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Hematopoietic stem cell transplantations for primary
immune deficiencies associated with NFxB
mutations: a review of the literature

Ori Scott® and Eyal Grunebaum?®®*

ABSTRACT

The nuclear factor kappa-light-chain-enhancer of activated B-cells (NF«xB) family of transcription factors plays an
instrumental role in human immunity and lymphoid organ development. Inherited defects affecting these factors
or their regulation are associated with increased susceptibility to infections, as well as non-immune
abnormalities. Hematopoietic stem cell transplantations (HSCT) have been shown to correct the immune
abnormalities in a few patients with NFkB pathway defects. Here we review the pre-HSCT characteristics, as well
as the HSCT and outcome of 35 patients who received HSCT for NFxB defects. Twenty-three patients (65.7%)
were reported to have survived HSCT. Survival was higher among patients with X-linked ectodermal dysplasia
and immunodeficiency (XL-EDA-ID), and those with CARD11-BCL10-MALT1 (CBM) complex defects, in
comparison to patients with autosomal dominant ectodermal dysplasia and immunodeficiency (AD-EDA-ID)
and IKBKB defects. Survival following myeloablative conditioning was similar to that after reduced intensity
conditioning, although donor cells engraftment and immune reconstitution after HSCT was not complete in some
patients. The effects of HSCT on organ dysfunction associated with NFxB defects, such as liver toxicity or bowel
inflammation, are still not clear. Earlier identification and transplantation of affected patients, as well as better
understanding of the pathogenesis and complications of the different NFkB mutations, might improve outcome
of HSCT for specific patient populations.

Statement of novelty: This review highlights the current indications, regimens, and outcome of HSCT for inher-

ited defects involving various components of the canonical and non-canonical NFkB pathways.

Introduction

The nuclear factor kappa-light-chain-enhancer of
activated B-cells (NFkB) family of transcription factors
plays an instrumental role in human immunity and
lymphoid organ development. It comprises of 5 struc-
turally related proteins: NFkB1 (p50), NFxB2 (p52),
RelA (p65), RelB, and c-Rel, which bind one another
to form hetero- and homo-dimers (Gilmore 2006). In
resting cells, the dimers are bound by Inhibitors of
NF«xB (IkB), which maintain them inactively seques-
tered in the cell cytoplasm. The precursors of p50 and

p52: p100 and p105, respectively, also have the capacity
to bind NFkB dimers in an inhibitory manner while in
the cytoplasm. In response to various stimuli, NFkB
inhibitors undergo phosphorylation by the IxB kinase
complex (IKK). This results in the release of NFkB
dimers and their migration to the nucleus (Courtois
2005; Gilmore 2006).

The process of NFkB activation occurs by 1 of 2
cascades, known as the canonical and non-canonical
pathways (Figure 1). The canonical pathway is induced
in response to ligation of a wide array of receptors,
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Figure 1: Activation of the canonical and non-canonical NFkB pathway. NFxB activation occurs via either the
canonical and non-canonical pathways. In the canonical pathway (left), stimulation of TLR, IL-1, or TNF receptor
leads to recruitment and activation of the IKK complex, consisting of 2 catalytic units (IKKa and IKKB) and a
sensing protein, NFxB essential modulator (NEMO). This is mediated in part by the CARD11-BCL10-MALT1
(CBM) signalosome, which links receptor binding to NF«B activation. IKK phosphorylation of kB molecules,
results in ubiquitination and degradation of 1xB, thus liberating the NFkB dimer to migrate to the nucleus where it
serves as a transcription regulator. In the non-canonical pathway (right), binding of lymphotoxin-§ receptor, B-cell
activating factor receptor, and CD40, activates the NFxB-inducing kinase (NIK). NIK activates a unique IKK
complex, made up strictly of IKKa subunits. In turn, IKK phosphorylates p100, which is bound to the NFkB dimer,
resulting in proteolysis of p100 and release of the transcription factor.

including Toll-like receptors (TLR), interleukin (IL)-1,
and tumor necrosis factor (TNF) receptor superfamilies.
Stimulation of these cell-surface receptors leads to
recruitment and activation of the IKK complex, consist-
ing of 2 catalytic units (IKKa and IKKp) and a sensing
protein, NFxB essential modulator (NEMO). The process
of IKK recruitment is mediated in part by the CARD11-
BCL10-MALT1 (CBM) signalosome, a complex of 3 pro-
teins, which links receptor binding to NFkB activation.
IKK phosphorylation of IxB molecules, most commonly
IkBa, results in ubiquitination and degradation of IkB.
Subsequently, the liberated NFxB dimer migrates to the
nucleus where it regulates target gene transcription
(Smahi et al. 2002; Gilmore 2006).

The non-canonical pathway is most commonly
activated during lymphoid organ development.
Stimulation of specific receptors, such as lymphotoxin-f§
receptor, B-cell activating factor receptor, and CDA40,
activates the NFxB-inducing kinase (NIK). NIK acti-
vates a unique IKK complex, made up strictly of IKKa

subunits. In turn, IKK phosphorylates p100, which is
bound to the NFkB dimer, resulting in proteolysis of
p100 and release of the transcription factor (Smahi
et al. 2002; Gilmore 2006).

Inherited defects in the NFkB pathway have been
described in an increasing number of patients with
heterogeneous phenotypes. Infectious susceptibility in
patients with NFxB pathway mutations range from
mild to severe. These may include recurrent sinopulmo-
nary and gastrointestinal infections with failure to
thrive (FTT), bacterial, opportunistic infections or
atypical mycobacterial infections, and severe systemic
life-threatening infections (Smabhi et al. 2002; Courtois
2005). Supportive therapies for patients with NFkB
pathway defects include antimicrobial prophylaxis and
immunoglobulin replacement. Importantly, because
NFxB defects do not prevent thymocyte development
and generation of T-cells, newborn screening for severe
immunodeficiency using T-cell receptor excision circles
will not detect most patients. Hence, most children with
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NF«xB defects will often present with infections.
Hematopoietic stem cell transplantations (HSCT) have
been attempted in some patients with NFkB defects,
with most reports describing single patients or very
small case-series. Significant variability exists in the lit-
erature with respect to indications for HSCT, age at
time of HSCT, conditioning regimens and stem cell
source. Furthermore, the long-term engraftment,
immunologic outcome and clinical benefit of this thera-
peutic option are largely unknown.

In an attempt to better characterize the role of HSCT
for NFkB defects, we review here the data reported in
the English literature for 35 patients with various
NF«xB pathway mutations who received HSCT. Articles
were identified via an electronic search of the Medline,
Embase, and PASCAL databases, between 1 June and
29 August 2016. Published articles detailing experience
with human patients were included. Only English
reports were reviewed. Research abstracts and
unpublished data were not included. The following
search terms were used: nuclear factor kappa-light-
chain-enhancer of activated B-cells (NFxB), RelA,
RelB, c-Rel, inhibitor of NFkB (IkB), IkB kinase com-
plex (IKK), NEMO, CARD11, BCL10, MALT1, NF«B-
inducing kinase (NIK), ectodermal dysplasia, and
hematopoietic stem cell transplant. MESH headings
and keywords were searched and truncation was used
as needed.

X-linked ectodermal dysplasia with
immunodeficiency

Hypomorphic mutations in the IKBKG gene,
located on the X chromosome, lead to a partial loss-
of-function of NEMO (IKKYy), the regulatory subunit
of IKK complex in the canonical pathway. The result-
ant phenotype often includes ectodermal dysplasia
(EDA), marked by conical or absent teeth, sparse hair,
brittle nails, and hypo- or an-hydrosis due to abnormal
or absent sweat glands. Accordingly, the condition
is often referred to as X-linked ectodermal dysplasia
with immunodeficiency (XL-EDA-ID). Osteopetrosis
and lymphedema have also been reported infrequently
in affected patients (Orange and Geha 2003).
Females carrying heterozygous mutations in IKBKG
gene may display incontinentia pigmenti, although
different ratios of the wild-type relative to the mutated
alleles contributes to phenotype diversity, and a
female with EDA and increased susceptibility to

infections was previously described (Martinez-Pomar
et al. 2005).

Between 2002 and 2016, 13 patients with XL-EDA-ID
were reported to have undergone HSCT (Dupuis-Girod
et al. 2002; Orange et al. 2004; Tono et al. 2007; Mancini
et al. 2008; Pai et al. 2008; Salt et al. 2008; Fish et al.
2009; Minakawa et al. 2009; Permaul et al. 2009;
Imamura et al. 2011; Kawai et al. 2012; Abbott et al.
2014; Carlberg et al. 2014; Klemann et al. 2016). A sum-
mary of patient characteristics prior to HSCT can be
found in Table 1. Patients typically presented early in
life (between birth to 9 months of age), with recurrent
and (or) opportunistic infections (pneumocystis jiroveci
pneumonia (PJP)), cytomegalovirus (CMV), non-
Tuberculous mycobacteria, and Candida. Severe
eczema, chronic diarrhea, feeding intolerance, and (or)
FTT, were reported in 10 of the patients. Immunologic
evaluation prior to HSCT demonstrated hypogamma-
globulinemia in 10 patients. Antibody synthesis,
primarily against polysaccharide antigens, were dimin-
ished or absent in 6 patients and not reported in
7 others. T-cell proliferation responses to lectin mito-
gens were overall normal, but whole blood response to
TLR, IL-1, and TNF receptor agonists were poor, often
with abnormal production of antibodies.

HSCT details and outcome are provided in Table 2.
At time of first transplant, patients were between 5
and 65 months of age. Myeloablative conditioning
(MAC) was employed in 5 patients, while reduced
intensity conditioning (RIC) in 6 patients. Stem cell
sources included bone marrow (BM) and mobilized
peripheral blood mononuclear cells (PBMC), each in
2 patients, while umbilical cord blood were used for
5 patients. Human leukocyte antigen (HLA) mis-
matched or matched unrelated donors (MUD) were
used in 8 patients, while 5 patients received cells from
HLA matched related donors (MRD). Among the
MRD was a female donor who was known to carry the
mutation and suffered from autoimmune symptoms
(Klemann et al. 2016). Successful donor engraftment
was reported in 7 patients, 5 following MAC and
2 following RIC. One patient died prior to engraftment.
Failure of engraftment was reported in 4 patients,
3 following RIC, while conditioning was not reported
for the 4th patient. A 2nd HSCT was performed in
2 of the patients who failed to engraft, while another
patient who had poor T cell engraftment died from
septic shock 60 days after HSCT. Death was reported
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Table 1: Characteristics of patients prior to transplantation for X-linked ectodermal dysplasia with immunodeficiency.

Age at
Patient # Mutation presentation Clinical manifestations and pathogens Immune abnormalities Report
1 c.337G>A 6 mo PJP, CMV (1) Reduced NK activity; (2) Absent T-cell Salt et al. 2008; Abbott
responses to antigens; (3) Reduced response et al. 2014 Patient 1
to Streptococcus pneumoniae vaccine
2 c.437T>G 9 mo Severe eczema, chronic diarrhea, vomiting, (1) Leukocytosis with eosinophilia; Devora et al. 2010;
FTT, Methicillin-resistant Staphylococcus (2) Undetectable IgM and IgG Abbott et al. 2014
aureus (MRSA) abscess, CMV Patient 2
3 p.Glu157Pro 7d Lymphedema, osteopetrosis, feeding (1) Leukocytosis; (2) Absent T- and B-cell Carlberg et al. 2014
intolerance, Gram (), CMV, PJP, MRSA clones; (3) Hypogam
4 X420W Birth Chronic diarrhea, feeding intolerance, FTT, (1) Leukocytosis; (2) Hypogam; (3) Reduced Dupuis-Girod et al. 2002
lymphedema, osteopetrosis, Gram (+) and response to S. pneumoniae vaccine;
(=), PJP, Candida, Mycobacterium kanasii (4) Reduced responses to TLR, TNF stimulation
5 1167-1168insC NA Recurrent fevers, diarrhea, FTT, (1) Hypogam Fish et al. 2009 Patient 1
(E390fsX394) desquamating erythema
6 IVS6+5 G—A 5 wk Vomiting, diarrhea, FTT, lymphedema, (1) Increased naive B-cells; (2) Hypogam, Fish et al. 2009 Patient 2
osteopetrosis, cerebral venous sinus high IgM; (3) Reduced responses to
thrombosis, bacterial, Clostridium difficile Streptococcus vaccines including
colitis; varicella zoster virus, Mycobacterium S. pneumoniae; (4) Reduced responses to
avium TLR, TNF
7 D311E 30 mo Disseminated BCG (1) Reduced NK activity; (2) Absent antibody Imamura et al. 2011
response to vaccines; (3) Reduced response
to TLR
8 Duplication intron Infancy FTT, Mycobacteria (1) Low NK cells; (2) Low TCRy/3; Kawai et al. 2012
3toexon6 (3) Hypogam, low IgM; (4) Reduced T-cell
responses to mitogens
9 c.613C>T 3 wk Staphylococcus, necrotizing fasciitis, (1) Reduced NK activity Klemann et al. 2016
pneumonia, Enterobacter cloacae, meningitis
10 1167-1168insC 12 wk FTT, diarrhea, feeding intolerance, skin (1) Leukocytosis with lymphocytosis and Mancini et al. 2008
(E390fsX394) infections eosinophilia; (2) Increased total T-cell count;
(3) Decreased NK count; (4) Hypogam and
low IgM, absent IgA; (5) Reduced antibody
response to vaccines
11 T458G NA FTT, CMV, bacteremias, Listeria (1) Leukocytosis; (2) Reduced NK activity; Orange et al. 2004;
(3) Hypogam; (4) Reduced antibody response  Pai et al. 2008
to vaccines; (5) Reduced B-cell proliferation;
(6) Diminished responses to TLR
12 1167-1168insC 6 wk Severe dermatitis, chronic diarrhea, feeding (1) Leukocytosis with eosinophilia; (2) Elevated Permaul et al. 2009
(E390fsX394) intolerance, FTT, osteopetrosis, bacterial T and B cell; (3) Hypogam; (4) Reduced NK
infections activity
13 1167-1168insC 2 mo Enterocolitis, feeding intolerance, gastric (1) Elevated B-cells; (2) Hypogam; (3) Reduced Tono et al. 2007;

(E390fsX394)

ulcers, severe eczema, Gram (—)

NK activity

Minakawa et al. 2009

Note: HSCT, hematopoietic stem cell transplantation; NA, not available; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; Bu, busulfan; Cy, cyclophosphamide; Flu, fludarabine; Mel, melphalan;
ATG, antithymocyte globulin; Alem, alemtuzumab; CB, cord blood; BM, bone marrow; PBSC, peripheral blood stem cells; MSD, matched sibling donor; MUD, matched unrelated donor; MMUD, mismatched unrelated donor;
AGVHD, acute graft versus host disease; FTT, failure to thrive; Hypogam, hypogammaglobulinemia.
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Table 2: Outcome of patients after transplantation for X-linked ectodermal dysplasia with immunodeficiency.

Age at Conditioning, HLA, Follow up Evaluation post-HSCT
Patient#  HSCT cell source post-HSCT (time post-HSCT) Outcome Report
1 2yr MAC (Bu/Cy/ATG), 6yr (1) Complete donor chimerism (NA); (2) (1) Clinically well; (2) Allergy to sulfa Salt et al. 2008; Abbott
MUD, CB Complete B- and T-cell reconstitution and walnuts et al. 2014 Patient 1
(NA); (3) Normal response to vaccines
2 2yr MAC (Bu/Cy/ATG), 6yr (1) Complete donor chimerism (NA); (2) Clinically well Salt et al. 2008; Abbott
MUD, CB Complete B- and T-cell reconstitution et al. 2014 Patient 2
(NA); (3) Normal response to vaccines
3 5 mo NA, MSD, NA 10 mo NA (1) Skin abnormalities persist; Carlberg et al. 2014
(2) Improved weight
4 17 mo MAC (Bu/Cy/ATG), 11d NA (1) Died; (2) Cardiovascular, skin and Dupuis-Girod et al. 2002
MUD, NA liver toxicity, seizures
5 6 mo RIC (Flu/Bu/ATG), (1) Failed to engraft Colitis Fish et al. 2009 Patient 1
MSD, PSC 1st HSCT
NA RIC (Flu/Mel/Alem), (2) 98% T-cell chimerism (1) Appropriate development. 2nd HSCT
MSD, PBSC (2) Persistent abnormal dentition,
rashes, diarrhea, FTT
6 41 mo RIC (Flu/Bu/ATG), NA (1) Failed to engraft (1) Intracranial hemorrhage leading to a Fish et al. 2009 Patient 2
MUD, BM seizure; (2) Multi-organism infection 1st HSCT
43 mo RIC (Flu), MUD, 314d (2) 100% Donor chimerism (16 d) (1) Died. (2) FTT, Parainfluenza leading 2nd HSCT
CD34+ PBSC to respiratory failure
7 4.9 yr RIC (Flu/Mel/ATG), 20 mo Complete donor chimerism (NA) (1) Clinically well; (2) AGvHD Imamura et al. 2011
MUD, BM (resolved); (3) CMV; (4) Multiple
papillomas
8 26 mo RIC (Flu/Mel/ATG), 60d (1) No T-cell chimerism; (2) “Good” B, (1) Died from septic shock. Kawai et al. 2012
MMUD, CB NK cells, and monocytes chimerism (2) Tacrolimus-induced
encephalopathy
9 11 mo MAC (Bu/Cy/ATG), 8yr (1) Full chimerism and immune (1) Severe veno-occlusive disease; Klemann et al. 2016
MSD, NA reconstitution (NA); (2) Normal NK (2) Severe inflammatory bowel
function disease
11 NA NA, MSD, PBSC NA Declining chimerism (1) AGVHD; (2) Psuedotumor cerebri Mancini et al. 2008
12 65 mo MAC (Bu/Cy), MSD, 15 mo (1) Lymphoid subset reconstitution; (2) (1) CMV reactivation; (2) Recurrent Orange et al. 2004;
NA Normal T-cell responses; (3) Improved  bacterial infections of respiratory tract,  Pai et al. 2008
B, NK, and monocyte responses; (4) skin, and gastrointestinal tract;
98%—-100% chimerism in leukocyte (3) colitis
and lymphocytes subsets (8—19 mo)
13 7.5mo MAC (Bu/Cy/ATG), 18 mo (1) Lymphocyte counts, NK function, (1) Clinically well; (2) Infections, Permaul et al. 2009
MMUD, CB and IgG normalized (1 yr); (2) 99%— gastrointestinal symptoms,
100% chimerism all lineages (1 yr) osteopetrosis, and dermatitis resolved
14 3yr RIC (FIlu/Mel/ATG), 12 mo (1) Improved TLR responses; (2) (1) Clinically well; (2) AGvHD (resolved) Tono et al. 2007;

MMUD, CB

Complete leukocyte chimerism (105 d)

Minakawa et al. 2009

Note: NA, not available; FTT, failure to thrive, Hypogam- hypogammaglobulinemia.
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in 2 additional patients, including a patient who died
1 year after a 2nd HSCT from respiratory failure follow-
ing a viral infection, and a patient that died 11 days after
MAC conditioning from severe hepatic toxicity. Indeed,
it has been hypothesized that the increased susceptibil-
ity to hepatic injury and veno-occlusive disease after
transplantation for NEMO correlates with the in vitro
sensitivity of cells with inhibited NFxB activity due to
chemotherapy-induced apoptosis (Klemann et al.
2016). Clinical outcome was variable among children
who engrafted successfully. Among the 7 patients who
were reported to be 12 months or more post-HSCT, 5
are reported to be clinically well, while 2 developed per-
sistent gastrointestinal complications after HSCT. Some
of the gastrointestinal complications following HSCT in
NEMO-deficient hosts have been attributed to the
introduction of a competent immune system, which
allows increased translocation of enteric bacteria, lead-
ing to a severe chronic intestinal infection and inflam-
mation (Nenci et al. 2007). However, it is difficult to
distinguish a propensity of patients with NEMO to
develop GI complications following HSCT from pre-
transplant GI complications, which are common in
these patients, or from graft versus host disease.
Regardless of the cause, the GI complications might
have further contributed to the chronic diarrhea, feed-
ing intolerance and (or) poor growth reported in 5
patients following HSCT. Immune evaluations done 2
years or more after HSCT demonstrated that those
who received MAC from healthy donors had complete
T and B cell reconstitution, with adequate response to
conjugate and live virus vaccines (Abbott et al. 2014).
Altogether, the patients described above indicate that
HSCT can correct the immune deficiency associated
with NEMO deficiency, particularly if MAC is used
and full donor chimerism is achieved. However, the
potential liver toxicity and persistence of the defect in
non-hematopoietic cells, including the GI tract, may
adversely affect long-term clinical benefits from HSCT
in patients with NEMO defects. Whether RIC can achieve
long-term immune reconstitution in patients with
NEMO still needs to be determined.

Autosomal dominant ectodermal
dysplasia with immunodeficiency

Heterozygous gain-of-function mutations in the
NFKBIA gene enhance the activity of the inhibitory pro-
tein IkBa, thus limiting the release of NFxB dimers via
the canonical pathway. Similarly to XL-EDA-ID,

autosomal dominant mutations in NFKBIA result in a
phenotype of EDA, often associated with more profound
immunodeficiency, termed autosomal dominant ecto-
dermal dysplasia with immunodeficiency (AD-EDA-ID).

Between the years 2003 and 2015, reports of
7 patients with AD-EDA-ID who underwent HSCT
were published (Courtois et al. 2003; Janssen et al.
2004; Dupuis-Girod et al. 2006; Lopez-Granados et al.
2008; Fish et al. 2009; Wu et al. 2010; Schimke et al.
2013; Yoshioka et al. 2013; Scarselli et al. 2015). A sum-
mary of patient characteristics can be found in Table 3.
Patients presented in the first 6 months of life with
chronic diarrhea, feeding intolerance and FTT.
Infections described in these patients included recurrent
invasive bacterial infections, PJP, and candidiasis. One
infant also suffered from hypothalamic hypopituitarism
and another had developmental delay. The pre-transplant
immunologic assessment revealed predominance of
naive CD45RA T-helper cells with lack of CD45RO
memory cells in 2 patients, with reduced or absent
TCRy/8 T-cells in 3 patients. T-cell responses to CD3
stimulation were diminished in 5 patients. B-cell counts
were low in 2 patients, with decreased memory B-cells
and impaired B-cell response to CD40 stimulation.
Hypogammaglobulinemia was seen in 3 patients, with
poor antibody formation to both polysaccharide and
protein antigens. Whole blood responses to TLR, IL-1,
and TNF agonists were impaired in 5 children.

HSCT were performed at 10 months to 6 years of age
(Table 4). Mis-MUD and MUD were used for 5 patients
while mis-MRD and MRD were used for 2 patients.
MAC and RIC were each used for 3 patients, while for 1
patient conditioning was not reported. A patient who
received RIC failed to engraft and was re-transplanted fol-
lowing MAC, however the patient died shortly after trans-
plant from bacterial sepsis. Four additional patients died
from bacterial infections or neurological deterioration,
thus only 2 patients are long-term survivors, both after
MAC. Disappointingly these patients continue to suffer
from diverse complications, which might be in part related
to incomplete immune reconstitution and (or) the non-
immune abnormalities associated with NFxB deficiency.
Hence, the role of HSCT for AD-EDA-ID is still not clear.

IKK2 immunodeficiency

Autosomal dominant loss-of-function mutations in
the IKBKB gene disrupt the activation of the canonical
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Table 3: Characteristics of patients prior to transplantation for autosomal dominant ectodermal dysplasia with immunodeficiency.

Age at
Patient # Mutation presentation Clinical manifestations and pathogens Immune abnormalities Report
1 S321 2 mo Chronic diarrhea, hepatosplenomegaly, (1) Leukocytosis, neutrophilia, and lymphocytosis; Courtois et al. 2003;
FTT, Gram (+) and (-); pneumonia, (2) Increased CD45RA T-cells; (3) Absent TCRy/5; Dupuis-Girod et al.
Candidiasis (4) Hypogam, low IgA; (5) Absent responses to 2006
vaccines; (6) Reduced/absent T-cell responses;
(7) Reduced responses to TLR, TNF-a
2 STOP codonat Birth Chronic diarrhea, FTT, recurrent bacterial NA Fish et al. 2009
Glu14 sepsis, PJP
3 c.40G>T 2 mo Feeding intolerance, diarrhea, failure to (1) Reduced TCRy/3 counts; Lopez-Granados
thrive PJP pneumonia, recurrent (2) Reduced T cell responses; et al. 2008
pyogenic bacterial, oral Candidiasis (3) Reduced response to TLR
4 NA NA NA Low B-cells Scarselli et al. 2015
5 M37K 6 mo Hypothyroidism, hypothalamic (1) Leukocytosis with lymphocytosis; (2) Decreased  Schimke et al. 2013
hypopituitarism, diarrhea, failure to thrive, memory B-cells; (3) Increased CD4 and low CD8;
recurrent candidiasis, recurrent sino- (4) Increased CD45RA; (5) Hypogam and low IgA,
pulmonary infections high IgM; (6) No response to vaccines; (7) Reduced
T-cell responses; (8) Reduced response to TLR,
TNF-a
6 c.107C>A 4 mo Gastrointestinal inflammation, recurrent (1) Leukocytosis with lymphopenia and neutrophilia;  Yoshioka et al. 2013
bacterial infection, BCG skin abscess (2) Decreased B-cell response; (3) Decreased
memory CD8 cells; (4) Elevated IgG, IgA;
(5) Reduced T-cell proliferation; (6) Reduced
responses to TLR, TNF-a
7 NA 2 mo Diarrhea, FTT, delayed development, (1) Leukocytosis and lymphocytosis; (2) Low B-cell Janssen et al. 2004;

Streptococcal sepsis and meningitis,
PJP, candidiasis

and NK count, high CD4; (3) Absent TCR /5 cells;
(4) Low IgG, IgA, high IgM; (5) No response to
vaccines; (6) Reduced T-cell responses; (7) Absent
response to TLR, IFN-y

Wu et al. 2010

Note: NA, not available; FTT, failure to thrive; Hypogam, hypogammaglobulinemia.
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Table 4: Outcome of patients after transplantation for autosomal dominant ectodermal dysplasia with immunodeficiency.

Age at Conditioning, HLA, cell Follow up

Patient # HSCT source post-HSCT Evaluation post-HSCT (time post-HSCT) Qutcome Report
1 12 mo MAC (Bu/Cy), MMRD, 7 yr (1) T-cell responses (210 d); (2) CD45RO (1) Improved height and weight (6 yr); Courtois et al.
BM T-cells (145 d); (3) Response to TLR TNF  (2) Recurrent zoster, facial warts, 2003; Dupuis-
normalized; (4) 100% T-, B-cells, and respiratory tract infections; Girod et al.
monocytes chimerism (7 yr); (5) IgG (3) Ectodermal dysplasia features not 2006
and responses to vaccines (except prevented
S. pneumonia) normal; (6) IVIg resumed
2 10 mo RIC (Flu/Cy/ATG), NA No engraftment NA Fish et al. 2009
MMUD, CB 1st HSCT
13 mo MAC (Bu/Cy/Alem), 5d NA Died, Pseudomonas sepsis 2nd HSCT
MMUD, CB
3 NA MAC (Bu/Cy), MUD, NA NA Died, sepsis Lopez-Granados
CB et al. 2008
4 12 mo MAC (Bu/Cy), MMRD, 15 yr (1) 95% chimerism; (2) Switched and Seizures, PJP pneumonia, chronic Scarselli et al.
CD34+ BM Memory B-cells absent; (3) IVIg continued  broncho-pneumopathy 2015
5 57 mo RIC (Treo/Flu/Alem), 18 mo (1) 80%—90% (15 mo); (2) Normal T, B, (1) AGvHD and CGvHD; (2) Died Schimke et al.
MUD, NA NK cells; (3) Absent switched memory following sepsis 2013

B-cells; (4) T cell responses normalized
(1 yr); (5) IVIg continued

6 6 yr RIC (TBI, Flu, Mel, Cy, 211d Complete chimerism (27 d) (1) AGvHD; (2) anemia, Yoshioka et al.
ATG), MMUD, NA thrombocytopenia (180 d) and 2013
cerebellar hemorrhage; (3) Died
7 2.4 yr NA, MUD, NA 3 mo NA (1) Rapid neurologic deterioration, Janssen et al.
severe progressive cerebral 2004; Wu et al.
atrophy; (2) Died 2010

Note: HSCT, hematopoietic stem cell transplantation; NA, not available; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; Bu, busulfan; Cy, cyclophosphamide; Flu, fludarabine; Mel, melphalan;
Treo, Treosulphan; ATG, antithymocyte globulin; Alem, alemtuzumab; CB, cord blood; BM, bone marrow; PBSC, peripheral blood stem cells; MSD, matched sibling donor; MMRD, mismatched related donor;
MUD, matched unrelated donor; MMUD, mismatched unrelated donor; AGVHD, acute graft versus host disease; CGvHD, chronic graft versus host disease; FTT, failure to thrive.
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IKK complex, hindering the phosphorylation of IkB.
Mutations affect the innate and adaptive immunity,
without clear EDA features (Pannicke et al. 2013;
Mousallem et al. 2014).

Transplant for IKBKB mutations has been reported in
7 patients of Northern Cree and Qatari ancestry
(Pannicke et al. 2013; Mousallem et al. 2014).
Transplanted patients presented in the first 6 months of
life with FTT, invasive Gram negative infections, recur-
rent sinopulmonary infections, oral candidiasis, and dis-
seminated Bacillus Calmette-Guérin (BCG) infections
following vaccination (Table 5). Immunologic abnormal-
ities in these patients included low B-cell counts with
poor B-cell proliferation responses. NK cell counts were
low and their cytotoxicity was diminished. Total T-cell
counts varied, but an increased ratio of naive CD45RA
to memory CD45RO was found in all patients, with low
TCRy/8 and almost absent FoxP3™ regulatory T-cells.
Responses of T-cells to mitogens and CD3 stimulations
were greatly diminished or absent.

HSCT were performed in the 1st year of life (Table 6).
Only 1 patient received RIC, while other 6 patients
received MAC. MUD were used in 3 patients. Only 3
patients survived, with the longest follow-up being only
24 months, hence assessment of potential benefits of
HSCT for this condition, and management recommen-
dation, are premature.

CARD11-BCL10-MALT1 complex
immunodeficiency

The CBM signalosome complex is essential in re-
laying cell-surface receptor activation signal, linking it
to NFxB activation in the canonical pathway.
Autosomal recessive mutations in this complex have
emerged in recent years as causing immunodeficiency
without EDA (Turvey et al. 2014).

Although mutations in all 3 CBM signalosome pro-
teins have been described, HSCT has only been reported
between 2013 and 2016 in 6 patients with MALT1 and
CARD11 mutations (Greil et al. 2013; Stepensky et al.
2013; Punwani et al. 2015; Charbit-Henrion et al.
2016; Rozmus et al. 2016). A summary of patient char-
acteristics can be found in Table 7. Patients presented
between 2 weeks and 9 months of age, with chronic
diarrhea, significant dermatitis, and FTT. Infections

included recurrent bacterial, viral and fungal sinopul-
monary and skin infections, as well as opportunistic
infections with PJP and CMV. Initial immunologic
evaluation in the transplanted patients revealed eosino-
philia and elevated IgE in patients with MALT1 defi-
ciency. Predominantly naive or transitional B-cell
phenotypes were found in 5 patients, with hypo- or
agammaglobulinemia in 3 patients. Patients T-cells typi-
cally demonstrated diminished response to lectin mito-
gens and (or) CD3 stimulation. T-regulatory cells were
commonly reduced or absent. HSCT were performed at
ages 18 months to 16 years (Table 8). MUD and mis-
MUD were used in 4 patients while 2 received MRD
from siblings. RIC was performed in all but 1 patient,
for whom conditioning was not described. Successful
engraftment with full donor chimerism was reported in
2 cases. Two patients continued to have moderate T-cell
lymphopenia, and 2 more patients required stem cell
boosts and (or) lymphocyte infusions due to slow T-cell
recovery. All patients survived and are reported to be
clinically well, however, the follow-up (1 year or less)
prevents clear appreciation of HSCT for this condition.

NIK immunodeficiency

Biallelic mutations in the MAP3K14 gene result in
loss-of-function of NIK, preventing the phosphoryla-
tion and subsequent activation of the IKKa complex in
the non-canonical pathway. Recently, 2 members of a
large consanguineous family of Turkish descent were
identified with homozygous mutations in NIK
(Willmann et al. 2014). A summary of patient charac-
teristics can be found in Table 9. The patients’ ages at
time of presentation were not reported. One patient suf-
fered from chronic diarrhea and cholestasis. Both
patients suffered from severe viral and bacterial infec-
tions, as well as opportunistic infections with CMV
and Cryptosporidium. BCG hepatitis following vaccine
was diagnosed in 1 patient. Both patients had low B-cell
counts with impaired proliferations. Low IgG and IgA
were seen in both patients with normal to high IgM.
T-cell counts were high with normal CD45RA to
CD45RO ratio, but T-cell response to recall antigens
were low. NK count and cytotoxicity were reduced.

One patient, transplanted at 3 years of age without
conditioning, failed to engraft and died after a repeated
unconditioned HSCT (Table 10). The other patient
received RIC HSCT at 9 years of age and is reported to
be clinically well, however no additional details are
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Table 5: Characteristics of patients prior to transplantation for IKBKB/IKK2 mutations.

Age at Clinical manifestations and
Patient # Mutation presentation pathogens Immune abnormalities Report
1 R286X Early infancy Candida, BCG (1) Reduced B-cells and memory B-cells; (2) Reduced NK cells;  Mousallem et al.
(3) Increased CD45RA T-cells; (4) Hypogam, low IgA, IgM; 2014 Patient 1
(5) Absent T-cell responses
2 R286X NA FTT, pneumonias, otitis, urinary (1) Reduced B-cell; (2) Reduced NK cell; (3) Increased CD45RA  Mousallem et al.
tract infections, Rotavirus, T-cells; (4) Low TCRy/8; (5) Hypogam, low IgA, IgM; 2014 Patient 2
Gram (), Candida, BCG (6) Decreased/absent T-cell responses
3 R286X 1 wk FTT, recurrent fevers, Candida (1) Reduced B-cell and memory B-cells; (2) Reduced NK cells; Mousallem et al.
(3) Increased CD45RA T-cells; (4) low IgA and IgM; 2014 Patient 3
(5) Reduced/absent T-cell responses
4 R286X “First few months  Klebsiella pneumonia, CMV, (1) Increased CD45RA T-cells; (2) Reduced TCRy/s; Mousallem et al.
of life” Candida (3) Hypogam, low IgA, IgM; (4) Reduced/absent T-cell 2014 Patient 4
responses
5 c.1292dupG 1 mo Feeding difficulties, septicemia, (1) Increased naive B-cells; (2) Absent B-cell responses; Pannicke et al. 2013
in exon 13 pneumonia, Candida, E. coli, (3) Absent TCRY/3; (4) reduced Treg; (5) Increased CD45RA Patient 1
viruses T-cells; (6) Reduced NK activity; (7) Hypogam, low IgA, IgM;
(8) Reduced/absent T-cell responses
6 €.1292dupG 5 mo Chronic diarrhea, FTT, (1) Increased naive B-cells; (2) Absent B-cell responses; (3) Low  Pannicke et al. 2013
in exon 13 pneumonia, Candida, virus NK cells; (4) Absent TCRY/§; (5) Reduced Treg; (6) Increased Patient 2
CD45RA T-cells; (7) Reduced NK activity; (8) Absent T-cell
responses
7 c.1292dupG 3 mo Candida, Gram (-) (1) Increased naive B-cells; (2) Absent B-cell responses; Pannicke et al. 2013
in exon 13 (3) Reduced NK and CD4 T-cells; (4) Absent TCRy/5; Patient 3

(5) Reduced Treg; (6) Increased CD45RA T-cells;
(7) Reduced NK activity; (8) Reduced/absent T-cell responses

Note: NA, not available; FTT, failure to thrive; Hypogam,

hypogammaglobulinemia.
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Mousallem et al. 2014

Died, infection

NA

MAC (Bu/Cy), MMRD, T-cell depleted, NA 13 mo

6 mo

Patient 4
Pannicke et al. 2013

Scott and Grunebaum — Hematopoietic stem cell transplantations for NFkB mutations

Died, Mycobacterial sepsis

Graft rejected

NA

RIC (NA) MUD, CB

NA

Patient 1
Pannicke et al. 2013

Stable

50% CD3+

24 mo

MAC (NA), MSD, BM

Patient 2
Pannicke et al. 2013

chimerism

Well, some neurologic

85% donor T-cells

4 mo

MAC (NA), MUD, CB

8 mo

Patient 3

Note: HSCT, hematopoietic stem cell transplantation; NA, not available; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; Bu, busulfan; Cy, cyclophosphamide; ATG, antithymocyte globulin;

sequelae
CB, cord blood; BM, bone marrow; MRD, matched related donor; MMRD, mismatched related donor; MSD, matched sibling donor; MUD, matched unrelated donor.

provided. Hence currently the role of HSCT for NIK
deficiency cannot be determined.

Discussion

Mutations affecting the NFxB pathway represent a
growing group of primary immune deficiencies, which
range in their clinical manifestations and infectious sus-
ceptibility. Many patients receive supportive care to
prevent and treat infections, as well as immune suppres-
sive medications for the immune dysregulation. Yet, in
recent years HSCT is being investigated as a potential
cure, especially for those with more severe phenotypes
or ominous family history. Among the 35 patients
described here, 23 patients (65.7%) are reported to be
alive at the time publication, yet while it seems that sur-
vival is favorable in patients with XL-EDA-ID and CBM
complex defects, patients with AD-EDA-ID and pos-
sibly IKBKB defects fare worse following HSCT. The
disappointing survival in patients with some of the
NFkB defects might be related to delays in diagnosis of
patients, allowing development of infections that nega-
tively affect outcome. Indeed, among patients with
severe combined immune deficiency, transplantation
beyond 3.5 months of age and active infection at the
time of HSCT is associated with only 50% survival at 5
years, while transplanting prior to the development of
infections or after they are controlled significantly
improved survival (Pai et al. 2014). Current newborn
screening programs for profound T cell deficiencies
often do not identify patients with NFkB defects.
Therefore, increased awareness of health care providers
to the possibility of such defects and early consideration
of HSCT are required, together with optimal prevention
and treatment of infections.

Details about conditioning were available for 30
patients, with half receiving MAC and the remainder
receiving RIC. Survival was similar with 10 of 15
patients (66.6%) surviving after MAC compared to 9
of 15 (60%) surviving after RIC. However, follow-up
after RIC was much shorter (often less than 2 years)
compared to several patients who received MAC (2-15
years). Moreover, in some defects, engraftment and
complete immune reconstitution might be more diffi-
cult to achieve, such as T-cells and B-cells in CBM and
NFKBIA defects, respectively. Whether the persistently
low number of switched-memory B-cells is also related
to the developmental abnormalities of secondary
lymphoid organs caused by the IkBa defect remains to
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Table 7: Characteristics of patients prior to transplantation for CBM complex mutations.

Age at Clinical manifestations
Patient # Mutation presentation and pathogens Immune abnormalities Report
1 MALT1 ¢.550G>T 1 mo IPEX-like syndrome, bacterial, (1) Eosinophilia; (2) Reduced CD21 B-cells; (3) Reduced Treg;Charbit-Henrion et al.
viral and fungal (4) High IgE; (5) Reduced T-cell responses 2016 Patient 1
2 MALT1 ¢.550G>T NA Dermatitis, repeated infections (1) Eosinophilia; (2) Reduced CD21 B-cells; (3) Reduced Treg;Charbit-Henrion et al.
(4) High IgE; (5) Reduced T-cell responses 2016 Patient 2
3 CARD11 Q945* 6 mo PJP (1) Low NK cell; (2) Increased CD45RA T-cells; Greil et al. 2013
(3) Increased CD27-B-cells; (4) Absent Treg;
(5) Agammaglobulinemia; (6) Reduced T-cell responses; (7)
Reduced responses to TLR
4 MALT1 c.1019- 1 mo Bloody diarrhea, (1) Lymphocytosis, eosinophilia; (2) Increased CD45RA Punwani et al. 2015
2A>G; p.Y353fs*18 desquamating erythema, T-cells; (3) Reduced Treg; (4) Hypogam, low IgM;
stomatitis, FTT, otitis, thrush, (5) Reduced antibody response to vaccines;
CMV (6) Reduced T-cell responses
5 MALT1 ¢c.1739G>C 2 wk FTT, fractures, inflammatory (1) Reduced B-cells; (2) High IgE; (3) Reduced T-cell Rozmus et al. 2016
bowel disease, dermatitis, responses
viral and bacterial
pneumonias, MRSA, HSV,
VZV; cheilitis, gingivitis
6 CARD11 deletion of 9 mo PJP (1) Lymphocytosis; (2) Increased transitional B-cells, Stepensky et al.

exon 21

reduced class-switched memory cells; (3) Reduced 2013
Treg (CD4*CD25"CD1277); (4) Reduced differentiated CD8
cells; (5) hypogam, low IgA, IgM

Note: NA, not available; FTT, failure to thrive; Hypogam, hypogammaglobulinemia.
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Table 8: Outcome of patients after transplantation for CBM complex mutations.

Age at Conditioning, HLA, Follow up
Patient # HSCT cell source post-HSCT Evaluation post-HSCT (time post-HSCT) Qutcome Report
1 7yr RIC (Flu/Bu/Alem), 12 mo (1) Complete (300 d); (2) T-cell lymphopenia; (1) Clinically well; (2) CMV Charbit-Henrion et al.
MUD, PBSC (3) T-cell responses normalized; (4) Treg reactivation resolved 2016 Patient 1
increased
2 4 yr RIC (Flu/Bu/Alem), 12 mo (1) 75% chimerism: (250 d); (2) T-cell (1) Clinically well, improved Charbit-Henrion et al.
MUD, PBSC lymphopenia; (3) T-cell responses improved,; growth; (2) CMV reactivation 2016 Patient 2
(4) Treg improved resolved
3 9 mo RIC (Flu/Treo/Alem, 12 mo (1) Decreasing chimerism, requiring stem cell  Clinically well Greil et al. 2013
MUD, PBSC boosts and donor lymphocyte infusions
4 18 mo RIC (Cy/Mel/ATG), 12 mo (1) 16.6% donor T-cells, 11.2% PBL; (2) T cell (1) Clinically well; (2) Rash, Punwani et al. 2015
MMUD, PBSC functional (5 mo); (3) CMV pulsed donor intractable diarrhea, and CMV
T-cells infusion (12 mo); (4) IVIg resolved
5 16 yr RIC (Flu/Mel/Alem), 1yr (1) >95% donor chimerism (1 yr); (1) Improved growth, Rozmus et al. 2016
MSD, NA (2) Normalized B-cell counts and maturation dermatitis, and inflammatory
bowel disease resolved;
(2) Viral and bacterial
infections resolved
6 NA NA, MSD, NA 5 mo (1) Complete chimerism; (2) Normal 1gG Clinically well Stepensky et al.

2013

Note: HSCT, hematopoietic stem cell transplantation; NA, not available; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; Bu, busulfan; Cy, cyclophosphamide; Flu, fludarabine; Mel, melphalan;

ATG, antithymocyte globulin; Alem, alemtuzumab; PBSC, peripheral blood stem cells; MSD, matched sibling donor; MUD, matched unrelated donor; MMUD, mismatched unrelated donor.

Table 9: Characteristic of patients prior to transplantations for MAP3K14/NIK mutations.

Age at Clinical manifestations and
Patient # Mutation presentation pathogens Immune abnormalities Report
1 c.C1694G NA Viral - including CMV and (1) Low B and switched memory B-cells; (2) Reduced B-cell;  Willmann et al. 2014
bacterial infections, BCG (3) Low NK cells; (4) Hypogam and low IgA, high IgM; Patient 1
cryptosporidium (5) Reduced NK activity; (6) Reduced T-cell responses
2 c.C1694G NA Chronic diarrhea, cholestasis (1) Low B and switched memory B-cells; (2) Reduced B-cells;  Willmann et al. 2014

pneumonias, Candida,
CMV, cryptosporidium

(3) Low NK cells; (4) Hypogam and low IgA, high IgM;
(5) Reduced NK activity; (6) Reduced T-cell responses

Patient 2

Note: NA, not available; Hypogam, hypogammaglobulinemia.
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Table 10: Outcome of patients after transplantation for MAP3K14/NIK mutations.

Evaluation post-HSCT

Conditioning, HLA, cell

Report
Willmann et al. 2014 Patient 1
Willmann et al. 2014 Patient 2

1st HSCT

Died septic shock 2nd HSCT

Outcome
Clinically well

NA

(time post-HSCT)

Follow up post-HSCT
NA

50d

source

RIC (NA), NA, NA

Age at HSCT
9yr

3yr

Patient #

NA

Failed to engraft

None, MRD, NA

None, MRD, NA 6d NA

NA

Note: HSCT, hematopoietic stem cell transplantation; NA, not available; RIC, reduced intensity conditioning; MRD, matched related donor.

be determined (Scarselli et al. 2015). Hence, the optimal
conditioning for patients with NFkB defects undergoing
HSCT is still not clear, particularly when considering
the multiple cells of the immune system that are
dependent on NFxB pathway.

While HSCT can correct the immune abnormalities
associated with NFkB defects, particularly if full donor
chimerism is achieved, patients might still be susceptible
to non-immune morbidities, possibly because of the role
of NFkB in diverse biological processes. Indeed, only
14 (40%) of the transplanted patients were reported to
be clinically well. Moreover, because follow-up in many
of these patients has been short, additional morbidity
may still be revealed. Some of the complications identi-
fied hitherto include liver toxicity, inflammatory bowel
disease and neurological abnormalities. The liver toxicity
was seen already in 3 patients who received MAC, lead-
ing Klemann et al. to propose that NEMO mutations
predispose to hepatic complications (Klemann et al.
2016). Liver injury and hepatic veno-occlusive disease
are uncommon after HSCT for most inherited immune
defects, yet it has been reported in patients undergoing
HSCT for hemophagocytic lymphohistiocytosis
(Ouachée-Chardin et al. 2006) and ataxia telangiectasia
(Beier et al. 2016), possibly due to subtle pre-existing
liver inflammation or increased sensitivity of liver cells
to chemotherapy. Whether these factors also contribute
to the hepatic abnormalities following HSCT for NF«xB
pathway defects is not known, yet close monitoring of
liver enzymes and early intervention might be beneficial
in affected patients. An intriguing concept is the develop-
ment of inflammatory bowel disease following transplant
in patients with NEMO mutations. Significant bowel
inflammation may develop in up to 20% of NEMO-defi-
cient patients. Thus it is difficult to draw conclusions
from the appearance of bowel pathology in 4 of 10 trans-
planted NEMO-deficient patients, despite the occurrence
of similar complication after HSCT in a murine model of
NEMO defect (Nenci et al. 2007). Whether translocation
of enteric bacteria across impaired intestinal barrier of
NEMO-deficient mice, combined with an aggressive
immune response, contributed to the GI damage is still
debatable (Nenci et al. 2007).

Conclusion

In conclusion, HSCT can correct the immune defects
associated with mutations in the NFxB pathway, how-
ever such procedures are still associated with substantial
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morbidity and mortality. Moreover, non-immune
abnormalities may persist or develop after HSCT, hence
the benefits from HSCT should be carefully considered
in every patient. Earlier identification and transplanta-
tion of affected patients as well as better understanding
of the pathogenesis and complications of the different
NFkB mutations might improve outcome HSCT for
specific patient populations.
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