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Abbreviations used

CVID: Common variable immunodeficiency

DUB: Deubiquitinating enzyme

EDA-ID: Ectodermal dysplasia with immunodeficiency

HECT: Homologous to EGAP C-terminus

HOIL-1: Heme-oxidase iron responsive element binding protein

2-ubiquitin ligase 1

HOIP: HOIL-1–interacting protein

Ikk: IkB kinase

KPC: KIP1 ubiquitination promoting complex

LUBAC: Linear ubiquitin chain assembly complex

NEMO: NF-kB essential modulator

NF-kB: Nuclear factor kB

NIK: NF-kB–inducing kinase

NK: Natural killer

PTS: Pseudo-TORCH syndrome

RING: Really interesting new gene

Sharpin: SH3 and multiple ankyrin repeat domains protein–

associated RBK1 homology domain interacting protein

TORCH: Toxoplasmosis, others, rubella, cytomegalovirus, herpes

UPS: Ubiquitin proteasome system

USP18: Ubiquitin-specific peptidase 18

WES: Whole-exome sequencing
The importance of the ubiquitin system in health and disease
has been widely recognized in recent decades, with better
understanding of the various components of the system and
their function. Ubiquitination, which is essential to almost all
biological processes in eukaryotes, was also found to play an
important role in innate and adaptive immune responses. Thus
it is not surprising that mutations in genes coding for
components of the ubiquitin system cause immune
dysregulation. The first defect in the system was described
30 years ago and is due to mutations in the nuclear factor kB
(NF-kB) essential modulator, a key regulator of the NF-kB
pathway. With use of novel sequencing techniques, many
additional mutations in different genes involved in
ubiquitination and related to immune system function were
identified. This can be clearly illustrated in mutations in the
different activation pathways of NF-kB, which result in
aberrations in production of various proinflammatory
cytokines. The inherited diseases typically manifest with
immunodeficiency, autoimmunity, or autoinflammation. In this
perspective we provide a short description of the ubiquitin
system, with specific emphasis given to its role in the immune
system. The various immunodeficiency conditions identified thus
far in association with defective ubiquitination are discussed in
more detail. (J Allergy Clin Immunol 2017;139:743-53.)
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Degradation of a protein through the ubiquitin proteasome
system (UPS) proceeds through 2 major steps: conjugation of
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ubiquitin to the target substrate and degradation of the tagged
protein by the 26S proteasome (Fig 1).1 Conjugation is mediated
by a cascade of 3 enzymes that act in concert. Ubiquitin is first
activated by the ubiquitin-activating enzyme E1 in a reaction
that requires metabolic energy. The high-energy charged
ubiquitin moiety is then transferred to the ubiquitin carrier protein
E2 (known also as ubiquitin-conjugating enzyme). From there, it
is transferred to the target substrate that is bound to one of many
specific ubiquitin ligases, E3s. It can be transferred to the
substrate directly in case E3 is a member of the really
interesting new gene (RING) finger domain family or through
another high-energy, labile intermediate on the ligase in case
the enzyme is of the homologous to EGAP C-terminus (HECT
[homologous to the C-terminus of E6-AP]) domain–containing
family.2

There are approximately 800 ligases in the human genome,
most of them belonging to the RING finger–containing domain
family, fewer to the HECT domain family, and even fewer to other
smaller families. The necessity for such a large number of ligases
is due to the high specificity and selectivity of the system, in
which only proteins that have to be degraded will be ubiquiti-
nated, sparing the remaining cellular proteome.

For recognition by the 26S proteasome, proteins typically have
to be polyubiquitinated, during which a ubiquitin chain is
typically synthesized on the ε-NH2 group of an internal lysine
743

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:etzioni@rambam.health.gov.il
http://dx.doi.org/10.1016/j.jaci.2016.11.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaci.2016.11.031&domain=pdf


FIG 1. UPS. 1, Energy-dependent activation of ubiquitin to a high-energy intermediate on the

ubiquitin-activating enzyme E1. 2, Transfer of the high-energy ubiquitin intermediate to the ubiquitin carrier

protein E2 (termed also ubiquitin-conjugating enzyme [UBC]). 3 and 4, Covalent conjugation of the activated

ubiquitin to the ubiquitin ligase (E3)–bound substrate either through an additional high-energy intermediate

on the E3 (3; in case the E3 is of the HECT-domain group) or directly to the substrate (4; in case the E3 is of the

RING finger domain group). The first ubiquitin moiety is conjugated to the substrate, and the following

ubiquitins are conjugated to one another to generate a polyubiquitin chain that is the 26S

proteasome-recognizing proteolytic signal. 5, Binding of the polyubiquitinated substrate to the 26S

proteasome. 6, Degradation of the substrate by the 26S proteasome to short peptides, with release of intact

and reusable ubiquitin (7), a reaction catalyzed by DUBs (known also as ubiquitin-specific proteases [USPs]).
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residue of the substrate, and the moieties are linked to one another
through their C-terminal glycine bound to an internal lysine 48 of
the previous ubiquitin moiety (Fig 1).3 The polyubiquitinated
protein is recognized by ubiquitin-binding subunits of the 19S
regulatory complex of the 26S proteasome, and the substrate is
then translocated to the 20S catalytic particle and degraded to
short peptides with the release of reusable ubiquitin (Fig 1).3,4

These short peptides are presented on the cell surface by MHC
class I molecules. Cells presenting peptides derived from foreign
proteins, such as viral proteins, are recognized by cytotoxic
T lymphocytes and lysed.

Similar to phosphorylation, which serves as a binding element
for downstream effectors that change the fate of the modified
proteins, covalent conjugation of ubiquitin or ubiquitin-like
proteins to target substrates results in subsequent binding in trans
of proteins with ubiquitin-binding characteristics that also affect
the fate of the conjugated protein. These effectors can alter the
stability, localization, activity, or function of the conjugated
protein. The best studied binder is the 26S proteasome that
degrades ubiquitinated proteins (Fig 1).4 However, in contrast to
phosphorylation, which is a simple modification by a small
moiety, the ubiquitin code is far more complicated. Ubiquitin
itself can modify the target substrate once (monoubiquitination)
or several times (multiple monoubiquitinations) or generate
chains of different lengths in which one ubiquitin moiety is con-
jugated to the other (oligoubiquitination and polyubiquitination).
Also, the chain links can be bound to one another through one of 7
internal lysine residues in the ubiquitin molecule. The ubiquitin
code evolved as the different modes of modification serve
different functions.5

The UPS contains close to 1500 components, most of them
involved in specific substrate recognition. Therefore it has not
been surprising to find that modification of proteins by ubiquitin
and ubiquitin-like proteins is involved in basically all cellular
processes. Among them are cell growth and differentiation, cell
cycle and division, maintenance of the integrity of the proteome
and genome, autophagy, apoptosis, regulation of transcription,
signal transduction, receptor-mediated endocytosis, and protein
secretion. Consequently, it has been shown that aberrations in the
ubiquitin system underlie the pathogenesis of numerous diseases,
with inflammatory disorders, neurodegeneration, and malignant
transformation among them (Fig 2). Involvement of the ubiquitin
system in disease pathogenesis is due to 2 different processes:
increased production of disease enhancers, such as NF-kB, or
decreased production/presentation of disease inhibitors, such as
viral antigens (Fig 2).6,7

Importantly, these mechanisms have resulted in the develop-
ment of several efficient drugs that target the UPS, mostly to
combat malignancies. Many more are already in the pipeline.8,9

One group of such drugs include the proteasome inhibitors
carfilzomib and ixazomib. These drugs lead to accumulation of
abnormal/misfolded secretory immunoglobulins in the endo-
plasmic reticulum that would have otherwise been degraded
through the endoplasmic reticulum–associated degradation



FIG 2. UPS and pathogenesis of human diseases. In case ubiquitination targets a protein for degradation,

pathology can arise in one of 2 cases: excessive degradation or inhibited degradation. 1, Degradation of a

substrate by a normally functioning UPS. 2, Excessive degradation of a protein decreases its level to less

than its normal steady state. For example, 2 of the coded proteins of the cytomegalovirus coded

proteins US2 and US11 target MHC class I molecules for ubiquitin-mediated degradation, thus inhibiting

the cell’s ability to present viral antigens. 3, Decreased degradation of a protein by the UPS increases its

level to greater than its normal steady state. For example, the Epstein-Barr protein EBNA-1, a master

transcription factor of the viral genome, contains a long Gly-Ala repeat that prevents its degradation by

the ubiquitin system. Thus the stable protein, which escapes degradation, plays a key role in the long-

term dormancy of the virus, securing chronic infection that might flare up in response to different stimuli.
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machinery. Their accumulation results in eliciting the unfolded
protein response (UPR), with subsequent induction of
apoptosis.10 Another family of drugs is derived from thalidomide.
These drugs serve as molecular glues, bringing together a ubiqui-
tin ligase, in this case cereblon and a target substrate (eg, a tumor
promoter, such as c-Myc or cyclin D), resulting in ubiquitination
and degradation of the substrate that otherwise would not have
been recognized by the UPS.11

As noted, the best studied process involving the ubiquitin
system is targeting substrates for degradation by the 26S
proteasome. There are 3 main reasons why proteins should be
degraded. First is maintenance of quality control of the proteome.
Proteins are sensitive to misfolding and inactivation as a result of
the effects of temperature, oxygen, mutations, and posttransla-
tional modifications (eg, nitrosylation). Second is removal of
proteins, such as cell-cycle regulators or transcription factors,
which completed their function and are not necessary anymore.
Third is removal of proteins during differentiation and speciation
of cells and tissues.

In this review we summarize what is currently known on the
involvement of aberrations of the ubiquitin system and its
proteolytic arm in the pathogenesis of an important group of
disorders: those of the immune and inflammatory systems.
ROLE OF UBIQUITIN IN THE IMMUNE RESPONSE
The immune system is an intricately orchestrated assembly of

immune cells and their effector molecules that is poised to protect
the host against invading pathogens. In addition to its classical
roles, it also participates in other homeostatic processes,
including development, maturation, and aging, and plays
both protective and pathologic roles in multiple disease
processes, including autoimmune and autoinflammatory disor-
ders; metabolic, endocrine, and neurodegenerative diseases; and
malignancies.

The UPS is intimately associated with both innate and adaptive
immune responses through its pivotal roles in the regulation of
immune tolerance, immune cell development, B- and T-cell
differentiation, antigen- and/or cytokine-induced intracellular
signaling pathways, and hematopoiesis. The UPS is a major
regulator of immune cell function, participating in the regulation
and execution of essentially all key immune functions. Among
these are the following (1) major signaling pathways that activate
innate and adaptive immune cells; (2) pathogen recognition
pathways; (3) microbial autophagy; (4) Antigen presentation;
and (5) regulation of B- and T-cell receptor responses.12

Clear-cut evidence for the critical importance of the UPS in
immune regulation are the multiple examples of pathogens that
have evolved mechanisms to interfere with the UPS or else
harness it for degradation of antipathogen proteins.13 This notion
is further highlighted by the fact that bacteria are devoid of an
endogenous UPS.14

One example of a major immune signaling hub is the NF-kB
signaling pathway (Fig 3). Although transcriptional programs
regulated by NF-kB are essential for the development and main-
tenance of multiple systems, it is perhaps better known as a
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FIG 3. Ubiquitin system–mediated activation pathways of NF-kB. A, The canonical pathway. In response to

engagement of TNF-a or IL-1, their receptors recruit TNFR1-associated death domain (TRADD), receptor
interacting protein 1 (RIP1), TNF receptor–associated factor (TRAF), and cellular inhibitors of apoptosis

(CIAPs) or myeloid differentiation response gene–88 (MyD88), IL-1 receptor–associated kinase (IRAK) 4,

IRAK1, and TRAF6, respectively. Either of those newly generated complexes activate the inhibitor of kB

kinase (Ikk) complex, where Ikk2 becomes phosphorylated (in addition to Ikk2, the Ikk complex contains

also Ikk1 and NEMO). The activated Ikk complex phosphorylates the inhibitor IkBa. The inhibitor is a part

of a ternary complex containing also p50 and p65 and its role is to retain the p50Cp65 dimer sequestered

and inactive in the cytosol. p50 itself is generated bymeans of ubiquitination (mediated by the KPC1 ligase)–

and proteasome-mediated limited processing of the longer inactive precursor, p105. The phosphorylated

inhibitor recruits the ubiquitin ligase bTrCP, which generates K48-based chains on IkBa, resulting in its

degradation by the proteasome. p50Cp65 is released and translocated to the nucleus to initiate a

transcriptional program. B, The noncanonical pathway. NIK is degraded constitutively by the proteasome

after ubiquitination by CIAPs (lower right corner). In response to engagement of B cell–activating factor

(BAFF) with its receptor, TRAF3 is ubiquitinated and degraded, thus removing the CIAPs away from NIK,

leading to its stabilization. NIK phosphorylates and activates the Ikk1 complex, which in turn

phosphorylates p100. This leads to ubiquitination of p100, followed by its proteasomal cleavage to yield
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transcriptional program. C, Role of M1 (linear)–, K63-, and K11-based ubiquitin chains in Ikk activation in

the canonical pathway of NF-kB. Engagement of IL-1 with its receptor (see also Fig 3, A) results in

TRAF6-mediated generation of K63-based ubiquitin chains anchored both to itself (self-ubiquitination)

and IRAK1. Similarly, engagement of TNF with its receptor results in generation of K63- and K11-based

polyubiquitin chains anchored to RIP1. Both the K63 and K11 chains recruit the linear ubiquitin chain

assembly complex made of HOIL-1, HOIP, and Sharpin, which synthesizes linear head-to-tail ubiquitin

chain(s) anchored to NEMO. Binding of the Ikk complex to the linear chain either activates it directly through

an allosteric effect, for example, or leads to recruitment of another Ikk complex, and the 2 transphosphor-

ylate one another. Cylindromatosis (CYLD) and otulin (OTU) are 2 specific DUBs that cleave K63-based and

linear chains. CYLD can catalyze both activities by using different substrates, such as NEMO, Bcl-3, TGF beta

activated kinase (TAK) 1, and RIP1, whereas otulin can cleave only linear chains. Another player is A20,

which is a K63-specific cleaving DUB that seems to be specific for TRAF6. A20 has also E3 ligase activity:

after removal of the K63 chains from TRAF6, it generates K48-based chains, thus targeting it for proteasomal

degradation. Together, these 3 proteins, through their DUB and ligase activities, attenuate/fine tune the

cytokine-induced activation of NF-kB. Note that A20 can bind A20-binding inhibitor (ABIN), which inhibits

its activity. Thus both positive and negative effects regulate the response along the canonical pathway of

NF-kB activation. D, Role of K63-based ubiquitin chains in Ikk and NF-kB canonical activation pathway

through the IL-1 receptor. On engagement of IL-1 (but not TNF) with its receptor and formation of

MyD88, TRAF6, and the IRAK1 and IRAK4 complex, TRAF6 synthesizes K63-based chains both on itself

and on IRAK1. The chain recruits the TAK-binding protein (TAB) 1, TAB2, and TAK1 to generate a kinase

complex and the NEMO-based Ikk complex. The Ikk complex is now activated by the TAK-TAB complex

=
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and/or by trans cross-phosphorylation. Ub, Ubiquitin.
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major immune regulator. Indeed, several inherited diseases that
involve different components of this pathway are manifested by
immune dysfunction. NF-kB activation is governed by a number
of positive and negative regulatory elements (Fig 3). In the resting
state NF-kB dimers are held inactive in the cytoplasm through
association with IkB proteins. Inducing stimuli trigger activation
of the IkB kinase complex, leading to phosphorylation, ubiquiti-
nation, and degradation of IkB proteins.

Released NF-kB dimers translocate to the nucleus, bind
specific DNA sequences, and promote transcription of target
genes.15 The 2 main regulators of this classic NF-kB signaling
pathway are TNF and IL-1. This stepwise process is considered
a classic example of phosphorylation-dependent degradation by
the UPS.16

Signal-induced degradation of IkB is not the only step in which
ubiquitination and degradation are involved in the NF-kB
signaling pathway. An important step is stabilization of the
TNF receptor 1 signaling complex mediated by linear
ubiquitination. This mode of modification is crucial for innate
and adaptive immune signaling.17 The linear ubiquitin chain
assembly complex (LUBAC) catalyzes head-to-tail assembly of
ubiquitin moieties. Recruitment of LUBAC and the linear
ubiquitination of NF-kB essential modulator (NEMO) stabilizes
the TNF receptor 1 signaling complex and is required for
TNF-mediated NF-kB activation. Recruitment of LUBAC occurs
after ligand binding to the receptor and is important for
facilitating the downstream classical ubiquitination. In the
absence of LUBAC components, cells display reduced
TNF-induced NF-kB activation.18

The termination of an immune response is as important as its
initiation. This process in mediated by deubiquitination, in
which ubiquitin chains are deconjugated by a family of
deubiquitinating enzymes (DUBs). The human genome encodes
approximately 100 different DUBs having thus substrate
selectivity and functional specificity. For example, mutations in
the tumor suppressor DUB cylindromatosis were found to cause
benign tumors (cylindromas) of skin appendages. The
enzyme was found to have an important role in regulation of
NF-kB by removing K63-linked ubiquitin chains from IkB
kinase signaling components, such as TNF receptor–associated
factor 2 and NEMO (NF-kB essential modifier, which is known
also as IkB kinase [Ikk] g), thus inhibiting NF-kB pathway
activation.19

As noted above, IkBa and other inhibitory proteins in the
pathway are degraded after phosphorylation and ubiquitination.
Importantly, the inactive precursor proteins NF-kB1 (p105) and
NF-kB2 (p100) are activated through UPS-mediated limited
processing to the respective NF-kB active subunits p50 and
p52. In the case of p105, after ubiquitination, the C-terminal
domain is degraded by the proteasome, yielding p50.20,21 This is a
rather unique example in which a protein enters the proteasome
yet is not fully degraded. The resulting p50 subunit can further
heterodimerize with members of the REL family of proteins,
generating the active NF-kB transcription factor itself.
Proteasomal processing of p105 occurs primarily under basal
conditions and requires prior ubiquitination by the KIP1
ubiquitination promoting complex (KPC), a heterodimer made
of KPC1 (RNF123) and KPC2 (UBAC1).22

With the advance in understanding of the crucial role of the
ubiquitin system in the immune response and the use of new
genetic tools, such as whole-exome sequencing (WES), defects in
genes that are part of the UPS were found to result in immune
deficiency conditions, many of them involving the NF-kB
signaling pathway (Fig 3 and Table I).
IMMUNODEFICIENCY CAUSED BY INHERITED

IMPAIRMENT IN THE UPS
What follows is a list of inherited diseases that involve

mutations in the UPS and result in immunodeficiency. Remark-
ably, the vast majority of these mutations affect the NF-kB
pathway, attesting to the crucial role of the UPS in regulation of
this key immune hub and the pivotal role of NF-kB in immune
regulation.
X-linked ectodermal dysplasia with

immunodeficiency
Perhaps the first immune defect directly linked to an aberration

in the UPS (and also the NF-kB activation pathway) was reported
in 1986 in a young boy with anhidrotic ectodermal dysplasia who
eventually died from miliary tuberculosis.23 It took an additional
10 years to describe the immune abnormalities associated with
this condition, which is known today as ectodermal dysplasia
with immunodeficiency (EDA-ID).24

In 2000, it was found that in most cases the disease is caused
by a hypomorphic mutation in NEMO located on the
X-chromosome, which is a major constituent of the inhibitor of
kB kinase complex (Fig 1).25 The defect occurs in 1:250,000 live
male births. These children experience life-threatening infections
combined with abnormal development of tissues originating from
the ectoderm.26 They have conic teeth, frontal bossing, and sparse
scalp hair with dry skin caused by the absence of sweat glands.
From early life, they experience severe bacterial infections and
rarely fungal or mycobacterial infections.26 About 25% of the
patients have inflammatory disorders, such as rheumatoid arthritis
and inflammatory bowel disease. More than half of the
patients will die during childhood, with a mean age of death of
6 years.27 Their immune deficiency is mainly caused by T- and
B-cell dysfunction. Hypogammaglobulinemia with lack of
polysaccharide–specific antibodies is typically noted. In some
cases a hyper-IgM–like phenotype was observed.28 Impaired
natural killer (NK) cell cytotoxicity with normal NK cell numbers
is common, and reduced LPS and IL-1 family protein
responses were also found. In about 10% of the cases, a
reduced mitogen-induced proliferation of T lymphocytes was
described.29

Almost 50 different mutations were described that are scattered
throughout the NEMO gene, and these account for the varying
clinical phenotype. Indeed, genotype/phenotype correlation does
exist to some extent. These mutations are hypomorphic because
they lead to an impairment of NF-kB signaling but not to its
abolition. Most mutations cause impaired protein expression,
defective folding, or both.30 In some cases a missense mutation
does not impair NEMO synthesis or folding but manifests a defect
in the polyubiquitin chain synthesis on NEMO, resulting in a
similar phenotype seen in a dysfunctional protein.31 Interestingly,
in many cases spontaneous reversion mosaicism of the NEMO
gene was found. In one study 9 of 10 patients had reversal
mutations.32 This phenomenon was observed mainly in the
T-cell lineage. This might point to the fact that NEMO expression
is critical for T-cell survival but less crucial for B-cell and



TABLE I. Immunodeficiency caused by defects in the ubiquitin system

Name Gene defect Inheritance Functional defect Immunologic findings

Nonimmunologic

features OMIM ID

XL-EDA-ID NEMO (LOF) XL Impaired NF-kB

signaling

Hypogammaglobulinemia

with defective specific

antibody response with

hyper-IgM; impaired

cytotoxicity, mild

T-cell defect

Abnormal

development

of tissues

originating from

the ectoderm

300291

AD-EDA-ID NF-kB1a (GOF) AD Impaired phosphorylation

of IkBa; denying

entrance to the nucleus

Profound combined

immunodeficiency 1
autoimmunity

Like XL-EDA 612132

IKK2 deficiency IkBkB (LOF) AR Defective canonical

NF-kB signaling

pathway

Severe combined

immunodeficiency

615592

NF-kB–CVID NF-kB1 and

NF-kB2 (LOF)

AD or

haploinsufficiency

Defective processing

od p100 to p52

impaired ubiquitination

CVID Adrenal

insufficiency and

alopecia areata

615577

616576

LUBAC deficiency HOIL-1 or HOIP

(LOF 1 GOF)

AR Defective linear

ubiquitination caused

by impaired LUBAC

formation

Defective response

to TNF and IL-1b;

impaired B- and

T-cell function

Autoinflammation,

amylopectinosis

610924

USP18 deficiency USP18 (GOF) AR Defective negative

regulation of type 1

interferon signaling

Increase accumulation

of type I interferon

TORCH-like

syndrome

607057

A20

haploinsufficiency

TNFAIP3 (GOF) Haploinsufficiency Defective inhibition

of NF-kB signaling

pathway

Autoantibodies Arthralgia, mucosal

ulcers, ocular

inflammation

616744

NIK deficiency MAP3K14 (LOF) AR Defective noncanonical

NF-kB signaling

pathway

Profound B-cell defect

with T-cell and

NK cell abnormalities

604655

Otulipenia/ORAS Otulin (LOF) AR Increase LUBAC

induction of NK-kB

activation

High proinflammatory

cytokines levels

Fever, diarrhea,

dermatitis

615712

GOF, Gain of function; LOF, loss of function; OMIM, Online Mendelian Inheritance in Man; ORAS, otulin-related autoinflammatory syndrome; XL, X-linked.
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monocyte survival. The somatic mosaicism in T cells might thus
be an important factor leading to the various inflammatory disor-
ders seen in patients with X-linked EDA-ID. Complete loss-of-
function mutations in NEMO caused by a stop codon, for
example, are lethal in utero in male subjects and lead to X-linked
dominant incontinentia pigmenti in female subjects. Although
immunoglobulin substitution and antibiotic treatment are of
help, the only way to correct the defect is stem cell
transplantation.33
Autosomal dominant EDA-ID
Rarely, EDA-ID is inherited in an autosomal dominant form.

This was first described in 2003 and is caused by a hypermorphic
mutation of the NFKB1A gene located on chromosome 14, which
encodes the major inhibitory protein of the NF-kB pathway,
IkBa.34 All the mutations had a gain-of-function effect. Seven
different mutations have been identified thus far. The mutations
enhance the inhibitory capacity of IkBa, thus interfering with
its phosphorylation and subsequent degradation, resulting in
severely impaired NF-kB activation.35 Accordingly, reduced
IL-6 and IL-10 production by leukocytes in response to
NF-kB–dependent stimulation was observed.36

A profound combined immunodeficiency can be observed from
early in life. Patients have decreased T-cell numbers and function,
as well as hypogammaglobulinemia with no production of
specific antibodies. Early on, they have severe and invasive
pyogenic bacterial infections but can also experience fungal or
mycobacterial infections. Furthermore, they can have several
autoimmune disorders and in one case had polyendocrinopathy.
Although the clinical symptoms in patients with autosomal
dominant EDA-ID are similar (or a bit more severe) to those
observed in patients with X-linked inheritance, patients with
autosomal dominant EDA-ID do not have any cytotoxic defect, as
observed in the X-linked form, but lack memory T cells that do
exist in patients with X-linked EDA-ID.26

With regard to therapy, patients with autosomal dominant
EDA-ID should start immunoglobulin supplementation early in
life combined with antibiotic and antifungal prophylaxis. In
several cases of both forms of EDA-ID, stem cell transplantation
was attempted with mixed results, implying that these
patients might have some intrinsic difficulties with successful
engraftment.37
Autosomal recessive Ikk2 deficiency
This is a rare immunodeficiency syndrome that has been

described only in 10 patients thus far. It is caused by mutations in
the IKBKB gene located on chromosome 8, which encodes for in-
hibitor of kB kinase 2, the central catalytic component of the Ikk
complex in the canonical NF-kB signaling pathway (Fig 3, A, C,
and D).38 In all patients homozygous nonsense mutations were
identified, leading to lack of expression of the Ikk2 protein.39

Although in some patients the NEMO level was normal, in others
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it was decreased. All the patients had hypogammaglobulinemia
with clinical characteristics of severe combined immunodefi-
ciency, including early onset of severe viral, bacterial, and fungal
infections despite normal numbers of T and B lymphocytes.
However, they have low numbers of regulatory T and NK
cells.40,41 All T and B cells were of the naive phenotype. Immune
cells showed impaired response to stimulation through their
different receptors. Thus both adaptive and innate immune
responses were defective, leading to a severe clinical
presentation.40 Thus, although Ikk2 seems dispensable for the
development of T and B lymphocytes and NK cells in human
subjects, it is indispensable for their activation.40

Of note, the nonimmunologic features observed in patients
with other defects in the NF-kB pathway were absent in patients
with Ikk2 deficiency.38 This suggests that Ikk2 is dispensable for
skin adnexal development. Most likely, the catalytic activity of
Ikk1 is sufficient to compensate for the absence of Ikk2 in this
setting. All patients were treated with antibiotics and gamma
globulin supplementation. Seven of the 10 patients underwent
stem cell transplantation, but only 2 survived.
NF-kB1 and NF-kB2: Common variable

immunodeficiency
Common variable immunodeficiency (CVID) is a heteroge-

neous group of conditions leading to hypogammaglobulinemia
and recurrent infections. Although the pathogenetic mechanisms
in the majority of patients are still obscure, an impaired canonical
NF-kB signaling in B cells of patients with CVID is quite
common.42 Because in most cases the genetic basis is unknown,
WES is required to reveal the genetic defects in patients with
this condition. By using WES, several cases of CVID were found
to be caused by mutations in NF-kB2 and NF-kB1.38 Recently, it
was found that of 320 patients with CVID, 33 mutations in
NF-kB1 or NF-kB2 were identified, accounting for
approximately 10% of monogenetic defects in patients with
CVID (B. Grimbacher, personal communication). Germline
mutations in NF-kB2 as a cause for CVID were first described
in 2013 in 2 families with early-onset hypogammaglobulinemia
with variable autoimmune features, as well as adrenal
insufficiency.43 Two different autosomal dominant mutations
that affect the C-terminus of the protein were found. These
heterogeneous mutations introduce a premature stop codon in a
region required for phosphorylation and ubiquitination.
Accordingly, reduced activation and nuclear translocation were
found.43

Because some p52 (see above) still exists in these patients,
implying the presence of a low amount of wild-type p100, it was
suggested that CVID pathogenesis in patients with heterogeneous
NF-kB2 mutations results from haploinsufficiency and is not due
to a dominant negative effect.43 Still, in a more recent study
another mutation in the gene (D865G) was found to have an auto-
somal dominant effect, leading to absence of circulating B cells.44

This mutation resulted in failure of p100 phosphorylation, which
blocks processing to p52. The severe B-cell deficiency appears to
be due to disruption of both the canonical (NF-kB1; Fig 3, A) and
noncanonical (NF-kB2; Fig 3, B) pathways by the mutant p100.
Also, in this study the patients experienced alopecia totalis and
central adrenal insufficiency, the cause of which is still
unknown.44
Looking further in families with CVID, mutations in the NF-
kB1 gene were also found in 3 families from different genetic
backgrounds.45 The mutations caused in-frame deletion of exons
8 or 9 or premature termination of translation. This form of CVID
is due to NF-kB1 p50 haploinsufficiency. Another patient with
NF-kB1 haploinsufficiency was described in whom, aside from
the immunodeficiency, severe EBV-associated lymphoprolifera-
tive disease was observed that responded to rituximab.46

As opposed to the broad functions and numerous ligands of the
canonical (NF-kB1) pathway that led to the production of
numerous inflammatory cytokines, the noncanonical pathway
mostly involves the B-cell lineage.47 Therefore it is not surprising
that in all of the first 4 described cases of mutations in NF-kB2,
immunoglobulin levels were reduced alongwith reducedmemory
and marginal zone B-cell counts. The patients responded poorly
to immunization. Of some surprise was the finding of normal
levels of circulating B cells.43

In another patient it was found that although expression of the
various activating and inhibitory NK receptors was normal, a
defective NK cell cytotoxic activity was noted.48 This might
explain the severe viral infections seen in this group of patients,
which are not common in other patients with CVID.
LUBAC deficiency
As noted above, LUBAC is an important multiprotein complex

that generates linear chains of ubiquitin on protein substrates. It is
composed of 3 proteins: HOIL-1–interacting protein (HOIP), the
actual ligase; heme-oxidase iron responsive element binding
protein 2-ubiquitin ligase 1 (HOIL-1); and SH3 and multiple
ankyrin repeat domains protein–associated RBK1 homology
domain interacting protein (Sharpin). In recent years, mutations
in these components were linked to various clinical
presentations.49

Some patients with HOIL-1mutations exhibit cardiomyopathy,
amylopectinosis, autoinflammation, and immunodeficiency,
whereas others did not have any kind of immunodeficiency.50

This difference might be due to the nature and location of the
HOIL-1 mutation or to other environmental (eg, persistent viral
infection) factors. Boisson et al51 described 3 children with a fatal
inherited disorder characterized by chronic autoinflammation,
invasive bacterial infections, and muscular amylopectinosis.
They all carried biallelic loss of HOIL-1 (encoded by the
RBCK1 gene). In this autosomal recessive condition the muta-
tions resulted in impairment of LUBAC stability. What was puz-
zling in this situation was the association of systemic
autoinflammation with immune deficiency. As expected,
impaired NF-kB activation resulted in impaired response to
TNF and the amount of IL-1b generated, as manifested by a
defect in humoral immunity with deficiency of memory B cells
and impaired antibody response to polysaccharide antigens.51

On the other hand, the autoinflammatory phenotype is
consistent with the fact that leukocytes, mainly monocytes,
displayed constitutive overexpression of numerous inflammatory
genes and were hyperresponsive to IL-1b. This paradoxical
enhanced response to the cytokine might be due to impairment
in proteasomal degradation of 1 or more proinflammatory
mediators or to impairment of a negative regulatory mechanism.
All in all, it seems that HOIL-1 deficiency has different effects on
different types of leukocytes.50
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Recently, a homozygous mutation in HOIP, the ligase compo-
nent of the LUBAC complex, was identified in one child who also
had both autoinflammation and immune deficiency.52 The
missense allele was severely hypomorphic because it impaired
HOIP expression and destabilized the entire LUBAC complex.
The patient showed a broad impairment of antibody production
and severe T-cell lymphopenia, which was not observed in pa-
tients with HOIL-1 deficiency. The patient also had systemic lym-
phangiectasia not seen in patients with HOIL-1 deficiency.52

Ubiquitin-specific peptidase 18 deficiency
Toxoplasmosis, others, rubella, cytomegalovirus, herpes

(TORCH) is a well-recognized syndrome caused by transpla-
cental infection with several pathogens, including Toxoplasma
species, rubella, and Herpes species. It affects various organs in
the fetus, mainly the brain, leading to microcephaly, cerebral at-
rophy, and calcifications.53 Cases with similar characteristics
but in which no infectious agents are detected are referred to as
pseudo-TORCH syndrome (PTS).54 Because many of the patients
came from families with consanguinity, it was reasonable to
believe that the syndrome is due to an underlying genetic defect.
Indeed, another similar condition, Aicardi-Goutieres syndrome,
results from increased accumulation of type 1 interferon and is
due to constitutive activation of the interferon signaling
pathway.55 Several patients with PTS were identified to carry mu-
tations in ubiquitin-specific peptidase 18 (USP18),56 which is a
key negative regulator of type 1 interferon signaling.57 In vitro ex-
periments with fibroblasts isolated from 5 patients having this loss
of function recessive mutation displayed severely enhanced
interferon-induced inflammation.56 The role of interferon in pa-
tients with PTS was also demonstrated in patients with ISG15
deficiency. ISG15 is a secreted di-ubiquitin–like protein that, in
addition to being able to conjugate to proteins, plays an important
role in IFN-g–induced antimicrobial immunity. Intracellularly,
ISG15 is important in USP18-mediated downregulation of inter-
feron signaling, thus suppressing type 1 interferon inflammatory
response.58 Patients with ISG15 deficiency also display a reduced
level of USP18.59 USP18 deficiency, which causes PTS, might
suggest that in patients with some congenital viral infections,
the brain damage is due, at least in part, to a host response
(high type 1 interferon levels) and not to the virus itself. Further-
more, USP18 can serve as a therapeutic agent in patients with type
1 interferonopathies.
A20 insufficiency
Recently, a new disorder was described in which mutations in

TNFAIP3 led to severe immune dysregulation.60 TNFAIP3 en-
codes for the NF-kB regulatory protein A20, which regulates
multiple ubiquitin-dependent innate immune signaling cascades,
including those downstream of TNF receptor 1, IL-1 receptor,
Toll-like receptor 4, and others. Several proposed mechanisms
for the inhibitory function of A20 on the UPS were suggested.61

It is known to have 2 functions. First, it cleaves K63-linked ubiq-
uitin chains and thus reduces the affinity of NEMO to the Ikk
complex. It is also known to be a ligase, synthesizing K48-
based chains, which thus supports the degradation of E2 enzymes,
thereby inhibiting E3 ligase activity that is dependent on these
E2s.62 In addition, A20 directly inhibits Ikk activity indepen-
dently of its deubiquitinase activity in a manner that depends on
binding to NEMO.63
Indeed, in 6 unrelated families with mutations in A20,
increased expression of NF-kB–induced proinflammatory cyto-
kines were detected.60 The patients had early-onset systemic
inflammation resembling Behçet disease. They had arthralgia,
oral and genital ulcers, and ocular inflammation. Although a
dominant disorder was found in all 6 families, the mutant trun-
cated A20 proteins, which caused reduced A20 expression in pa-
tients’ cells, are likely to act through haploinsufficiency because
they do not exert a dominant negative effect in overexpression ex-
periments.42 Although mice deficient for A20 die prematurely of
severe multiorgan inflammation,64 gene targeting studies have
clearly demonstrated the importance of variants in A20 in multi-
ple cells types in the pathogenesis of inflammation and
autoimmunity.39
Combined immunodeficiency associated with NF-

kB–inducing kinase defects
The NF-kB–inducing kinase (NIK) is an integral component of

the noncanonical NF-kB pathway activated by the TNF receptor
family and is essential for B-cell immunity.65 Recently, a biallelic
loss-of-function mutation in MAP3K14, which encodes for NIK,
was found in 2 patients from a large consanguineous family.66

The gene is located on chromosome 17q21, and by using diverse
genetic analysis, a single homozygous mutation (Pro565Arg) was
found in the 2 patients. This residue is located within the kinase
domain of the protein and is highly conserved through evolution.
Although in the NIK knockout mice a humoral defect with
decreased B-cell numbers and low immunoglobulins levels was
observed,67 in patients a broader combined immunodeficiency
was found.66 Indeed, a profound survival defect of B cells was
observed with hypogammaglobinemia. Still, the clinical pheno-
type (increased viral infections, Cryptosporidium species infec-
tion, and tuberculous osteomyelitis caused by dissemination
after BCG vaccination) suggested a broader immune defect.
Although overall T-cell numbers were normal, both follicular
helper and memory T cells were perturbed, and defective
response toward tetanus toxoid and tuberculin was found.
Furthermore, NK cell numbers were reduced, and they exhibited
defective activation.

Therefore it is clear that the noncanonical pathway is involved
not only with B-cell maturation but also in various functions of
other immune cells.68 Both patients underwent hematopoietic
stem cell transplantation, but the onewho did not receive any con-
ditioning died, suggesting that at least reduced-intensity condi-
tioning is indicated for engraftment.66
Otulin-related autoinflammatory syndrome/

otulipenia
Otulin is a deubiquitination enzymewith unique specificity that

antagonizes LUBAC-mediated ubiquitination. Thus it can effec-
tively inhibit LUBAC-induced NF-kB activation elicited by TNF,
for example (Fig 3, C).69

Recently, 2 independent groups described loss-of-function
mutations in otulin in several consanguineous families. From
early after birth, patients with the mutation experienced fever,
diarrhea, neutrophilic dermatitis, and failure to thrive and died if
specific therapy was not instituted. No overt immunodeficiency
was observed, and the function of T and B lymphocytes was
unaffected. Mononuclear cells showed an increase response to
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signaling in the canonical NF-kB pathway, and high levels of
proinflammatory cytokines were detected in the serum during
exacerbation of the disease. Serum C-reactive protein levels,
neutrophil counts, and immunoglobulins levels were markedly
increased, with no evidence of infection.70,71

Stimulation of cells derived from patients with LPS induced
high levels of IL-1b, IL-6, and TNF. In the 2 studies it was shown
that loss-of-function mutations in otulin resulted in increased
linear ubiquitination of signaling molecules, resulting in
increased NF-kB activation and severe sterile inflammation.71

Interestingly enough, a mutation in another DUB, A20, which
also attenuates NF-kB activation (see above), has a less severe in-
flammatory phenotype.60 This might be due to the fact that pa-
tients with otulin mutations have a more profound protein
deficiency, whereas the A20 mutation leads to a haploinsufficient
condition.

Although most of the patients died before the age of 3 years, in
2 patients whowere treated with anti-TNF neutralizing antibodies
(infliximab), a dramatic improvement was noted, and they were
able to lead a normal life on continuous infliximab treatment.70,71

The same phenotype and response to infliximab was observed
also in mouse models with mutations in otulin.70 It should be
noted that deletion of otulin is embryonically lethal and is
possibly caused by its role in angiogenesis. This new condition
was named otulin-related autoinflammatory syndrome70 by one
group and otulipenia by the other group.71

Novel genetic analysis techniques will likely identify other
monogenetic inflammatory diseases possibly involving genes in
the NF-kB pathway, expanding our knowledge on monogenic
immune diseases.
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