the right. (D) Donut plot showing frequencies of CD4* T helper subsets in one patient, an age-matched
healthy control (Fig. 4 E), and a 2-yr post-dupilumab treatment patient sample as measured by scRNAseq on enriched T cells. Frequency of T2 cells is
quantified in the donut plots of the different samples. (E) Violin plots showing expression of IL4R in the patient (red), healthy control (blue), and a 2-yr post-
dupilumab sample (green). (F) Eczema scoring, EASI and SCORAD, for two patients after treatment with multiple doses of dupilumab. (G and H) Photographs

of hands showing (G) the severity of atopic dermatitis before and (H) the improvement after dupilumab treatment.

Flow cytometry

(a) Phospho-flow cytometry: STAT6 phosphorylation was de-
termined via phospho-flow cytometry for STAT6-transfected
HEK293 cells, peripheral blood mononuclear cells (PBMCs),
T cell blasts, and EBV-transformed lymphoblastoid B cell lines
(LCLs). (b) Intracellular cytokine staining: Intracellular cytokine
staining was conducted on nine patient PBMCs, alongside 15
healthy controls, to study CD4* T helper subsets as previously
described (Sharma et al., 2022). (c) CD23 and IL-4Ra expression
was studied on seven patient PBMCs and nine healthy control
PBMCs. See supplemental methods at the end of the PDF for
details.

Immunoblotting

Immunoblotting was conducted as previously described (Sharma
et al., 2022) to assess the phosphorylation status of p.P643R
STAT6 variant, as phosphorylation of this variant could not be
detected via flow cytometry, using an antibody against the ty-
rosine 641 phosphorylation site. See supplemental methods at
the end of the PDF for details.

RNAseq

(a) Jurkat cells: To model transcriptomics changes caused by
STAT6 variants, Jurkat T cells were transduced with either
c.1144G>C, p.E382Q, c.1256A>G, p.D419G, or WT STAT6. The
cells were either left unstimulated or stimulated with 100 ng/ml
of IL-4 for 4 h and subsequently used for RNA extraction and
sequencing. (b) Whole blood: Bulk RNAseq was done on 10
samples: one patient sample before dupilumab treatment initi-
ation, four patient samples after dupilumab treatment initiation,
and five healthy controls. (c) scRNAseq: Performed on PBMCs
and enriched T cells from the patient sample before and 2 yr
after dupilumab treatment, along with one age-matched healthy
control. See supplemental methods at the end of the PDF for
details.

Histology
Formalin-fixed, paraffin-embedded gastric, duodenal, and skin
tissue were sectioned and subjected to H&E staining.

Structural modeling

The effects of the STAT6 variants on the protein function
and structure were analyzed using three-dimensional models.
SWISS-MODEL (Waterhouse et al., 2018) was used to model the
variants based on a template structure of the human STAT6
transcription factor solved as a homodimer and in complex with
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DNA (PDB: 4Y5W, resolution: 3.1 A, chains A, C, M, and N; Li
et al., 2016). Structures were visualized with UCSF Chimera
(Pettersen et al., 2004).

Online supplemental material

Clinical narratives for each patient are presented as Data S1. Fig.
Sl is a detailed structural model showing the DNA and STAT6
variant interface. Fig. S2 shows complete blood count and the
immunological workup of all the patients. Fig. S3 shows addi-
tional in vitro data confirming the GOF nature of the STAT6
variants. Further workup of the primary patient cells is shown
in Fig. S4. Additional IL4Ra antibody and JAK inhibitor treat-
ment data of cells and patients is presented in Fig. S5. Table S1
lists primers used for site-directed mutagenesis. Table S2 lists
antibodies used for phospho-flow on different immune subsets.
Table S3 lists antibodies used for Ty phenotyping in patient
PBMCs. Pathogenicity prediction of the variants are presented in
Tables S4 and S5. Tables S6 and S7 are gene lists from GSEA
analysis shown in Fig. 3. Supplemental methods are listed at the
end of the PDF.
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Figure S1. Pathogenic STAT6 germline variants lie in different protein domains and are frequently identified as somatic variants. (A) Somatic mu-
tation counts for different amino acid changed as reported by COSMIC for STAT6. Red highlighted changes are those germline variants also identified in our
cohort that cause severe allergic disease. (B) Structural model of the DNA-STAT6 homodimer complex showing location of the different STAT6 variants in
relation to the DNA-binding interface. Specifically, zoom-ins for variants at each location are shown in relation to previously described variants known to affect

STAT6 function.
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Figure S2. Complete blood counts and immunological workup of patients with pathogenic STAT6 variants. (A-G) Complete blood count for 15 out of
the 16 patients and age-based references (orange-shaded area) for the following populations: (A) hemoglobin, (B) platelets, (C) white blood cells, (D) lym-
phocytes, (E) neutrophils, (F) basophils, and (G) monocytes. (H-L) Immunological workup for 15 out of the 16 patients showing age-based references (orange-
shaded area) and populations quantification for: (H) CD3* T cells, (I) CD4* CD3* T cells, (J) CD8* CD3* T cells, (K) NK cells, and (L) CD19* B cells. (M-0)
Immunoglobulin concentrations for 15 out of the 16 patients showing age-based references (orange-shaded area): (M) IgA, (N) IgM, and (O) IgA.
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Figure S3. In vitro assays demonstrate that STAT6 variants lead to increased STAT6 activity. (A and B) Luciferase assay of STAT6 activity on a plasmid
containing (A) CCL26 promoter and (B) FceR2 promoter for WT-, different STAT6-variant transfected HEK293 cells before and after stimulation with IL-4
(100 ng/ml for 40 h), n = 3.(C) Gating strategy for determining % positive HEK293 pSTAT® cells: dot plot for fluoresence minus one (FMO) is presented and was
used for establishing pSTAT6" cells. (D and E) Full-length immunoblots of the cropped immunoblots shown in Fig. 3 E, showing HEK293 cells transfected with
WT-, inactive- (p.Y641F), p.P643R-, and p.D419G- STAT6 variants for (D) Myc-tag and B-actin, as well as (E) pSTAT6 before and after treatment with IL-4
(10 ng/ml for 30 min). (F) Significantly upregulated (i) and downregulated (ii) genes upon IL-4 treatment in WT (green), p.E382Q (blue), and p.D419G (purple) in
Jurkat cells as shown through Venn diagram. (G) Sample level enrichment analyses of significantly enriched immune pathways from MSigDB Hallmark in
unstimulated and IL-4-stimulated samples, comparing WT vs. either p.E382Q or p.D419G. Heatmap is normalized across the rows and shown as relative

expression.
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Figure S4. Measure of STAT6 activity in patient primary lymphocytes. (A) 1-h time course to measure phosphorylation of STAT6 in different populations
of lymphocytes from five patients (red) and one healthy control (blue) after stimulation with IL-4 (10 ng/ml). (B) Dose response in LCLs of patient one (red) vs.
one healthy control (blue) after stimulation of cells with various doses of IL-4 15 min. (C) Gating strategy to determine % pSTAT6 positive cells in LCLs: dot plot
for FMO is presented and was used for establishing pSTAT6* cells. (D) Histograms showing phosphorylation of STAT6 in healthy control (blue) and patients
with genotype p.D419Y (red, n = 2), p.D519H (purple, n = 4), p.D419N (pink, n = 1), and healthy controls (blue, n = 5)in T cell blasts that were stimulated with IL-
4 (10 ng/ml) for 15 min, washed with PBS, and subsequently incubated in IL-4-free media for 60 min. Quantification of pSTAT6* cells is presented and
normalized to max stimulation (noted at 15 min). Two-way ANOVA followed by Sidék’s multiple comparisons was conducted. **, P < 0.01. (E) Readout of 92
biomarkers for P5 using throughput Olink proteomics. Eight healthy control distribution are shown as a violin plot in blue. The patient is shown as a red circle.
Key cytokines, IL-4 and IL-13, are highlighted in yellow. (F) T helper cell distribution for nine patients (red) and 15 age-matched healthy controls (blue) each.
(G) Transcriptomic comparison of naive CD4* and naive CD8* T cells between P6 and one healthy control measured through scRNAseq. Red genes are enriched
in patient; blue genes are enriched in healthy control. The two dotted lines are the P value and adjusted P value respectively. (H) Quantification of % CD23
positive cells in naive, non-class switched memory, and class-switched memory B cells between patients (red, n = 7) and healthy controls (blue, n = 9) after
stimulation with IL-4 (10 ng/ml) for 20 h. Unpaired t test. *, P < 0.05; **, P < 0.0L
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Figure S5. STAT6 activity can be therapeutically targeted and can resolve clinical disease severity. (A) Quantification of luciferase assay in HEK293
transfected cells pre-treated with ruxolitinib (10 uM, 1 h), tofacitinib (10 uM, 1 h), or dupilumab (10 nM, 1 h), before and after stimulation with IL-4 (0.02 ng/ml,
4 h). n = 4. One-way ANOVA and Tukey’s post-hoc test. *, P < 0.05; **, P < 0.03; ***, P < 0.00L (B) Eosinophil counts before and following initiation of
treatment with dupilumab are presented. Dots in red corresponds to transcriptomic data from this patient presented in Fig. 6 C. (C) PCA comparing whole
blood bulk RNAseq of P6 before treatment with dupilumab and four time points after treatment, alongside five healthy controls. (D) Heatmap signatures of
differentially expressed genes comparing pre-treatment patient samples against five healthy controls. Genes are row normalized. (E) Key genes, previously
described to be biomarkers for allergic disease (Lemonnier et al., 2020) in whole blood RNA are presented for the patient samples. Gray shaded area is the
range for the expression of these genes in five healthy controls.
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Supplemental methods

Generation of STAT6 variant plasmids

Plasmids used for transfection studies contained full-length STAT6 in a pCMV6 entry vector with a C-terminal GFP tag (Cat#
RG210065; OriGene Technologies). To generate variants listed in Table S3, a Q5 site-directed mutagenesis kit (Cat# E0554S; New
England Biolabs) was used according to the manufacturer’s recommendations, with primer pairs noted in Table S1.

To generate lentivirus vectors, WT, p.E382Q, and p.D419G STAT6 from the above plasmids were cloned into a GFP-tagged Lenti
vector (Cat# PS100071; OriGene Technologies) using EcoRI-HF (Cat# R3101) and NotI-HF (Cat# R3189) both from New England
Biolabs. The three STAT6 plasmids were packaged using third-generation packaging plasmids and transfected into HEK293T cells.
Culture media was collected, centrifuged, filtered, concentrated, and stored at -80°C before use.

All new variant plasmids were confirmed by Sanger sequencing and purified from 10-beta competent E. coli using a QIAprep Spin
Miniprep Kit (Qiagen).

Transient and stable expression of STAT6 variants

Transient expression of STAT6 variants in HEK293 cells were accomplished using a Lipofectamine 3000 kit (Thermo Fisher Sci-
entific) according to the manufacturer’s recommendations. Briefly, HEK293 cells were seeded at 2.0 x 10° cells/well in a 24-well plate
in 0.5 ml of DMEM with 10% FBS (Gibco, Life Technologies) and incubated for 24 h at 37°C. Cells were transfected with 250 ng of
plasmid DNA using the P3000 and Lipofectamine 3000 reagents and harvested after 24 h.

Stable expression of STAT6 in Jurkat T cells was accomplished using the lentivirus approach as previously described (Kutner
et al,, 2009; Fung et al., 2021). Briefly, Jurkat T cells were infected with lentiviral particles in the presence of 5 ug/ml polybrene
(Sigma-Aldrich) and spinoculated at 800 g for 30 min at 32°C, cultured, and expanded in complete RPMI-1640 (GE Healthcare)
supplemented with 10% FBS. Expanded cells were sorted on GFP expression using a BD FACS Aria (BD Biosciences) cell sorter.

Phospho-STAT6 detection in HEK293 cells

Phospho-STAT6 activity was quantified by flow cytometry in transfected HEK293 cells stimulated with 10 ng/ml of IL-4 (Cat# 204-
IL-020; R&D Systems) for 15 min or transfected cells pre-treated with either 10 pM ruxolitinib (Cat# tlrl-rux; Invivogen), 10 pM
tofacitinib (Cat# S50001; Selleckchem), or 10 nM dupilumab for 2 h before stimulation as previously described (Lu et al., 2021).
Briefly, transfected and stimulated cells were fixed using BD Cytofix (Cat# 554655; BD Biosciences) for 20 min at 4°C and per-
meabilized using Perm I1I for 30 min on ice (Cat# 558050; BD Biosciences). The cells were then stained with STAT6 PE-CF594 (Cat#
564148; BD Biosciences) and p-STAT6 AF647 (Cat# 612601; BD Biosciences). pSTAT6 expression was measured in GFP*STAT6* cells
from WT and STAT6 variants samples on an LSRII flow cytometer (BD Biosciences) and analyzed using Flow]jo software (BD
Biosciences).

Phospho-STAT6 detection in PBMCs and T cell blasts

Freshly isolated PBMCs were rested for 1 h in RPMI medium (without FCS) at a final concentration of 0.5 x 106 cells/ml in a 96-well
V-bottom plate. Cells were stained by Aqua Live/Dead Cell Stain Kit (Thermo Fisher Scientific; DCM; 10 min in 37°C). After removing
the DCM by washing with RPMI, cells were left unstimulated or were stimulated with IL4 (100 ng/ul) at different time points (0 min,
5 min, 15 min, 30 min, 60 min in 37°C). After the desired time point stimulation, the cells were fixed by adding 100 pl of prewarmed
BD Phosflow Fix Buffer I (BDB557870) directly to the wells (10 min in 37°C). Then cells were washed with 200 ul FACS buffer (PBS +
2% DMSO + 2 mM EDTA) and permeabilized in 100 pl of cold BD Phosflow Perm Buffer III (Cat# 558050) for 20 min at 4°C. The cells
were washed two times with 200 pl FACS buffer and stained using a cocktail of antibodies (Table S2) for 60 min at room tem-
perature and darkness. Samples were acquired on a FACS Gallios machine.

For the generation of T cells blasts, T cells were first isolated from PBMCs using EasySep Human T Cell Isolation Kit (Cat# 17951;
Stemcell). Subsequently, the cells were treated with exogenous IL-2 (100 U/ml) and ImmunoCult Human CD3/CD28 T cell Activator
(Cat# 10971; Stemcell) for 12 d and maintained at a concentration of 1 million cells/ml every 2 d. Phosphorylation and dephos-
phorylation of STAT6 was measured as described above at time points: 0, 15 min of IL-4 stimulation (10 ng/ml), and 60 min after
wash out of IL-4. The following antibodies were used: STAT6 PE-CF594 (Cat# 564148; BD Biosciences), p-STAT6 AF647 (Cat# 612601;
BD Biosciences), and Fixable Viability Stain 780 (Cat# 565388; BD Biosciences). Samples were acquired on the BD FACSymphony.

Intracellular cytokine staining on patient PBMCs

To carry out intracellular cytokine detection/Ty phenotyping, PBMCs from the patient and five age-matched controls were stim-
ulated with PMA/ionomycin for 4 h at 37°C in the presence of GolgiStop (Cat# 554724; BD Biosciences). Cells were stained with an
antibody panel (Table S3) using the eBioscience Foxp3 Transcription Factor Staining Buffer Set (Cat# 00-5523-00; Invitrogen,
Thermo Fisher Scientific). Samples were acquired on the BD FACSymphony flow cytometer (BD Biosciences). Data were analyzed
using FlowJo (BD Biosciences).

Sharma et al. Journal of Experimental Medicine
Human germline STAT6 gain-of-function variants https://doi.org/10.1084/jem.20221755

S7

€20z 18queoaQ G| Uo Jasn ejebiap 10 ewioy Alun Aq 4pd'56/1220Z Wal/L.68YYL/SS.LLZZ029/S/02Z/4Pd-ajonie/wal/bio ssaidny//:dny wouy pspeojumoq


https://doi.org/10.1084/jem.20221755

Olink high-throughput proteomics

Serum proteins for P5 were analyzed using a multiplex technology based on proximity-extension assays (Lundberg et al., 2011). We
measured specific proteins using the Olink panel of inflammation. Briefly, the kit consisted of a microtiter plate for measuring 92
protein biomarkers in 88 samples, and each well contained 96 pairs of DNA-labeled antibody probes. To minimize inter- and in-
tra-run variation, the data were normalized using both an internal control (extension control) and an inter-plate control, and then
transformed using a pre-determined correction factor. The pre-processed data were reported in arbitrary units as normalized
protein expression (NPX) that enables individual protein analysis across a sample set analyzed in log, scale, wherein a higher NPX
correlates with higher protein expression. The data were pre-processed using the NPX Manager Software and OlinkAnalyze R
package (v1.3.0). The data for two key T2 cytokines, IL-4 and IL-13, are highlighted in Fig. S4 E.

CD23 and IL-4Re: staining on lymphocytes

Expression of IL-4Ra and CD23 was studied on primary patient B cells (within PBMCs). Briefly, primary patient cells were incubated
in RPMI with or without IL-4 (10 ng/ml). After 20 h, the cells were washed and stained with the following antibodies: BV510 mouse
anti-human CD3 (Cat# 563109; BD; clone: UCHT1), APC-R700 mouse anti-human CD4 (Cat# 565995; BD; clone: SK3), BUV395 mouse
anti-human CD8 (Cat# 740303; BD; clone: HIT8a), BUV737 mouse anti-human CD19 (Cat# 741829; BD; clone: HIB19), BV786 mouse
anti-human CD27 (Cat# 563328; BD; clone: L128), PerCP-Cy5.5 mouse anti-human CD45RA (Cat# 563429; BD; clone: HI100), BV605
mouse anti-human IgD (Cat# 563313; BD; clone: 1A6-2), BB515 mouse anti-human IgM (Cat# 564622; BD; clone: G20-127), BV421
mouse anti-human CD23 (Cat# 562707; BD, clone: M-L233), PE mouse anti-human CD124 (IL-4Ra; Cat# 355003; BioLegend; clone:
GO77F6), and Fixable Viability Stain 780 (Cat# 565388; BD). Cells were acquired on the BD FACSymphony.

Luciferase reporter assays with 4x STAT6 binding sites

A luciferase reporter plasmid encoding a 4x STAT6 binding site (TTCCCAAGAA) was used to assess WT and variant STAT6 promoter
activity (Li et al., 2016). The p4xSTAT6-Luc2P plasmid (Addgene plasmid #35554; Addgene; http://n2t.net/addgene:35554; RRID:
Addgene_35554) was a gift from Axel Nohturfft (St. George’s University of London, London, UK). Briefly, HEK293 cells were seeded
in 24-well plates overnight at a density of 200,000 cells and transfected with 250 ng of p4xSTAT6-Luc2P, 250 ng of a plasmid
encoding a GFP-tagged WT or variant STAT6, and 10 ng Renilla luciferase (R-Luc) using Lipofectamine 3000. Transfected cells were
subsequently stimulated with 0.2 ng/ml of IL-4 (Cat# 6507-IL-010; R&D Systems) or left unstimulated. Additionally, for inhibitor
assays, transfected cells were incubated with either 10 M ruxolitinib (Cat# tlrl-rux, Invivogen), 10 uM tofacitinib (Cat# S50001;
Selleckchem), or 10 nM dupilumab (Cat# HY-P9926; MedChemExpress) for 1 h before stimulation. Cell lysates were prepared and
processed using a Dual-Glo Luciferase Assay Kit (Cat# E2920; Promega) according to the manufacturer’s recommendations. Lu-
ciferase activity was measured on the Infinite M200 plate reader (Tecan).

Luciferase reporter assay with CCL26 and FceR2 promoter

Luciferase reporter plasmids with CCL26 and FceR2 promoter were also used to study STAT6 activity and were constructed from
pMCS-Gaussia Dura Luc vector (#16190; ThermoFisher Scientific). 293FT cells (#51-0035; Invitrogen) were seeded in 24-well plates
overnight at a density of 200,000 cells and transfected with 245 ng of pCCL26/pFceR2V2-Gaussia Dura Luc, 245 ng of a plasmid
encoding WT and variant STAT6, and 10 ng pCMV-red firefly Luc vector (#16156; ThermoFisher Scientific) using TransIT-2020
transfection reagent (#MIR5400; Mirus). Transfected cells were subsequently stimulated with 100 ng/ml of IL-4 (#200-04; Pe-
protech) or left untreated. Cell lysates were prepared and processed using Pierce Gaussia-Firefly Luciferase Dual Assay Kit (#16182;
Thermo Fisher Scientific) according to the manufacturer’s recommendations. Luciferase activity was measured on the luminometer
(Fusion alpha-FP, PerkinElmer Packard), and signals of Gaussia luciferase were normalized to those of red firefly luciferase.

Whole blood RNAseq

Human peripheral blood was collected in EDTA tubes. Erythrocytes were removed with RBC Lysis Solution (#158904; Qiagen) and
the resultant white cell pellet was washed once with PBS. RNA was extracted with TRIzoL (#15596026; Ambion). Library preparation
and Illumina sequencing (pair-end sequencing of 151 bp) were done at the Genomics Core of the Centre for PanorOmic Sciences in
LKS Faculty of Medicine of The University of Hong Kong. Complementary DNA (cDNA) libraries were prepared by KAPA mRNA
HyperPrep Kit KR1352-v3.16 (#08098123702; Roche). One microgram of total RNA was used as starting material. The manufacturer’s
protocol was followed. In brief, poly-A containing mRNA was collected using poly-T oligo-attached magnetic beads. The purified
mRNA was fragmented to 200-300 bp by incubating at 94°C for 6 min in the presence of magnesium ions. The fragmented mRNA
was then applied as template to synthesize the first-strand cDNA using random hexamer-primer and reverse transcriptase. In the
second strand cDNA synthesis, the mRNA template was removed and a replacement strand was generated to form the blunt-end
double-stranded (ds) cDNA. The ds-cDNA underwent 3’ adenylation and ligation with xGen Dual Index UMI Adapters (Integrated
DNA Technologies). The adaptor-ligated libraries were enriched by 10 cycles of PCR. The libraries were denatured and diluted to
optimal concentration. Illumina NovaSeq 6000 was used for pair-end 151 bp sequencing.

Sharma et al. Journal of Experimental Medicine
Human germline STAT6 gain-of-function variants https://doi.org/10.1084/jem.20221755

S8

€20z 18queoaQ G| Uo Jasn ejebiap 10 ewioy Alun Aq 4pd'56/1220Z Wal/L.68YYL/SS.LLZZ029/S/02Z/4Pd-ajonie/wal/bio ssaidny//:dny wouy pspeojumoq


http://n2t.net/addgene:35554
https://doi.org/10.1084/jem.20221755

De-multiplexed read sequences were aligned to a reference sequence and transcript expression were estimated using the
DRAGEN RNA pipeline on Illumina Basespace. Expression data was normalized to reads between samples using the edgeR package in
R (R Foundation). Normalized counts were filtered to remove low counts using the filterByExpr function in edgeR (Chen et al., 2016).
PCA was done on log,(normalized counts+0.25) in R using the PCA function. Differential expression was conducted using Limma
(Ritchie et al., 2015), on patient pre-treatment sample against 5 healthy controls. Differentially expressed genes (adjusted P value
<0.05) were visualized using pheatmap in R. Cell type abundance was estimated using the LM22 signature matrix file in Cibersort
(Newman et al., 2015). Cell types were reduced to nine immunologically relevant cell types: neutrophils, eosinophils, mast cells,
dendritic cells, monocytes, NK cells, CD4 T cells, CD8 T cells, memory B cells, and naive B cells. Raw data are deposited in the Gene
Expression Omnibus with accession number GSE215390.

Jurkat RNAseq

RNA was extracted in triplicate as previously described (Lu et al., 2021) using a RNeasy Mini Plus Kit (Qiagen) according to the
manufacturer’s recommendations. RNA was prepared following the standard protocol for the NEBNext Ultra II Stranded mRNA
(New England Biolabs) and sequenced on the Illumina NextSeq 500 with Paired End 42 x 42 bp reads. De-multiplexed read se-
quences were aligned to a reference sequence using RNA-Seq Alignment app (v1.L.1) on Illumina Basespace, using Spliced Tran-
scripts Alignment to a Reference (STAR) aligner and Cufflinks 2 for assembly and estimation of gene expression.

Expression data were normalized to reads between samples using the edgeR package in R (R Foundation). Normalized counts
were filtered to remove low counts using the filterByExpr function in edgeR (Chen et al., 2016). PCA was done on log,(normalized
counts+0.25) in R using the PCA function. Differential expression between unstimulated and stimulated samples for all three STAT6-
transduced Jurkat T cells was accomplished using Limma (Ritchie et al., 2015). Differentially expressed genes were defined as those
with fold change (FC) >1.25 and adjusted P value <0.05.

Pathway analysis was done by first performing GSEA with 1,000 permutations using the Molecular Signatures Database Hall-
mark module. Signal-to-noise ratio was used for gene ranking and the obtainednormalized enrichment scores and P values were
further adjusted using the Benjamini-Hochberg method. Pathways with an adjusted P value <0.05 were considered significant.
Leading-edge genes from significant pathways between STAT6 WT and STAT6 c.1256A>G Jurkat were identified (no significantly
upregulated pathways were identified between STAT6 WT and STAT6 c.1144G>C). Expression levels of these genes were then de-
termined in each of the three groups (WT, c.1144G>C, c.1256A>G) under both stimulated and unstimulated conditions. Sample level
enrichment analyses scores were computed as previously described (Kulpa et al., 2019). Briefly, z-scores were computed for gene
sets of interest for each sample. The mean expression levels of significant genes were compared to the expression of 1,000 random
gene sets of the same size. The difference between observed and expected mean expression was then calculated and represented on
heatmaps.

GSEA was also done on two other gene sets: (i) STAT6 targets and (ii) IL-4 Ty2 targets. STAT6 targets were defined as the set of
genes that were significantly upregulated upon IL-4 stimulation in WT-STAT6-transduced Jurkat T cells. Enrichment of this gene set
was determined at both baseline and after IL-4 stimulation between WT and p.E382Q STAT6, and WT and p.D419G STAT6 Jurkat
T cells. IL-4-STAT6 T2 skewing targets were previously reported (Elo et al., 2010) STAT6 target genes that are significantly up-
regulated in response to IL-4 treatment and that lead to T2 skewing. Raw data are deposited in the Gene Expression Omnibus with
accession number GSE222646.

Western blot

Cell lysates were prepared by lysis of HEK293 cells in a modified radio immunoprecipitation assay buffer with the Halt protease and
phosphatase inhibitors cocktail (Thermo Fisher Scientific). Cell lysates were separated by 10% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Immobilon-FL; MilliporeSigma). Membranes were blocked with 5% BSA in Tris-buffered
saline with Tween-20, incubated with primary antibodies for 18 h at 4°C, incubated with secondary antibodies for 1 h at room
temperature, and imaged using a LI-COR Odyssey infrared scanner (LI-COR Biosciences). The primary antibodies used were the
following: STAT6 (Cat# 9362), pSTAT6 (Cat# 9361), Myc-tag (Cat# 2276), and B-actin (Cat# 3700), all from Cell Signaling Tech-
nologies. The secondary antibodies used were the following: goat anti-rabbit IgG DyLight 800 conjugated (611-145-002-0.5; Rockland
Immunochemicals) and goat anti-mouse IgG IRDye 680RD (926-6870; LI-COR).

scRNAseq

scRNAseq was done on a patient sample before and after dupilumab treatment along with one age-matched healthy control. Human
peripheral blood was collected in lithium heparin tubes and PBMCs were isolated using Lymphoprep (AS #04-03-9391/02; Alere
Technologies). Single-cell suspension was obtained by passing through a 30 pm Pre-Separation Filter (#130-041-407; Miltenyi Biotec
GmbH). Dead cells were removed by Dead Cell Removal Kit (#130-090-101; Miltenyi Biotec GmbH). T cell isolation was performed
using Pan T cell Isolation Kit (#130-096-535; Miltenyi Biotec GmbH). Single-cell encapsulation and library preparation are done at
Genomics Core of the Centre for PanorOmic Sciences in LKS Faculty of Medicine of The University of Hong Kong. Single cell en-
capsulation and cDNA libraries were prepared by Chromium Single Cell 5’ Reagent Kit vl and Chromium Single Cell A Chip Kit, or by
Chromium Next GEM (gel beads-in-emulsion) Single Cell 5’ Reagent Kit v2 (Dual Index) and Chromium Next GEM Chip K Single Cell
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Kit. Cells in suspension were counted and loaded into individual wells of 10X Chromium Single Cell chip (10X Genomics). Single cells
were then encapsulated into GEM by 10X Chromium Single Cell Controller. Single Cell 5’ Reagent Kit was used to perform
downstream steps: reverse transcription is performed on GEMs, followed by cDNA clean-up and amplification. The ds-cDNA went
through enzymatic fragmentation and adapter ligation. Index PCR and SPRIselect size selection were then done as per the manu-
facturer’s protocol. Library size and concentration are determined by Qubit, quantitative PCR, and Bioanalyzer assays. The libraries
were denatured and diluted to optimal concentration. Illumina NovaSeq 6000 was used for pair-end 151 bp sequencing with No-
vaSeq 6000 S4 Reagent Kit v1.0 and v1.5 (#20012866 and #20028312; lllumina).

The raw FASTQ data was obtained, and the cellranger count function was then applied to generate single cell feature counts for
every single library (Cell Ranger v5.0.1). The output of filtered feature-barcode matrix containing only detected cell-associated
barcodes was used for further downstream analysis. The default parameters and options were applied for cellranger count after
providing the input FASTQ data and the relevant prebuilt references of the Human dataset (GRCh38) downloaded from the 10X
Genomic website (https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest/).

The filtered expression matrix generated by Cell Ranger for each sample was analyzed and processed with the R package Seurat
(v3.2.0). Quality control involved first filtering for quality based on the following criteria: mapping to over 200 unique genes, the
fraction of mitochondrial transcripts was <10%, and the fraction of unique hemoglobin transcripts was <1%. Scaling and clustering
was performed on PBMCs and enriched T cells separately. Dimensionality reduction using PCA was done on the 2,000 most variable
genes and UMAP was based on the first 20 PCs. Cell identities were first annotated with SingleR using fine labeling from the
Novershtern hematopoietic dataset (Novershtern et al., 2011; Aran et al., 2019) and Monaco Immune dataset (Monaco et al., 2019) for
PBMCs and enriched T cells respectively. The annotation was refined manually based on the UMAP clustering patterns, grouping the
SingleR labels for PBMCs into 10 main populations: naive B cells, memory B cells, naive CD4*, memory CD4*, naive CD8*, memory
CD8*, monocytes, dendritic cells, NK cells, and others. For differential gene expression analyses, we utilized the Seurat im-
plementation of negative binomial test, assuming an underlying negative binomial distribution in RNAseq data (Robinson and
Smyth, 2007; Hafemeister and Satija, 2019).

All the computational resources were obtained from the cluster of High Performance Computing Facility of the Centre for
PanorOmic Sciences, University of Hong Kong. Raw data are deposited in the Gene Expression Omnibus with accession number
GSE215405.
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