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Defective kinase activity of IKKα leads to
combined immunodeficiency and disruption
of immune tolerance in humans
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IKKα is a multifunctional serine/threonine kinase that controls various biolo-
gical processes, either dependent on or independent of its kinase activity.
However, the importance of the kinase function of IKKα in human physiology
remains unknown since no biallelic variants disrupting its kinase activity have
been reported. In this study, we present a homozygous germline missense
variant in the kinase domain of IKKα, which is present in three children from
two Turkish families. This variant, referred to as IKKαG167R, is in the activation
segment of the kinase domain and affects the conserved (DF/LG) motif
responsible for coordinating magnesium atoms for ATP binding. As a result,
IKKαG167R abolishes the kinase activity of IKKα, leading to impaired activationof
the non-canonical NF-κBpathway. Patients carrying IKKαG167R exhibit a range of
immune system abnormalities, including the absence of secondary lymphoid
organs, hypogammaglobulinemia and limited diversity of T and B cell recep-
torswith evidenceof autoreactivity. Overall, ourfindings indicate that, unlike a
nonsense IKKα variant that results in early embryonic lethality in humans, the
deficiency of IKKα‘s kinase activity is compatible with human life. However, it
significantly disrupts the homeostasis of the immune system, underscoring
the essential and non-redundant kinase function of IKKα in humans.

The NF-κB signalling pathway serves as the primary regulator of acute
inflammatory responses triggered by a large number of stimuli1. The IKK
complex plays a crucial role in coordinating the transmission of signals
between receptors and formation of NF-κB heterodimers, leading to
transcriptional activation in a cell type- and signal-dependent manner2.
This complex consists of three subunits: IKKα, IKKβ and NEMO. Exten-
sive research has elucidated the molecular intricacies of two distinct
NF-κB pathways, namely the canonical and non-canonical pathways1.
Through the analysis of different mouse models, the non-canonical

NF-κB pathway has emerged as a critical player in several biological
processes including the development of medullary thymic epithelial
cells (mTEC) and secondary lymphoidorgans (SLO)3–5, the establishment
of immune tolerance6,7 and the differentiation and survival of popula-
tions of B cells8–10 and T follicular helper (Tfh) cells11,12.

The activation of the non-canonical NF-κB pathway is controlled
by two non-redundant kinases, namely the NF-κB-inducing kinase
(NIK) and IKKα. The abundance of NIK protein, which is post-
translationally regulated, is a critical limiting step in the activation of
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the non-canonical NF-κB pathway13,14. Upon activation of receptors
such as BAFF-R, CD40, LTβR, RANK, Fn14 or EDA2R in different cell
types, NIK is stabilized, and it phosphorylates IKKα at Ser176 and
Ser180 in the activation loop15. The activated IKKα, in turn, phos-
phorylates the NFKB2 precursor p100 at multiple serine residues
located at the N- and C-terminus16. Ser 866 and Ser 870 phosphoryla-
tion marks p100 for ubiquitination, proteasome-mediated partial

degradation, and conversion to p52. The resulting p52 forms a het-
erodimer with RelB, which transactivates target genes involved in
various cellular processes17.

To date, a range of kinase-dependent and kinase-independent
functionsof IKKαhavebeen reported, primarilybasedon studies using
mouse models. In addition to phosphorylating p100, IKKα has been
shown to phosphorylate several cytoplasmic and nuclear substrates in
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response todiverse stimuli. These substrates includeTAXBP118, PIAS119,
CBP20, AMBRA121, ATG16L122, FOXA223, NPM124, BRD425 and Histone
H3.326. The roles of IKKα vary depending on the involvement of its
kinase-function or NF-κB pathway. For example, in a kinase-dependent
but NF-κB-independent manner, IKKα regulates IL-17A expression in
Th17 cells by modulating the phosphorylation of histone H3 (Ser10)
and/or retinoid acid-related orphan receptor (ROR)γt (Ser376)27,28.
Conversely, in both kinase-independent and NF-κB-independent
manners, IKKα functions as a scaffold and regulates keratinocyte dif-
ferentiation by interacting with SMAD2/329–31.

Due to its distinct roles in various pathways, cell types, and sub-
cellular locations, non-synonymous variants in different domains of
IKKα can offer valuable insights into understanding the multi-
functional nature of IKKα and its impact on human physiology. In this
regard, human IKKα deficiency resulting from a nonsense variant
(IKKαQ422X) has been associated with skeletal and skin abnormalities
during embryonic development, leading to lethality32,33. Conversely, a
homozygous missense variant in the helix-loop-helix (HLH) domain of
IKKα (IKKαY580C), which does not affect its kinase activity but disrupts
its interaction with NIK, does not lead to embryonic lethality but
instead causes immune and skeletal abnormalities, accompanied by
growth retardation, in the affected individual34. Moreover, somatic
inactivating mutations of IKKα have been reported in human malig-
nancies, indicating its role as a tumour suppressor in lung adeno-
carcinoma and cutaneous squamous cell carcinoma35,36. However, the
phenotypic consequences of homozygous missense variants directly
impairing the kinase function of human IKKα have not been reported
thus far, and therefore, the impact of kinase inactive IKKα on human
physiology remains unknown.

In our study, we report three patients who carry the same germ-
line homozygous missense variant (IKKαG167R) located in the activation
loop of the kinase domain of IKKα. Unlike previously reported variants
(IKKαQ422X and IKKαY580C), patients with the IKKαG167R variant do not
exhibit severe skeletal or skin abnormalities. However, they present a
wide range of aberrations leading to combined immunodeficiency,
increased susceptibility to infections, and disrupted self-tolerance.

Results
Identification of kinase domain mutant IKKαG167R

We identified three children from two unrelated Turkish families who
were born as a result of consanguineous marriages. Initially, these
children were hospitalized due to clinical symptoms including recur-
rent upper and lower airway infections, chronic diarrhea, and hypo-
gammaglobulinemia. Throughout their medical history, the patients
were diagnosed with numerous viral, bacterial, and fungal infections
including rotavirus, adenovirus, SARS-CoV-2, cytomegalovirus (CMV),
bocavirus, rhinovirus, H. influenzae, C. albicans and S. enterica.
Patient-1 (P1) had testedCMVpositive several times despite treatments
with ganciclovir. A full medical history, including clinical symptoms
and test results are shown in Table S1. The patients exhibited higher

serum levels of liver enzymes and lower levels of haemoglobin and
haematocrit compared to the reference values for their respective age
groups (Table S2) suggesting ongoing liver damage. Of the three
patients identified, P1, who is the older sibling of P2, experienced
growth retardation, with weight and height measurements at the
0.12th and 0.04th percentiles, respectively, at the age of 7. In contrast,
both P2 and P3 are within the 25th percentile for weight and between
the25th and 50th percentile forheight. Blood leukocyte and lymphocyte
numbers were within (P1) or slightly above (P2 and P3) normal refer-
ence ranges (Table S2). P1 had themost severe formof the disease and
developed liver failure and passed away 5 months after a successful
liver transplant due to complications, including cholangitis, sepsis, and
multiple organ failure (Table S1).

To identify the underlying genetic variant(s) in these patients, we
performed whole exome sequencing (WES) using genomic DNA from
blood samples. This analysis identified a shared homozygousmissense
variant (c.499G >A, p.G167R) in the CHUK gene that codes for the
IKKαprotein. Noother candidate geneswere identified inWESanalysis
(Table S3). Family pedigrees confirmed the consanguineousmarriages
and the germline transmission of the variant (Fig. 1A, B), and Sanger
sequencing confirmed that the asymptomatic parents were hetero-
zygous carriers of this variant (Fig. 1C). Although the two families are
not directly related, they are from the same region, which suggests the
possibility of a shared founder variant.

Several lines of evidence suggest a critical role for the G167 resi-
due in IKKα structure and function. IKKαG167 is well-conserved among
different organisms (Fig. 1D) and is part of an evolutionarily con-
strained region of the protein37. The corresponding residue is also
conserved in the activation loop of other IKK and IKK-related kinases
(IKKβ, IKKε, and TBK1) (Fig. 1E). Nonetheless, IKKαG167R has not been
previously described in publicly available genome variant databases
TOPMed38 or gnomAD v439 (Fig. 1F). Additionally, IKKαG167R has not
been reported as a somatic mutation in cancer genomics databases
COSMIC40 and cBioPortal41. G167 is located within the activation seg-
ment of the kinase domain of IKKα, away from the previously reported
variants (IKKαQ422X and IKKαY580C) (Fig. 1G). In silico prediction tools,
including CADD42, PolyPhen-243, DEOGEN244, MutationTaster202145

and MutPred246 all predicted that IKKαG167R is deleterious. Further-
more, Missense3D47, CUPSAT48 and MutPred246 predicted structural
abnormalities resulting from IKKαG167R (Tables S4–S6). Importantly,
IKKαG167 is part of a conserved DF/LG motif present in kinases that
coordinatesmagnesium binding near an ATP-binding site15. Analysis of
IKKαG167R structure using iCn3D49 based on IKKαWT structure (PDB:
5EBZ)15 suggested that R167, unlike G167, forms new molecular inter-
actions with the ATP-binding residue K44 (Fig. 1H, I), implicating the
modulation of the kinase function of the mutant IKKα.

An ATP-binding mutant IKKαK44A was previously found to desta-
bilize mouse IKKα in tissues resulting in reduced IKKα protein and
impaired kinase activity50. In our patients with IKKαG167R, mRNA and
protein levels of IKKα in PBMCswere found to be comparable to those

Fig. 1 | Identification of IKKαG167R homozygous germline missense variant in
three patients. A, B Family pedigree of P1, P2 and P3 showing the consanguineous
marriage. All parents of patients are heterozygous for this variant and germline
transmission is responsible for the homozygosity. Patient-1 is deceased as indicated
by the black diagonal line. Double horizontal lines in pedigree indicate con-
sanguinity. C Sanger sequencing results of patients and their parents, showing the
nucleotide change 499G>A in the component of inhibitor of nuclear factor kappa
B kinase complex (CHUK) gene coding for IKKα. D Evolutionary conservation of
G167 residue in IKKα of different species is shown based on the multiple sequence
alignment. G167 is indicated by pink, conserved residues are indicated by blue and
non-conserved residues are indicated by black.EG167 residue in IKKα (indicatedby
pink) is conserved in the kinase domain of other IKK and IKK-related kinases (IKKβ,
IKKε and TANKbinding kinase 1 (TBK1)). Other conserved residues are indicated by
blue and non-conserved residues are indicated by black. F CADD vs MAF plot of

patient’s variant together with all missense and predicted loss-of-function (pLOF)
CHUK gene variants (797 variants in total) obtained from the Genome Aggregation
Database (gnomAD) v4 datasets. NR: Not reported. G Different domains and pre-
viously reported homozygous variants in human IKKα. Kinase domain, ULD:
ubiquitin-like domain, LZ: Leucine zipper, HLH: Helix-Loop-Helix, NBD: NEMO-
binding domain, NLS: Nuclear localization signal. Q422X and Y580C variants were
previously reported in other studies. H The impact of IKKαG167R on previously
reported structure of IKKαWT (PDB: 5EBZ) was indicated using Missense3D tool.
G167 is indicated by blue and R167 is by red. I The effect of IKKαG167R variant on
interactions of different residues was investigated using I see in 3D (iCn3D)
Structure Viewer (PDB: 5EBZ). Common and different interactions between IKKαWT

and IKKαG167R were indicated. A notable differential interaction between residue
G167 and ATP-binding site K44 (yellow in colour) was indicated. Green colour
indicates H-bonds and grey colour indicates contacts with residues.
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of healthy controls (Fig. 2A–C). Since the kinase function of IKKα is
crucial for signal-induced phosphorylation (Ser866 and Ser870),
polyubiquitination, and proteasome-mediated partial degradation of
p100 intop52,we examined this conversion inpatient cells andhealthy
controls. When PBMCs stimulated with anti-CD3 and anti-CD28 were
analysed, a significant defect in p52 accumulation was observed in
patient cells compared to cells from a healthy control or heterozygous
parent (Fig. 2D, E). These data demonstrate that IKKαG167R exhibits

impaired function. The same defect in p52 conversion was also
observed in CD40L-stimulated PBMCs of patients (Fig. 2F, G).

IKKαG167R exhibits impaired p100 phosphorylation and proces-
sing into p52
To investigate the causality of IKKαG167R, we first generated IKKα-KO
HEK293T cells using CRISPR/Cas9-mediated genome editing. A PAM
sequence in Exon−1 of theCHUK genewas targeted (Figure S1A). Single
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cell sorting and expansion of different clones revealed the loss of IKKα
protein expression in three of the clones examined (Figure S1B).
Sequencing of genomic DNA from these clones confirmed the creation
of a stop codon (TGA) at the end of Exon−1 in Clone−10 (Figure S1C),
which was used in all experiments comparing the function of IKKαG167R

and wild type (IKKαWT).
Given that NIK is constitutively degraded in cells under basal

conditions and that NIK overexpression is sufficient to activate the
non-canonical NF-κB pathway51,52, we used NIK and full-length p100
overexpression system to demonstrate the causality between IKKαG167R

and defects in non-canonical NF-κB signalling. Consistent with the
essential role of IKKα in p100 processing, IKKα-KOHEK293T cells were
unable to process p100 into p52 upon NIK and p100 overexpression
(Fig. 2H). To compare the relative deficiency of the kinase activity of
IKKαG167R compared to IKKαWT and other mutants, we then recon-
stituted IKKα-KOHEK293T cellswithNIKandp100-FLAG togetherwith
IKKαWT or mutants for a side-by-side comparison. We included the
ATP-binding mutant IKKαK44A53, the IKKαD165A mutant to investigate the
critical role of the DLGmotif (165DLG167) where IKKαG167R is located, and
the previously reported IKKαY580C mutant34. While IKKαWT was able to
rescue defective p100 phosphorylation (Ser866/Ser870) and proces-
sing into p52, neither IKKαG167R nor IKKαK44A and IKKαD165A could rescue
these defects, confirming the essential role of both the G167 and D165
residues in the kinase function of human IKKα (Fig. 2H). We also
immunoprecipitated p100-FLAG andquantified p100 phosphorylation
(Ser866 and 870) by western blotting. Both D165A and G167R variants
were indistinguishable from kinase-dead IKKαK44A in their inability to
phosphorylate p100 in both input and immunoprecipitated sam-
ples (Fig. 2H). Notably, in the presence of NIK overexpression, the
impact of IKKαY580C mutant on p100 phosphorylation and processing
was not as severe as that of the kinase domain mutants (IKKαG167R,
IKKαD165A, and IKKαK44A) in both input and co-immunoprecipitated
samples (Fig. 2H).

It waspreviously shown that the kinase activity of IKKαwas critical
for interaction with its substrates such as TAXBP118 and ASC54. To
further support our observation of the defective kinase activity of
IKKαG167R, we looked at the interaction between endogenous p100 and
overexpressed IKKαWT or mutants in HEK293T cells. All kinase domain
mutants tested (IKKαG167R, IKKαD165A, and IKKαK44A) were severely
impaired in their interaction with p100 (Fig. 2I). However, HLH domain
mutant IKKαY580C was not impaired in its ability to interact with p100
(Fig. 2I) consistent with its normal kinase activity34. Further supporting
different mechanisms of action between IKKαY580C and IKKαG167R, all
kinase domain mutants tested were able to interact with NIK, unlike
IKKαY580C, which was previously shown to be defective in NIK
interaction34 (Fig. 2I). Altogether, these data clearly suggest that the
defect in p100 phosphorylation and processing was due to the defi-
cient kinase activity of IKKαG167R, and not due to impaired NIK inter-
action. It is also noteworthy that, although we observed comparable
mRNA and total protein levels of IKKα in PBMCs from different

IKKαG167R patients compared to healthy controls, when equal amounts
of plasmids were transfected into IKKα-KO HEK293T cells, the
IKKαG167R mutant, similar to the kinase-dead IKKαK44A, consistently
showed diminished expression levels compared to IKKαWT (Fig. 2H, I).
This side-by-side comparison suggests lower stability of IKKαG167R and
IKKαK44A, unlike IKKαY580C, in this overexpression system.

IKKαG167R variant leads to a deficiency in secondary lymphoid
organs, memory B cell differentiation, and a restricted BCR
repertoire
Consistent with the essential role of IKKα in activating non-canonical
NF-κB signalling, which is important for the development of SLOs,
physical examination of all patients revealed the absence of tonsils and
palpable lymph nodes. Lymphoscintigraphy analysis in P1 also
revealed the absence of lymphatic flow (Fig. 3A). While previous stu-
dies inmousemodels have reported the transcriptional impact of IKKα
dysfunction on mouse bone marrow and splenic B cells9,10 and
medullary thymic and thymic capsular fibroblasts34, the transcriptional
dysregulation caused by IKKα variants in the human immune system is
unknown. Therefore, to understand the consequences of IKKαG167R on
the transcriptional regulation and overall function of the human
immune system, we performed bulk RNA-seq analysis of PBMCs from
P1 and P3 (PBMCs from P2 were not available for this analysis) and
compared them to three sex-matched healthy paediatric control
samples.

We identified 709 differentially expressed genes (DEG) (505
upregulated, 204 downregulated) in patient samples compared to the
healthy controls (Fig. 3B) (Data S1). Differential expression of selected
genes was also verified by qRT-PCR (Fig. 3C). Functional enrichment
analysis of the DEGs using WebGestalt55 revealed dysregulation of
several biological processes in patients including “response to virus”
and “neutrophil-mediated immunity” (Fig. 3D). Similarly, Gene Set
Enrichment Analysis (GSEA)56 identified “interferon alpha response” as
the most enriched Hallmark Gene Set among other enriched gene sets
including Complement, Hypoxia and Allograft rejection (Fig. 3E) that
are each largely distinct from each other in the genes they contain. We
observed increased expression of interferon response genes, which
was most pronounced in P1 (Fig. 3F). This may be due to systemic
inflammation, viral infections or dysbiosis, however, it is interestingly
similar to a previous observation of interferonopathy in patients with
RelB deficiency57. This is also in linewith the observation of higher viral
susceptibility of patients with different genetic defects in the non-
canonical NF-κB pathway as recently reported52.

A gene signature characterized by reduced expression of tran-
scripts inB cell biologywas alsoevident in patient PBMCs (Fig. 4A). The
proportions of circulating B cells (CD19+) in P2 and P3 were normal
compared to age-matched national reference values and below the
lower reference value in P1 (Table 1). In contrast, all patients showed
severe reductions in proportions of circulating marginal zone B cells
(CD19+IgD+CD27+) and switched memory B cell populations

Fig. 2 | Testing non-canonical NF-κB pathway activation in patient cells and
genome-edited HEK293T cells. A Transcript levels of CHUK in PBMCs were
quantified with qRT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
levels were used as a normalisation control (n = 4 healthy controls and 2 patients.
Two-tailed, non-paired t-test was used for statistical analysis). B Protein levels of
IKKα in PBMCs of healthy controls and patients, as determined bywestern blotting.
GAPDHwasused as a loading control. Data are representative of three independent
experiments. C Quantification of protein levels of IKKα as determined by IKKα/
GAPDHratio in quantitative analysisof band intensities (n = 2healthy controls and3
patients. Two-tailed, non-paired t-test was used for statistical analysis). D PBMCs
were stimulated with anti-CD3 and anti-CD28 antibodies for 2 days and immuno-
blotting was performed to analyse p100 to p52 conversion (n = 3 patients and 2
healthy controls. β-Actin was used as a loading control). E Ratio of p52 to β-actin in
healthy controls and patient samples, as determined by quantitative image analysis

of band intensities (in stimulated conditions) in western blotting in (D). F PBMCs
were stimulatedwith recombinant CD40L (200ng/ml) and IL-4 (100ng/ml) for 18 h
and p100 to p52 conversion was analysed with immunoblotting (n = 3 patients and
2healthy controls.β-actinwasusedasa loading control).GRatio ofp52 toβ-actin in
healthy controls and patient samples, as determined by quantitative image analysis
of band intensities (in stimulated conditions) in western blotting in (F).
H Phosphorylation of p100 at Ser 866 and 870 was assessed by co-
immunoprecipitation of p100-FLAG with anti-FLAG antibodies and immunoblot-
ting in IKKα KO-HEK293T cells reconstituted with different mutants. Data are
representative of four independent experiments. I The interaction between dif-
ferent IKKα mutants and p100 and NIK was investigated using co-
immunoprecipitation of IKKα-FLAG with anti-FLAG antibodies in HEK293T cells.
Data are representative of three independent experiments.
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(CD19+IgD-IgM-CD27+), and higher proportions of naïve B cells
(CD19+IgD+IgM+CD27-) (Table 1).

Previous studies in mouse B cells have suggested that the
transcription of IRF4, PAX5, IKZF1, and ICOSLG are directly regulated
by the non-canonical NF-κB pathway9–11. To validate this in our
patients, we examined the levels of these transcripts inmagnetically
isolated circulating B cells (CD19+) from two IKKαG167R patients and
sex-matched paediatric donors. Using qRT-PCR, we confirmed that

transcripts of IRF4, PAX5, and IKZF1 were significantly lower in
IKKαG167R patients’ B cells compared to healthy controls (Fig. 4B–D).
Although it was not possible to validate these findings at the single-
cell level, to ensure that this is not primarily due to differential
abundance of B cell subpopulations in patients, we looked at the
expression level of IRF4, PAX5, and IKZF1 in a previously published
dataset characterizing 29 immune cell types in PBMCs from healthy
donors58. Indeed, we observed similar expression levels IRF4, PAX5,
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and IKZF1 in naive and memory B cells (Figure S1D–F), suggesting
that lower levels of IRF4, PAX5, and IKZF1 in CD19+ B cells purified
from patients are not due to B cell subpopulation differences. In
addition, in vitro stimulation of PBMCs with recombinant CD40L
and IL-4 resulted in increased expression of ICOSLG on the surface
of B cells from healthy controls, which was drastically lower in B
cells from patients with IKKαG167R (Fig. 4E, F). These results show that
the IKKα-mediated non-canonical NF-κB pathway is critical for the
expression of IRF4, PAX5, and IKZF1 and the upregulation of ICOSLG
by human B cells. We also analysed p52 and RelB chromatin binding
in a human B cell line GM1287859 using publicly available ChIP-seq
data (GSE55105) and revealed the presence of several peaks of both
p52 and RelB binding in the gene bodies, promoter regions, and
putative enhancer regions of IRF4, PAX5, and IKZF1 gene loci and
promoter region of ICOSLG loci (Figure S1G–J), suggesting the
possibility of the direct regulation of these transcripts by the non-
canonical NF-κB pathway. Notably, variants in these genes have also
been reported to result in primary immunodeficiencies in
humans60–63.

Stimulation of patient PBMCs with CD40L and IL-4 resulted in
defective B cell proliferation in vitro (Fig. 4G, H) and impaired class
switching to IgG, IgA, or IgE compared to PBMCs fromhealthy controls
(Figure S2A), consistent with the observed hypogammaglobulinemia
in our patients. Remarkably, upregulation of the activation marker
CD69 remained intact following CD40L and IL-4 stimulation of
IKKαG167R patient B cells (Fig. 4I), indicating that B cell activation can
still occur in IKKαG167R cells. Notably, similardefects in immunoglobulin
class switchingwereobtainedwhenpurifiednaïve B cells frompatients
and healthy controls (92-95% purity) (Figure S2B, C) were stimulated
with CD40L and IL-4 (Fig. 4J–L). These results confirm the presence of
B cell-intrinsic defects in immunoglobulin generation in patients with
the IKKαG167R variant.

To assess the BCR repertoire at the population level, RNA
sequencing of the BCR IgM and BCR IgG repertoires was performed in
IKKαG167R patients and healthy controls. While a broad spectrum was
observed among the patients, the overall BCR IgM repertoires were
restricted due to the low numbers of unique complementary deter-
mining region 3 (CDR3) sequences, as demonstrated by the number of
unique clonotypes, diversity index, and CDR3 amino acid lengths
(Fig. 5A–C). Skewed use of BCR genes was observed in IGMHV1− 2,
IGMHV1 − 24, IGMHV1− 69, IGMHV4 − 34, and IGMHV4 − 39 of the
patients (Fig. 5D). The somatic hypermutation (SHM) rate in rear-
ranged variable regions of IgM heavy chain (IGHV) genes was also
significantly lower in patients (Fig. 5E).

In IgG repertoire analyses, the number of unique clonotypes and
gene usage were highly biased due to the low numbers of memory B
cells and IgG levels in the patients. However, whenwe analysed the IgG
heavy chain repertoire diversity index after normalizing by down-
sampling the data to the smallest number of clones, we still observed
significantly lower diversity in patients (Fig. 5F). Accordingly, the SHM
rate in the rearranged variable regions of IgG heavy chain (IGHV) genes
was also lower in patients (Fig. 5G).

Skewed gene usage of IGHV4-34 in B cells indicates the presence
of autoreactive B cells64. Notably, IGHV4-34 in the IgM repertoire was
significantly higher in the older patient P1 (Fig. 5D) suggesting a
potential contribution to the autoimmunity observed in this patient.
Indeed, as previously reported inmany patients with genetic defects in
non-canonical NF-κB pathway52, levels of autoreactive serum IgM and
IgG specific for IFNa2a were significantly increased in P1 and P3 com-
pared to healthy donors (P2 serum sample was not available for this
test) (Fig. 5H). It is also worth noting that anti-IFNα autoantibodies
might be stronger if not diluted by IVIG treatment in patients.
Although we were not able to test the neutralizing characteristics of
these anti-IFNα autoantibodies, we anticipate similar findings to those
observed in patients with mutations in other components of the non-
canonical NF-κB pathway52.

On the other hand, serum levels of antinuclear antibody (ANA),
anti-smoothmuscle antibody (ASMA), anti-endomysial IgA and IgG (by
indirect immunofluorescence assay [IFA]), anti-gliadin IgA and IgG, and
anti-tissue transglutaminase IgA and IgG (by ELISA), as well as anti-
mitochondrial M2 antibody (AMA-M2), anti-liver kidney microsome
type 1 (anti-LKM−1), anti-liver cytosol antigen type 1 (anti-LC1), and
anti-soluble liver antigen/liver-pancreas (SLA/LP) (by immunoblot-
ting), were all found to be negative in P1 (P2 and P3 serum samples
were not available for these tests). Overall, this is in line with the
observation that patients with defective non-canonical NF-κB pathway
have a specific autoimmune signature involving autoantibodies
against type I interferons52.

IKKαG167R patients have reduced circulating populations of NK,
MAIT, Treg, and Tfh cells
Flow cytometric analysis of NK cells confirmed significantly lower
proportions of NK cell populations in patients (Fig. 6A, B). NK cells
from P1 were also impaired in IFN-γ secretion upon PMA/ionomycin
stimulation (Figure S2D, E). Similar NK cell abnormalities were also
reported in patients with NIK variants65 or NFKB2 variants66,67.
MAIT cells are a subset of unconventional T cells with important
functions against bacterial infections68. We observed that all IKKαG167R

patients have significantly decreased levels of circulating MAIT cells
(CD3+ CD4- TCR Vα7.2+ CD161+) (Fig. 6C, D). Similar to NK cells,
MAIT cells from P1 were also impaired in IFN-γ secretion upon PMA/
ionomycin stimulation, although this did not reach statistical sig-
nificance due to sample size (Figure S2F, G). These results were also
supported by decreased levels of transcripts involved in NK and MAIT
cell biology58,69 in both patients’ PBMCs (Fig. 6E). We also observed a
decrease of circulating CD3+CD4+CD25+Foxp3+ Tregs (Fig. 6F) and Tfh
cells (CD3+CD4+CD45RA-CXCR5+) in IKKαG167R patients (Fig. 6G, H) as a
proportion of total CD4+ T cells. Tfh cells within the CD4+ memory T
cell pool, however, were slightly higher in patients, although not sta-
tistically significant (Fig. 6I). In addition to lower numbers of circulat-
ing Tregs,we also observed, using P1’s Tregs, that therewas a defective
capacity of IKKαG167R Tregs to suppress T cell responses in vitro (Fig-
ure S2H, I). This is consistent with the cell intrinsic diminished sup-
pressive function ofTregs uponNFKB2deletion in humanTreg-like cell

Fig. 3 | Defective SLO and peripheral B cell development in IKKαG167R patients.
A Lymphoscintigraphy analysis in a healthy paediatric control and P1 showing the
absence of lymphatic flow and therefore lymph nodes in the patient. Images were
taken 10min, 1-, 2-, 4- and 24 h post injection of radiotracer.BVolcano plot analysis
of differentially expressed genes (DEGs) in healthy controls (n = 3) vs IKKαG167R

patients (P1 and P3). Differential gene expression analysis was conducted using the
likelihood ratio test within the edgeR package90, which is based on a negative
binomial distribution model. P-values were adjusted for multiple testing using the
Benjamini-Hochberg procedure. Genes with FDR-adjusted p-values less than 0.05
were considered statistically significant. C qRT-PCR analysis of C-C motif chemo-
kine receptor 6 (CCR6) (p =0.0212), killer cell lectin like receptor G1 (KLRG1)

(p =0.0027), G protein-coupled receptor 15 (GPR15) (p =0.0322), killer cell lectin
like receptor B1 (KLRB1) (p =0.0028), granzyme K (GZMK) (p =0.0215), and
nuclear receptor subfamily 4 group A member 1 (NR4A1) (p =0.0105) tran-
scripts. GAPDH levels were used as a normalisation control (n = 4 healthy controls
and n = 3 patients, two-tailed, non-paired t-test was used for statistical analysis).
D Over representation analysis (ORA) of DEGs, as performed by WebGestalt,
showing biological processes significantly associated with DEGs. E Selected hits of
GeneSet EnrichmentAnalysis (GSEA)ofDEGs.WeightedKolmogorov–Smirnov test
was used for statistical analysis56. FHeatmap analysis ofDEGs involved in interferon
response based on normalized CPM values in RNA-seq analysis.
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line MT-270. Consistent with the defects in Treg number and function,
P1 developed autoimmune hepatitis, which eventually resulted in the
need for a liver transplantation. H&E andGomori Trichrome staining in
the liver biopsy sample of P1 indicated liver inflammation and fibrosis
in the patient (Figure S2J, K). Overall, these results suggest that
IKKαG167R negatively impacts both cellular and humoral immunity
involving different cell types.

IKKαG167R patients have restricted TCR and have potentially
autoreactive lymphocytes
Similar to memory B cells, CD4+ central memory T cells
(CD4+CD45RA-CCR7+) were also lower in all patients (Table 1)
suggesting significant impairment of the adaptive immune
response. Disruption of immune tolerance is a hallmark of auto-
immunity. Potentially autoreactive T cells can be identified by
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the presence of hydrophobic amino acid residues at positions 6
and 7 in the CDR3β of αβ TCRs, and this has been associated with
defects in T cell tolerance71,72. To investigate whether IKKαG167R

patients exhibit T cell tolerance defects, TCRα and TCRβ sequen-
cing was performed at the population level. The CDR3 length dis-
tribution was decreased in T cells of the patients (Fig. 6J). There
was a tendency towards a lower number of unique clonotypes
(p = 0.08) (Fig. 6K) and a significantly limited diversity of TCRβ, as
determined by the d50 diversity index (Fig. 6L). There was also a
trend of limited TCRα diversity, although this did not reach to
significance (Figure S3A). Importantly, the presence of potentially
autoreactive T cells in the TCR repertoire was evident in all
patients (Fig. 6M, N and Figure S3B). Gene usage analyses revea-
led several skewed distributions in TCR variable genes. In
particular, TRAV13 − 1 and TRBV7-2 usage were different in the
patients (Figure S3C, D).

Naïve T cells from IKKαG167R patients have defective cytokine
response to TCR stimulation
Although naïve T cell development was not significantly altered in
patients with the IKKαG167R variant, we sought to determine if naïve
T cells from these patients displayed altered activation and cytokine
responses. To this end, we isolated naïve CD4+ T cells from PBMCs
using negative selection (Figure S4A) and stimulated them with anti-
CD3 and anti-CD28. We observed that cells from patients showed
impaired generation of IL-2, IFN-γ, IL-4, IL−13, IL−17A, and IL-10 but
not TNF-α (Fig. 7A–G). Unlike other cytokines tested, the comparable
levels of TNF-αmay reflect the redundant role of IKKα in its synthesis.
This suggests the possible involvement of other transcriptional reg-
ulators driving TNF-α production. While these data show that
IKKαG167R causes intrinsic differences in naïveCD4+ T cells, whichwere
purified by negative selection, we cannot rule out a contribution
from memory T cells to the cytokines detected. However, these

Fig. 4 | Defective SLO and memory B cell development in IKKαG167R patients.
A Heatmap analysis of DEGs involved in B cell function based on normalized CPM
values in RNA-seq analysis. B–D Differential expression of interferon regulatory
factor 4 (IRF4) (p =0.0342), paired box 5 (PAX5) (p =0.0489), IKAROS family zinc
finger 1 (IKZF1) (p =0.0303) in purified B cells using qRT-PCR. GAPDH levels were
used as a normalisation control (n = 3 healthy controls and 2 patients, two-tailed,
non-paired t-test was used for statistical analysis). E, F Flow cytometric analysis of
the cell surface expression of inducible T cell costimulator ligand (ICOSL) in B cells.
Patient and healthy control PBMCs were either unstimulated or stimulated with
recombinant CD40L and IL-4 in vitro. One-way ANOVA was used for statistical
analysis, p <0.0001. G, H Proliferation analysis of B cells from healthy controls

(n = 3) andpatients (n = 3). Carboxyfluorescein succinimidyl ester (CFSE) staining in
flow cytometry was used for proliferation analysis. One-way ANOVA was used for
statistical analysis, p <0.0001. I Flow cytometric analysis of the cell surface
expression of CD69 in B cells. Patient and healthy control PBMCs were either
unstimulated or stimulated with recombinant CD40L and IL-4 in vitro. One-way
ANOVA was used for statistical analysis. J–L In vitro class switching of naïve B cells
isolated from the PBMCs of patients (n = 2) and healthy controls (n = 4) upon
in vitro stimulation with recombinant CD40L and IL-4 for 7 days. IgG (p =0.0003),
IgA (p =0.0061) and IgE (p =0.0016) levels in culture supernatant were measured
with multiplexed bead-based assay. Two-tailed, non-paired t-test was used for
statistical analysis.

Table 1 | B and T lymphocyte populations of patients

P1 (%/count) Ref
range (%/count)

P2 (%/count) Ref
range (%/count)

P3 (%/count) Ref range (%/count)

Total B cells (% of lymphocytes) and absolute
numbers

5/0.19 10–27/0.2–2.2 19/1.96 11–31/0.3–1.2 21/1.85 11–31/0.3–1.2

Switched Memory B cells (% of B cells) 0.87/0.001 12.9–45 0.4/0.008 15.4–73 1/0.02 15.4-73

Marginal Zone B cells (% of B cells) 2.7/0.005 5.1–11.8 3/0.05 7.4–11.0 1.5/0.03 7.4-11.0

Naïve B cells (% of B cells) 86/0.16 62.2–76.2 91/1.79 59.8–85.8 93/3.57 59.8–85.8

Total T cells (% of lymphocytes) 80/3.1 57–81/1.0–4.9 72/7.12 55–79/1.9–3.6 75/6.63 55–79/1.9–3.6

CD4+ T cells (% of lymphocytes) 52/1.61 23.4–48.7/0.4–1.9 46/4.53 23.6–52.5/0.5–2.7 62/5.48 23.6–52.5/0.5–2.7

Naïve CD4+ T cells (% of CD4+ T cells) 83/1.33 41.7–77.8 78/3.53 54.9–83.1 95/5.2 54.9–83.1

CD4+ Effector Memory T cells (% of CD4+ T cells) 3/0.04 2–16.2 7/0.31 0.8–10.8 0/0 0.8–10.8

CD4+ Central Memory T cells (% of CD4+ T cells) 8/0.12 14-49 9/0.40 9.2–40.2 2/0.1 9.2–40.2

CD4+ TEMRA (% of CD4+ T cells) 5/0.08 0.2–43.8 5/0.22 0.1–41.2 1.5/0.08 0.1–41.2

CD8+ T cells (% of lymphocytes) 27/0.83 16.8–46.5/0.4–2.1 26/2.56 12.1–35.7/0.16–1.87 21/1.85 12.1–35.7/0.16–1.87

Naïve CD8+ T cells (% of CD8+ T cells) 70/0.6 36–87.8 67/1.71 34.3–90.3 95/1.75 34.3–90.3

CD8+ Effector Memory T cells (% of CD8+ T cells) 17/0.14 2.1–33.3 22/0.56 4–42.5 1/0.02 4–42.5

CD8+ Central Memory T cells (% of CD8+ T cells) 18/0.15 0.3–8.3 5/0.12 0.9–9.4 1/0.02 0.9–9.4

CD8+ TEMRA (% of CD8+ T cells) 12/0.1 14.6–61.7 10/0.25 5.5–55.5 0.5/0.01 5.5–55.5

Reference ranges are based on published results88,89.
Total B cells: CD19+, Total T cells: CD3+

Switched Memory B cells: CD19+ CD27+ IgD− IgM−

Marginal Zone B cells: CD19+ CD27+ IgD+

Naïve B cells: CD19+ CD27− IgM+ IgD+

Naïve CD4+ T cells: CD4+CD45RA+CCR7+

CD4+ Effector Memory T cells: CD4+CD45RA−CCR7−

CD4+ Central Memory T cells: CD4+CD45RA−CCR7+

CD4+ TEMRA: CD4+CD45RA+CCR7−

Naïve CD8+ T cells: CD8+CD45RA+CCR7+

CD8+ Effector Memory T cells: CD8+CD45RA−CCR7−

CD8+ Central Memory T cells: CD8+CD45RA−CCR7+

CD8+ TEMRA: CD8+CD45RA+CCR7−

The bold numbers indicate aberrant values
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results are not limited to naïve CD4+ T cells as similar results were
obtained when PBMCs were stimulated with anti-CD3 and anti-CD28
(Figure S4B–G). It is also important to note that there is no impair-
ment in patients’ T cell proliferation upon anti-CD3 and anti-CD28 or
PHA stimulation. Similarly, CD25, CD69, and ICOS expression in
patients’ T cells upon anti-CD3 and anti-CD28 were comparable to
healthy controls, indicating that IKKα kinase activity is not essential

for overall T cell activation in humans (Fig. 7H–K). Our findings are
somewhat analogous to those of Bainter et al. 34, who observed
diminished IL-2 and IL−17A, but not IFN-γ, IL-4, or IL-13 levels, upon
in vitro stimulation of splenic T cells from IKKαY580C/Y580C mice with
anti-CD3 and anti-CD28. While the exact mechanisms remain unclear
in our context, these combined results support the notion that IKKα
kinase activity plays a critical role in driving the transcriptional
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activation of specific cytokines in different cell types and under
varying stimulation conditions27.

In summary, we have identified the first germline homozygous
missense variant in human IKKα kinase domain. IKKαG167R patients have
innate and adaptive immune system abnormalities consistent with an
important role for non-canonical NF-κB pathway in modulating
immune response to foreign stimuli and preventing autoreactive
lymphocytes and maintaining self-tolerance (Fig. 8).

Discussion
The NF-κB signalling pathway is a critical regulator of immunity and
genetic variations in genes that regulate this pathway can lead to
various forms of inborn errors of immunity73,74. IKKα serves as an
essential upstream regulator of the non-canonical NF-κB pathway, and
it has been reported to have NF-κB-independent and kinase-
independent functions in different biological contexts. Under-
standing the specific variants that cause separation-of-function in
human IKKα can provide valuable mechanistic insights into the mul-
tifunctionality of this protein. However, no homozygous germline
variants specifically impacting the kinase function of IKKα have been
reported, leaving the importance of the kinase function of IKKα in
human health unknown. This is especially important because obser-
vations from genetic mouse models are not always replicated in
humans. For instance, IKKβ-deficient mice die during embryonic
development due to liver apoptosis75. However, this phenomenon is
not observed in humans who have been reported to have loss-of-
expression and/or loss-of-function variants in IKKβ76–78. Therefore, our
findings are invaluable in investigating the functional roles and con-
sequences of the loss of the kinase function of IKKα in humans.

In this study, we have identified three children with the IKKαG167R

variant, which is the first reported homozygous missense variant that
specifically affects the kinase function of human IKKα. Our findings
indicate that the kinase function of IKKα is not essential for human
embryonic development. However, the broad impact of the IKKαG167R

variant on the immune system is consistent with the crucial roles
played by the non-canonical NF-κB pathway in the development of
SLOs, immune tolerance, and the generation of memory.

In our study, we for the first time analysed the TCR and BCR
repertoire in humans with an IKKα germline variant. The overall TCR
and BCR repertoire, including TCR α/β and BCR IgM/IgG heavy chains,
was found to be restricted in the patients. The most significant
decrease was observed in P1, who also exhibited the most severe
clinical phenotype. The percentage of hydrophobic amino acids at
positions 6 and 7 of TRBCDR3was increased in the patients compared
to healthy controls. Similar to repertoire richness and diversity, the
most notable difference was observed in P1, who presented severe
autoimmune symptoms. P1 subsequently developed autoimmune liver
disease, which ultimately led to her death. The clinical severity
observed in P1 may be attributed to the delayed administration of
intravenous immunoglobulin (IVIG) therapy (started age 4) compared

to P2 and P3 (started age 1). Age-dependent exacerbation of disease
symptoms associatedwith IKKαdysfunction has also been observed in
a previously reported case of IKKαY580C in humans and in IKKαY580C/Y580C

mice34 as well as IKKαK44A/K44A mice6. Inborn errors of immunity asso-
ciated with defects in secondary lymphoid organ development cannot
be cured with hematopoietic stem cell transplantation (HSCT)79,80.
However, thymus transplantation after HSCT could be a viable
approach80 to be tested in patients with IKKα variants.

Molecular simulation analysis indicates that the impaired kinase
function of IKKαG167R is likely due to the differential interaction
between the R167 residue and the ATP-binding K44 residue in the
kinase domain. Consistent with our findings, previous investigations
have highlighted the critical role of the glycine residue in the DF/LG
motif of TBK1 and B-Raf kinases. Variants of glycine residue in the DF/
LGmotifs of both kinases (TBK1G159A andB-RafG596R) substantially impair
their kinase activities, emphasizing the importance of conserved gly-
cine in this motif81,82. However, it is noteworthy that despite the kinase
domains of TBK1 and IKKα being similar, when the same glycine resi-
due in theDF/LGmotif of the kinase domain ismutated in both kinases
(IKKαG167R vs. TBK1G159A), a single mutated copy of TBK1 is sufficient to
cause a disease characterized by impaired cytokine production and
increased susceptibility to viral infections81. Conversely, the hetero-
zygous parents of our patients with IKKαG167R do not exhibit any
symptoms of immunodeficiency or autoimmunity. This clearly
demonstrates the differential evolution of immune pathway depen-
dence on IKK and IKK-related kinases. Importantly, our patients share
similar characteristics with individuals harbouring various variants in
NFKB283 and the othermembers of the non-canonical NF-κBpathway52.
This suggests thatdysregulationof thenon-canonicalNF-κBpathway is
the primary underlying cause of the phenotypes associated with our
patients.

Our patients exhibited diminished populations of Treg, Tfh, NK,
and MAIT cells. While NK cell abnormalities have been reported in
some patients with NFKB2 or NIK variants, the role of the non-
canonical NF-κBpathway inMAIT cell function has not been previously
reported to the best of our knowledge. The clinical observations of
previously reported patients with NIK variants65,84 and the IKKαY580C

variant34 are similar to our patients in termsofmemoryB and T andNK
cell abnormalities. However, autoimmunity was not reported in
patients with NIK variants and skin abnormalities observed in IKKαY580C

patient were not observed in our patients.
Further investigations should focus on delineating the genome-

wide binding profiles of RelB, p52, and IKKα in NK and MAIT cells to
gain insight into the cell type-specific target genes and functions
governed by the non-canonical NF-κB pathway. It is also critical to
understand the contributions of different subsets of immune cells to
the overall response to various stimuli in patient cells compared
to healthy controls. This is important to delineate whether the non-
canonicalNF-κBpathway selectively impacts certain subpopulations of
immune cells.

Fig. 5 | BCR gene usage analysis in patients and healthy controls. A–C Number
of unique clonotypes, d50diversity index (number of clonotypes occupying 50%of
the repertoires), and complementarity-determining region 3 (CDR3) amino acid
length of the BCR IgM (B cell receptor μ heavy chain) repertoire in healthy controls
(n = 3) andpatients (n = 3). Although the d50diversity indexdid not reach statistical
significance, possibly due to the sample size, there was a trend of limited BCR IgM
diversity (p =0.08). D BCR IgM (B cell receptor μ heavy chain) gene usage com-
parison between patients and healthy controls. Red bars indicate healthy controls
(n = 3), andbluebars indicate IKKαG167R patients (n = 3). Two-tailed, non-paired t-test
was used for statistical analysis. Data are presented as mean values and SD.
E Somatic hypermutation (SHM) rate was calculated in rearranged variable regions
of the IgM heavy chain (IGHV) genes and given as the percentage of insertions and/
or deletions in total number of sequences in patients and healthy controls. Two-
tailed, non-paired t-test was used for statistical analysis, p <0.0001.

F Downsampled d50 diversity index (number of clonotypes occupying the 50% of
repertoires) and complementary-determining region3 (CDR3) amino acid length of
BCR IgG (B cell receptor γ heavy chain) repertoire of healthy controls and patients.
Normalizationwasperformed by downsampling the data to the smallest number of
clones. Two-tailed, non-paired t-test was used for statistical analysis, p =0.0057.
G Somatic hypermutation (SHM) rate was calculated in rearranged variable regions
of the IgG heavy chain (IGHV) genes and given as the percentage of insertions and/
or deletions in total number of sequences in patients and healthy controls. Two-
tailed, non-paired t-test was used for statistical analysis, p =0.0084. H Auto-
antibodies against interferon alfa (IFNα) 2a were tested by enzyme-linked immu-
nosorbent assay (ELISA) using plasma samples from 4 healthy controls and 2
patients (P1 and P3). OD measurements at 450 nm were shown from 1/100 diluted
plasma samples.
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Finally, our findings also have significant implications for the use
of small molecule inhibitors that specifically target IKKα in various
human diseases. The results of our study suggest that caution should
be exercised when utilizing selective IKKα inhibitors, which are cur-
rently under development for the treatment of different
malignancies85, in patients for extended periods of time. This caution
arises from the increased risk of viral, bacterial, and fungal infections,

as well as the potential for autoimmunity. Therefore, careful con-
sideration should be given to the potential adverse effects on immune
function and self-tolerance when using selective IKKα inhibitors in
clinical settings. In summary, IKKα kinase deficiency is a debilitating
condition characterized by combined immunodeficiency, leading to a
high susceptibility to infections and the presence of self-reactive
lymphocytes. Patients with this condition experience progressive
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deterioration, and early IVIG therapy is crucial in managing disease
symptoms.

Methods
Ethics statement
Consent was obtained from the parents of all three patients in accor-
dancewith the local EthicsCommittee ofHacettepeUniversity (GO20/
407), CARE guidelines, and the Declaration of Helsinki principles.

Whole exome, RNA, and immune repertoire sequencing
Whole exome sequencing (WES), bulk RNA-seq, TCR and BCR library
preparation, sequencing, and data analyses were performed as pre-
viously described in ref. 86. Briefly, RNA was isolated from PBMCs
using the NucleoSpin RNA Plus Kit (Macherey-Nagel). T cell and B cell
receptor (TRA, TRB, and BCRH) libraries were prepared using 100ng
RNAwith the SMARTerHumanTCRa/b andBCR IgGH/K/L ProfilingKit
(Takara) according to the manufacturer’s instructions. Library valida-
tion was performed bymeasuring amplicon size on a 2100 Bioanalyzer
using the Agilent DNA 1000 kit (Agilent). The repertoire library was
sequenced on a MiSeq platform (Illumina) with a read length of
2 × 300bp. The raw sequencing data (FASTQ) was processed using the
Cogent NGS Immune Profiler Software (Takara) and IMGT/HighV-
QUEST (The International Immunogenetics Information System). Data
analyses were performed in R Studio using the Immunarch package.
Raw RNA-seq datasets were deposited to NCBI (GSE256535). Over-
representation analysis (ORA) was performed usingWebGestalt (WEB-
based Gene SeT AnaLysis Toolkit). The parameters included ‘Gene
Ontology’ and ‘Biological Process Non-Redundant.’ Gene enrichment
analysis was performed using GSEA.

CRISPR/Cas9-mediated genome editing
A gRNA targeting the CHUK gene was designed using Invitrogen
TrueDesign Genome Editor. Target sequence in Exon-1 is 5’-
ACGTCTGTCTGTACCAGCAT-3’. To perform the genome editing at the
loci, S.p. Cas9-GFP V3 (IDT) was incubated with gRNA in Opti-MEM
medium at room temperature for 10min and transfected into
HEK293T cells using Lipofectamine CRISPRMAX Cas9. The next day,
GFP-expressing single cells were sorted into 96-well plates and colo-
nies were grown. Expanded colonies were screened for the loss of
IKKα protein expression. IKKα-deficient clones were further screened
by Sanger sequencing of the genomic loci to confirm the genome
editing.

Plasmids and site-directed mutagenesis
Human IKKα was cloned into pGenLenti vector with FLAG-tag at the
C-terminus. Full-length NFKB2 (p100) was cloned into-pcDNA3.1-FLAG
vector. The Q5 Site-Directed Mutagenesis Kit (NEB) was used to gen-
erate all variants in human IKKα. MAP3K14 (NIK)-pcDNA 3.1 vector was
a kind gift from Dr Cindy Lee (ANU, Canberra).

Lymphocyte proliferation
PBMCs were isolated from the patient and healthy controls using
Ficoll-Paque (Capricorn Scientific). Cells were resuspended in RPMI-
1640 containing 15% FCS, 10mM HEPES (Sigma), 100U/ml penicillin/
streptomycin (Sigma) and 200mM L-Glutamine (Sigma). For pro-
liferation assays, cells were stimulated with CD3/CD28 Dynabeads (1:1
ratio, Thermofisher) or 50 ng/ml PMA (Sigma) and 1 µg/ml Ionomycin
(Sigma) for 3 days or 200ng/ml CD40L + 100ng/ml IL-4 (BioLegend)
for 6 days. Proliferation was measured by labelling the cells with 5μM
CFSE (BioLegend) according to manufacturer’s instructions.

Immunoglobulin and cytokine measurements in naïve B and
T cells
MojoSort Human Naïve B Cell Isolation Kit was used to purify naïve B
cells from PBMCs. 150,000 cells were seeded in 96-well plates and
stimulatedwith 200 ng/ml CD40L and 100ng/ml IL-4 for 7 days. Levels
of IgG, IgE and IgA in the culture supernatant were quantified using
LEGENDplex Human Immunoglobulin Isotyping Panels (BioLegend).
MojoSort Human CD4 Naïve T Cell Isolation Kit was used to purify
naïve CD4+ T cells from PBMCs. 250,000 cells were seeded in 96-well
plates and stimulated with CD3/CD28 Dynabeads (1:1 ratio, Thermo-
fisher) for 3 days. Cultured cells were centrifugated and the super-
natant was preserved for bead-based cytokine quantification. Levels of
TNF-α, IL−2, IL-4, IL-10, IL-13, IL-17A, and IFN-γ in the culture super-
natant were quantified using LEGENDplex Human Th Cytokine Panel.
Routinely, 90–95 %purity was achieved post purification of naïve CD4+

T and naïve B cells from PBMCs.

B cell and T cell activation
5 × 105 PBMCs were cultured in RPMI medium with 10% FBS and Pen/
Strep. For T cell activation assays, cellswere stimulatedwithCD3/CD28
Dynabeads for 24 and 48hours for CD69 and CD25 expression on 7-
AAD- live T cells. For B cell activation, cells were stimulated with
200ng/ml CD40L and 100 ng/ml IL-4 for 24 and 48 h for CD69 and
ICOSL expression on 7-AAD- live B cells.

Western Blotting
Proteins were extracted from PBMCs with RIPA buffer with 1X Halt
Protease inhibitor cocktail. In experiments with IKKα-KO
HEK293T cells, 400,000 cells were transfected with 250 ng NFKB2,
500 ng NIK and 500 ng of IKKαWT, IKKαG167R, IKKαD165A, IKKαK44A

overexpression constructs using Lipofectamine 3000 reagents. 48 h
later, proteins were extracted using TOTEX buffer, separated on an
SDS-PAGE and transferred to PVDF membrane. Primary antibodies
were incubated with the membrane overnight in a cold room and
secondaryHRP-conjugated antibodieswere incubated for 1 h at room
temperature. Images were acquiredwith ChemiDoc Imaging Systems
(Bio-Rad) and band intensities were calculated with Image Lab
Software.

Fig. 6 | Analyses ofNK,MAIT,Treg, andTfhcell populations andTCRrepertoire
in IKKαG167R patients compared to the healthy controls. A Representative flow
cytometric analysis of natural killer (NK) cells (CD3-CD56+) in a healthy control
and patient-1 PBMCs. B Graphical representation of NK cells (CD3-CD56+) in
healthy controls (n = 4) and patients (n = 3). Two-tailed, non-paired t-test was
used for statistical analysis, p =0.0002. C Flow cytometric analysis of Mucosal
Associated Invariant T (MAIT) cells (CD3+CD4- CD161+TCRV7.2+) in a healthy
control and patient-1 PBMCs.D Graphical representation of MAIT cells (CD3+CD4-

CD161+TCRV7.2+) in healthy controls (n = 5) and patients (n = 3). Two-tailed, non-
paired t-test was used for statistical analysis, p = 0.0266. E Heatmap analysis of
selected MAIT and NK cell associated genes in healthy controls (n = 3) and
patients (n = 2), based on normalized CPM values in RNA-seq analysis. F Graphical
representation of Tregs (CD3+ CD4+ CD25+ FoxP3+) in healthy controls (n = 2) and
patients (n = 3). Two-tailed, non-paired t-test was used for statistical analysis,

p = 0.0050. G Flow cytometric analysis of follicular helper T (Tfh) cells
(CD3+CD4+CD45RA-CXCR5+) in a healthy control and patient-2 PBMCs.
H Graphical representation of Tfh cells as a percentage of total CD4+ T cells in
healthy controls (n = 2) and patients (n = 3). A two-tailed, unpaired t-test was used
for statistical analysis, p = 0.0028. I Graphical representation of Tfh cells as a
percentage of memory CD4+ T cells in healthy controls (n = 2) and patients (n = 3).
A two-tailed, unpaired t-test was used for statistical analysis. J–L CDR3 amino acid
length, number of unique clonotypes and d50 diversity index (number of clo-
notypes occupying the 50% of repertoires) of TRB (T cell receptor beta chain)
repertoire of healthy controls (n = 3) and patients (n = 3). Two-tailed, non-paired t-
test was used for statistical analysis, p = 0.0179 (d50 diversity index).
M, N Hydrophobicity of the amino acids in positions 6 and 7 in TRB CDR3 region
of healthy controls (n = 3) and patients (n = 3). Two-tailed, non-paired t-test was
used for statistical analysis, p =0.0034 (position 6) and p =0.0032 (position 7).
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Fig. 7 | Naïve CD4+ T cell activation and cytokine release in patient cells and
healthy controls. A–G Analysis of the cytokine release from purified naïve CD4+

T cells 72 h post stimulation with anti-CD3 and anti-CD28 antibodies. Soluble IL-2
(p =0.0015), IFN-γ (p =0.0131), IL-4 (p =0.0155), IL-13 (p =0.0008), IL-17A
(p =0.0305), IL-10 (p =0.0060) and TNF-α (p =0.1966) (n = 2 patients vs n = 4
healthy controls) levels were measured with multiplexed bead-based assay. Two-
tailed, non-paired t-test wasused for statistical analysis.H, I Proliferation analysis of

T cells from healthy controls (n = 3) and patients (n = 3) from PBMCs 48h post
stimulation with anti-CD3/CD28. CFSE staining in flow cytometry was used for
proliferation analysis. One-way ANOVA was used for statistical analysis.
J, K Proliferation analysis of T cells from PBMCs 48h post stimulation with PHA,
healthy controls (n = 3) and patients (n = 3). CFSE staining in flow cytometry was
used for proliferation analysis. One-way ANOVA was used for statistical analysis.
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Co-immunoprecipitation
IKKα-KO HEK293T cells were transfected using X-tremeGENE HP DNA
Transfection Reagent (Sigma). 48 h later, cells were lysed in 1ml PLCLB
lysis buffer (150mM NaCl, 5 % glycerol, 1 % Triton X-100, 20mM Tris-
HCl, pH: 7.5) supplemented with 1mM sodium orthovanadate, 1mM
sodium fluoride and EDTA-free Protease Inhibitor Cocktail (Roche).
For co-immunoprecipitation, cleared lysateswere incubatedwith 40μl
of Anti-FLAG Magnetic Beads (#M8823, Sigma) for 1 h followed by 3
times wash with lysis buffer. After elution, proteins were separated in
4–15% Criterion TGX Precast polyacrylamide gels (BioRad) under
reducing conditions.

qRT-PCR
Total RNA was isolated using the NucleoSpin RNA Plus Kit (Macherey-
Nagel) and converted to cDNA via iScript cDNA synthesis kit (Bio-Rad).
qRT-PCR was performed with iTaq Universal SYBR Green Supermix
(Bio-Rad) in CFX Connect Real-Time PCR Detection System (Bio-Rad).
All primer sequences used in qRT-PCR were listed in Table S7.

Flow cytometry
Cell staining with antibodies was performed in Flow buffer (PBS, 1%
FBS, 2mMEDTA) on ice for 30min. All flow cytometry antibodies were
listed in Table S8. Data were analysed with FACSDiva (BD Biosciences)
and FlowJo software (BD Biosciences). Gating strategies are provided
in Figure S5 and S6.

Treg suppression assay
CD4+ T cells were enriched by negative magnetic bead separation
(Biolegend) from PBMCs. Tregs were isolated from enriched CD4+

T cells by magnetic separation. CD4+ CD25low CD127high T effector (Teff)
cells were sorted using FACS. Teff cells were stained with CFSE Cell
DivisionTrackerKit (Biolegend). The samenumberofTeff andTregs (1:1
Ratio, 25,000 cells) were stimulated with CD3/CD28 Dynabeads and

cultured in RPMI medium for 4 days. Treg suppression capacity was
measured by determination of the percentage of proliferating cells.

Immunohistochemistry
Hematoxylin and eosin (H&E) staining was performed, revealing portal
inflammation and prominent cholestasis around the periportal hepa-
tocytes. Gomori trichrome staining was also conducted to observe
portal, periportal, and perisinusoidal fibrosis in the liver biopsy
sample of P1.

Lymphoscintigraphy analysis
One millicurie (mCi) of the radiotracer Tc-99m nanocolloid was sub-
cutaneously administered into the interphalangeal joints of both
hands. Images were captured in both upper extremities and in the
pelvic and abdominal areas of the lower extremity at 10min, 1 h, 2 h,
4 h, and 24 h after the injection. The liver and spleen became visible
during the imaging process.

Anti-IFN Alpha antibody detection by ELISA
The levels of serum IgG and IgM IFN-alpha autoantibodies were mea-
sured by an in-house ELISA as previously described in ref. 87. Briefly,
high-binding96-well plates (Greiner Bio-One)were coatedwith 2μg/ml
Recombinant Human IFN-alpha (alpha 2a) (R&D Systems) overnight.
Serum samples, diluted 1/100, were incubated in the wells for 2 h at
room temperature. Then, HRP-conjugated anti-IgG and IgM antibodies
(Ptglab and Elabscience) (2μg/ml) were added to the wells for 1 h at
room temperature. After threewashes, TMB substrate (MedChem)was
added, and the optical density (OD) was measured at 450 nm in
quadruplicate.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Fig. 8 | Figure summarizing the molecular mechanisms of IKKαG167R and its clinical manifestations in patients. Created in BioRender. Tumes, D. (2024) BioR-
ender.com/k75q726.
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Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary Information/Source Data files. Bulk RNA-
seq datasets have been deposited in NCBI Gene Expression Omnibus
(GEO) with the accession code GSE256535 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE256535). Raw whole exome and
immune repertoire sequencing data are available at theNCBI sequence
read archive (SRA) under accession number PRJNA1180092. Source
data are provided with this paper.
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