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Autoantibodies against type I IFNs in humans 
with alternative NF-κB pathway deficiency

    

Patients with autoimmune polyendocrinopathy syndrome type 1 (APS-1) caused by 
autosomal recessive AIRE deficiency produce autoantibodies that neutralize type I 
interferons (IFNs)1,2, conferring a predisposition to life-threatening COVID-19 
pneumonia3. Here we report that patients with autosomal recessive NIK or RELB 
deficiency, or a specific type of autosomal-dominant NF-κB2 deficiency, also have 
neutralizing autoantibodies against type I IFNs and are at higher risk of getting 
life-threatening COVID-19 pneumonia. In patients with autosomal-dominant NF-κB2 
deficiency, these autoantibodies are found only in individuals who are heterozygous 
for variants associated with both transcription (p52 activity) loss of function (LOF) 
due to impaired p100 processing to generate p52, and regulatory (IκBδ activity) gain 
of function (GOF) due to the accumulation of unprocessed p100, therefore increasing 
the inhibitory activity of IκBδ (hereafter, p52LOF/IκBδGOF). By contrast, neutralizing 
autoantibodies against type I IFNs are not found in individuals who are heterozygous 
for NFKB2 variants causing haploinsufficiency of p100 and p52 (hereafter, p52LOF/
IκBδLOF) or gain-of-function of p52 (hereafter, p52GOF/IκBδLOF). In contrast to patients 
with APS-1, patients with disorders of NIK, RELB or NF-κB2 have very few tissue-specific 
autoantibodies. However, their thymuses have an abnormal structure, with few AIRE- 
expressing medullary thymic epithelial cells. Human inborn errors of the alternative 
NF-κB pathway impair the development of AIRE-expressing medullary thymic 
epithelial cells, thereby underlying the production of autoantibodies against type I 
IFNs and predisposition to viral diseases.

Autoantibodies neutralizing type I IFNs (AAN-I-IFNs) have been 
reported in patients treated with type I IFNs, systemic lupus erythema-
tosus (SLE), thymoma or myasthenia gravis4. These autoantibodies were 
widely thought to be clinically silent, with the notable exception of a 
77-year-old woman who had such antibodies and disseminated shingles, 
reported in 19815,6. Nearly 40 years later, we showed that pre-existing 
neutralizing AAN-I-IFNs underlie at least 15% of cases of life-threatening 
COVID-19 pneumonia4,7–11. These autoantibodies were also found to 
underlie severe adverse reactions to yellow fever live-attenuated viral 
vaccine12, influenza pneumonia13, MERS pneumonia14 and West Nile 
virus encephalitis15. AAN-I-IFNs underlie clinical phenocopies of inborn 
errors of type I IFN immunity, as the same viral diseases have been 
reported in patients with autosomal-recessive IFNAR1 or IFNAR2 defi-
ciency4,9,11. These autoantibodies block cell-protective antiviral effects 
of type I IFNs in vitro8,12,13,15 and impair the induction of IFN-stimulated 
genes (ISGs) in peripheral blood mononuclear cells and nasal mucosae 
infected with SARS-CoV-2 ex vivo7,16,17. Finally, these autoantibodies are 
also present in the general population, with the prevalence sharply 
increasing in individuals over 70 years of age, thereby contributing to 
the age-related increase in the risk of severe COVID-197,10.

Notably, the production of AAN-I-IFNs can be driven by monogenic 
inborn errors of immunity (IEIs). These IEIs include autosomal-recessive 
APS-1, which is caused by germline biallelic deleterious variants of 
AIRE; immunodysregulation polyendocrinopathy enteropathy X-linked 
(IPEX) syndrome, caused by deleterious hemizygous variants of FOXP3; 

and combined immunodeficiency due to biallelic hypomorphic RAG1 
or RAG2 variants4. All of these IEIs affect T cell thymic selection, in a 
T-cell-intrinsic or -extrinsic manner. AIRE deficiency impairs the expres-
sion of tissue-specific antigens in medullary thymic epithelial cells 
(mTECs), enabling autoreactive T cells to escape18,19. FOXP3 deficiency 
impairs the development of thymic regulatory T (Treg) cells, whereas 
hypomorphic variants of RAG1 or RAG2, which restrict TCR diversity, 
also have an effect on thymic architecture and the development of 
mTECs20–22. The disruption of self-tolerance in the thymus therefore 
seems to underlie the production of AAN-I-IFNs. Patients with APS-1 
display severe multiorgan autoimmunity with a wide range of autoan-
tibodies against tissue-specific antigens18. They also frequently have 
neutralizing autoantibodies against IL-17A and/or IL-17F that underlie 
chronic mucocutaneous candidiasis, a disease that is seen in patients 
with inborn errors of IL-17A/F immunity4. Most, if not all, patients with 
APS-1 also produce AAN-I-IFNs in early childhood4, and are highly vul-
nerable to critical COVID-19 pneumonia3 and to severe varicella23.

In mice, the expression of the Aire gene in mTECs is controlled by 
the alternative (or non-canonical) NF-κB pathway24–26. Once triggered, 
NIK activates IKKα, leading to the phosphorylation of the full-length 
NF-κB2 precursor p100 (amino acids 1–900) on serine residues Ser866 
and Ser870. This leads to p100 processing to generate the p52 (amino 
acids 1–405) active form, which preferentially dimerizes with RELB27. 
This p52–RELB heterodimer migrates to the nucleus, inducing the 
transcription of target genes involved in lymphoid organ development, 
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germinal centre formation, B cell survival, maturation, homeosta-
sis, mTEC development and osteoclastogenesis27. In resting cells, 
unprocessed cytoplasmic p100 can form high-molecular-mass com-
plexes by homomultimerization (generating kappaBsomes) through 
its C-terminal IκB-like domain, thereby inhibiting the DNA-binding 
activity of almost all NF-κB subunits (referred to as IκBδ function)28. 
In the mouse thymus, RANK and the alternative NF-κB pathway have 
a crucial role in mTECs by governing self-tolerance24,26. Deficiencies 
in mouse Traf6, Ikkα, Map3k14 (encoding NIK) or RelB impair mTEC 
development and AIRE expression in mTECs29. We tested the hypothesis 
that human inborn errors of the alternative NF-κB pathway—including 
autosomal-dominant NF-κB2 disorders, and autosomal-recessive RELB, 
IKKα and NIK deficiencies—can underlie the production of AAN-I-IFNs, 
thereby predisposing patients to severe viral diseases, including  
COVID-19 pneumonia.

Inborn errors of the alternative NF-κB pathway
We recruited an international cohort of 73 patients from 50 kin-
dreds heterozygous for 28 different rare (minor allele frequency 
(MAF) < 0.0001) non-synonymous NFKB2 variants (Extended Data 
Fig. 1a,b and Supplementary Table 1). Most affected individuals had 
a predominant phenotype of primary antibody deficiency (PAD) (62 
out of 69, 89.9% of these patients). After a comprehensive functional 
characterization, we identified three types of autosomal-dominant 
inborn errors of NF-κB2, designated as p52LOF/IκBδLOF in 4 patients 
heterozygous for NFKB2 variants causing haploinsufficiency of p100 
and p52; p52GOF/IκBδLOF in 6 patients heterozygous for NFKB2 variants 
causing GOF of p52; and p52LOF/IκBδGOF in 57 patients heterozygous 
for NFKB2 variants that are associated with both transcriptional (p52 
activity) LOF due to impaired p100 processing to generate p52, and 
regulatory activity (IκBδ activity) GOF due to the accumulation of 
unprocessed p100 (Fig. 1, Supplementary Results 1, Extended Data 
Figs. 2–5 and Supplementary Figs. 2–6). Six other patients carried 
a neutral NFKB2 heterozygous variant (hereafter, idiopathic PAD). 
Among the three inborn errors of NF-κB2, only the p52LOF/IκBδGOF 
variants severely impaired the alternative NF-κB pathway activation 
by preventing the nuclear translocation of p52 and RELB (Fig. 1d and 
Supplementary Results 1). Moreover, the p52LOF/IκBδGOF variants also 
impaired the formation of p52–RELB heterodimers in patients’ het-
erozygous fibroblasts, in contrast to fibroblasts that are heterozygous 
for a p52LOF/IκBδLOF variant (Extended Data Fig. 5c,d). Finally, only 
patients heterozygous for p52LOF/IκBδGOF variants displayed a unique 
immunological phenotype associated with B cell lymphopenia and 
reduced Treg and TFH cell counts (Fig. 2a–c, Supplementary Results 
2, Extended Data Fig. 6 and Supplementary Fig. 7). We also enrolled 
14 patients with other inborn errors of the alternative NF-κB path-
way (autosomal-recessive NIK (n = 2) and autosomal-recessive RELB 
(n = 8) deficiencies) or upstream receptors (autosomal-recessive BAFF 
(n = 1) or X-linked recessive CD40L (n = 3) deficiencies) (Extended Data 
Fig. 2d,e and Supplementary Table 2).

Viral diseases of patients with p52LOF/IκBδGOF

Whereas PAD and autoimmune diseases were reported in patients 
with any of the three types of autosomal-dominant NF-κB2 deficiency, 
ectodermal dysplasia and anterior pituitary hormone deficiencies 
were reported exclusively in patients carrying p52LOF/IκBδGOF variants 
(Fig. 2d and Supplementary Table 1). Severe or recurrent viral diseases 
were almost exclusively reported in patients carrying p52LOF/IκBδGOF 
variants (n = 31 out of 57, 54%) (Fig. 2d,e). This susceptibility could 
not be explained by immunosuppressive treatments (used in seven 
patients with p52LOF/IκBδGOF variants) (Supplementary Table 1). The 
main viral disease reported was recurrent mucocutaneous HSV-1 lesions 
(n = 21, 37%) (Fig. 2e). Six out of the nine unvaccinated patients and 

two patients with an unknown vaccination status with p52LOF/IκBδGOF 
variants developed hypoxaemic COVID-19 pneumonia (NIH scale, 5 to 
8, out of 8) after infection with SARS-CoV-2. Three of these patients, 
aged 17, 23 and 39 years, were admitted to intensive care and two of 
these individuals (aged 23 and 39 years) died (Fig. 2f). One patient 
was hospitalized for COVID-19 pneumonia without requiring oxygen 
supplementation (NIH scale, 4). Eight additional unvaccinated patients 
developed asymptomatic disease or mild symptoms (NIH scale, 1–2) 
without pneumonia or hospitalization. These patients carried a p52LOF/
IκBδGOF (n = 2, aged 7 and 22 years), p52LOF/IκBδLOF (n = 2, aged 17 and 
41 years), p52GOF/IκBδLOF (n = 2, aged 20 and 49 years) or neutral (n = 2, 
aged 30 and 31 years) NF-κB2 variant (Fig. 2f). COVID-19 severity was not 
associated with age or treatment (Fig. 2g and Supplementary Table 1). 
Severe influenza pneumonia was reported in 7 out of the 57 patients 
with p52LOF/IκBδGOF variants (12%), five of whom required hospitalization 
and oxygen supplementation, including one patient with acute respira-
tory distress syndrome (ARDS) and encephalitis (Fig. 2e). Four patients 
suffered from recurrent (n = 1) or severe (n = 3) varicella (Fig. 2e). All 
patients with severe varicella were hospitalized, including one with 
encephalitis and one with severe skin disease requiring acyclovir. The 
other severe viral diseases observed are indicated in Supplementary 
Table 1. None of the patients were vaccinated with yellow fever YFV-17D 
live-attenuated vaccine. All eight of the patients with inborn errors of 
NF-κB2 who died carried a p52LOF/IκBδGOF variant; six died from sus-
pected or proven viral illnesses, including two from COVID-19. Together, 
these findings suggest that, in contrast to patients with the other two 
forms of inborn errors of NF-κB2, patients with p52LOF/IκBδGOF vari-
ants present a distinctive syndrome that is strongly associated with 
the risk of developing PAD and/or a severe viral disease. Conversely, 
p52/p100 haploinsufficiency (p52LOF/IκBδLOF) and GOF of p52 (p52GOF/
IκBδLOF) may underlie humoral deficiency with variable clinical and 
immunological penetrance, whereas these conditions do not appear 
to underlie ectodermal, endocrine or viral phenotypes. The milder 
clinical phenotype associated with these forms may account for the 
smaller number of patients with such defects identified.

AAN-I-IFNs in patients with p52LOF/IκBδGOF

Given the strong susceptibility of patients heterozygous for p52LOF/
IκBδGOF to viral diseases, we assessed the presence of AAN-I-IFNs in the 
plasma of 73 patients heterozygous for a deleterious or neutral variant. 
We detected high titres (arbitrary units > 50) of anti-IFNα-2 IgG in 33 
out of 56 (59%) patients with p52LOF/IκBδGOF variants, 41 out of 45 (91%) 
patients with APS-1, but none in those carrying p52LOF/IκBδLOF (n = 4) 
or p52GOF/IκBδLOF (n = 6) alleles, or with idiopathic PAD (n = 6) (Fig. 3a). 
Moreover, patients with p52LOF/IκBδGOF variants and autoantibodies 
against IFNα-2 also had detectable autoantibodies against most of 
the 11 other IFNα subtypes, IFNω and, less frequently, IFNβ, but not 
against IFNκ or IFNε, as evaluated in a multiplex bead assay (Fig. 3b). 
We next assessed the neutralization ability of patients’ plasma in the 
presence of high (10 ng ml−1) or low (100 pg ml−1) concentrations of 
IFNα-2, IFNω or IFNβ (10 ng ml−1). Overall, 36 out of 57 (65%), 30 out 
of 57 (53%) and 4 out of 57 (7%) patients with p52LOF/IκBδGOF variants 
neutralized high concentrations of IFNα-2, IFNω and IFNβ, respectively 
(Fig. 3e and Extended Data Fig. 7a–c), and 43 out of 57 (75%) and 44 out 
of 57 (77%) neutralized low concentrations of IFNα-2 or IFNω, respec-
tively (Fig. 3c,d and Extended Data Fig. 7d). For comparison, 41 (91%), 
43 (96%) and 1 (2%) out of the 45 patients with APS-1 neutralized IFNα, 
IFNω and IFNβ, respectively, at a concentration of 10 ng ml−1 (Fig. 3e 
and Extended Data Fig. 7a, b), and serum from all of these patients 
neutralized IFNα-2 and IFNω at a concentration of 100 pg ml−1 (Fig. 3c,d 
and Extended Data Fig. 7e). By contrast, none of the plasma samples 
from any of the patients with p52LOF/IκBδLOF, p52GOF/IκBδLOF or neu-
tral NFKB2 variants neutralized IFNα-2, IFNω or IFNβ (at 10 ng ml−1 or 
100 pg ml−1). The proportion of patients with p52LOF/IκBδGOF variants 
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Fig. 1 | Functional testing of the NFKB2 alleles by overexpression. a, Schematic 
of the NF-κB2 protein (p100 and p52) with the variants, identified in heterozygous 
patients, that were included in this study (n = 28 variants, shown in bold) or not 
included here but reported elsewhere (n = 13 variants). The C-terminal domain 
(CTD) spans amino acids (aa) 760–900. The REL-homology domain (RHD; 
purple), the ankyrin repeat domain (ARD; blue) and the CTD, including the 
processing-inhibitory domain (PID) and the NIK-responsive sequence (NRS) 
(brown), are shown. The NFKB2 variants that are LOF for p52/p52 repression of 
κB transcriptional activity (p52 activity) and LOF for IκBδ regulatory activity 
(p52LOF/IκBδLOF) are shown in orange. The variants that are GOF for p52 activity 
and LOF for IκBδ activity are shown in blue (p52GOF/IκBδLOF). The variants in the 
CTD that are both LOF for the p52 activity and GOF for the IκBδ regulatory 
activity (p52LOF/IκBδGOF) are shown in red. Neutral NFKB2 variants are shown in 
black. b, The relative luciferase activity (RLA) of HEK293T cells transfected 

with a κB reporter luciferase construct (κB-luc) in the presence or absence of 
plasmids encoding NIK, RELB and/or p100/NF-κB2 WT or biochemical p100/
NF-κB2 mutants reported in previous studies, normalized (norm.) to WT p100/
NF-κB2, after 48 h of transfection. Data are mean ± s.d. from three independent 
experiments. EV, empty vector. c, The RLA of HEK293T cells transfected with  
a κB-luc vector, in the presence of plasmids encoding NIK, RELB and p100/
NF-κB2 WT or the NFKB2 variants included in this study or reported in previous 
studies, at 48 h after transfection. Data are mean ± s.d. from three independent 
experiments. d, Subcellular localization of the WT or the NF-κB2 variants used 
for cotransfection with RELB without (left) or with (right) NIK, as determined 
by confocal microscopy analysis of HeLa cells. The nuclei were stained with 
DAPI; p100 and RELB were detected using antibodies recognizing their 
N-terminal domains. Data shown are representative of two independent 
experiments. Scale bar, 20 μm.

carrying AAN-I-IFNs was higher among those carrying pLOF variants 
than among those carrying missense variants but was independent of 
patient age at testing (P = 0.6) or sex (Extended Data Fig. 7f,g). In ten 
patients with p52LOF/IκBδGOF variants, no neutralizing autoantibodies 
against IFNα-2, IFNω or IFNβ could be detected. Seven of them carried 
the A867V variant (Supplementary Results 3 and Supplementary Fig. 8). 
In total, plasma samples from 82% (47 out of 57) of the patients with 
a p52LOF/IκBδGOF variant neutralized IFNα-2 and/or IFNω; the plasma 
of three of these patients neutralized only IFNα-2, whereas that of 
four patients neutralized only IFNω, and that of another four patients 
neutralized IFNα-2, IFNω and IFNβ (Extended Data Fig. 7d and Sup-
plementary Table 4). Overall, we found a strong association between 
the NFKB2 genotype (p52LOF/IκBδGOF) and the presence of AAN-I-IFNs 
(Supplementary Fig. 9).

 
AAN-I-IFNs in NIK or RELB deficiency
We next investigated the presence of AAN-I-IFNs in patients with 
other inborn errors of the alternative NF-κB pathway. AAN-I-IFNs were 
detected in the two patients with complete autosomal-recessive NIK 
deficiency. In one of these patients, the autoantibodies detected neu-
tralized IFNα-2 and IFNω at a concentration of 10 ng ml−1, whereas, in 
the other, they neutralized IFNα-2 at 10 ng ml−1 and IFNω at 100 pg ml−1 
(Fig. 3f–h, Extended Data Fig. 7h–j and Supplementary Fig. 10). 
AAN-I-IFNs were also detected in patients with autosomal-recessive 
RELB deficiency (n = 7 out of 8: four patients with partial and three with 
complete deficiency). These autoantibodies neutralized IFNα-2 and 
IFNω at 10 ng ml−1 in two patients, and IFNα-2 and/or IFNω at 100 pg ml−1 
in five patients (Fig. 3f–h and Extended Data Fig. 7h–k). By contrast, 
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no AAN-I-IFNs were detected in patients with autosomal-recessive 
BAFFR or X-linked CD40L deficiency, or in the plasma from heterozy-
gous relatives of patients with autosomal-recessive RELB deficiency 
(n = 8) (Fig. 3f–h and Extended Data Fig. 7h–j). Finally, we tested eight 
patients with autosomal-dominant NF-κB1 haploinsufficiency, and 32 
additional patients with deleterious mutations of 10 different canoni-
cal NF-κB pathway-related genes (REL, RELA, IKBKB, IKBKG, NFKBIA, 
HOIL1, CARD11, MALT1, OTULIN and RBCK1). All of the patients tested 
negative for AAN-I-IFNs (Extended Data Fig. 7l,m). These autoantibod-
ies were also absent in patients with IEIs associated with defective T 
follicular helper (TFH) cell function (autosomal-dominant STAT3 defi-
ciency, n = 11), low Treg cell proportions (autosomal-dominant IL6ST 

deficiency, n = 10; autosomal-recessive ZNF341 deficiency, n = 10), 
or both low Treg and TFH cell counts (autosomal-recessive CARMIL2 
deficiency, n = 16) (Supplementary Fig. 11). Haematopoietic stem cell 
transplantation (HSCT) cannot cure defects of thymic stromal cells. 
We therefore hypothesized that AAN-I-IFNs might appear even after 
transplantation. One of the four patients with autosomal-recessive 
complete RELB deficiency who had undergone HSCT had neutralizing 
AAN-I-IFNs before transplantation (at the age of 2 years). Neutralizing 
AAN-I-IFNs were detected in post-transplant samples from two out of 
the three other patients with RELB deficiency (Q72Tfs*152 and Y397*,  
6 and 2.5 years after HSCT, respectively), whereas no such autoantibod-
ies were detected in a patient with autosomal-recessive c-REL deficiency 
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Fig. 2 | Distinctive immunological and clinical phenotype of patients with 
p52LOF/IκBδGOF heterozygous variants. a, FFT-accelerated interpolation- 
based (FI) t-distributed stochastic neighbour embedding (t-SNE) analysis of 
concatenated whole-blood samples from ten patients with p52LOF/IκBδGOF 
variants, and ten age-matched healthy control individuals (HC), based on 
cytometry by time of flight (CyTOF) data. t-SNE analysis is not shown for the 
patients with p52LOF/IκBδLOF variants (n = 4) or APS-1 (n = 6) owing to their lower 
number. NK, natural killer cells; mDCs and pDCs, myeloid and plasmacytoid 
dendritic cells, respectively. b, Uniform manifold approximation and projection 
(UMAP)-based unsupervised clustering analysis of CD19+ B cells from a 
concatenated group of 10 patients with p52LOF/IκBδGOF variants and 31 age- 
matched controls (HC), with a heat map showing the mean levels of the surface 
markers included in the clustering defining 19 distinct metaclusters, CD27 
marker expression and the metacluster distribution in healthy control 
individuals and patients with p52LOF/IκBδGOF variants. c, The number of B cells 
and the proportions of memory B cells, Treg cells and circulating TFH (cTFH) cells 
in patients with a p52LOF/IκBδGOF variant (n = 10, red dots, except for the B cell 

numbers, showing only patients above 6 years of age, n = 9), age-matched 
controls (n = 27, black dots), patients with a p52LOF/IκBδLOF variant (n = 4, orange 
dots) and patients with APS-1 (n = 6, green dots). Statistical comparisons were 
performed using two-tailed Mann–Whitney U-tests. AD, autosomal dominant. 
d, The proportion and number of patients with p52LOF/IκBδGOF (n = 57), p52GOF/
IκBδLOF (n = 6) or p52LOF/IκBδLOF (n = 7, including 4 reported here and 3 previously 
reported56) NF-κB2 variants with their corresponding clinical manifestations. 
e, The proportion and number of patients with severe/recurrent (red shape) or 
no/non-severe (grey shape) viral diseases among the 57 patients with p52LOF/
IκBδGOF NF-κB2 variants. f, COVID-19 severity scale for unvaccinated patients 
with a p52LOF/IκBδGOF (red dots, n = 9), p52LOF/IκBδLOF (orange dots, n = 2), p52GOF/
IκBδLOF (blue dots, n = 2) or neutral (grey dots, n = 2) NF-κB2 variant. Statistical 
comparisons were performed using two-tailed Mann–Whitney U-tests. g, Age 
at the COVID-19 episode in unvaccinated patients with a p52LOF/IκBδGOF (red dots, 
n = 9), p52LOF/IκBδLOF (orange dots, n = 2), p52GOF/IκBδLOF (blue dots, n = 2) or 
neutral (grey dots, n = 2) NF-κB2 variant, as a function of COVID-19 severity. 
Statistical comparisons were performed using two-tailed Mann–Whitney U-tests.
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over a period of 7 years after HSCT, or in children with inborn errors 
of T-cell-intrinsic or neutrophil-intrinsic immunity or of erythrocyte 
function (n = 20), up to 15 years after transplantion (Supplementary 
Table 5 and Extended Data Fig. 7n). These autoantibodies were also 
detected in the plasma of patients with autosomal-recessive com-
plete NIK deficiency (n = 2 out of 2, 3 and 7 years after HSCT), or with a  

p52LOF/IκBδGOF variant (n = 1 out of 1, 14 years after HSCT), for whom the 
available plasma samples were collected exclusively after transplanta-
tion (Supplementary Table 5). These results suggest that inborn errors 
of RELB, NIK and NF-κB2 from the alternative NF-κB pathway underlie 
the development of AAN-I-IFNs, even after HSCT, whereas defects of  
the canonical NF-κB pathway do not. Effective functioning of the 
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Fig. 3 | AAN-I-IFNs detected in patients heterozygous for p52LOF/IκBδGOF 
variants and patients with inborn errors of RELB or NIK. a, Detection of IgG 
autoantibodies against IFNα-2 by Gyros in patients with inborn errors of NF-κB2 
with a p52LOF/IκBδLOF (n = 4), p52GOF/IκBδLOF (n = 6) or p52LOF/IκBδGOF (n = 56) 
variant, patients with APS-1 (n = 45), patients with idiopathic PAD (n = 6), positive 
control individuals with AAN-I-IFNs (C+, n = 10) or healthy control individuals 
(HC, n = 25). Data are the mean values from at least three independent 
experiments. Statistical comparisons were performed using two-tailed Mann–
Whitney U-tests. NS, not significant. b, Detection, using a multiplex bead assay, 
of autoantibodies against the 16 type I IFNs in patients with p52LOF/IκBδGOF 
(n = 28) or p52LOF/IκBδLOF (n = 1) variants or with APS-1 (n = 1). Values are 
normalized to the mean fluorescence intensity (MFI) of plasma samples from 
healthy control individuals (n = 29) for each indicated cytokine. c–e, Luciferase- 
based neutralization assay to detect autoantibodies neutralizing 100 pg ml−1 
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PAD (n = 6) and patients with APS-1 (n = 45). Non-stim., non-stimulated.  
f–h, Luciferase-based neutralization assay to detect autoantibodies 
neutralizing 100 pg ml−1 IFNα-2 (f) or IFNω (g) or 10 ng ml−1 IFNβ (h) in patients 
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the distribution of autoantibody reactivity in plasma samples from patients 
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j, Representation of the global autoantigen profile of patients with APS-1 and 
patients with a p52LOF/IκBδGOF variant, with their overlap. Type I IFN autoantigens 
are highlighted in bold.
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alternative NF-κB pathway in thymic stromal cells therefore appears 
to be essential to prevent the generation of AAN-I-IFNs.

Autoantibody profile of patients with p52LOF/IκBδGOF

The presence of autoantibodies against other proteins was assessed 
in patients with inborn errors of the alternative NF-κB using a panel of 
around 20,000 human proteins corresponding to a large proportion of 
the full-length proteome, many of which were in their native conforma-
tion (HuProt). Moreover, 15 patients with APS-1 and 25 healthy controls, 
all sex- and aged-matched with the 13 patients with p52LOF/IκBδGOF vari-
ants tested, were included. The IFNα subtypes and IFNω were among 
the autoantigens with the highest level of enrichment in the 13 patients 
with p52LOF/IκBδGOF tested relative to control plasma (log2-transformed 
fold change of >1.5) (Fig. 3i and Extended Data Fig. 8a). This enrichment 
was specific to the IFNα subtypes and IFNω, but not other type I IFNs 
(IFNβ, IFNκ or IFNε) or type III IFNs (Fig. 3i). By contrast, autoantibod-
ies against IL-17A, IL-17F and IL-22 (multiplex beads assay) and most of 
the other autoantigens commonly identified in cohorts of patients 
with APS-1 (HuProt microarray) were not found in patients with p52LOF/
IκBδGOF variants (Extended Data Fig. 8b–e). Patients with p52LOF/IκBδGOF 
variants had a lower diversity of IgG-binding autoantigens compared 
with patients with APS-1 (n = 81 and 159 targeted proteins, respectively). 
Moreover, half (n = 39, 48%) of the enriched reactive autoantigens 
in patients with p52LOF/IκBδGOF variants were private, whereas a much 
smaller proportion (n = 27, 17%) of those enriched in patients patients 
with APS-1 was private (Extended Data Fig. 8f,g). There were only 12 
overlapping IgG-reactive autoantigens, 10 of which were IFNω or IFNα 
subtypes (Fig. 3j). Most of the reactivities other than those to type I IFNs 
identified in patients with p52LOF/IκBδGOF variants by HuProt were not 
detected in a multiplex bead assay (Extended Data Fig. 8h), whereas no 
pituitary, skin or other tissue-specific autoantigens were detected by 
HuProt in these patients. We confirmed, by classical diagnostic meth-
ods, that almost all of the patients (26 out of 30, 87%) with p52LOF/IκBδGOF 
variants lacked the tissue-specific autoantibodies typically observed 
in patients with APS-1 (detected in 25 out of 31, 81%) (Supplementary 
Fig. 12). These data suggest that autoantibodies neutralizing the 12 IFNα 
subtypes and IFNω are the principal disease-associated autoantibodies 
detected in patients with inborn errors of the alternative NF-κB pathway.

AAN-I-IFNs underlie viral susceptibility
We hypothesized that the susceptibility to viral diseases, including 
COVID-19, reported in patients with inborn errors of the alternative 
NF-κB pathway might be at least partly explained by the presence of 
AAN-I-IFNs. All of the patients (n = 31) with p52LOF/IκBδGOF variants and 
severe viral infections had AAN-I-IFNs, including all of those with severe 
forms of COVID-19, influenza, varicella zoster virus or recurrent HSV-1 
disease (Fig. 4a). Furthermore, at least one episode of severe or recur-
rent viral disease was reported in 31 of the 47 (66%) patients with p52LOF/
IκBδGOF variants and AAN-I-IFNs, but not in those without such antibod-
ies. With the exception of viral susceptibility and B cell lymphopenia, 
there were no strong clinical or immunological differences between 
patients with p52LOF/IκBδGOF variants with and without AAN-I-IFNs 
(Fig. 4b,c). Two out of the eight patients with autosomal-recessive RELB 
deficiency developed a severe viral disease (varicella pneumonia, n = 2; 
and PML, n = 1), and both had autoantibodies neutralizing IFNα and 
IFNω (Supplementary Table 2). All seven patients with p52LOF/IκBδGOF 
variants who developed COVID-19 pneumonia during the prevacci-
nation period had neutralizing autoantibodies against both IFNα-2 
and IFNω, and experienced critical (n = 4), severe (n = 2) or moder-
ate (n = 1) COVID-19 pneumonia (Fig. 4d,e, Extended Data Fig. 9a and 
Supplementary Table 6). Plasma samples collected from two of these 
patients (P1 and P16) before SARS-CoV-2 infection neutralized IFNα-2 
and IFNω at a concentration of 10 ng ml−1. These samples were collected 

up to 16 years before COVID-19, demonstrating that these neutraliz-
ing autoantibodies were present before infection and were therefore 
not triggered by SARS-CoV-2 infection (Extended Data Fig. 9b). These 
autoantibodies against IFNα and IFNω blocked type I IFN signalling by 
impairing type I IFN ISG induction in vivo in the blood and upper res-
piratory tract during COVID-19, which could be rescued by exogenous 
IFNβ treatment in these patients (Supplementary Results 4, Extended 
Data Fig. 9c–h and Supplementary Fig. 13). Two other patients were 
infected without developing pneumonia or requiring hospitalization: 
one 22-year-old patient with autoantibodies neutralizing only IFNω at 
the lowest dose of 100 pg ml−1 (P5, S762Afs*21/wild type (WT)) and one 
7-year-old patient with autoantibodies neutralizing both IFNα-2 and 
IFNω at a concentration of 10 ng ml−1 (P38, G869Vfs*18/WT) (Fig. 4d,e). 
The six infected patients without AAN-I-IFNs received ambulatory care 
and did not develop pneumonia. They were heterozygous for neutral 
(A567 and V661M) variants, for the Q539* p52GOF/IκBδLOF variant (n = 2) 
or for the R52*/WT p52LOF/IκBδLOF variant (n = 2) (Fig. 4d,e and Extended 
Data Fig. 9a). Furthermore, ten patients with a p52LOF/IκBδGOF variant 
and pre-existing AAN-I-IFNs encountered SARS-CoV-2 after vaccina-
tion (corresponding to the Omicron period, from October 2021 to 
February 2022) (Supplementary Fig. 14). They received an infusion of 
anti-SARS-CoV-2 monoclonal antibodies (n = 4, as sotrovimab (n = 3) 
or tixagevimab/cilgavimab (n = 1)), remdesivir (n = 1) or nirmatrelvir/
ritonavir (n = 1) and/or recombinant IFNβ (n = 2) in addition to intrave-
nous immunoglobulin supplementation (n = 10). All of these patients 
reported asymptomatic to mild (NIH scale, 1–3) COVID-19 without 
pneumonia (Supplementary Fig. 14 and Supplementary Table 6). P3, 
who developed critical COVID-19 pneumonia during the first wave of 
the SARS-CoV-2 pandemic, developed ambulatory disease (NIH score, 2)  
after vaccination and the therapeutic infusion of sotrovimab. The 
two patients with p52LOF/IκBδLOF variants (P43 and P63) and three with 
p52GOF/IκBδLOF variants (P39, P40 and P41) without AAN-I-IFNs had 
ambulatory disease. Overall, these results indicate that AAN-I-IFNs 
are clinically important, underlying severe forms of COVID-19 pneu-
monia and, probably, other severe viral diseases, including influenza 
pneumonia and severe varicella.

AIRE expression in alternative NF-κB IEIs
In mice, mTEC development and AIRE expression are dependent on 
the alternative NF-κB pathway, through NIK and RELB24–26. Conse-
quently, Relb- and Nik-deficient mice, and mice heterozygous for a 
p52LOF/IκBδGOF variant, display thymic hypoplasia with weak medullary 
thymic formation, impaired maturation of AIRE-expressing mTECs 
and tolerance breakdown26,30,31. In human fetal thymuses, NFKB2 and 
RELB transcripts are highly abundant in AIRE+ mTECs32. However, the 
impact of deleterious variants affecting the alternative NK-κB pathway 
on human AIRE expression remains unclear. We hypothesized that 
patients with inborn errors of NIK, RELB or NF-κB2 develop AAN-I-IFNs 
due to insufficient AIRE expression in the thymus. An analysis of the 
thymic volume in patients with p52LOF/IκBδGOF variants (n = 11) aged 4 
to 16 years revealed that the total thymic volume was smaller in these 
patients compared with age-matched controls with conditions unre-
lated to immunity (Extended Data Fig. 10a). We next analysed thymic 
biopsy samples from a patient with autosomal-recessive complete RELB 
deficiency (mutation Y397*/Y397*, biopsy performed at the age of one 
year, with AAN-I-IFNs) and a deceased patient with a p52LOF/IκBδGOF 
variant (P850Sfs*36/WT, the sample was collected at the age of 27 
years; no plasma sample was available). Immunofluorescence analy-
sis of the thymic tissue sections from these two patients revealed a 
dysplastic organ with a disorganized corticomedullary architecture 
and atrophic medulla (Extended Data Fig. 10b). A residual epithelial 
cell population (pan-keratin-expressing cells) with disorganized 
keratin 5 (K5)- and keratin 8 (K8)-positive cells was detected in the 
thymuses of both patients (Extended Data Fig. 10b). mTECs (defined 
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as pan-keratin+UEA-1+ cells) were rare, but not entirely absent, in the thy-
mus of the patient with autosomal-recessive RELB deficiency (Extended 
Data Fig. 10b). However, no AIRE or keratin 10 (K10)-positive Hassall’s 
corpuscles were detected (Fig. 5a). These findings suggest that RELB 
deficiency does not completely block mTEC specification but, rather, 
prevents differentiation into AIRE-expressing and post-AIRE mTECs. 
An analysis of the thymus from the adult patient with a p52LOF/IκBδGOF 
variant showed that, relative to an age-matched control thymus, the 
thymus tissue from this patient lacked UEA-1+ mTECs, AIRE and Hassall’s 
corpuscles (Fig. 5a and Extended Data Fig. 10b). These data suggest 
that the p52LOF/IκBδGOF genotype impaired the maturation of human 
AIRE-expressing cells. However, thymic involution in this older patient 
made it difficult to draw definitive conclusions regarding the impact of 
the mutation on mTEC development earlier in life. Collectively, these 
data suggest that human p52–RELB heterodimers control the develop-
ment of mature mTECs and the thymic expression of AIRE, and that 
inborn errors of the human alternative NF-κB pathway underlie the 
production of AAN-I-IFNs due to the impaired development of mature  
AIRE-expressing mTECs.

 
Aire expression in Nfkb2+/Y868* mice
We further investigated the role of the p52–RELB heterodimer in 
mature AIRE+ mTEC development by generating mice carrying a het-
erozygous variant homologous to the human Y868* p52LOF/IκBδGOF 
NF-κB2 variant (Nfkb2+/Y868*)31,33. Despite the relatively normal thymic 
medullary compartmentalization, as shown by K5 immunofluores-
cence staining (Extended Data Fig. 10c), the cellularity of the thymic 
epithelium was significantly lower in Nfkb2+/Y868* mice compared with 
in WT mice, reflecting a dysregulation of mTEC development and 
homeostasis (Fig. 5b and Extended Data Fig. 10d,e). The proportion 
of AIRE+ mTECs and absolute counts for this subset were very low, but 
non-zero, in Nfkb2+/Y868* mice relative to in WT mice, as shown by both 
flow cytometry and immunofluorescence staining of tissue sections 
(Fig. 5b,c and Extended Data Fig. 10d,e). The residual AIRE+ mTECs in 
the Nfkb2+/Y868* mice displayed significantly weaker AIRE expression 
compared with their WT counterparts (Fig. 5d). Impaired mTEC devel-
opment in Nfkb2+/Y868* and Nfkb2+/D865G mice causes T cell autoimmun-
ity in multiple organs31. The lymphocytic infiltrates in the Nfkb2+/Y868* 
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Fig. 4 | Susceptibility to COVID-19 pneumonia and other severe viral 
diseases is strongly associated with the presence of AAN-I-IFNs. a, The 
number of patients with a p52LOF/IκBδGOF variant and manifestations of viral 
diseases as a function of their AAN-I-IFN status. b, Clinical and immunological 
manifestations in patients with a p52LOF/IκBδGOF variant, as a function of their 
AAN-I-IFN status. Autoimm., autoimmunity; ecto. dyspl., ectodermal dysplasia; 
hypogam., hypogammaglobulinaemia; hypox., hypoxaemic; rec., recurrent; 
RTI, recurrent bacterial respiratory tract infection. c, Chord diagram of the 
main clinical and immunological manifestations of patients with inborn errors 
of NF-κB2. d, Anti-IFNα-2 IgG detection by Gyros in positive control individuals 
(n = 10), healthy control individuals (n = 7), patients with a p52LOF/IκBδGOF (n = 9), 
p52LOF/IκBδLOF (n = 2), p52GOF/IκBδLOF (n = 2) or neutral (n = 2) NF-κB2 variant and 
COVID-19, as a function of disease severity. e, Heat map showing the type I IFN 
neutralization profile of unvaccinated patients during COVID-19, according to 

disease severity and clinical presentation during infection, including patients 
with a p52LOF/IκBδGOF (n = 9), p52GOF/IκBδLOF (n = 2) or p52LOF/IκBδLOF (n = 2) variant. 
The red squares indicate a complete neutralization ability of the plasma for 
ISRE induction in the luciferase reporter assay system, and the white squares 
indicate a total absence of neutralizing autoantibody detection in the ISRE–
luciferase assay. f, The viral load and IFN score in nasal swabs over the course  
of SARS-CoV-2 infection in patients with a p52LOF/IκBδGOF variant (n = 2) with 
AAN-I-IFNs, and in vaccinated individuals with a mild disease and no AAN-I-IFNs 
(n = 4). g, The IFN score and viral load in whole blood (left) or nasal swabs (right) 
over the course of SARS-CoV2 infection in patients with a p52LOF/IκBδGOF variant 
with AAN-I-IFNs (n = 2), or in individuals infected with SARS-CoV-2 presenting 
only mild disease (n = 36). The vertical arrows indicate the times of recombinant 
human IFNβ (rhIFNβ) injection and the arrowheads indicate the infusion of 
monoclonal antibodies (mAbs) against SARS-CoV-2 spike protein.
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mice affected the pancreatic islets, lung and liver, as in NOD Aire-KO 
mice of the same age34. However, in marked contrast to NOD Aire-KO 
mice, the salivary glands, exocrine pancreas and retina were spared 
(Extended Data Fig. 10f,g). Consistently, the autoreactive IgG profiles 
of Nfkb2+/Y868* mice, like those of their human counterparts, are nar-
rower than that of Aire-KO mice, with only a minimal overlap, as shown 
by analysis using phage-display immunoprecipitation and sequenc-
ing (PhIP–seq) (Extended Data Fig. 10j,k). After their maturation into 
MHC-IIhighAIRE+ mTECs, these cells can display a downregulation of 
AIRE expression and give rise to terminally differentiated mTECs (also 
called post-AIRE mTECs or mimetic cells), with distinctive extrathymic 
parenchyma-specific features35,36. In mice, AIRE expression and function 
are required for the development of some terminally differentiated 
mTECs, as shown by the small proportions of corneocyte-like mTECs 
in Aire-KO mice35,37,38. We therefore investigated the consequences of 
impaired p52–RELB heterodimer activation in mouse mTECs on the 
development of corneocyte-like mTECs by assessing K10 expression. 
Like their human counterparts, Nfkb2+/Y868* mice had very small num-
bers of K10-expressing post-AIRE mTECs in the medulla (Extended 
Data Fig. 10i). These data strongly suggest that the human alternative 
NF-κB pathway is essential for the development of mature mTECs, 

as its defects prevent proper AIRE expression and the generation of 
other AIRE-dependent terminally differentiated mTECs, whereas this 
pathway appears to be redundant for the development of some other 
mTEC subsets (MHClowAIRE− cells).

Discussion
We found that human inborn errors of the alternative NF-κB path-
way (autosomal-recessive NIK, autosomal-recessive RELB or 
autosomal-dominant p52LOF/IκBδGOF NF-κB2 disorders) define a new 
group of IEIs underlying the development of AAN-I-IFNs. The pres-
ence of these autoantibodies is consistent with the cellular phenotype 
found in the patients’ fibroblasts, culminating in defective p52–RELB 
activity, which may be secondary to the impaired processing of p100 
to generate p52 or to a quantitative or qualitative RELB deficiency. By 
contrast, no AAN-I-IFNs were found in patients who were heterozygous 
for p100–IκBδ LOF variants, or in patients with inborn errors of the 
canonical NF-κB pathway. This suggests that a correct NIK-dependent 
processing of p100 is a key checkpoint for the p52–RELB-dependent 
activation of the alternative NF-κB pathway that is required to prevent 
the development of AAN-I-IFNs.
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Fig. 5 | Impaired mTEC development and thymic AIRE expression in a patient 
with autosomal-recessive RELB deficiency, a patient heterozygous for a 
p52LOF/IκBδGOF NF-κB2 variant and in mice heterozygous for the Y868* 
NF-κB2 variant. a, Immunofluorescence staining of thymic tissue from age- 
matched controls, a patient with autosomal-recessive complete RELB deficiency 
or heterozygous for a p52LOF/IκBδGOF NF-κB2 variant. AIRE-expressing cells 
(green) and Hassall’s corpuscles (HaC) are shown on the left. Pan-K, pan-keratin. 
Staining for K10 (red), defining terminally differentiated corneocyte-like 
mTECs, is shown on the right. DAPI staining is shown in blue. Scale bars, 50 μm 
(left) and 100 μm (right). Inset: the controls at a higher magnification. Data 
shown are representative of one independent experiment. b, The percentage 
of EPCAM+CD45− thymic epithelial cells (TECs), and the various TEC subsets 
(defined on the basis of their MHC class II (MHC-II) and AIRE expression) in WT 
controls (Nfkb2+/+, black dots, n = 5) and mice carrying a heterozygous missense 

variant homologous to the human Y868* p52LOF/IκBδGOF NF-κB2 variant  
(Nfkb2+/Y868*, red dots, n = 7). Statistical comparisons were performed using 
unpaired, parametric, two-tailed Student’s t-tests (EPCAM+ TECs) or two-way 
nonparametric analysis of variance (ANOVA) (Sidak’s test) with correction for 
multiple comparisons (TEC subsets). Data are mean ± s.d. Data shown are 
representative of three independent experiments. c, Representative confocal 
microscopy images of AIRE (green), K5 (red) and DAPI (blue) of WT (Nfkb2+/+, 
n = 3, top) and Nfkb2+/Y868* (n = 3, bottom) mouse thymuses. Scale bars, 20 μm. 
Data shown are representative of two independent experiments. d, Mean 
fluorescence intensity (MFI) of AIRE expression in mature MHC-IIhighAIRE+ 
mTECs from WT (n = 5) and Nfkb2+/Y868* (n = 7) mouse thymuses. Statistical 
comparisons were performed using unpaired, parametric two-tailed Student’s 
t-tests. Data are mean ± s.d. Data shown are representative of three independent 
experiments.
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The p52–RELB heterodimers control AIRE expression in mouse 
mTECs29. Indeed, Map3k14- (encoding NIK), Ikka- or Relb-deficient 
mice, and Nfkb2+/Y868* mice have strongly reduced thymic AIRE  
expression26,31,39,40, and the deletion of the enhancer element con-
taining two NF‐κB binding sites upstream from the Aire-coding locus 
phenocopies Aire deficiency41. We detected no AIRE expression in 
human thymuses lacking RELB or heterozygous for a p52LOF/IκBδGOF 
variant. Moreover, the development of terminally differentiated 
corneocyte-like mTECs was impaired in both humans and mice with 
defective p52–RELB activity. This finding is consistent with the small 
size of this population in Aire-KO mice, and the role of AIRE in decreasing 
chromatin accessibility at NF-κB regulatory elements in mature mTECs, 
facilitating their terminal differentiation35,37,38,42. Thus, the alternative 
NF-κB pathway appears to be essential for the development of mature 
mTECs in humans, and for proper thymic AIRE expression, by ensuring 
correct p52–RELB activation.

The notable association between the presence of AAN-I-IFNs in 
patients with human inborn errors of NIK, RELB and NF-κB2 suggests 
that intact p52–RELB activation is essential to prevent the breakdown of 
AIRE-dependent central T cell tolerance toward type I IFNs in humans. 
Causality is supported by several lines of evidence: the development 
of these AAN-I-IFNs in almost all, if not all, humans with inherited AIRE 
deficiency, regardless of age or ancestry1,2,23,43–48; the reduced AIRE 
expression in patients with other germline (hypomorphic RAG1 or RAG2 
variants20–22) or somatic (mTEC neoplasia49) conditions underlying the 
development of these autoantibodies; the impaired development of 
AIRE-expressing mTECs in both mouse and human disorders of the 
alternative NF-κB pathway26,31,39,40; the absence of Hassall’s corpuscles 
in patients with inborn errors of the alternative NF-κB pathway, which 
mirrors the decreased levels of terminally differentiated corneocytes 
observed in Nfkb2+/Y868* mice and Aire-KO mice; and the persistence of 
these AAN-I-IFNs up to 14 years after HSCT with engraftment.

However, it is surprising that AIRE deficiency in patients with inborn 
errors of the alternative NF-κB pathway leads to such an apparently 
narrow breakdown of central tolerance, restricted almost exclusively 
to the 12 IFNα subtypes and IFNω, when pathogenic autoantibodies 
are considered. This situation contrasts with the immunological and 
clinical manifestations of patients with APS-1, which only partially over-
lap those of patients with inborn errors of the NF-κB pathway44,45. The 
absence of the typical clinical and immunological features of APS-1 
other than AAN-I-IFNs in patients with p52LOF/IκBδGOF variants may be 
attributed to the presence of residual mature mTECs or terminally 
differentiated mTECs (mimetic cells) that would ensure central toler-
ance to the other antigens targeted in APS-135,36,50. Conversely, the low 
blood counts of B and TFH cells in patients with p52LOF/IκBδGOF variants, 
but not in patients with APS-1, may be a result of the impaired alter-
native NF-κB pathway in B cells or in non-mTEC stromal cells51. The 
low Treg cell counts of patients with p52LOF/IκBδGOF variants may result 
from an impaired alternative NF-κB pathway in T cells or impaired AIRE 
expression in mTECs31,52,53. The clinical manifestations in patients with  
p52LOF/IκBδGOF variants also differ from those in patients with the other 
two forms of autosomal-dominant inborn errors of NF-κB2, prob-
ably due to the higher levels of IκBδ activity of the mutant protein  
(Supplementary Table 7).

Our findings confirm the detrimental consequences of the presence 
of AAN-I-IFNs for viral susceptibility (COVID-19 pneumonia, influenza 
pneumonia and herpesvirus diseases)3,7,13,23. Despite their high risk 
of developing life-threatening COVID-19 pneumonia, unvaccinated 
patients with inborn errors of the alternative NF-κB pathway displayed a 
high but incomplete penetrance of hypoxaemic COVID-19 pneumonias, 
as reported in patients with APS-1 or SLE3,54,55. Additional protective 
or risk factors may be required in these patients to influence the clini-
cal outcome of COVID-19, such as age or the nature of the AAN-I-IFNs 
(neutralizing IFNω and/or the 12 IFNα subtypes). Our findings also sug-
gest that a reinforcement of prophylactic or therapeutic interventions 

can improve the clinical outcome of viral diseases in patients with 
AAN-I-IFNs, throughout their lives, as these autoantibodies may persist 
even after HSCT12. Collectively, these results suggest that the human 
alternative NF-κB pathway controls AIRE expression in mTECs and that 
human inborn errors of this pathway thereby underlie the development 
of AAN-I-IFNs and the resulting predisposition to viral infection. They 
confirm that at least some individuals develop AAN-I-IFNs because of 
an underlying IEI, suggesting that other genetic aetiologies remain to 
be discovered in the 0.3% to 2% of individuals under 70 years of age who 
carry such autoantibodies. The observation that genetic aetiologies 
of AIRE in cis or in trans that disrupt central T cell tolerance underlie 
these autoantibodies suggests that as yet undiscovered genetic aeti-
ologies may also affect this process. The genetic study of patients with 
AAN-I-IFNs may reveal new molecular components in this or other 
processes. What triggers the rise in autoantibody levels against type 
I IFNs after the age of 70 years is another related question potentially 
linked to thymic involution.
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Methods

Participants and samples
We enrolled 73 patients with rare variants of NFKB2 though an interna-
tional collaborative study. Data were collected through an anonymized 
survey sent to specialists in immunology or paediatrics with reported 
or unreported patients with these IEIs (Supplementary Table 1). All 
index cases were genotyped after suspicion of an inborn error of immu-
nity. An analysis of the familial segregation of each NFKB2 variant was 
performed in all relatives for whom genomic DNA was available. We 
included all individuals heterozygous for a rare (MAF < 0.0001) NFKB2 
non-synonymous variant (detected by Sanger sequencing: n = 19; IEI 
gene NGS panel: n = 26; whole-exome sequencing (WES): n = 23; or 
whole-genome sequencing (WGS): n = 5) for whom a plasma/serum sam-
ple was also available. Clinical and immunological data were collected 
with a standardized questionnaire using Microsoft Excel, together with 
at least one plasma sample. The plasma samples from patient P1 were 
obtained through the NCT03394053 and NCT03610802 protocols with 
the approval of the National Institutes of Health institutional review 
board. We also enrolled 14 patients with other inborn errors of the alter-
native NF-κB pathway including patients with autosomal-recessive com-
plete NIK deficiency (n = 2 from 2 kindreds57 and unpublished results); 
autosomal-recessive partial (n = 4 from 2 kindreds) or complete (n = 4 
from 2 kindreds) RELB deficiency57–61 (and unpublished results), or the 
related TNF receptors (TNFR) (autosomal-recessive complete BAFFR 
deficiency (n = 1)58); or X-linked recessive CD40L deficiency (n = 3 from 
3 kindreds (unpublished)). They were detected by Sanger sequencing: 
n = 7; and WES: n = 7. No plasma from patients with autosomal-recessive 
IKKα deficiency was available.

Definitions and outcome measures
PAD was defined by the association of hypogammaglobulinaemia and 
recurrent bacterial respiratory tract infections62. Ectodermal dysplasia 
was defined by the association of sparse hair, eyebrows, or eyelashes, 
or nail dysplasia, with or without alopecia areata or totalis.

The severity of COVID-19 was defined according to the NIH ordi-
nal scale, as previously reported8,63. The NIH scale is an eight-point 
ordinal scale ranging from ambulatory (1, no limitations of activities;  
2, limitation in activity), to hospitalized (3, not requiring supplemental 
oxygen), moderate (4, not requiring supplemental oxygen but requir-
ing ongoing medical care (related to COVID-19 or to other medical 
conditions)), severe (5, requiring supplemental oxygen) or critical  
(6, requiring non-invasive ventilation or use of high-flow oxygen 
devices; 7, receiving invasive mechanical ventilation or extracorporeal 
membrane oxygenation (ECMO); and 8, death).

Plasmids and mutagenesis
The NFKB2 (encoding p100), RELB and MAP3K14 (encoding NIK) plas-
mids were obtained from Origen with a C-terminal DDK tag. The κB 
reporter construct (κB-luc), pGL4.32[luc2P/NF-κB-RE/Hygro] and 
pRL-SV40 vectors were obtained from a previous study64. Site-directed 
mutagenesis was performed as previously described64.

Cell culture and transfection
HEK293T cells or HeLa cells (American Type Culture Collection) were 
maintained in Dulbecco’s modified Eagle medium (DMEM; Gibco) sup-
plemented with 10% FBS (Gibco). Transient transfection was performed 
using X-tremeGENE 9 DNA Transfection Reagent (Merck) according to 
the manufacturer’s instructions. The cell lines were regularly tested 
and were found to be free of mycoplasma contamination.

Functional evaluation of NFKB2 variants
Luciferase reporter assays. The luciferase reporter assay was per-
formed as previously described64. WT HEK293T cells in 96-well plates 
were transfected with a κB reporter plasmid (100 ng per well), the 

pRL-SV40 vector (10 ng per well), WT MAP3K15, WT RELB, and a WT 
or mutant p100 in the presence of X-tremeGENE 9 DNA Transfection 
Reagent (Merck). After incubation for 24 to 48 h, cells were collected, 
and luciferase activity was measured with the Dual-Glo Luciferase Assay 
System (Promega). We considered a deleterious variant to be p52-LOF if 
its luciferase activity was equivalent to that after cotransfection with EV, 
RELB and MAP3K14, hypomorphic if this activity was more than half that 
of the WT allele, and p52 gain-of-function (GOF) if this activity was less 
than half of that after cotransfection with RELB, MAP3K14 and WT NFKB2.

Western blotting. Whole-cell lysates from HEK293T cells, MDDC, T cell 
blasts, primary or SV-40-transformed fibroblasts were prepared in 
RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 
0.5% sodium deoxycholate and 0.1% SDS) supplemented with Com-
plete Protease Inhibitor Cocktail (Roche). Proteins were separated by 
electrophoresis in 10% PROTEAN TGX Precast Protein Gels (Bio-Rad), 
and transferred onto Immobilon-P polyvinylidene fluoride membrane 
(Millipore). All blots were incubated overnight with primary antibodies 
and developed with the Pierce ECL Western Blotting Substrate (Thermo 
Fisher Scientific). The antibodies used in this study included antibodies 
against p100/p52 (4882; Cell Signaling Technology, 1:1,000), p105/p50 
(N terminus; 3035; Cell Signaling Technology, 1:1,000), p65 (sc-372; 
Santa Cruz Biotechnology, 1:1,000), RELB (sc-48366; Santa Cruz Bio-
technology, 1:800), REL (sc-6955; Santa Cruz Biotechnology, 1:1,000), 
and the following secondary antibodies: Amersham ECL mouse IgG, 
HRP-linked whole antibody (from sheep; NA931; GE Healthcare Life 
Sciences) and Amersham ECL rabbit IgG, HRP-linked whole antibody 
(from donkey; NA934; GE Healthcare Life Sciences). Uncropped western 
blots can be found in Supplementary Fig. 1.

Confocal microscopy. HeLa cells were plated on chambered cover-
slips (80826, iBidi) and were left untransfected or were transiently 
transfected with a plasmid encoding p100, RELB and/or NIK and/or an 
empty pCMV6 vector for 48 h. Primary or SV-40 fibroblasts were plated 
on chamber coverslips and left unstimulated or were stimulated with 
100 ng ml−1 Lt or 100 ng ml−1 TWEAK for 48 h. The cells were fixed in 4% 
formaldehyde in phosphate-buffered saline (PBS), pH 7.4. Cells were 
incubated overnight at 4 °C with anti-p100/p52 (4882; Cell Signaling 
Technology, 1:1,000), or RELB (sc-48366; Santa Cruz Biotechnology, 
1:800) primary antibodies. The cells were washed three times with 1× 
PBS and stained by incubation with secondary antibodies for 1 h at room 
temperature (goat anti-mouse IgG Alexa Fluor 488 (A-11029, 1:250); 
goat anti-rabbit IgG Alexa Fluor 633 (A-11037, 1:250) before mounting 
in Prolong-gold and visualization by confocal microscopy (×63 or ×40 
oil-immersion lens).

Detection and functional evaluation of anti-cytokine 
autoantibodies
Gyros. Cytokines, rhIFNα-2 (Miltenyi Biotec, 130-108-984) or 
rhIFNω (Merck, SRP3061) were first biotinylated with EZ-Link Sulfo- 
NHS-LC-Biotin (Thermo Fisher Scientific, A39257), according to the 
manufacturer’s instructions, with a biotin-to-protein molar ratio of 1:12. 
The detection reagent contained a secondary antibody (Alexa Fluor 
647 goat anti-human IgG (Thermo Fisher Scientific, A21445) diluted in 
Rexip F (Gyros Protein Technologies, P0004825); 1/500 dilution of the 
2 mg ml−1 stock to yield a final concentration of 4 μg ml−1). PBS-T 0.01% 
buffer and Gyros Wash buffer (Gyros Protein Technologies, P0020087) 
were prepared according to the manufacturer’s instructions. Plasma 
or serum samples were then diluted 1/100 in PBS-T 0.01% and tested 
with Bioaffy 1000 CD (Gyros Protein Technologies, P0004253), and 
Gyrolab X-Pand (Gyros Protein Technologies, P0020520). Cleaning 
cycles were performed in 20% ethanol.

Luciferase reporter assays. The blocking activity of anti-IFNα-2 and 
anti-IFNω autoantibodies was determined with a reporter luciferase 
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assay. In brief, HEK293T cells were transfected with a plasmid con-
taining the firefly luciferase gene under the control of the human 
ISRE promoter in the pGL4.45 backbone, and a plasmid constitutively  
expressing Renilla luciferase for normalization (pRL-SV40). Cells were 
transfected in the presence of the X-tremeGene 9 transfection reagent 
(Sigma-Aldrich, 6365779001) for 24 h. Cells in DMEM (Thermo Fisher 
Scientific) supplemented with 2% fetal calf serum and 10% healthy 
donors or patient serum/plasma were either left unstimulated or 
were stimulated with IFNα-2 (Miltenyi Biotec, 130-108-984) or IFNω 
(Merck, SRP3061) at 10 ng ml−1 or 100 pg ml−1, or with IFNβ (Miltenyi 
Biotech, 130-107-888) at 10 ng ml−1 or 1 ng ml−1, or with one of the 13 
IFNα subtypes for 16 h at 37 °C. Each sample was tested once for each 
cytokine and dose in at least two independent experiments. Finally, 
cells were lysed for 20 min at room temperature and the luciferase 
levels were measured using the Dual-Luciferase Reporter 1000 assay 
system (Promega, E1980), according to the manufacturer’s protocol. 
Luminescence intensity was measured with a VICTOR X Multilabel Plate 
Reader (PerkinElmer Life Sciences). RLA was calculated by normalizing 
firefly luciferase activity against Renilla luciferase activity, and then 
normalizing against non-stimulated conditions. The samples were 
considered to be neutralizing if the luciferase activity signal, normal-
ized to the non-stimulated conditions, was below 5.

Protein microarray. Protein microarrays (HuProt, CDI laborato-
ries) were incubated in 5 ml blocking buffer, consisting of 2% bovine  
serum albumin and 0.05% Tween-20 in PBS, for 90 min. The arrays 
were then incubated overnight in 5 ml blocking buffer per array with 
serum from a blood donor or patient diluted 1:2,000. Each array was 
then washed five times, for 5 min each, with 5 ml PBS-T (PBS + 0.05% 
Tween-20). Alexa Fluor 647 goat anti-human IgG (Thermo Fisher Sci-
entific, A-21445, RRID:AB_2535862) and Dylight 550 goat anti-GST  
(Columbia Biosciences, D9-1310) were diluted in blocking buffer 
(1:2,000 and 1:10,000, respectively) and each array was incubated in 
5 ml of the resulting mixture for 90 min. Five washes were then con-
ducted as previously described. Incubations and washes were per-
formed on an orbital shaker, with aluminium foil to block out the light 
during the steps after adding the fluorescent antibodies. Finally, each 
array was immersed in deionized water three times and centrifuged 
for approximately 30 s for drying. The arrays were scanned later the 
same day with an Innoscan 1100AL Fluorescence scanner (Innopsys) 
using Mapix v.9.1.0 and the resulting images were analysed with the 
Jan 18-22 Huprot v4.0 Genepix Array List file and either of GenePix Pro 
v.5.1.0.19 or GenePix Pro 7. Normalization was used to compensate 
for variation in the signal intensity between experiments. Data from  
additional healthy donors from separate protein array experiments was 
included. Signal intensities were extracted from the scanned image with 
GenePix Pro v.5.1.0.19 and GenePix Pro 7, with the subtraction of the 
local background. IgG-reactive proteins were identified as proteins with 
a fluorescence intensity log2[fold change] ≥ 1.5. Autoantigens identi-
fied in patients with APS-1 were extracted from previous studies46,47,65. 
Protein arrays were performed on plasma from 24 patients with inborn 
errors of the alternative NF-κB pathway, with (n = 15) or without (n = 9) 
AAN-I-IFNs: p52LOF/IκBδGOF variant (n = 8 and 5), autosomal-recessive 
RELB (n = 5 and 3) and autosomal-recessive NIK (n = 2 with AAN-I-IFNs) 
deficiency, and the p52LOF/IκBδLOF variant (n = 1, without AAN-I-IFNs). 
Moreover, plasma from patients with APS-1 (n = 15) and healthy donors 
(n = 25) was included, sex- and aged-matched with the 13 patients with 
the p52LOF/IκBδGOF variant.

Multiplex bead arrays. The method for detecting human IgG in the 
serum using magnetic beads was described previously66. We used this 
method with a few modifications, as specified below. The AnteoTech 
Activation Kit for Multiplex Microspheres (A-LMPAKMM-10) was used 
in accordance with the manufacturer’s protocol, including the optional 
blocking, to couple magnetic beads (MagPlex, Luminex) to a panel of 

96 analytes including the following commercially available proteins 
(with 1.5 × 106 beads to 3 μg of the proteins not provided as lysates): 
IFN-α2, IFN-α1, IFN-α7, IFN-α14, IFN-β1, IFN-ε, IFNω-1, IFN-α5, IL-22, 
IFN-α6, IFN-α10, IFN-α8, IFN-α16, IFN-α17, IFN-κ, anti-IgG, IFN-α21, 
IL-17A, TROVE2, RBM38, IFN-α4, IL-17F, and ATP4A. The samples were 
diluted 1:25 in PBS and then 1:10 in assay buffer (0.05% PBS-T, 3% BSA, 5% 
milk). Stocks of magnetic beads were sonicated for 1 min before mixing 
with storage buffer from the activation kit. The diluted samples were 
centrifuged for 1 min at 3,000 rpm, and 45 μl of each sample was then 
incubated for 2 h in the dark at room temperature with 5 μl of stock bead 
solution, with shaking at 650 rpm. The beads were then washed (3 times 
with PBS-T 0.05%), centrifuged at 2,000 rpm, resuspended in 50 μl 0.2% 
PFA per well and carefully vortexed. After incubation for 10 min at room 
temperature and centrifugation at 2,000 rpm, the beads were washed 
(3 times with PBS-T 0.05%) and incubated with secondary antibodies 
(Invitrogen, H10104, 2384336) for 30 min at room temperature. Finally, 
the wash routine described above was repeated, and the beads were 
dispensed in PBS-T 0.05% before the Luminex FlexMap 3D read out.

Screening for tissue-specific autoantibodies
Plasma samples obtained from patients with APS-1 (n = 31), p52LOF/
IκBδGOF (n = 30) or p52LOF/IκBδLOF (n = 4) variants were analysed for the 
presence of specific autoantibodies in various immunological tests. 
The anti-tissue autoantibodies on rat tissue test (BioRad/Kallestad, 
29020) and the anti-adrenal autoantibodies on primate tissue test 
(Inova, 508375) were performed using commercially available slides. 
The detection of anti-intrinsic factor (Thermo Fisher Scientific, Phadia, 
14-5668-01), anti-thyroperoxydase (Thermo Fisher Scientific, Phadia, 
14-5641-01) and anti-thyroglobulin (Thermo Fisher Scientific, Phadia, 
14-5642-02) antibodies was performed using the ELiA technique; the 
presence of anti-IA2 (Theradiag, 10513417) or anti-21-OH (Theradiag, 
RL21E/96D) autoantibodies were assessed by ELISA. All of the test proce-
dures were performed once and conducted according to the protocols 
provided by the kit manufacturers.

Microbiological investigations
The normalized viral load was determined for each sample, by deter-
mining the viral load for 1 million cells in the nasopharyngeal swabs 
by quantitative PCR with reverse transcription using the SARS-CoV-2 
R-gene kit (bioMérieux). In brief, nucleic acids were extracted from 
0.2 ml nasopharyngeal swab (NPS) with NUCLISENS easyMAG and 
amplification was performed using the Bio-Rad CFX96 instrument. 
The viral load was determined with four internally developed quan-
tification standards (QSs) targeting the SARS-CoV-2 N gene: QS1 to 
QS4, at 1 × 105, 1 × 104, 1 × 103 and 1 × 102 copies per μl, respectively, of a 
SARS-CoV-2 DNA standard. These QSs were controlled and quantified 
using a Nanodrop spectrophotometer (Thermo Fisher Scientific) and 
Applied Biosystems QuantStudio 3D Digital PCR. In parallel, NPS were 
tested using the CELL Control R-GENE kit (amplification of the HPRT1 
housekeeping gene; bioMérieux), which contains two quantification 
standards, QS1 and QS2, at 104 copies per μl (50,000 cells per PCR in our 
conditions) and 103 copies per μl (5,000 cells per PCR) of DNA standard, 
respectively, to normalize the viral load according to the amount of 
sample. Normalized viral load was calculated as log10[copies per 106 
cells]. Potential co-infections were investigated using the BioFire Res-
piratory 2.1 plus Panel (RP2.1plus) detecting 23 respiratory pathogens, 
including SARS-CoV-2 (bioMérieux).

Blood and nasal IFN score determination
Total RNA was extracted from whole blood into PAXgene tubes using 
the Maxwell16 LEV simplyRNA Blood kit (Promega) according to the 
manufacturer’s instructions. Blood IFN score was determined using 
Nanostring technology as previously described67. For the nasal IFN 
score, we tested 100 μl nasal pharyngeal swab samples with the IFN pro-
totype, as previously described17. The first prototype of the IFN pouch 



encompasses four ISGs (IFNα-inducible protein 27, IFI44L, IFN-induced 
protein with tetratricopeptide repeats 1, radical S-adenosyl methio-
nine domain containing 2) and three housekeeping genes (hypoxan-
thine phosphoribosyltransferase 1, peptidylprolyl isomerase B and 
2,4-dienoyl-CoA reductase 1) for signal normalization. In brief, the 
pouches were hydrated with the hydration solution. The PAXgene blood 
or nasal pharyngeal swab samples were mixed with 800 μl of the sample 
buffer provided with the kit and injected directly into the pouch and 
run on FilmArray 2.0 and FilmArray Torch instruments (BioFire Diag-
nostics). Results were delivered within 1 h. Using a research version of 
the instrument, we determined the real-time quantification cycle val-
ues and post-amplification melt peaks for each assay. The normalized 
expression values for each assay were then calculated with the internal 
reference genes. Nasal pharyngeal ISG score was calculated using the 
same method as for PAXgene samples, as previously described67.

CyTOF
The whole-blood mass cytometry panels used were custom produced, 
and their contents are shown in Supplementary Table 8. Labelled cells 
were frozen at −80 °C after overnight dead-cell staining, and acquisi-
tion was performed on the Helios machine (Fluidigm). All of the sam-
ples were processed within 48 h of sampling. The six patients with 
autosomal-recessive APS-1 included in the analysis were on treatment 
with JAK inhibitors at the time of blood collection. Data analysis was 
performed using OMIQ software. The gating strategy for CyTOF immu-
nophenotyping is shown in Supplementary Fig. 15.

Immunostaining of human thymus sections
Thymic biopsy samples were collected from a patient with complete 
autosomal-recessive RELB deficiency (mutation Y397*/Y397*, P2 from 
ref. 59) and a deceased patient with a p52LOF/IκBδGOF variant (P850Sfs*36/
WT from ref. 68). Tissues were fixed in 4% paraformaldehyde (Thermo 
Fisher Scientific), washed with PBS and embedded in paraffin. Antigen 
retrieval was performed on rehydrated tissue by boiling sections in 
Citra antigen retrieval solution (Biogenex). The sections were blocked 
by incubation for 30 min at room temperature in CAS-Block (Thermo 
Fisher Scientific) plus 0.2% Triton X-100 (Sigma-Aldrich), and were 
then incubated overnight at 4 °C with primary antibodies. The sections 
were washed with PBS-Tween 0.1% and stained by incubation with a 
biotinylated secondary antibodies for 1 h at room temperature for 
AIRE visualization. When necessary, secondary antibody staining was 
performed at room temperature for 1 h. The sections were washed with 
PBS-Tween 0.1% and mounted in ProLong Diamond Antifade mount-
ing solution (Thermo Fisher Scientific). Images were acquired on an 
Apotome microscope (Zeiss). The antibodies used were K8-Alexa647, 
Rb (EP1628Y), Abcam, ab192468, 1:300; K5 Alexa488, Rb (EP1601Y), 
Abcam, ab193894, 1:300; AIRE, rat, eBioscience, 14-9534-82, 1:50; 
pan-keratin, Rb, Abcam, ab9377, 1:200; K10 Alexa647, Rb (EP1607I-
HCY), Abcam, ab194231, 1:300; UEA-1 biotinylated, Vector Laboratories, 
B-1065-2, 1:500.

Mice
Nfkb2+/Y868* NOD mice were generated by the Genetics Core Facility at 
National Jewish Health, Denver Colorado. Both WT littermate control 
and Nfkb2+/Y868* NOD mice were maintained in specific-pathogen-free 
facilities at the University of California San Francisco (UCSF) in accord-
ance with the guidelines established by the Institutional Committee 
on Animal Use and Care (IACUC) and Laboratory Animal Resource 
Center (LARC). Animal procedures were approved by the IACUC and 
LARC at UCSF, where mice aged 8–12 weeks, matched for age and sex, 
were used for tissue collection.

Mouse mTEC isolation and flow cytometry
A previously established mouse thymus tissue-processing and 
single-cell-isolation protocol was used for flow cytometry analysis69. 

Single-cell suspensions were incubated with Live/Dead Fixable Blue 
Dead Cell Stain (Thermo Fisher Scientific) in 1× PBS for 15 min at 4 °C and 
then washed in PBS. They were blocked by incubation with anti-mouse 
CD16/CD32 (24G2) antibodies (UCSF Hybridoma Core Facility) for 
15 min at 4 °C before cell surface marker staining in FACS buffer for 
30 min at 4 °C. Cells were fixed and permeabilized with the FOXP3 stain-
ing buffer kit (eBioscience) according to the manufacturer’s protocol 
for intracellular protein staining. Flow cytometry data were collected on 
the LSRII Flow Cytometer (BD Biosciences) and analysed using FlowJo 
v.10.8.1. Antibodies against the following proteins were used: AIRE 
(5H12, eBioscience, 53593482), CD45 (30-F11, BioLegend, 103130), 
EPCAM (G8.8, BioLegend, 118218), I-Ak (10-3.6, BioLegend, 109908).

Immunostaining of mouse thymus sections
Mouse thymuses were fixed by incubation in 2% paraformaldehyde 
(Thermo Fisher Scientific, 28908) in PBS for 2 h at room tempera-
ture and were then incubated overnight at 4 °C in 30% (w/v) sucrose 
(Sigma-Aldrich, S7903-1KG) in PBS. Tissues were embedded in Optimal 
Cutting Temperature Compound (Tissue-Tek 4583) and stored at −80 °C 
until sectioning (30–50 μm) on a Cryostat (Leica). Tissue sections on 
slides were rehydrated in PBS for 5 min before permeabilization in 
0.3% Triton X-100 (Sigma-Aldrich), 0.2% BSA (Sigma-Aldrich) and 0.1% 
sodium azide (Sigma-Aldrich) in PBS with shaking for 45 min at room 
temperature. The sections were blocked by incubation with BlockAid 
(Thermo Fisher Scientific, B10710) at room temperature for 1 h. The sec-
tions were stained by incubation with primary fluorophore-conjugated 
antibodies for 1 h at room temperature and washed in 1× PBS. The sec-
tions were then stained with DAPI (BioLegend, 422801) for 5 min at room 
temperature followed by three washes in 1× PBS. Antibodies against the 
following proteins were used at a dilution of 1:200: AIRE (5H12, eBio-
science, 53593482), K5 (EP1601Y, Abcam, 193895), K10 (EP1607IHCY, 
Abcam, 194231). All of the tissue sections were mounted in ProLong 
Diamond (Thermo Fisher Scientific) mounting medium. Images were 
captured on the Leica SP8 (Leica) laser-scanning confocal microscope.

Histology
Organs from age- and sex-matched Nfkb2+/+ and Nfkb2+/Y868* mice  
(10 to 11 weeks old) were collected and fixed overnight in 10% formalin, 
and shipped in 70% ethanol to HistoWiz for sectioning, and staining 
for haematoxylin and eosin. Immune infiltrates of tested organs were 
confirmed with a blinded observer.

PhIP–seq with a mouse proteome library
The mouse proteome T7 phage-display library, which was described 
elsewhere70, was used for immunoprecipitation and sequencing to 
identify autoreactivities. Serum samples from Rag2-KO (n = 5), WT 
NOD (n = 8), Aire-KO NOD (n = 8) and Nfkb2+/Y868* NOD (n = 8) mice 
were used in a previously published high-throughput protocol70.  
We analysed peptide enrichment after PhIP–seq by aligning reads at 
the protein level with RAPsearch as previously described70. Aligned 
reads were normalized to 100,000 reads per k-mer (RPK) to account for 
variable read depth, and log2-transformed fold changes in read counts 
were calculated for each sample relative to the mean number of read 
counts in mock immunoprecipitations and Rag2-KO mice. Peptides 
with z-scores greater than or equal to 3 were considered to be hits, 
and peptides displaying enrichment in mutant mice were identified as 
peptides classified as hits in at least three mutant mice and no WT mice.  
Peptides were labelled with the corresponding protein.

RNA extraction, sequencing and analysis
Total RNA was isolated from whole blood as previously described67. 
RNA sequencing was performed using the Illumina NovaSeq S2 instru-
ments (2 × 100 bp), at a read depth of 70 million. Single samples were 
sequenced across two lanes, and the resulting FASTQ files were merged 
by sample. All FASTQ files passed quality control and the sequences 
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were aligned with the GRCh38 reference genome using STAR (v.2.6.1d). 
BAM files were converted to a raw count expression matrix using fea-
turecount. Raw count data were normalized using DEseq2 (v.1.40.2). 
The ensemble IDs targeting multiple genes were collapsed (average), 
and a final data matrix gene was generated for single-gene set enrich-
ment analysis with the BloodGen3Module gene set71. Statistical analysis 
was performed on a predefined gene set. Specifically, we used a fixed 
repertoire of 382 blood transcriptional modules that were thoroughly 
annotated and characterized functionally as described previously71. 
In brief, this repertoire of transcriptional modules (BloodGen3) was 
identified on the basis of co-expression, as measured in a collection of 
reference blood transcriptome datasets encompassing 16 pathological 
or physiological states and 985 individual transcriptome profiles. Sets of 
co-expressed transcripts were derived from a large weighted cocluster-
ing network in which edges represented the number of times a pair of 
genes coclustered in the 16 reference datasets (with a weight of 1 to 16). 
We calculated an IFN module enrichment score for individual samples by 
performing single-sample gene set enrichment analysis (ssGSEA) (GSVA 
package v.1.48.3), with the six IFN-response modules of the BloodGen-
3Module gene set (1.8.0), aggregate A28 as input. The enrichment scores 
of individual samples were used for heat-map visualization.

Thymus CT scan
We performed a retrospective assessment of the thymus for those 
patients for whom a chest CT scan was available. For patients with sev-
eral scans, we selected the first scan or the scan on which the thymus 
was largest. Most of the patients’ scans were performed without con-
trast injection, and the thymic margins were assessed by multiplanar 
reconstruction. The thymus was measured in three planes: thickness 
and width in the axial plane through the aortic arch, greatest height 
in a coronal or sagittal oblique plane. We established a control group 
matched for age (±1 month) and sex. Three controls were selected per 
patient. The control group was randomly selected from scans per-
formed at our centre for polytrauma, excluding severe head trauma 
with coma or neurological disorders and thoracic trauma (so as not 
to alter mediastinal anatomic reports).

Statistical methods
Data were analysed using GraphPad Prism software v.9.5.0 (Graph-
Pad Software). The statistical significance of quantitative differences 
between groups was assessed in two-tailed unpaired Mann–Whitney 
U-tests. The statistical significance of differences between two groups 
in mouse studies was calculated using unpaired, parametric, two-tailed 
Student’s t-tests. For comparisons of more than two groups, the statisti-
cal significance of differences was calculated using two-way nonpara-
metric ANOVA (Sidak’s test) with correction for multiple comparisons. 
Only statistically significant comparisons are indicated by their  
P values. All data are expressed as the mean ± s.d. calculated from at 
least three independent experiments unless otherwise stated.

Ethics statement
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Extended Data Fig. 1 | Pedigrees of the 73 patients studied carrying 
heterozygous NFKB2 variants. (a) Pedigrees of the patients heterozygous  
for rare variants of NFKB2. Generations are indicated by Roman numerals (I–II), 
and each symptomatic carrier included in the study, represented by a black 
symbol, is indicated as P followed by an Arabic numeral (P1–P73). Grey symbols 
represent relatives who are symptomatic carriers but for whom no material was 
available for this study. A vertical bar, within a white or grey symbol, indicates 
an asymptomatic carrier included or not included (due to a lack of available 
material), respectively in the study; an arrow indicates the index case; a black 

diagonal line indicates that the individual is deceased. “E?” indicates individuals 
of unknown genotype. (b) CADD-MAF (combined annotation-dependent 
depletion-minor allele frequency) graph of the rare or private NFKB2 variants 
(n = 28) from the 73 patients recruited. The red and white dots represent pLOF 
and missense heterozygous NFKB2 variants, respectively. Each score was 
calculated with CADD version 1.6. The dashed line represents the mutation 
significance (MSC) cutoff threshold of 33 for NFKB2. (C) CoNeS score of the 
NFKB2 gene.



Extended Data Fig. 2 | Population genetics and constraint metrics of the 
NFKB2 gene, and pedigrees of the patients with inborn errors of RelB, NIK, 
BAFFR and CD40L. (a) CADD-MAF graph for the NFKB2 variants reported in 
the gnomAD v2.2.1. The red and grey dots represent monoallelic pLOF and 
heterozygous in-frame (missense and indel) variants, respectively. The green 
dots represent homozygous missense variants. The horizontal dashed line 
represents the mutation significance (MSC) cutoff threshold of 33 for NFKB2. 
(b) Genomic constrained coding regions across NFKB2, as estimated by the 
missense tolerance ratio (MTR) score evaluating region-specific intolerance  
to missense variants. A score <1.0 indicates a lower-than-expected ratio of 
missense to synonymous variants in the gnomAD v2.0 dataset for the 21 bp 
window surrounding an amino-acid residue. The horizontal-coloured dashed 
lines represent the percentiles for the most missense-depleted regions of 
NFKB2. The NIK-responsive sequence (NRS) is within the 5th percentile for the 

most missense-depleted regions for NFKB2. The lower graph shows the 
distribution of the heterozygous NFKB2 variants reported in gnomAD 2.1.1  
and from the patients reported in this study, by location within the protein and 
CADD score. (c) Electropherograms showing the c.104-1 G > C/WT essential 
splice-site variant carried in the heterozygous state of P63 and a healthy donor 
(left) and the proportion of transcripts identified by sequencing 100 colonies 
from TOPO cloning with cDNA from PCR products corresponding to a region 
spanning exon 2 to 7 in P63 or a healthy donor. (d) Representation of the 
alternative NF-κB pathway and the patients included. (e) Pedigrees and variants 
of patients with inborn errors of RelB, NIK, BAFFR and CD40L. A dot within a 
white symbol indicates an asymptomatic carrier; an arrow indicates the index 
case; a black diagonal line indicates a deceased individual. “E?” indicates 
individuals of unknown genotype.
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Extended Data Fig. 3 | Functional testing of NFKB2 variants by 
overexpression. (a) Schematic representation of the alternative NF-κB 
pathway and the function of the p52/RelB and p52/p52 heterodimers (left 
panel); a graphical overview of the luciferase assay for testing the p52 function 
of the NFKB2 variants (middle panel); and a schematic representation of the 
functional consequences of the WT, p52GOF and p52LOF variants in the luciferase 
assay (right panel). (b) Relative luciferase activity (RLA) of WT or RelA-deficient 
HEK293T cells transfected with a κB reporter construct (κB-luc) in the absence 
or presence of plasmids encoding NIK and/or RelB for 24, 48 or 72 h. Results are 

expressed as the RLA normalized against the value for the EV. Bars represent 
the mean values (± s.d.) from 3 independent experiments performed in technical 
duplicates. (c) Western blot of HEK293T cells transfected for 24 h (left panel)  
or 48 h (right panel) in the absence or presence of plasmids encoding NIK and 
the WT or previously reported biochemical NF- κB2/p100 mutants. Data 
representative of two independent experiment are shown. (d) Luciferase assay 
testing the NF-κB2/p100 biochemical mutants (left) or deleterious variants 
from patients (right), 24 h after transfection. Bars represent the mean values  
(± s.d.) from more than 3 independent experiments.



Extended Data Fig. 4 | Assessments of NIK-dependent p100 processing and 
p100-IκBδ activity of the NFKB2 variants by overexpression. (a) Western 
blot of HEK293T cells transfected for 48 h in the presence or absence of 
plasmids encoding NIK and WT or mutant NF-κB2, showing phosphorylated 
Y866-p100 (P-p100) levels, and p100 and p52 expression. Data representative 
of three independent experiments are shown. (b) Relative luciferase activity 
(RLA), indicating the p100/NF-κB2-dependent capacity to repress κB 
transcriptional activity for luciferase in HEK293T cells in the presence or 
absence of plasmids encoding NIK and various amounts of a plasmid encoding 
the C-terminal part of p100/NF-κB2 (Cter, aa 405-900) from WT or mutants, 
48 h after transfection. The results are expressed as a percentage of the  
κB-luc RLA after transfection with NIK alone (left panel); the kinetic effect of 
transfection with NIK either alone or together with a plasmid encoding the 
various Cter constructs, as assessed by κB-luc transcriptional repression,  

from 24 to 72 h after transfection is shown in the right panel. Bars represent 
the mean values (± s.d.) from two independent experiments performed in  
duplicate. (c) Kinetic effect of transfection with NIK alone or together with a 
plasmid encoding the dimer-deficient Y247A single (p100Y247A) or double  
(p100/Y247A/W270*, p100Y247A/R611*, p100Y247A/S866N, or p100Y247A/R853*) mutants, in 
terms of κB transcriptional repression of luciferase activity from 24 to 72 h 
after transfection. Results are expressed as a percentage of the κB RLA after 
transfection with NIK alone. Bars represent the mean values (± s.d.) from  
two independent experiments performed in duplicate. (d) Western blot of 
HEK293T cells cotransfected with a plasmid encoding NIK, together with 
various amounts of a plasmid encoding the WT or mutant NF-κB2 variants, 
together with a constant amount of empty vector (left panel) or of WT NFKB2 
(right panel), showing phosphorylated p100 (P-p100), p100 and p52 expression. 
Data representative of three independent experiments are shown.
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Extended Data Fig. 5 | The processing-resistant NFKB2 mutants have 
enhanced p100-IκBδ activity in heterozygous patients’ cells. (a) Western 
blot of P-p100, NF-κB2 (p100/p52), NF-κB1 (p105/p50), RelB, and RelA in primary 
fibroblasts from one healthy donor (HC), a patient with the p52LOF/IκBδGOF 
R853*/WT variant, a patient with the p52LOF/IκBδLOF K321Sfs/WT variant, a 
patient with AR complete (Q72Tfs*152/Q72Tfs*152) RelB (RelB−/−) or (P565R/
P565R) NIK (NIK−/−) deficiency, with or without stimulation with LT-α1β2 (Lt) for 
48 h (left panel), and a graph depicting total p100/p52 intensity ratio after Lt 
stimulation (right panel). Bars represent the mean values (± s.d.) from two 
independent experiments. (b) Western blot showing p100 processing into p52 
and RelB induction in total cell extracts of SV40 fibroblasts from a healthy 
donor (HC) or a patient with AR complete NIK deficiency (NIK−/−) either left  
non stimulated (NS) or after stimulation for 48 h with TNF, TWEAK, Lt. Data 
representative of three independent experiments are shown. (c) Confocal 

microscopy showing the subcellular distribution of RelB in primary fibroblasts 
from two healthy controls (HC1, HC2), patients with a p52LOF/IκBδLOF K321Sfs/
WT or a p52LOF/IκBδGOF R853*/WT NF-κB2/p100 variant, and patients with AR 
complete RelB (RelB−/−) or NIK (NIK−/−) deficiency, without and with stimulation 
with TWEAK for 48 h. Data representative of three independent experiments 
are shown. (d) Confocal microscopy showing the subcellular distribution of 
p100/p52 in primary fibroblasts from two healthy controls (HC1, HC2), patients 
with a p52LOF/IκBδLOF K321Sfs*/WT or a p52LOF/IκBδGOF R853*/WT NF-κB2/p100 
variant, AR complete RelB deficiency (RelB−/−), or AR complete NIK deficiency 
(NIK−/−) without and with stimulation with TWEAK for 48 h, with an antibody 
recognizing the N-terminus of p100. Data representative of three independent 
experiments are shown. The bottom panels represent magnified images 
(cropped images).



Extended Data Fig. 6 | Immunoglobulin level and B cell immunophenotyping 
of patients with inborn errors of NF-κB2. (a) Immunoglobulin IgG, IgM, and IgA 
levels (g/L) in patients with inborn errors of NF-κB2. Normal immunoglobulin 
distribution corresponds to the grey area. Bars represent the median values. 
(b) B cell count across ages in patients with p52LOF/IκBδGOF variants with (n = 39, 
red dots) and without (n = 7, red squares) AAN-I-IFNs, patients with p52LOF/
IκBδLOF/WT (n = 3, orange dots), p52GOF/IκBδLOF/WT (n = 4, blue dots), or neutral 
(PAD, grey dots) NF-κB2 variants. Normal B-cell count for age corresponds to 
the grey area. (c) Cell numbers among B cell subsets, as determined by CyTOF, 
in healthy donors (n = 15, black dots), patients with p52LOF/IκBδGOF variants aged 
≥ 6 years (n = 9, red dots), patients with p52LOF/IκBδLOF variants (n = 4, orange 
dots), and APS-1 patients (n = 6, green dots). (d) Proportions of B cell subsets,  

as determined by CyTOF, in healthy donors (n = 15, black dots), patients with 
p52LOF/IκBδGOF variants (n = 10, red dots), patients with p52LOF/IκBδLOF variants 
(n = 3, orange dots), and APS-1 patients (n = 6, green dots). B-cell subset 
proportions from a patient with a p52LOF/IκBδLOF R52*/WT variant are not shown 
due to his lack of circulating B cells. (e) Proportions of B cell subsets and 
absolute counts of B cells identified in the 19 metaclusters in healthy donors 
(n = 22, black dots), patients with a p52LOF/IκBδGOF variant aged ≥ 6 years (n = 9, 
red dots), and patients with a p52LOF/IκBδLOF variant (n = 3, orange dots) (left 
panels); representation of the CD27, CD21, CD38, and CD24 markers on UMAP 
(middle panels); heatmap showing the mean levels of the surface markers 
included in the clustering defining 19 distinct metaclusters. The error bars 
represent the mean values (± s.d.) of each group.
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Extended Data Fig. 7 | AAN-I-IFNs in patients with inborn errors of the 
alternative NF-κB pathway. (a-b) Luciferase-based neutralization assay for 
detecting auto-Abs neutralizing 10 ng/mL IFN-α2 (a) or IFN-ω (b) in patients 
with the three inborn errors of NF-κB2, APS-1 and PAD patients, positive controls 
(C+), and healthy controls (HC). (c) Correlation between the detection of 
auto-Abs against IFN-α2 by Gyros (x-axis) and results for the luciferase-based 
neutralization assay (y-axis) after stimulation with 10 ng/mL IFN-α2. The dotted 
line represents the cutoffs for detection (A.U. value > 50) or neutralization 
(induction <5). (d-e) Proportion of patients with auto-Abs neutralizing type I 
IFNs at 10 ng/mL or 100 pg/mL among patients with a p52LOF/IκBδGOF variant  
(d), and APS-1 patients (e). (f) Proportion of patients with AAN-I-IFNs among 
patients carrying a missense or pLOF p52LOF/IκBδGOF variant. (g) Age distribution 
of patients with the three inborn errors of NF-κB2, AR RelB or NIK deficiency,  
or APS-1 according to the presence or absence of AAN-I-IFNs in plasma.  
(h) Detection of IgG auto-Abs against IFN-α2 by Gyros in patients with inborn 

errors of NIK, RelB, BAFF and CD40L. (i-j) Luciferase-based neutralization 
assay for detecting auto-Abs neutralizing 10 ng/mL IFN-α2 (i) or IFN-ω ( j) in 
patients with inborn errors of NIK, RelB, BAFF and CD40L. (k) Proportion of 
patients with auto-Abs neutralizing type I IFNs at 10 ng/mL or 100 pg/mL in 
patients with AR RelB deficiency. (l-m) Luciferase-based neutralization assay 
for detecting auto-Abs neutralizing 100 pg/mL IFN-α2 (l) or IFN-ω (m) in 
patients with inborn errors of the canonical NF-κB pathway. DN = dominant- 
negative. (n) Detection of auto-Abs neutralizing 100 pg/mL IFN-α2 or IFN-ω in 
patients with inborn errors of the alternative NF-κB pathway post-HSCT (n = 7) 
versus children with inborn errors of T-cell intrinsic immunity [(SCID, n = 3, CID, 
n = 1), neutrophil-intrinsic immunity (chronic granulomatous disease, CGD, 
n = 10), cytotoxicity (familial hemophagocytic lymphohistiocytosis, HLH, 
n = 3), erythrocyte function (β-thalassaemia, n = 3)] who underwent HSCT 
(Hematop. IE, n = 20) (left panel), with the time interval between HSCT and 
plasma collection (right panel).



Extended Data Fig. 8 | Narrow autoantibody profiles in patients with 
p52LOF/IκBδGOF variants. (a-b) Heat map of the autoantigens with the highest 
levels of enrichment in patients with a p52LOF/IκBδGOF variant (n = 13, a) or APS-1 
patients (n = 15, b), versus patients with AR RelB deficiency (n = 8), AR NIK  
(n = 2) deficiency, or with APS-1 (n = 15), as determined with protein microarray 
(HuProt). Results are shown as the mean fluorescence of two technical 
replicates with a log2 fold-change >1.8 in patients with p52LOF/IκBδGOF variants 
(a) or APS-1 (b) relative to 25 healthy controls (HC). (c) Detection of IgG auto-Abs 
against IL-17A, IL-17F, or IL-22 using a multiplex bead array in patients with 
inborn errors of the alternative NF-κB pathway. Data representative of one 
independent experiment are shown. (d) Protein microarray distribution of 
auto-Abs against IFN-α and IFN-ω (red dots) or other autoantigens frequently 
found targeted in patients with APS-1 (green dots), in patients with a  

p52LOF/IκBδGOF variant, relative to controls. (e) Protein microarray distribution 
of auto-Abs against IFN-α and IFN-ω (red dots), or other autoantigens associated 
with APS-1 (green dots) in APS-1 patients relative to controls. (f) Number of 
autoreactive IgG in each patient (APS-1, p52LOF/IκBδGOF, RelB−/−) or control, as 
determined by the sum of autoantigens with a log2 FC > 1.5 relative to the mean 
value for all healthy controls (HC). The error bars represent the median ± s.d. of 
the autoreactive IgG in each group. Comparisons done using two-tailed Mann–
Whitney test. (g) Proportion of shared (by ≥ 2 patients) and private reactive 
autoantigens in the group of patients with a p52LOF/IκBδGOF variant, APS-1, or AR 
RelB deficiency. (h) Detection of auto-Abs against ATP4A, RBM38, or TROVE2 
in a multiplex bead array. The white dot indicates the positive control for the 
detection of anti-TROVE2 auto-Abs. A.U. corresponds to arbitrary units. Data 
representative of one independent experiment are shown.
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Extended Data Fig. 9 | AAN-I-IFNs prevent ISG induction in blood and the 
upper respiratory tract during COVID-19, a defect that can be rescued by 
exogenous IFN-β treatment. (a) Correlation between age and COVID-19 
severity in patients with inborn errors of NF-κB2. The crossed light red square 
represents a patient with auto-Abs neutralizing only IFN-ω at 100 pg/mL.  
(b) Changes in the titres of auto-Abs against IFN-α2, as measured by Gyros,  
with age, in patients with a p52LOF/IκBδGOF variant and COVID-19. Red arrows 
indicate the onset of COVID-19. (c) Heatmap showing the neutralization profile 
of P27 et P28 heterozygous for a p52LOF/IκBδGOF variant (R853Afs*30/WT) 
during COVID-19. (d) Longitudinal follow-up of anti-S and anti-N IgG in P27 and 
P28 during the course of COVID-19, before and after treatment by the infusion 

of an anti-S monoclonal Ab (mAb, grey arrow). (e) Overview of the longitudinal 
investigation of COVID-19 episodes in P27 et P28. (f) Neutralization capacity  
of the nasal swab from P27 et P28 upon SARS-CoV-2 infection and individuals 
infected with the omicron variant but without detectable AAN-I-IFNs (controls, 
n = 4, grey dots). Bars represent the median. (g) Longitudinal IFN module 
enrichment score during the course of COVID-19 in P27 and P28 and in two 
age-matched controls infected with SARS-CoV-2. IFN modules M.10.1 and M.8.3 
are represented. Values obtained before and after the treatment of P27 and P28 
with IFN-β. (h) ISG score induction by IFN module analysis during the course of 
COVID-19 in P27 and P28, before and after recombinant IFN-β treatment, and in 
age-matched controls (C1 and C2, n = 2) infected with SARS-CoV-2.



Extended Data Fig. 10 | Thymus volume in p52LOF/IκBδGOF children, and 
autoimmune pathology and autoreactive IgG profiles in Nfkb2+/Y868* mice. 
(a) Estimation of thymus volume in p52LOF/IκBδGOF patients relative to aged- 
matched controls aged from 3 to 16 years. Black line represents simple linear 
regression of the control thymus volume with its 95% confidence bands  
(grey area). Data representative of one independent experiment are shown.  
(b) Immunofluorescence staining of thymic tissue from age-matched controls 
and patients with AR complete RelB deficiency or a p52LOF/IκBδGOF variant. HaC, 
Hassall’s corpuscles. Scale bars, 50 μm (left and right panel) or 100 μm (central 
panel). (c) Representative confocal microscopy images of the thymic medulla 
stained for cytokeratin 5 (K5) for the WT controls (Nfkb2+/+, n = 3) or Nfkb2+/Y868* 
mice (n = 3). Scale bar, 100 μm. Data representative of two independent 
experiment are shown. (d) Contour plot for Aire expression in mature MHC-II+ 
mTECs. (e) Absolute number of EpCAM+CD45- thymic epithelial cells (TECs), 
and TEC subsets in Nfkb2+/+ (n = 5) and Nfkb2+/Y868* (n = 7) mice. Comparisons 
done using unpaired, parametric, two-tailed Student’s t-test (for EpCAM+ TECs) 
or two-way non-parametric ANOVA (Sidak’s test) with correction for multiple 
comparisons (for TEC subsets). Three independent experiments were 

performed. (f) Summary of lymphocytic cell infiltrates in Nfkb2+/+ (n = 3) and 
Nfkb2+/Y868* (n = 4) mice. Each circle represents an individual animal, and each 
slice of the circle represents a tested organ. Lymphocytic infiltrates of the 
designated organ are indicated by the grey-shaded sections of the circle. One 
independent experiment was performed. (g) Representative tissue sections 
stained with hematoxylin and eosin (H&E) showing lymphocytic infiltrates 
(black arrows) in Nfkb2+/+ or Nfkb2+/ Y868* mice. Scale bar, 50 μm. Data 
representative of one independent experiment are shown. (h-i) Heatmap of 
the top 20 autoreactivities by degree of enrichment, in Aire-KO (h) or Nfkb2+/Y868* 
(i) mice relative to WT and Rag2-KO mice. ( j-k) Number of autoreactive peptides 
( j) or antigens (k) displaying enrichment in WT, Rag2-KO, Nfkb2+/Y868* and 
Aire-KO mice, and representation of the autoreactive peptide and antigen 
profiles of Nfkb2+/Y868* and Aire-KO mice, with their overlap. Comparisons done 
using two-tailed Mann–Whitney test. (l) Representative confocal microscopy 
images of K10 and DAPI staining on Nfkb2+/+ (n = 3) and Nfkb2+/Y868* (n = 3) mouse 
thymuses. Scale bars, 20 μm. Data representative of two independent 
experiments are shown.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Patient data were collected using Microsoft Excel.

Data analysis Statistical softwares: 
GraphPad Prism, version 9.5.0 
 
Huprot microArray :  
GenePix Pro 5.1.0.19 or GenePix Pro 7 
Mapix 9.1.0. 
 
Cytometry by Time of Flight :  
Omiq: https://app.omiq.ai 
 
RNA-seq:  
STAR (2.6.1d): https://github.com/alexdobin/STAR 
DEseq2 (1.40.2): https://bioconductor.org/packages/release/bioc/html/DESeq2.html 
GSVA package (1.48.3): https://bioconductor.org/packages/release/bioc/html/GSVA.html 
BloodGen3Module gene set (1.8.0): http://bioconductor.org/packages/release/bioc/html/BloodGen3Module.html 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All the data supporting the findings of this study are available within the article and its supplementary information.  
The RNA-seq data generated in this study have been deposited in the NCBI database under NCBI-SRA project PRJNA989123 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA989123). 
All the other data are presented in the main or in the supplementary materials (uncropped wester blots and source data from mice experimnets). All the other data 
supporting the findings of this study are available from the corresponding authors upon reasonable request.  

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Information about sex was collected using medical questionnaire in the 87 patients with inborn errors of the alternative NF-
kB pathway. No gender analysis was performed. 

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Geographic origin

Population characteristics age, medical and genetic diagnosis, treatments

Recruitment All patients with a genetic diagnosis of an inborn error of the alternative NF-κB pathway were included without any 
restriction or bias. 

Ethics oversight Patients were included in the C18-41 Genetic Predisposition to Severe Infections study approved by the Sud Est II ethics 
committee (approval no. 2022-A00257-36) in France. All the enrolled subjects provided written informed consent and were 
collected through protocols conforming to local ethics requirements. Ethics approval was obtained from the Comitato Etico 
Provinciale (NP 4000 – Studio CORONAlab) in Brescia, Italy, the French Ethics Committee “Comité de Protection des 
Personnes,” Ile de France II” (2010-A00634-35- protocol no. C10-13), and the Rockefeller University Institutional Review 
Board in New York (protocol no. JCA-0700).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We conducted an international cohort study of patients with a known genetic diagnosis of an inborn error of the alternative NF-κB pathway. 
Each individual for whom a clinical questionnaire and a plasma or serum sample were available was included without restriction. This study 
encompasses 73 cases, whether symptomatic or not, all carrying a rare heterozygous NFKB2 variants (minor allele frequency <10-4), either 
previously reported or newly identified. Additionally, we included ten more patients with inborn errors of the non-canonical NF-κB signaling 
pathway (2 with NIK deficiency and 8 with RelB deficiency). In each of the experiments performed, we included a comparable or higher 
number of healthy controls.

Data exclusions No data were excluded

Replication The detection of plasma anti-IFN-a, anti-IFN-w, anti-IFN-b IgG autoantibodies, the assessment of their neutralization activity, and their 
screening by HuProt microarray were performed in at least two independent experiments. All the tests of the alleles (by luciferase, by western 
blot, by immunostaining) were performed in at least three independent experiments. On biological samples, western blot and 
immunostaining experiments were performed in two independent experiments. All attempts at replication were sucessful. CyTOF, IFN score, 
RNAseq, bead arrays, and human thymic biopsy immunostaining were performed only once due to the unique nature of these biological 
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samples, but all these experiments were performed in two or more individiuals of the same genotype exept for the thymic staining 
experiment which was performed in two individuals with inborn errors of the same siganling pathway. 

Randomization No randomization was applicable to this study because this study investigated rare patients with inborn errors of immunity. The patients' 
clinical and immunological phenotypes were compared to those of heathy controls or to those of patients with other inborn errors of the 
canonical or alternative NF-kB pathway and APS-1 patients. 

Blinding Investigators performing auto-antibody screening by HuProt, indirect immunofluorescence, ELISA, bead-array, RNA-seq, IFN scores, CyTOF 
were blinded to the characteristics of the patients. For other experiments, quantifications were performed equally to all samples and 
replicates in an objective manner. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Human antigens:  

 
Immunofluorescent staining on thymic sections   
KRT8-Alexa647, Rb (clone EP1628Y) - Abcam ab192468, 1:300;  
KRT5 Alexa488, Rb (clone EP1601Y) - Abcam ab193894, 1:300;  
AIRE, rat – eBioscience 14-9534-82, 1:50  
pan-ketatin, Rb -Abcam ab9377, 1 :200. 
K10 Alexa647, Rb (clone EP1607IHCY)  
Abcam ab194231, 1:300 
UEA-1 biotinylated – Vector Laboratories B-1065-2, 1:500 
 
Western blot and immunofluoresence  
100/p52 (4882; Cell Signaling Technology) 1/1000 
p105/p50 (N terminus; 3035; Cell Signaling Technology) 1/1000 
p65 (sc-372; Santa Cruz Biotechnology), 1/1000 
RelB (sc-48366; Santa Cruz Biotechnology), 1/800 
c-Rel (sc-6955; Santa Cruz Biotechnology), 1/1000 
Amersham ECL mouse IgG, HRP-linked whole antibody (from sheep; NA931; GE Healthcare Life Sciences)  
Amersham ECL rabbit IgG, HRP-linked whole antibody (from donkey; NA934; GE Healthcare Life Sciences) 
goat anti-mouse IgG Alexa Fluor 488 (#A-11029, dilution 1/250) 
goat anti-rabbit IgG Alexa Fluor 633 (#A-11037, dilution 1/250)  
Alexa Fluor 647 goat anti-human IgG (Thermo Fisher Scientific, ref. number A21445 
 
IFNA alpha (=IFNA2) PBL Assay Science PBL11101-2 
IFNA1 MedChemExpress HY-P70241 
IFNA7 Novus 11079-IF 
IFNA10 Origene TP314055 
IFNA14 Prospec cyt-135-b 
IFNA16 Novus 11190-1 Lot# 6865 
IFNA17 Origene TP320824 
IFNA2 Origene TP321091 
IFNA21 Origene TP310115 
IFNA4 Origene TP323649 
IFNA5 Origene TP310825 
IFNA6 Origene TP760329 
IFNA8 Origene TP311169 
IFNB1 MedChemExpress HY-P73128 
IFNE R&D 9667-ME/CF 
IFNG MedChemExpress HY-P7025 
IFNG Origene TP721239 
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IFNK Cusabio CSB-EP889172HU 
IFNL4 R&D 9165-IF 
IFNW1 MedChemExpress HY-P7201 
IL17A Origene TP318057 
IL17F MedChemExpress HY-P70540 
IL22 Origene TP309995 
IL28a Nordic biosite (Sino Biological) 12340-H0By 
IL28b Abcam ab276441 
IL29 Abcam ab155625 
IL6 MedChemExpress HY-P7044G 
RBM38 Origene TP311451 
ATP4A Origene LY424563 
TROVE2 = Ro60 OriGene TP306071 
 
Mouse antigens:  
AIRE (5H12, eBioscience Cat#53593482), 
CD45 (30-F11, Biolegend Cat#103130) 
EpCAM (G8.8, Biolegend Cat# 118218) 
I-Ak (10-3.6, Biolegend Cat#109908) 
K5 (EP1601Y, Abcam Cat#193895), 
K10 (EP1607IHCY, Abcam Cat#194231). 

Validation The specificity of primary antibodies for immunofluorescent staining was verified on human thymic sections using various dilutions 
(including the manufacturer's recommended dilution).  
 
Primary human antibodies were internally tested for Western blotting, flow cytometry, or microscopy through preliminary 
experiments using either cell lines or primary cells from control subjects. This was done to ensure their functionality before 
performing experiments with patient cells. All mice primary antibodies were validated using primary mouse or tissues or single cell 
suspenstions.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells; HeLa cells from ATCC

Authentication Nonce of the cell lines used were authenticated

Mycoplasma contamination Cells were regularly screened for the presence of mycoplasma and used in the absence of mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

none

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mice were on the NOD background (Nfkb2-Y868*/WT, Aire-KO, WT) or B6 (Rag2-KO: B6.Cg-Rag2tm1.1Cgn/J. Both male and female 
mice were used. All NOD mice were 8-12 weeks of age, matched for age and sex. All B6 Rag2-KO were 10-15 weeks of age. Mice in 
standard 12:12 light:dark cycle; humidity kept between 30-70%; temperature 68-79 degrees F.

Wild animals No wild animals were used in this study

Reporting on sex 15 female and 10 male Nfkb2-Y868*/WT were used. 5 female and 7 male NOD Aire-KO were used. 7 female and 5 male NOD Aire WT 
were used. 4 female and 1 male Rag2-KO were used.

Field-collected samples No field collected samples were used in the study. 

Ethics oversight Mice were maintained in accordance with the guidelines established by the Institutional Committee on Animal Use and Care (IACUC) 
and Laboratory Animal Resource Center (LARC). Animal procedures were approved by the IACUC and LARC at UCSF

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Single-cell suspensions were incubated with Live/Dead Fixable Blue Dead Cell Stain (Thermo Fisher Scientific) in 1X PBS for 15 
min at 4°C and then washed in PBS. They were blocked by incubation with anti-mouse CD16/CD32 (24G2) antibody (UCSF 
Hybridoma Core Facility) for 15 min at 4°C before cell surface marker staining in FACS buffer for 30 min at 4°C. Cells were 
fixed and permeabilized with the FoxP3 staining buffer kit (eBioscience), according to the manufacturer’s protocol for 
intracellular protein staining. 

Instrument LSRII Flow Cytometer (BD Biosciences) 

Software FlowJo 10.8.1 software

Cell population abundance All cells were sorted to a purity of > 95%

Gating strategy All cells were gated on singlets, live cells, and FSC/SSC. 
 
mTECs: CD11c- CD45- EPCAM+ (+/- Ly51-)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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