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In brief

Patients presenting with

hyperinflammatory reactions to minor

trauma or infection may carry

predisposing genetic variants. Nurmi and

Silventoinen et al. identify amechanismof

autoinflammation in which truncating

variants of NF-kB1 impair autophagic

degradation. Failure of autophagy

increases inflammasome activation and

interferon signaling, thus leading to

hyperinflammation.
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SUMMARY
Inmonogenic autoinflammatory diseases, mutations in genes regulating innate immune responses often lead
to uncontrolled activation of inflammasome pathways or the type I interferon (IFN-I) response. We describe a
mechanism of autoinflammation potentially predisposing patients to life-threatening necrotizing soft tissue
inflammation. Six unrelated families are identified in which affected members present with necrotizing fasci-
itis or severe soft tissue inflammations. Exome sequencing reveals truncating monoallelic loss-of-function
variants of nuclear factor k light-chain enhancer of activated B cells (NFKB1) in affected patients. In patients’
macrophages and in NFKB1-variant-bearing THP-1 cells, activation increases both interleukin (IL)-1b secre-
tion and IFN-I signaling. Truncation of NF-kB1 impairs autophagy, accompanied by the accumulation of reac-
tive oxygen species and reduced degradation of inflammasome receptor nucleotide-binding oligomerization
domain, leucine-rich repeat-containing protein 3 (NLRP3), and Toll/IL-1 receptor domain-containing adaptor
protein inducing IFN-b (TRIF), thus leading to combined excessive inflammasome and IFN-I activity. Many of
the patients respond to anti-inflammatory treatment, and targeting IL-1b and/or IFN-I signaling could repre-
sent a therapeutic approach for these patients.
INTRODUCTION

Inflammation has a vital role in defense against invading patho-

gens, and it also initiates tissue repair after trauma, but failure
Cell Reports Medicine 5, 101503,
This is an open access article under the
to properly control and limit the inflammatory reaction leads to

detrimental tissue damage and potentially to life-threatening

systemic inflammation and multiorgan failure. Genetic factors

play an important role in the immune responses against danger
April 16, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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signals. This is exemplified by autoinflammatory diseases, which

are a group of rare diseases characterized by excessive activa-

tion of the innate immune system and recurrent attacks of local

or systemic sterile inflammation. In most autoinflammatory dis-

eases, the excessive immune activation is caused bymonogenic

germline or somatic mutations of genes regulating key immune

signaling pathways, such as those regulating inflammasome

activation, nuclear factor k light-chain enhancer of activated B

cells (NF-kB), or type I interferon (IFN-I) signaling pathways.1–3

TheNF-kBpathway is amaster regulator of inflammatory gene

expression. It is activated by various microbial components via

Toll-like receptors (TLRs) and several cytokines such as tumor

necrosis factor (TNF). NF-kB transcription factor familymembers

p65 (also known as RelA), RelB, c-Rel, and the cleaved forms of

NF-kB1 (p50) and NF-kB2 (p52) form complexes via homo- and

heteromeric dimerization.4 The p65:p50 heterodimer is the ca-

nonical inducer of proinflammatory gene expression, whereas

the p50:p50 homodimer mainly functions as a transcriptional

repressor of NF-kB signaling.5 NF-kB complexes regulate the

proliferation of cells and the expression of a wide variety of proin-

flammatory cytokines and chemokines6; NF-kB also induces the

expression of nucleotide-binding oligomerization domain,

leucine-rich repeat-containing protein 3 (NLRP3) inflammasome

proteins. In addition to inducing proinflammatory signaling, NF-

kB exerts negative regulation, for example by inducing the

expression of several NF-kB inhibitors.7

In many autoinflammatory diseases, the pathogenic genetic

variant causes either direct or indirect activation of the NLRP3 in-

flammasome. Activation of the NLRP3 inflammasome leads to

proteolytic processing and secretion of interleukin (IL)-1b and

IL-18.8 Classical NLRP3 inflammasome activation involves two

steps. In the priming step, provided by the activation of TLRs

or cytokine receptors, NF-kB-mediated expression of inflamma-

some components and pro-IL-1b is induced.9 A subsequent

second stimulus induces a disruption of cellular homeostasis,

such as changes of intracellular ion concentrations, lysosomal

rupture, and release of mitochondrial reactive oxygen species

(mtROS) and mtDNA, which then launches the assembly and

activation of the NLRP3 inflammasome complex.8 Activation of

the NLRP3 inflammasome is regulated at several levels. In addi-

tion to activating signals, NF-kBprovides also negative feedback

regulation of inflammasome activity by inducing expression of an

autophagy receptor protein SQSTM1.10 Macroautophagy (from
2 Cell Reports Medicine 5, 101503, April 16, 2024
here on referred to as autophagy) represents an important nega-

tive regulator of NLRP3 inflammasome activity. Basal autophagy

eliminates both the activators of the NLRP3 inflammasome, such

as cytoplasmic mtROS and mtDNA,11 and the inflammasome

components to shut down inflammasome activation.12,13

Necrotizing fasciitis (NF) is a severe infectious disease that im-

poses catastrophic consequences to the patients, as the treat-

ment often necessitates major surgical tissue revisions and limb

amputations.14 Sometimes no pathogen(s) can be identified, or

the severity of the inflammation is disproportionate with respect

to the bacterial load, suggesting that host factors play a significant

role in the course of the disease. We have previously described a

single family in which two brothers carrying a heterozygous germ-

line truncatingmutation inNFKB1developed severeNF after ami-

nor trauma or surgery in the absence of significant bacterial

growth.15 Thereafter, several case reports have described cuta-

neous inflammatory reactions including pyoderma gangrenosum

(PG),16–18 sterile inflammation and delayed wound healing,19 or

recurrent necrotizing cellulitis20 in patients with truncating muta-

tions ofNFKB1. Since our previous report,15wehave encountered

five additional unrelated families from four different countries in

which patients with monoallelic truncating variants ofNFKB1 pre-

sented with severe NF or other severe soft tissue inflammation.

We have now elucidated the underlying molecular mechanisms

by which impaired proinflammatory NF-kB1 signaling leads to

intense hyperinflammatory reactions. We describe a mechanism

of autoinflammation in which loss of NF-kB1 signaling leads to

impaired autophagy and thereby to IFN-I and NLRP3 inflamma-

some-mediated autoinflammation. Finally, we suggest that

some of the patients with NF or other necrotizing soft tissue

inflammation could benefit from use of anti-inflammatory therapy.

RESULTS

Patient description
Two brothers (F1.II-1, F1.II-5) of family I presented at adulthood

with severe NF after minor trauma or surgery.15,21,22 F1.III-8, son

of F1.II-5, is an asymptomatic mutation carrier (36 years at the

time of publication).21,22 The index patient of family II (F2.II-1)

developed severe NF after routine knee replacement surgery at

the age of 63.21 The index patient of family III (F3.II-1) presented

with recurrent epiglottitis, scrotal ulcers, and common variable

immunodeficiency.21 The index patient of family IV (F4.II-2), a
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newborn baby, developed severe omphalitis and PG after vac-

uum-assisted vaginal delivery. The index patient of family V

(F5.II-3) developed deep necrotizing ocular cellulitis at the age

of 2 and later, at the age of 14, PG. The index patient of family

VI (F6.II-1) presented with intermittent fever since the age of 28

and developed cellulitis and myofascitis at the age of 30. A full

description of the clinical manifestations can be found in the

STAR Methods. The ancestry, patients’ main clinical manifesta-

tions, andNFKB1 variant information are shown in Tables S1 and

S2 and the pedigrees in Figure S1.

Patient macrophages bearing truncating variants of
NFKB1 display pronounced activation of the NLRP3
inflammasome and IFN-I signaling
The heterozygous NFKB1 variants identified in affected patients

introduced an early (p.R157*, p.L215Afs*11, p.G261Vfs*5), inter-

mediate (p.T424Wfs*2), or late (p.Q681*) premature stop codon

in theNFKB1 transcript (Figure1A). TruncationsofNFKB1 reduced

NFKB1 transcript levels by roughly half in human monocyte-

derived macrophages (HMDMs) (Figure 1B). Along with that, pro-

tein expression of p105 and p50was substantially reduced both in

unstimulated and lipopolysaccharide (LPS)-stimulated patient-

derived peripheral blood mononuclear cells (PBMCs) compared

to healthy controls (Figures 1C and S2A). Patient macrophages

demonstrated significantly increased secretion of IL-1b upon in-

flammasome activation with ATP and monosodium urate crystals

(Figures 1Dand 1E). Additionally, enhancedexpressionof IFN-b at

the transcript and protein levels was observed in LPS-treated pa-

tient macrophages (Figure 1F). Macrophages of some patients

also showed increased secretion of TNF (Figure S2B). Expression

of the IFN-stimulated genes (ISGs) IFIT2 and CXCL10 was

enhanced in all patients, and the expressionof IL10was enhanced

in all patients except F3.II-1 (Figure 1G). The variants did not alter

the expressionof all tested ISGs, as expressionof guanylate-bind-

ing protein 1 (GBP1) and GBP5 displayed no consistent changes

(Figure S2C). Blocking IFN-I signaling by anti-IFN-a/b receptor (IF-

NAR)antibodyonlymodestly reducedIL-1bsecretion (FigureS2D),

suggesting that IFN-I signaling did not contribute significantly to

NLRP3 inflammasome activation.

Truncating mutation and knockout of NFKB1 lead to
activation of NLRP3 inflammasome and IFN-I signaling
To elucidate in more detail the impact of NFKB1 truncation on

cellular signaling, we generated THP-1 monocyte cell lines car-
Figure 1. Truncatingmutations ofNFKB1 cause enhanced NLRP3 inflam

macrophages

(A) Schematic representation of p105/p50 protein domains and sites of mutatio

location, binding to DNA, and dimer formation with Rel family proteins and inhib

(B andC) HMDMs (B) or PBMCs (C) were stimulated with LPS for indicated times a

RT-qPCR or western blot. Quantifications, blots, and total protein loading (TPL) a

the arrowhead) is included twice to enable comparison between the blots.

(D and E) HMDMswere stimulated with (D) LPS and ATP or (E) monosodium urate

of 10 separately processed healthy volunteers is also shown.

(F and G) HMDMs were activated with LPS or LPS and LPS-binding protein (LBP)

RT-qPCR (left) and ELISA (right) (F) and expressions of IFIT2, CXCL10, and IL10

(B) 3 controls, 4 variant carriers; (C) 5 controls, 6 variant carriers; (D) 15 controls,

variant carriers, ELISA: 1 control, 3 variant carriers; (G) 3 controls, 5 variant carri

See also Figures S1 and S2.

4 Cell Reports Medicine 5, 101503, April 16, 2024
rying the shortest truncating variant (p.R157*, NFKB1R157*/R157*)

and homozygotic (NFKB1�/�) and heterozygotic (NFKB1�/+)

NFKB1 knockouts (KOs) using CRISPR-Cas9 gene editing. No

NFKB1 gene expression was detected in NFKB1R157*/R157*

THP-1 monocytes (Figure S2E), nor was there expression of

p105 or p50 proteins in NFKB1R157*/R157* or NFKB1�/� THP-1

monocytes (Figure 2A), consistent with nonsense-mediated

RNA decay. In NFKB1�/+ THP-1 monocytes, the expression of

p105/p50 was about half of that of the wild type (WT)

(Figures 2A and S2F). Similar to the patient’s cells, secretion

of IL-1b (Figure 2B), and expression of IFNB1 and ISGs,

apart from GBP5, were highly upregulated in activated

NFKB1R157*/R157* THP-1 monocytes (Figures 2C and S2G).

Anti-IFNAR antibody completely blocked LPS-induced IFIT2

expression both in NFKB1R157*/R157* and in WT THP-1 mono-

cytes (Figure S2H), confirming its dependency on autocrine or

paracrine secretion of IFN-I.

To study whether enhanced IL-1b secretion in

NFKB1R157*/R157* THP-1 monocytes was inflammasome depen-

dent, we assessed the activation of caspase-1. Inflammasome

activation culminates in autocatalytic activation of pro-cas-

pase-1 and formation of the active caspase-1 complex, which

subsequently processes pro-IL-1b to its mature secreted

form.23 As expected, a caspase-1/4 inhibitor, Z-YVAD-FMK,

abrogated the secretion of IL-1b (Figure 2D). In addition to cleav-

age of pro-IL-1b, active caspase-1 also cleaves gasdermin D

(GSDMD), thereby causing pyroptotic cell death.8 In concor-

dance with enhanced IL-1b secretion, secretion of the pyropto-

sis marker lactate dehydrogenase (LDH) was also increased in

NFKB1R157*/R157* THP-1 monocytes compared to WT, and this

was modestly inhibited by the caspase-1/4 inhibitor (Figure S2I).

To verify the dependency of IL-1b secretion on the NLRP3 in-

flammasome, we studied the interaction of NLRP3 with

apoptosis-associated spec-like protein containing a caspase

activation and recruitment domain (ASC) by co-immunoprecipi-

tation assay and the inhibition of IL-1b secretion using a specific

inhibitor of NLRP3, MCC950. While MCC950 inhibited secretion

of IL-1b to a similar extent in NFKB1R157*/R157* and WT THP-1

monocytes (Figure 2E), the interaction of ASC with NLRP3 was

more pronounced in NFKB1R157*/R157* THP-1 monocytes

compared to WT (Figure 2F). Enhanced secretion of IL-1b was

observed also in NFKB1�/� THP-1 monocytes (Figure 2G), sug-

gesting that the phenotype of NFKB1R157*/R157* cells is compa-

rable to the full KO of NFKB1. Secretion of IL-1b in NFKB1�/+
masome activation and aberrant gene expression in patient-derived

ns. Conserved Rel homology domain includes sequences needed for nuclear

itor proteins. GRR, glycine-rich region.

ndNFKB1 (B) mRNA or (C) protein expression of p105 and p50was analyzed by

re shown. The data are shown as mean ± SD. Healthy control 2 (indicated with

crystals (MSUs) and secretion of mature IL-1bwas detected by ELISA. Average

for indicated times. Gene expression and secretion of IFN-b were analyzed by

were analyzed by RT-qPCR (G).

5 variant carriers; (E) 15 controls, 4 variant carriers; (F) RT-qPCR: 3 controls, 5

ers.
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THP-1 monocytes was intermediate between cells transfected

with mock guide and full KO (NFKB1�/�) THP-1 monocytes (Fig-

ure 2H), suggesting that the secretion of IL-1b is inversely pro-

portional to the level of NFKB1. In response to LPS activation,

both NFKB1R157*/R157* and NFKB1�/� THP-1 monocytes

secreted significantly more TNF compared to WT, with the

secretion being even more pronounced in NFKB1R157*/R157*

compared to NFKB1�/� (Figure S2J).

TLR engagement signals downstream via twomajor adaptors,

TIRAP-MyD88 and TRAM-TRIF.24 We used Pam3Cys-SKKKK, a

TLR1:2 ligand that signals via TIRAP-MyD88 and passes Toll/IL-

1 receptor domain-containing adaptor protein inducing IFN-b

(TRIF) activation, to study whether enhanced NLRP3 inflamma-

some activation in cells carrying truncating variants of NFKB1

was dependent on TRAM/TRIF signaling. Stimulation of patient

macrophages with Pam3Cys-SKKKK induced more vigorous

IL-1b release after adding ATP to stimulate the NLRP3 inflamma-

some in patients F1.II-5, F2.II-1, and F3.II-1, but not in F1.II-1 or

F1.III-8, compared to healthy controls (Figure S3A). In THP-1

monocytes, Pam3Cys-SKKKK consistently induced stronger

IL-1b secretion after ATP stimulation compared to LPS, and

again, we observed more vigorous IL-1b secretion in

NFKB1R157*/R157* compared to WT, suggesting that the

enhanced NLRP3 activation was not restricted to TLR4-medi-

ated priming (Figure S3A). Of the other inflammasome activators,

we studied the activation of the AIM2 inflammasome and nonca-

nonical caspase-4/5 inflammasome. Transfection of poly

(dA:dT), but not of LPS, resulted in increased IL-1b secretion in

NFKB1R157*/R157* THP-1 monocytes compared to WT

(Figures S3B and S3C). Similar to THP-1 monocytes, no consis-

tent differences in secretion of IL-1b in response to the nonca-

nonical inflammasome activation were observed between

HMDMs derived from patients and healthy controls (Figure S3D).

These results indicate that the p.R157* variant enhances the as-

sembly and activation of the NLRP3 inflammasome after priming

via TLR2 and TLR4 as well as activation of the AIM2 inflamma-

some but not that of the noncanonical inflammasome.

To further study the enhanced ISG response, we activated

different pattern recognition receptors (PRRs), TLR2, TLR4,

and RIG-I/MDA-5, all upstream of IFN-I induction, and analyzed

expression of IFNB1 and IFIT2.25 Both LPS and Pam3Cys-
Figure 2. NLRP3 inflammasome activation is proportional to expressio

(A) NF-kB1 basal expression in NFKB1R157*/R157*, NFKB1�/�, or NFKB1�/+ and W

(B) NFKB1R157*/R157* and WT THP-1 monocytes were stimulated with LPS and A

(C)NFKB1R157*/R157* andWT THP-1monocytes were activatedwith LPS for indica

(D)NFKB1R157*/R157* andWT THP-1monocytes were stimulated with LPS and trea

IL-1b was detected by ELISA.

(E) NFKB1R157*/R157* and WT THP-1 monocytes were stimulated with LPS and tre

IL-1b was detected by ELISA.

(F) Immunoblot analysis of NLRP3 immunoprecipitated with ASC and immuno

monocytes primed with LPS and activated with ATP or left untreated. Quantifica

(G and H) NFKB1R157*/R157*, NFKB1�/�, mock, and WT THP-1 monocytes (G) or N

and ATP. Secreted mature IL-1b was detected by ELISA.

(I)NFKB1R157*/R157* andWT THP-1monocytes were stimulated with LPS or Pam3

I/MDA-5. Expressions of IFNB1 and IFIT2 were analyzed by RT-qPCR.

Two-way ANOVA (B–E and G–I) or two-way repeatedmeasures (RM) ANOVA (F) fo

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (A) WT, NFKB1�/�

See also Figures S2 and S3.
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SKKKK resulted in a significantly higher IFN-I response in

NFKB1R157*/R157* THP-1 monocytes compared to WT, but there

was no difference in expression between the NFKB1R157*/R157*

and WT in monocytes when transfecting with low-molecular-

weight poly(I:C), an activator of RIG-I/MDA-5 (Figure 2I). Our re-

sults suggest that enhanced IFN-I response follows activation of

TLR2 or TLR4 but not RIG-I/MDA5.

Truncations of NF-kB1 disrupt the protein-protein
interactions of NF-kB1 with its target proteins
Through an unbiased approach, we studied the interactomes of

NF-kB1 variants and WT protein by analyzing the stable and

proximate interactions of the tagged constructs by quantitative

affinity purification mass spectrometry and BioID (Figure 3A).26

Only WT NF-kB1 and the late truncating construct p.Q681*

yielded stable interactomes with NF-kB family proteins. In the

shorter truncating variants of NF-kB1 (p.R157*, p.G261Vfs*5),

the stop codon is located within the Rel homology domain

(RHD), likely rendering them unable to form interactions with

NF-kB proteins and to produce p105 protein, which is respon-

sible for interactions with non-NF-kB family proteins.27 As ex-

pected, the interactions of p.R157* and p.G261Vfs*5 variants

were lost to the point of preventing meaningful analysis (Fig-

ure 3B). Interactions of the p.Q681* variant were largely compa-

rable to WT: the p.Q681* variant formed less interactions with

p50, marginally more interactions with p65, and slightly reduced

interactions with M3K8. Interactions with TNIP1, HACL2, and

FLOT1 were lost, but interactions with several NF-kB family pro-

teins were slightly increased. In addition, an interaction with

M1IP1 was detected for the p.Q681* variant (Figures 3B;

Table S3). Figure 3C presents the interactome-based estimated

localizations of WT and p.Q681* NF-kB1 proteins. The highest

localization signal for WT NF-kB1 was in intermediate filaments

but was also noted in the nucleoplasm. p.Q681* showed

reduced localization in filaments, and the highest scores were

detected in the nucleoplasm. In addition, there was a localization

to the Golgi, likely reflecting the sorting of misfolded proteins in

the Golgi apparatus to other organelles for degradation or

secretion.28

To gain an overview of the impact of the p.R157* variant on

cellular functions, we performed global proteomics analysis on
n of NFKB1

T or mock THP-1 monocyte lysates. Blot and TPL are shown.

TP or nigericin. Secreted mature IL-1b was detected by ELISA.

ted times. Expression of IFNB1, IFIT2, andCXCL10was analyzed by RT-qPCR.

ted with caspase-1/4 inhibitor (Z-YVAD-FMK) 1 h before ATP. Secretedmature

ated with specific NLRP3 inhibitor (MCC950) 1 h before ATP. Secreted mature

blots of ASC and NLRP3 from lysates of NFKB1R157*/R157* and WT THP-1

tions, representative blots, and TPL are shown.

FKB1�/�, NFKB1�/+, and mock THP-1 monocytes (H) were activated with LPS

Cys-SKKKK or transfected with low-molecular-weight poly(I:C) to activate RIG-

llowed by Tukey’s (G and H) or �Sidak’s (B–F and I) tests. The data are shown as

, and mock n = 2, NFKB1�/� and NFKB1�/+ n = 4; (B–I) n = 4.
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THP-1 monocytes carrying the p.R157* variant and WT. In un-

treated cells, we detected 79 significantly differentially ex-

pressed proteins ([log fold] > 1 and p < 0.05), of which 35 were

downregulated and 44 upregulated (Figure 3D; Data S1). Our re-

sults demonstrate differential regulation of Gene Ontology (GO)

Biological Process (BP) cellular oxidant detoxification, referring

to a group of ROS-responding genes upregulated in

p.R157*-variant-carrying cells (Data S2). Analysis of GO cellular

components (CCs) revealed significant enrichment of exosome

signaling (Data S2). LPS stimulation significantly downregulated

the expression of 46 proteins and upregulated the expression of

54 proteins (Figure 3D; Data S1) in NFKB1R157*/R157* THP-1

monocytes compared to WT. Among the most significantly

increased proteins ([log fold] > 2), 8 of 11 proteins were encoded

by IFNB-regulated genes (Interferome: https://www.interferome.

org). p.R157*-variant-carrying cells were enriched for GO-BP

and Reactome terms that co-occur with IFN-b response, and

GO CCs were enriched for terms related to lysosome and secre-

tory vesicle trafficking (Figure 3E; Data S2), indicating that the

p.R157* variant causes significant differences in IFN-I signaling

and, interestingly, downregulates the expression of several lyso-

somal enzymes. Of the total of 100 differentially regulated pro-

teins, 39 were putative regulators of autophagic flux in LPS-stim-

ulated THP-1 monocytes (Data S1).

Truncations of NF-kB1 have no significant impact on the
expression of NLRP3 inflammasome-related genes
To study the impact of NFKB1 variants on transcriptional regula-

tion of NF-kB, inflammasome, and IFN signaling pathways, we

assessed the baseline expression levels in patients’ PBMCs us-

ing a direct mRNA analysis. No consistent differences were

observed in genes related to NF-kB, JAK/STAT, or inflamma-

some pathways (Figures 4A and 4B; Table S4). However, in indi-

vidual patients, a marked increase in expression of those path-

ways as well as of ILs and ISGs was observed. Expression of

inflammasome components is a limiting factor for the NLRP3 in-

flammasome activation.9 Their expression is initiated by a so-

called ‘‘priming signal’’ that activates NF-kB signaling, resulting

in the expression of the inducible NLRP3 inflammasome compo-

nents NLRP3 and IL1B. Other inflammasome proteins, ASC,

CASP1, and IL18, are expressed constitutively.8 The kinetics of

NLRP3 inflammasome component expression was determined

in LPS-primed cells. Compared to WT, no significant changes

were observed in the expression of IL1B, NLRP3, ASC,

CASP1, or IL18 in unstimulated or LPS-stimulated patient mac-
Figure 3. Truncation of NF-kB1 alters protein interaction and expressi
The interactomes of mutant and WT NF-kB1 were characterized by analyzing the

(AP-MS) and BioID.

(A) Workflow of AP-MS and BioID protein-protein interaction analysis to identify

(B) AP-MS identified stable interactome of WT NF-kB1 and NF-kB1 variant const

kB1 variants with NF-kB1 are displayed on a different scale than the rest of the i

(C) Cellular localization of WT NF-kB1 and p.Q681* variant based on their BioID

(D) Volcano plots of all identified proteins from untreated and LPS-stimulated (6

according to their fold change and adjusted p value.

(E) Reactome pathway and GO enrichment analysis of significantly differen

NFKB1R157*/R157* and WT THP-1 monocytes. Proteins are plotted according to t

(B and C) n = 2, (D) n = 10.

See also Table S3 and Data S1 and S2.
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rophages or NFKB1R157*/R157* THP-1 monocytes (Figures S3E

and S3F), and neither did the variants of NFKB1 have a consis-

tent effect on the expression of selected NF-kB targets (NFKBIA,

IL6, TNF) compared to healthy controls (Figure S3G) in patient-

derived macrophages. These findings suggest that transcrip-

tional upregulation does not play a major part in the excessive

NLRP3 inflammasome activation observed in the patients’ mac-

rophages. Immunofluorescence analysis of patient macro-

phages showed diminished LPS-induced translocation of p65

and p50 to the nucleus in p.R157*-bearing cells, whereas cells

bearing the p.Q681* variant more closely resembled the healthy

controls, in line with the interactome analysis (Figure 4C). The

p.Q681* truncation is outside of the p50 coding area, theoreti-

cally preserving its functions to some extent, which could explain

the greater similarity to the healthy controls. In all mutation car-

riers, markedly more p52 was directed to the nucleus, suggest-

ing that noncanonical NF-kB activation might compensate for

thedeficiency of p50 andprolongNF-kBsignaling (Figure 4C).6,29

We observed increased nuclear localization of p52 also in

NFKB1R157*/R157* THP-1 monocytes, but the translocation of

p65 to the nucleus showed no change (Figure S4A), consistent

with the unaffected transcription of NF-kB-regulated genes.

Autophagic flux is reduced in cells with truncating
mutations of NFKB1
The NLRP3 inflammasome is activated by disturbances of

cellular homeostasis, including mitochondrial damage and sub-

sequent release of mtROS and mtDNA.30 We found increased

levels of mtROS in untreated NFKB1R157*/R157* THP-1 mono-

cytes compared to WT (Figure 5A). To study whether mtROS

has a role in NLRP3 inflammasome activation, we used

MitoTempo, a mitochondrial-specific antioxidant, to inhibit

mtROS. MitoTempo reduced secretion of IL-1b in patient and

healthy control macrophages and in NFKB1R157*/R157* and WT

THP-1 monocytes (Figure 5B). To inhibit the release of

both mtROS and mtDNA, we created r0 cells by low-dose

ethidium bromide treatment, which depletes mtDNA (Fig-

ure S4B).31 In r0 THP-1 monocytes, IL-1b secretion from both

NFKB1R157*/R157* andWTwas blocked (Figure 5C). These results

suggest that in cells with truncating mutations of NFKB1,

increased release of mtROS and mtDNA from damaged mito-

chondria leads to enhanced NLRP3 inflammasome activation.

Organelles, larger protein complexes, and aggregates are pri-

marily removed by autophagy. Elimination of proinflammatory

structures and compounds, including mtROS, is critical to
on profiles
ir N-terminal MAC tag constructs with affinity purification mass spectrometry

both stable and proximal protein-protein interactomes.

ructs with interaction values normalized to bait abundance. Interactions of NF-

nteractors.

interactomes.

h 45 min) NFKB1R157*/R157* and WT THP-1 monocytes. Proteins are plotted

tially expressed proteins ([log fold] > 1 and p < 0.05) in LPS-stimulated

heir �log10 false discovery rate (FDR) values.

http://www.interferome.org
http://www.interferome.org
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Figure 4. Aberrant signaling in NFKB1-variant-bearing cells

(A) A heatmap showing direct digital analysis of mRNA (NanoString) of untreated PBMCs derived from NFKB1 variant carriers and healthy controls.

(B) Fold changes of adult NFKB1 variant carriers’ inflammasome, interleukin, JAK/STAT, and NF-kB pathway-linked genes.

(C) HMDMs were activated with LPS for indicated times and stained for p65, p50, and p52; representative stainings and quantifications of stainings (median) are

shown. Scale bar 100 mm.

(A) 3 controls, 5 variant carriers (3 technical replicates); (B) 3 controls, 4 variant carriers; (C) 2 controls, 3 p.R157* variant carriers, 1 p.Q681* variant carrier.

See also Figures S3 and S4 and Table S4.
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maintain cellular homeostasis.32 NF-kB activation triggers

expression of autophagy receptor sequestosome 1 (SQSTM1),

which is a negative feedback mechanism that targets NLRP3 in-

flammasome complexes and damaged mitochondria for auto-
phagic degradation.10 In patient cells, NFKB1 variants had no

explicit effect on LPS-induced SQSTM1 mRNA expression, but

a moderate reduction of SQSTM1 expression was repeatedly

observed in NFKB1R157*/R157* THP-1 monocytes (Figure S4C).
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Despite reduced mRNA expression, SQSTM1 protein tended to

accumulate in patient macrophages, and in NFKB1R157*/R157*

THP-1 monocytes, its accumulation was statistically significant

(Figure 5D), implying that deficient NFKB1 expression reduces

autophagic degradation. Autophagosome formation is recog-

nized by the lipidation of microtubule-associated protein light

chain 3-I (LC3-I) to LC3-II that participates in the formation of

the phagophore membrane.33 Selective autophagy receptors,

including SQSTM1, interact with LC3-II and guide the cargo

into the forming autophagosomes. Subsequently, SQSTM1 is

degraded together with the cargo proteins by lysosomal prote-

ases when autophagosomes fuse with lysosomes to form auto-

lysosomes.33 This flow of events is termed autophagic flux. Rela-

tively less LC3-II was formed in NFKB1R157*/R157* THP-1

monocytes compared to WT (Figure 5E), suggesting that accu-

mulation of SQSTM1 was caused by impaired autophagosome

formation and/or reduced autolysosomal degradation. Also,

when autophagic degradation was inhibited by protease inhibi-

tors E-64d and pepstatin, a nonsignificant trend of higher

LC3-II accumulation was observed in WT compared to

NFKB1R157*/R157* THP-1 monocytes (Figure 5E), suggesting its

higher degradation. Manipulation of autophagic flux reduced

the relative differences between WT and the p.R157* variant.

NLRP3 inflammasome activation in the presence of autophagy

inhibitor 3-MA resulted in higher fold induction of IL-1b secretion

in WT THP-1 monocytes compared to NFKB1R157*/R157* (Fig-

ure 5F). By contrast, the autophagy activator rapamycin signifi-

cantly reduced the fold induction of IL-1b secretion in

NFKB1R157*/R157* THP-1 monocytes, whereas only a minor

inhibitory effect was observed in WT (Figure 5G). To study the

rate of vesicle degradation, we quantitated the levels of fluores-

cently labeled autophagic vesicles. Despite their reduced forma-

tion, significantly higher levels of autophagic vesicles were de-

tected in NFKB1R157*/R157* THP-1 monocytes compared to WT

both in untreated cells and in the presence of LPS (Figures 5H

and S4D), indicating that the autophagosomes accumulated,

consistent with the accumulation of SQSTM1. These results sug-

gest that truncation of NF-kB1 impairs autophagic degradation

by reducing formation and degradation of autophagosomes

(Figure 5I).
Figure 5. Truncating variants of NFKB1 impair autophagy

(A) MitoSOX staining of untreated NFKB1R157*/R157* and WT THP-1 monocytes

shown.

(B) HMDMs (left) orNFKB1R157*/R157* andWT THP-1monocytes (right) were activa

1b was detected by ELISA.

(C) r0 or conventional NFKB1R157*/R157* and WT THP-1 monocytes were activate

(D) HMDMs (left) or NFKB1R157*/R157* and WT THP-1 monocytes (right) were ac

Quantifications, representative blots, and TPL are shown.

(E) NFKB1R157*/R157* and WT THP-1 monocytes were inhibited with E-64d and p

blotted from cell lysates. Quantifications, representative blot, and TPL are show

(F and G)NFKB1R157*/R157* andWT THP-1 monocytes were treated with LPS and

Secreted mature IL-1b was detected by ELISA and is expressed as fold change

(H) NFKB1R157*/R157* and WT THP-1 monocytes were activated with LPS (18 h). C

were analyzed by flow cytometry. Quantitation and representative plots are show

(I) Schematic representation of the effects of truncating NFKB1 mutations on ma

Wilcoxon test (A), one-way RM-ANOVA (B), or two-way ANOVA (C–H) followed by

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (A) n = 8; (B) HMDM

controls, 4 variant carriers; (F–H) THP-1 n = 4.

See also Figure S4.
Impairment of autophagy underlies the activation of the
NLRP3 inflammasome and type I interferonopathy in
NFKB1-deficient cells
LPS induces expression of NLRP3 and TRIF but concomitantly

increases autophagic flux to shut down inflammasome and

IFN signaling.12,13,34–36 In patient macrophages and in

NFKB1R157*/R157* THP-1 monocytes, stimulation with LPS re-

sulted in significantly higher intracellular levels of NLRP3 as

compared to controls (Figure 6A). Likewise, a clear accumulation

of pro-IL-1b as compared to control was observed in

NFKB1R157*/R157* THP-1 monocytes, but this was ambiguous

in patients’ macrophages (Figure 6B). LPS stimulation

decreased the level of intracellular TRIF in healthy controls and

in WT THP-1 monocytes, whereas patients’ macrophages and

NFKB1R157*/R157* THP-1 monocytes showed a significant in-

crease of TRIF levels (Figure 6C). Two patients (F1.II-1, FI.II-5)

exhibited substantial accumulation of TRIF also without LPS

stimulation. The p.R157* variant had no effect on the LPS-

induced total protein secretion (Figure 6D), but the secretion of

SQSTM1 was significantly reduced in NFKB1R157*/R157* THP-1

monocytes (Figure 6E). Autophagy cargo receptors are secreted

via secretory autophagy; thus, the dramatically reduced levels of

SQSTM1 in the cell supernatants indicate malfunction of auto-

phagy.37 Secretory autophagy is particularly important in the

export of aggregation-prone proteins and organelles, such as

mitochondria.37,38 Although secretory autophagy is involved

also in secretion of mature IL-1b, GSDMD pores and pyroptosis

are the main pathways for its bulk secretion.39 Our findings sug-

gest that truncating mutations ofNFKB1 reduce autophagic flux,

which leads to accumulation of TRIF and NLRP3 and, subse-

quently, to increased NLRP3 inflammasome activation and

IFN-I signaling.9,34,40

DISCUSSION

Macrophages of patients with monoallelic truncating loss-of-

function (LOF) variants ofNFKB1 and THP-1monocytes carrying

the NFKB1 p.R157* variant exhibited a combination of signifi-

cantly increased secretion of IL-1b and enhanced IFN-I

signaling. In many of the patients, the hyperinflammatory
was analyzed by flow cytometry. Quantifications and representative plots are

ted with LPS, andMitoTempowas applied 1 h before ATP. Secretedmature IL-

d with LPS and secreted mature IL-1b was detected by ELISA.

tivated with LPS for indicated times and SQSTM1 was blotted from lysates.

epstatin A (abbreviated as EP) 1 h prior to LPS (for indicated times). LC3 was

n.

(F) 3-MA (6 h 45min) or (G) rapamycin (17 h 45min) and ATP (for the last 45min).

relative to the respective cells stimulated with LPS and ATP.

ells staining positive for Hoechst (nuclear stain) and autophagic vesicle marker

n.

croautophagy and NLRP3 inflammasome activation.

Dunnett’s (B), �Sidak’s (D–G), or Tukey’s test (C and H). The data are shown as

s: 1 control, 3 variant carriers, THP-1 n = 4; (C–E) THP-1 n = 4; (D) HMDMs: 2
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reaction was triggered by mechanical trauma or operation. Tis-

sue injury results in release of damage-associated molecular

patterns from cells and allows LPS to access the tissue, both

of which activate the NLRP3 inflammasome. NLRP3 inflamma-

some activation is followed by IL-1b secretion, which is a primary

trigger of the innate immune inflammatory response. IL-1b re-

cruits neutrophils to the injury site and stimulates bone marrow

neutrophil production,41 compatible with the observed dense

neutrophilic tissue infiltration and very high blood neutrophilia

in patients. Activation of the NLRP3 inflammasome is accompa-

nied by pyroptosis, a form of proinflammatory cell death medi-

ated by GSDMD,8 resulting in further release of active proinflam-

matory mediators. Extracellular LPS and mediators such as IL-

1b and DNA released from pyroptotic cells are inducers of

IFN-I production.42 IFN-I has been previously shown to dampen

activation of the NLRP3 inflammasome,43 but blocking IFN-I

signaling had no significant effect on IL-1b secretion in our

experimental settings. As with the NLRP3 inflammasome, IFN-I

has been linked to augmentation of proinflammatory cell death

through various mechanisms including potentiating the effects

of TNF and TNF-induced lethal shock in mice44 and inducing re-

ceptor-interacting protein (RIP)1/RIP3 kinase-mediated necrotic

cell death.45 Thus, it is conceivable that in NFKB1 variant car-

riers, the combined excessive activation of the NLRP3 inflamma-

some and IFN-I pathways triggered by trauma or minor infection

predispose patients to life-threatening inflammatory responses

and tissue necrosis.

NF-kB is a major hub of proinflammatory immune signaling,

and therefore it is strictly controlled on several levels by post-

translational modifications and inhibitory proteins.7 LOF variants

in genes that negatively regulate the activation of NF-kB, such

as those encoding deubiquitinases OTULIN or TNFAIP3/A20,

lead to uncontrolled inflammation, autoimmunity, and autoin-

flammatory diseases.46–48 LOF variants of NFKB1 typically

lead to immune deficiency and/or autoinflammation. They repre-

sent the most frequent monogenic cause of common variable

immunodeficiency, yet autoinflammation may be an underdiag-

nosed complication.21,49,50 Two recent studies found that

NFKB1 is very intolerant to LOF variants disturbing the

p65:p50 transcription factor function, and thus these variants

are most likely pathogenic.51,52 Lorenzini et al. described clinical

manifestations of 157 patients carrying different LOF variants of

NFKB1.53 They found that while the most common manifesta-

tion was immunodeficiency, notably, more than half of the

patients had autoimmune disease and one-third had autoinflam-

matory features. In our recent study, inflammatory manifesta-

tions were the dominating clinical feature in the Finnish cohort

of NFKB1 variant carriers.21 These findings strongly suggest

that NF-kB1 also activates inhibitory pathways to control proin-

flammatory signaling.
Figure 6. Reduction of autophagy results in accumulation of key prote

(A–C) HMDMs (left) andNFKB1R157*/R157* andWT THP-1 monocytes (right) were a

IL-1b, or (C) TRIF in cell lysates was blotted.

(D and E)NFKB1R157*/R157* andWT THP-1monocytes were activated with LPS for

(E) secretion of SQSTM1 was blotted from supernatant.

Quantifications, representative blots, and TPL (A–C) are shown. Two-way AN

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (A–C) 2 controls, 4 variant carr
In mice, loss of Nfkb1 causes multiple defects of innate and

adaptive immune responses. Nfkb1�/� KO mice are more prone

to bacterial and helminth infections, develop spontaneous in-

flammations and chronic inflammatory conditions, and show

reduced numbers of myeloid progenitor cells and plasmacytoid

dendritic cells.54 Abnormal adaptive immune responses include

dysfunctional B cells, aberrant immunoglobulin levels, and

defective T cell responses.54 InNfkb1-deficientmice, both global

p50 deletion and C-terminal (p105) deletion cause increased

expression of IFN-b, ISGs, and TNF.21,55–57 Reduced immuno-

globulin levels and increased susceptibility to sterile inflamma-

tion have also been described in humans carrying NFKB1 vari-

ants,21,50,55,58 and here, we found increased expressions of

TNF and ISGs in NFKB1-truncation-carrying cells. Consistent

with this, increased transcription of ISGs, TNF, and other NF-

kB-regulated cytokines have been previously reported in phor-

bol myristate acetate-differentiated NFKB1 KO THP-1 macro-

phages.59We did not observe significant increases in expression

of studied NF-kB target genes, suggesting that truncation of p50

or p105 does not increase transcription of the NLRP3 inflamma-

some components, which therefore cannot explain the

increased NLRP3 inflammasome signaling. It is, however,

possible that the reduced p50 level affects ISG expression, as

p50:p50 homodimers have been shown to bind guanine-rich

IFN response element-containing ISG promoters and repress

their expression.60 It is also plausible that reduced expression

of M3K8, which is affected by deletion of p50 and p105, contrib-

utes to the enhanced TLR-induced IFN expression.61

NF-kB1 truncation selectively affected activation of different

PRRs. We observed enhanced IL-1b secretion in p.R157*-var-

iant-carrying cells following NLRP3 inflammasome priming via

TLR4 and TLR1:2 and activation of the AIM2 inflammasome

but not following activation of the noncanonical inflammasome.

An augmented IFN-I response was apparent after TLR1:2 and

-4 activation but not following activation of RIG-I/MDA-5, consis-

tent with the data by Samie et al., who suggested that increased

IFN-b expression in autophagy-deficient cells following LPS acti-

vation is primarily dependent on accumulation of TRIF.34 Acti-

vated TLRs and RLR form signaling complexes using different

components, in distinct subcellular sites, potentially explaining

their different sensitivity to NF-kB1 variants.34 Conventionally,

RIG-I/MDA-5 signaling has been thought to be regulated by pro-

teasomal degradation, and only recently was it shown that RIG-I/

MDA-5 signaling can also be restricted by SQSTM1-dependent

autophagy.62 Thus, the phenotype of aberrant inflammasome

and IFN-I activation required activation of specific pathways.

We observed significant accumulation of NLRP3, TRIF,

andmtROS aswell as increased levels of SQSTM1 and autopha-

gosomal vesicles in patients’ cells and in p.R157*-variant-car-

rying THP-1 monocytes, all implicating defective autophagic
ins of the NLRP3 inflammasome and interferon signaling

ctivated with LPS for indicated times, and the expression of (A) NLRP3, (B) pro-

indicate times and (D) total protein secretion was assessed by silver staining or

OVA followed by �Sidak’s test (A–E). The data are shown as mean ± SD.

iers; THP-1 n = 4; (D) n = 4; (E) n = 3.
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degradation. Enhanced ISG expression and dysregulated vesic-

ular-related processes were confirmed by proteomics analysis,

mainly in LPS-stimulated cells, further underlining that a stimulus

is required for the exaggerated immune response. Interestingly,

many lysosomal proteases were less expressed in p.R157*-var-

iant-carrying cells, potentially impairing autophagic degradation.

Secretory autophagy can compensate for impaired lysosome

function,37 but we did not observe compensational upregulation

of secretory autophagy in p.R157*-variant-carrying cells; on the

contrary, secretion of SQSTM1was reduced. Selective targeting

of NLRP3 and TRIF to autophagic degradation has been demon-

strated as an important negative regulator of both NLRP3 inflam-

masome activation and IFN-I production.12,13,34,36 Accordingly,

stimulation of autophagy with rapamycin significantly reduced

IL-1b secretion in NFKB1R157*/R157* THP-1 monocytes, whereas

it had only a minor inhibitory effect onWT cells. Altogether, these

results suggest that truncating variants of NF-kB1 reduce basal

autophagy and impair autophagic degradation and secretory

autophagy, resulting in the accumulation of principal compo-

nents of the NLRP3 inflammasome and IFN pathways, thus

licensing their increased activation.

Impaired autophagy has been implicated in excessive inflam-

matory reactions in autoinflammatory diseases.63 In TNF recep-

tor-associated periodic syndrome, accumulation of misfolded

mutant TNFR1 protein was suggested to overload autophagy,

thereby leading to the accumulation of enlarged autophagic vacu-

oles with undigested material.64 In familial Mediterranean fever,

pyrin has been shown to function also as an autophagy receptor

that targets the inflammasome components NLRP3, NLRP1, and

caspase-1 for degradation.65 It was proposed that mutations of

MEFV would interfere with the autophagic degradation of inflam-

masome components, thus leading to increased activation of the

NLRP3 inflammasome.63 In hyperimmunoglobulin D syndrome,

impaired autophagic flux was suggested to result in an accumula-

tion of damaged mitochondria and subsequent activation of the

NLRP3 inflammasome.66 Although the exact mechanisms by

which loss ofNF-kB1compromises autophagy remain to be eluci-

dated, our present results imply a significant role for NF-kB1 in the

regulation of basal autophagy and autophagic degradation.

Six of the eight carriers ofNFKB1 truncating variants haddevel-

oped a severe form of NF/PG, with low or absent bacterial growth

in the affected tissue, which was grossly disproportional to the in-

flammatory reaction. The age of onset of patients’ symptoms var-

ied from newborn to more advanced age. We have previously

identified several asymptomatic mutation carriers among pa-

tients’ family members, indicating incomplete/variable pene-

trance.21 However, a triggering event, such as trauma or surgery,

often preceded the disease onset, which could explain the vary-

ing age and incomplete penetrance; thus, it is possible that

asymptomatic mutation carriers have not encountered a trig-

gering event. In tertiary healthcare, NF is not very uncommon,

with reported incidence of 21 and 40 per million in the UK and

US, respectively,67,68 and therefore based on previously pub-

lished case reports and our findings, it is important to establish

possible genetic predisposition in its etiology. This is particularly

important because patients have responded to immune-modu-

lating therapies but not to antibiotics. Several patients described

here have been successfully treated with glucocorticoids, IL-1b
14 Cell Reports Medicine 5, 101503, April 16, 2024
blockers, and JAK inhibitor. In patients with severe fasciitis with

no or low bacterial burden and in patients with recurrent disease,

genetic testing is warranted. In fasciitis patients with a known un-

derlying truncatingNFKB1mutation, anti-inflammatory therapies,

including glucocorticoids and/or IL-1b targeting therapies or JAK

inhibitors, could be beneficial in reducing excessive inflammation

and the need for surgical revisions and amputations.

Limitations of the study
The main limitation of this study is the rather small number of pa-

tients with truncating NFKB1 variants and limited patient sample

availability. Small cohort size does not allow for the estimation of

the significance of factors, such as the contribution of other ge-

netic factors or lifestyle in the pathogenesis and penetrance of

hyperinflammation, or the prevalence of truncating NFKB1 vari-

ants in NF. We thoroughly studied the effect of the p.R157*

variant and NF-kB1 p50 KO in the monocytic cell line but not

the effects of NF-kB1 p105 KO.
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gle, H., Neu, R., Söder, Y., Evert, M., et al. (2021). Recurrent necrotizing

cellulitis, multi-organ autoimmune disease and humoral immunodefi-

ciency due to a novel NFKB1 frameshift mutation. Eur. J. Med. Genet.

64, 104144. https://doi.org/10.1016/j.ejmg.2021.104144.

21. Tuovinen, E.A., Kuismin, O., Soikkonen, L., Martelius, T., Kaustio, M., Hä-
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Z-YVAD-FMK R&D Cat#FMK005

UltraPure Ethidium Bromide Thermo Fischer Cat#15585011

3-Methyladenine Calbiochem Cat#189490

Rapamycin Millipore Cat#553210

E�64d Tocris Cat#4545

Pepstatin from Streptomyces

species, PEPS-RO

Roche Cat#10253286001

Proteinase K Qiagen Cat#19133

PCR direct Nordic Biosite Cat#250-302-C

Agarose Fisher bioreagents Cat#BP160-100

Midori Green Advance DNA Stain NIPPON Genetics Cat#MG 04

Paraformaldehyde (PFA) Santa Cruz Cat#sc-281692

Triton X-100 Applichem Cat#A1388 0500

Urea Sigma-Aldrich Cat#U5378-500G

Ammonium bicarbonate (NH4HCO3) Sigma-Aldrich Cat#A6141

Benzonase Santa Cruz Biotechnology Cat#sc-202391

DL-Dithiothreitol (DTT) Sigma-Aldrich Cat#D9779

Ioodoacetamide Acros Organics Cat#122271000

Trifluoroaceticacid (TFA) VWR Cat#85049.051

Acetonitrile VWR Cat#83640.320

HPLC grade water Fischer Scientific Cat#10505904

Sequencing grade modified trypsin Promega Cat#10202904

BioPureSPN PROTO 300

C18 Mini columns

Nets Group #HUM S18V

Lab-Tek II Chamber Slide w/Cover Nunc Cat#154534

DAPI Sigma-Aldrich Cat#D9542

Alt-R Cas9 HDR Enhancer IDT Cat#1081072

Alt-R Cas9 Nuclease V3 IDT Cat#1081058

Alt-R Cas9 Elec Enhancer IDT Cat#1075916

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

RNeasy Plus Mini Kit (250) QIAGEN Cat#74136

iScript Bio-Rad Cat#170-8891

Lightcycler 480 SYBR Green Master Roche Cat# 4707516001

Ficoll Paque PLUS Cytiva Cat#17-1440-03

human IL-1b/IL1F2 DuoSet Elisa R&D Cat#DY201

Human total IL-18 DuoSet Elisa R&D Cat#DY318-05

human IFN-b DuoSet Elisa R&D Cat#DY814-05

human TNF-a DuoSet Elisa R&D Cat#DY210

nCounter Custom CodeSet NanoString Technologies N/A

MitoSox Invitrogen Cat#M36008

Neon transfection system Invitrogen Cat#MPK10096

LAL Chromogenic Endotoxin Quantitation kit Pierce Cat#88282

Cytotoxicity detection kit Roche Cat#11644793001

Autophagy detection kit Abcam Cat#139484

Protein Assay Dye Bio-Rad Cat#5000006

Amicon Ultra-4 Centrifugal filters 10 kDa Millipore Cat#UFC801008

TGX Stain-Free FastCast Acrylamide kit 10% Bio-Rad Cat#161-0183

TGX Stain-Free FastCast Acrylamide kit 7.5% Bio-Rad Cat#161-0181

Trans-Blot Turbo RTA Transfer Kit Bio-Rad Cat#1704272

SureSelectXT human all exon V7 Post-cap Agilent Technologies Cat#5191-4005

SureSelect XT Human All Exon V6+UTR kit Agilent Technologies Cat# G9707 A-M

Oligonucleotides

Nontargeting sgRNA IDT N/A

NFKB1 mutation sgRNA IDT N/A

NFKB1 KO sgRNA IDT N/A

Software and algorithms

Graphpad Prism vs. 9 Graphpad https://www.graphpad.com/

FlowJo vs. 10.4.2 FlowJo RRID: SCR_008520

ImageJ (Zudaire et al., 2011)69 https://imagej.nih.gov/ij/

ColumbusTM Image Data Storage

and Analysis, Version 2.8

PerkinElmer N/A

Image Lab 6.0 BioRad RRID: SCR_014210

nSolver 4.0 Analysis Software nanoString Technologies RRID: SCR_003420

ICE web tool SYNTHEGO https://ice.synthego.com/#/

CRISPR gRNA design Benchling https://www.benchling.com/

ANNOVAR (Wang et al. 2010)70 https://annovar.openbioinformatics.org/en/latest/

Burrow-Wheeler Aligner (BWA-mem) (Li et al. 2010)71 https://github.com/lh3/bwa

Genome Analysis ToolKit (GATK) (Van der Auwera et al. 2013)72 https://gatk.broadinstitute.org/hc/en-us

Bioinformatics data analysis

and visualization toolkit

(Bedre 2022)73 http://doi.org/10.5281/zenodo.3698145

Package ’ı́mputeLCMD’ (Lazar et al. 2016)74 https://cran.r-project.org/web/packages/

imputeLCMD/imputeLCMD.pdf

gnomAD (Chen et al. 2022)75 https://gnomad.broadinstitute.org/

Variant prediction tool Mutation Taster https://www.mutationtaster.org/

Variant prediction tool CADD https://cadd.gs.washington.edu/

SpliceAI, variant prediction tool (Jaganathan et al. 2019)76 https://spliceailookup.broadinstitute.org/

Variant prediction tool PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/

(Continued on next page)
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Variant prediction tool SIFT https://sift.bii.a-star.edu.sg/

Variant prediction tool SnpEff/SnpSift https://pcingola.github.io/SnpEff/

Variant prediction tool InterVar https://wintervar.wglab.org/

Variant prediction tool Variant Effect Predictor (VEP 89) https://www.ensembl.org/info/docs/

tools/vep/script/vep_download.html

Deposited data

Original blots and cytometry histograms This paper, Mendeley https://doi.org/10.17632/spgdgkwbtw.1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kari K.

Eklund (kari.eklund@hus.fi).

Materials availability
Cell lines created in this study, p.R157* mutation carrying cell line,NFKB1�/+, andNFKB1�/� are limitedly available through lead con-

tact (kari.eklund@hus.fi) due to lack of an external centralized repository for its distribution and our need to maintain the stock. Cell

lines are subjected to technical constrains and completion of a material transfer agreement. This study did not generate new unique

reagents, all reagents are commercially available.

Data and code availability
d The original blots and cytometry histograms have been deposited to Mendeley Data and are publicly available as of the date of

publication (https://doi.org/10.17632/spgdgkwbtw.1). DOI is listed in the key resources table.

d This publication did not generate original code or structures. Used software are listed with citations in STAR Methods.

d The genome sequencing data, mass spectrometry raw data, and RNA expression data is not publicly available due to the

Finnish personal data protection legislation, which limits sending patient data or samples to other research centers without

permission of the local Ethics Committee, and because of limitations associated to informed consent. Additional information

required to reanalyze the data, including microscopy data, mass spectrometry raw data, and RNA expression data reported in

this paper is available from the lead contact (kari.eklund@hus.fi) upon request. Genome sequencing data can only be made

available on request. To request access to the data, please contact the lead contact, who will connect you with the responsible

researcher at each of the centers. Data will be accessible only with the permission the Ethics Committee of each center where

the data were collected. Therefore, the requester must describe the project for which data access is requested, detailing the

objectives and datamanagement plan. Data accesswill be considered for research purposes and non-commercial use only. To

ensure patient privacy, access to personally identifiable information or sensitive clinical information (includingmedical histories)

will not be provided, and requests for data access must rigorously adhere to the consent agreements established with study

participants. Additional terms and conditions for accessing data by collaborating institutionsmay apply, as defined by the insti-

tutional Ethics Committee.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement
The study was conducted in accordance with the declaration of Helsinki and was approved by the Coordinating Ethics Committee of

the Hospital District of Helsinki and Uusimaa (permit no. 138/13/03/00/2013, HUS/404/2020). All patients, or in case of minors their

legal guardians, signed an informed consent. All studies were approved by local institutional review and/or Ethics Committees of

treating hospitals. All the authors assure the accuracy and completeness of the reported data.

Patient descriptions
In the original family I, two brothers (F1.II-1 and F1.II-5) from non-consanguineous parents presented with fever, neutrophilia, deep

necrotizing cellulitis with abscesses and high inflammatory markers after elective surgery. The patients’ inflammatory symptoms

required prolonged intensive care and multiple surgical revisions. No pathogenic bacteria could be cultured from the affected sites.

Both patients had normal immunoglobulin levels and no increased susceptibility for infections. Analysis of their whole-exome

sequencing (WES) data analysis targeted to 463 genes reported previously to cause Inherited Errors of Immunity disorders (IEI; list avail-

able fromM.K. or lead contact) identified a pathogenic stop-gain variant ofNFKB1NM_003998.3:c.469C>T p.R157*, also two likely not
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significant variants reported previously to cause IEI disorders were recognized: AGMO (NM_001004320:exon1:c.C49T:p.R17C,

dbSNP: rs201065025, nonsynonymous SNV) and NLRP3 (NM_001243133:exon3:c.C674T:p.A225V, dbSNP: rs180177493, nonsynon-

ymous SNV) were found. NGS methods and analyses for F1.II-1 and F1.II-5 have been previously described by Kaustio et al.15 Since

that, F1.II-5 has been successfully treated with anakinra for soft tissue inflammation on the dorsal side of his hand. Several family mem-

bers are p.R157* variant carriers but the penetrance varies. The mother of the brothers is the first known carrier of the p.R157* variant,

she has not suffered of infection susceptibility, autoimmunity or autoinflammation by the age of 91. Also, F1.II-4 is asymptomatic variant

carrier by the age of 66, he has beendiagnosedwith asthma, but has nohistory of recurrent infections, autoimmune or autoinflammatory

symptoms. Two variant carriers, besides F1.II-1 and F1.II-5, have presented with autoimmune dysregulation. F1.II-7 had multiple un-

complicated respiratory infections before the age of 7 but has not suffered from frequent infections since. She has had several unevent-

ful operations: appendectomy, and operations for umbilical hernia, protrusion of intervertebral disc, and breast cancer. At the age of 64

shewas operated forminor skin lesion, after which therewas a suspicion of non-necrotizingwound inflammation, for which she received

anakinra (Kineret) 100 mg for three consecutive days. F1.III-11 is a p.R157* variant carrier and he has been diagnosed with type 1 dia-

betes. A blood sample from one asymptomatic mutation carrier by the age of 36 (F1.III-8), son of the patient F1.II-5, was available for

this study.

Index patient of the family 2 (F2.II-1) has been previously described by us.21 The patient is the first child of non-consanguineous

parents. He has suffered from alopecia since childhood, and he developed gluteal abscess after intramuscular injection of non-ste-

roidal anti-inflammatory drug for pharyngeal abscess. Shin abrasion at the age of 22 resulted in extensive post-traumatic soft tissue

damage and surgical debridement. Two years later, he suffered from recurrent abscesses. He received two dental implants without

complications. At the age of 63 he underwent an elective knee arthroplasty, and 3.5 days after the surgery he developed severe

neutrophilic leukocytosis (33.7–56.7 x 109/L). Regardless of repeated revisions he developed necrotizing fasciitis with high fever

and remained septic and hemodynamically unstable. 13 days after arthroplasty his knee prosthesis was extirpated. Neutrophilia

peaked on the 20th day after arthroplasty. Extensively repeated blood (n = 16) and deep tissue cultures as well as bacterial PCR

and stains remained negative, while superficial cultures grew low counts of Staphylococcus aureus and S. epidermidis. Despite

repeated (n = 9) surgical debridement, he postoperatively quickly developed repeated necrotic deep tissue inflammation along

fascial planes, which prompted the use of high-dose oral corticosteroids and above-knee amputation had to be performed. Skin bi-

opsy suggested a neutrophilic dermatosis compatible with pyoderma gangrenosum. Exome sequencing and analysis were per-

formed at the Institute for Molecular Medicine Finland, Helsinki, Finland. The SeqCap EZ MedExome target enrichment kit (Roche)

was used for exome capture and sequencing was performed with 101 bp read length on the HiSeq1500 sequencing platform (Illu-

mina). Read mapping and variant calling were performed on genome version GRCh37 using an in-house pipeline and variant anno-

tation was performed with ANNOVAR.70 Variant filtering was performed for rare (gnomAD,75 population frequency <0.01), exonic,

nonsynonymous, and loss-of-function variants, and analysis targeted to 463 genes reported previously to cause IEI disorders.

List available from M.K. or lead contact. WES revealed a heterozygous truncating NFKB1 mutation NM_003998.3:c.2041C>T

p.Q681*. Two other likely benign monoallelic heterozygous mutations were also detected: mutation of mevalonate kinase MVK

(NM_001114185:c.1129G>A p.V377I, dbSNP: rs28934897, nonsynonymous SNV), which is known to be disease causing when bial-

lelic but not significant as heterozygous), andmutation ofMEFV (NM_000243:c.2149C>T p.R717C, dbSNP: rs104895192, nonsynon-

ymous SNV). Of his two siblings, F2.II-2 is asymptomatic carrier of NFKB1 p.Q681* by middle age.

The proband of family 3 (F3.II-1) is a male child of non-consanguineous parents. He presented with symptoms of immune dysre-

gulation at age of 10when he developed epiglottitis which was treated in hospital. He has had oral aphthae since the age of 35. At age

of 44 he developed thrombocytopenia and leukopenia with low NK cell numbers. Bone marrow showed no remarkable changes. At

the age of 45 he developed scrotal ulcer which did not respond to antibiotic therapy, and in the same year he also developed recurrent

epiglottitis. Common variable immunodeficiency was diagnosed with low immunoglobulin levels and immunoglobulin substitution

was initiated. WES revealed a heterozygous truncating frameshift mutation of NFKB1 NM_003998.3:c.778_779insCTGTC

p.G261Vfs*5, no other pathogenic variants fitting to phenotype were found. Exome sequencing and analysis were performed at

the Institute for Molecular Medicine Finland, Helsinki, Finland. The SeqCap EZ MedExome target enrichment kit (Roche) was

used for exome capture and sequencing was performed with 101 bp read length on the HiSeq1500 sequencing platform (Illumina).

Readmapping and variant calling were performed on genome versionGRCh37 using an in-house pipeline and variant annotation was

performed with ANNOVAR.70 Variant filtering was performed for rare (gnomAD,75 population frequency <0.01), exonic, nonsynony-

mous, and loss-of-function variants, gene variants were analyzed with special focus on genes associated with immunological func-

tions and hematological diseases.

Index patient of family 4 was a second female child (F4.II-2) of non-consanguineous parents. She underwent a vacuum-assisted

vaginal delivery due to abnormal cardiotocography. On day P2, she suffered from transient muscular hypotonia. Severe omphalitis

due to Enterococcus faecalis was diagnosed in addition to progredient swelling behind the right ear, at the site of attachment of the

vacuum pump. Despite prompt wide spectrum antibiotic therapies, she continued to suffer from fever with leukocytosis (WBC

25.1x109/L, neutrophils 13.8x109/L). On day P10, retroauricular swelling extended both extra- and intracranially in brain MRI, with

narrow organized subdural hematoma. The next day, purulent, inflamed tissue was extirpated, followed by dura and bone recon-

struction. Despite broad spectrum antimicrobial therapy, retroauricular inflammation remained unabated. On P13, revision surgery

was performed, and emphysema was drained. Blood cultures every 48–72 h showed no bacterial or fungal growth, and extensive

microbiological investigations revealed no pathogens in the wound area after P2. Sutures were removed, while antimicrobial therapy
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against yeasts and herpesviruses was initiated on P17. She remained clinically stable with unresponsive purulent deep tissue lesions

behind the right ear (63 3 cm) and around umbilicus (83 4mm) without high spiking fevers. Pyoderma gangrenosumwas diagnosed

based on clinical findings, which were supported by biopsy findings with perifollicular inflammation and intradermal abscess forma-

tion followed by epidermal and superficial dermal necrosis with an underlying mixed cell infiltrate.

She lacked serum IgA at the birth, but her IgM and IgG concentrations were normal, and her lymphocyte, B and T cell subsets,

expression of CD11/CD18, neutrophil oxidative burst after phorbol myristate acetate (PMA) stimulation and CD62L shedding ap-

peared normal or slightly increased. An autoinflammatory disease was suspected, and genetic testing found amonoallelic truncating

de novo NFKB1 mutation NM_003998.3:c.638_641dup p.L215Afs*11. No other pathogenic variants relevant/fitting to phenotype

were found.

Trio exome sequencing (for patient and their healthy parents) was performed at the Dr. von Hauner Children’s hospital NGS facility

(Germany). SureSelect XT Human All Exon V6+UTR kit (Agilent Technologies) was used for exome capture. Sequencing was per-

formed on the NextSeq 500 sequencing platform (Illumina) with 2 x 150 bp read length and 90x average sequencing depth. Read

mapping and variant calling were performed on genome version GRCh37 using Burrows-Wheeler Aligner (BWA 0.7.15) and Genome

Analysis ToolKit (GATK 3.6).72 Variant Effect Predictor (VEP 89) and public (e.g., GnomAD,75 ExAC and GME) and in-house variant

frequency databases were utilized in variant filtering and pathogenicity estimation. High-dose intravenous prednisolone therapy was

initiated on P19, after which the wound tapered slowly with topical wound care and tacrolimus ointment, resulting in wound closure

on P75. Later, her IgA serum levels normalized and vaccine responses against protein and attenuated viruses were tested and found

to be normal. She has remained healthy for six years now and has no clinical or laboratory signs of antibody deficiency.

The symptoms of index patient of the family 5 (F5.II-3) begun at age of two when he presented with deep necrotizing ocular cellu-

litis together with fever, neutrophilia, and increased inflammatory markers. During the next eight years he received several courses of

oral glucocorticoids due to pathergy after minimal trauma and developed clinically evident secondary hypercortisolism. No other in-

flammatory or infectious complications were noted. At the age of 14, he developed acute pneumonia, pleural effusion with abdominal

pain, severe neutrophilic leukocytosis (WBC 47x109/L) with increased acute phase reaction (P-CRP 333 mg/L). His pleural effusion

needed oxygen supplementation despite early intravenous antibiotics. Attempted thoracocentesis resulted in diaphragm damage

and stomach puncture. After gastrorrhaphy, he clinically developed posttraumatic pyoderma gangrenosum together with pathergy

phenomena at puncture sites. Chest CT scan showed nodules, consolidation, bilateral pleural effusion and ground glass opacity,

while his fecal calprotectin levels were normal. Neither hypogammaglobulinemia nor vasculitis-associated autoantibodies were

noted, and he responded normally to vaccines and had normal neutrophil oxidative burst after PMA stimulation. T cell subsets

were normally distributed. Exome sequencing and analysis was performed at Macrogen (Soul, Korea). SureSelectXT human all

exon V7 Post-cap (Agilent) was used for exome capture and sequencing was performed on the Illumina sequencing platform with

150bp read length to 100X average sequencing depth. Read mapping and variant calling were performed on genome version

GRCh38 using Burrows-Wheeler Aligner71 (BWA-mem) and GATK.72 Variant annotation was performed with SnpEff/SnpSift,77

ANNOVAR,70 and Intervar78 using B-platform software. Variants were filtered for rare (population frequency <0.01, depth of cover-

age>20x), exonic, nonsynonymous, and loss-of-function variants, and analysis targeted to 54 genes reported previously to cause

Inherited Errors of Immunity disorders (gene list available from lead contact). Variant pathogenicity was evaluated according the

ACMG guidelines79 and using the following online tools: Mutation Taster, CADD, spliceAI,76 SIFT, and PolyPhen-2. In WES, a het-

erozygous nonsense variant of NFKB1 NM_003998.3:c.469C>T p.R157* was found and confirmed by sanger sequencing. Also, a

heterozygous variant of ADAR (ADAR -1:154574541 -rs145588689 -p.Pro236Ala-c.706C>G) was found. High dose intravenous

glucocorticoid therapy was tapered gradually after 6 weeks, and long-term subcutaneous canakinumab 4 mg/kg every four weeks

was initiated, with complete resolution of stomach fistula, skin pathergy, and skin and pulmonary inflammation in 18 months follow

up. The mother of the index patient (F5.I-2) carries the same variant, and she has suffered from severe skin disease diagnosed as

acne rosacea.

The index patient of Family 6 (F6.II-1) is male of non-consanguineous UK parentage who first presented with intermittent episodes

of fever of unknown origin at the age of 28. From 2009 onwards he has suffered from fever episodes and persistently elevated CRP

and ESR (40–70 mm/h), microcytic anemia, low grade eosinophilia and monocytosis. No infectious or malignant cause for the fever

was identified on extensive investigations including PET-CT and labeled white cell scan, capsule endoscopy and colonoscopy. Pro-

gressive splenomegaly to 17 cm was noted associated with mild generalised lymphadenopathy. Multiple lymph node and bone

marrow biopsies have shown only reactive changes. There is a family history of mild intermittent febrile illness in his mother, who

has not sought medical attention, and his maternal aunt has IgA nephropathy and inflammatory bowel disease. His father and

two children are well. In 2011 the proband was hospitalised with cellulitis and myofasciitis of the sternocleidomastoid muscle with

cervical adenitis, which settled following surgical debridement and broad-spectrum antibiotic therapy. Diagnostic splenectomy,

done to exclude splenic lymphoma in 2014, revealed reactive changes with normal germinal centers. The acute febrile episodes

respond rapidly to corticosteroid therapy leading to normalisation of CRP/ESR. Therapy with colchicine and anakinra had no impact

on inflammatory markers or frequency of clinical episodes. Immunological workup revealed mild elevation of ANA (1:40 - 1:80)

without other autoantibodies, normal immunoglobulin concentrations and B and T cell numbers, although, class-switched memory

B cells (CD27+IgM-IgD-) were absent from peripheral blood. Vaccine responses to HiB and pneumococcal vaccine were normal.

Suspecting an autoinflammatory disorder, exome sequencing targeted for primary immune disorders (GRID)80 identified a heterozy-

gous truncating variant of NFKB1 NM_003998.3:c.1269_1270delAA p.T424Wfs*2 in the proband, which was confirmed by Sanger
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sequencing and also identified in his mother. Immunoblotting of PBMC lysates from the proband confirmed reduced expression of

p50/105 (Figure S2A), in keeping with NFKB1 haploinsufficiency. He started on JAK inhibitor therapy during the fall 2023, soon after

which his CRP and ESR levels dropped down roughly by 30%–50%.

METHOD DETAILS

Genetic analyses
Whole-genome sequencing (WGS) from venous blood samples of F1.II-1, F1.II-5 (p.R157* variant) were performed at Karolinska In-

stitutet (Sweden) and re-analyzed at the Institute for molecular Medicine Finland (FIMM). The son of F1.II-5, F1.III-2, was Sanger

sequenced for p.R157* variant at FIMM. WES for F2.II-1 (p.Q681* variant) and F3.II-1 (p.G261Vfs*5 variant, previously described

in81) were performed at FIMM and confirmed by Sanger sequencing. For p.L215Afs*11 variant carrier (F4.II-2), WES was performed

in Dr. von Hauner Children’s hospital NGS facility (Germany). WES for family 5 variant carrier (F5.II-3) was performed at Macrogen

(Seoul, South Korea). Genomic testing via targeted panel sequencing for patient F6.II-1 was initially undertaken through the Geno-

mics of Rare Immune Disorders (GRID) research project and confirmed by Sanger sequencing in the clinical diagnostic laboratory.

Full details of sequencing for each patient can be found in Patient descriptions.

Culture of human monocyte-derived macrophages
Peripheral blood mononuclear cells (PBMC) derived from variant carriers and healthy controls were isolated from heparinized whole

blood by density gradient centrifugation in Ficoll-Paque PLUS (GE Healthcare). After cell plating, monocytes were allowed to adhere

for 1 h at 37�C, washed three times with PBS, and differentiated into macrophages for 7 days in Macrophage serum free medium

(SFM) supplementedwith 100U/ml penicillin and 100 mg/mL streptomycin (both fromGibco) and 10 ng/mL recombinant human gran-

ulocyte macrophage colony stimulating factor (GM-CSF, Miltenyi Biotec) at 37�C. In the experiments controls matched for age- and

self-reported gender were processed simultaneously with variant carriers’ HMDMs. An additional larger set of HMDMs (n = 10)

derived from volunteers that were not matched for the age or the gender of the patients, and were processed separately from patient

samples, is shown in Figure 1 panels C and D. HMDM experiments were performed in SFM supplemented with GM-CSF, 100 U/ml

penicillin and 100 mg/mL streptomycin.

Culture of THP-1 monocytes
THP1-Dual (InvivoGen, thpd-nfis) cells were cultured at 37�C in RPMI 1640 supplemented with 100 U/ml penicillin, 100 mg/mL strep-

tomycin, 25 mM HEPES (all from Lonza), 2 mM Glutamax and 10% fetal bovine serum (FBS) (both from Gibco). THP-1 experiments

were carried out in monocytes to avoid studying the effects of the mutation on monocyte-to-macrophage differentiation that is

induced chemically with Phorbol Myristate Acetate. THP-1 experiments were performed in experiment media; RPMI 1640 supple-

mented with 100 U/ml penicillin, 100 mg/m streptomycin, 25 mM HEPES, 2 mM Glutamax at 37�C.

Stimulation of human monocyte-derived macrophages and THP-1 monocytes
For in vitro inflammasome activation, HMDMswere first primed with 1 mg/mL lipopolysaccharides (LPS) from E.coliO111:B4 (Sigma)

or with 1 mg/mL Pam3Cys-SKKKK (EMC microcollections) for 6 h before NLRP3 inflammasome activation. After priming, NLRP3 in-

flammasome was activated by addition of 5 mM ATP (Sigma; neutralized stock solution) for 45 min or 0.2 mg/mL monosodium urate

crystals (MSU; prepared as previously described82) for 16 h. Noncanonical inflammasome was activated in Pam3Cys-SKKKK-

primed (1 mg/mL, 6 h) cells by transfection of ultrapure LPS (1 mg/mL, 5h; Invivogen, tlrl3-pelps) using Lipofectamine 2000

(5 mL/mL) after priming.

THP-1 monocytes were stimulated in vitro with LPS (1 mg/mL) or Pam3Cys-SKKKK (1 mg/mL), both applied 6 h before stimulation

with the NLRP3 inflammasome activator. Incubation times differing from this are indicated separately. In THP-1 monocytes 5 mM

ATP for 45 min or 4 mM nigericin for 1 h (Sigma) were used for NLRP3 inflammasome activation. Transfection with low molecular

weight Poly(I:C) (Invivogen tlrl-picw) for 2 h or 6 h was used for gene expression analysis in THP-1 monocytes. To activate the non-

canonical inflammasome THP-1 monocytes were primed with ultrapure LPS (1 mg/mL, 1 h) and transfected with ultrapure LPS

(1 mg/mL, 5 h). To activate AIM2 inflammasome THP-1 monocytes were primed o/n with ultrapure LPS and transfected with poly

dA:dT (0.2 mg/mL, 5 h; Invivogen tlrl-patn). Lipofectamine 2000 (5 mL/mL) was used as the transfection reagent. In THP-1 monocytes

LPS treatment (1 mg/mL, 6 h 45 min) was used also for inflammasome activation.

HMDMs and THP-1 monocytes were incubated o/n in the presence of IFN a/b-receptor inhibitor (IFNAR2 IgG2a, Millipore

MAB1155) 5 mg/mL, and LPS priming and/or activations were carried out on the next day. Specific inhibitor of mitochondrial reactive

oxygen species (MitoTEMPO, Sigma SML0703) 200 mM, and NLRP3 inflammasome (MCC950, Invivogen inf-mcc) 10 mM, were

applied 1 h before ATP activation (45 min) for HMDMs and THP-1 monocytes. In experiments with THP-1 monocytes the following

inhibitors were used: caspase-1/4 inhibitor (Z-YVAD-FMK, R&D), 15 mM, applied 1 h prior to NLRP3 inflammasome activation; auto-

phagy inhibitor 3-MA, 5 mM, applied simultaneously with LPS priming (6 h) and continued during ATP activation (5 mM, 45 min); au-

tolysosomal proteolysis inhibitors E�64d 10 mg/mL in combination with pepstatin A 10 mg/mL (Selleckchem) were applied simulta-

neously with LPS-activation (4 h or 6 h). Autophagy activator rapamycin, 200 nM, was applied simultaneously with LPS-activation (17

h) and continued during ATP activation (5 mM, 45 min).
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THP-1 monocytes devoid of mitochondrial DNA, r0 cells, were generated to study the contribution of oxidized mtDNA and mito-

chondrial dysfunction in inflammasome activation as previously described.31 To gain r0 cells, NFKB1R157*/R157* and WT THP-1

monocytes were cultured for 16 days in the presence of 100 nM ethidium bromide (Thermo Fischer) and left to rest for one day before

activations. THP-1monocytes and r0 monocytes were activated with LPS (1 mg/mL) for 6 h 45min, after which the supernatants were

collected, and total DNA was extracted. DNA was extracted by suspending 1x106 cells to 1:1 PCR Direct (Nordic Biosite) and BPC

grade H2O (Sigma-Aldrich), after which Proteinase K (Qiagen) was added 1:10. Cells were digested o/n at + 55�C, followed by 1 h at +

85�C. Level of mtCOI and RPLP0 as housekeeping gene (HKG) were analyzed by qPCR.

CRISPR-Cas9-mediated genome editing
NFKB1R157*/R157*, NFKB1�/� and NFKB1�/+ were established using the CRISPR-Cas9 system delivered as ribonucleoprotein (RNP)

complexes. Before transfection, THP1-Dual monocytes were cultured for 20–24 h in RPMI supplemented with penicillin-strepto-

mycin, 1% sodium puryvate, 1% NEAA, 50 mM b-mercaptoethanol (all from Gibco), and 20% heat inactivated human AB serum

(Sigma-Aldrich). The single base mutation p.R157* (located in exon 7) of NFKB1 was introduced to monocytic THP-1 cell line using

RNP complex of Cas9 and 2-part sgRNAs (Table S5; crRNA:tracerRNA-ATTO 550), and p.R157* mutation carrying ssDNA homology

directed repair (HDR) template (all from IDT). For creating the KO lines, we induced a 506 base pair deletion in exon 7 by targeting the

locus with two sgRNAs (Table S5). All RNP complexes were delivered by electroporation (2 pulses, 10 ms, 1400 V) with Neon trans-

fection system (MPK5000, Invitrogen) in R buffer. After electroporation, the cells that received the p.R157* RNP were cultured for 4 h

with 25 mMHDR enhancer (IDT) in RPMI supplemented with penicillin-streptomycin, 1% sodium puryvate, 1% NEAA, 50 mM b-mer-

captoethanol and 20% heat inactivated human AB serum, after which the cells were changed to media without HDR enhancer. The

cells that received the KO RNP were not treated with HDR enhancer but received the same media as p.R157*RNP transfected cells.

One day after transfection the ATTO 550 positive single cells were sorted in 96-wells with BD Influx cell sorter at Biomedicum Flow

Cytometry Unit, Helsinki University. Cells were cultured in RPMI supplemented with 100 U/ml penicillin, 100 mg/mL streptomycin, 1%

sodium puryvate, 1% NEAA, 50 mM 2-mercaptoethanol and gradually lowered concentrations of heat inactivated human AB serum

(from 20% to 2%) at 37�Cuntil therewere enough cells to be analyzed formutation or deletion and for the fivemost probable off target

mutations (Table S5) by Sanger sequencing (Eurofins genomics). All sequences were analyzed with ICE web tool (Synthego).83

Due to low editing efficiency in THP-1 monocyte cell line, p.R157* variant carrying cell line was established from a single cell. For

experiments with NFKB1�/� and NFKB1�/+ four cell lines derived from single cells were used. Five most probable in silico predicted

off-target mutations were analyzed from all the CRISPR edited cell lines.

Global proteomics analysis
The snap frozen cell pellet was homogenized in 100 mL of 8.0 M urea (#U5378-500G, Sigma Aldrich) in 100 mM ammonium bio-

carbonate (NH4HCO3, #A6141, Sigma Aldrich) and 1 mL benzonase (Santa Cruz Biotechnology; #sc-202391) was added to each

sample. Total protein concentration of the homogenates was measured with Bio-Rad Protein Assay Dye (#5000006, Bio-Rad Lab-

oratories). 20 mg of total protein was taken for global proteomics analysis. The urea concentration was diluted to 1 M with 100 mM

Tris-HCl, pH 8.0. Proteins were reduced with 5 mMDL-dithiothreitol (DTT; Sigma-Aldrich, #D9779) for 30 min at 50�C, alkylated with

10 mM ioodoacetamide (#122271000, Acros Organics) for 30 min in the dark at room temperature, and trypsin-digested at 37�C for

16 h using Sequencing Grade Modified Trypsin (V5113, Promega).After digestion, samples were acidified with 10% trifluoroacetic

acid (TFA, #85049.051, VWR) and desalted with BioPureSPN PROTO 300 C18 Mini columns (#HUM S18V, Nest Group) according

to manufacturer’s instructions. After desalting the samples were dried in a centrifuge concentrator (Concentrator Plus, Eppendorf).

The dried peptides were reconstituted in 30 mL buffer A (0.1% (v/v) TFA, 1% (v/v) acetonitrile (#83640.320, VWR) in HPLC grade water

(#10505904, Fisher Scientific).

The desalted samples were analyzed using the EvosepOne liquid chromatography system coupled to a hybrid trapped ionmobility

quadrupole TOF mass spectrometer (Bruker timsTOF Pro, Bruker Daltonics)84 via a CaptiveSpray nano-electrospray ion source

(Bruker Daltonics). An 8 cm 3 150 mm column with 1.5 mm C18 beads (EV1109, Evosep) was used for peptide separation with the

60 samples per day methods (21 min gradient time). Mobile phases A and B were 0.1% formic acid in water and 0.1% formic

acid in acetonitrile, respectively. The MS analysis was performed in the positive-ion mode with dia-PASEF method84,85 with sample

optimized data independent analysis (dia) scan parameters. For the DIA analysis the resuspended peptides were further diluted 1:50

in buffer A1 (1% formic acid in HPLC water) and 20 mL was loaded into an Evotip (Evosep) following manufacturer’s instructions.

To analyze diaPASEF data, the raw data (.d) were processed with DIA-NN v1.8.186,87 utilizing spectral library generated from the

UniProt human proteome (UP000005640). During library generation following settings were used, fixed modifications: carbamido-

methyl (C); variable modifications: acetyl (protein N-term), oxidation (M); enzyme:Trypsin/P; maximun missed cleavages:1; mass ac-

curacy fixed to 1.5e�05 (MS2) and 1.5e�05 (MS1); Fragment m/z set to 100–1700; peptide length set to 7–30; precursor m/z set to

300–1600; Precursor changes set to 2–4; protein inference not performed. All other settings were left to default.

The input file to further DIA data analysis was the DIA-NN Report.pg_matrix. For data pre-processing an in-house R-script was

utilized. Raw intensity values were log2 transformed and median-normalized. Afterward, missing values were imputed using

QRILC imputation. Volcano plots were generatedwith bioinfokit using q-value threshold of 0.05 and log2 intensity fold change thresh-

olds of 1 and -1.
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Detection of secreted cytokines, LDH, mtROS, and autophagic vesicles
Themature, cleaved form of IL-1b, TNF, and IFN-b, and release of LDHwere detected from cell culture supernatants using Human IL-

1b/IL-1F2, TNF, or IFN-b DuoSet ELISA (all from R&D Systems) or cytotoxicity detection kit (Roche) according to the manufacturer’s

recommendations. ELISA results were analyzed with BMG Labtech Omega FluoStar. For detection of mtROS THP-1 monocytes

were washed with PBS and incubated for 15 min in the presence of 5 mMMitoSox (Invitrogen M36008) at 37�C, which was removed

by PBS washes prior to flowcytometric analysis (FACS Verse, BD Biosciences, FlowJo software version 10.4.2, Becton Dickinson).

Autophagic vesicles were detected from THP-1 monocytes stimulated with LPS (1 mg/mL, 18h) or left untreated using autophagy

detection kit (Abcam, ab139484) according tomanufacturer’s recommendations and stainingwas analyzed by flow cytometry (Influx,

BD Biosciences; analysis was performed in Biomedicum Flow Cytometry Unit, Faculty of Medicine, University of Helsinki).

QUANTITATIVE REAL-TIME PCR

RNA was isolated using RNeasy Plus Mini Kit (Qiagen), followed by cDNA synthesis with iScript kit (Bio-Rad). Quantitative real-time

PCR (qPCR) was performed from 10 ng of cDNA per reaction using LightCycler480 SYBR Green I master (Roche) and LightCycler96

instrument (Roche). See Table S5 for the primer sequences. Relative gene expression was calculated using the 2(-DDCt) method us-

ing RPLP0 as HKG.

NANOSTRING ANALYSIS

Direct digital detection of mRNA levels of selected genes from patient PBMC was performed using nCounter Analysis System

(NanoString Technologies). The custom gene set contained 50 genes including 45 IFN-regulated, inflammasome-related, JAK/

STAT and NF-kB signaling pathway genes. Elongation factor 1-gamma (EEF1G), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), hypoxanthine-guanine phosphoribosyltransferase (HPRT1), ornithine decarboxylase antizyme 1 (OAZ1), and tubulin

beta class 1 (TUBB) were used as HKGs. Sample preparation and analysis were performed as previously described.88

Immunofluorescence analysis
The HMDMs were fixed in 48-wells with 4% PFA (Santa Cruz, sc-281692), washed, permeabilized using 0.3% Triton X-100 (Appli-

chem, A1388) in PBS or 0.1% Tween in 1% BSA-PBS, blocked with 5% BSA (Sigma, A7030) in PBS, and incubated over night

at +4�C with primary antibodies against p65 (Abcam, ab7970), p50 (Biosite #616702), or p52 (Abcam ab31409) diluted in 0.1%

BSA-PBS. After incubation for 1 h at RT with Alexa Fluor 488 -conjugated secondary antibodies (Invitrogen, A11008 and A11029),

the nuclei were stained with DAPI and the samples were imaged using Evos (Thermo Fisher) wide field epifluorescence microscope

(Biomedicum Imaging Unit, Helsinki University) and analyzed using the ImageJ software.69 THP-1 monocytes were fixed and stained

according to the same protocols, except for the antibodies used for double staining of the cells: the primary antibodies used for p52

(Abcam, ab31409) and p65 (Abcam, ab140751) were detected with secondary antibodies, Alexa 568 (Invitrogen, A11036) for p52 and

Alexa Fluor Plus 647 (Invitrogen, A32933) for p65. Samples were imaged using the PerkinElmer Opera Phenix microscope and were

analyzed with PerkinElmer Columbus software for cell segmentation and feature extraction (FIMM High Content Imaging and Anal-

ysis Unit, Helsinki University).

Immunoblot and immunoprecipitation analysis
HMDMs and THP-1 monocytes were scraped and nonadherent cells were collected by centrifugation into ice-cold cell lysis buffer

(Cell Signaling Technology) supplemented with 1x protease inhibitor and 1x phosphatase inhibitor cocktails (both from Roche) at pH

7.0. The lysates were homogenized by bath sonication for 3 3 15 s on ice. Thereafter the whole-cell extracts for immunoblot were

mixed with SDS-PAGE Laemmli loading buffer (Biorad) reduced with DTT. For staining with LC3 antibody (Novus Biologicals NB100-

2331) THP-1monocytes were centrifuged and lyzed in sucrose lysis buffer (250mMSucrose, 1mMEDTA, and 1x protease inhibitor).

For immunoprecipitation, whole-cell extracts were prepared using Immunoprecipitation kit (Abcam, ab206996) as per recommen-

ded by the manufacturer. Briefly, 200 mg of protein was incubated in nondenaturing lysis buffer and anti-ASC antibody over night

at +4�C (1:200, AL177, Adipogen AG-25B0006-C100) followed by 1 h at +4�C incubation with A/G Sepharose beads (30 mL/sample).

After incubation beads were washed for 3 times and immunoprecipitates were eluted in 2 x SDS loading buffer reduced with

40 mM DTT.

The proteins were transferred onto PVDFmembranes using Transblot Turbo Transfer System and reagents (BioRad), and blocked

membranes were incubated over night at +4�C with primary antibodies against NF-kB1 (Cell Signaling Technology #3035), TRIF

(TICAM-1, Nordic Biosite #657102), IL-1b (Santa Cruz Biotechnology sc-7884), NLRP3 (AdipoGen AG-20B-0014), SQSTM1 (Adip-

ogen ab56416), LC3 (Novus Biologicals NB100-2331), ASC (AL177, Adipogen AG-25B0006-C100), andGAPDH (Cell Signaling Tech-

nology #5174). HRP-conjugated secondary antibodies anti-rabbit P0448 or anti-mouse P0447 (both from Dako) were applied for 1 h

at RT, followed bywashes and detection using ClarityWestern ECL Substrate (BioRad) andChemiDocMP Imaging System (BioRad).

SDS-PAGEwas run using TGX Stain-Free FastCast Acrylamide Kit 10% (BioRad) gels, and stain-free protein imaging was performed

for loading control. The used stain free technology enables detection of broad loading range, and it is less affected by biological vari-

ation and treatments compared to conventional HKPs.89 In Figure 1C healthy control 2 sample was applied on both of the blots, to
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enable unambiguous comparison of NF-kB1 p50 and p105 protein levels across the blots. Healthy control 2 sample is indicated with

an arrowhead in the Figure 1C.

To detect secreted proteins, equal volumes of cell culture media were concentrated using Amicon centrifugal concentrators with

10 kDa cut-off (Millipore), after which their volumes were equalized with the flow through. Equal volumes of concentrated media were

run on 10% SDS-PAGE and transferred on PVDF for blotting or silver-stained.90

Interaction analysis
Cloning, cell line generation and data analysis was done as previously described.26 Two cell pellets were processed side-by-side for

all studied constructs and both samples were analyzed twice for technical replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assessed using GraphPad Prism vs. 9 software. The used statistical tests are indicated in the figure leg-

ends. Statistical analysis for two groups was performed with Wilcoxon test, statistical tests for multiple groups were performed with

one-way ANOVA or one-way RM-ANOVA, for groups containing two elements two-way ANOVA or two-way RM-ANOVA were used.

Dunnett’s, �Sidak’s or Tukey’s testes were used for multiple comparisons. All data is shown asmean ±SD, statistical significance was

set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).NFKB1WT andNFKB1 variant carrying cells were randomly distrib-

uted to the treatment groups for in vitro stimulations. The number of individuals carrying the sameNFKB1 variant and available for the

study was small, and therefore no statistical evaluation was performed in experiments with human primary cells. Separately cultured

cells derived from individual variant carriers represent one repeat. In experiments carried out in cell lines, sample size of 3–4 per study

group was estimated to yield sufficient statistical power based on preliminary NLRP3 inflammasome stimulations. For cell lines each

biological repeat (sample size, n) is an independent experiment performed with cells grown and studied separately. The number of

biological repeats is indicated in the figure legends and repeats are shown as separate datapoints in the graphs. Each THP-1 mono-

cyte experiment was carried out with two technical replicates, except for the blots for which technical replicates were pooled; two

technical replicates were also used in most of the patient macrophage experiments.
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