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Human RELA dominant-negative mutations underlie
type I interferonopathy with autoinflammation and
autoimmunity
Kunihiko Moriya1*, Tomohiro Nakano1*, Yoshitaka Honda2,3,4**, Miyuki Tsumura5**, Masato Ogishi6**, Motoshi Sonoda7,
Masahiko Nishitani-Isa2, Takashi Uchida1, Mohamed Hbibi8, Yoko Mizoguchi5, Masataka Ishimura7, Kazushi Izawa2, Takaki Asano5,6,
Fumihiko Kakuta9, Daiki Abukawa9, Darawan Rinchai6, Peng Zhang6, Naotomo Kambe10, Aziz Bousfiha11, Takahiro Yasumi2,
Bertrand Boisson6,12,13, Anne Puel6,12,13, Jean-Laurent Casanova6,12,13,14,15, Ryuta Nishikomori16, Shouichi Ohga7, Satoshi Okada5,
Yoji Sasahara1, and Shigeo Kure1

Inborn errors of the NF-κB pathways underlie various clinical phenotypes in humans. Heterozygous germline loss-of-
expression and loss-of-function mutations in RELA underlie RELA haploinsufficiency, which results in TNF-dependent chronic
mucocutaneous ulceration and autoimmune hematological disorders. We here report six patients from five families with
additional autoinflammatory and autoimmune manifestations. These patients are heterozygous for RELA mutations, all of
which are in the 39 segment of the gene and create a premature stop codon. Truncated and loss-of-function RelA proteins are
expressed in the patients’ cells and exert a dominant-negative effect. Enhanced expression of TLR7 and MYD88 mRNA in
plasmacytoid dendritic cells (pDCs) and non-pDC myeloid cells results in enhanced TLR7-driven secretion of type I/III
interferons (IFNs) and interferon-stimulated gene expression in patient-derived leukocytes. Dominant-negative mutations in
RELA thus underlie a novel form of type I interferonopathy with systemic autoinflammatory and autoimmune manifestations
due to excessive IFN production, probably triggered by otherwise non-pathogenic TLR ligands.

Introduction
Human inborn errors of immunity (IEIs) can underlie various
infectious, autoinflammatory, autoimmune, allergic, and/or
malignant phenotypes (Tangye et al., 2022). Inborn errors in the
classical (canonical) or alternative (noncanonical) NF-κB path-
way cause immunodeficiencies, except for complete deficiencies
of I κ B kinase α (IKKα) or NF-κB essential modulator (NEMO),
which are embryonic lethal mutations (Zhang et al., 2017). Most
human IEIs affecting the classical NF-κB pathway impair both
innate and adaptive immunity (Zhang et al., 2017). Some un-
derlying clinical manifestations of IEIs are unrelated to he-
matopoiesis, such as anhidrotic ectodermal dysplasia (EDA),
lymphedema, and osteopetrosis (Boisson et al., 2017). Inborn

errors in the core classical NF-κB pathway were first described
in 2001, with reports showing that X-linked recessive EDAwith
immunodeficiency (EDA-ID) is caused by hypomorphic muta-
tions of IKBKG (encoding NEMO; Jain et al, 2001). Subsequently,
autosomal dominant (AD) EDA-ID caused by hypermorphic
mutations of theNFKBIA gene (encoding NF-κB inhibitor α) was
observed (Courtois et al., 2003). These defects lead to a broad
range of infections caused by multiple defects in innate and
adaptive immunity (Casanova et al., 2011; Zhang et al., 2017;
Courtois et al., 2003; Moriya et al., 2018). Other defects in the
classical NF-κB pathway have since been reported, including
autosomal recessive IKKβ deficiency (Pannicke et al., 2013;
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Mousallem et al., 2014; Nielsen et al., 2014), AD IKKβ gain-of-
function (GOF; Cardinez et al., 2018), AD NF-κB1 deficiency
(Fliegauf et al., 2015; Kaustio et al., 2017; Li et al. 2021), and
autosomal recessive c-Rel deficiency (Lévy et al., 2021). Studies
of these NF-κB–related disorders have improved our under-
standing of the clinical and immunological phenotypes seen in
patients with inborn errors in the core components of the clas-
sical NF-κB pathway.

Recently, four related patients with RELA haploinsufficiency
were described with TNF-dependent mucocutaneous ulcer-
ations treatable with infliximab therapy (Badran et al., 2017).
Subsequently, two additional affected families were reported:
lymphoproliferation with autoimmune cytopenia due to RELA
haploinsufficiency (Comrie et al., 2018) or Behçet’s disease as-
sociated with heterozygous mutation in the 39 portion of the
RELA gene (Adeeb et al., 2021; Lecerf et al., 2022). In the current
study, we performed a multicenter survey investigating patients
with heterozygous RELA variants.

Results
Identification of rare monoallelic RELA variants
We identified six patients from five families with unreported
heterozygous variants in RELA by multipanel genetic testing of
primary immunodeficiency (patient 1 [P1] and P2; Table S4), a
gene panel including nearly 400 primary immunodeficiency-
related genes listed in IUIS 2019 (Tangye et al., 2021; P3/4/5),
or whole-exome sequencing (P6; Fig. 1 A, Fig. S1 A, and Table
S5). The list of candidate genes for patients in this study is
shown in Table S6. All RELA mutations were confirmed by
Sanger sequencing. P1 had a heterozygous nonsense mutation
(NM_021975.4: c.1165C>T, p.Q389*) inherited from his mother
(P2). P3 had a de novo heterozygous nonsense mutation
(c.985C>T, p.R329*). P4 had a heterozygous frameshift mutation
(c.1416dup, p.E473Rfs*18) inherited from her father, who was
asymptomatic. P5 had a heterozygous essential splicing site
mutation (c.1034-1G>A), the origin of which was undetermined
due to the unavailability of parents’ and relatives’ DNA (Fig. 1 B).
P6 had a heterozygous mutation (c.1047T>A, p.Y349*). In all of
the patients tested (P1/2/4/5), RELA mRNA levels were normal
or elevated compared with those in healthy controls, as shown
by real-time quantitative PCR (RT-qPCR; Fig. S1 B). The ex-
pression of the mutant allele at the mRNA level was confirmed
by cDNA sequencing in all of the patients except for P6,
whose peripheral blood mononuclear cell (PBMCs) were not
available. To determine the effect of the c.1034-1G>A muta-
tion, we extracted total RNA from a blood sample and per-
formed RT-PCR and TA cloning. Sanger sequencing of the
cloned products showed two abnormal transcription prod-
ucts. One variant (P5-1) was a retention of intron 10 with a
consequent stop gain at position 378, and the other (P5-2)
was an 8 bp deletion (c.1035_1042del, p.P346Lfs*13; Fig. S1, C
and D). We considered nonsense-mediated RNA decay un-
likely because these mutations were located in the last exon
or near the last exon junction. These mutations were not
reported in the gnomAD v2.1.1 database (https://gnomad.
broadinstitute.org/).

RELA variants result in the expression of truncated
RelA proteins
We examined the molecular and functional consequences of
RELA variants in the patients identified. We established patient-
derived B lymphoblastoid cell lines and primary fibroblasts de-
rived from skin biopsy samples from P1 and P3. We detected WT
RelA protein in cells from controls, and truncated RelA proteins
in all of the patient-derived cells, using an anti–N-terminal RelA
antibody (Fig. 2 A). Truncated proteins of 43.6, 37.3, 53.5, and 40 kD
were detected in samples from P1, P2, P3, P4, and P6, respectively.
The sample from P5 expressed two splicing variants at ∼40.5 and
42.5 kD. Besides, both WT and truncated RelA protein showed
nuclear translocation in fibroblasts stimulated with TNF (Fig. S1, E
and F). Next, we knocked out the RELA gene in HEK293 cells using
the CRISPR/Cas9 system and transfected these cells with a pCMV4
plasmid with cDNA corresponding to the WT or mutant RELA
variants. All variants, as well as a p.R246* variant that causes RELA
haploinsufficiency (Comrie et al., 2018) and a previously reported
uncharacterized variant (p.H487Tfs*7; Adeeb et al., 2021), ex-
pressed truncated RelA proteins with estimated molecular weights
similar to those seen in the patients’ samples (Fig. 2 B).

Truncated RelA mutants do not have transcriptional activity
RelA protein consists of a REL homology domain at the
N-terminal region and transcriptional activating domains at the
C-terminal region. Therefore, we hypothesized that the expressed
truncated proteins do not have a proper transcriptional activity. To
this end, we established a dual-luciferase reporter assay to assess
the ability of each mutant to activate NF-κB–dependent gene ex-
pression. Specifically, we cotransfected RELA KOHEK293 cells with
plasmids encoding eitherWT ormutant RelA proteins or EV (empty
vector), a plasmid encoding firefly luciferase under the control of
five NF-κB responsive elements, and a plasmid encoding renila
luciferase as an internal control. The assay revealed that four RELA
variants (p.R329*, p.Y349*, p.Q389*, and the two mutant isoforms
[P5-1 and P5-2] produced due to c.1034-1G>A), as well as p.R246*
and p.Y349Lfs*13, are complete loss-of-function (LOF; Fig. 3 A and
Fig. S2 A). On the other hand, P4’s variant (p.E473Rfs*18) was
hypomorphic, similar to a known hypomorphic variant p.H487Tfs*7.
Overall, all five variants identified in the current study were LOF or
hypomorphic and, therefore, likely pathogenic.

Truncated RelA mutants are dominant-negative (DN)
To further characterize the functional significance of the RELA
mutations, we next asked whether these RelA mutants exert DN
effects on the WT protein. Using the NF-κB reporter assay, we
assessed the impact of increasing the concentrations of the
plasmids encoding various RelA mutants while maintaining the
concentration of the plasmid encoding the WT RelA protein.
Intriguingly, all five mutants, as well as the previously reported
but uncharacterized mutants p.H487Tfs*7 and p.Y349Lfs*13
(Adeeb et al., 2021; Lecerf et al., 2022), exerted a DN effect in a
dose-dependent manner compared with the p.R246*mutant that
was used as a control for RELA haploinsufficiency (Fig. 3 B and
Fig. S2 B; Comrie et al., 2018). To clarify the molecular mecha-
nism of RELA DN mutations, we next assessed the formation of
RelA-RelA homodimer (Fig. 2, B and C; and Fig. S2, C–F) and
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RelA-p50 heterodimer (Fig. S2, G–L). Immunoprecipitation as-
say showed that DN RelA mutants form dimers with WT RelA
protein. On the other hand, p.R246* RelA mutant, which causes
haploinsufficiency, did not form a dimer with WT RelA protein.
Additionally, we performed pull-down assays with appropriate
controls using Myc-empty (Myc-EV) or Myc-STAT1 vectors as
bait (Fig. S2, D, F, H, and J). Neither WT nor mutant Flag-RelA
bound to Myc-STAT1 and Myc-EV. This result suggests that the
pull-down assay actually depends on Myc-p50 or Myc-RelA and
that R246* RelA cannot bind to WT RelA or WT p50. Overall, the
patients described in this study have RELA DNmutations, which
likely underlie clinical manifestations distinct from patients
with RELA haploinsufficiency.

Patients’ leukocytes display an enhanced type I IFN signature
We unexpectedly found that the whole-blood samples of patients
with RELA DN mutations contained elevated mRNA levels of
six IFN-stimulated genes (ISGs) compared to healthy controls,
similar to the patients with genetically confirmed Aicardi-
Goutières syndrome type 1 (AGS1; Fig. 4, A and B). We then
measured the IFN-α2 concentration in the serum by ELISA. The
sera from P2, P5, and one healthy control showed detectable
levels of IFN-α2 (minimum detectable concentration: <4 pg/ml),
whereas the sera from P1/3/4 and four healthy controls showed
undetectable levels of IFN-α2 (Fig. S3 A). On the other hand, all
of the patients’ serum samples, but none of the five healthy
controls, contained detectable levels of TNF (the limit of quan-
tification: <6.23 pg/ml; Fig. S3 B). We reasoned that the insta-
bility of type I IFNs in the peripheral blood of the patients
hindered their robust detection, and we therefore hypothesized
that the patients’ leukocytes produce excessive amounts of IFNs.

To test this hypothesis, we cultured cryopreserved PBMCs from
P2/3/5 and healthy controls for 24 h with or without TLR7,
TLR8, TLR7/8 agonists, or LPS. We measured secreted cytokines
andmRNA in total leukocytes via multiplex ELISA and RT-qPCR,
respectively. We found that the patients’ leukocytes secreted
significantly high levels of IFN-α2, IFN-β, IFN-λ1, and IFN-λ2/3
in response to a TLR7 agonist (Fig. 4 C). We also observed sig-
nificantly high levels of cytokine secretion by other TLR agonists
(IFN-α2, IFN-λ1, and TNF by a TLR8 agonist; IFN-λ1 and TNF by
a TLR7/8 agonist; and TNF by LPS) (Fig. 4 C). Moreover, the
patients’ leukocytes displayed excessive induction of IFI44L,
IFIT1, and ISG15 when stimulated with a TLR7 agonist, TLR7/8
agonist, or LPS (Fig. 4 D), similar to patients with STAT1 GOF or
STAT3DNmutations as a disease control with an enhanced type I
IFN signature (Goel et al., 2021; Kaleviste et al., 2019; Scott et al.,
2021). In contrast, TLR8 agonist-induced upregulation of ISGs
was largely normal (Fig. 4 D). Thus, leukocytes with RELA DN
mutations display type I IFN signatures in vivo, probably be-
cause of TLR7-dependent excessive type I/III IFN production.

IFN blockade partially inhibits TLR-dependent hyperinduction
of ISGs in vitro
To mechanistically characterize relationships between type I/III
IFNs, TNF, and ISGs, we next investigated the impact of re-
combinant neutralizing antibodies against these cytokines in the
leukocytes of the patients (P2/3/5; biological duplicates for P3)
and healthy controls. We noted that TNF blockade (variable
region identical to adalimumab) slightly impaired production of
type I/III IFNs triggered by a TLR7 agonist in healthy controls
(Fig. S3 C). However, the patients’ cells produced excessive type
I/III IFNs regardless of TNF blockade (Fig. S3 C). Similarly, we

Figure 1. AD RELA deficiency in five families. (A) Pedigree of the five unrelated families showing familial segregation of the different RELA alleles. Gen-
erations are indicated by Roman numerals (I–II), and each individual is indicated by an Arabic numeral (1–12). Male and female individuals are represented by
squares and circles, respectively. Affected patients are represented by closed black symbols, and asymptomatic carriers are indicated by a black vertical line.
Individuals of unknown genotype are indicated by “E?” (B) Schematic representation of the RELA gene. Coding exons are numbered (1–11). The positions of the
variants observed in the patients are indicated by arrows. Novel mutations in this study are shown in bold. DN mutations are underlined.
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did not observe any impact of blockade of IFN-α2, IFN-β, and
IFN-λ1 on the production of TNF (Fig. S3 D). We next analyzed
whether IFN/TNF blockade reduces induction of ISGs. We fo-
cused on the TLR7/8 agonist, which induced significantly higher
levels of IFI44L, IFIT1, and ISG15 in the patients’ leukocytes
(Fig. 4 D). Neutralizing mAbs against IFN-β and IFN-λ1 sup-
pressed induction of IFI44L in the patients compared to the
isotype control mAb, but cells from healthy donors were not
affected by these mAbs (Fig. S3 E). Moreover, induction of IFIT1
was also inhibited by anti–IFN-β/λ1 mAbs in P3 and P5 but not
in P2. Notably, IFIT1 induction was completely abolished by
anti–IFN-α2 mAb in P2, indicating a heterogeneous dependence
on different IFNs among patients. In contrast, TNF blockade did
not inhibit induction of ISGs under the conditions tested. Thus,
excessive production of type I/III IFNs in response to TLR ago-
nists is responsible for excessive expression of ISGs in leuko-
cytes of patients with RELA DN mutations.

Normal response to recombinant type I IFNs in T lymphocytes
and monocytes in vitro
We next sought to determine whether cells with RELA DN mu-
tations are hypersensitive to IFNs with respect to ISG expres-
sion. To this end, we first stimulated T cell blasts of P1/2/3/4/5

and controls with recombinant IFN-α2 or IFN-γ. Contrary to our
expectation, however, IFN-α2 stimulation induced normal levels
of ISGs, such as IFI6, ISG15, and RSAD2 (Fig. 5 A). IFN-γ did not
induce any ISGs tested in T cell blasts (Fig. 5 A). Next, we as-
sessed the responses of sorted monocytes of P1/2/4/5 to recom-
binant IFN-α2, IFN-γ, or LPS. Again, monocytes with RELA DN
mutations showed IFN-γ–driven secretion of IFN-λ1 at a level
comparable to that of cells from healthy controls (Fig. 5 B). No-
tably, monocytes with RELA DN mutations secreted significantly
less CXCL10 (also known as IFN-γ–inducible protein 10) in re-
sponse to IFN-γ than cells from controls, indicating a repressed,
rather than augmented, response to type II IFNs (Fig. 5 B). We
further dissected the cellular response of monocytes with RELA
DNmutations to IFN-α2, IFN-γ, and LPS through RNA sequencing
(RNASeq). Principal component analysis did not reveal any global
difference in monocytes with or without RELA DN mutations
(Fig. 5 C). Differential expression (DE) analysis comparing mon-
ocytes from controls and RELA DN patients identified only 121 and
59 genes among 12,275 genes tested that were differentially in-
duced or repressed by IFN-α2 or IFN-γ, respectively (Fig. 5 D),
suggesting that RELA DN mutations do not affect >99% of the
genes expressed in response to type I or type II IFNs inmonocytes.
Consistently, gene set enrichment analysis (GSEA) of the fold-

Figure 2. Effect of the pathogenic RELA variants on the expression and dimerization of RelA protein. (A) Immunoblot analysis of RelA protein levels in
lymphoblastoid cell line and primary fibroblasts from controls and patients with AD RELA deficiency. The results shown are representative of three independent
experiments. Molecular weight units were given in kilodaltons. C1 and C2 mean healthy controls 1 and 2. (B) Immunoblot analysis of RelA protein levels in total
protein extracts of HEK293 cells transfected with anti–c-Myc, anti-Flag, or anti–β-actin antibody. (C) Whole-cell lysate immunoprecipitated with anti-HA
antibody was used as an experimental negative control. Whole cell lysates were immunoprecipitated with anti–c-Myc antibody and then immunoblotted with
anti-Flag or anti-Myc antibody. The p.R246* mutant, which causes RELA haploinsufficiency, impaired binding to WT RelA, whereas the other mutants exhibited
normal binding to WT RelA. Two independent experiments were performed to confirm the results. Source data are available for this figure: SourceData F2.
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change-based ranks of DE genes in RELA DN patients compared to
controls in response to IFN-α2, IFN-γ, or LPS did not identify any
hallmark gene sets that were significantly enriched or depleted.
Thus, RELA DN mutations do not augment cellular responses to
type I IFNs in either T lymphocytes or monocytes.

Enhanced type I IFN signature across lymphoid and myeloid
leukocyte subsets
To delineate the cellular and molecular basis of the observed type I
IFN signatures and excessive production of type I/III IFNs, we an-
alyzed PBMCs of P1/2/3/4/5, together with patients with STAT1
GOF and STAT3 DN mutations (N = 1 each), through single-cell
RNASeq (scRNASeq). Batch-corrected clustering analysis identi-
fied 22 distinct leukocyte subsets (Fig. 6 A and Fig. S4, A and B). The
development of lymphoid and myeloid leukocyte subsets in the
patients was not affected (Fig. S4 C). Pseudobulk DE analysis re-
vealed massive upregulation of ISGs across a broad range of leu-
kocyte subsets in patients with RELADN, STAT1GOF, and STAT3DN
mutations compared to healthy controls (both adults and children;
Fig. 6, B and C; and Fig. S4 D). Furthermore, intercellular commu-
nication analysis using CellChat (Jin et al., 2021) inferred signifi-
cantly higher numbers of ligand‒receptor interactions in cytotoxic
lymphocytes (terminally differentiated effector T and natural killer
lymphocytes) and classical and nonclassical monocytes of patients
with RELA DN, STAT1 GOF, and STAT3 DN mutations compared to
healthy pediatric controls, again implicating physiological similarity
among these monogenic conditions (Fig. 6 D). Thus, a broad range
of lymphoid and myeloid cells with RELA DN mutations exhibits a
type I IFN signature, similar to classical type I interferonopathy
triggered by STAT1 GOF or STAT3 DN mutations.

Enhanced expression of molecular components involved in
TLR7 signaling
We explored scRNASeq data to investigate the molecular path-
ogenesis underlying TLR7-dependent hyperproduction of type

I/III IFNs by leukocytes with RELA DN mutations. First, GSEA
based on pseudobulk DE analysis revealed significant upregu-
lation of genes related to TLR signaling only in plasmacytoid
dendritic cells (pDCs), a specialized myeloid cell subset pro-
ducing a large amount of type I IFNs in response to TLR7 ago-
nists (Asano et al., 2021a; Asano et al., 2021b), in patients with
RELA DN mutations compared to healthy children (Fig. S4 E).
The leading-edge genes upregulated in the patients include
genes encoding TLR7 signal mediators such as IRF7, IRAK4, and
IKBKB (Kawai and Akira, 2007). Surprisingly, we found that
most of the leading-edge genes for pDCs, most notably IRF7,
were actually upregulated in various lymphoid and myeloid
leukocyte subsets in RELA DN patients (Fig. 7 A). Consistent with
the observed elevated expression of IRF7 mRNA at baseline, we
found that TLR7 and TLR7/8 agonists, but not a TLR8 agonist,
induced higher expression of IRF7 mRNA in the patients’ leu-
kocytes (Fig. 7 B). IRF7 is critically required for type I IFN pro-
duction by pDCs in mice (Honda et al., 2005). These
observations led us to hypothesize that DN RelA induces tran-
scription of genes encoding components involved in TLR7 sig-
naling. Indeed, reanalysis of the scRNASeq data revealed
significantly enhanced expression of TLR7 and MYD88 in clas-
sical and nonclassical monocytes, myeloid DCs (mDCs), and
pDCs, as well as IRF7 in a broad range of lymphoid and myeloid
leukocyte subsets, in RELA DN patients compared to healthy
children (Fig. 7 C). Thus, RELA DN mutations underlie type I
interferonopathy by unleashing TLR7-dependent induction
of type I/III IFNs, probably in both pDCs and non-pDC
myeloid cells.

Discussion
Here, we report a novel form of human AD RELA deficiency,
with DN mutations in six patients from five unrelated families.
Previously, 14 patients from four families with AD RELA

Figure 3. NF-κB reporter assay. (A) 25 ng plasmids encoding WT or mutant RelA protein was used. The p.E473Rfs*18 and p.H487Tfs*7 RELA variants were
hypomorphic, having ∼8.0 and 32.3% residual activity, respectively, whereas the other five mutants, including p.R246*, were classified as LOF. (B) The total
amount of expression vector, containing WT (12.5 or 25 ng) and mutant (12.5, 25, or 37.5 ng) RELA, was adjusted to 50 ng by supplementation with EV. All of the
mutants, except for p.R246* mutants, which cause RELA haploinsufficiency, showed a dose-dependent negative effect against WT RelA. The mean ± SEM of
three independent experiments is shown.
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haploinsufficiency have been described (Badran et al., 2017;
Comrie et al., 2018; Adeeb et al., 2021; Lecerf et al., 2022). The
first study reported four cases from a two-generation family
with a heterozygous mutation in RELA (c.599 + 1G>A) that

caused RELA haploinsufficiency (Badran et al., 2017). The pa-
tients presented chronic mucocutaneous ulcers in their oral and
genital regions with onset in their first years of life. One of the
patients suffered from relatively severe symptoms associated

Figure 4. RELA DN mutations underlie type I interferonopathy. (A and B) Relative expression of (A) six ISGs and (B) IFN scores of 11 healthy controls, five
patients with DN RELAmutations, and three patients with AGS were evaluated by RT-qPCR. The relative abundance of each transcript was normalized to the
expression level of β-actin, and the results are shown relative to a single calibrator. The experiment was performed in triplicate. The median of the relative
quantification of the six ISGs was used to calculate the IFN score for each patient. IFN scores greater than +2 SD of the average of 11 healthy controls (5.04)
were designated as positive. For each DN RELA patient except P3, multiple blood draws were taken at regular follow-up appointments in the absence of
obvious signs of infection or fever. For P3, only one sample, taken just before bone marrow transplant (under conditioning), was available. For disease controls,
data from three AGS patients (two genetically diagnosed: IFIH1 [p.R779H/WT] and IFIH1 [p.R720Q/WT], and one clinically diagnosed) was used. (C and D)
PBMC stimulation assay. PBMCs of P2/3/5, patients with STAT1 GOF or STAT3 DN mutations, and healthy donors were stimulated with TLR7, TLR8, TLR7/8
agonists, or LPS for 24 h. (C) Secreted cytokines as measured by a LEGENDplex assay. NS, not stimulated. (D) Gene expression as determined by qPCR. GUSB
was used as an internal control. In C and D, results from two experiments were compiled. Statistical significance of the difference between RELA DN patients
and healthy controls was determined by two-tailed Wilcoxon’s rank sum test with FDR adjustment. Two independent experiments were performed to confirm
the results. Bars represent the mean and SEM.
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with recurrent acute ileitis. The second report of RELA hap-
loinsufficiency described a patient with autoimmune hemato-
logical disorders (neutropenia and thrombocytopenia),
splenomegaly, and mild lymphadenopathy associated with RELA
heterozygosity (c.736C>T, p.R246*; Comrie et al., 2018). In con-
trast, five cases from a three-generation family harbored a
monoallelic single nucleotide deletion, c.1459delC (p.H487Tfs*7),
and four cases presented with p.Y349Lfs*13 mutation in the 39
portion of RELA, which was found to be a DN mutation in the
present study (Adeeb et al., 2021; Lecerf et al., 2022). Here, we
stratified each case into a phenotypic category on the basis of
DN or haploinsufficiency (Table 1). The patients with RELA
DN mutations shared clinical phenotypes with RELA hap-
loinsufficiency, presenting chronic mucocutaneous ulcerations
and autoimmune hematological disorders such as immune
thrombocytopenia (ITP) and neutropenia. However, patients
with RELA DN mutations additionally presented periodic fever,
inflammatory bowel diseases (IBDs), juvenile idiopathic arthritis
(JIA), and skin involvement. Complete penetrance was observed
for IBD. Moreover, one patient needed hematopoietic stem cell
transplantation (HSCT) to treat refractory thrombocytopenia.

These clinical observations suggest that patients with RELA DN
mutations apparently have severer phenotypes and worse clin-
ical outcomes than those with RELA haploinsufficiency. The
comprehensive characterization of the mechanisms of negative
dominance in AD IEI conditions improves both our under-
standing of the pathogenesis and its clinical management (Asano
et al., 2021a; Asano et al., 2021b; Béziat et al., 2020).

The RELA mutations newly identified in the current study
accumulated in the 39 portion of the RELA gene and are expected
to escape the RNA decay system by creating a premature stop
codon within the last exon or ∼55 bp of the penultimate exon of
the RELA gene. As expected, stable expression of mutant allele-
derived mRNA and the corresponding truncated protein prod-
ucts were experimentally confirmed in the patient samples. The
establishment of RELA KO HEK293 cells enabled us to perform a
detailed characterization of the identified variants. The NF-κB
reporter assay revealed that four RELA mutations (p.R329*,
p.Q389*, p.Y349*, and two mutant isoforms [P5-1 and P5-2] due
to c.1034-1G>A), as well as p.R246* and p.Y349Lfs*13 mutations,
are complete LOF. On the other hand, p.E473Rfs*18 and
p.H487Tfs*7 mutations were hypomorphic, presenting some

Figure 5. Cellular responses to type I and II IFNs. (A) T cell blast stimulation assay. T cells were expanded for ∼13 d and restimulated with the indicated
reagents for 4 h. Gene expression levels were determined by qPCR. GUSBwas used as an internal control. (B–D)Monocyte stimulation assay. CD14+ monocytes
were sorted, rested overnight, and then stimulated with the indicated reagents for 4 h. (B) Secreted cytokines as measured by a LEGENDplex assay. Statistical
significance of the difference between RELADN patients and healthy controls was determined by two-tailedWilcoxon’s rank sum test with FDR adjustment. (C
and D) RNA sequencing. (C) Global transcriptional profiles were summarized via uniform manifold approximation and projection (UMAP). (D) Differential
expression analysis. Genes with log2 fold-changes below −1 or above 1, together with FDR-adjusted P values below 0.05, are colored. In A and B, bars represent
the mean and SEM.
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residual activities. The five RELA mutations identified in the
current study, together with the p.Y349Lfs*13 and p.H487Tfs*7
mutations reported in previous studies (Adeeb et al., 2021;
Lecerf et al., 2022) exerted a DN effect against the WT protein
in a dose-dependent manner, whereas p.R246* RELA, a known
LOF mutation that leads to RELA haploinsufficiency, did not
affect WT protein-induced NF-κB upregulation. Curiously,
hypomorphic RELA mutants (p.E473Rfs*18 and p.H487Tfs*7)
also exerted a DN effect, but this effect was subtle compared

with those in the other four LOF and DN mutations. This ob-
servation may explain the relatively mild symptoms in P4 and
the presence of asymptomatic carriers (P4’s father) in Family C.

Aberrantly enhanced type I IFN signaling is a hallmark of
type I interferonopathy, which manifests as various forms of
autoimmune and autoinflammatory disease (Jeremiah et al.,
2014; Kacar et al., 2019; Crow and Stetson, 2022). We detected
elevated expression of multiple ISGs, known as type I IFN sig-
nature, in patients with RELA DN mutations. Consistently, our

Figure 6. Type I IFN signatures across lymphoid and myeloid leukocyte subsets. scRNASeq analysis was performed on cryopreserved PBMCs from P1/2/
3/4/5, patients with STAT1 GOF (N = 2), or STAT3 DN (N = 1) mutations, and healthy adult and pediatric controls. (A) Unsupervised clustering. Graph-based
clustering was performed after batch correction with Harmony, and clusters were manually identified with the aid of the SingleR pipeline informed by the
MonacoImmuneDataset. (B) GSEA. Genes were ranked based on the fold-change estimated through pseudobulk differential expression analysis between
patients and healthy pediatric controls. Gene ranking was projected against the Hallmark gene sets (http://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?
collection=H). Only gene sets with FDR-adjusted P values below 10−20 in at least one cell type are shown. NES, normalized enrichment score. (C) Heatmap
showing the log2 fold-change values between patients and healthy pediatric controls for the GSEA leading-edge genes for the hallmark IFN-α signaling gene set
in classical monocytes. (D) Intercellular communication analysis with CellChat. Statistical significance for the difference between RELA DN patients and healthy
children was determined through two-tailed Wilcoxon’s rank sum test with FDR adjustment. Bars represent the mean and SEM.
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Figure 7. Enhanced expression of molecular components involved in TLR7 signaling. (A) Heatmap showing log2 fold-change values between RELA DN
patients and healthy pediatric controls for pseudobulk GSEA leading-edge genes for the Kyoto Encyclopedia of Genes and Genomes (KEGG) TLR signaling gene
set in pDCs. (B) Fold-change induction over nonstimulated conditions of IRF7mRNA in PBMCs from RELA DN patients (P2/3/5; biological duplicates for P3) and
healthy controls stimulated with TLR agonists for 24 h. GUSBwas used as an internal control. (C) Fraction of cells expressing mRNA for genes involved in TLR7
signaling. Statistical significance for the difference between RELA DN patients and healthy children was determined through a two-tailed Wilcoxon’s rank sum
test with FDR adjustment. Bars represent the mean and SEM.
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patients developed JIA, thyroiditis, and other symptoms that can
be associated with type I interferonopathy (Tables S1 and S2). In
the current study, we showed that (1) sera from patients with
RELA DNmutations contained aberrantly elevated levels of TNF;
(2) leukocytes with RELA DN mutations secreted excessive
amounts of TNF in response to LPS, TLR8 agonist, and TLR7/8
agonist; (3) myeloid cells (classical and nonclassical monocytes,
mDCs, and pDCs) with RELA DN mutations showed enhanced
TLR7 and MYD88 mRNA expression; (4) leukocytes with RELA
DN mutations secreted excessive amounts of type I/III IFNs and
IRF7 mRNA in response to a TLR7 agonist; and (5) blockade of
type I/III IFNs partially inhibited TLR7/8-driven upregulation of
ISGs. On the other hand, we did not observe any enhanced re-
sponse to type I or type II IFNs in patient T lymphocytes or
monocytes. Although TLR7 is predominantly and constitutively
expressed in pDCs, TNF is known to induce transcription of
TLR7 mRNA in an NF-κB–dependent manner in cells other than
pDCs (Lee et al., 2009). Similarly, transcription of IRF7mRNA is
governed by both IFN-driven ISG factor 3 and TNF-driven RelA-
p50 heterodimers in human monocytes (Lu et al., 2002). TLR7
recognizes single-stranded RNA (typically of viral origin) and
functions withMyD88 to activate the RelA-p50 heterodimer and
induce phosphorylation and homodimerization of IRF7 (Kawai
and Akira, 2007). Therefore, we postulate that excessive TNF
produced in response to various environmental stimuli causes
upregulation of TLR7 and IRF7 in myeloid leukocytes other than
pDCs, such as monocytes and mDCs, thus driving excessive
TLR7-dependent production of type I/III IFNs and induction of
ISGs. Most patients with RELA haploinsufficiency are effectively
treated with anti-TNF agents, as was the case for P1 in this re-
port. Consistently, Rela+/− mice develop cutaneous ulceration
when exposed to TNF and exhibit severe dextran sodium
sulfate–induced colitis ameliorated by TNF inhibition (Badran
et al., 2017). Clinical and experimental evidence suggests that

excessive TNF-dependent immunopathology is a common
pathogenic factor in patients with AD RELA deficiency. On the
other hand, the apparent absence of type I interferonopathy-
associated clinical phenotypes in patients with RELA hap-
loinsufficiency suggests that the presence of DN RelA mutants is
indispensable for induction of type I IFN signatures. One pos-
sibility is that prolonged binding of DN RelA mutants prevents
condensation of the chromatin region harboring the IRF7 pro-
moter, as topoisomerase inhibitors such as etoposide sponta-
neously induce transcription of IRF7 in a human B lymphoma
cell line (Lu et al., 2002). Given the clinical and cellular features
of type I interferonopathy in patients with RELA DN mutations,
Janus kinase inhibitors are a promising option for cases refrac-
tory to anti-TNF or other therapy (Jamilloux et al., 2019).
Overall, this report establishes a novel form of AD IEI caused by
RELA DN mutations leading to chronic mucocutaneous ulcer-
ations and other autoinflammatory and autoimmune manifes-
tations. This study also mechanistically connect the hitherto
separate groups of IEI of NF-κB pathway and type I
interferonopathies.

Materials and methods
Case reports
P1 (Family A) is a Japanese male who suffered from periodic
fever, cervical lymphadenopathy, and tonsillitis from the first
month after birth (Tables S1 and S2). He began to complain of
daily abdominal pain and refractory diarrhea at 6 yr of age. The
patient had scoliosis of the thoracic vertebra. Mucosal inflam-
mation in the entire colon and multiple annular ulcers were
observed in the ascending colon during endoscopy. Pathological
examination showed the infiltration of neutrophils and crypt
abscesses. Only the anti-TNF antibody infliximab was effective
in controlling his symptoms. His mother (P2) had recurrent

Table 1. The comparison of clinical manifestations between RELA DN and RELA haploinsufficiency
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aphthous stomatitis without detectable HSV, Candida, or other
specific pathogens, as well as periodic fever and arthralgia be-
ginning in childhood, and was diagnosed with JIA. She also ex-
hibited the same heterozygous variant as previously described
(Uchida et al., 2020).

P3 (Family B) is a Japanese male who has presented with
perianal abscesses since the neonatal period (Tables S1 and S2).
He developed ITP at the age of 2 yr and intractable diarrhea and
neutropenia at the age of 4 yr (Table S3). Endoscopy showed a
longitudinal ulcer and mucosal edema from the ileal valve to the
terminal ileum without detectable HSV, Candida, or the other
specific pathogens. He was given a diagnosis of chronic ITP with
elevated PA-IgG levels, autoimmune neutropenia with positive
antineutrophil antibodies, and IBD. Steroid pulse therapy,
prednisolone, tacrolimus, rituximab, and other immunosup-
pressive therapies were administered, but the thrombocyto-
penia was refractory. At the age of 9 yr, after the genetic diagnosis
was confirmed, HSCT with a reduced-intensity regimen (etopo-
side, 450mg/m2; fludarabine, 180mg/m2; melphalan, 140mg/m2;
total-body irradiation, 3 Gy; rabbit anti-thymocyte globulin,
5 mg/kg) was performed. Complete donor chimerism was
achieved with mild intestinal graft versus host disease. Im-
munosuppressant therapy was discontinued, and the patient
remained in complete remission for more than 1 yr after HSCT.

P4 (Family C) is a 10-yr-old Japanese male whose symptoms,
such as periodic fever and painful subcutaneous nodules, began
at the age of 2 yr (Tables S1 and S2). The patient exhibited no
mental retardation, but he had short stature (−2.2 SD) and low
body weight (−2.1 SD). His febrile attacks occurred once a month
to once a year and lasted 1–3 d. In his early childhood, febrile
episodes were always accompanied by painful subcutaneous
nodules in his trunk and extremities (Fig. S5, A–C). The sub-
cutaneous nodules were up to several centimeters in size and
were accompanied by redness and swelling of the superficial
skin. Skin biopsy revealed mild epidermal spongiosis and slight
infiltration of mononuclear cells around the small vessels of the
upper dermis (Fig. S5, D–G). In his late childhood, skin symp-
toms became less frequent, while he began complaining of
generalized myalgia with a duration ranging from hours to a full
day in almost every febrile episode. Stomatitis was occasionally
present, but no other gastrointestinal symptoms were noted.
Blood tests revealed mild elevation of acute phase reactants,
elevated IgG (22.0 g/liter) and IgD (53.8 mg/dl) as well as IL-
1β (42 pg/ml) and weakly positive antinuclear antibody. Oral
cimetidine did not affect the frequency of febrile attacks.

P5 (Family D) is a Japanese male who suffered from periodic
fever lasting from 1 to 3 d every 8 d since the age of 6 mo (Tables
S1 and S2). Under the diagnosis of an autoinflammatory disease
of unknown etiology, tocilizumab therapy was initiated, in ad-
dition to regular oral nonsteroidal anti-inflammatory drugs. He
presented growth failure with no mental retardation. We also
measured his height (−3.3 SD) and weight (−2.5 SD). The patient
had mild aortic regurgitation, hypothyroidism, and recurrent
pancreatitis without pancreatic ductal anomaly. No autoanti-
bodies other than antinuclear antibodies were detected (Table
S2). Endoscopy at 11 yr of age showed multiple erosive ul-
cers in the ascending, transverse, and descending colon and

inflammation of the entire colon. He received a diagnosis of IBD
and was switched from tocilizumab to anti-TNF antibody
(adalimumab).

P6 (Family E) is a 21-yr-old male of Moroccan origin whose
symptoms, such as repeated bacterial and mycotic infections,
began at the age of 18mo. There was no family history except his
sister who presented atopy. He had a short stature (−3.0 SD) and
delayed puberty (Tanner stages: stage 1 of pubic hair scale, stage
2 of male external genitalia scale) without mental retardation. In
his early childhood, he presented with bullous lesions in the toes
and trunk that then disseminated to the body. He also had
conjunctivitis. Dermatological examination showed facial edema
with macrochelitis, diffuse xerosis, fissured intertrigo of the
neck, subcutaneous nodules of his body, and adherent crusts of
the scalp. Skin symptoms became less frequent after topical
corticosteroids, antibiotics and antimycotics, but symptoms re-
appeared each time and were responsible for frequent hospi-
talizations. The last patient presented with lymphedema of the
right leg with irregular erythematous plaque and the beginning
of desquamation associated with well-defined ulcerations. Blood
tests revealed lymphopenia (0.80 × 109/liter), elevated IgG
(22.1 g/liter), elevated IgE (2,950 IU/ml), and elevated inflam-
matory biomarkers, such as C-reactive protein. The other tests
were normal. The clinical diagnosis of hyper IgE syndrome was
retained.

Full-length RT-PCR for RELA and qPCR analysis
Total RNA was extracted by an RNeasy mini kit (Qiagen) and
used as the template for cDNA synthesis with Super Script II
reverse transcriptase (Life Technologies). The cDNA for the full-
length transcript was amplified with the following primers:
forward primer: 59-GCGAATGGCTCGTCTGTAGT-39, reverse
primer: 59-AGAAGCTGGAGGATGGGGAT-39. RT-qPCR was per-
formed with the Biosystems Assays-on-Demand probe/primer
for TaqMan probes for RELA (Hs0104201_m1; Thermo Fisher
Scientific). β-actin was used for normalization. The results are
expressed according to the 2−ΔΔC(t) method, as described by the
manufacturer.

Immunoblotting
Total protein extracts were prepared by mixing cells with lysis
buffer (CellLytic M, Sigma-Aldrich) containing protease inhib-
itor cocktail (Sigma-Aldrich). Then, cytoplasmic and nuclear
proteins were extracted with a Nuclear/Cytosolic Fractionation
Kit (Cell Biolabs, Inc.) according to the manufacturer’s in-
structions. To confirm whether the cytoplasmic and nuclear
proteins were properly separated, the membranes were probed
with anti–α tubulin antibody (B-7; Santa Cruz Biotechnology)
and anti–lamin A/C antibody (E-1; Santa Cruz Biotechnology).
Equal amounts of protein (according to the Pierce BCA Protein
Assay Kit; Thermo Fisher Scientific) were resolved by sodium
dodecyl sulfate‒polyacrylamide gel electrophoresis in a Mini-
PROTEAN TGX 10% Precast Gel (Bio-Rad) and transferred to a
polyvinylidene difluoride membrane. The membrane was pro-
bed using an antibody against RelA (F-6; Santa Cruz Biotech-
nology) or β-actin (017-24551; Wako). The appropriate
horseradish peroxidase–conjugated secondary antibodies were
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incubated with the membrane, and antibody binding was de-
tected using Amersham ECL Prime Western Blotting Detection
Reagents (GE Healthcare) and a ChemiDoc MP system (Bio-Rad).

Co-immunoprecipitation
The pCMV4 plasmids with a Myc or Flag tag inserted at the 59
end of RELA and a Myc tag at the 59 end of NFKB1 encoding p50
were generated by PCR. RELAKOHEK293 cells were seeded in 6-
well plates (7.5 × 105/well) and transfected with 2.5 µg of Myc-
RELA or Myc-NFKB1/pCMV4 and 2.5 µg of Flag-RELA/pCMV4
carrying WT or each variant using Lipofectamine LTX (Thermo
Fisher Scientific) according to the manufacturer’s protocol. The
transfected cells were divided into two fractions, which were used
for direct immunoblotting and immunoprecipitation followed by
immunoblotting. Co-immunoprecipitation was performed using a
Dynabeads Co-Immunoprecipitation Kit (Invitrogen). 10 μg of
anti–c-Myc antibody (Sigma-Aldrich) was added to 1.5 mg of Dy-
nabeads and incubated overnight at 37°C for coupling. Cell pellets
were lysed and incubated with the antibody-coupled beads on a
rotator for 30 min at 4°C, washed four times with Extraction
Buffer A containing 100 mM NaCl, and finally washed with
washing buffer and then eluted from the beads.

Establishment of RELA KO HEK293 cells
HEK293 cells stably transfected with the human TLR4a, MD2,
and CD14 genes were purchased (293-htlr4md2cd14; Invitrogen).
The RELA gene was knocked out using the clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 system. A
single-guide RNA targeting the RELA gene (target sequence; 59-
TCCTTTCCTACAAGCTCGTG-39) and Cas9 expression plasmid
was constructed using the PX458 vector (48138; Addgene). 10 μg
of plasmid was electroporated into 1 × 106 cells with a NEPA21
electroporator (Nepa Gene Co). 2 d after electroporation, single
clones obtained by limiting dilution were cultured. After two
rounds of electroporation and single clone selection, RELA KO
cells were established. Successful RELA KO was confirmed by
direct sequencing of genomic DNA and Western blotting of
candidate clones.

Transfection of RELA-deficient HEK293 cells and expression of
RELA variants
The pCMV4 vector encoding human RELA was purchased from
Addgene. The construct carrying the mutant allele was gener-
ated by direct mutagenesis with the QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies). Direct
mutagenesis was used to generate the RELAmutation in theWT
plasmid. Cells were transfected for 24 h using Lipofectamine
LTX according to the manufacturer’s protocol, after which RelA
protein was detected by immunoblotting with monoclonal anti-
RelA antibody (F-6; Santa Cruz Biotechnology) and an antibody
against β-actin (loading control).

NF-κB reporter assay
RELA KO HEK293 cells were cotransfected with the pCMV4
expression vector containing WT or mutant RELA, the reporter
vector (in combination with 100 ng of IgkCona-Luc and 5 ng of
pRL-TK [Promega]) using Lipofectamine LTX. The total amount

of WT or mutant RELA vector was kept constant at 50 ng by
supplementation with EV. 24 h later, the cells were lysed in
passive lysis buffer, and luciferase activities were measured in
the Dual-Luciferase Reporter Assay (Promega). The experiments
were performed in quadruplicate, and the data are expressed in
relative luciferase units. The results shown are representative of
three independent experiments.

Type I IFN signature analysis in whole-blood leukocytes
The type I IFN signature was determined as previously de-
scribed (Oda et al., 2014). Total RNA was extracted from whole
blood collected into PAXgene Blood RNA tubes (762165; Pre-
AnalytiX) and reverse-transcribed by a PrimeScript II 1st strand
cDNA synthesis kit (6210A; Takara Bio). qPCR was performed with
TaqMan Gene Expression Master Mix (4369016; Applied Bio-
systems) with probes (IFI27, Hs01086370_m1; IFIT1, Hs00356631_g1;
RSAD2, Hs01057264_m1; SIGLEC1, Hs00988063_m1; ISG15,
Hs00192713_m1; IFI44L, Hs00199115_m1; BACT, Hs01060665_g1;
Applied Biosystems) on a StepOnePlus Real-Time PCR system
(Thermo Fisher Scientific). The expression levels of each tran-
script were determined in triplicate and normalized to the level
of β-actin. The results are shown relative to a single calibrator.
Themedian relative quantification value of the six ISGs was used
to calculate the “IFN score” for each patient. IFN scores greater
than +2 SD of the average of 11 healthy controls (5.04) were des-
ignated as positive. For each DN RELA patient except P3, multiple
blood draws were taken at regular follow-up appointments in the
absence of obvious signs of infection or fever. For P3, only one
sample, taken just before bone marrow transplant (under condi-
tioning), was available. For disease controls, data from three AGS
patients (two genetically diagnosed: IFIH1 [p.R779H/WT] and
IFIH1 [p.R720Q/WT], and one clinically diagnosed) were used.

scRNASeq of primary leukocytes at steady state
Cryopreserved PBMCs from P1/2/3/4/5, one patient with a
heterozygous STAT1 GOF mutation, and one patient with a het-
erozygous STAT3 DN mutation were analyzed through scRNA-
Seq. Briefly, thawed cells were washed with medium and
filtered with a 70-µm MACS SmartStrainer (Cat: 130-098-462;
Miltenyi Biotec) to remove large debris. The cells were then
washed three times with PBS plus 0.5% FBS and finally filtered
again with a 40-µm Falcon Cell Strainer (Cat: 352340; Corning)
before being subjected to single-cell capture via a 10X Genomics
Chromium chip. Libraries were prepared with a Chromium
Single Cell 39 Reagent Kit (v3 Chemistry) and sequenced with
an Illumina NovaSeq 6000 sequencer. Sequences were pre-
processed with CellRanger. Approximately 10,000 cells were
sequenced per sample, with ∼30,000 reads per cell on average.

Data generated during this study underwent integrative
analysis with historical controls (11 adult and six pediatric con-
trols in nine batches of experiments) and publicly available
control PBMC datasets downloaded from the 10X Genomics
web portal (https://support.10xgenomics.com/single-cell-gene-
expression/datasets). Data were first manually filtered based on
common quality-control metrics. The filtered data were then
integrated with Harmony (Korsunsky et al., 2019). Two se-
quential rounds of graph-based clustering were performed. The
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first round of clustering identified general leukocyte subsets,
while the second round of clustering identified memory and
effector T lymphocyte subsets and natural killer lymphocytes
with a sufficiently high resolution. Clusters were identified
based on canonical marker gene expression with the aid of
the SingleR pipeline (Aran et al., 2019) guided by Mon-
acoImmuneData (Monaco et al., 2019). The cellular indexing of
transcriptomes and epitopes by sequencing (CITE-Seq) datasets
obtained from 10X also informed the identity of each cluster.
Pseudobulk differential expression analysis was conducted with
DESeq2 (Love et al., 2014), excluding all public datasets. GSEA
was conducted with the fgsea package by projecting the fold-
change ranking onto various MSigDB gene sets (http://www.
gsea-msigdb.org/gsea/msigdb/genesets.jsp). Intercellular com-
munication analysis was conducted with CellChat (Jin et al.,
2021). All analyses were performed in R v4 (http://www.R-
project.org/). The data were uploaded under the SRA ID
(PRJNA845112).

PBMC stimulation assay
Cryopreserved PBMCs were thawed, counted, and dispensed
into U-bottom 96-well plates at a density of 1 × 105 cells per
100 μl of RPMI plus 10% FBS. The cells were left unstimulated or
stimulated with the TLR7 agonist CL264 (Invivogen; 5 μg/ml),
the TLR8 agonist TL8-506 (Invivogen; 100 ng/ml), the TLR7/8
agonist R848 (Invivogen; 1 μg/ml), or LPS (Sigma-Aldrich; 10 ng/
ml) for 24 h. For studies with neutralizing antibodies, anti–TNF-
hIgG1 or anti–β-Gal-hIgG1, anti–IFN-α, anti–IFN-β, anti–IL-29, or
mouse IgG2a isotype control (all purchased from Invivogen; 1 μg/
ml) was used. Supernatants were harvested and stored at −20°C
until analysis. Levels of secreted cytokines were determined with
a LEGENDplex assay (BioLegend). Cell pellets were lysed with
DNA/RNA Shield (Zymo Research) and stored at −20°C until
analysis. Extracted total RNA was used for RT-qPCR analysis.
FAM-MGB TaqMan probes (IFI44L, Hs00199115_m1; IFIT1,
Hs00356631_g1; ISG15, Hs00192713_m1; IRF7, Hs01014809_g1)
were purchased from Thermo Fisher Scientific. The GUSB
VIC-TAMRA probe was used as an internal control.

Blood collection
Blood samples were collected from all patients and relatives after
written informed consent had been obtained. Blood samples
were drawn as part of the diagnostic procedure. The study was
approved by the Tohoku University School of Medicine.
Heparin-treated blood samples were obtained from healthy
relatives of the patient. All these procedures were conducted in
accordance with the 1975 Declaration of Helsinki, as revised
in 2013.

Whole-exome sequencing
Genomic DNA (3 µg) extracted from the peripheral blood cells of
the patient was sheared with a Covaris S2 Ultrasonicator (Co-
varis). An adaptor-ligated library was prepared with the Paired-
End Sample Prep kit V1 (Illumina). Exome capture was performed
with the Sure Select Human All Exon kit (Agilent Technologies).
Single-end sequencing was performed on an Illumina Genome
Analyzer IIx (Illumina), generating 72-base reads.

Sanger sequencing
Genomic DNA was isolated from whole blood cells. RELA ge-
nomic DNA was amplified with specific primers (PCR amplifi-
cation conditions and primer sequences available upon request).
PCR products were analyzed by electrophoresis in 1% agarose
gels, sequenced with the BigDye Terminator cycle sequencing
kit (Applied Biosystems), and analyzed on an ABI Prism 3700
instrument (Applied Biosystems).

Cell isolation and culture
Human PBMCs were isolated by Ficoll–Hypaque density cen-
trifugation (Amersham Pharmacia Biotech) from whole blood and
cultured in RPMI medium supplemented with 10% FBS (Gibco
BRL, Invitrogen). Immortalized B lymphoblastoid cell lines were
induced in-house from PBMCs and cultured in RPMI medium
supplemented with 10% FBS. Primary human fibroblasts were
obtained from skin biopsy specimens and cultured in DMEM
(Gibco BRL, Invitrogen) supplemented with 10% FBS. T cell blasts
were induced from PBMCs with ImmunoCult CD3/CD28/CD2
T cell activator and ImmunoCult XF T Cell Expansion Medium
(STEMCELL) supplemented with IL-2 (Roche, 10 ng/ml). All cells
were cultured at 37°C under an atmosphere containing 5% CO2.

FACS of monocytes
Freshly thawed PBMCs were stained with reagents in FACS
buffer (2% FBS and 2 mM EDTA in PBS, filter-sterilized) for 1 h
at 4°C in the dark. CD3−CD19−CD14+ monocytes were sorted.

Stimulation assay with IFNs in vitro
Sorted monocytes (1 × 104 cells per well) or expanded T cell
blasts (day 13 after induction; 5 × 105 cells per well) were left
unstimulated or stimulated with human IFN-α2 (100 IU/ml),
IFN-γ (105 IU/ml), PMA and ionomycin (1:1,000; eBioscience),
or LPS (10 ng/ml) for 4 h. Secreted cytokine levels were de-
termined by a LEGENDplex assay (BioLegend); mRNA levels
were quantified by qPCR with the following TaqMan probes:
IFI6, Hs00242571_m1; ISG15, Hs00192713_m1; and RSAD2,
Hs00369813_m1. GUSB was used as an internal control.

RNASeq
RNA was extracted from sorted and stimulated monocytes with
RNeasy Plus Micro Kit (Qiagen). Full-length cDNA was gener-
ated from 1 ng of total RNA with SMART-Seq v4 Ultra Low Input
RNA Kit (634888; Clontech), and 1 ng of cDNA was used to
prepare libraries with Nextera XT DNA Library Preparation Kit
(FC-131-1024; Illumina). Libraries with unique barcodes were
pooled at equal molar ratios and sequenced using an Illumina
NovaSeq 6000 sequencer with V1.5 reagents and NovaSeq
Control Software V1.7.0 to generate 100-bp paired-end reads,
according to the manufacturer’s protocol. The FASTQ files
generated were first inspected by fastqc to check sequencing
quality. Sequences were aligned with the GENCODE human
reference genome GRCh37.p13 with STAR aligner v2.6, and
alignment quality was evaluated with RSeQC. Gene-level fea-
tures were quantified with featureCounts v1.6.0 based on the
GENCODE GRCh37.p13 gene annotation. Count data were nor-
malized through variance-stabilizing transformation implemented
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in the DESeq2 package. DE analysis was performed with DESeq2
(Love et al., 2014).

Optimization of co-immunoprecipitation conditions
To verify whether RELA variants can form dimers with WT
RELA or WT p50, we confirmed co-immunoprecipitation using
Myc-RELA or Myc-p50 as bait. Myc-mock or Myc-STAT1 was
used as bait controls. RELA KO HEK293 cells were transfected
with 2.5 µg of Myc-RELA (pCMV4), Myc-NFKB1 (pCMV4), Myc-
STAT1 (pcDNA3), or Myc-EV (pcDNA3) and 2.5 µg of Flag-RELA
(pCMV4) carrying WT or each variant. The transfected cells
were divided into two fractions used for direct immunoblotting
and immunoprecipitation followed by immunoblotting.

Healthy controls
The healthy controls were volunteer blood donors from Japan
and the United States.

Ethics statement
This study was conducted in accordance with the Helsinki
Declaration and approved by the Ethics Committee of Hiroshima
University (No. hi-126-5), Tohoku University School ofMedicine
(2019-1-561), Kyoto University Hospital (No. G1118, G1233, and
G0729), Kyushu University (#531-03), and the Rockefeller Uni-
versity (institutional review board protocol no. JCA-0708).

Online supplemental material
Fig. S1 shows analysis of the RELA variants found in the patients.
Fig. S2 presents functional characterization of the RelA mutants
in an overexpression system. Fig. S3 provides additional infor-
mation about enhanced expression of type I and III IFNs and
ISGs. Fig. S4 presents additional evidence of single-cell tran-
scriptomic analysis of leukocyte subsets. Fig. S5 shows skin
manifestations and pathological findings at skin biopsy of P4.
Table S1, Table S2, and Table S3 provide the clinical spectrum of
patients and clinical findings associated with type I interfer-
onopathies, and immunological features of the patients. Table
S4, Table S5, and Table S6 provide targeted gene panels for
early-onset refractory diarrhea and list of frequencies and
combined annotation-dependent depletion (CADD) scores of
patient mutations, and the list of candidate variants for P3–P6.

Data availability
The data underlying Figs. 1, 2, 3, 4, 5, 6, and 7 are available in the
published article and its online supplemental material. scRNA-
Seq data are uploaded under the SRA ID PRJNA845112.
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Figure S1. Analysis of the RELA variants found in the patients. (A) A dot plot was created with PopViz-2 (Zhang et al., 2018). MAF: minor allele frequency.
c.1416dupC is not shown because the CADD score was not available. (B) Total mRNA extracted from the whole blood of three controls and patients (P1/2/4/5)
was subjected to RT-qPCR for the assessment of total RELA expression. Data are displayed as 2−ΔCt after normalization according to endogenous β-actin
control gene expression. Mean ± SEM. N = 3. (C) RT-PCR products of control and P5 samples were separated by 3.0% agarose gel electrophoresis. We se-
quenced the three bands indicated by arrowheads. The normal size band in the P5 lane contained two sequences, and the extra band at∼1,500 bp was retained
by intron 10. The largest band was considered a heteroduplex. The PCR primers were 59-CCTACTGTGTGACAAGGTGCAGA-39 and 59-CTCCTGAAAGGAGGCCAT
TG-39. (D) The mutant sequence contained in the normal size band. Sequencing was performed by using the pCR2.1-TOPO vector (Thermo Fisher Scientific)
with the purified band introduced. (E and F) Immunoblot analysis of the cytoplasmic (E) and nuclear (F) fractions primary fibroblasts stimulated with TNF for
30 min, including primary fibroblasts from two healthy controls (C1 and C2). P1 and P3 were subjected to immunoblot analysis with an anti-RELA antibody
following induction with TNF for 30 min. Tubulin and lamin A/C were used as loading controls for the cytoplasmic and nuclear fractions, respectively. The
results shown are representative of three independent experiments. Molecular weight units are given in kilodaltons. Source data are available for this figure:
SourceData FS1.
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Figure S2. Functional characterization of the RelA mutants in an overexpression system. (A and B) NF-κB reporter assay. 25 ng of WT or mutant RELA
was used. The p.Y349Lfs* RELA was considered LOF. (B) The total amount of expression vector containing WT (12.5 or 25 ng) and mutant (12.5, 25, or 37.5 ng)
RELA was adjusted to 50 ng by supplementation with EV. The p.Y349Lfs* RELA, as well as the p.Y349* mutant, showed dose-dependent negative effects
against WT RELA. (C–J) Optimization of co-immunoprecipitation conditions. (C, E, G, and I) Immunoblot analysis to assess expression levels of Flag-RELA and
Myc-tagged protein (RELA, p50, STAT1 or mock) in total protein extracts of HEK293 cell transfectants. (D, F, H, and J) Whole-cell lysates were im-
munoprecipitated with anti–c-Myc antibody and then immunoblotted with anti-Flag, anti-Myc, or anti–β-actin antibody. WT and mutant Flag-RELA did not
bind toMyc-mock (D and H) or Myc-STAT1 (F and J). Under the same conditions, the p.R246* mutant which caused RELA haploinsufficiency impaired binding to
WT RELA, whereas WT and the p.R329* mutant presented normal binding to WT RELA (D and F). Similarly, the p.R246* mutant impaired binding to WT p50,
whereas WT and the p.R329* mutant presented normal binding to WT p50 (H and J). To confirm the result, two independent experiments were performed. (K
and L) Dimerization between RELA and p50. (K) Immunoblot analysis to assess the expression levels of Flag-RELA and Myc-p50 protein in total protein
extracts of HEK293 cells transfectants. (L) Extracts immunoprecipitated with anti-HA antibody are shown as experimental negative controls. Whole-cell lysates
were co-immunoprecipitated with anti–c-Myc antibody and immunoblotted with anti-Flag, anti-Myc, or anti–β-actin antibody. The p.R246* mutant, which
causes RELA haploinsufficiency, exhibited impaired binding to WT p50, whereas other mutants bound to WT p50. Two independent experiments were
performed to confirm the result. Source data are available for this figure: SourceData FS2.
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Figure S3. Enhanced expression of type I and III IFNs and ISGs. (A and B) The concentration of (A) IFN-α2 and (B) TNF in the sera of five patients and five
healthy controls. With the exception of P1, P5, and healthy control #5, the IFN-α2 concentration was below the limit of quantification (<4 pg/ml). (C–E) PBMC
stimulation assay with neutralizing antibodies. PBMCs from P2/3/5 (biological duplicates for P3) and healthy donors were stimulated with TLR7, TLR8, TLR7/8
agonists, or LPS for 24 h, together with monoclonal antibodies neutralizing TNF, IFN-α, IFN-β, or IL-29, or corresponding isotype control antibodies. (C and D)
Secreted cytokines were measured by a LEGENDplex assay. (E) ISG mRNA levels were determined by qPCR. GUSB was used as an internal control. Relative
suppression was defined as RQT, Neut × RQNS, Isotype/RQNS, Neut × RQT, Isotype, where RQ is a GUSB-normalized relative expression level, T is a TLR7/8 agonist, NS
is a nonstimulated condition, Neut denotes a neutralizing antibody, and Isotype a corresponding isotype control antibody. Values below 1 indicate suppression
of a given ISG by addition of a given neutralizing antibody. In C–E, bars represent the mean and SEM.
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Figure S4. Single-cell transcriptomic analysis of leukocyte subsets. (A and B) Cluster annotations. (A) Fraction of cell subsets defined based on the
combination of canonical surface markers in 10X public CITE-Seq datasets superimposed onto each manually annotated cluster in our in-house dataset. Treg,
regulatory T cell; CM, central memory T cell; EM, effector memory T cell; TEMRA, effector memory-expressing CD45RA T cell; MAIT, mucosal-associated
invariant T cell, B Nv, näıve B cell; B Mm, memory B cell; ClasMono, classical monocyte; NClasMono, non-classical monocyte; cDC, classical dendritic cell.
(B) Expression levels of select marker genes in each manually annotated cluster. (C) Relative abundance of cell types defined through clustering. Bars represent
the mean and SEM. (D) GSEA for hallmark gene sets compared to healthy adult controls, as described in Fig. 6 B. (E) GSEA for TLR-related gene sets taken from
the MsigDB database. Statistically nonsignificant (FDR-adjusted P values of 0.05 or higher) pathway–cell type pairs are shown by a small dot. NES, normalized
enrichment score.
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Figure S5. Skin manifestation and pathological findings at skin biopsy of P4. (A–C) Subcutaneous nodule on the trunk (A) and rash on the left upper arm
(B) and left dorsum of the foot (C). (D–G) H&E staining (D–F) and Alcian blue staining (G) of skin biopsies. The pathological findings showed slight infiltration of
mononuclear cells around the small vessels of the upper dermis of the trunk (D) and in the samples from the upper dermis of the left upper arm (E; scale bar is
500 μm; original magnification, 2×); higher magnification (F) clearly showed some spongiosis in the epidermis (arrow) and slight infiltration of mononuclear
cells around the small vessels (arrowheads). Sparse spaces between collagen fibers observed in F were not stained with Alcian blue (G; scale bar is 100 μm;
original magnification, 40×), which may be an artifact of specimen preparation.
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Provided online are six tables. Table S1 shows the clinical spectrum of patients with AD RELA deficiency. Table S2 shows clinical
findings associated with type I interferonopathies. Table S3 shows immunological features of the patients with AD RELA. Table S4
shows targeted gene panels for early-onset refractory diarrhea. Table S5 lists frequencies and CADD scores of patient mutations.
Table S6 lists candidate variants for P3–P6.
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