Supplementary Table 1: Newly validated Inborn Errors of Immunity - 2022

	Novel Gene Defects Underlying IEI – 2022

	Genetic defect
	Inheritance/mechanisms
	T/NK cells
	B cells
	Ig levels 
	Clinical features, cellular defects and evidence of variant pathogenicity 
	Table (for classification)[1, 2]
	Refs

	LCP2 (SLP76) 
(1 patient)
	AR (LOF)
	• reduced T cells,
• CD4+,  CD8+ T cell proportions
• Low naïve, TCM CD4+ T cells; • CD8+ T cells mostly clonally expanded TEMRA
• Low TRECs
• NK normal numbers
	• Normal numbers
• class switched memory and transitional B cells 
• naïve and immature
B cells
	• High IgM, low IgA
	•  combined immunodeficiency, 
• early-onset skin abscesses, rash, recurrent infections, autoimmunity, 
• neutrophil and platelet dysfunction 
• T cell proliferation to PHA, anti-CD3/CD28 stimulation, partially restored by IL-2
• NK cell degranulation
•  actin polymerization

Validation
• generation of SLP76-deficient Jurkat T cells; expressing WT or mutant SLP76 allele, mimicking patient cellular phenotypes; 
• partial rescue of some of the functional defects by expression of WT LCP2/SLP76
	Table 1
Subtable 1
	[3]

	PAX1 (8 patients, 3 families; 2 papers with overlapping patients)
	AR (LOF)
	• T-B+NK+ SCID
• Severe T lymphopenia, low TRECs,
	• Normal
	• normal IgM, low/normal IgG, low IgA, normal/ IgE
	• Omenn-like syndrome (erythroderma, lymphocytosis, eosinophilia, proliferation to PHA, severe/recurrent infections), 
• no thymus, T cell deficiency not corrected by HSCT despite donor chimerism
• also: otofaciocervical syndrome type 2 (OTFCS2)
• ear abnormalities

Validation
•  reporter assays established hypomorphic LOF of mutant alleles
• patients-derived iPSCs differentiated to thymic epithelial cells demonstrated abnormalities in thymic epithelial progenitors, consistent with failure of HSCT to reconstitute T cells
• similar to mouse model
	Table 1
Subtable 3
	[4, 5]

	ITPKB 
(1 patient)
	AR
	• T-B+NK+ SCID
•  T cells, normal NK cells

	• Normal 
	Normal IgM, A; low IgG
	• FTT
• recurrent bacterial/fungal infections, • leukopenia/lymphopenia/neutropenia/anemia/ thrombocytopenia. • Fatal 

Validation: functional validation of variant in transfected cells, as well as using an inhibitor of ITPKB

Rescue: not done 
	Table 1
Subtable 3
	[6]

	SASH3  
(5 patients, unrelated) 
	XL
	• CD4+ T cell, NK cell lymphopenia
•  naïve CD4 and CD8 T cells 
	• B cell lymphopenia
•  BM plasmablasts
	• low serum IgG, IgA 
• reduced specific Ab responses
	• combined immunodeficiency and immune dysregulation 
• recurrent sinopulmonary, cutaneous and mucosal infections, 
• refractory autoimmune cytopenias neutropenia
• increased levels of pro-inflammatory biomarkers, consistent with immune dysregulation (eczema, auto-immunity)
• TCR-induced T cell signaling, proliferation/cell cycle progression,  apoptosis

Validation: Lentivirus-mediated transfer of SASH3 cDNA restored protein expression, in vitro proliferation, signaling in patient-derived T cells and Jurkat cells
	Table 1
Subtable 3
	[7, 8]


	MAN2B2 
(1 patient) 
	AR
	No thymic shadow,
 T cells ( naïve,  TEMRA), no TRECs
 TCR proliferation
	 total B cells
	~normal IgM, low IgA,  IgE
	CID, recurrent infections, vasculitis, arthritis, FTT, microcephaly, neurodevelopmental delay; congenital disorder of glycosylation 

Validation: yes
Rescue: somewhat
	Table 1
Subtable 3
	[9]


	COPG1 
(5 patients; 1 family [sibs])
	AR
	• T cell lymphopenia, mostly CD4
	• normal slightly reduced
	• near-normal levels of serum IgM, G, A
• poor/absent Ig responses to vaccines 
	• recurrent pneumonia, viral respiratory infections, bronchiectasis, • chronic EBV, CMV viremia
• failure to thrive
impaired T and B cell function in vitro 

Validation: extensive characterization of impact of mutation on protein function 
• Copg1 mutant mice phenocopy defects in B and T cells, develop disease in presence of natural microbial exposure 
	Table 1
Subtable 3
	[10]


	IKZF2 (HELIOS) 
(AD: 8 patients, 6 families;
AR: 1 patient)
	AD
AR
	•  activated/ exhausted T cells
•  production pro-inflammatory cytokines by T cells
•  MAIT, Tfh cells
•  NK cells
• normal Tregs
	• normal B cell numbers, but low switched memory 
• dysregulated germinal centers
	• hypogammaglobulinemia
• low/normal IgG vaccine responses
	• combined immunodeficiency
• recurrent upper respiratory infections/pneumonia, thrush,
• mucosal ulcers, chronic lymphadenopathy, SLE, ITP, AIHA (Evan’s syndrome)
• EBV-associated HLH
• lymphoma

Validation: variant abolished homodimerization as well as heterodimerization with Helios, Ikaros, 
• prevented Helios function, binding to target genes
• similar phenotype as Ikzf2 homozygous deficient mice
	Table 1
Subtable 3
	[11-14]

	CHUK (IKKA)
(1 patient)
	AR
	• Normal T, NK cell numbers
• Accumulation of immature NK cells
	• B cell lymphopenia
	Pan-hypogammaglobulinemia
	• Combined immunodeficiency
• recurrent infections (Staphylococcus aureus, mucocutaneous candidiasis, epidermodysplasia verruciformis due to HPV)
, absent secondary lymphoid tissues
• lymphocytic infiltration of intestine and liver
• skeletal abnormalities, failure to thrive
• normal T cell proliferation, reduced NK function

Validation: Homozygous IKKaY580C/Y580C mutant mice phenocopy patient findings
	Table 1
Subtable 3
	[15]


	MCM10 
(1 patient) 
	AR (LOF)
	• mild lymphopenia
• TCM, TEM cells 
• NK cells (CD56bright, nearly absent CD56dim mature NK) 

	• B cells
	• slightly IgG, normal IgM/A
	• severe (fatal) CMV infection
• HLH-like (based on biomarkers, not clinical features
• phenocopies GINS1 and MCM4 deficiencies
•  NK function

Validation
•  detailed functional analysis of MCM10 variant in primary fibroblasts, transfectants,, iPSC, and CRISPR/Cas9-gene edited NK92 human NK cell line
• assessed mutant allele on NK cell development in humanized mice reconstituted with CD34+ HSC generated from the patients or healthy donor IPSCs
	Table 2
Subtable 2

	[16, 17]

	IL6ST (gp130, partial)
(12 patients, 8 families)
	AD (DN)
	• Normal T cell numbers
•  naïve CD4 and CD8 T cell proportions
•  TCM CD4+ and CD8+ T cells and TEM CD8 T cells;
•  MAIT, Tfh cells, 
•  Th2,
• low to normal NK cell counts 
	• Normal numbers of B cells, low memory B cells
	• Normal/low IgG, A, 
• normal IgM, 
• hyper IgE. 
• vaccine IgG normal
	• HIES (similar to STAT3 DN/AR ZNF341); 
• dermatitis/eczema, eosinophilia, recurrent skin infections, pneumonia, bronchiectasis, pneumatoceles with severe secondary pulmonary aspergillosis, connective tissue defects (scoliosis, face, joints, fractures, palate, tooth retention) 
• Phenocopies aspects of IL6R and IL11R deficiencies (due to unresponsiveness to these cytokines)

Validation
• LOF and DN alleles shown by overexpression in GP130 deficient HEK293T cells; 
• impaired GP130/STAT3 signaling (mostly downstream of IL-6) in patient fibroblasts and leukocytes
	Table 2
Subtable 5
	[18]

	IL6ST (gp130; complete deficiency); 
(6 patients, 4 families)

	AR (LOF)
	ND (death in utero or in neonatal period occurred for most affected individuals)
	• Fatal Stuve-Weidemann-like syndrome; skeletal dysplasia, osteoporosis, hyperextensibility, lung dysfunction, renal abnormalities, thrombocytopenia, dermatitis, eczema
• Defective acute phase response
• Complete unresponsiveness to IL-6 family cytokines

Validation
• complete LOE (for one allele) and LOF for two alleles tested by overexpression in GP130 deficient HEK293T to all cytokines tested of the IL-6 family.
• Effects of variants well-characterized, including a partial rescue of patient amniocytes 
	Table 2
Subtable 5
	[19, 20]

	CRACR2A 
(1 patient) 
	AR
	• mild CD4 T cell lymphopenia (naïve CD4 T) 
• Normal NK cell numbers
	• Normal B cell numbers •  switched memory B cells 
	• panhypogamma (IgG, undetectable IgM, IgA)
• intact B cell function in vitro 
	• later onset CID with chronic diarrhea (19 yrs)
• recurrent lower respiratory tract infections, including pneumonia
•  T cell activation/proliferation in vitro

Validation
• reduced expression of CRACR2A protein in patient PBMCs
• reduced Ca flux/JNK activation, cytokine secretion by patient T cells
• CRACR2A-/- T cell line recapitulated defects in cytokine production, TCR signaling; rescued by WT but not patient CRACR2A alleles
• phenocopies T cell defects in Cracr2a ko mice; some overlapping defects with STIM1- or ORA1-deficiency
	Table 2
Subtable 8
	[21]

	DIAPH1 
(7 patients, 5 families)
	AR
	•  naive T cells, 
•  RTE’s

	•   naïve / trans, 
•  memory 
	• dysgamma
IgM, normal IgG, variable IgA
• near normal vaccine resp
	• seizures, cortical blindness, microcephaly syndrome (SCBMS)
• recurrent bacterial, viral, fungal infections
• B-lymphoma (3/7)
•  T cell activation/proliferation in vitro, 
• impaired adhesion/MTOC repositioning to immune synapse
• defective cytoskeletal organization/mitochondrial dysfunction in SCBMS pathogenesis

Validation: • CRISPR ko in control T cells re-capitulated T cell defects in patients 

	Table 2
Subtable 9
	[22]


	IKZF3 (AIOLOS) 
(7 patients, 2 families)
	AD (DN)
	• Normal numbers of T, NK cells
•  naïve CD4+ T cells, RTE
•  memory, Tfh; •  CD40L induction
•   %’s CD8 T cells;  activated T cells
	• abnormal B cell development
( BM B precursors) •  CD21low B; 
•  memory B cells
•  response to CD40
	• severe hypogamma 
	• EBV susceptibility
• recurrent sinopulmonary/respiratory infections
• Pneumocystis jirovicii, warts (HPV), M avium
• B cell lymphoma (2/3), B-CLL

Validation: functional biochemical analysis of the variant in transfectants; mechanism of dominant negative
• mouse model with same variants recapitulated B cell developmental defect, hypogamma and loss of Tfh cells
Rescue: not done
	Table 2
Subtable 9
	[23, 24]


	CD28 
(3 patients, 1 family)
	AR
	• Normal numbers of T and myeloid cells 
•  NK cells


	• Normal numbers of total B cells and subsets
	• Normal serum IgM, G, A; • intact levels of pathogen-spec IgG
	• susceptibility to HPV infection only.

Validation: lack of protein expression in T cells, transfectants
• defective responses of T cells to CD28 stimulation
• extensive analysis of immune cell function, phenotypes
• CD28-deﬁcient mice susceptible to cutaneous infections with mouse papilloma virus MmuPV1
	Table 2
Subtable 9
	[25]


	FNIP1 
(6 patients; 5 families)
	AR (LOF)
	
• Mild T cell lymphocytosis
	• B-cell lymphopenia (absent/low; BM block [few immature B cells])
	Agamma/ hypogamma
	• early onset recurrent infections (ENT, pulmonary, gut)
• bronchiectasis, fibrosis, interstitial pneumoniae
• congenital heart defects (eg hypertrophic cardiomyopathy), muscular hypotonia
• variable neutropenia (severe or intermittent)
Crohn disease (one patient)
• developmental delay
•  increased AMPK activity

Validation
• almost recapitulates the mouse model [26, 27]
	Table 3
Subtable 1
	[28, 29]

	SPI1 (PU1)
(6 patients, 6 unrelated families)
	AD
	• normal numbers of T and NK cells, increased % CD8’s
	• B cells, conventional DCs
• B cell development arrested at propre–B stage
	• undetectable
	• PU.1 deficiency
• sinopulmonary infections with encapsulated bacteria
• viral infections in some patients incl paralysis in 1 following live polio vaccine 

Validation: reduced PU.1 expression in PU1hi cells (Mo, cDC)
• SPI1 mutations impair PU.1 expression, nuclear localization, target DNA binding

	Table 3
Subtable 1
	[30]


	PIK3CG 
(2 patients; 2 unrelated families)
	AR (LOF)
	• Normal CD4,
•  Treg, CD8

	• Normal but  memory B cells
	• Hypogamma, • intact vaccine responses
	•  cytopenia/lymphopenia, eosinophilia, lymphadenopathy, splenomegaly, 
•  recurrent infections
• HLH-like;  inflammatory markers

Validation
•   T cell proliferation, activation in vitro 
• cellular defects recapitulated in PIK3CG targeted Jurkat T cell line and Pik3cg ko mice
	Table 3
Subtable 2
	[31, 32]

	POU2AF1 (BOB1)
(1 patient) 
	AR
	• Normal T cell numbers
•  cTfh cells

	• Normal B cell numbers
•  switched memory B cells
• altered B cell phenotype

	• agamma
	• recurrent respiratory infections
• possible chronic viral infection of CNS with progressive tetraparesia

Validation: lack of protein expression in EBV-B LCLs and transfected cell lines
• impaired B cell responses in vitro
• rescue of aberrant B cell phenotype and impaired Ig secretion in vitro by lentiviral expression of WT BOB1 in mutant B cells
• phenotype overlap in B cells from patient and Pou2af1-deficient mice 
	Table 3.
Subtable 2
	[33]


	CTNNBL1 
(1 patient)
	AR (LOF)
	•  T cells
•  Treg cells
	• Reduced memory B cells
• impaired CSR, SHM
•  CD21lo autoreactive B cells 
	• Progressive severe hypogamma
	• CVID, autoimmune cytopenias, hypogamma, recurrent infections, hyperplastic germinal centers

Validation
• detailed functional analysis of CTNNBL1 variant in EBV B lines, and engineered RAMOS cell lines; 
• mutant allele reduces the binding of CTNNBL1 to AID, with impaired nuclear translocation of AID;
• defective SHM rescued in mutant Ramos cells by WT CTNNBL1

	Table 3
Subtable 3
	[34]

	TNFSF13 (APRIL); 
(1 patient) 
	AR (LOF)
	• Normal T/NK cells
	• Normal total B cell counts, 
•  IgM+/ switched memory B cells,
•  blood plasmablasts
	• hypogamma
	CVID, chronic but mild infections
, Alopecia areata
Validation
• LOE and LOF allele, 
• functional analysis of the variant in PBMCs and overexpression; 
• impaired function of iPSC-moDC in promoting B cell differentiation could be rescued with exogenous APRIL
	Table 3
Subtable 3
	[35]

	RHOG 
(1 patient) 
	AR
	• normal number of T cells 
•  total CD4+ and CD8+ T cells 
• /absent effector/memory CD8+ T cells
•  NK cells
	•mild  total B cells

	• h IgM, IgG, normal IgA, IgE
	• clinical features of HLH (hemophagocytosis, hepatosplenomegaly, fever, cytopenias, low hemoglobin, hyper-triglyceridemia, elevated ferritin, sCD25)

Validation: lack of RhoG expression in patient T cells and fibroblasts
 • impaired CTL and NK cell cytotoxicity due to role of RhoG in regulating exocytosis of cytotoxic granules
• targeting RHOG in NK cell lines reduced cytotoxic activity
	Table 4
Subtable 1
	[36]

	SOCS1 
(15 patients; 10 families)
	AD (by haploinsufficiency)
	• CD4, CD8 T cells
	• Predominantly naïve B cells; 
•  switched memory, 
•  CD21low B (autoreactive cells)
	• IgM, G, A
but protective specific Abs; • ANA’s, autoAbs
•  serum BAFF
	• Early onset of severe multisystemic autoimmunity (flared in context of infection-induced inflammation), ITP, AIHA, SLE, GN, hepatosplenomegaly, psoriasis, arthritis, thyroiditis, hepatitis
• Evan’s syndrome (AIHA and ITP)
• recurrent bacterial infections, 
 •1 patient developed COVID19/MIS-C
• neutropenia, lymphopenia
• incomplete penetrance

Validation
•  pSTAT1,  type I/II IFN signature
• reporter assays confirmed impaired inhibition of mutant SOCS  
• Jakinib effective in vitro and in vivo.  
	Table 4
Subtable 4
	[37-39]

	PDCD1 
(1 patient; 1 deceased sibling [not genotyped but similar disease history])
	AR
	• mild lymphopenia but mostly intact
•  CD4-CD8- DN T cells 
•  Vδ2+ γδ T, MAIT and CD56hi NK cells 

	• normal
	• high serum IgG, IgA; normal IgM, IgE
• anti-insulin autoantibody,
	• tuberculosis, autoimmunity (T1D, hypothyroidism and JIA)
• fatal pulmonary autoimmunity
• hepatosplenomegaly

Validation: lack of PD-1 on patient PBMCs
• extensive biochemical and genetic analysis of mutant PD1
• reduced production of IFN by PD1-def T cells in response to mycobacterial stimuli 
• recapitulates previously-reported phenotype of Pdcd1-targetted mice
	Table 4
Subtable 4
	[40]



	ELF4 
(3 patients, 3 unrelated families)
	XL
	• Normal lymphocyte numbers

	• Normal B cell numbers
	• Normal levels of serum IgM, G, A 
• reduced responses to live viral vaccines 
	• early onset mucosal autoinflammation/ IBD, fevers and ulcers
•  responded to IL-1, TNF or IL-12p40 blockade
• hyper inflammatory macrophages

Validation: mouse models, showed impaired expression of anti-inflammatory genes; developed IBD
	Table 4
Subtable 5

	[41, 42]


	TET2 
(3 patients, 2 unrelated families)
	AR (LOF)
	•  DN T cells 
• Th1, Th17, Tfh cells

	• Memory B cells; • impaired B-cell differentiation in vitro to plasma cells

	• variable (hyper-/ hypogamma,  response to pneumococcal vaccine
	• ALPS-like (  sCD25, sFasL, IL10)
• recurrent viral infections, lymphadenopathy, hepatosplenomegaly, autoimmunity (cytopenias, B-cell lymphoma (EBV+ HL-like)
• failure to thrive, developmental delay
• EBV viremia
• DNA hypermethylation
• defective FAS-mediated apoptosis
	Table 4
Subtable 7
	[43]

	CEBPE 
(3 patients, 1 family)
	AR (GOF)
	• mild lymphopenia
• naive,  TEMRA cells

	ND
	ND
	• Recurrent abdominal pain, aseptic fever, systemic inflammation; abscesses, ulceration, infections; mild bleeding diathesis.

• Autoinflammasome activation/  IFN gene expression (auto-inflammation, immunodeficiency, neutrophil dysfunction)

Validation
• homozygous CEBPE variant affecting DNA binding domain, associated with autoinflammation/immunodeficiency 
• showed altered chromatin occupancy of mutant CEBPE, and transcriptional changes, in patient cells targeting inflammasome and IFN-related genes
	Table 4
Subtable 2
	[44]

	IKZF1 (IKAROS) GOF
(8 patients, 4 families)
	AD GOF
	• normal %’s total T cells
•  CD4/CD8 ratio, •  CD4+ TEM, CD8+ TEMRA cells 

DN T cells 

	• Normal/mild decrease in total B cells
•  trans B 

	• normal/  IgG, IgA,  IgE; normal IgM
• autoAbs
	• multiple autoimmune (diabetes, colitis, thyroiditis), allergic, lymphoproliferative features, plasma cell expansion (IgG4+), Evans Syndrome
• recurrent infections

Validation
• increased binding of mutant IKAROS to DNA/target genes 
	Table 4
Subtable 3
	[45]

	CXCR2 
(6 patients, 5 families)
	AR (LOF)
	• normal numbers of CD4+ T cells, 
• variable CD8+ T cells
• NK cells normal
	• normal B cell numbers 
	• high serum IgG, IgA, IgM;

	• profound neutropenia
• myelokathexis (3/6 pts)
• recurrent gingivitis, oral ulcers
• hypergammaglobulinemia

Validation: reduced/abolished expression of mutant CXCR2 on patient cells, impaired responses to CXCL8
• recapitulates phenotype of Cxcr2-/- mice
	Table 5
Subtable 1
	[46, 47]

	TBX21 (T-bet)
(1 patient)
	AR (LOF)
	• normal %’s total, CD4 and CD8 T cells, naïve and memory subsets, 
•  NK cells
•   CXCR3+CCR6- Th1 cells, CXCR3+ Tfh and CXCR3+ Treg CD4+T cells
•   immature NK •   iNKT, MAIT, V2+  T cells 
	• normal
	• normal
	• MSMD
• upper airway inflammation
•  IFN- and TNF-α production by T cell subsets ( T cells, MAIT cells, iNKT cells, NK cells, Vδ2+γδ, Vδ1+γδ, and CD4+ T cells

Validation
• biochemical and molecular analysis established the impact of this variant on Tbet function
• impaired production of IFN, TNF by TBX21-mutant naïve CD4+ T cells under Th1 polarizing culture conditions in vitro
• Tbet-dependent functions restored in patient cells and cell lines by WT TBX21

	Table 6
Subtable 1

	[48, 49]

	IFNG
(2 related patients [cousins])
	AR (LOF)
	• Normal frequencies of T and NK cells;
•  proportions of naive CD4+ and CD8+ T cells; • frequency of invariant iNKT 
	• Normal B cell frequencies
• memory B cells (IgA+/IgM+, IgG+ memory
B cells)
	• Normal
	MSMD/BCG-osis
• no IFN- producing cells 

Validation
• LOE and LOF allele 
• biochemical and molecular analysis established impact of this variant on IFN- production from patient cells 
•  no IFN- production by T and NK cells; 
• impaired IFN- production by patient-derived H saimiri- immortalized T cells restored by introduction of WT IFNG 
	Table 6
Subtable 1
	[50]

	NOS2 
(1 patient)
	AR
	•  CD4+ T cells; 
•  NK cells (mostly all immature cells)
• normal CD8+ T
	•  B cells
	• specific Ab levels normal
	• Severe susceptibility to CMV-induced disease; fatal
• pneumocystis pneumonia secondary to CMV
• apparent intact responses to infection with other herpes viruses (EBV, VZV, HSV)

Validation: 
• confirmed functional defect in transfected cells; truncated NOS2 failed to induce nitrous oxide 
•  recapitulates susceptibility of Nos2 deficient mice to murine CMV infection [51] (these mice are also susceptible to numerous other pathogens)
	Table 6
Subtable 3
	[52]

	ZNFX1 
(28 patients, 17 families)
	AR
	• Normal lymphocyte numbers
• intact T cell function
	
	
	•  severe infections by RNA/DNA viruses
•  early-onset, systemic, severe, acute inflammation with major dysfunction of liver, brain, kidneys, lungs
• virally triggered inflammatory episodes (HLH)
• intermittent monocytosis, thrombocytopenia
•  hepatosplenomegaly, lymphadenopathy
• mycobacterial disease (BCGosis, disseminated TB)
• 11/15,1/4, 2/9 pts died in 3 different studies (14/28)
•   ISG in response to poly I/C
	Table 6
Subtable 3
	[53-55]



	SNORA31 
(5 patients, unrelated)
	AD
	• Normal
	• Normal
	• seropositive for IgG against many viruses
	• Forebrain herpes simplex virus-1 (HSV1) encephalitis

Validation: susceptibility of human pluripotent stem cell
(hPSC)-derived cortical neurons from patients or hPSC-derived neurons from healthy donors but engineered to express variant SNORA31 to HSV1 infection, corrected by exogenous IFN-
• Incomplete penetrance
	Table 6
Subtable 4
	[56]

	

ATG4A 
(1 patient)

	
AD
	
• Normal
	
• Normal
	
• Normal
	• Mollaret’s meningitis (recurrent lymphocytic meningitis) due to HSV2 
• History of multiple episodes of meningitis; HSV2+

Validation
• impaired HSV2-induced autophagy increased viral replication and apoptosis of patient fibroblasts
• these defects were rescued by introduction of WT ATG4 or LC3B2 into patient fibroblasts
	Table 6
Subtable 4
	[57]

	MAP1LC3B2
(1 patient)
	
	
	
	
	
	
	

	MAPK8 
(3 patients, 1 family)
	AD
(haplo-insufficiency)
	

• normal total T cells, CD4+ and CD8+ T subsets, NK cells
•  Th17 cells
	• normal total B cells and subsets

	

• Normal
	• chronic mucocutaneous candidiasis (CMC)
• connective tissue disorder (similar to Ehlers-Danlos syndrome)
•  Th17 cells ex vivo, in vitro
•  responses of fibroblasts to IL-17A, IL-17F
•   c-Jun/ATF-2-dependant TGF β signaling 

Validation
• MAKP8 variant LOE in HEK293 T, heterozygous patient cells 
( Th17 cells ex vivo, in vitro;  fibroblast responses to IL-17A, IL-17F;  TGF signaling)
• defective responses of fibroblasts restored by WT MAPK8
	Table 6
Subtable 6
	[58]

	TLR7 
(21 patients, many families)
	XL
	
	• Severe COVID19 infection

Validation: 
• impaired responses to TLR7 ligands/SARS CoV2; reduced production of type 1 IFN
	Table 6
Subtable 7
	[59-61]

	TLR8 
(3 patients, 2 unrelated families)
	XL GOF
	
• h(mild) CD4+, CD8+ T cells, effector/memory subsets
• NK cells
•  RBCs, neutrophils, platelets,
• normal B cells/subsets, normal/low igG, hIgM/IgA
 pDCs
	• early onset, severe chronic AIHA, neutropenia (post-infections), 
• hepatosplenomegaly, lymphadenopathy
• progressive autoinflammatory disease (fevers, enteritis, arthritis, CNS vasculitis, IBD-like disease, ulcers)
• elevated proinﬂammatory serum cytokines
• fatal in 1 patient

Validation: 
• increased pro-inflammatory responses (h NFkB activation, h pro-inflammatory cytokines) of patient monocytes/iPSC-derived myeloid cells to TLR8 agonists
• reduced ability of mutant TLR8 to attenuate TLR7 signaling 
	Table 6
Subtable 7
	[62, 63]


	TMEM173 
(6 patients, 4 unrelated families)
	AR GOF
	• Ig levels
	• failure to thrive
• early onset rash, fever, dyspnea, interstitial lung disease/pneumonitis, polyarthritis, autoAbs
• clubbing
• increased inflammatory markers, IFN gene signature 
• phenocopy of SAVI due to AD GOF TMEM173 variants
• 2 patients succumbed; 4 successfully treated with JAK inhibitors

Validation: 
• increased activation of IFN-target genes in HEK293T cells by patient STING variant (ligand-independent)

	Table 7
Subtable 1
	[64]

	LSM11 (2 siblings, 1 family)
	AR (LOF)
	
Not reported
	• Aicardi-Goutieres syndrome (AGS, type 1 IFN-opathy)
• increased inflammatory markers, IFN signaling in fibroblasts cells
	Table 7
Subtable 1
	[65]

	RNU7-1 (16 patients, 11 unrelated families)
	
	
	
	
	

	CDC42
(15 patients; numerous kindreds)
	AD
	• normal/decreased T cell numbers, 
• normal %CD4/CD8 but skewed differentiation
	• Normal/B-lymphopenia
	• variable () IgM, G, A, E
	• Neonatal onset: pancytopenia, fever, rash, hepatosplenomegaly, multisystemic inflammation, myelofibrosis/proliferation, HLH, enterocolitis
• recurrent gastrointestinal/respiratory tract infections; 
• neurodevelopmental delay, FTT
•  serum levels of IL1, IL18, IFN-, ferritin, sCD25, CRP etc, 
• Mutation affects actin function; 
• treated with Anakinra/IFN- mAb
•  NK function (cytotoxicity),
	Table 7
Subtable 1
	[66-72]

	STAT2 
(LOF*, 3 patients; all deceased; 2 additional deceased sibs but not genotyped; 2 unrelated families)

	AR (STAT2R148
LOF/regulation)
	• low frequency of NK, 
•  frequency of T cells (esp naïve), • normal NK degranulation
	• Total B cell frequencies within range of age-matched controls
• slight transitional and naïve B cells %’s
	• low/normal
	• Severe fatal early onset autoinflammation (skin ulceration, fever, seizures, intracranial calcification, multiorgan dysfunction, abnormal neurodevelopment; phenocopy of USP18 deficiency)
•  serum IFN-α, IL6, TNF
• IFN-opathy gene signature (impaired regulation of late cellular responses to type 1 IFN), 

Validation
•  mutant STAT2 alleles studied in STAT2 deficient human cell line, and patient’s immortalized fibroblasts
• patient cells hyper-sensitive to IFN-α  prolonged JAK/STAT signaling/transcriptional activation
• mutant allele is homozygous LOF for binding to and trafficking of USP18, a negative regulator of type 1 IFN responses, to IFNaR2.
•  late (not early) response to type 1 IFNs 
• biochemical GOF of type 1 IFN signalling due to loss of regulatory activity of STAT2
	Table 7
Subtable 1
	[73, 74]

	ATAD3A 
(8 patients, 7 unrelated families)
	AD
(1 AR)


	
	
	
	• predominantly neurological defects (development delay, spasticity)
• elevated ISG expression, increased serum type 1 IFNs

Validation: KD of ATAD3A in cell lines  type IFN signaling, STING activation
	Table 7
Subtable 1

	[75]
 

	RIPK1 
(12 patients; 5 families)
	AD
	• Normal T and NK cell numbers
• low/normal CD4+ T cells
• normal/hi CD8+ T cells
•  DN T cells
	• Normal B cells
	ND
	• Autoinflammatory disorder: regular/prolonged fevers, lymphadenopathy, spleno/hepatomegaly, ulcers, arthralgia, GI features, 
• inflamm markers, pro-inflamm cytokines/gene signature; • responsive to Tocilizumab (not IL1/TNF blockade)
	Table 7
Subtable 2
	[76, 77]

	C2orf69 
(28 patients, 13 families)
	AR
	
	
	
	• Early onset of severe recurrent autoinflammation disorder,
• often fatal 
•  Global developmental delay, (hypomyelinisation, leukoencephalopathy,  microcephaly) with recurrent seizures, Muscle weakness
• liver dysfunction
	Table 7
Subtable 3
	[78, 79]


	NCKAP1L
 (9 patients; 7 families)
	AR (LOF)
	• normal T cell numbers 
•  TCM, exhausted cells; 
• possibly immature NK cells but intact function
	• Normal B cells and naïve/memory subsets
•  CD21lo cells
	• Normal/ Ig levels 
• autoAbs
	• Recurrent URTI, skin rashes/abscesses, ulcers, 
• anti dsDNA Abs, SLE-like, lymphadenopathy, fever, HLH-like
• FTT
• immunodeficiency coupled with atopy, lymphoproliferation, hyperinflammation and cytokine overproduction ( Th1)
•  T cell proliferation, cytoskeletal defects
	Table 7
Subtable 3
	[80-82]

	SYK 
(6 patients, 5 families)
	AD GOF
	•  CD4+ T cells 
• ↑ CD8+ T cells
• ↑ CD4+ Th17, Th1 cells.
	memory B cells

	• dysgamma
 IgM,  IgG 
	• immune deficiency/recurrent infections
• multi-organ inflammatory disease (colitis, arthritis, dermatitis)
• inflammation in multiple tissues (gut, skin, CNS, lung, liver)
• diffuse large B cell lymphoma (2 pts)
• WBC counts, CRP

Validation: SYK variants extensively analyzed biochemically, found to increase phosphorylation, enhance downstream signaling
• KI (SYK-Ser544Tyr) mouse model recapitulated aspects of the human disease; partially treated with SYK inhibitor or WT HSCT 
	Table 7
Subtable 3

	[83]


	HCK 
(1 patient) 
	AD GOF
	•  production of inflammatory cytokines (IL-1, IL-6, IL-8, TNF-), reactive oxygen species.
	• cutaneous vasculitis and chronic pulmonary inflammation/fibrosis
• inflammatory leukocyte infiltration of the lungs and skin
• anemia, hepatosplenomegaly, death due to respiratory failure
• clinical improvement with ruxolitinib

Validation:
• increased kinase activity of HCK mutant in vitro
• enhanced functions in transfected myeloid cell lines:  production of inflammatory cytokines (IL-1, IL-6, IL-8, TNF-), reactive oxygen species.
	Table 7
Subtable 3

	[84]

	PSMB9 
(3 patients, 3 families) 
	AD GOF
	• Mild pancytopenia
• Intact T cell proliferation in vitro
• ↓ IgG and B cell numbers 
↓TREC and KREC, indicating T & B cell defects.
↓ monocytes, CD8 T, and γδ T cells
↓ activity of NK cells
	•  severe autoinflammatory phenotype (neonatal-onset fever, a chilblain-like skin rash, myositis, severe pulmonary hypertension, basal ganglia calcification), periodic inflammatory exacerbation.
• immunodeficiency
• Clinical features partially overlapped with PRAAS
• elevated levels of inflammatory cytokines (IL-6, IL-18, IP-10, IFN) and liver enzymes in blood and CSF (IFN)
•  hyperactivation of IFN-, pSTAT1.

Validation:
• reduced proteasome activities
•  mouse model expressing one of the heterozygous variants recapitulated proteasome defects and immunodeficiency
	Table 7
Subtable 3

	[85, 86]

	IKBKG (NEMO exon 5 deletion (NEMO-Dex5, 5 patients)
	XL
	• progressive B-cell lymphopenia
• hypogammaglobulinemia
	• fever, skin rash, systemic autoinflammation, infections, CNS involvement, panniculitis, uveitis, hepatosplenomegaly, ectodermal dysplasia in some patients

Validation:
• mutant NEMO lacked exon 5 (NEMO-Dex5), failed to bind TBK1
• NEMO-Dex5 protein stabilized IKKi, increasing type 1 IFN production 

	Table 7
Subtable 3

	[87-89]

	TBK1 (4 patients, 3 families)
	AR
	


Not reported
	• chronic systemic autoinflammation (polyarthritis, vasculitis, 
• delayed neurocognitive development
• treated with TNF inhibitors

Validation:
• autoinflammation driven by TNF-induced RIPK1-dependent cell death

	Table 7
Subtable 3

	[90]

	MECOM (many)
	AD LOF
	• Variable degrees of congenital thrombocytopenia/pancytopenia;
• B-cell deficiency

	• bone marrow failure, radioulnar synostosis, clinodactyly, cardiac and renal malformations, 

Validation:
Defective binding of MECOM/EVI1 to cognate binding site
	Table 9
	[91, 92]

	TLR8 
(5 patients, 5 unrelated families)
	XL
(somatic GOF mutations)
	
• h(mild) CD4+, CD8+ T cells, effector/memory subsets
• NK cells
•  RBCs, neutrophils, platelets,
• normal B cells/subsets, normal/low igG, hIgM/IgA
 pDCs
	• severe cytopenias (AIHA, neutropenia, thrombocytopenia), 
• hepatosplenomegaly, lymphadenopathy
• recurrent infections (pneumonia, otitis, fungi)
• hypocellular bone marrow
• elevated proinﬂammatory serum cytokines
• fatal in 1 patient

Validation: 
• increased pro-inflammatory responses (h NFkB activation, h pro-inflammatory cytokines) of patient monocytes/iPSC-derived myeloid cells to TLR8 agonists 
	Table 10
	[62]


	UBA1 (>25 patients)
	XL
 (somatic LOF mutations)
	
• peripheral lymphocyte counts
• loss of immature B cells, non-classical and intermediate monocyte populations
	• late adulthood onset treatment-refractory inflammatory syndrome (VEXAS)
• fevers, cytopenias, dysplastic bone marrow,
• neutrophilic cutaneous and pulmonary inflammation, interstitial nephritis, chondritis, cardiac involvement, stroke, and vasculitis
• most patients have an inflammatory syndrome (relapsing polychondritis, Sweet syndrome, polyarteritis nodosa, giant-cell arteritis) or a hematologic condition (MDS, multiple myeloma)
• often fatal
• Dysregulated proinflammatory neutrophil activation, high inflammatory markers in patient serum

Validation: 
• overexpression of mutant allele favored production of a catalytically deficient UBA1
• defective ubiquitylation in patient mutant monocytes
• CRISPR-Cas9 Uba1–deficient zebrafish model recapitulates the phenotype of systemic inflammation
	Table 10
	[93]



	Novel phenocopies of Inborn Errors of Immunity

	Disease 
	Mechanisms of disease pathogenesis
	Associated/clinical features
	Table
	Refs

	Severe COVID-19
	• high levels of neutralizing anti-type 1 IFNs (IFNa, IFNw) autoAbs
	• severe, life-threatening infection with SARS-CoV-2

	Table 10
	[94-98]



Abbreviations: AR: autosomal recessive; AD: autosomal dominant; AID: activation-induced cytidine deaminase; CSR: class switch recombination; SHM: somatic hypermutation; MDS: myelodysplastic syndrome; LOE: loss of expression; LOF: loss of function; GOF: gain of function; DN: dominant negative; MSMD: Mendelian susceptibility to mycobacterial disease; HLH: hemophagocytic lymphohistiocytosis; FTT: failure to thrive; hPSC: human pluripotent stem cells; iPSC: induced pluripotent stem cells; CMV: cytomegalovirus
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