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Abstract

Inhibitor of nuclear factor kappa B kinase alpha (IKKα) is critical for p100/NF-κB2 

phosphorylation and processing into p52 and activation of the noncanonical NF-κB pathway. 

A patient with recurrent infections, skeletal abnormalities, absent secondary lymphoid structures, 

reduced B cell numbers, hypogammaglobulinemia, and lymphocytic infiltration of intestine and 

liver was found to have a homozygous p.Y580C mutation in the helix-loop-helix domain of 

IKKα. The mutation preserves IKKα kinase activity but abolishes the interaction of IKKα with 

its activator NF-κB–inducing kinase and impairs lymphotoxin-β–driven p100/NF-κB2 processing 

and VCAM1 expression. Homozygous IKKαY580C/Y580C mutant mice phenocopy the patient 

findings; lack marginal zone B cells, germinal centers, and antigen-specific T cell response 

to cutaneous immunization; have impaired Il17a expression; and are susceptible to cutaneous 

Staphylococcus aureus infection. In addition, these mice demonstrate a severe reduction in 

medullary thymic epithelial cells, impaired thymocyte negative selection, a restricted TCRVβ 
repertoire, a selective expansion of potentially autoreactive T cell clones, a decreased frequency of 

regulatory T cells, and infiltration of liver, pancreas, and lung by activated T cells coinciding with 

organ damage. Hence, this study identifies IKKα deficiency as a previously undescribed cause of 

primary immunodeficiency with associated autoimmunity.

INTRODUCTION

The nuclear factor κB (NF-κB) family of transcription factors is important for the proper 

development and function of both hematopoietic and stromal cells (1). It includes five 

members: RelA (p65), RelB, c-Rel, NF-κB1 (p105), and NF-κB2 (p100) (2), which 

participate in either canonical or noncanonical NF-κB activation. The canonical, or classical, 

pathway of NF-κB activation results in the rapid expression of inflammatory cytokines, 

chemokines, and adhesion molecules after ligation of Toll-like receptors, ectodysplasin 

A receptor, tumor necrosis factor–α (TNF-α), and interleukin-1 (IL-1) receptor family 

members, CD40, and T and B cell antigen receptors (3). Ligation of these receptors activates 

the inhibitor of NF-κB kinase (IKK) complex composed of the catalytic α and β subunits 

(designated IKKα and IKKβ, respectively) and the regulatory γ subunit IKKγ [designated 

nuclear factor-kappa B essential modulator (NEMO)]. The IKK complex phosphorylates 

IκBα, thus marking it for polyubiquitination and subsequent degradation by the 26S 
proteasome (4). The degradation of IκBα liberates p50/p65 dimers to translocate to the 

nucleus and activate the transcription of genes necessary for the inflammatory response (4). 

IKKβ and IKKγ are essential for canonical NF-κB activation, whereas IKKα is dispensable 

(5).

In contrast to canonical NF-κB activation, noncanonical activation of NF-κB signaling 

requires hours to cause the expression of genes that include chemokines and adhesion 

molecules involved in lymphorganogenesis, cell activation and survival, and tissue 

remodeling. Activation of the noncanonical NF-κB pathway occurs after ligation of 

surface receptors that include the lymphotoxin beta receptor (LTβR), B cell–activating 

factor receptor (BAFF-R), CD40, and receptor activator of NF-κB (RANK). Ligation of 
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these receptors stabilizes the NF-κB–inducing kinase (NIK), which activates IKKα. NIK-

activated IKKα docks to and phosphorylates p100 (NF-κB2), which is in the cytoplasm 

complexed to RelB (6). Phosphorylated p100 undergoes polyubiquitination and proteasome 

processing into p52, allowing the p52:RelB dimer to translocate to the nucleus and activate 

the transcription of genes involved in the formation of secondary lymphoid organs (SLO), 

thymic epithelial cell (TEC) differentiation, B cell survival and activation, and bone matrix 

formation (7–13). IKKα is essential for noncanonical NF-κB activation, whereas IKKβ is 

dispensable (14).

Mutations in all five NF-κB family members, as well as in the IKK complex members 

IKKβ and IKKγ and in NIK, have been associated with immunodeficiency and/or immune 

dysregulation (7, 15–22). The only mutations known to date in IKKα are nonsense 

mutations that when homozygous cause cocoon syndrome, an embryonic lethal encasement 

syndrome (23). The phenotype of this syndrome closely resembles that of IKKα null mice, 

which die at birth with failed epidermal keratinization, hypoplastic limbs, and other skeletal 

abnormalities (24–27).

We present a patient with combined immunodeficiency and an autosomal recessive Y580C 

missense mutation in IKKα. While maintaining intrinsic kinase function, the mutation 

abolishes IKKα interaction with NIK as well as ligand-induced p100 processing and 

noncanonical NF-κB activation. IKKαY580C/Y580C mice generated by CRISPR-Cas9 gene 

editing demonstrate a lack of SLO, impaired T and B cell function, virtual absence of 

mTECs, impaired thymocyte negative selection of CD4+ cells, restricted T cell receptor 

variable beta chain (TCRVβ) repertoire, expansion of potentially autoreactive T cell clones, 

and autoimmunity marked by mononuclear organ infiltration and damage.

RESULTS

Patient characteristics

The patient, a daughter of consanguineous Italian parents, presented at 2 years of age with 

a history of recurrent pneumonias and failure to thrive (weight and height below third 

percentile). The patient lacked secondary lymphoid tissues such as palpable lymph nodes 

(LNs) and the Waldeyer’s ring. Later in life, she was found to have skeletal abnormalities 

including incomplete fusions of bones in the sternum and sacrum and absent ossification of 

the last segment of the sternum body and xiphoid process (Fig. 1A). Laboratory evaluation 

at presentation revealed pan-hypogammaglobulinemia and B cell lymphopenia (Table 1). 

The numbers of circulating CD4+, CD8+ T cells, and CD3−CD56+ natural killer (NK) cells 

were normal, but there was a preponderance of CD56bright immature NK cells (Table 1). 

With age, the patient’s T cell and NK cell counts decreased, and the B cell lymphopenia 

worsened (Table 1 and fig. S1A). Proliferation of peripheral blood mononuclear cells 

(PBMCs) in response to phytohemagglutinin and anti-CD3 stimulation was normal at 

age 2. NK cell function examined at age 16 showed defective proliferation to IL-2 and 

impaired interferon-γ (IFN-γ) secretion after stimulation with IL-12 + IL-18 (fig. S2, A 

and B). The patient was treated with intravenous immunoglobulin (IVIG) but continued to 

suffer from recurrent sinopulmonary infections and over time developed bronchiectasis. She 

also suffered from recurrent skin infections including impetigo caused by Staphylococcus 
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aureus, mucocutaneous candidiasis with fungal organisms detected by periodic acid–Schiff 

staining (Fig. 1B, top), and epidermodysplasia verruciformis with characteristic histological 

changes and positive immune staining for human papilloma virus (HPV) (Fig. 1B, bottom). 

Nonlesional skin had increased epidermal thickness and hyperkeratosis, increased numbers 

of proliferating Ki67+ cells in the basal and suprabasal cell layers of the epidermis, and 

mononuclear cell infiltration of the dermis (Fig. 1C). The patient developed chronic diarrhea 

starting at age 13. Giardia lamblia were recovered from stools on two occasions at ages 13 

and 16, and Salmonella enteritidis was found on four occasions at ages 14, 17, 19, and 20. 

Biopsies of the duodenum and colon taken at age 15, when stool cultures were negative for 

pathogenic bacteria and viruses, showed mild villous atrophy, increased infiltration with T 

cells in the duodenum, and increased numbers of apoptotic basal crypt epithelial cells in the 

colon (Fig. 1, D and E), suggestive of autoimmune enteropathy. After age 12, the patient 

developed progressive elevation in serum levels of alanine aminotransferase (ALT), aspartate 

aminotransferase, and gamma-glutamyl transferase, indicative of hepatocellular damage (fig. 

S1B). At age 20, she developed low serum albumin of 3.1 g/dl (normal values, 3.4 to 4.65 

g/dl). A liver biopsy showed periportal lymphocytic infiltration and intense immunostaining 

for cytokeratin 7, indicative of bile duct proliferation which is known to be associated with 

chronic liver disease (Fig. 1F). Cytomegalovirus (CMV) and Epstein-Barr virus were not 

detected in the patient’s blood. After a liver transplant for severe liver failure at age 22 years, 

she developed massive and persistent CMV viremia resistant to ganciclovir, valganciclovir, 

and letermovir. She died 11 months after transplant.

A homozygous IKKαY580C mutation was identified in the patient

A targeted next-generation sequencing panel for 264 genes associated with primary 

immunodeficiencies revealed no candidate variants. Whole exome sequencing (WES) 

identified a point mutation in CHUK (c.A1739G:p.Y580C) which encodes IKKα. The 

mutation is not present in the 1000 Genomes, ExAC, or NHLBI Exome Sequencing Project 

databases. This mutation is predicted to be pathogenic by Combined Annotation Dependent 

Depletion (CADD) (deleterious with a score of 26.3), PolyPhen-2 (probably damaging with 

a score of 0.99), and MutationTaster (disease causing). No other candidate genes were 

identified including the seven homozygous variants detected with a CADD score higher than 

10 (table S1). Sanger sequencing revealed that the IKKαY580C mutation is homozygous in 

the patient and heterozygous in the parents and healthy siblings (Fig. 2, A and B). The 

Y580 residue is located within the helix-loop-helix (HLH) domain of IKKα (Fig. 2C) and 

is highly conserved among species (fig. S3). Structural modeling predicts that the Y580C 

mutation may disrupt a hydrogen bond between residues Y580 and D582 and cause local 

instability (Fig. 2D). The Y580C mutation did not affect IKKα protein expression in the 

patient fibroblasts (Fig. 2E).

The kinase function of IKKα is critical for activation of the noncanonical NF-κB pathway. 

An in vitro kinase assay, using purified recombinant wild-type (WT) or mutant IKKαY580C 

and IκBα21–41 peptide as substrate, revealed that the intrinsic kinase activity of the mutant 

was intact (Fig. 2F). In contrast, activation of the noncanonical NF-κB pathway, which 

depends on ligand-induced NIK-mediated activation of IKKα, was severely impaired in the 

patient skin-derived fibroblasts, as evidenced by lack of p100 processing after cross-linking 
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of LTβR with agonistic anti-LTβR monoclonal antibody (mAb) (Fig. 2G). LTβR activation 

of the noncanonical NF-κB pathway up-regulates VCAM1 expression in fibroblasts (8). 

The patient’s fibroblasts failed to up-regulate VCAM1 after LTβR ligation (Fig. 2H) but 

demonstrated intact VCAM1 up-regulation after TNF-α stimulation, which activates the 

canonical NF-κB pathway (Fig. 2H).

The selective failure to activate the noncanonical NF-κB pathway in the patient’s cells 

despite intact intrinsic kinase activity of the IKKα mutant prompted us to examine the 

interaction of NIK with the IKKα mutant. Human embryonic kidney (HEK) 293T cells 

were cotransfected with HA-tagged WT or mutant IKKα and Myc-tagged NIK followed by 

immunoprecipitation with anti-HA. Myc-NIK coimmunoprecipitated with HA-tagged WT 

IKKα but not HA-tagged mutant IKKα (Fig. 2I). Together, these data demonstrate that the 

Y580C IKKα mutation disrupts NIK binding and thereby selectively impairs noncanonical 

NF-κB signaling.

IKKα has a kinase-independent scaffolding function essential for driving the differentiation 

of epidermal keratinocytes (28). Thus, IKKα−/− mice die shortly after birth due to 

massive transepidermal water loss (TEWL) but can be rescued by transgenic expression 

in keratinocytes of a kinase dead IKKα mutant, IKKαAA, in which the two serines whose 

phosphorylation is required for IKKα activation are replaced with alanine (24), indicating a 

critical role for IKKα scaffolding function in epidermal integrity. This scaffolding function 

involves the interaction in the nucleus of IKKα with the transcription factors SMAD2 and 

SMAD3 that are activated by TGFβ, resulting in the inhibition of TGFβ-driven proliferation 

of keratinocytes (29). Nuclear localization of the mutant IKKα and its interaction with 

SMAD2 and SMAD3 were comparable with WT IKKα (Fig. 2, J and K), consistent with 

a normal TEWL of 11.1 g/m2 per hour in the patient. Thus, the Y580C mutation has no 

detectable effect on the kinase-independent scaffolding function of IKKα important for 

keratinocyte differentiation.

IKKαY580C/Y580C mice lack SLO

To further dissect the mechanism of the patient’s disease, we ascertained that the binding 

of the mouse IKKα Y580C mutant to mouse NIK was impaired (fig. S4A) and then 

engineered homozygous IKKαY580C/Y580C mice using CRISPR-CAS9 gene editing. Murine 

embryonic fibroblasts (MEFs) from the mutant mice recapitulated the findings in the 

patient fibroblasts. They demonstrated normal expression of IKKα but impaired p100 

phosphorylation and processing into p52 and defective induction of Vcam1 after LTβR- but 

not TNF-α–driven activation (fig. S4, B to D). Furthermore, TNF-α–driven degradation of 

IκBα and phosphorylation of p65 were comparable in mutant and control MEFs (fig. S4E). 

Thus, IKKαY580C/Y580C mice, like the patient, exhibit a selective defect in noncanonical 

NF-κB activation.

IKKαY580C/Y580C mutant mice were born at the expected Mendelian ratio and appear 

normal at birth but die prematurely between 20 and 40 weeks of age (Fig. 3A). They 

also demonstrate poor weight gain; by 26 weeks of age, they weighed significantly less 

than WT controls (Fig. 3B). Mutant mice demonstrated defective bone fusion in the 

ribs (Fig. 3C). Most mutants (60%) developed conjunctivitis at about 20 weeks of age, 
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and some developed skin lesions (Fig. 3D) from which Staphylococcus saprophyticus 
could be cultured. Nonlesional skin of mutant mice had focal epidermal thickening and 

hyperkeratosis, was devoid of a significant dermal lymphoid infiltrate, and demonstrated 

significantly increased cell cycle activity within the basal cell layer, as evidenced by Ki-67 

staining (Fig. 3E).

Gross examination of mutant mice revealed an absence of inguinal or mesenteric LNs 

or Peyer’s patches (Fig. 3, F and G). Spleens of mutant mice had a normal cellularity 

(Fig. 3H) but severely disrupted architecture and a lack of defined follicles (Fig. 3I). 

Immunofluorescent staining for MOMA+ macrophages revealed a disorganized marginal 

zone (MZ) structure (Fig. 3I). Splenic architecture was further investigated by staining 

for Madcam1+ endothelial cells and FDCM2+ follicular dendritic cells (FDCs). Both were 

markedly reduced in the mutant’s spleen (Fig. 3I). Levels of IKKα comparable with WT 

controls were detected in mutant spleens (Fig. 3J). Mutant spleens had reduced expression of 

Cxcl12 and Cxcl13 (Fig. 3K), which depends on the noncanonical NF-κB pathway (30, 31).

IKKαY580C/Y580C mice have absent MZ B cells, reduced mature B cells, and fail to form 
germinal centers

B cell development in the bone marrow (BM) was normal in IKKαY580C/Y580C mice (Fig. 

4A), consistent with it being largely independent of noncanonical NF-κB signaling (32). In 

contrast, BAFF signaling via the noncanonical NF-κB pathway is essential for peripheral 

B cell maturation and survival (33, 34). The proportions of recirculating mature B cells 

were reduced in the mutants’ BM (Fig. 4A), and the mutants had diminished splenic B 

cell numbers (Fig. 4B). They also demonstrated a partial, yet significant, block between the 

transitional 1 (T1) and T2 stages of development (Fig. 4C and fig. S5A). Consistent with the 

absence of a MZ, mutant mice lacked MZ B cells (Fig. 4, C and D). The survival of mutant 

splenic B cells in the presence of BAFF was markedly impaired, despite normal levels of 

BAFF-R expression (Fig. 4E and fig. S5B). Unlike conventional B cells, which include 

peritoneal B-2 cells, peritoneal B-1 cells do not depend on noncanonical NF-κB signaling 

for their development and survival (35). B220hiIgM+ B-2 cells were markedly diminished in 

the peritoneum of mutant mice compared with WT controls (Fig. 4F). B220intIgM+ B-1 cells 

were increased ~2-fold in the mutant but secreted about half the amount of IgM compared 

with WT controls (Fig. 4F and fig. S5C).

Splenic B cells of IKKαY580C/Y580C mice had severely reduced proliferation in response 

to stimulation with mCD40L + IL-4 or lipopolysaccharide (LPS) + IL-4 (Fig. 4G), and 

significantly fewer viable cells were recovered at the end of the culture in comparison 

with WT controls (Fig. 4H). These findings were not associated with increased apoptosis 

or decreased cell viability (fig. S5, D and E). Further, activated mutant B cells failed to 

differentiate into B220loCD138+ plasmablasts (Fig. 4I) and did not secrete IgM after LPS 

stimulation or immunoglobulin G (IgG) after mCD40L + IL-4 or LPS + IL-4 activation 

(Fig. 4J). These results indicate that the homozygous IKKαY580C mutation impairs B cell 

differentiation in vitro.

IKKαY580C/Y580C mice had a severe reduction in serum IgG and IgA levels but normal 

serum IgM levels (Fig. 4K). Mutant mice had an absent anti-trinitrophenol (TNP) antibody 
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response to intraperitoneal immunization with the T-independent (TI) antigen TNP-LPS 

and the T-dependent (TD) antigen TNP–keyhole limpet hemocyanin (KLH) (Fig. 4L). 

After intraperitoneal immunization with TNP-KLH, spleens from the mutant mice had 

significantly reduced numbers of CD4+CXCR5+PD1+ T follicular helper (TFH) cells 

compared with WT controls, and they virtually lacked B220+CXCR5+GL7+ germinal 

center (GC) B cells (Fig. 4M). Moreover, GCs, detected by immunofluorescence staining 

of spleens for IgD, CD3, and GL7, were absent from mutant mice intraperitoneally 

immunized with TNP-KLH (Fig. 4N). It has been shown that circulating TFH cells develop 

independently of B cells (36). The percentage of circulating T cells among CD4+ FH cells 

8 days after TNP-KLH immunization was comparable in the mutants and WT controls (fig. 

S5F), suggesting that the reduction in splenic TFH cells in the mutant is primarily due to the 

virtual lack of B cells. These findings indicate that the homozygous IKKαY580C mutation 

severely impairs B cell function.

T cells from IKKαY580C/Y580C mice have impaired IL-2 and IL-17A production in vitro and 
fail to respond to cutaneous immunization with antigen

The numbers of splenic CD3+ T cells and the percentages CD3+CD4+ and CD3+CD8+ 

subsets were comparable in IKKαY580C/Y580C mice and WT controls (Fig. 5A). However, 

the percentage of CD4+FOXP3+ regulatory T cells (Tregs) among splenic CD4+ T cells 

was significantly reduced in the mutant (Fig. 5B). Within their CD4+ T cell compartment, 

mutant mice demonstrated a significant reduction of CD62LloCD44hi T effector/effector 

memory (TEM) cells and CD62LhiCD44hi T central memory (TCM) cells but an increase in 

CD62LhiCD44lo naïve T cells (Fig. 5C). In vitro mitogenic T cell stimulation with αCD3+ 

αCD28 antibodies resulted in proliferation and cellularity comparable between mutant mice 

and WT controls (Fig. 5, D and E). IL-2 and IL-17A secretion by T cells was, however, 

significantly reduced in mutant mice, whereas secretion of IFN-γ, IL-4, and IL-13 was 

similar to WT controls (Fig. 5F and fig. S6).

After intraperitoneal immunization, the interaction of antigenic-specific T cells with 

peptide major histocompatibility complex (MHC) class II complexes on the surface 

of antigen-presenting cells occurs in the spleen and mesenteric LNs, whereas after 

following epicutaneous (EC) immunization, it occurs in skin-draining LNs. The T cell 

response to immunization with the antigen ovalbumin (OVA) was assessed by examining 

cytokine secretion by splenocytes in response to restimulation with OVA ex vivo. After 

intraperitoneal immunization, the mutants demonstrated modestly decreased IL-2 secretion, 

severely reduced IL-17A secretion, but normal IFN-γ secretion compared with WT controls 

(Fig. 5G). After EC immunization by repeated application of OVA to tape-stripped skin 

over 12 days (Fig. 5H), splenocytes from WT mice secreted robust amounts of IL-2, 

IL-17A, and IFN-γ, but secretion of all three cytokines was abolished in splenocytes from 

EC-immunized mutants (Fig. 5H), consistent with the lack of LNs.

Reduced cutaneous Il17a expression and susceptibility to S. aureus skin infection in 
IKKαY580C/Y580C mice

The patient suffered from recurrent skin infections with S. aureus and Candida albicans. 

IL-17A plays an important role in containing these infections in part by driving 
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keratinocytes to produce anti-microbial peptides (AMPs) (37). TCRγδ+ cells are the main 

source of IL-17A in the skin at baseline and after intradermal exposure to S. aureus 
(38). Expression of ll17a was undetectable in the mutants’ skin (Fig. 6A), although it 

had normal numbers of TCRγδ+ cells (Fig. 6B). The mutants demonstrated impaired 

cutaneous clearance of PSVue 794–labeled S. aureus Methicillin-resistant Staphylococcus 
aureus (MRSA) strain SF8300 (USA300) as measured by whole animal bioluminescence 

and numbers of colony-forming units (CFU) in skin homogenates (Fig. 6, C and D). IL-17A 

expression by TCRγδ+ cells in S. aureus infected skin is up-regulated in response to IL-1 

and IL-23. Expression of Il17a, but not Il1b nor Il23a (p19), was markedly reduced in 

S. aureus infected skin of the mutants compared with WT controls (Fig. 6, E and F). 

Furthermore, expression of the IL-17A regulated AMP genes Reg3b, Def14b, and Camp was 

significantly lower in the mutants’ infected skin (Fig. 6G).

IKKα interacts with and phosphorylates RAR-related or- phan receptor gamma T (RORγt). 

Binding of the IKKα-RORγt complex to the Il17a promoter results in IKKα-dependent 

phosphorylation of Histone 3 and enhanced Il17a expression (39). The IKKα domain 

involved in binding to RORγt is not known. The ability of the IKKαY580C mutant to bind to 

RORγt was examined in 293T cells cotransfected with hemagglutinin (HA)–tagged mutant 

or WT IKKα and Myc-tagged RORγt. Comparable amounts of hemagglutinin (HA)-tagged 

mutant and WT IKKα were detected in Myc immunoprecipitates (Fig. 6H). Thus, the 

Y580C mutation preserves IKKα binding to RORγt. As NIK-deficient mice have impaired 

Il17a expression (40), defective interaction of the IKKαY580C mutant with NIK likely 

underlies the defective Il17a expression in the mutant mice.

Developmental and functional defects in the thymus of IKKαY580C/Y580C mice enable 
expansion of potentially autoreactive T cell clones

Thymi of 4- to 6-week-old mutant mice had a normal cellularity and normal frequencies 

of CD4−CD8− double-negative (DN), CD4+CD8+ double-positive (DP), and CD4−CD8+ 

single-positive (CD8SP) thymocytes but demonstrated a significant increase in the 

percentage of CD4+CD8− single-positive (CD4SP) cells (Fig. 7, A and B, and fig. S7A). 

Both absolute thymic cellularity and percentage of CD4+− FOXP3+ natural Tregs within the 

CD4SP compartment were significantly decreased (Fig. 7C and fig. S7B).

Noncanonical NF-κB signaling is essential for the development of medullary (m) TECs, 

which present autoimmune regulator (AIRE)- and FEZ family zinc finger 2 (FEFZ2)–

regulated tissue-restricted antigens to SP thymocytes, thereby purging self-reactive clones 

and establishing central T cell tolerance (41–43). Histological analysis of the thymus 

revealed an effaced corticomedullary junction and severely decreased staining for AIRE and 

Ulex europaeus agglutinin-1 (UEA-1) expressed by mTECs (Fig. 7D and fig. S5C). Flow 

cytometry analysis revealed markedly reduced total TECs (CD45−EPCAM-1+) cellularity in 

mutant mice compared with WT controls (Fig. 7E). This reduction affected both cortical (c) 

TECs (Ly51+ UEA1−) and mTEC (Ly51− UEA1+) but was primarily due to a virtual lack of 

the latter population (Fig. 7E and fig. S7D).

LTβR signaling is important in the development of medullary thymic fibroblasts (mFb), 

which are important for mTEC development and thus for central tolerance (44). 
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The number of thymic CD45−Ter119−EpCAM1−CD31−gp38+CD26− mFb, but not of 

CD45−Ter119−EpCAM1−CD31−gp38+CD26+ thymic capsular fibroblasts (capFb), was 

significantly reduced in mutant mice compared with WT controls (fig. S7E). Transcriptome 

analysis revealed that the mutant mFbs had a diminished expression of 25 of the 100 top 

mFb-specific genes, whereas gene expression in capFb was largely unaffected (fig. S7F).

Two major waves of thymocyte negative selection shape the T cell receptor (TCR) 

repertoire and take place sequentially first in the cortex (wave 1) and then in the medulla 

(wave 2) (45). The combined expression of the transcription factor HELIOS and the cell 

surface marker programmed cell death protein 1 (PD1) identifies thymocytes that have 

been subject to wave 1 negative selection, whereas the expression of HELIOS among 

medulla-resident (CCR7+) thymocytes identifies cells that have undergone wave 2 negative 

selection (45). The percentage of CD4+CD8+TCRβhiCD44−CCR7−FOXP3−PD1+HELIOS+ 

DP cells undergoing the first step of the cortical selection (wave 1a) was 

minimally increased in mutant mice (Fig. 7F, left two) whereas the frequency of 

CD4+CD8−TCRβhi CD69+CD44−CCR7−FOXP3−CD25−HELIOS+PD1+ immature CD4SP 

thymocytes undergoing the second step of the cortical selection (wave 1b) was comparable 

for mutant and control mice (fig. S7G). In contrast, both steps of thymocyte negative 

selection in the medulla were compromised in mutant mice as the frequencies of 

CD4+CD8−TCRβhiCD69+CD44−CCR7+FOXP3−CD25−HELIOS+ semimature CD4SP cells 

(wave 2a) and of CD4+CD8−TCRβhi CD69−CD44−CCR7+FOXP3−CD25−HELIOS+ mature 

CD4SP cells (wave 2b) were severely reduced when compared with WT controls (Fig. 7F, 

middle and right two). Consistent with these results, the percentage of thymocytes that 

have just advanced past positive selection in the cortex (as identified by a TCRβhiCD69hi 

phenotype) was comparable for mutant mice and WT controls. However, the frequency 

of thymocytes at later maturational stages (as marked by a TCRβhiCD69− phenotype and 

typically resident in the medulla) was higher in the mutant compared with WT controls (fig. 

S7H) (46). The frequencies of unselected TCRβlowCD69− and TCRβintCD69int thymocytes 

were unaffected in mutants (fig. S7H).

We next analyzed at the population level the TCRVβ CDR3 regions of mature 

CD25−CD44lo CD4SP thymocytes (designated CD4SP M2 thymocytes) excluding Tregs 

and recirculating CD4SP cells from the analysis (47, 48). The mutants had significantly 

fewer unique CDR3s resulting in a reduced TCRVβ repertoire diversity and diminished 

Shannon entropy (Fig. 7G). The potential auto-reactivity of a specific CDR3 sequence can 

be predicted by the hydrophobicity index of the amino acid residues at position 6 and 7 

of CDR3 (49). CDR3 sequences from sorted M2 cells demonstrated a significantly higher 

hydrophobicity index in the mutants compared with WT controls (Fig. 7H). The results of 

this computational analysis suggest that a greater proportion of CDR3 sequences are reactive 

in the mutants to tissue-restricted antigens (TRA) (also known as self). Together, these 

findings demonstrate that the homozygous Y580C mutation in IKKα disrupts mTEC-driven 

negative selection of CD4SP thymocytes leading to the expansion of cells with a potentially 

autoreactive TCR specificity.

Bainter et al. Page 9

Sci Immunol. Author manuscript; available in PMC 2022 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Organs of IKKαY580C/Y580C mice are infiltrated by activated T cells and show evidence of 
tissue damage

The escape of potentially autoreactive T cell clones from thymocyte negative selection led us 

to probe the periphery of mutant mice for evidence of autoimmune inflammation. Histologic 

examination of mice organs at 26 weeks of age revealed mixed lymphocytic and neutrophilic 

infiltrates in pancreas periductal and islets adjacent areas, lung perivascular areas, and liver 

periportal areas in mutant mice, but not WT littermate controls (Fig. 8A and fig. S8, A and 

B). Sera from mutant mice showed no IgG reactivity against mouse stomach tissue sections 

(fig. S8C). IHC staining demonstrated that the majority of lymphocytes infiltrating the 

organs of the mutants were CD3+ T cells (Fig. 8A). The numbers of CD4+ and CD8+ T cells 

recovered from liver, pancreas, and lung were significantly higher in mutant mice compared 

with WT controls (Fig. 8B and fig. S9, A and B). Flow cytometric analysis revealed that the 

percentages of CD4+ and CD8+ T cells expressing CD25 and CD69 in these organs, as well 

as the level of CD25 and CD69 expression by these infiltrating T cells, were significantly 

higher in the mutants compared with WT controls (Fig. 8, C and D, and fig. S9, C and D). 

Moreover, the percentages of CD62LloCD44hi CD4+ and CD8+ effector/effector memory 

T cells and the level of CD44 expression by these cells were significantly higher in the 

mutants compared with WT controls (Fig. 8E). In contrast, neither the percentages of splenic 

CD4+ and CD8+ T cells that were CD25+, CD69+, or CD62LloCD44hi cells nor the levels 

of CD25, CD69, or CD44 expression by these cells were increased in the mutants compared 

with WT controls (fig. S9, E and F). We did not observe T cell infiltrates in the mutants’ 

skin or colon (fig. S9, G and H).

Immunofluorescence examination of the liver revealed cellular damage as evidenced by 

increased expression of activated caspase-3 and receptor-interacting protein kinase 3 (RIP3) 

(Fig. 8F). Increased ALT levels and decreased albumin levels were observed in the serum of 

mutant mice, indicative of hepatocellular damage and impaired liver function (Fig. 8G). 

There was also decreased insulin and amylase levels in the serum revealing impaired 

pancreatic endocrine and exocrine functions, respectively (Fig. 8H). Moreover, serum 

lactate dehydrogenase (LDH) levels were significantly elevated in mutant mice (Fig. 8I), 

indicative of increased cell turnover. Together, these data indicate that the homozygous 

IKKαY580C mutation results in a breakdown of T cell tolerance resulting in autoimmune 

organ inflammation and injury.

DISCUSSION

We identified IKKα deficiency caused by a homozygous p.Y580C mutation in IKKα as a 

previously undescribed cause of combined immunodeficiency and recapitulated the patient’s 

complex findings in a mouse model of the disease. The Y580 residue in IKKα mutated in 

the patient is located in the HLH domain, a region important for IKKα interaction with 

NIK (14). In particular, an IKKα double mutant in which Y580 and the adjacent residue 

H578 are mutated to alanine lacks the capacity to bind NIK (14). The IKKαY580C mutant 

protein is expressed normally and retains intrinsic kinase activity but fails to bind NIK. 

Intact intrinsic kinase activity of the IKKαY580C mutant is not unexpected as the mutated 

Y580 residue is located in a solvent exposed region distinct from the kinase domain as 
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determined by crystallography. Fibroblasts from the patient and mutant mice fail to process 

NF-κB2/p100 into p52 and can therefore not activate the noncanonical NF-κB pathway after 

LTβR ligation. Furthermore, the patient shares several features with patients with defects in 

NIK, NF-κB2/p100, and RelB components of the noncanonical NF-κB pathway (19–21). 

These include susceptibility to bacterial, viral, and fungal infections and failure to develop 

SLO, B cell lymphopenia, hypogammaglobulinemia, and autoimmunity (19–21).

The patient demonstrated an incomplete fusion of sternal and sacral bones, and mutant mice 

showed defective fusions of rib bones. NIK-dependent IKKα-mediated RANKL-RANK 

signaling in chondrocytes is important for cartilage to bone maturation (50). Defective 

RANKL-RANK signaling may therefore account for the skeletal abnormalities observed 

in the patient and mutant mice. Keratinocyte differentiation in the patient and mutant 

mice and the interaction of IKKαY580C with SMAD2/3 proteins, which is important for 

keratinocyte differentiation, were both normal. The development of spontaneous dermatitis 

in IKKα mutant mice, as in NIK-deficient mice (51), suggests that NIK activation of IKKα 
protects from the development of dermatitis, possibly by contributing to the up-regulation of 

epidermal genes that are important for the repair of the skin barrier (52–55).

Formation of SLO is dependent on LTβR-driven noncanonical NF-κB signaling in 

mesenchymal lymphoid tissue organizer stromal cells after engagement of their LTβR 

by membrane bound LTα1β2, expressed by hematopoietic lymphoid tissue inducer (LTi) 

cells, or by endothelial cells after RANKL-RANK–mediated interaction with LTi cells (56, 

57). Consistent with disrupted noncanonical NF-κB signaling, the patient had no palpable 

LNs or a Waldeyer’s ring, and mutant mice lacked LNs and Peyer’s patches. In addition, 

mutant mice demonstrated a disrupted architecture of the spleen with a lack of follicles, 

the absence of MZs, paucity of MOMA+ macrophages, and a marked reduction in FDCs. 

The lack of SLO is likely due to mutant stromal cells deficient expression of chemokines 

(as demonstrated for Cxcl12 and Cxcl13 in mice) and adhesion molecules (e.g., VCAM1 as 

shown in the patient and mice) necessary for lymphorganogenesis.

T cell numbers were normal in the patient’s blood at presentation and in the spleens of 

mutant mice. In addition, CD4+ memory T cells were reduced in the spleen of the mutants. 

These observations are consistent with previous findings that disruption of noncanonical 

NF-κB signaling has little effect on total T cell cellularity but impairs the generation of 

T effector cells (21, 58, 59). Unlike mutant mice, the patient did not have a reduction 

in CD4+ memory T cells. This could be due to intense microbial exposure in the patient 

compared with the specific pathogen–free (SPF) conditions in which the mice were reared. 

T cell proliferation to polyclonal stimulation was normal both in the patient and mutant 

mice. T cells from the mutants had normal IFN-γ secretion but diminished IL-2 secretion 

and markedly reduced IL-17A secretion after ligation of CD3 and CD28. The preserved 

antigen-driven T cell secretion of IFN-γ after intraperitoneal immunization in mutant mice 

suggests that, in the absence of LNs, education and expansion of antigen-specific T cells can 

occur in the spleen despite a disorganized splenic architecture. This supposition is consistent 

with the relative evolutionary independence of a T cell response from the formation of 

secondary lymphoid structures (60). IKKα functionally associates with Vav to induce NF-

κB activation in response to CD28 engagement (61); this possibly underlies the defective 
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IL-2 secretion. The IKKα mutant interacted normally with RORγt, which recruits IKKα to 

the Il17a promoter where it phosphorylates Histone 3. Failure of the mutant to be activated 

by NIK may explain the impaired II17a expression, a feature shared with NIK deficiency. 

Impaired Il17a expression likely underlies the susceptibility of the mutant to cutaneous S. 
aureus infection. No detectable antigen-specific responses were elicited in the mutants after 

EC sensitization with OVA, illustrating the critical importance of draining LNs as a platform 

where recirculating antigen-specific naïve T cells encounter tissue-derived antigen-laden DC 

emigrants.

The IKKα mutation had a marked effect on peripheral B cell number and function. 

The patient presented in infancy with severe panhypogammaglobulinemia and B cell 

lymphopenia that markedly worsened with age. B cell development in the BM was 

unaffected in mutant mice, but peripheral maturation, which depends on BAFF-R signaling 

via the noncanonical NF-κB pathway, was impaired. Consistent with the absence of a MZ, 

mutant mice demonstrated an absence of MZ B cells and failed to mount an antibody 

response to the TI antigen TNP-LPS. They also failed to mount an antibody response to 

intraperitoneal immunization with the TD antigen TNP-KLH, despite the generation of TFH 

cells, albeit in reduced numbers. This was associated with the failure to form GCs and the 

virtual absence of GC B cells. Similar findings have also been observed in other mutant mice 

with disrupted lymphorganogenesis (62–69) illustrating the stringent dependence of B cell 

responses to TD antigens on well-organized secondary lymphoid structures (70).

The thymus of mutant mice demonstrated an effacement of the corticomedullary junction, 

a virtual lack of mTECs, and decreased numbers and altered gene signature of mFbs, 

which are important for the development of mTECs. LTβR signaling is essential for the 

development of mTECs, mFbs, and organization of the thymic medulla (71). LTβR, CD40, 

and RANK signaling in mTECs drive the expression of the transcription factor AIRE, 

whereas LTβR signaling enables a normal expression of the transcription factor FezF2 

(72, 73). AIRE and FezF2, in turn, control the expression of complementary sets of TRA 

that orchestrates the deletion of T cells with high affinity TCR directed against antigens, 

thus enforcing a deletional form of central T cell tolerance. In parallel, promiscuous gene 

expression in the thymic medulla promotes the development of natural Tregs, which enforce 

peripheral tolerance (74, 75). The lack of mTECs in mutant mice led to defective negative 

selection in the medulla, a restricted TCRVβ repertoire at the population level and an 

expansion of potentially autoreactive T cell clones. Recently, T cell self-reactivity and 

autoimmune susceptibility have been reported in the presence of NF-κB2/p100 variants (76). 

Consistent with a role of mTECs in their generation, Tregs were decreased in the thymus and 

spleen of the IKKα mutants, a feature shared with animals deficient in NIK, NF-κB2/p100, 

and RelB (77–81).

The patient’s liver and intestines were infiltrated by T cells. Similarly, the mutant mice 

demonstrated infiltration of the liver, pancreas, and lungs by activated T cells, as well as 

organ damage, which likely contributed to the early mortality of these mice. Failure of both 

central and peripheral tolerance may have contributed to T cell autoimmunity. In contrast 

to our mutant mice, mice homozygous for an IKKα kinase dead mutant do not exhibit 

organ infiltration by T cells, although they lack mTECs and have decreased number of Tregs 
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(82). Thus, our studies provide unique structure-function insights into the role of IKKα in 

immunity and self-tolerance.

Unlike the patient exposed to natural flora, mutant mice raised under SPF conditions lacked 

T cell infiltrates in the skin and colon, two tissues normally heavily exposed to microbes. 

This suggests that the microbiome may be an important driver of T cell infiltration into 

mucosal sites in the patient. Defective IL-17A production, as well as defective intestinal M 

cell function, which depends on noncanonical NF-κB signaling (83), may have contributed 

to the susceptibility of the patient to a highly diverse intestinal microbiome and infections.

In summary, this study identifies IKKα deficiency as a newly identified cause of combined 

immunodeficiency associated with autoimmunity and demonstrates that the IKKα Y580 

residue is critical for NIK binding and thereby for the activation of the noncanonical NF-κB 

pathway.

MATERIALS AND METHODS

Human studies

Skin biopsies for establishing fibroblast lines in patient and controls were performed after 

securing informed consent. Tissue biopsies from archived samples from patients and healthy 

controls (HCs) were used.

Human tissue histology

Biopsy sections prepared from samples fixed in 10% buffered formalin and paraffin 

embedded were stained with hematoxylin and eosin (H&E). Immunohistochemistry (IHC) 

was performed using rabbit anti-Ki67 mAb (TM Ventana), rabbit anti-HPV mAb (clone 

K1H8, Dako, Carpinteria, CA), mouse anti-CD3 mAb (1:100; LN10, Novocastra), and 

mouse anti-Human Cytokeratin 7 (clone OV-TL 12/30 Dako/Agilent).

WES and Sanger sequencing

WES and Sanger sequencing were performed as previously described (84). In brief, 10 μg 

of genomic DNA were isolated from peripheral blood samples using the Gentra Puregene 

blood kit (QIAGEN), as per kit protocol. Next-generation sequencing was performed using 

the Primary Immunodeficiency Disease (PID) v2 panel and Ion Torrent S5 sequencer 

(Thermo Fisher Scientific). Coverage analysis and variant calling were performed using 

Ion Reporter software (Thermo Fisher Scientific). WES of patient was performed with an 

Illumina HiSeq-2000. The paired-end Illumina libraries were captured in solution according 

to the Agilent Technologies SureSelect protocol with 101–base pair (bp) read length. 

The sequence data were mapped to the human reference genome (hg-19, NCBI37) using 

the Burrows-Wheeler alignment method at default settings. Variants were identified with 

the Genome Analysis Toolkit, SAMTools, and Picard Tools (http://broadinstitute.github.io/

picard/). Variants with a read coverage of <2 times or Phred-scaled, single-nucleotide 

polymorphism quality of <20 were discarded.

Sanger sequencing was used to validate the missense mutation in CHUK identified 

by WES in the affected patient, sibling, and control. Amplification and sequencing 
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primers were made to amplify the nucleotide sequence surrounding the mutated 

base pairs in CHUK (Fp1: 5′-GAGAATGAGTGAGCCTTGTTTAAT-3′, Rp: 5′-

AACCTCTGTGATTTAATAGGAGAC-3′, SFp: 5′-GGCAGCGAATCTTTTATGTAAC-3′, 

SRp: 5′-CAAAACCAAAACAAAATGTGCG-3′).

Protein model

The IKKαY580C mutant protein was modeled using PyMOL and the crystal structure of 

human IKK1 available in the Protein Data Bank (PDB ID 5EBZ).

Immunoblotting

Cells were lysed in phosphate-buffered saline (PBS) that contains 30 mM tris-HCl (pH 

7.5), 120 mM NaCl, 2 mM KCl, 1% Triton X-100, and 2 mM EDTA supplemented with 

a protease inhibitor (Roche). Proteins were separated by electrophoresis on 4 to 15% 

precast polyacrylamide gels (Bio-Rad) and were transferred to 0.45 μm of nitrocellulose 

membrane (Bio-Rad). Membranes were blocked in a 1× solution tris-buffered saline/Tween 

20 (TBS-T) with 5% nonfat dry milk for 1 hour at room temperature and then incubated 

overnight at 4°C with the specified primary antibody. Antigen-antibody complexes were 

visualized with peroxidase-conjugated secondary antibodies (GE Healthcare) and enhanced 

chemiluminescence Western blotting substrate (Pierce). Densitometry of immunoblots was 

done using the ImageJ analyzer software (1.48v).

Primary antibodies used in immunoblots were as follows: rabbit mAbs to β-actin (Cell 

Signaling Technology, 4970), HA tag (Cell Signaling Technology, 3724), IKKα (Cell 

Signaling Technology, 2682), NF-κB2 (p100/p52), (Cell Signaling Technology, 4882), NIK 

(Cell Signaling Technology, 4994), α-tubulin (Cell Signaling Technology, 2144), Lamin 

A/C (Cell Signaling Technology, 2032), SMAD2/3 (Cell Signaling Technology, 8685), and 

mouse mAb to Myc (Cell Signaling Technology, 2276). All secondary antibodies were 

obtained from the Jackson ImmunoResearch Laboratory.

Transfection of HEK293T cells

HEK293T cells were seeded in six-well plates at a density of 2.5 × 105 cells per well and in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf serum. WT and mutant 

IKKα encoding plasmids (0.2 μg of DNA) were combined with 7.5 μl of TransIT-LT1 

Transfection Reagent (Mirus Bio LLC, Madison, WI) in DMEM and incubated at room 

temperature for 30 min. The mixture was added dropwise to seeded cells, and the cells were 

incubated for 24 hours.

Coimmunoprecipitation of IKKα with NIK and RORγt

HEK293T cells transfected with HA-tagged WT or mutant IKKα encoding plasmids and 

with plasmids encoding Myc-tagged NIK or Myc-tagged RORγt were lysed in cell lysis 

buffer (Cell Signaling Technology product no. 9803) supplemented with protease inhibitors. 

Lysates were incubated with Protein G Sepharose beads (GE Healthcare, 17-0618-01) and 

anti-HA Ab or IgG Rabbit isotype overnight at 4°C. Beads were washed with TBS-T, diluted 

in sample buffer with BME (2-mercaptoethanol), and boiled for 5 min.

Bainter et al. Page 14

Sci Immunol. Author manuscript; available in PMC 2022 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Coimmunoprecipitation of IKKα and SMAD2/3

Lysates of HEK293T cells transfected with HA-tagged WT or mutant IKKα encoding 

plasmids prepared as above were incubated with human recombinant SMAD2/3 and anti-

HA Magnetic Agarose beads (Pierce, #88836) overnight. The magnetic beads were collected 

with a magnetic stand and washed with TBS-T. Bound protein was eluted with 100 μl of 

50 mM NaOH on a rotator for 5 min at room temperature. The beads were magnetically 

removed from the sample, and the sample was neutralized by adding 50 μl of 1 M tris (pH 

8.5).

Nuclear extraction

Nuclear extracts were prepared from transfected HEK293T cells using a Nuclear Extract Kit 

(Active Motif 40010).

Kinase assay of IKKα enzymatic activity

HEK293T cells transfected with WT and mutant IKKα encoding plasmids were lysed in 

cell lysis buffer (Cell Signaling Technology product no. 9803) supplemented with protease 

inhibitors. Lysates were incubated with anti-HA Magnetic Agarose beads (Pierce, #88836) 

for 1 hour and eluted with competitive peptide (Thermo Fisher Scientific product no. 

26184), and the relative concentrations of IKKα WT and mutant proteins were quantified 

by immunoblotting an equal volume aliquot from each. IKKα enzymatic activity was 

determined using ADP-Glo IKKα Kinase Enzyme System (Promega, V4068). WT and 

mutant IKKα were incubated with a peptide substrate derived from IκBα (amino acids 

21 to 41) in kinase assay buffer [40 mM tris, 20 mM MgCl2, bovine serum albumin 

(BSA; 0.1 mg/ml), and 50 μM dithiothreitol] for 120 min, and luminescence was measured 

using the Beckman Coulter DTX 880 Multimode Detector (Beckman Coulter, Brea, CA). 

Luminescence values were normalized to protein input based on the quantification of IKKα 
protein.

Gene expression analysis

mRNA was extracted from fibroblasts and total skin using an RNeasy Mini kit 

(QIAGEN) and was reverse-transcribed with the SuperScript VILO cDNA synthesis kit 

(Thermo Fisher Scientific). Gene expression was measured using quantitative polymerase 

chain reaction (PCR) in TaqMan Fast Advanced Master Mix (Applied Biosystems). 

Experiments were run on a QuantStudio 3 Real-Time PCR System (Applied Biosystems). 

The expression of genes was analyzed using the 2−ΔΔCT method in comparison 

with the housekeeping gene Gapdh (12). The following probes were used: VCAM1 
(Hs01003372), Vcam1 (Mm01320970), Cxcl12 (Mm00445553), Cxcl13 (Mm00444533), 

Il17a (Mm00439618), Il1b (Mm00434228), Il23a (Mm00518984), RegIIIb (Mm00440616), 

Def14b (Mm00806979), and Camp (Mm00438285).

Generation of IKKaY580C/Y580C mice

Single guide RNA (sgRNA) design was facilitated though the CRISPR Design tool 

(crispr.mit.edu) to minimize off-target effects. A guide was selected that was predicted to 

generate a double-stranded break 4 nucleotides from the intended c.1739 A>G p.Y580C 
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mutation. A 160-bp repair template was designed that included the c.1739 A>G mutation as 

well as synonymous c.1944C>T change in the protospacer adjacent motif to prevent repair 

template-targeting by the CAS9 nuclease. C57BL/6 zygotes were microinjected with CAS9 

mRNA (System Biosciences), a single-stranded repair template oligo (PAGE Ultramer from 

Integrated DNA Technologies), and the sgRNA. For sgRNA synthesis, the T7 promoter 

sequence was added to sgRNA template/forward primer, and the in-vitro transcription (IVT) 

template was generated by PCR amplification. The T7-sgRNA PCR product was purified 

and used as the template for IVT using MEGAshortscript T7 kit (Life Technologies). 

The sgRNA was purified using the MEGAclear kit (Life Technologies). Aliquots from an 

IVT reaction were separated on agarose gel to assess reaction quality. Mutant mice were 

backcrossed on a C57BL/6 background for six generations.

Mouse tissue histology and immunofluorescence

Tissue was fixed in 4% paraformaldehyde, then embedded in paraffin, and were cut 

into 4-μm sections that were stained with H&E, Ki67, and CD3 or were processed 

for immunofluorescence staining. For Ki67, the epidermal layer in a minimum of three 

randomly selected histologic fields was examined at 400× magnification, and all nucleated 

epidermal cells were counted. In general, the epidermal width represented in one 400× field 

is 0.5 mm, so in total, at least 1.5 linear mm of randomly selected epidermal width was 

quantified. For immunofluorescence, slides were washed in PBS and blocked with 10% 

goat serum supplemented with 1% BSA/PBS for 1 hour and then incubated overnight with 

primary antibody in 2% BSA/PBS. Conjugated secondary antibodies were added to the 

slides and incubated for 1 hour. The slides were then mounted with ProLong Diamond 

Antifade Mountant (Thermo Fisher Scientific). To detect autoantibody to stomach antigen, 

serum was diluted 1:40 in 1× PBS fluorescein isothiocyanate and incubated on slides 

containing mouse stomach sections.

Cell stimulations

Skin fibroblast cell lines were derived from a skin biopsy from the patient and HCs. 

Fibroblasts were grown in DMEM supplemented with 10% fetal bovine serum, 50,000 

IU of penicillin, 50,000 μg of streptomycin, 10 μM Hepes, and 2 mM glutamine. Patient 

and control fibroblasts were stimulated for 24 or 48 hours with either α-LTBR (10 μg/ml) 

(BioLegend, 31G4D8) or TNF-α (20 ng/ml) (InvivoGen).

Cellular proliferation of freshly isolated NK cells was evaluated by detecting intracellular 

Ki-67. PBMCs derived from patient and from healthy donor were stimulated with 

recombinant human IL-2 (100 U/ml) (Proleukin; Chiron) at 37°C for 48 hours. PBMCs 

were permeabilized with saponin solution (0.1% in PBS) at 4°C for 20 min. Then, 

cells were incubated with Ki-67 mAb as primary antibody (1:40 dilution; IgG1, mouse 

anti-human, Dako) for 1 hour at 4°C to detect the nuclear proliferation antigen. The 

secondary antibody used was phycoerythrin (PE)–conjugated isotype-specific goat anti-

mouse (Southern Biotechnology) and was incubated for 30 min at 4°C, and then cells were 

resuspended in 500 μl of PBS solution for flow cytometry analysis.
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To detect intracellular production of IFN-γ, PBMCs derived from patients and from healthy 

donors were incubated overnight at 37°C with IL-12 (20 ng/ml, PeproTech) plus IL-18 (100 

ng/ml, PeproTech). Cells were then washed, fixed, and permeabilized with a BD Cytofix/

Cytoperm kit (BD Biosciences Pharmingen). IFN-γ production was detected by subsequent 

intracellular staining with anti–IFN-γ–PE (BD Biosciences Pharmingen) upon gating on 

CD56+CD3−CD14−CD20− cells. For IFN-γ expression experiments, the percentage of 

positive cells was calculated subtracting the baseline of IFN-γ expression in control cultures 

in the absence of stimuli (cytokines).

Splenic total B and T cells were isolated using the CD43 (Ly48) or Pan T cell microbeads 

kits (Miltenyi), respectively, and peritoneal B-1 B cells (B220+IgM+CD5+) were sorted 

(Sony, MA9000) then cultured in RPMI supplemented with 10% fetal bovine serum, 

penicillin/streptomycin, 10 μM Hepes, 2 mM glutamine, and BME. B cells were stimulated 

at 37°C for 72 hours with LPS (10 μg/ml, InvivoGen), mCD40L (Enzo: 0.3 μg/ml) with 

mouse rIL-4 (50 ng/ml, Miltenyi) or with rBAFF (Enzo), and rIL-4 for 96 hours. T cells or 

splenocytes were seeded at 1 × 106 cells/ml in 5-ml culture tubes and were then stimulated 

at 37°C for 72 hours with αCD3+ αCD28 Dynabeads (bead-to-cell ratio of 1:1; Thermo 

Fisher Scientific) or with OVA (200 μg/ml), respectively. Supernatants and cells were 

collected and stored at −80°C for future analysis or stained for fluorescence-activated cell 

sorting (FACS).

Flow cytometry

Standard flow cytometric methods were used for the staining of cell-surface and intracellular 

proteins. Anti-mouse mAbs with the appropriate isotype-matched controls were used for 

staining. All flow cytometry data were collected with an LSR Fortessa (BD Biosciences) cell 

analyzer and analyzed with FlowJo software (Tree Star).

Reagents and mAbs for flow cytometry FACS were used as described by the 

manufacturer: annexin V (BioLegend, 640912), CellTrace Violet (CTV) (Thermo Fisher 

Scientific, C34557), and mAbs to CCR7 (BioLegend, 4B12), CD11b (BioLegend, M1/70), 

CD11c (Thermo Fisher Scientific, N418), CD138 (BioLegend, 281–2), CD185 (CXCR5) 

(BioLegend, L138D7), CD21/CD35 (Thermo Fisher Scientific, 8D9), CD23 (Thermo Fisher 

Scientific, B3B4), CD24 (BioLegend, M1/69), CD25 (BioLegend, PC61), CD26 (DPP-4) 

(BioLegend, H194–112), CD278 (ICOS) (BioLegend, 15F9), CD279 (PD1) (Thermo 

Fisher Scientific, J43), CD3 (Thermo Fisher Scientific, 145–2C11), CD31 (BioLegend, 

MEC13.3), CD4 (BioLegend, RM4–5), CD43 (Thermo Fisher Scientific, eBioR2/60), 

CD44 (Thermo Fisher Scientific, IM7), CD45 (BioLegend, 30-F11), CD45R (B220) 

(Thermo Fisher Scientific, RA3–6B2), CD49b (Thermo Fisher Scientific, DX5), CD5 

(Thermo Fisher Scientific, 53–7.3), CD54 (ICAM-1) (Thermo Fisher Scientific, YN1/1.7.4), 

CD62L (BioLegend, MEL-14), CD69 (BioLegend, H1.2F3), CD8 (BioLegend, 53–6.7), 

CD93 (Thermo Fisher Scientific, AA4.1), CD95 (FAS) (Thermo Fisher Scientific, 15A7), 

Ep-CAM (BioLegend, G8.8), FDC-M2 (ImmunoK, FDC-M2), FOXP3 (Thermo Fisher 

Scientific, FJK-16 s), GL7 (Thermo Fisher Scientific, GL7), HELIOS (BioLegend, 22F6), 

IFN-γ (BioLegend, XMG1.2), IgD (Thermo Fisher Scientific, 11–26c), IgM (Thermo 

Fisher Scientific, II/41), Ki67 (BD Pharmingen, B56), Ly51 (BioLegend, 6C3), Ly6G 
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(BioLegend, 1A8), MHC Class II (I-A/I-E) (Thermo Fisher Scientific, M5/114.15.2), PD1 

(BioLegend, RMP1–30), Podoplanin (gp38) (BioLegend, PMab-1), Streptavidin (Thermo 

Fisher Scientific, 12–4317), TCR Vβ (BD Biosciences, 557004), TCRγδ (Thermo Fisher 

Scientific, GL3), TER-119 (BioLegend, TER-119), TNF-α (Thermo Fisher Scientific, MP6-

XT22), UEA-1 (Vector Labs, B-1065), and Zombie Aqua Fixable Viability Dye (BioLegend, 

423101).

Immunizations

Antigen-specific T cell responses were studied by immunizing 8- to 12-week-old mice 

intraperitoneally with 10 μg of TNP-KLH (Biosearch Technologies), 25 μg of TNP-LPS 

(Biosearch Technologies), or 50 μg of OVA emulsified in Alhydrogel (InvivoGen), boosting 

with antigen on day 14, and samples were harvested on day 21. Epicutaneous sensitization 

with OVA was performed as previously described (85).

Protein and antibody assays

Serum samples were analyzed for insulin levels (Thermo Fisher Scientific) LDH (Sigma-

Aldrich) at 26 weeks of age. T cell and splenocyte cultures were analyzed for IL-2, IL-4, 

IL-13, IL-17A, or IFN-γ (BioLegend). Supernatants from B cell cultures and serum were 

analyzed for total IgM, IgG, or IgA secretion (Southern Biotech). Serum samples from mice, 

which were immunized with either TNP-LPS or TNP-KLH, were analyzed for TNP-specific 

antibodies. Serum samples were added to plates coated with TNP(25)-BSA (10 μg/ml) 

(Biosearch Technologies).

Skin and thymic stromal cell preparation

Skin pieces (1 cm2) from mice were harvested and finely chopped using scissors after fat 

removal. They were then digested for 90 min in the media containing liberase (0.25 mg/ml, 

Roche) and deoxyribonuclease (DNase) II (0.2 mg/ml, Sigma-Aldrich) with continuous 

shaking at 37°C. Digested skin homogenates were filtered, washed, and resuspended in 

PBS and used for flow cytometry. For thymic stromal cells, thymic lobes were dissected 

and then digested for six 5-min rounds in a digestion mix [Liberase (2.5 mg/ml, Roche) 

and DNase I (10 mg/ml, Sigma-Aldrich)] at 37°C. After each incubation, the thymic lobes 

were dissociated with pipetting, and after settling, the supernatants from each digest were 

collected. The supernatant was then centrifuged and passed through a 70-μm filter and 

prepared for FACS or cell sorting.

S. aureus cutaneous infection

S. aureus skin infection was performed as previously described (86). Briefly, S. aureus 
USA300 SF8300 (MRSA) was prepared for cutaneous infection. Eighteen hours after tape 

stripping, 108 CFU of S. aureus in 50 ml of PBS was applied to EC sensitized skin. 

Mice were analyzed 72 hours later. To enumerate the bacterial load in vivo, S. aureus was 

leveled with PSVue794 reagent kit (LI-COR), following the manufacturer’s instructions. 

PSVue794 fluorescence was quantified at different time points using Pearl Trilogy Small 

Animal Imaging System (LI-COR). The bacterial load from the cutaneous infected skin 

was enumerated using two 8-mm2 skin biopsies. After mechanical homogenization of skin 
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biopsies, serial dilutions of skin homogenates were cultured on CHROMagar plates for 

overnight. S. aureus was quantified by counting only pink-colored colonies.

TCRVβ CDR3 sequencing

A total of 200,000 M2 thymocytes (CD4+CD8−TCRβhiCCR7+ MHCI+CD69−CD25−) were 

sorted from mutants and WT control mice. Cells were sent to iRepertoire (Huntsville, 

AL) where mRNA was extracted and a two-part amplicon-rescued multiplex (arm) PCR 

amplification of the TCR Vβ genes was performed. These products were pooled and 

sequenced using the MiSeq 500 cycle kit (~800,000 reads per sample) (iRepertoire). Data 

analysis was performed using web tools provided by iRepertoire. The hydrophobicity index 

of CDR3 P6-P7 doublets was determined by calculating the percent of P6-P7 doublets that 

were considered to promote self-reactivity as previously described (49).

Transcriptome analysis

RNA was purified from sorted mFb or capFb using the RNeasy Mini Kit (Qiagen). 

cDNA was then synthesized from 10 ng of total RNA using the SuperScript VILO cDNA 

Synthesis Kit (Thermo Fisher Scientific). Barcoded libraries were prepared using the Ion 

AmpliSeq Transcriptome Mouse Gene Expression Kit as per the manufacturer’s protocol 

and sequenced using an Ion S5 system (Thermo Fisher Scientific).

Preparation of organ homogenates

Organs were dissected and finely minced. They were then digested in collagenase (2 mg/ml) 

for 30 min at 37°C with shaking. The digested organs were then passed through a 70-μm 

filter and washed before staining.

Tissue immunofluorescence

Reagents and mAbs for immunofluorescence were used as described by the manufacturer: 

streptavidin (BioLegend, 405207) and mAbs to AIRE (Thermo Fisher Scientific, 

5H12), B220 (BioLegend, RA3–6B2), CD169 (MOMA-1) (BioLegend, 3D6.112), CD3 

(BioLegend, 100240), CD4 (BioLegend, RM4–4), Cleaved Caspase-3 (Cell Signaling 

Technology, Asp175), FDC-M2 (ImmunoK, FDC-M2), GL7 (BioLegend, GL7), IgD 

(BioLegend, 11–26c), IgM (Thermo Fisher Scientific, II/41), Madcam1 (BioLegend, 

MECA-367), RIP3 (Cell Signaling Technology, D4G2A), and UEA-1 (Vector Labs, 

B-1065). Primary antibodies were diluted in 1× PBS/1% BSA/0.3% Triton X-100 and were 

incubated with samples overnight at 4°C. Samples were then incubated with fluorescent 

secondary antibodies for 2 hours at room temperature and imaged (Zeiss, LSM800, or 

Thermo Fisher Scientific, EVOS M7000). IHC for CD3 in pancreas, lung, and liver 

was performed by the specialized histopathology core at Brigham and Women’s Hospital 

(Boston, MA).

Blood chemistry

Whole blood was used on the VetScan VS2 Chemistry Analyzer with the comprehensive 

diagnosis rotor (Abaxis) to measure amylase, ALT, and albumin.
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Statistical analysis

All mouse experiments were performed using randomly assigned mice without investigator 

blinding. All data are presented as mean ± SE. Statistical significance for single comparisons 

was calculated using the two-sided Student’s t test or Gehan-Breslow-Wilcoxon test 

(GraphPad). Statistical significance for multiple comparisons was computed as specified 

in the figure legends. P < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Skeletal, skin, and organ abnormalities in the patient.
(A) Radiographs of the chest and sacrum of the patient at age 18. Arrows indicate 

incomplete bone fusion in the sternum and sacrum. (B) Top: Patient lesional skin stained 

with periodic acid–Schiff (PAS). Arrows indicate the presence of fungal elements. Bottom: 

IHC staining of patient lesional skin for HPV. Arrows indicate foci of intranuclear 

immunoreactivity for HPV protein. (C) H&E staining and IHC staining for Ki67 of 

nonlesional skin from the patient and skin from a HC. Scale bars, 200 μm. The H&E-stained 

sections demonstrate epidermal thickening and hyperkeratosis as well as increased Ki67 

labeling within the basal and suprabasal layers in the patient compared with control. (D) 

Duodenal biopsies from patient and HC stained with H&E and for CD3+ cells by IHC. 

Arrows point to collections of CD3+ cells in the patient. Scale bars, 100 μm. (E) Colon 

biopsies from patient and HC stained with H&E. The inset shows apoptotic bodies indicated 

by arrows. Scale bars, 100 μm. (F) Liver biopsies from patient and HC stained with H&E 

(left) and for CK7 by IHC (right). Scale bars, 200 μm.
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Fig. 2. Effect of the Y580C mutation on IKKα expression and function.
(A) Family pedigree. (B) Sanger sequencing of the c.A1739G CHUK variant. (C) Linear 

map of IKKα with the location of the Y580C mutation. LZ, leucine zipper; NBD, NEMO-

binding domain. (D) Ribbon diagram of IKKα. Insets show the potential impact of the 

Y580C mutation on hydrogen bond formation with neighboring residue D582. KD, kinase 

domain. (E) IKKα immunoblot in patient and control fibroblasts. (F) IKKα kinase activity 

of mutant and WT IKKα against IκBα21–41 substrate measured by ADP-Glo kinase 

assay. RLU, relative light unit. (G and H) Immunoblot of p100 and p52 after anti-LTβR 

stimulation (G) and VCAM1 mRNA levels after anti-LTβR or TNF-α stimulation (H) 

of patient (P) and two control (C1 and C2) fibroblasts. (I) Coimmunoprecipitation of 

Myc-NIK with HA-IKKα and HA-IKKαY580C (top) and immunoblots of lysates (bottom) 

of HEK293T transfectants. IP, immunoprecipitation. (J) Anti-HA (IKKα) immunoblots of 

nuclear extracts, cytoplasmic extracts, and lysates of HEK293T transfectants. α-Tubulin 

and lamin A/C immunoblots are used to monitor the purity of the nuclear and cytoplasmic 

fractions. (K) Coimmunoprecipitation of SMAD2 and SMAD3 with HA-tagged WT or 

IKKαY580C (top) and immunoblots of lysates (bottom). SMAD2 and SMAD3 comigrate and 

are recognized by the same antibody. Similar results were obtained in two other independent 

experiments in (E) to (K). Columns and bars in (F) and (H) represent mean and SEM of 

three independent experiments. *P ≤ 0.05; ns, not significant by two-tailed Student’s t test.
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Fig. 3. IKKα mutant mice die early, lack lymph nodes, and have disorganized splenic 
architecture.
(A) Survival curve of mutant mice (n = 16) and WT controls (n = 16 per genotype). 

(B) Weight of mutant mice and WT controls at 26 weeks (n = 3 per genotype). (C) 

Representative computerized tomography scan of chest in mutant and WT control. Arrows 

indicate the absence of rib bone fusion. (D) Photograph of a 26-week-old mutant mouse 

depicting conjunctivitis and auricular and post-auricular ulcerating skin lesion. (E) H&E 

staining (left) and IHC staining for Ki67 (right) with quantitation of nonlesional skin from 

WT and mutant mice showing mild epidermal thickening (encircled) and hyperkeratosis 

(arrows) as well as increased Ki67 staining within the basal cell layer in the mutant animals. 

Scale bars, 100 μm. (F) Absence of inguinal LNs (left) and mesenteric LNs (right) in a 

mutant and WT mouse. (G) Numbers of Peyer’s patches in the ileum (n = 5 per genotype). 

nd, not detected. (H) Splenocyte numbers in 8- to 12-week-old mice (n = 5 per genotype). 

(I) Representative photomicrograph of spleen sections stained with H&E (first) or by 

immunofluorescence for MOMA, IgM, and IgD (second), Madcam1 and CD4 (third), and 

FDCM2 and B220 (fourth). Scale bars, 100 μm. (J) Representative immunoblot of IKKα 
in splenocyte lysates from mutant and WT control and quantitation of IKKα expression (n 
= 3 per genotype). (K) Cxcl12 and Cxcl13 mRNA expression by splenocytes from mutants 

and WT controls (n = 3 per genotype). Similar results were obtained with three mice per 

genotype in (C), (E), (F), and (I). Columns and bars in (B), (G), (H), (J), and (K) represent 
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mean and SEM. ****P ≤ 0.0001 by Gehan-Breslow-Wilcoxon test in (A). *P ≤ 0.05 and *P 
≤ 0.01 by two-tailed Student’s t test in (B), (G), (H), (J), and (K).
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Fig. 4. B cell phenotype and function in IKKαY580C/Y580C mice.
(A to D) B cell subsets in BM (A), splenic B cell number (B) and subsets (C), and 

representative FACS analysis of splenic FO and MZ B cells (D) in mutant mice (n = 5) and 

WT controls (n = 4). FO, follicular. (E) Numbers of mutant and WT B cells after culture for 

96 hours with rBAFF + IL-4 (n = 3 per genotype). (F) Distribution of B220intIgM+ B-1 and 

B220hi IgM+ B-2 cells among viable peritoneal lymphocytes of mutant mice (n = 5) and WT 

controls (n = 4). (G to I) Representative flow cytometry of CTV dye dilution (G), numbers 

of FVD− viable cells (H), and percentage of B220intCD138+ plasmablasts (I) of mutant 

and WT B cells stimulated with mCD40L + IL-4 or LPS + IL-4 (n = 3 per genotype). (J) 

LPS-driven IgM secretion and LPS + IL-4– and mCD40L + IL-4–driven IgG secretion by 

mutant and WT B cells (n = 3 per genotype). (K) Serum IgG, IgA, and IgM levels in mutant 

mice and WT controls (n = 6 per genotype). (L) Serum IgG anti-TNP antibody response to 

TNP-LPS and TNP-KLH immunization in mutants and WT controls (n = 5 per genotype). 

OD405, optical density at 405 nm. (M) Numbers of splenic CD4+CXCR5+PD1+ TFH cells 

and B220+FAS+GL7+ GC B cells in TNP-KLH–immunized mice (n = 5 per genotype). 

(N) Representative immunofluorescence staining for CD3 and GL7 in spleen sections from 

TNP-KLH–immunized mice. Scale bars, 500 μm. Similar results were obtained in three 

mice per genotype. Columns and bars represent mean and SEM. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, and ****P ≤ 0.0001 by two-tailed Student’s t test.
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Fig. 5. Impaired IL-2 and IL-17A production by T cells and absent T cell response to cutaneous 
immunization in IKKαY580C/Y580C mice.
(A and B) Number of CD3+ cells and distribution of CD4+ and CD8+ T cells (A), percentage 

of splenic CD4+FOXP3+ Tregs among CD4+ cells (B), and distribution of CD62LhiCD44lo 

naïve T cells, CD62LhiCD44hi central memory T cells (CM), and CD62LlowCD44hi effector 

memory T cells (EM) among CD4+ and CD8+ T cells (C) in spleens of 8- to 12-week-old 

mutant mice and WT controls (n = 5 per genotype). (D to F) Representative histogram of 

CTV dye dilution and percentage of cells that have undergone cell division (D), number of 

FVD− viable cells (E), and secretion of cytokines (F) after αCD3+ αCD28 stimulation for 

72 hours of purified splenic T cells from mutant mice (n = 4) and WT controls (n = 3). 

(G) Cytokine secretion by OVA-stimulated splenocytes from intraperitoneally immunized 

mice (n = 5 per genotype). (H) Epicutaneous immunization protocol and cytokine secretion 

by OVA-stimulated splenocytes from epicutaneously immunized mice (n = 5 per genotype). 

T/S, tape stripping. Columns and bars represent mean and SEM. *P ≤ 0.05, *P ≤ 0.01, ***P 
≤ 0.001, ****P ≤ 0.0001 by two-tailed Student’s t test.
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Fig. 6. Reduced cutaneous Il17a expression and susceptibility to S. aureus skin infection in 
IKKαY580C/Y580C mice.
(A and B) Il17a expression (A) and numbers of TCRγδ+ cells (B) in the skin of mutants 

and WT controls. (C to G) Representative in vivo imaging of S. aureus bioluminescence and 

its quantitation in mice (C), S. aureus CFUs in skin homogenates (D), cutaneous expression 

of Il17a (E), Il1b and Il23a (p19) (F), and AMP genes (G) postinfection of tape stripped 

skin with PSVue 794–labeled S. aureus USA300 strain. Measurements in (D) to (G) were 

made 72 hours after infection. Results are from two experiments with four to five mice 

per group. (H) Immunoblots of anti-Myc precipitates from 293T cells cotransfected with 

Myc-tagged RORγt and HA-tagged WT or mutant IKKαY580C. Results are representative 

of two experiments. Bars represent means ± SEM. *P < 0.05, **P < 0.01, ***P ≤ 0.001 by 

two-tailed Student’s t test.
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Fig. 7. IKKαY580C/Y580C mice have abolished mTEC development, decreased thymic Tregs, and 
a restricted TCRVβ repertoire.
(A) Number of viable thymocytes in 6- to 8-week-old mutant mice and WT controls 

(n = 5 per genotype). (B) Distribution of DN, DP, CD4SP (SP-4), and CD8SP (SP-8) 

thymocyte subsets in mutant mice and WT controls (n = 5 per genotype). (C) Percent of 

thymic CD4+FOXP3+ Tregs among CD4-SP cells in mutants and WT controls (n = 5 per 

genotype). (D) H&E staining (left) and immunofluorescence staining of AIRE or UEA-1 

with 4′,6-diamidino-2-phenylindole (DAPI) in WT and mutant thymus. Scale bars, 275 

μm (H&E) and 75 μm (IF, immunofluorescence). Similar results were obtained in three 

mice per genotype. (E) Number of CD45−ClassII+EpCAM1+ total TECs, Ly51hiUEA-1low 

cTECs, and Ly51lowUEA-1hi mTECs in the thymus of mutant mice and WT controls 

(n = 5 per genotype). (F) Representative FACS plots and distribution of thymocytes 

undergoing negative selection in waves 1a, 2a, and 2b (left, middle, and right, respectively) 

in mutants and WT controls (n = 3 per genotype). (G) Representative tree maps of WT and 

mutant CDR3s, number of unique CDR3s, diversity index, and Shannon entropy in sorted 

CD4+CD8−TCRβhiCCR7+MHCI+CD69−CD25− M2 thymocytes (n = 6 per genotype). (H) 

Hydrophobicity index of CDR3 P6-P7 doublets in M2 thymocytes from mutants and 

controls (n = 6 per genotype). Columns and bars in (A) to (C) and (E) to (H) represent 

mean and SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 by two-tailed 

Student’s t test.
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Fig. 8. Infiltration by activated T cells and organ damage in IKKαY580C/Y580C mice.
(A) Representative H&E staining and staining for CD3 of pancreas lung and liver of 26-

week-old mutant mice and WT controls. Scale bars, 125 μm. Similar results were obtained 

with six mice per genotype. (B to D) Number of CD4+ and CD8+ T cells (B) and percentage 

of CD25+ and CD69+ cells (C) and mean fluorescence intensity (MFI) of CD25 and CD69 

expression (D) in CD4+ and CD8+ T cells isolated from the livers of 26-week-old mutants 

and WT controls (n = 3 per genotype). (E) Percentage of CD62LlowCD44+ cells and MFI 

of CD44 expression in CD4+ and CD8+ T cells isolated from livers of 26-week-old mutant 

mice and WT controls (n = 3 per genotype). (F) Immunofluorescence staining for cleaved 

caspase-3 and RIP3 in liver sections from 26-week-old mutant mice and WT controls. Scale 

bars, 75 μm. Similar results were obtained with three mice per genotype. (G to I) Serum 

levels of ALT and albumin (G), insulin and amylase (H), and LDH (I) in 26-week-old 

mutant mice and WT controls (n = 3 per genotype). Columns and bars in (B) to (E) and (G) 

to (I) represent mean and SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 

by two-tailed Student’s t test.
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