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tntroduction

Muclear factor «B (NFreB) has atrrsored scientfic atten-
tion hecause of its unusual regulation, the wide variety
of stimudi thas activate it and the diverse genes and
biotogical responses that it conuels [1,7], NFeB & a
heterogencous collection of dimers rthar i3 expressed
ubiguitousty. Irs interaction wich infibiter of NF«B
(LB} regulares NE«B cyioplasmic rerention and function
and keeps NFeB ingotive in the cytoplasm [3). The LB
family of proteins includes TwBo (the firsr one cloned,
andd also the best characrerized), IkBA, TxBe, By, Bol-3,
pl0% and pl035 [4,5%] The kB kinase (IKE) complex
regulsres kB phosphoryiation by prometing i nhiqui-
tination and protessome degradation, and in this way
liberates NEFwB. The IKK is composed of three subunits:
IKKe and [KK g serve as the two caealytic components,
whereas NEFeB essendal moduelator INEMO, IKK s
the strucrural seaffold thar supposts the TKK complex
without zny catalvtic function 16,7]. Thas NEMO is
essential for the formation of 2 functional IKK complex
(Fig. 11 Onee free of its regulatory subunic, NFeB enters
the nucleus to initate vranscription of 2 variety of genes.
NF«B-regulated penes range from those involved in im-
manity, infammation, apoptosis, adkesion and esi
growth [7.8].

Huclear factor «B essential modulator
knockout mice

Mate NEMO-knockout mice (gema™ ") devoid of NFeh
activity die from liver apoeprosis around dav 13 In hetero-
zygous female mice (rewo™ ™} wanvient dermacosis is
seesn at birth, characterized by patchy skin lesions, mas-
sive granulocyte infiftration, hyperprofiferacon and apop-
wosts of Keratnooytes (9,101 These findings are very
similar to what has been observed in humans with incon-
vnentla pigment [11] Hyperpigmeniation, which is the
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Figure 1. NF.B signaling cascade,

EDAR, ectodysplasin A recaptor; kB, Inhibitory £ KK, tshibitory «B Kinase; 1R, Intarleukin receptor; NEMO, nuclear factor «& esseniat rrodubaton
NFRB, nuclsar factor #8; TER, Toll-like receptorn TNFR, wmor necrosis factor reCeptorn

hallmark of buman incontinentia pigmenti, is alse seen in
skin sections from #eme™ ™ mice {21, ko conerast to wild-
type animals, the basallayer keratinocyees of meme™
mice are in loose contact with each other, forming file-
podia thae extend into the dilated intercellular Spraces.
An explanation for the nawre of the skin pathology
vhserved in these female mice and incontinentia pig-
menti patients invelves the following processes: injrally,
NEMO cells hyperprolifersre because of & fack of NFxR
aeovarion and this is followed by deatk of some of these
cels inducing an inflammartary reaction. Thiz involves
chemuokine znd cytokine release by neighbering healthy
cells, feading to an increased dearh rare of mutane cells
{11} Severs skewing of Xochromosame inactivation in
the lymphacyte compariment in meme™ ™ mice suggeses
that lymphocytes carrying an active copy of the
mutated X chromoseme wre specifically eliminarted afeer
birch, However, in contrast to what is knows in humans,
female memo ' mice exhibit early techaliry depending on
the murine genstic background [9,16],

Muclear factor «B essential modulator
defects: an immunocdeficiency with

unusual features

Thres independent investigations have idendfied the
relationship berween reutations in NEMO and immune-
deficiency, Zonana of o [12] deseribed four families in
which males presenced with variable degrees of Xolinked
hypohydrotic ectodermal dysplasia and recurrenrt infec-
tions, and identified hypomorphic mutations in NEMO,
Two obligate carriers {mothers) in these families had clin-
icat manifestations of incontinentia pigmend. Doffinger
e @l [13] Weatified osteoperosis, lymphedema and
multiple infeetions i the sons of women with inconti-
nentia pigmenti, They then expanded their search o
include children with cxrodermal dysplasia and infec-
tions, especially those caused by myeobacreria [131 Fain
#f af. [14] were losking for unexphined eases of hyper
irmmunoglobulin M (IgM) syndrome and identifed a
smiall subgroup with ectodermal dysplasiz and mmuno-
deficiency (ED-IE3). Al these investigators idencified




Flgure 2. Teoth of o patient with 2 mutation in 8PS sssentinl
modutator (NEMOL demonstrating hypodontiz and conical
icisors,
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bypomorphic mutations in NEMO char appeared o
resulr in the immune deficiency and the other phenotypic
firdings.

N-linked anhidrotie ectadermal dysplasiz wich immuno-
deficiency (XL-EDA-ID) {131 or hyper-igh syndrome
with eediodermal dysplasiz [15 is & rare congenital dis-
case, cawsed by murations in NEMO. The disease is
characterized by abnormal development of ectaderm-
derived skin appendages and suscepribility w infections,
According to Orange e7 @/, [16] the estimated incidence of
ED-ID as a result of NEMO mugations is 1 in 250 000 Bve
male birchs, Affecred patients present with hypotrichosis
or sunichosis, hypohidrosis or anhidrosis, leading o hear
imolerance, and hypodontia or anodontia with conical
incisors (Fig, 2} {13.15,1617°18]. In one of the initsl
reports of XL-EDA-ID 2 subser of patients presened
with oseeoperrosis and lymphedema {13} which was
attributed to the disrupred signal transduction of the
ccrodysplasin Afectodysplasin A recopror peir, which is
critical for cotodermal development,

KE~EDA-ED patients are susceptible ro infections with
pyogenic bacteria, non-teberculous mveohacreria zad
histoplasma. Routine immunologic evaluation shows an
impaired antibody response to polysaccharide antigens.
A sabset of patients may have low Igh and Igh levels
and normal o high Ighd levels compatible with the
immunoglobulin profite of hyper-IgM svndiome [5°7,
13,15,16,18,19], The ED phenotype results from im-
paired NEgB acrivation by the single cctodysplasin
recepror. In contrast, immunodefciency resubs from
mmpaived NFeB activation in response to Toll-Tike recep-
tar {TLRY, interlenkin-l receptor and tumor necrosis
faetor (TNF) o recepror signaling.

Befects sssociated with MEMO Ul 518

Thus, the evology of mmunodeficiency is due w a
combination of distupted innate immunicy and deferive
sequired irrnunity as 4 resule of the host of recepror-
Hgand pairs that signal though the NFeB [26°],

Matural history of immunodeficiency dus o
mutations in nuclear factor «B essential
moduiator

Immunodeficiency with both cellular and hamaoral im-
mune components has been described in affected boys,
Given the facr char NFeB is required for signaling of
many cyrokines, as well as CI240L and TERs, a link was
established between this phenotype, susceptibiliry o
infection and impaired NF«B sctvadon. The majority
of affecred bovs had mutations affecting the tenth exon,
which encodes a zine-finger domain, whereas 2 gmali
subset of parients had point mutations owwside this
domain.

Susceptibility 1o infections by pyogenic bacteris early
during infancy is typiesl. Common pathogens include
Streprococcns prenmoniae, Haemaphilus influenzas, Klelsicilz,
Salmonells and Pseudomonas species, These infections
are usuglly in the form of bacterial sepsis, pneumonia,
atitis or sinusits. Lymphadenitis and  bronchisorasis
due to repeated pyopenic infections of lungs are among
the reported complications in this disorder [5%7 13,15,
16,17°).

Dhgseminated myveobactesial disease due o increased
suscepribifity to atypicsl mycobacteriz has been de-
seribed and Mycobacterium avivm intracellulare, Myco-
bacterium abscessus and Mycobacterium bouds have been
reported in these patients, TNFu, interferonvand inter-
lewkin-12 represent eytokines critical in che immunc
response to mycobacteria and all are regulated via NFrH.
This serves as an explination for the vulnerabilicy of
KL-EDA-ID patents to infections with arypical myco-
bacteria [16,18,21,22],

VYiral infections reported in NEMO murancs include
cvtomegalovirns {systemic infecton und colits), Herpes
simpley virus (stomantis, pharyngitis and encephalitis),
adenoviras (gastroenteritis}, Molluscum contagiosem vives
and Human papiloms virus. Ferpes simplex virus-1
encephalitis has been reporeed 1o be fatal despite promp
creaement with high-dose acvelovir, This most Hkely
indicates an increased susceptibiliey to Herpes simplex
virus infections as part of the immuncdeficiency. Prew
smocystis carind bas wlso been described as an opportunistic
infection in affeceed patients (16

In the inteiaf series published, immunologic assessmens
showed hypogammaglabulinemis with variable Ight and
igh levels together wish impaired specific antibody pro-
duction {12,13,15], Coombs-positive hemolytic anemia
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eaused by the formation of Igh cold agglntining in 2
parient with WEMO with mutation and immunodefi-
cieney bur witheut ecrodermal dysplasis was roported
by Michues f o/ [23] Another case of acure hemolysis
rhat required splensctomy was described in a patient,
Large-joint artheins and inflamematory bowel disease-like
colitts were among the reported autsimmune problems,
This is not surprising since aptoimmune phenomena are
not uncommon in immunodeficient patients, including
rhose with hyper-ipM syndrome associated with defec-
rive CEG-mediared signaling.

Inevitro studies demonstrate impairments in CD40-
mediated B-cell activation and isotype-clags switching
{5°%,16,18]. B-cells show 2 complete lack of memory B-
cells with an immature [gDVYCD2TT phenotype (18]
Evmphocyre subsets are usuzlly normal with only occa-
sional -cetl lymphopenia, Lymphocvie-proliferative
responses are almost always impaired, Navural killer cell
cytotexickty 1 nsually poor, which may be an sdditional
reason for increased susceptibility to wiral infections in
this immunodeficiency {241

in addition to impatred ectodysplasin A recepror signal-
mg, cells from XL-EDA-ID patiencs with NEMO mure-
tons fail to demonstrate nuclesr rransiocation of NFeB
upon stimnulation with TLR-specific igands, The finding
af diminished or absent in-viere production of THNF and
interfenkin-12 in response o stimulation with the TLR-4
Hgand Hpopolyssccharide, belps w idendfy thar there is
also z defect in innate immunity asseciated with chis
syndrame,

mmunopathology In mutants of nuclear
tactor «B essential modulator

Padents with NEMO muatons are unable to preduce
rwrmal nterdoukm-12 and TMNFe in response w OD40L,
signaling; their B-eells are often incapable of class-switeh
recombinarion, which ean lead vo 2 humoral phenotype
resemnbling the hyper-IgM with normal 1o high 12M and
low IgA and Igs levels as well a3 an tmpaired antibody
response 1o polysacchanide anegens (18] A lack of
sormatic hypermutations and 3 lack of class-switch recom-
hingeion I patents with muotatdons in the zine finger
domain have been explained by the cndeal regulatory
role of this domain for CDd-mediared activation of
MExR {14].

The most common NEMO mutation that is deseribed as
feading v KL-EDA-ID, C417R, complewely blocks
spevific antibody production whergas other mutations
seemy o allow for some specific antibody produoceion
[13,1516,24], This may be stibused to differental
hinding of upsteam regulatory proteing 1o distino
regicns of the protein, This aiso explains how germ-line
mosaicism or distiner mutarions affecting the leucine

zipper region of chis protein (while leaving the zinc-finger
region iotsct) can cause immuonodeficiency  without
tmpatring ccrodermal developmens [17°) In this case,
sigral mransduction essential for normal immuone devel
oprient would be impaired whereas signals crtical for
eerodermal development remain intact, Mutations affect-
tng the splice sitee may lead w a milder clinjeal pheno-
rype. These should be reviewed along with functional
data since leakage through these mutations may lead w
milder chinical phenotypes. T clearly understand the
implications of a given muration, in-vitre functiona! dar
should include evalustion of different TL.Rs.

INishikomori ¢ o/ 125] reporeed an XL-EDACID patient
with atypical festures of very few naive Tecells and
defective proliferation of peripheral blocd mononaclear
cells and rwo populations of T, B and naveral killer cells
detecred with normal and reduced eypression of NEMO,
This was deseribed as the reversion mosaicism of a farge
gene duplication [Z3L The somatic mosaicism was not
due to feromatermal ransfesion bt was mast likely duoe
0 DOSEAVEOTIC reversion.

Osteopetrosis and lymphedema in patlenis
with mutations in nuclear factor «B

essentlal modulator

Recepror acuvator of NEgB (RANKY s normally
expressed in osteoclust precursors and s involved in their
differentiation and function. RANK™™ mice show an
arrest in ostecclast differendation and suffer from severe
osteopetrosis. Based on these dawa, Doffinger o o/, {13]
hypothesized that their patienws with lymphedema and
osteopetiosis might have impaired RANK signaling [130
Yascular endothelial groweh factor-3 also signale chrough
NE«B, impaired signaling of chis protein may lead w0
lymphedema,

incontinentia plgment due to mutations in
nuciear factor «B essential modulator

Familial incontinents pigmentt, ¢ genodermatosts chat
segregates as an X-linked dominant disorder, causes in-
ueero male lethaliey {26, 27°°] Incontinentia pigment has
an incidence of berween | in {0000 and 1in 100 000 and
it is highly variable in presentation, fn affecred females
i affeces organs and tssues of cotodermal and mesoder-
mal origin and [eads o malformations of che skin, hair,
natls, skeleton, reeth, eyes and central pervous system.
The findings in skin include perinatal inflammatery
vesicles, verrucous patches, swirled patterns of hyperpig-
mentagon and dermal scarring, Problems with tooth
erpprion amnd alopecia are common wheress rednal dys-
plesia and nevrological signs occur in g small percentage
of cages.

Smahi er @/ 128} and Zonang e afd [12] demonsorared thay
matations in NEMO/IKKy are responsibie for most cases
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Table 1. Features of dissase sssociated with nuclear factor o sssential madulatorn

Comron featurss of lacation of the

Disease Giens Protein inhertanos Ferturos of immuradaficiency ED ftation

ED-D [KH 3 NERMO  K-linked recassive Combined immunodeficiancy, Hypormorphic mutation ocated 1o colled
profound and varighle; variahle coifs 1, 2, zine finger or KK-bindiog
featras of ED° domaing

ED-ir KKy NEMO  K-linked rocessive Combined immunodeliciency, Hypemarphic mutation of the slop codon

riverse and profound; variable {AAR0W
features of B with osteopetrosie
and hymphedema

raunodeficiency Ky MERICG  X-linked recessive

Combined immunodeficiency, veually  Spflce-site mutation alfecting the leucing
profound and variable; no ED

zioper domain

incontinentia Ry MEMC  Kelinked dominast Mo immunodeficiency; ED: dermal Amorphic mutation, 70-80% genomis
g scatting, bypemigmentation; lethal rearrangement leading 1o & truncated
for males &1 wfere; females have protein
eutremely skewed X inactivation in
pewtpheral oo
L NFHEBIA By Autosornal domirant  Corsbined irenunodeficlency with EDY Gain of Junction, &8 cannot be removed

from nuclear factor kB

ED. sotodermal dysplasia; EO-ID, ectodermal dysplasia with immunodeficlency; ke, inbibitor of nuciear fagtar «B: KK, inbibitor of nuclear factar «B

knase; NEMO, nuclear factor #B sssantial madulator.
‘Germline mosaicism reported 1o lead o a partial ED phenatype,

Most cammon mutation is $417R, which completely blocks speeific antibody production,

of familial incontinentia pigmend and 2 new gemomic
rearrangemnent accounts for 70--80% of murations feading
o defective NFxR scdvation in incontinentis plgment
celis, Thhis rearrangement fnvelves oxcision of the region
berween two repested sequences focated upstream of
exon 4 and downsueam of exon 10, resuking in the
synthesis of ¢ truncated inactive NEMO molecule (with
exons 4-10 eliminated) [28,29) This mutation arnises
predorninantly by intrachromosomal misalignment dur-
ing meiosis {30}, In incontinenta pigmentd paciens with
tiiis rearrangement, fetally dertved primary fibroblases are
anresponsive 1o NExB-activating stimull. IxB molecules
do not degrade upon stmulatien and they are very
sensitive to TNFa-induced apoprosis,

This disorder is X-linked dominant and primarily affecrs
fernales. However, there have been several cases of
severe incontinentia pigment in males. Heterozygous
fernales with Incontinendz pigment have exwemely
skewed X inactivation and have surviving Tecells and
B-cells expressing only the wild-type NEMO allele [311
Cn the other hand, the X-nactivation skewing is less
complete in the skin. Three mechanisms have been
proposed o explain the survival of affecred male patienys:
the halt-chromatid bypothesis, unseable premutation and
a Bigher rate of de-novo germiing mutations. However,
the reasons for coli deash in formales and in-utere lethalicy
i males are not ouly known, .
futations in inhibitory «Ba ars distinct in
terms of nmunocdeficiency

More recently, Courtols er af. [32] reported a male patient
carrying a dominant gain-of-funeton mutaton in kBa

praducing a profound Theell deficiency characrerized
by lack of CD4SRO- cells and fenpaired in-viero Iyrapho-
oyre stimulaton vis ‘T-cell vecepror {32]. Like bovs with
& NEMO mumtion, he was unable to respond o FLR
and TNE seceptor stmulation, had impatred antibody
producton, The point muotation, 8321 substitution, was
in one allele of wBe and resulred in the inabiliey of
the mueant lxBa o be phosphorylated, This serine
residue ig ervieal for IKK phosphorylacion and for phos-
pho-keBe obiguitinaton and degradaten {333 This
patient had suscepribibiey w beth Grame-positive and
Gram-negative bacteriz. However, unlike patients with
the NEMO mution, ke had normal natural killer cell
activity and did not have mvcobacterial infecdon. The
patient was fransplansed atage 1 year, and clinical mani-
festations of ccrodermal dysplasia appeared 2 years
tater. Although NEMO and TrBa-deficicnt patients share
some olinical menifestations of ectodermal dysplasia,
their immunological phenotypes are  distiner  [20%]
(Tahle 1)

Conclusion

Uetil recenty we could only speculate abour the generic
diseases caused by NF«B dysfunction. This was changed
with the identificarion of the X-linked pene NEMOY
KKy, encoding a regulztory molecule of the NF«B
signaling pachway, We now know thar NEMOJIKEy
mutations lead to complex tmmunopathology., Amorphic
murations in this gene cause incontinentia pigmenti in
fermales whereas hypomorphic mutations fead o ED-1D3,
GCenetic discoverics and clinfcal stodies have helped
clarify the role of NFeB in skin innate and acquired
imnanicy as well as skin homeostasis.
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