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A deep intronic splice mutation of STAT3 underlies
hyper IgE syndrome by negative dominance
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Heterozygous in-frame mutations in coding regions of human
STAT3 underlie the only known autosomal dominant form of hy-
per IgE syndrome (AD HIES). About 5% of familial cases remain
unexplained. The mutant proteins are loss-of-function and
dominant-negative when tested following overproduction in re-
cipient cells. However, the production of mutant proteins has not
been detected and quantified in the cells of heterozygous pa-
tients. We report a deep intronic heterozygous STAT3 mutation,
¢.1282-89C>T, in 7 relatives with AD HIES. This mutation creates a
new exon in the STAT3 complementary DNA, which, when over-
expressed, generates a mutant STAT3 protein (D427ins17) that is
loss-of-function and dominant-negative in terms of tyrosine phos-
phorylation, DNA binding, and transcriptional activity. In immor-
talized B cells from these patients, the D427ins17 protein was
2 kDa larger and 4-fold less abundant than wild-type STAT3, on
mass spectrometry. The patients’ primary B and T lymphocytes
responded poorly to STAT3-dependent cytokines. These findings
are reminiscent of the impaired responses of leukocytes from
other patients with AD HIES due to typical STAT3 coding muta-
tions, providing further evidence for the dominance of the mutant
intronic allele. These findings highlight the importance of sequenc-
ing STAT3 introns in patients with HIES without candidate variants
in coding regions and essential splice sites. They also show that AD
HIES-causing STAT3 mutant alleles can be dominant-negative even
if the encoded protein is produced in significantly smaller amounts
than wild-type STATS3.
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yper IgE syndrome (HIES) is a primary immunodeficiency

(Online Mendelian Inheritance in Man #147060), first de-
scribed in 1966 by Wedgwood and coworkers as Job’s Syndrome
(1-4). In 1972, Buckley and coworkers reported additional fea-
tures of this condition, including high serum IgE levels (5).
Further studies documented the autosomal dominant (AD) in-
heritance of this disorder and gradually delineated various clinical
phenotypes (6). AD HIES confers chronic selective susceptibility
to infection with certain bacteria, including various staphylococci
infecting the skin and lungs, and certain fungi, causing chronic
mucocutaneous candidiasis (CMC) in particular (7). One of the
hallmarks of these infections is that the associated inflammation is
mild or delayed, corresponding to the “cold abscesses” originally
reported by Davis et al. (4). Patients also display cutaneous and
systemic allergic manifestations and extrahematopoietic features,
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including facial dysmorphism, the retention of deciduous teeth,
osteopenia, hyperextensibility, and vascular abnormalities (6,
8). Clinical outcome is very poor, due largely to the immuno-
deficiency and infectious diseases of these patients, and patient
management is difficult. Hematopoietic stem cell transplantation
(HSCT) has been reported for 5 patients, and was apparently
successful in 3, with a normalization of STAT3 signaling in he-
matopoietic cells and a restoration of the corresponding immune
responses (9, 10). The other 2 patients had poorer outcomes:
One died from posttransplantation complications (11), whereas
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the other displayed no immunological or clinical improvement
despite full donor chimerism post-HSCT (12).

In 2007, heterozygous mutations of STAT3 underlying AD
HIES were discovered by Minegishi et al. (13) and confirmed by
Holland et al. (14). The STAT3 gene encodes 2 isoforms:
STAT3a and STAT3p (15-17). STAT3a is the major isoform; it
consists of 770 amino acids and has a molecular weight (MW) of
92 kDa. In mice, STAT3u is essential for embryonic survival (18,
19). STAT3p (85 kDa) is a truncated and less abundant isoform;
it is generated by the alternative splicing of exon 23 of STAT3a,
leading to deletion of the first 50 nucleotides encoded by this
exon. This deletion results in a frameshift, with the addition of
7 alternative amino acids followed by a stop codon. STAT3p
therefore lacks the last 55 C-terminal amino acids of STAT3«,
including serine 727, which must be phosphorylated for trans-
activation (TA). Tyrosine 705, which must also be phosphory-
lated for STAT3 activation, is present in the TA domains of both
isoforms (18, 20, 21). Human STAT3 is almost ubiquitously
expressed and can be activated by various cytokines in different
tissues (22-24). A mouse model of AD HIES has been established
by the transgenic expression of a recurrent pathogenic dominant-
negative (DN) STAT3 mutation in the germline (25). Moreover,
an autosomal recessive (AR) form of HIES was recently attributed
to loss-of-function (LOF) mutations of ZNF341, encoding a
transcription factor required for STAT3 transcription, expression,
activation, and activity (26-28). The disruption of STAT3 activity
is, therefore, the unifying feature of AD HIES.

Since 2007, 114 causal mutations in STAT3 have been reported
in 477 patients from Africa (Algeria, Comoros, and Morocco),
Asia (China, Israel, Korea, Iran, Lebanon, Pakistan, Russia, Saudi
Arabia, and Turkey), Australia, and Europe (Belgium, France,
Germany, Hungary, Italy, the Netherlands, Poland, Portugal,
Sweden, and the United Kingdom). The reported cases include
71 patients from 29 multiplex kindreds (13, 14, 29-53). All of the
variants identified, including 5 recurrent mutations (H332Y,
R382W, R382Q, V637M, and del463V), are private to the AD
HIES group. They are located in the coding exons or the essential
splice sites of their flanking introns (8, 13, 33). They can affect the
N-terminal domain, DNA-binding domain (DBD), the linker
domain, the Src homology 2 (SH2) domain, or the TA domain of
STAT3. Most are missense mutations (78%), but some are small
(<9 amino acids) in-frame deletions (9%), small (<3 amino acids)
in-frame insertions or duplication (2%), essential splice-site mu-
tations resulting in small (<10 amino acids) in-frame deletions or
exon skipping (exon 11; 20 amino acids, exon 12; 10 amino acids)
(11%) (8, 13, 14, 33, 42, 53, 54), or a large in-frame deletion of
2 exons (38). Remarkably, all of the mutations identified to date
are in-frame mutations. However, potential exceptions to this
apparent rule were recently reported, in the form of out-of-
frame mutations due to nonsense (S381*) (31) or frameshift
variants (R13Vfs*23, F493Lfs*508, Y657*) (29). However, no
causal link between these out-of-frame mutations and HIES was
established, because dominance was not experimentally investi-

gated at the cellular level. The potential mechanism of dominance
thus remains elusive.

Only 19 and 5 of the 114 in-frame mutant alleles have been
shown experimentally to be LOF (37, 39, 54-57) and DN (13),
respectively (SI Appendix, Table S1). In overexpression experi-
ments, 5 mutant STAT3 proteins were found to be produced and
phosphorylated in normal amounts, but to be LOF in terms of
DNA-binding and transcriptional activity, resulting in a DN ef-
fect (13). Given that all of the other mutations identified were
also in frame, by inference, these other STAT3 mutations have
also been widely assumed to be DN (8, 14). It has been suggested,
but not proved, that the recently reported out-of-frame STAT3
mutations are dominant, and pathogenic via haploinsufficiency
(31). Moreover, the production of in-frame mutant STAT3
proteins in heterozygous cells has not been documented, making
it impossible to define a threshold level above which mutants
exert DN effects. Finally, although STAT3 mutations are the only
genetic etiology of AD HIES identified to date (13, 14), a small
percentage (<5%) of multiplex kindreds meeting the clinical
criteria for AD HIES do not have identifiable pathogenic vari-
ants of STAT3 (58). In this context, we studied a multiplex family
with AD HIES whose STAT3 exons and surrounding intronic
regions carried no mutations. We hypothesized that the patients
carried a deep intronic mutation, as recently reported for a
growing number of inborn errors of immunity (59-61), and we
reasoned that the study of this unique family might cast light on
the mechanisms of dominance underlying AD HIES.

Results

A Family with AD HIES and a Deep STAT3 Intron Mutation. We
studied a large kindred originating from and living in France.
Over 3 generations, 7 individuals from this kindred (P1 to P7), all
born to nonconsanguineous parents, had both bacterial and
fungal infections, beginning in childhood, and high serum IgE
levels (from 858 TU/mL [P5] to 22,331 IU/mL [P2]). Some of the
patients had hypereosinophilia, facial dysmorphism, impaired
shedding of deciduous teeth, and hyperextensibility. Their Na-
tional Institutes of Health HIES scores ranged from 17 to 52
(with a score of 40 typically considered the most appropriate
threshold for HIES diagnosis) (6) (Table 1). Sanger sequencing
of the exons and flanking intron regions of STAT3 in P1, P2, and
P3 identified no rare synonymous or nonsynonymous variants.
We performed whole-exome sequencing (WES) on these 3 pa-
tients (P1, P2, and P3). Biallelic mutations of DOCKS (62-65),
PGM3 (66), and ZNF341 (26-28) underlie AR disorders that re-
semble HIES (65, 67, 68); our patients carried no nonsynonymous
or essential splice site variations in any of these genes. We per-
formed a genome-wide linkage study on this multiplex family
(69). Fourteen regions were linked to HIES in an AD model with
complete penetrance: One was on chromosome 17 (29,421,944 to
67,144,147) and contained the STAT3 locus; the other regions
contained no candidate genes or variants. WES analysis con-
firmed the absence of rare nucleotide variants in the exons and

Table 1. Infectious and clinical phenotypes of STAT3-deficient patients

Infections

Age at

Immunological
Connective tissue signs signs

HIES first Age at Bacterial Tooth Vascular IgE Eosinophils

Patient Sex Status Age* score sign  diagnosis Skin Pneumatocyst infections ENT CMC Aspergillus Dermatitis Dysmorphism retention Osteopenia Fracture Hyperextensibility abnormalities (IU/mL) (/mm?3)
P1 mn.3 M A 29 52 <1 23 + + + + + + + — — + — — — 18,881 900
P2 .2 M A 57 47 >5 51 + nd — + + — + + — nd + — nd 22,331 2,800
P3 15 F A 34 46 >5 28 + + + + - + + + + nd — + + 2,747 —
P4 1.3 F A 59 al >5 55 + nd + — + — + + + nd — + nd 4,622 —
P5 VA1 M A 5 22 <1 2 + nd — + — — + — na nd — — nd 858 1,690
P6 .1 F A 36 17 >5 32 + — — — + — + — — + — — nd 4,264 600
P7 .4 M A 36 19 >5 32 — nd — — — — — + — nd — + nd 1,697 —

A, alive; na, not applicable; nd, not done; ENT, ear, nose and throat. Abnormal biological values are shown in bold. +, present; —, absent.
*In June 2019. Normal values: IgE < 150 IU/mL, polymorphonuclear eosinophils < 600/mm?3.
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flanking intron regions of STAT3. There were no heterozygous
copy number variants at the STAT3 locus either. However, a
heterozygous intron nucleotide substitution (g.17:40,478,306G>A,
¢.1282-89C>T) (Fig. 14), only weakly covered by WES (3, 6, and
8 reads for P1, P2 and P3, respectively), was found 89 nucleo-
tides upstream from exon 15 and 3,121 nucleotides downstream
from exon 14. This heterozygous variant was confirmed by
Sanger sequencing genomic DNA from the patients’ leukocytes
(Fig. 1 B and C). All 7 AD HIES patients from this kindred
carried the heterozygous ¢.1282-89C>T mutation, whereas the
8 asymptomatic relatives tested did not. This mutation had a
combined annotation-dependent depletion (CADD) score of
11.9, below the mutation significance cutoff for STAT3 (15.3),
suggesting that it was not deleterious. However, the ¢.1282-89C>T
mutation was not found in the Human Gene Mutation Database
of pathological variants (HGMD), or in the 1000 Genomes
Project (2,504 healthy individuals), Genome Aggregation Data-
base (gnomAD; 15,000), and the National Heart, Lung, and
Blood Institute (NHLBI) Trans-Omics for Precision Medicine
(TOPMed) Whole Genome Sequencing Program (62,784) data-
base. These results suggest that the deep intronic mutation c.1282-
89C>T in STAT3 is private and may be responsible for AD HIES
in this kindred.

Abnormal Splicing of the Mutant STAT3 Messenger RNA. We assessed
the potential impact of this deep intronic mutation, by analyzing
its surrounding region with a splice site predictor (70-72). The
¢.1282-89C>T substitution was predicted to create a new donor
splicing site in intron 14, which, in combination with a cryptic
acceptor site at ¢.1282-141, may create a new exon of 51 nucle-
otides. We therefore studied STAT3 messenger RNAs (mRNAs)
extracted from a healthy control and from the patients’ Epstein—
Barr virus-transformed B cells (EBV-B cells). Amplification of
the full-length STAT3 mRNA from the cells of a healthy control,
P1, P2, and P3 yielded only one fragment (SI Appendix, Fig.
S14). We then amplified the region of the complementary DNA
(cDNA) lying between exons 13 and 15. A single STAT3 amplicon
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Fig. 1. Familial segregation of the STAT3 mutation. (A) Schematic repre-
sentations of the STAT3 coding sequence annotated with its exons and its
various functional domains: N-terminal domain (NT), coiled-coil domain (CC),
DBD (DNA-B), linker, SH2 domain, and TA domain. The exons are numbered
with Arabic numerals (2 through 24), and exon 1 is a noncoding exon. The
position of the STAT3 mutation reported in patients is indicated by a black
arrow. (B) Pedigree of the STAT3-deficient kindred. Each generation is des-
ignated by a Roman numeral (I through IV), and each patient is designated by
an Arabic numeral. Solid black shapes indicate HIES patients. Individuals whose
genetic status could not be determined are indicated by “E?” The proband
P1is indicated by an arrow. “C > T” indicates the mutated allele. (C) Sequence
chromatograms for STAT3, showing the presence of the heterozygous muta-
tion (black arrow) in the patient’s genomic DNA: ¢.1282-89C>T (red).
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Fig. 2. Abnormal mRNA splicing resulting from the c.1282-89C>T mutation.
(A) DNA from a healthy donor (HC) or P1 was amplified from nucleotide
chr17:40481719 to chr17:40478099 (GRCh37 reference) and inserted into the
pSPL3 plasmid. Sanger sequencing was used to check the sequence of the
insert. (B) COS-7 cells were transfected with no vector (mock), pSPL3 empty
vector (pSPL3), 2 pSPL3 vectors containing the WT genomic STAT3 insert (WT1;
WT2), and a pSPL3 vector containing the ¢.1282-89C>T-mutated genomic
STAT3 insert (Mutant). RT-PCR was performed with dUSD2 and dUSA4 primers,
to amplify the splicing products 24 h after transfection. (C) The 2 mRNA
splicing products from the WT genomic sequence (exons 14 and 15) and from
the ¢.1282-89C>T-mutated genomic sequence (Mutant: exons 14 and 15 plus
51 bp from intron 14 of the STAT3 gene).

was generated in healthy control cells, whereas 2 different
amplicons were generated from P1, P2, and P3 cells (S Appendi,
Fig. S1B). Cloning and sequencing of the cDNA amplified from
the cells of P1 revealed an insertion, in about 50% of the clones,
of 51 nucleotides between the sequences corresponding to exons
14 and 15 (SI Appendix, Fig. S1C). This 51-nucleotide insertion
was predicted to encode an in-frame stretch of 17 amino acids
(RWSFAVLLRLVSNSWAQ), between the aspartate residue in
position 427 and the alanine residue in position 428, in the DBD
of the STAT3 protein. We then inserted a 3.6-kb genomic region
from STAT3, encompassing exons 13, 14, and 15, from a healthy
control and from P1 into the exon-trapping pSPL3 plasmid (Fig.
2A4). We transfected COS-7 cells with the pSPL3 mock vector, or
with pSPL3 containing the STAT3 exons 13 to 15 sequence, with
or without the c.1282-89C>T mutation (Fig. 2B). All of the
transcripts from the DNA carrying the ¢.1282-89C>T mutation
contained the 51 nucleotides inserted between exons 14 and 15,
whereas this insertion was not detectable in cells transfected
with wild-type (WT) DNA (Fig. 2C). Thus, the ¢.1282-89C>T
mutation creates a new donor site for splicing in intron 14, which,
by association with an acceptor site in position c¢.1282-141, cre-
ates a new exon (exon 14b) between exons 14 and 15 of STAT3.
Splicing was not leaky, as all of the mRNA products of the
mutant allele contained this insertion, which was absent from all of
the mRNA products generated from the WT allele. The mutant
allele is therefore referred to as D427ins17 in this study.

Impaired Production and Activation of the D427ins17 STAT3 Protein.
We expressed the cDNA corresponding to this new allele,
D427ins17, in the STAT3-deficient colon cancer cell line A4
(STAT3™~ A4). We compared it with 2 known DN mutant al-
leles: R382W, a missense mutation affecting the DBD in an AD
HIES patient demonstrated to be DN through effects on STAT3
binding to the response element in the nucleus and thus on the
transcriptional activity of STAT3 (13), and Y705F, a DN mis-
sense mutation that abolishes phosphorylation and was gener-
ated artificially for the biochemical characterization of STAT3
(73). We measured protein levels with monoclonal antibodies
(mAbs) directed against the C- or N-terminal part of STAT3
(Fig. 34). As expected, neither mAb detected STAT3 protein in
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untransfected STAT3 ™~ A4 cells, or STAT3~ A4 cells trans-
fected with an empty vector (STAT3~~-EV). With the C-terminal
mAb, total STAT3 levels were found to be similar in cells trans-
fected with WT, R382W, and Y705F STAT3, whereas total STAT3
levels were 50% lower following transfection with D427ins17
(Fig. 34). With the N-terminal mAb, total STAT3 levels were
30% lower in cells transfected with the STAT3 D427ins17 allele
(Fig. 34). We hypothesized that the STAT3 mutant protein was
misfolded and degraded by the ubiquitin-dependent proteasome.
We measured STAT3 protein levels by Western blots on STAT3 ™~
A4 cells reconstituted with WT or mutant cDNA, with or without
pretreatment with MG-132, a proteasome inhibitor. STAT3 pro-
tein levels were similar in cells transfected with WT STAT3 before
and after MG-132 treatment, whereas STAT3 protein levels were
3 times higher in cells transfected with STAT3 D427ins17 (Fig. 3B).
We then analyzed the phosphorylation of the Y705 residue of
STAT3 following IL-6 stimulation. D427ins17 phosphorylation
levels were 80% and 90% lower than those of the WT and the
R382W mutant, respectively (Fig. 3C). As expected, no STAT3
phosphorylation was detected in Y705F-transfected STAT3 ™/~
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A4 cells. Intriguingly, some baseline STAT3 phosphorylation
was observed for the D427ins17 mutant, but not for any of the
other STAT3 constructs (Fig. 3C). STAT3 7~ A4 and STAT37~-EV
cells served as negative controls. We then investigated the sub-
cellular distribution and nuclear accumulation of the WT and
mutant STAT3 proteins in transfected STAT3 ™~ A4 cells, with
and without IL-6 treatment, by Western blotting (Fig. 3D). The
WT and all mutant STAT3 proteins were present in the cyto-
plasm, but D427ins17 protein levels were very low. D427ins17
accumulated similarly to the WT protein in the nucleus following
IL-6 stimulation, whereas less R382W was translocated to the
nucleus (Fig. 3D), as previously reported (57). Thus, the D427ins17
mutant STAT3 protein is unstable, produced in small amounts, and
poorly phosphorylated upon cell stimulation, but such stimulation
nevertheless results in its translocation to the nucleus.

The D427ins17 STAT3 Allele Is LOF. We studied the capacity of the
D427ins17 mutant protein to bind cis-regulatory elements in
response to IL-6/IL-6Ra, in electrophoretic mobility shift assays
(EMSAs) with the m67SIE probe (74). We compared the results
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Fig. 4. LOF of the STAT3 mutant alleles in terms of A
cytokine signaling. (A) EMSA with the m67SIE probe

ity OO0

n
o

STAT3

on STAT3™~ A4 cells (NT), and A4 cells transfected
with no vector (mock), EV, WT, or STAT3 mutants
(D427ins17, R382W, Y705F), without (-) and with (+)
stimulation with 100 ng/mL IL-6/IL-6Ra for 30 min.
The arrows indicate the STAT3/STAT3 homodimers,
STAT3/STAT1 heterodimers, and STAT1/STAT1 homo-

STAT3/STAT3 M
STAT3/STAT1»
STAT1/STAT1»

3

(fold induction)
>

dimers. The lanes were run on the same gel but were
noncontiguous. (B) Luciferase assay on STAT37~ A4
cells transfected with no vector (mock), EV, WT, or
STAT3 mutants (D427ins17, R382W, Y705F), together
with the luciferase reporter gene, with and without

IL-6/IL-6Ra - +

A A A
STATS transcriptional activity

D427ins17|
D427ins17

treatment with 100 ng/mL IL-6 for 24 h. The transcriptional activity of the STAT3 promoter normalized against unstimulated activity in EV-transformed cells is
plotted on the y axis, and the alleles used for transfection are shown on the x axis.

obtained with those for the LOF and DN mutants R382W (13)
and Y705F (73), respectively, which cannot bind DNA (Fig. 44).
The different DNA—protein complexes observed on EMSA for
cells transfected with the WT STAT3 allele were confirmed to be
specific in competition experiments including specific unlabeled
probe (data not shown). In supershift experiments with specific
mAD probes, we found that these complexes contained STAT1
homodimers (lower band), STAT1/STAT3 heterodimers (middle
band), and STAT3 homodimers (upper band) (SI Appendix, Fig.
S2). The DNA-binding capacity of STAT3 was strongly impaired
in cells transfected with D427ins17, R382W, and Y705F, whereas
STAT1-binding capacity appeared to be unaffected (Fig. 44).
Only STAT1 DNA-binding complexes were observed in STAT3™~
A4 cells left untransfected or transfected with EV. Finally, we
analyzed the transcriptional activity of the mutants in luciferase
assays with an IL6-inducible reporter vector. STAT3 ™~ A4 cells,
untransfected or transfected with EV, WT, or mutant STAT3
(D427ins17, R382W, Y705F) alone or together with the luciferase
reporter gene, were left untreated or were treated with IL-6.
Transfection with the WT STAT3 construct led to an approxi-
mately 5-fold increase in IL-6—dependent luciferase activity,
whereas no such increase was observed for any of the STAT3
mutants (Fig. 4B). The novel STAT3 mutant allele D427ins17 is
LOF in terms of its ability to bind cis-regulatory elements and its
transcriptional activity.

Detection of the Mutant STAT3 Protein in the Cells of Heterozygous
Patients. We analyzed STAT3 protein levels by Western blotting
in EBV-B cell lines from healthy controls and patients. We
studied 3 healthy controls (C1, C2, C3), 3 patients heterozygous
for the STAT3 D427ins17 mutation (P1, P2, and P3), and an AD
HIES patient heterozy$ous for the R382W mutation (13).
Nontransfected STAT3™~ A4 cells were used as negative con-
trols. We assessed protein levels by probing the blots with mAbs
directed against the N-terminal or C-terminal part of STAT3.
Similar levels of STAT3 were detected in EBV-B cells from
healthy controls and the AD HIES patient with the R382W
mutation (16, 18, 75). By contrast, STAT3 levels were about
60 to 70% lower in EBV-B cells from P1 to P3 (Fig. 5 4 and B).
Furthermore, higher MW proteins were observed when
D427ins17 was overexpressed in STAT3™/~ A4 cells, but not in
cells from the patients (P1, P2, and P3). Given the difference in
predicted MW between the WT and D427ins17 STAT3 isoforms
(~2 kDa), we attempted to detect the mutant protein by mass
spectrometry (MS). We used an anti-STAT3 mAb for immuno-
precipitation (IP) with whole-cell lysates from STAT3 ™~ A4 cells
transfected with WT or D427ins17 STAT3 cDNA, and whole-cell
lysates from EBV-B cells from a healthy control and P1 (Fig.
5C). We then performed liquid chromatography—tandem MS (LC-
MS/MS) to determine the nature and estimate the relative
amounts of the STAT3 isoforms present. Immunoblot analysis of
the immunoprecipitated fractions showed that both the WT and
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DA427ins17 STATS3 proteins were efficiently immunoprecipitated
from cell extracts (Fig. 5C). Peptide analysis by LC-MS/MS of
the D427ins17 mutant protein overproduced in STAT3 ™~ A4
cells confirmed the presence of 2 unique peptides (WSFAVLLR
and LVSNSWAQASLIVTEELHLITFETEVYHQGLK) corre-
sponding to an insertion of 17 amino acids (SI Appendix, Fig. S3).
One peptide specific for the WT isoform was detectable, to-
gether with 5 other peptides common to the 2 isoforms. Peptide
analysis on EBV-B cells from P1 demonstrated the presence of the
same specific peptides (SI Appendix, Fig. S3B). IP and LC-MS/MS
are not strictly quantitative, but we estimated the level of the
mutant isoform in heterozygous EBV-B cells from P1 to be about
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Fig. 5. STAT3 levels in the patient’s EBV-B cells. (A) Endogenous STAT3

levels, as assessed by Western blotting of total extracts from the EBV-B
cells of healthy controls (C1, C2, C3), P1, P2, P3, and an AD HIES patient
heterozygous for a STAT3 mutation (WT/R382W). STAT37~A4 cells were
used as a control for STAT3 mAb specificity. All extracts were probed with
mADbs against the C- or N-terminal part of the STAT3 protein. (B) Quantifi-
cation of STAT3 levels (with N- and C-terminal mAbs) relative to GAPDH. The
percentage (percent) STAT3 expression is indicated on the y axis, and the cell
sample is indicated on the x axis. (C) IP of STAT3 from WT or P1 EBV-B cells
and of STAT3 from STAT3™~ A4 cells expressing WT or D427ins17 STAT3. All
extracts were probed with an Ab specific for the C-terminal part of the
STAT3 protein. (D) Relative amounts of STAT3 D427ins17. Peptide areas were
initially normalized by densitometry of the Western blot. Relative quantifi-
cation was performed for each specific peptide by comparing the normal-
ized peptide area to the areas for each of the 5 common peptides. WT or
D427ins17 STAT3-expressing cells were used as a reference.
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5 to 20% that of the WT protein (Fig. 5D). The mutant D427ins17
protein was thus produced in the patients’ lymphocytes, albeit at
lower levels than the WT protein, contributing to the lower total
STATS3 protein levels in these cells.

Impaired STAT3-Dependent Responses in Patients’ EBV-B Cells.
STATS3 is involved in cellular responses to at least IL-6, IL-10,
IL-21, IL-27, and type I IFNs (76-78). We performed Western
blots to analyze the cellular responses to IL-6 and IL-21 in EBV-B
cells from P1, P2, and P3, comparing these responses with those
of 3 controls (C1, C2, C3), and an AD HIES patient heterozy-
gous for R382W. Nontransfected STAT3 ™~ A4 cells were used
as a negative control. Following stimulation with IL-6/IL-6Ra
(Fig. 64), and, to a lesser extent, IL-21 (Fig. 6B), STAT3
phosphorylation was detected in the cells of P1, P2, and P3, but
at lower levels than in the cells of healthy controls; by contrast,
STAT3 phosphorylation levels were normal in the cells of het-
erozygous R382W patients (13). These results are consistent
with the overexpression data, which revealed a phosphorylation
defect for the D427ins17 allele (Fig. 3B). Upon stimulation with
IL-6/IL-6Ra, we observed similar levels of weak basal phosphor-
ylation in P1, P2, C1, and C2 EBV-B cells. As basal phosphory-
lation of the D427ins17 STAT3 protein was observed in both the
cytoplasmic and nuclear fractions of transfected STAT3 ™~ A4

cells (Fig. 3D), we measured the levels of phosphorylated STAT3
(p-STATS3) in the nucleus of heterozygous cells from the patients.
An analysis of the nuclear fractions of EBV-B cells from a healthy
control, P1, P2, and P3, with IL-6/IL-6Rx or without stimulation,
showed that p-STAT3 and total STAT3 levels were similar in cells
from patients and controls (Fig. 6C). We also analyzed the ca-
pacity of the patients’ EBV-B cells to drive gene expression. We
first measured the capacity of STAT3 dimers to bind cis-regulatory
elements in response to IL-21 by EMSA, using the m67SIE probe
in EBV-B cells from healthy controls, P1, and a WI/R382W AD
HIES patient (13). Supershift experiments confirmed that the
DNA-binding complexes detected by EMSA in healthy control
cells were STAT1 homodimers (lower band), STAT1/STAT3
heterodimers (middle band), and STAT3 homodimers (upper
band). The DNA-binding capacity of STAT3 was severely im-
paired in the cells of P1, P2, and P3 (Fig. 6D). Our results for the
R382W mutation are consistent with previous studies showing a
severe binding impairment for this mutant protein in patients’
EBV-B cells (13, 57). Transcriptome comparisons by RNA se-
quencing (RNA-seq) on EBV-B cells from D427ins17 patients (P1,
P2, P3), AD HIES patients (heterozygous for STAT3 mutations
R382W, V463del, and T708N, respectively) and healthy controls
(n = 3) revealed that all AD HIES patients had similarly impaired
responses to IL-6/IL-6Ra, IL-10, IL-21, and IL-23 stimulation, but
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dimers, the STAT3/STAT1 heterodimers, and the STAT1/
STAT1 homodimers. The lanes were run on the same
gel but were noncontiguous. (E) RNA-seq data re-
vealing differences in the gene expression patterns of
EBV-B cells left unstimulated or stimulated with 50
ng/mL IL-10, 100 ng/mL IL-6/IL-6R, 100 ng/mL IL-21, 100
ng/mL IL-23, or 10% IU/mL IFNa. The heat map shows
the fold change (FC) in gene expression between the
values before and after stimulation on a log, scale.
Red indicates that the gene is up-regulated, and
blue indicates that the gene is down-regulated. For
each stimulation, the up-regulated genes were fil-
tered according to the criterion that the FC in ex-
pression was at least 2, relative to unstimulated
conditions, in all 3 healthy control subjects. Accord-
ingly, down-regulated genes were filtered according
to the criterion that the FC in expression was at least
2, in all 3 healthy control subjects.
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a normal response to IFN-o (Fig. 6E). The B lymphocytes of pa-
tients heterozygous for D427ins17 had impaired STAT3-dependent
responses, implying that heterozygosity for the mutant allele un-
derlies a dominant cellular and clinical phenotype.

Impaired Cytokine Production by the CD4" T Cells of STAT3-Deficient
Patients. AD HIES patients have normal myeloid and lymphoid
cell development, but impaired antigen-dependent differentia-
tion and function (39, 51, 79-83). The lymphocyte subsets are
severely affected, with abnormally low proportions of CD4* and
CD8* central memory T cells (51, 80-82) and memory B cells
(39, 84). In this context, we analyzed the distribution of T and B
lymphocytes, by flow cytometry, in healthy controls, P1, P3, P7,
and AD HIES patients with previously reported heterozygous
STAT3 mutations (R382W, I568F, S668Y, T708N, K709E). P1,
P3, and P7 had normal frequencies of total CD4* (Fig. 74) and
CD8* (not shown) T cells, but impaired differentiation in vivo resulted
in low proportions of central memory, effector memory, and terminally
differentiated effector memory CD4* T cells, with a corresponding
higher proportion of naive CD4" T cells than controls (Fig. 7B).
Further analysis of memory CD4™ T cells revealed that P1, P3, P7, and
other AD HIES patients heterozygous for STA73 mutations had low
proportions of CXCR5"CCR6TCXCR3™ CD4™ T cells (Fig. 7C),
corresponding to Th17-type cells (85), whereas the proportions of
CXCR5"CCR6 CXCR3™ (Th2), CXCR5"CCR6"CXCR3* (Th1*),
and CXCR5CCR6 CXCR3™" (Th1) CD4* T cells were normal to
high in the patients, relative to healthy donors. This aberrant
distribution of leukocyte subsets resembles that of other patients
with AD HIES (8, 80-82, 85). We then studied the in vitro dif-

>
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ferentiation of naive CD4* T cells into effector subsets induced
by specific polarizing culture conditions (Th17, Th2, and Th1) (81),
and cytokine production upon stimulation with PMA/ionomycin
in memory T cells from healthy controls, P1, P3, P7, and other
AD HIES patients with heterozygous STAT3 mutations. Under
ThO stimulation, production of the Th17 cytokines IL-17A,
IL-17F, and IL-22 by P1, P3, and P7 memory CD4* T cells was
severely impaired or abolished (Fig. 7D and SI Appendix, Fig.
S4A4). By contrast, P1, P3, and P7 had enhanced Th2 responses,
as shown by both the higher frequencies of memory CD4™ T cells
expressing the Th2 cytokines IL-4 and IL-13 (SI Appendix, Fig.
S4B) and the strong increase in the secretion of IL-4, IL-5, and
IL-13 cytokines following in vitro stimulation (Fig. 7E). This
enhanced Th2 response is a signature of the high IgE levels
typically observed in AD HIES (85). The defects of Th17 cell
generation in vivo observed for P1, P3, and P7 were intrinsic to
CD4* T cells, because naive CD4™ T cells from these patients
failed to produce IL-17A and IL-17F in vitro when subjected to
Th17-polarizing culture conditions (Fig. 7F). Similarly, the mem-
ory CD4™ T cells of these patients did not display the increase in
IL-17A and IL-17F secretion in vitro under Th17-polarizing cul-
ture conditions typically observed for memory CD4™ T cells from
healthy donors (S Appendix, Fig. S4C). By contrast, in naive (Fig.
7F) and memory (SI Appendix, Fig. S4C) CD4* T cells from P1,
P3, and P7, the induction and increase, respectively, in IFN-y
secretion following exposure to Thl polarizing conditions were
normal or even stronger than normal.
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Impaired Humoral Immunity due to STAT3 DN Mutations. All patients
tested had normal frequencies of CD20* B cells (SI Appendix,
Fig. S54). However, the proportion of naive B cells was higher
than normal, whereas the proportion of memory B cells was lower
than normal (SI Appendix, Fig. S5B), as previously reported for
AD HIES patients (39, 83). The stimulation of human naive B
cells with IL-21 strongly induces their differentiation into Ab-
secreting cells (84), but this process is almost entirely abolished
by typical pathogenic STAT3 mutations (39, 83) (SI Appendix,
Fig. S5C). By contrast, the residual memory B cell population of
heterozygous STAT3 individuals responded almost normally to
IL-21 (83) (SI Appendix, Fig. S5D). Consistent with these find-
ings, naive B cells from P1, P3, and P7 produced much less (10-
to 50-fold less) IgM, IgG, and IgA in response to IL-21 than
normal naive B cells, whereas the memory B cells of these pa-
tients displayed responses 30 to 100% as strong as those of
memory B cells from healthy donors (SI Appendix, Fig. S5 C and
D). In conclusion, the defects of in vivo and in vitro T and B
lymphocyte differentiation in D427ins17 heterozygous patients
observed in phenotypic and functional analyses are similar to
those previously described for AD HIES. Thus, heterozygosity
for the D427ins17 allele underlies an AD phenotype of adaptive
immunity that is typical of AD HIES.

DN Effect of the D427ins17 STAT3 Allele. We analyzed the molecular
mechanism underlying the dominance of the D427ins17 allele, by
expressing its cDNA in the presence of a WT STAT3 cDNA and
measuring the transcriptional activity of the STAT3 proteins
produced. We used HEK293T cells, which express endogenous
WT STAT3. We cotransfected these cells with various amounts
of mutant cDNA (from 10 to 50 ng) and a constant amount of
WT STAT3 cDNA (50 ng). The cells were then stimulated with
IL-6 and their activation was measured in a luciferase reporter
assay. In cells transfected with the reporter luciferase and an EV,
IL-6 up-regulated luciferase activity by up to 10 times. This
transcriptional activity was due to the endogenous STAT3 pre-
sent in HEK293T cells (Fig. 84). For the D427ins17 mutant,
transfection with increasing amounts of mutant cDNA resulted
in a dose-dependent decrease in luciferase activity (Fig. 84), as
for 2 STAT3 mutant constructs (R382W and Y705F) already
demonstrated to be DN (13, 73, 86). Thus, the D427ins17 allele
has a DN effect on endogenous STAT3 function in HEK293T
cells (SI Appendix, Fig. S6). The mutant STAT3 protein was
stabilized in presence of proteasome inhibitor in STAT3™~ A4
cells (Fig. 3B). We analyzed the coexpression of mutant and WT
STAT3 proteins, by cotransfecting STAT3 ™~ A4 cells was various
amounts of mutant STAT3 plasmid (DDK-tagged) and a constant
amount of WT-STAT3 plasmid (V5-tagged) (Fig. 8B). WT pro-
tein expression stabilized the mutant protein. WT protein levels
were lower in the presence of the mutant protein, and this effect
was dose-dependent, suggesting that the mutant protein has a
negative effect on the WT protein. Overall, our findings show that
heterozygosity for the D427ins17 deep intronic variant underlies a
dominant phenotype in patients’ cells through a mechanism of
negative dominance, as opposed to haploinsufficiency.

Discussion

Human STAT3 is the only known AD HIES-causing gene, with
at least 114 heterozygous mutations reported (13, 14, 29-52). A
small proportion (<5%) of multiplex kindreds with AD HIES,
and of sporadic cases with HIES, have no identifiable pathogenic
variants of STAT3, suggesting the existence of additional, as yet
unidentified genetic lesions (58). Some sporadic cases have
recently been shown to carry biallelic mutations of ZNF341,
resulting in a close phenocopy of AD HIES (26-28). We report
here a deep intronic mutation (c.1282-89C>T; p.D427ins17) of
human STAT3 underlying a classic form of AD HIES. This pri-
vate mutation creates a new donor splicing site that, in association
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Fig. 8. DN effect of the D427ins17 allele. (A) Luciferase assay on HEK293T
cells transfected with EV or with the WT STAT3 plasmid (50 ng), or
cotransfected with the WT STAT3 plasmid (50 ng) and various amounts (50,
25, and 10 ng) of STAT3 mutants (D427ins17, R382W, Y705F), together with
the pGL4.47 reporter construct, and an expression vector for Renilla lucif-
erase. After 24 h, the transfected cells were stimulated with 100 ng/mL IL-6
for 24 h. The transcriptional activity of the STAT3 promoter normalized
relative to unstimulated conditions in cells transfected with EV is shown on
the y axis, and the alleles used for transfection are indicated on the x axis. (B)
Total extracts of STAT3™~ A4 cells transfected with either the WT STAT3
(V5-tagged) allele or the D427ins17 mutant STAT3 allele (DDK-tagged) or
cotransfected with various amounts of mutant STAT3 plasmid with constant
amounts of WT STAT3 plasmid (50 ng). The transfected cells were treated with
20 pM MG-132 for 3 h. Extracts were probed with Abs specific for p-STAT3, the
V5 tag, the DDK tag, and the N-terminal part of the STAT3 protein.

with a cryptic acceptor splicing site, leads to the creation of a new
in-frame 51-bp exon and the production of a new transcript,
encoding the D427ins17 STAT3 protein. Only 2 of the previously
reported 114 HIES-associated STAT3 alleles are in-frame inser-
tions. Deep intronic mutations have been reported for only 11 AD
inborn errors of immunity (60), none of which is dominant by a
mechanism of DN. AD collagen VI-related dystrophy was recently
shown to be due to a recurrent heterozygous deep intronic mu-
tation in COL6A1, leading to a 72-bp insertion that is dominant by
DN (87). This and other reports (59-61) highlight the importance
of searching for deep intronic mutations before considering al-
ternative genetic etiologies, particularly for conditions in which
most patients are found to have mutations of a single gene, as for
AD HIES and STAT3 (58). Based on the findings reported here, it
is not impossible that most other multiplex kindreds with un-
explained AD HIES, and many or most sporadic cases, carry
heterozygous deep intronic mutations of STA73. Other regulatory
mutations are less likely, as they would not be expected to be DN.
Whole-genome sequencing should be considered in such patients,
with analyses initially focusing on the STAT3 gene, and candidate
variants should be preferentially studied by analyzing STAT3
mRNA structure.

Our findings are also of interest from a purely mechanistic and
biochemical perspective. The pathogenic mechanism of the first
5 heterozygous STAT3 mutations identified was shown in 2007 to
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involve negative dominance (13). None of the other human
mutations since reported (n = 109) have been experimentally
tested to determine the mechanism involved. The DN mechanism
for those that have been studied involves impairments of
STAT3 production, phosphorylation, translocation, DNA binding,
or a combination of these processes (13, 37, 54-57, 88, 89). We
show that the D427ins17 STAT3 allele acts in a DN manner by
increasing WT STAT3 degradation and impairing DNA binding
by mutant-containing heterodimers. Almost all AD HIES-causing
STAT3 mutations are in frame and located in specific domains of
the protein, strongly suggesting that negative dominance is the
general rule for the mechanism of action of these mutations.
Frameshift mutations of S7473 have recently been reported, and
this discovery was interpreted as evidence that dominance might
also operate by haploinsufficiency (29, 31). Dominance effects
based on negative dominance require the encoded mutant protein
to inhibit the WT protein, by interfering with its function (90). The
levels of mutant protein required to exert negative dominance
differ between genes. Negative dominance is typically documented
in overexpression systems. Such studies can suggest, but not prove,
that the mutant protein is DN in the cells of heterozygous patients.
We measured the levels of mutant STAT3 protein in the patients’
cells. We showed, by MS, that the mutant D427ins17 STAT3 pro-
tein was produced at relatively low levels, accounting for between
5% and 20% of the total STAT3 protein present. We therefore
conclude that levels of LOF in-frame mutant STAT3 protein as low
as 5% of the total amount of STAT3 protein present may be suf-
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