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Supplementary results 1: Functional characterization of three types of AD inborn errors

of NF-xkB2

A cohort of patients with inborn errors of the alternative NF-xB pathway

We investigated a cohort of inborn errors of the alternative NF-kB pathway comprising
73 patients from 50 kindreds heterozygous for 28 different rare (MAF< 0.0001) non-
synonymous NFKB?2 variants (Extended Data Fig. 1a,b and Supplementary Table 1). This
cohort included 29 patients from 18 families with 12 NFKB2 variants reported in previous
studies (Supplementary Table 1). The condition was familial in 50 patients from 27 kindreds,
and sporadic in 19 patients (unknown in 4 patients) (Extended Data Fig. la and
Supplementary Table 1). Consistent with AD inheritance, NFKB2 is under strong negative
selection, with a CoNeS score! of -1.6 and a high probability of being loss-of-function-
intolerant (pLI of 1) (Extended Data Fig. 1¢ and Extended Data Fig. 2a). Nineteen variants
(68%) clustered in a region corresponding to the C-terminal domain of the protein (CTD, aa
760-900) (Fig. 1a). These variants comprised 13 predicted loss-of-function (pLOF) variants,
and six missense variants, five of which were predicted to affect the NRS (aa 861-871). This
region, which is crucial for NIK-mediated phosphorylation and the processing of p100 to
generate p52, is under particularly strong purifying selection, with a low missense tolerance
ratio (MTR) score (Extended Data Fig. 2b). We found that 59 patients from 40 kindreds carried
19 heterozygous variants in the CTD (pLOF, n=40 from 29 kindreds or missense, n=19 patients
from 11 kindreds), including 20 individuals from 14 kindreds with the recurrent R853* variant
(Fig. 1a, Supplementary Table 1). The recurrence of this variant probably reflects the
existence of a mutational hotspot, as opposed to a founder effect, because this variant was
previously detected in patients from nine different countries and was shown to have occurred

de novo in six patients?”’. The other 13 patients were heterozygous for NFKB2 variants in the



Rel homology domain (RHD) (n=5 from 4 kindreds; pLOF, n=4 and missense, n=1), or the
ankyrin repeat domain (ARD) (pLOF, n=6 patients from 3 kindreds, and missense, »=3 from 3
kindreds) (Fig. 1a and Extended Data Fig. 1a). The consequences of the c.104-1G>C/WT
NFKB?2 variant of patient P63, predicted to disrupt an essential acceptor splicing site, were
evaluated by TOPO TA cloning of cDNA from T-cell blasts. About half the transcripts were
abnormally spliced, mostly by a skipping of exon 4, and were predicted to encode a truncated
protein (A35Efs*10), confirming the detrimental effect of the ¢.104-1G>C variant on the
splicing of the NFKB2 mRNA (Extended Data Fig. 2¢). We also enrolled 14 patients with other
inborn errors of the alternative NF-kB pathway (AR NIK (n=2) and AR RelB (n=8) deficiencies)
or upstream receptors (AR BAFF (n=1) or X-linked (XL)-CD40L (n=3) deficiencies)

(Extended Data Fig. 2d,e and Supplementary Table 2).

Luciferase reporter assay assessing the pS2-dependent transcriptional activity of
the NFKB?2 alleles

NF-kB2 (the corresponding NFKB2 gene encodes both p100 and its cleaved product,
p52) is one of the five REL/NF-kB proteins. The active form, p52 can bind DNA, but, like NF-
kB1 (p105/p50), and unlike RelA, RelB, and cRel, it lacks a transcriptional activation domain
(TAD). Its transcriptional activation, thus, requires heterodimerization with another TAD-
containing REL protein®. The p52 protein predominantly dimerizes with RelB in vivo, but an
excess of p52 can lead to p52/p52 homodimerization, potentially repressing the xB-site
transcriptional activity of other dimers though a dosage effect, as indicated by in vitro studies®!°
(Extended Data Fig. 3a, left panel). Twenty-three NFKB2 variants have been reported in more
than 80 patients with AD NF-xB2 disorders, but only five of these variants have been tested
functionally. The E418* and R635* variants result in spontaneous nuclear translocation,

whereas the R853%*, S866R and A867Cfs*19 variants prevent the processing of p100 to p52'!-



13, However, these assays cannot distinguish between the two functions (p52 and IxB3) of the
proteins encoded by the NFKB2 locus. We therefore developed an assay for evaluating the
functional impact of NFKB2 variants by assessing p52-dependent kB luciferase activity, 24 and
48 h after the co-transfection of HEK293T cells with plasmids encoding NIK, RelB, and/or NF-
kB2/p100 (Extended Data Fig. 3a, middle panel). Transfection with NIK alone or together
with RelB led to strong RelA-dependent kB transcriptional activity in HEK293T cells, 24 to 72
hours after transfection, as only a weak luciferase signal was detected in RELA-deficient
HEK293T cells (Extended Data Fig. 3b). With this assay, we were, therefore, able to assess
the p52-dependent capacity of the NF-kB2 variants to bind the kB promoter and to prevent the
transcriptional activity induced by endogenous RelA-containing dimers ? (Extended Data Fig.
3a, right panel). For the validation of this test, we generated plasmids encoding previously
characterized biochemical NF-kB2 mutants (Extended Data Fig. 3c), including a DNA
binding-deficient mutant (R52A-R54A)!4, a dimerization-defective NF-kB2 mutant (Y247A)
shown to prevent heterodimerization with RelB or RelA and subsequent processing into p52!>:16,
two processing-resistant NF-kB2 mutants (S866A and S870A)!'%-!8 and a plasmid encoding the
C-terminal region of NF-kB2 (p100%°3-°9) Cotransfection with WT NFKB2 (p100) repressed
the kB transcriptional activity induced by NIK and RelB, 24 h and 48 h post-transfection (Fig.
1b, black bars and Extended Data Fig. 3d, black bars). By contrast, under the same conditions,
the repression of kB transcriptional activity by R52A-R54A, Y247A, S866A, S870A, or
p100%3-9% was impaired, indicating that these variants were p52L°F relative to the WT NF-
kB2!7:1920 (Fig. 1b and Extended Data Fig. 3d, colored bars). Mutants truncated within the
ARD (p100!%° or p100'-%%%) had an enhanced capacity to repress kB transcriptional activity
due to the absence of the last ankyrin (ANK) repeats in the ARD and the PID (aa 761-851);
these variants were, therefore, p52-gain-of-function (p529°F), 24 h and/or 48 h after transfection

7 (Fig. 1b and Extended Data Fig. 3d, colored bars). Biochemical mutants lacking the PID



but with all the ANK repeats intact (p100'7°°, p100'77%), and variants in which the
ubiquitinylation residue (K855R) was mutated displayed a partial impairment of repression, at

48 h after transfection (Fig. 1b and Extended Data Fig. 3d, colored bars).

NFKB?2 variants can be LOF or GOF in terms of p52/p52 homodimer function

We used this assay to evaluate the impact of 26 NFKB2 variants from our cohort of
patients, and the 13 additional previously reported variants?' (Fig. 1a). The four RHD pLOF
variants (c.104-1G>C/A35Efs*10, R52*, W270*, and K321Sfs*160 (referred to hereafter as
K321Sfs)) were p52L°F (Fig. 1¢ and Extended Data Fig. 3d). The E418* pLOF variant was
p52Y9F  as previously reported!!, 24 h but not 48 h after transfection. The four ARD pLOF
variants lacking the PID?? (L531Cfs*5, Q539*, R611*, and R635%*) were p5299F, All the CTD
pLOF (n=17, from S762Afs*21 to Q871%*) and missense variants located within the NRS (n=6,
from D865G to S870N) were p52L°F (Fig. 1¢ and Extended Data Fig. 3d). All seven additional
missense variants (K321E, G369R, P491S, A567V, V661M, P681L, and V844A) reported in
patients with PAD (probably due to another genetic lesion, referred to hereafter as ‘idiopathic
PAD’) were localized outside of the NRS and were isomorphic in terms of p52 inhibitory
function (p52%T) 24 h and 48 h after transfection (Supplementary Fig. 2a,b, left panels).
Finally, we tested the 14 missense variants with a MAF > 10 reported in the heterozygous state
in the gnomAD and BRAVO public databases (Extended Data Fig. 2a). All these variants were
p52WT 24 h and 48 h after transfection (Supplementary Fig. 2a,b, right panels). Overall, our
findings show that the deleterious NFKB2 variants found in patients with PAD can be GOF or
LOF in terms of the repression of transcription activity by p52/p52 homodimers. Indeed, pLOF
variants within the RHD and CTD, or missense variants within the NRS are p52-°F; pLOF
variants impairing the ARD (E418* and pLOF variants within the ARD) are p529°F, whereas

the missense variants reported in patients with PAD (K321E, G369R, P491S, A567V, V661M,



P681L, and V844A) and variants found in public databases with a MAF > 10 are p52VT. We
infer from these data that the transcriptional activity of p52-RelB heterodimers may follow the

same pattern.

The p52L°F variants of the CTD resist the NIK-dependent processing of p100

The processing of p100 to p52 is dependent on the phosphorylation of S866 and S870
by NIK!7. We assessed the impact of NFKB2 variants on p100 activation, by analyzing the
phosphorylation of this protein at position S866 (P-p100), using an antibody recognizing the
phosphorylated serine 866'%, and its proteolytic cleavage to generate p52, following
cotransfection with NIK!7. The Y247A, S866A and S870A mutants abolished p100 processing,
impairing (Y247A and S870A) or abolishing (S866A) phosphorylation of the S866 residue of
p100 at 48 h (Extended Data Fig. 3¢). An abolition of p100 phosphorylation was observed for
the truncated p529°F mutants (p100'4%°, p100'-6%), After 48 h of transfection, the p52-°F
W270* and K321Sfs variants of the RHD, and the E418* and the other p529°F variants of the
ARD (L531Cfs*5, Q539*, R611*, and R635%*) had produced a truncated protein, without the
generation of phosphorylated p100 or p52 following cotransfection with NIK, contrasting with
the results for the WT NFKB2 cDNA (Extended Data Fig. 4a)'!. The 23 p52-°F variants of the
CTD tested (17 pLOF and 6 missense variants of the NRS) presented an impairment (Q871*
and S870N) or abolition (the other 21 variants) of p100 phosphorylation, and all were resistant
to p100 processing, with no p52 production following cotransfection with NIK (Extended Data
Fig. 4a). As expected, the 10 most frequent missense variants with a MAF>10" from public
databases shown above to be p52"T in terms of the repression of transcriptional activity had
normal P-p100 levels and p100 processing capacities (Supplementary Fig. 2¢). Overall, these
findings suggest that the deleterious NFKB2 alleles may be p52-°F due to an impairment of

normal p52 expression, because the p52 mutant protein is truncated or because p5S2 generation



is impaired by resistance to p100 processing. Alternatively, they may be p529°F, possibly due
to constitutive p52 translocation and DNA-binding activity in the absence of a functional PID

(summarized in Supplementary Fig. 3 and Supplementary Table 3).

The processing-resistant p100 variants have enhanced IkBd inhibitory capacities
for repressing RelA-dependent canonical NF-kB activation

Unprocessed pl100 can inhibit NF-xB dimers by preventing their nuclear translocation
(IxBS activity)®*. We therefore tested the hypothesis that monoallelic processing-resistant CTD
variants may have IkBd GOF activity (p52-CF/IkB39°F) because their C-terminal region cannot
be degraded by NIK, unlike that of the WT protein or variants in which the RHD or ARD
(predicted IkB3°F) is affected. The transfection of HEK293T cells with plasmids encoding
NIK plus WT-NF-kB2 (aa 1-900), p5299F R611*, or the p52-°F processing-resistant variants
(R853* or S866N) resulted in similar levels of repression of kB transcriptional activity,
suggesting that this test evaluates the two repressive functions of NF-«kB2 (p52-dependent,
through p52/p52 homodimer DNA-binding, and IkBd-dependent, through cytoplasmic
retention of the REL-containing NF-kB complexes) in vitro (Supplementary Fig. 4a,b). In
these conditions, W270* was null, consistent with its lack of both p52 and IkBd functions
(Supplementary Fig. 4a,b). We specifically evaluated the capacity of the [kBo of the WT and
mutant NF-xB2/p100 proteins to inhibit RelA-dependent transcriptional activity, by
cotransfecting cells with a plasmid encoding NIK together with a plasmid encoding only the C-
terminal WT or mutant region of NF-kB2 (p100-Cter™ T, aa 405-900). The p100-Cter™T protein
had no transcriptional repression activity in this system, consistent with its sensitivity to
proteasomal degradation upon cotransfection with NIK (IkB&%T) (Extended Data Fig. 4b). As

R611*

expected, the Cter (aa 405-611) protein did not repress kB transcriptional activity (IkB3-OF),

confirming the specificity of this assay for evaluating NF-kB2 IkBo function. By contrast, the



Cter®®3" (aa 405-853) and CterS®N (aa 405-900) mutants, which were insensitive to
proteasomal degradation upon cotransfection with NIK, strongly repressed kB transcriptional
activity (IkB39°F) (Extended Data Fig. 4b). For confirmation of the IkB3“°F activity of the
R853* and S866N variants, we used the dimerization-defective and processing-resistant NF-
kB2 mutant (Y247A) to create double mutants. Co-transfection with NIK and a single mutant
(p100Y?47A), or with plOORSS3*/Y247A or the pl00SSONY247A doyuble mutant resulted in an
enhanced capacity to repress kB transcriptional activity relative to transfection with NIK alone,
or with p10QW270*/Y247A or p1QQROI™Y247A (Extended Data Fig. 4c¢). Thus, processing-resistant
CTD variants are [KB3YCF (p52L0F/1kB39OF) in terms of transcriptional repression in the RelA-
dependent canonical NF-kB pathway following cotransfection with NIK, whereas W270* and

R611%* are IkBSMOF (p52LOF/IkBSLOF and p5299F/IkBSLY, respectively).

The processing-resistant IkB3¢°F CTD NF-kB2 variants impair WT NF-kB2- and
RelB-dependent alternative NF-kB activation

The activation of the alternative NF-xB pathway is dependent on the correct activation
of the p52/RelB heterodimer. We therefore investigated whether p52-°F/IkB89CF variants
impaired the activation of WT NF-kB2 or RelB. Cotransfection with various amounts of the
p52LOF/TkBSYOF R853* or S866N variants and constant amounts of NIK and WT p100 revealed
a dose-dependent inhibition of WT pl100 phosphorylation and, to a lesser extent, of its
processing to generate p52 (Extended Data Fig. 4d). By contrast, increasing the amount of
p52LOF/IkBSLOF W270* ¢DNA had no effect on WT P-p100 levels or WT p100 processing
(Extended Data Fig. 4d). We then assessed the effects of the p52L9F/IkB89°F variants on RelB
and p52 nuclear translocation, by confocal microscopy in transiently transfected HeLa cells.
Transfection with the p52L9F/IkBSLCF K321Sfs or p529°F/IkB8°F R611* variant, with or

without NIK, resulted in constitutive nuclear localization of the encoded protein, consistent



with the absence of a nuclear export sequence (NES) ?* (Fig. 1d and Supplementary Fig. 4c¢).
Transfection with RelB, either alone or together with the IkB8°F K321Sfs or R611* variant,
led to the translocation of RelB to the nucleus (Fig. 1d, left panel). By contrast, transfection
with RelB plus WT p100, R853*, or S866N, in the absence of NIK, resulted in the retention of
RelB in the cytoplasm, consistent with the functional p100-IkBd activity of these proteins (Fig.
1d, left panel). The addition of NIK to this system led to RelB translocation to the nucleus after
cotransfection with WT-p100, but not after cotransfection with the IkB39°F R853* or S866N
protein (Fig. 1d, right panel). Similar results were obtained with plasmids encoding the WT or
mutant C-terminal domain of NF-kB2 (Supplementary Fig. 4d). Overall, our findings suggest
that the p52-°F/IxkB3YCF mutant alleles block the activation of the alternative NF-xkB pathway
induced by NIK through their enhanced 1kBo function, by preventing the phosphorylation of

WT-p100 and its processing into p52, and the nuclear translocation of RelB-containing dimers.

The p52LOF/IkB6COY variants impair p100 processing in heterozygous fibroblasts

NF-kB2 is strongly expressed in stromal (e.g. lymph node and mTEC) and
hematopoietic (e.g. B cells) cells**. We investigated the consequences of the p52-°F/IkB5SCF
variants in stromal (primary and SV40-immortalized (SV40) fibroblasts) and hematopoietic (T-
cell blasts and monocyte-derived dendritic cells (MDDCs)) cells from patients following the
activation of the alternative NF-kB pathway by lymphotoxin (Lt), TWEAK (fibroblasts), or
CD40L (leukocytes)*>2. Cells heterozygous for the p52-0F/IkB59CF R853* allele produced a
truncated protein, whereas cells heterozygous for the p52L9F/IkB&°F ¢.104-1G>C/A35Efs*10
or K321Sfs variant produced no mutant protein detectable with an antibody binding to the N-
terminus of the protein (Extended Data Fig. 5a and Supplementary Fig. 5a-c). Primary
fibroblasts from a healthy donor stimulated with Lt for 48 h displayed p100 phosphorylation

and processing to generate p52 (Extended Data Fig. 5a). By contrast, primary fibroblasts from



a patient heterozygous for the p52L0F/IxkB§9OF R853* variant presented an accumulation of the
truncated p100 mutant protein after Lt stimulation, with lower levels of WT p100, P-p100 and
p52 induction than WT cells or cells heterozygous for the p52L°F/IkB8°F K321Sfs variant (for
P-p100 in particular). Similarly, primary fibroblasts from a patient with AR complete NIK
deficiency (NIK”-, homozygous for P565R variant?”) presented an accumulation of unprocessed
pl00 following Lt stimulation, with an abolition of pl00 phosphorylation, and no p52
production, consistent with the essential role of NIK in p100 processing, whereas RelB-
deficient fibroblasts (RelB”-, homozygous for Q72Tfs*152, unpublished) had low levels of P-
pl00 and pl00 following stimulation with Lt, with a normal p100 processing capacity
(Extended Data Fig. 5a). An accumulation of the truncated p100 mutant protein and impaired
p100 processing into p52 relative to WT or K321Sfs/WT cells were also observed in SV40
fibroblasts (from R853*/WT, n=1) after Lt stimulation, and in MDDCs (from R848Efs*38/WT
(n=1), R853*/WT (n=2) or A867V/WT (n=1) patients) 48 h after CD40L stimulation
(Supplementary Fig. Sa-c). Given the impairment of p100 processing and the accumulation of
the mutant p100 upon stimulation of the non-canonical pathway, the p100/p52 ratio was higher
in cells from patients heterozygous for a p52L0F/IkB3S°F variant (primary and SV40 fibroblasts
and MDDCs) than in cells from healthy donors or the K321Sfs/WT patient (Extended Data

Fig. 5a and Supplementary Fig. 5a,c).

The p52-°F/IkB§COF variants impair the translocation of p52- and RelB-containing
dimers to the nucleus in heterozygous fibroblasts

We hypothesized that the heterozygous p52-°F/IkB8CF variants might impair the
activation of p52/RelB heterodimers in the patients’ cells. The activation of primary or SV40
control fibroblasts by incubation with TWEAK for 48 h induced the processing of p100 to

generate p52, and the induction and translocation to the nucleus of RelB and p52 (Extended



Data Fig. Sb-d and Supplementary Fig. 6a). Almost no RelB or p52 translocation to the
nucleus was detected after 48h of TWEAK stimulation in primary fibroblasts from an
R853*/WT patient (Extended Data Fig. Sc,d). Similarly, no RelB or p52 was detected in the
nucleus of primary fibroblasts from patients with AR complete NIK (NIK7) or RelB (RelB7)
deficiency after 48h of TWEAK stimulation. By contrast, K321Sfs heterozygous primary
fibroblasts displayed almost normal RelB induction and nuclear translocation after TWEAK
stimulation (Extended Data Fig. 5c,d). RelB translocation was almost undetectable in SV40
fibroblasts from two unrelated R853*/WT patients or a NIK”" patient, but was normal in cells
heterozygous for the K321Sfs NFKB2 variant (Supplementary Fig. 6a). Similar results were
obtained in MDDCs from two healthy donors, and from patients heterozygous for the
p52LOF/IkBAMOF K321Sfs or ¢.104-1G>T, or p52L0F/IxkB89CF R853* variants, after stimulation
with CD40L (Supplementary Fig. 6b). Overall, these findings suggest that heterozygosity for
a p52L9F mutant allele can cause NF-kB2 deficiency by two different mechanisms: (1) p52/p100
haploinsufficiency for p52LF/IkB8°F mutants, or (2) enhanced p100-IxB8 inhibitory function
(p52L°F/IxkB3YOF) impairing the phosphorylation and processing of the WT pl00, and
preventing the translocation of p52/RelB heterodimers to the nucleus after activation of the

alternative NF-xB pathway.

Supplementary results 2: Distinctive immunological phenotype of patients with

p52L9F/1xBoCOF variants

Inborn errors of the alternative NF-kB pathway impair the development of B, T, and NK
cells?!27-28 We assessed the immunological phenotype of patients with the three types of inborn
errors of NF-kB2 (p52LOF/IkB&-OF, p5290F/1kBdCF, and p52L°F/IkB3YOF). Most of these
patients (aged 1-75 years) had low serum IgG, IgM and IgA concentrations, and few, if any,

circulating B cells (39/53, 74%) (Extended Data Fig. 6a-b). We performed a deep



immunological analysis in 14 patients with inborn errors of NFKB2 (p52L°F/IxkB3S°F, n=10,
and p52L9F/IkB&OF, n=4) and six APS-1 patients, by cytometry by time of flight (CyTOF) on
fresh whole-blood samples (Fig. 2a). Twelve of the 14 patients with inborn errors of NF-xB2
tested had low circulating B-cell counts and patients with p52-°F/IxkB8°F variants had low
proportions of switched memory B cells (Fig. 2b,c and Extended Data Fig. 6b-d). By contrast,
APS-1 patients had normal blood B-cell counts and B-cell subset proportions. FlowSOM-
guided unsupervised clustering showed that p52-°F/IkB3SOF variants mostly affected the
CD19°CD27" memory B-cell compartment, relative to healthy controls (HCs) and 3 patient
with p52LOF/IkB&OF variants (metaclusters 1, 2, 3 and 10, p < 0.05) (Fig. 2b,c and Extended
Data Fig. 6¢,d,e). The numbers of total lymphocytes, CD4" and CD8" T cells were within the
normal ranges in patients with p52L9F/IkBSF variants (Supplementary Fig. 7a), whereas
patients with p52LOF/TkBSLOF or p52L9F/IkBSYOF variants had counts at the lower end of the
control range for yo T cells. In analyses of T-cell subset proportions, patients with
p52LOF/TkBSYOF variants had more naive CD4" T cells, whereas patients with p52-0F/IkB&-F
variants had lower proportions of naive CD4" T cells than controls (Supplementary Fig. 7b).
The proportion of CD4" recent thymic emigrant (RTE) cells, defined as CD4"*CD45RACD31*
cells, was in the upper part of the normal range for age-matched controls in patients with
p52LOF/IkBSYOF variants, suggesting that thymic output was similar to or higher than that in
patients with p529°F/IxB3"CF and p52-0F/IkBSMOF variants®® (Supplementary Fig. 7b). The
absolute numbers and proportions of CD4"CD25"CD127  regulatory T cells (Tregs) were
significantly lower in patients with p52L0t/IkB3SCF variants and in APS-1 patients, and to a
lesser extent in patients with p52L9F/IkBSLCF variants than in age-matched healthy donors
(Fig.2¢ and Supplementary Fig. 7¢). By contrast, four patients carrying the p529°F/IxB8-°F
R635* allele (reported in'!) had Treg proportions similar to those in age-matched controls

(Supplementary Fig. 7¢). Patients with p52-°F/IxB3YCF variants had lower proportions and



counts of CD4'CD45RA'CXCRS" T follicular helper (cTth) cells than patients with
p52LOF/IkBSLOF variants, APS-1 patients, and healthy donors, despite having normal memory
CD4" T-cell counts (Fig. 2¢ and Supplementary Fig. 7d). Patients with p52-°F/IxkB&%CF
variants had slightly lower NK cell counts, but normal MAIT and iNKT cell counts
(Supplementary Fig. 7e), and normal monocyte and dendritic cell counts or proportions
(Supplementary Fig. 7f). Overall, patients heterozygous for a p52-°F/IxkB§“°F variant had a
distinctive immunological phenotype different from that of patients with p52L9F/IkB&-CF or
p5290F/TkBLOF variants or with APS-1, including a characteristic combination of low levels of

memory B cells, cTth cells, and Tregs.

Supplementary results 3: Incomplete penetrance for the development of neutralizing

auto-Abs against type I IFNs in patients carrying p52-9¥/IxkBdSOF variants

For 10 of the 57 (17%) patients carrying p52-°F/IxkB89°F variants, no auto-Abs capable
of neutralizing IFN-a2 or IFN-® at 100 pg/mL, or IFN-B (at 10 ng/mL) were detected. Plasma
from these patients did not neutralize any of the 13 IFN-a subtypes at 1 ng/mL, contrasting with
the findings for other patients with p52L°F/IxB89°F variants, AR RelB, or AR NIK deficiency,
whose plasma neutralized IFN-02 at a concentration of 10 ng/mL (Supplementary Fig. 8).
None of these patients reported severe or recurrent viral disease. Most of the patients without
neutralizing auto-Abs against type I IFNs (AAN-I-IFNs) carried the A867V variant (n=7/10).
They were from two countries (France, n=2 kindreds; Australia, n=2 kindreds) and were aged
11 to 51 years at testing. Three other patients carrying the same A867V variant had AAN-I-
IFNs, with the auto-Abs from two of these patients neutralizing only IFN-w at 100 pg/mL. Two
additional unrelated patients carrying the recurrent R853* p52L°F/IkB8Y9CF variant (of the 18
patients with R853*), aged 17 and 61 years at testing, and one with the K855Sfs*7 variant (aged

47 vyears) did not have detectable AAN-I-IFNs. None of these patients received



immunosuppressive treatment. Age and sex ratio did not differ significantly between patients
with p52L9F/IxkB3YOF variants with and without AAN-I-IFNs (female/male ratio of 1.2 (23/18)
and 1 (5/5), respectively). These findings suggest that the penetrance of AAN-I-IFNs in
p52LOF/IkB3YOF variant carriers is high (~80%), but not complete by the age of 61 years,

especially in patients heterozygous for the A867V variant.

Supplementary results 4: IFN-B-dependent ISG induction in vivo in patients with auto-

Abs against IFN-o and/or IFN-®

AAN-I-IFNs have been shown to impair the induction of ISGs in PBMCs and the nasal
mucosa during COVID-19%%-32, We monitored the disease caused by infection with the B.1.529
variant (omicron) of SARS-CoV2 in two patients (P27 and P28) carrying the R853Afs*30/WT
p52LOF/IkB3YOF variant (Extended Data Fig. 9¢). Before infection, both patients had received
three injections of Pfizer-BioNTech mRNA vaccine. One of these patients (P28) subsequently
developed detectable IgG directed against the spike protein (anti-S) (Extended Data Fig. 9d).
Both patients received recombinant IFN-f (as their auto-Abs did not neutralize IFN-f at 10
ng/mL) and anti-spike mAb (sotrovimab in P27 and tixagevimab/cilgavimab in P28) within
four days of symptom onset (Fig. 4g). Both experienced a mild form of COVID-19 without
pneumonia or a need for oxygen supplementation. We performed longitudinal assessments,
from day 2 to day 27, of SARS-CoV-2 viral load and type I IFN response, by determining IFN
score (quantifying four type I/IIl IFN-dependent ISGs with NanoString technology*?) on whole
blood and nasal swabs, and RNA-seq on whole blood (Extended Data Fig. 9¢). Within the first
few days of symptoms, infection with the SARS-CoV2 B.1.529 variant led to a high IFN score
for whole blood and the upper respiratory tract in individuals with mild COVID-19 without
AAN-I-TFNs (Fig. 4f,g and?). By contrast, P27, whose plasma neutralized high concentrations

of all 13 IFN-a subtypes plus IFN-w, and P28, whose plasma neutralized high concentrations



of all 13 IFN-a subtypes but not IFN-w, had negative or weakly positive blood and nasal IFN
scores, respectively, despite having a nasal SARS-CoV-2 viral load similar to that in the
individuals without auto-Abs (Fig. 4f,g). The neutralizing activity of the auto-Abs of P27
against IFN-a2 and IFN-» was also demonstrated in the respiratory tract (Extended Data Fig.
9f). The injection of recombinant IFN-§ from day 4 after the onset of the symptoms led to a
high nasal and whole-blood IFN score, increasing to the levels observed in individuals with
mild COVID-19 and no AAN-I-IFNs (Fig. 4g). RNA-seq on whole-blood samples from the two
patients revealed an impairment of ISG induction four days after symptom onset relative to two
age-matched controls with mild COVID-19 but similar SARS-CoV-2 viral loads (Extended
Data Fig. 9g,h and Supplementary Fig. 13). Three to four days after IFN-f and anti-spike
mAb infusion, the ISG module scores increased, with the expression of these genes becoming
undetectable by day 13 post-treatment, once viral replication was controlled (Fig. 4g and
Extended Data Fig. 9g,h). Thus, auto-Abs against [FN-a and IFN-o can block type I IFN
signaling in vivo in the blood and upper respiratory tract, and ISG induction can be rescued by
exogenous IFN-f treatment, which may have contributed to the favorable clinical outcome in

these patients.



Supplementary Figure 1: Uncropped images from the Western Blots displayed in the

indicated figures (provided in a separated online file).
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Supplementary Figure 2: Functional testing of NFKB2 variants of patients with idiopathic
PAD and from gnomAD. (a-b) RLA of HEK293T cells transfected with a kB reporter
construct (kB-luc) in the presence or absence of plasmids encoding NIK, RelB and WT or seven
NF-kB2/p100 missense variants either from patients included in this study (n=5 variants) or
previously reported (n=2), or the 14 missense variants reported in public databases at a MAF
>10, after 24 h (a) or 48 h (b) of transfection. Data representative of three (a) or two (b)
independent experiment are shown. Bars represent the mean values (+ s.d.) from 2 (a) or 3 (b)
independent experiments. (¢) Western blot of HEK293T cells transfected in the presence or
absence of plasmids encoding NIK and NF-kB2/p100 WT or missense variants reported in the
public databases at a MAF >10. Data representative of one independent experiment are shown.
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Supplementary Figure 3: Graphical illustration of allele testing in the NIK-RELB-NFKB2
triple cotransfection assay.
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Supplementary Figure 4: The NIK processing-resistant NFKB2 variants have enhanced
p100-IkBo activity when overexpressed. (a) Functional testing of the capacity of the NF-
kB2/p100 WT, or W270*, R611*, R853*, S866N variants for p5S2-dependent kB transcriptional
repression of luciferase activity in the presence or absence of plasmids encoding NIK, and
various doses of WT or mutant NF-«kB2/p100, 48 h after transfection. The results are expressed
as a percentage (median * s.d. of two experiments performed in technical duplicate) of the kB
RLA after transfection with NIK alone. (b) Kinetic effect of transfection with NIK alone or
together with a plasmid encoding WT or variants of NF-xB2/p100 for p52-dependent kB
transcriptional repression of luciferase from 24 to 72 h after transfection. Results are expressed
as a percentage of the kB RLU after transfection with NIK alone (median + s.d. of two
independent experiments). Data representative of two independent experiment are shown. (c)
Subcellular localization of NF-kB2/p100 in HeLa cells transfected with NF-xB2/p100 WT or
the variants. Data representative of two independent experiment are shown. (d) Subcellular
localization of RelB after the cotransfection of HeLa cells with plasmids encoding the C-
terminal part (Cter, aa 405-900) of the WT (Cter""), LOF-Cter (Cter®®'"™), or GOF-Cter
(Cter®®33* and CterS8N) p100/NF-kB2 mutants, with or without NIK, 24 h after transfection.
Data representative of two independent experiments are shown.

Merged




i~ =
a MDDCs s E g 2
o RS MDbcs  © k
5338388888 =
I I I I ¥ I & < =T 5
CDA0L = F -+ -+ -+ -+ - +-+-+-+ 5833 8O MDDCs
I I I & & T 140
p100 B> - . L L =T > x T .
—— CD40L O SN SN N 2 120
NF-kB2 P-p100| _* 'i_b g i
p100 » ETTTE o 100 L
| g 40T
pS2p = - - - - - NF-kB2 g 50
3 @]
el -
p105 - - 0520 nm L & 2 g 20
p50 bl Ty pe— -y - - A L1 e 10
p105| ™ = e mmmm- & o4
ReB| w - Sem = - -
— oo Semmm-amual
______ _— - e - e == =3
cRel e b dd b CRel| ® - momgy oo = 2R 29
g = © *
Y ————— GAPDH [ S S e = ea@®® £2 B
[ee)
Actin| . - 3
©
[
b - % C  sv40 HC23 HC26 R853*WT NEMO” NIK*
s < fibroblasts w w w w w
Thiasts % 0 2oF2SFE2SE2SFE2SE
h T .
- a5 S P-p100 B -3 SV40 fibroblasts
O O o
I I ¥ o p100 » - e - -
P100 P | o ey s cm— —— —
NF-kB2 g
NF-kB2 (short expo) o
2 ©
Y g p—— p52p S
100 p | == = - =
P ————— -
NF-kB2 ! =
(long expo) r
] - o
PS2D| - —— T T
N N S ¥ m
RolB| oo o i s e - Q9 % 2z ¢
. L
GAPDH | S—— -]

Supplementary Figure 5: The NIK-dependent processing-resistant NFKB2 variants have
enhanced p100-IkBd activity in heterozygous patients’ cells. (a) Western blot of MDDC total
cell extracts from controls (HC1-HC7), four patients carrying a p52-°F/IkB&SOF
(R848Efs*38/WT, n=1, R853*/WT, n=2, or A867V/WT n=1) variant, and a patient with
p52LOF/IkBAOF carrying the K321Sfs/WT variant, with and without stimulation with CD40L
for 48 h, with a recapitulative graph depicting the total p100/p52 intensity ratio after CD40L
stimulation. The bars and error bars represent the mean of two independent experiments and
the standard deviation, respectively. The vertical dotted lines on the western blot delimit three
independent MDDC differentiation experiments. Data representative of one independent
experiment are shown. (b) Western blot of T-cell blast total cell extracts from two healthy
controls (HC1, HC2), and two patients with the K321Sfs/WT or ¢.104-1G>C/WT
p52LOF/IkBSLOF variants. Data representative of one experiment are shown. (¢) Western blot of
P-p100, p100, p52, RelB and NIK in total cell extracts from SV40 fibroblasts from two healthy
donors, patients with the p52L°F/IkB89°F R853*/WT variant, complete NEMO deficiency
(NEMO™Y) or AR complete NIK deficiency (NIK”), with or without stimulation with Lt or
TNF for 48 h, and a recapitulative graph depicting the total p100/p52 intensity ratio after Lt
stimulation. Data representative of at least two independent experiments are shown. Bars
represent the mean values (+ s.d.) from at least 2 independent experiments.
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Supplementary Figure 6. The NIK-dependent processing-resistant NFKB2 variants
impair the p52- and/or RelB-dependent dimer nuclear translocation in heterozygous
patients’ SV40 fibroblasts and MDDCs. (a) Confocal microscopy showing the subcellular
distribution of RelB in SV40 fibroblasts from two healthy controls (HC), patients with the
p52LOF/IkBAMOY K321Sfs*/WT or p52LOF/IxkB3YOF R853*/WT NF-kB2/pl00 variant, AR
complete RelB deficiency (RelB”-, Q72Tfs*152/Q72Tfs*152), AR complete NIK deficiency
(NIK”-, P565R/P565R), or complete NEMO deficiency (NEMO’Y), with and without
stimulation with 100 ng/mL. TWEAK for 48 h. Data representative of three independent
experiments are shown. (b) Confocal microscopy showing the subcellular distribution of
p100/p52 (left panel) and RelB (right panel) in MDDCs from two healthy donor, two patients
with a p52LOF/IkB&MOF (K321Sfs*/WT and c¢.104-1G>C/WT), and a patient with a
p52LOF/IkBSSOF R853*/WT NF-kB2/p100 variant, stimulated with CD40L for 48 h. Data

representative of one independent experiment are shown.
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Supplementary Figure 7. Immunological investigation of patients with inborn errors of
NF-kB2. (a) Counts for lymphocytes and T-cell subsets; (b) proportions and counts for CD8
and CD4 T-cell subsets; (¢) counts of Tregs; (d) counts of memory CD4" T cells, counts and
proportions for cTFh and cTFh subsets; (e) counts and proportions for NK cells and NK cell
subsets, counts of MAIT and iNKT cells; (f) proportions and counts of monocytes and dendritic
cells in patients with inborn errors of NF-kB2 and age-matched controls. The CD4" RTE, Treg
and Tfh phenotyping from the p529°F/IxB&"°F variant (blue dots) and their age-matched
controls (black dots from the same panel) were analyzed from 4 patients with the E418*/WT
(n=1) or R635*%/WT (n=3) from!'. The grey areas in panels b-d correspond to the normal
distribution of the corresponding cell population. For each panel, the significance of differences
was determined using two-tailed Mann-Whitney tests.
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Supplementary Figure 8. Neutralization assay against the 12 IFN-a subtypes and IFN-w.
Luciferase-based neutralization assay for detecting auto-Abs neutralizing the 12 IFN-a
subtypes and IFN- o at a concentration of 1 ng/mL in patients with a p52-°F/IxB8Y°F variant
(n=17), a p52L°F/IxB3"CF variant (n=1) or APS-1 (n=1), and plasma from healthy donors (n=3)
(left panels) and in patients with inborn errors of RelB (n=2), NIK (n=2) or BAFFR (n=1), and
plasma from healthy donors (#=3) or patients with APS-1 (n=1) (right panel). The neutralization
capacity of the corresponding plasma samples against IFN-a.2 or [FN-w at concentrations of 10
ng/mL and 100 pg/mL is indicated by gray (neutralizing) or white (non-neutralizing) squares.
Data representative of two independent experiments are shown.
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Supplementary Figure 9. Correlation between the pS2-dependent transcriptional activity
and the neutralizing status of auto-Abs against type I IFNs in patients with inborn errors
of NF-kB2. Correlation between the p52-dependent transcriptional activity assessed in the kB
luciferase assay (y-axis) and the neutralizing status of auto-Abs against IFN-a2 at 100 pg/mL
(a) or IFN-o 100 pg/mL (b) in the ISRE luciferase assay (x-axis) for patients with inborn errors
of NF-«xB2.
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Supplementary Figure 10. Detection of auto-Abs against the 16 type I IFNs in patients in
patients with inborn errors of the alternative NF-kB pathway. Detection of auto-Abs
against type I IFNs with a multiplex bead array in patients with p52-9F/IkB3SOF variants (=28
patients), a p52-9F/IkB3LOF variant (n=1 patient), AR RelB (n=8 patients) or AR NIK (n=2
patients) deficiency, idiopathic PAD (n=5 patients), or APS-1 (n=1 patient), and healthy
controls (HC, n=106). Bars represent the median values. Data representative of one independent
experiment is shown.
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Supplementary Figure 11. Detection of auto-Abs against IFN-a and IFN-o in patients with
inborn errors affecting Tregs and/or Tfh. Luciferase-based neutralization assay for detecting
auto-Abs neutralizing 100 pg/mL IFN-02 or IFN-o in patients with inborn errors associated
with impaired Tth function (patients with dominant negative (DN) S7AT3 variants, n=11), low
Treg proportions (dominant negative /L6ST variants, n=10; AR ZNF341 deficiency, n=10), or
both low Treg and Tth counts (AR CARMIL?2 deficiency, n=16). The proportions of Tregs and
Tth populations, as determined by CyTOF, are shown in the right panel. Data representative of
two independent experiments are shown.
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Supplementary Figure 12. Lack of APS-1 tissue-specific auto-Abs in patients with
p52LOF/IkBSCOF variants. Detection of auto-Abs against liver, stomach and muscle by
immunofluorescence analyses on triple-tissue samples, and against adrenal glands by
immunofluorescence analysis; detection of auto-Abs against 21-hydroxylase (21-OH), 1A-2,
intrinsic factor, thyroglobulin or thyroperoxidase by ELISA. An atypical auto-Ab indicates an
atypical pattern observed under indirect immunofluorescence; Others auto-Abs indicates the
detection of a cytoplasmic fluorescence pattern by indirect immunofluorescence on triple-tissue
samples other anti-smooth muscles, anti-parietal cells, anti-LKM-1, anti-M2, or anti-LC1. Data
representative of one independent experiment is shown.



P27

v i Protein coding gene
T ® [SG with known function

V% Other ISG

Supplementary Figure 13. IFN module enrichment score during the course of COVID-19.
IFN module M.10.1 and M.8.3 enrichment score of individual samples during the course of
COVID-19 in P27 and P28 and in two age-matched controls infected with SARS-CoV-2. RNA-
seq comparison of gene expression between days 0, 3, 5, 12 and 13 or 27 in P27 and P28.
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Supplementary Figure 14. Anti-spike IgG response to SARS-CoV-2 vaccination and
severity of COVID-19 post-vaccination in patients with pS2LC¥/IkB3%©F variants. (a) Post-
vaccinal anti-S IgG levels in patients with a p52L9F/IkB89°F variant who encountered SARS-
CoV-2. (b) Correlation between COVID-19 severity and age in patients with a p52-°F/IxkB§90F
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Supplementary Figure 15: Gating strategy for CyTOF immunophenotyping.
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