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Abstract

Objective. To explore and define the molecular cause(s) of a multi-generational kindred affected by Bechet’s-like
mucocutaneous ulcerations and immune dysregulation.

Methods. Whole genome sequencing and confirmatory Sanger sequencing were performed. Components of the
NFkB pathway were quantified by immunoblotting, and function was assessed by cytokine production (IL-6, TNF-a,
IL-1pB) after lipopolysaccharide (LPS) stimulation. Detailed immunophenotyping of T-cell and B-cell subsets was per-
formed in four patients from this cohort.

Results. A novel variant in the RELA gene, p. Tyr349LeufsTer13, was identified. This variant results in premature
truncation of the protein before the serine (S) 536 residue, a key phosphorylation site, resulting in enhanced deg-
radation of the p65 protein. Immunoblotting revealed significantly decreased phosphorylated [p]p65 and plkBa. The
decrease in [p]p65 may suggest reduced heterodimer formation between p50/p65 (NFxB1/RelA).
Immunophenotyping revealed decreased naive T cells, increased memory T cells, and expanded senescent T-cell
populations in one patient (P1). P1 also had substantially higher IL-6 and TNF-a levels post-stimulation compared
with the other three patients.

Conclusion. Family members with this novel RELA variant have a clinical phenotype similar to other reported
RELA cases with predominant chronic mucocutaneous ulceration; however, the clinical phenotype broadens to in-
clude Behcet’s syndrome and IBD. Here we describe the clinical, immunological and genetic evaluation of a large
kindred to further expand identification of patients with autosomal dominant RELA deficiency, facilitating earlier
diagnosis and intervention. The functional impairment of the canonical NFkB pathway suggests that this variant is
causal for the clinical phenotype in these patients.
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ulcerations.
ophthalmic manifestations.

intervention.

o Pathogenic RELA variants are associated with a varied phenotypic spectrum, with predominant mucocutaneous
o This study expands the clinical phenotype of patients with RELA haploinsufficiency to include IBD and additional

e Prompt recognition of this complex immune dysregulatory phenotype may facilitate earlier diagnosis and

Introduction

The NFkB pathway is composed of a family of inducible
transcription factors, which control DNA transcription,
cytokine production, cell survival, and regulation of the
immune response to infection. NFkB has five protein
components—p65/RelA, RelB, c-Rel, p105/50 (NFxB1)
and p100/p52 (NFkB2)—all of which share the Rel-
homology domain (RHD) [1]. The p65/RelA protein is a
key component of the canonical pathway of NF«xB, and
associates with p50/NF«xB1for nuclear translocation and
cytokine gene transcription (Fig. 1A). Signalling through
the NF-xB pathway is important for maintaining self-
tolerance and regulation of the immune response, be-
sides playing a key role in control of the inflammatory
response [2-7]. Defects in this pathway have been impli-
cated in various inborn errors of immunity (IEls). These
include both immune deficiencies and autoinflammatory
disorders, such as X-linked and autosomal dominant
ectodermal dysplasia with immunodeficiency (IKBKG,
IxBo, respectively), combined immunodeficiency sec-
ondary to pathogenic variants in IKKB, RelB, c-Rel,
NFxB1 and NFkB2, and CVID secondary to defects in
NFkB1 and NFkB2 [2, 8-19].

Pathogenic variants in RELA have been previously
reported in the last four years in at least ten patients
from three different kindreds. These patients presented
primarily with chronic mucocutaneous ulcerative dis-
ease. Badran et al. presented a family of four patients
with a history of chronic mucocutaneous ulcerations and
early onset colitis with a splice-site variant in RELA lead-
ing to RelA haploinsufficiency [20]. Adeeb et al. reported
five patients within a single kindred with mucocutaneous
ulcerative disease with a frameshift variant in RELA
resulting in a truncated protein [21]. One of these
patients had neuromyelitis optica (NMO), but did not
have Behcet’s syndrome-like features [21, 22]. A single
patient with a nonsense variant in RELA has been
reported with ALPS (autoimmune lymphoproliferative
syndrome)-like features and Evans syndrome (refractory
ITP, haemolytic anaemia, neutropenia) and splenomeg-
aly with lymphadenopathy [23, 24]. Additionally, three
patients with novel RELA variants (two with the same
missense variant, and one with a nonsense variant) have
been reported with severe early-onset and/or familial
SLE [25].

The association of RELA haploinsufficiency and
Behcet's-like features has been previously described
though there appears to be a phenotypic spectrum with
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an occasional patient manifesting with lymphoprolifera-
tive disease and autoimmune cytopenias. The patient
cohort in this study extends the previously described
clinical phenotype of mucocutaneous ulcerations and
immune dysregulation.

Methods
Human subjects

The index proband (P4), his parents and two maternal
aunts gave informed written consent to participate in an
IRB-approved research study, IRB11-00215. The P2 pro-
band and his parents underwent clinical exome sequenc-
ing and gave informed consent to participate in research
under another IRB-approved protocol, IRB18-00662. The
four patients (P1, P2, P3 and P4) also consented to an
immunology study protocol, IRB#00000015, for the vari-
ous functional and immunological studies described here-
in. All IRB protocols were approved by Nationwide
Children’s Hospital and include written informed consent.

Genome sequencing (P4 proband and parents)

Genomic DNA from was extracted from peripheral
blood. Genome sequencing was performed as
described in Supplementary Data S1, available at
Rheumatology online [26-29].

Variant analysis and interpretation

Our general approach to variant analysis and interpret-
ation for paediatric disorders has already been
described [30]. Details of variant analysis are described
in Supplementary Data S1, available at Rheumatology
online [31, 32].

Clinical exome sequencing (P2 and parents)

Clinical exome sequencing was performed at the Steve
and Cindy Rasmussen Institute for Genomic Medicine at
Nationwide Children’s Hospital, Columbus, Ohio, as pre-
viously described [33]. Details of variant analysis are
described in Supplementary Data S1, available at
Rheumatology online.

Sanger sequencing

Genome sequencing findings were verified by Sanger
sequencing as described in the Supplementary Data S1,
available at Rheumatology online.

https://academic.oup.com/rheumatology
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Figure created with

BioRender.com. (B) Photographic depiction of clinical manifestations in our cohort including mucocutaneous ulcera-
tions in P1, along with episcleritis and rash in P2. (C) Key phenotypic and laboratory features and treatment is pro-

vided for P1, P2 and P4. Detailed clinical and laborato
followed only sporadically.

Immunoblotting

NF«B canonical pathway analysis was performed on iso-
lated peripheral blood mononuclear cells (PBMCs) from
patients and healthy controls as described in
Supplementary Data S1, available at Rheumatology online.

Immunophenotyping

Immunophenotyping of T cells and B cells was per-
formed with multiparametric flow cytometry using

https://academic.oup.com/rheumatology

ry history and treatment is not available for P3 as she was

antibodies (Supplementary Table S1, available at
Rheumatology online) for naive and memory T cells,
activated, senescent and exhausted T cells, naive and
memory B cells, transitional B cells, and plasmablasts
using fluorescently conjugated antibodies, and ana-
lysed using a CytoFLEX LX (Beckman Coulter, La
Brea, CA, USA) flow cytometer. The data was further
analysed with Kaluza C v.1.1.%& (Beckman Coulter) or
FCS Express v.7 (De Novo, Pasadena, CA, USA)
software.
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Cytokine assays

Cytokines were assessed after stimulation of peripheral
blood mononuclear cells (PBMCs) from healthy controls
and patients as described in Supplementary Data S1,
available at Rheumatology online.

Results
Clinical cases

The four patients described below were independently
seen by different providers within the Rheumatology
clinic. The familial relationship of these patients was dis-
covered subsequently after collection of genetic data
and extended pedigree evaluation. Characterization of
the familial variant was performed subsequent to the
genetic analysis.

Patient 1 (P1) is a 20-year-old Eurasian female with
recurrent oral ulcerations since infancy, followed in the
Rheumatology Clinic for possible Behget's syndrome. At
age 16y, she developed recurrent genital ulcerations
with negative testing for herpes simplex virus (HSV) and
sexually transmitted diseases. She had been followed
by an ophthalmologist locally for raised intra-ocular
pressure and thinning of the optic nerve. Additionally,
she had a history of congenital heart disease with a ven-
tricular septal defect, and sub-valvar aortic stenosis,
repaired surgically. She has received allergen immuno-
therapy for severe environmental allergies. Her labora-
tory studies have demonstrated a persistently elevated
sedimentation rate (ESR) between 21-58 mm/h (refer-
ence range <20 mm/h). Clinical and laboratory screening
for SLE and coeliac disease were negative. She was re-
luctant to try treatment with non-biologic and biologic
disease modifying agents due to concern for side
effects. This patient has continued to experience period-
ic flares of oral ulcers, which have been treated with
oral corticosteroids and sucralfate (Fig. 1B). The addition
of colchicine has been effective in reducing her inflam-
matory flares. A brief trial of azathioprine was unsuc-
cessful and was discontinued due to reported side
effects (Fig. 1C).

Patient 2 (P2) is a 5-year-old white male, who pre-
sented at age 3y with recurrent episodes of fever, geni-
tal ulcers since infancy, and oral ulcers since age 2y.
His mother reported a personal diagnosis of Behcget's
syndrome in early childhood. P1 and P2 are related as
half-siblings, sharing a maternal parent. P2 complained
of leg pain with fever episodes without signs of arthritis.
He developed rashes resembling erythema nodosum or
panniculitis, with multiple deep, painful, erythematous
papules scattered on his arms and face (Fig. 1B). Skin
biopsy, performed by Dermatology, revealed interface
dermatitis. At age 4y he developed scleral inflammation,
and an urgent ophthalmology evaluation provided a
diagnosis of episcleritis (Fig. 1B). His laboratory studies
showed a mildly elevated ESR at 19mm/h (reference
range: <13mm/h) with disease flares. Laboratory
screening studies for SLE and coeliac disease were
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negative. Complement components C3, C4, and quanti-
tative immunoglobulins were normal, and HLA B51 was
also negative. His disease flares improved with short
courses of corticosteroids, by oral or topical route. His
mother declined additional immunosuppressive therapy,
such as azathioprine and TNFa-inhibitors, due to con-
cern for side effects. At age 4y, he developed intermit-
tent diarrhoea with poor weight gain, raising concern for
IBD. Gastroenterology evaluation, including stool calpro-
tectin and upper and lower endoscopy, was inconclu-
sive for IBD and intestinal Behget’'s syndrome. His
disease flares have been less frequent since starting
colchicine (Fig. 1C).

Patient 3 (P3) is a 32-year-old white female with his-
tory of oral and genital ulcers since age 12y. She was
initially diagnosed with Crohn’s disease given additional
mucosal ulcerations seen throughout the Gl tract prior
to ultimately receiving a diagnosis of Behcet’s syn-
drome. The clinical history described below is based on
patient report and clinical phenotype, as she is infre-
quently followed at our hospital. Approximately, from
age of 15-19y she was treated with intermittent courses
of oral corticosteroids for flares of mucocutaneous
ulcerations. At age 20y, she was treated with several
immunomodulatory agents, including hydroxychloro-
quine, colchicine and azathioprine. She was transitioned
to infliximab at age 21y due to lack of clinical improve-
ment with prior therapies, but developed septic knee
arthritis while on this drug. She was subsequently
started on adalimumab, and remained on this drug for
two years, with some improvement in her mucocutane-
ous ulcers. During this period, she required an admis-
sion to the intensive care unit for sepsis, and following
discharge, voluntarily ceased all treatment. For the fol-
lowing six-year period, her flares were infrequent, and
managed with intermittent short courses of oral cortico-
steroids. After developing more frequent episodes of in-
flammatory disease, she was started on a
phosphodiesterase 4 (PDE-4) inhibitor, apremilast, which
was approved for treatment of Behcet’s syndrome in
2019. She has been on this treatment for the past
2years and appears to have excellent control of her
disease.

Patient 4 (P4) is a 7-year-old white/Hispanic male who
developed an anogenital ulcer around 1 month of age,
and continued to have recurrent oral and genital non-
scarring ulcers that were typically associated with fever.
In addition to his mucocutaneous ulcers, he had recur-
rent conjunctivitis without evidence of uveitis, urticarial-
like rashes, cervical lymphadenopathy and poor weight
gain. He did not have a history of recurrent infections.
His laboratory evaluation was notable for elevated in-
flammatory markers (ESR, CRP), thrombocytosis and
anaemia of chronic disease. Testing was negative for
HLA B51, and he had cytokine panels performed on two
different occasions while on high-dose corticosteroids,
which were normal. He has been treated with corticoste-
roids, colchicine and azathioprine with minimal re-
sponse. TNF-a inhibitors were considered, but ultimately

https://academic.oup.com/rheumatology
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decided against given his mother’s (P3) history of failed
therapy with these medications. He was started on ana-
kinra, a recombinant IL-1 receptor antagonist, with good
response, and eventually weaned off corticosteroids. He
was then transitioned to canakinumab, an anti-IL-1p
monoclonal antibody, which required higher than normal
doses to maintain control of disease (Fig. 1C). Due to
poor weight gain over the years, he had a gastrostomy
tube placed to provide high caloric intake. The family
history is significant for recurrent oral and vaginal ulcers
in his mother (P3), as well as two maternal aunts who
have Crohn’s disease of varying severity. P1 and P2 are
related to P3 and P4 via maternal lineage.

Additional information for the above four patients can
be found in Supplementary Table S2, available at
Rheumatology online.

Novel RELA variant extends clinical phenotype

Genomic analysis
Genome sequencing

The index proband for this study (P4) presented to
Clinical Genetics with concern for short stature and
speech delay. He had a history of oral and penile ulcers
and carried a clinical diagnosis of neonatal Behcet’s
syndrome. His mother (P3) had a long history of
Behcget’'s syndrome (mouth, vaginal and Gl tract sores
as well as abdominal pain). Two maternal aunts had
similar symptoms, though not necessarily as a formal
diagnosis, and a few members of the maternal grandfa-
ther’s family have been reported to have autoimmune
conditions, including SLE and Crohn’s disease (Fig. 2A).
The family was referred for research testing based on
the strong family history, and lack of a molecular

Fic. 2 Novel RELA frameshift variant segregates with disease in a large family kindred
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RelA protein structure with the p. Tyr349LeufsTer13 frameshift variant (black) plotted alongside other reported patho-
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diagnosis on targeted panel testing. The proband and
his parents were enrolled for trio genome sequencing
(GS). Approximately ~240.5 gbp of raw sequencing data
per individual was generated, vyielding an average
genome-wide read depth of 65.32x. Detailed sequenc-
ing metrics are provided in Supplementary Table S3,
available at Rheumatology online.

Variant analysis and interpretation

Genome-wide copy number variant (CNV) calling with
VarScan v.2.3.4 identified 15 high-confidence CNVs
ranging in size from 27.5 kbp to 1.02 Mbp. Only two of
these overlapped with exons of OMIM disease genes
[1]: a 374.6kbp gain in VWAS3B (associated with auto-
somal recessive spinocerebellar ataxia 22, MIM
#614884) and an 861.7kbp gain of DNAI2 (associated
with primary ciliary dyskinesia 9, MIM #612444). Both
variants were maternally inherited, but neither condition
matched the inheritance pattern or clinical features
observed in this family.

For the SNV/indel analysis, multiple possible inherit-
ance models were considered for the proband’s condi-
tion, but did not identify any compelling recessive or X-
linked candidates. Analysis of maternally inherited var-
jants under a dominant disease model uncovered 728
coding variants with MAF <5%. Of these, 112 were
rare, non-silent variants, and 20 were in genes associ-
ated with OMIM disease (Supplementary Table S2,
available at Rheumatology online). Half of these were
associated with autosomal recessive (AR) conditions. Of
the 10 remaining candidates, only one offered a reason-
able phenotypic match: a novel single-base insertion in
RELA, a gene that encodes a subunit of the NFkB com-
plex. As mentioned earlier, Badran et al. reported a
splice site variant in RELA as the cause of disease in a
two-generation family with autosomal dominant chronic
mucocutaneous ulceration (MIM #618287) [20]. As of
February 2022, the ClinVar database (https://www.ncbi.
nim.nih.gov/clinvar/) contained a total of 14 RELA loss-
of-function variants reported as pathogenic or likely
pathogenic (Fig. 2B). One is a de novo splice site
change (NM_021975.4: ¢.1034-2A>C) identified in a pa-
tient with mucocutaneous ulceration by Rady Children’s
Hospital. Another is a de novo nonsense variant
(p.Arg246*) in a patient with lymphoproliferative disease
and autoimmune cytopenias [24]. The remaining three
variants in ClinVar are nonsense changes identified in
patients for which no phenotypic information was
provided.

Identification of a truncating variant in RELA

The variant in this family was a novel single-base inser-
tion in RELA predicted to cause a frameshift
(NM_021975.4: ¢.1044dupC, p. Tyr349LeufsTer13;
Fig. 2B), which reduces the amount of the protein by
approximately one-third. It is absent from the gnomAD
and TopMed databases, making it extremely rare.
Research-based Sanger sequencing confirmed the
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variant was heterozygous in the proband, mother and
two affected maternal aunts (Fig. 2C; Supplementary
Fig. S1, available at Rheumatology online). Notably, a
second male patient (proband P2) with a diagnosis of
Behcet’s syndrome was seen separately in the same in-
stitution, and referred for clinical exome sequencing,
which uncovered the identical frameshift variant in RELA
(p-Tyr349LeufsTer13). Through pedigree comparison and
sequence-based relationship inference using the KING
algorithm, it was determined that the RELA-positive
mothers of patients P4 and P2 were first cousins.
Multiple family members in their shared lineage have
clinically confirmed or family-reported features of
Behcet’'s syndrome (Fig. 2A).

The phenotypic similarities between our family and the
one described by Badran et al. are striking.
Furthermore, through international matchmaking via
GeneMatcher [34], an Irish family with a similar dominant
Behcet’s-like disorder caused by another truncating
variant in RELA (p.His487ThrfsTer7; Fig. 2B) was identi-
fied, and later published by Adeeb et al. [21].

No rare (MAF < 0.05) coding variants were identified in
NOD2 or the other 30 genes currently described to be
associated with IBD/Crohn’s disease susceptibility
according to OMIM (MIM #266600).

Functional analysis of the canonical NFkB pathway

To determine whether this novel RELA variant
(p.Tyr349LeufsTer13) affected downstream NF«B signal-
ling, immunoblotting with densitometric analysis was
performed before and after LPS stimulation to quantify
native and phosphorylated proteins of the canonical
NFxB pathway. The antibody used for assessment of
native p65/RelA binds an epitope near/at Glu498 of the
protein, while the patients’ variant is located upstream
of this position. Therefore, the truncation of the protein
due to the presence of the pathogenic variant would re-
sult in the loss of the binding epitope for the detecting
antibody. This would prove that the RelA protein in the
patients is truncated. After LPS stimulation, the RELA
patients showed minimal phosphorylation of p65, as
well as reduced levels of native p65 compared with con-
trols, with no increment in protein expression on LPS
stimulation (Fig. 3A and B). There is also substantial re-
duction in pERK after LPS stimulation in patients com-
pared with controls. There does not appear to be any
notable differences in protein and phosphorylation levels
of IKKa and IKKp pre- or post-LPS stimulation. The de-
crease in phosphorylated p65 in the patients suggests
reduced heterodimer formation between p50/p65
[NFxB1/RelA], consistent with RELA haploinsufficiency.

Immunophenotyping analyses

Comrie et al. [24] have described immunophenotypic
abnormalities in a single patient with RelA haploinsuffi-
ciency and Evans syndrome. Therefore, flow cytometric
immunophenotyping of T-cell and B-cell subsets was
performed in all four RELA patients (Table 1). Only one

https://academic.oup.com/rheumatology
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Fic. 3 Western Blots and densitometric quantitation of immunoblotting for native and phosphorylated proteins of the

canonical NFxkB pathway
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Total PBMCs from healthy controls and four patients were stimulated with LPS (100ng/mL) for 30min. (A) The
Western Blot images were acquired with a C-Digit scanner, and data were analysed using Image Studio software (Li-
Cor). (B) The proteins of the NFkB canonical pathway from the Western Blot were quantified using densitometry, and
the levels of proteins were normalized to f-actin. The relative phosphorylation and protein levels are shown. The val-

ues are expressed as the mean (s.n.).

of the four RELA patients tested (P1) showed any quan-
titative anomalies in T-cell subsets. P1 had decreased
naive CD4+ and CD8+ CD45RA+ T cells with
increased CD4+CD45RO+ memory T cells compared
with the experimental healthy control, reference interval,
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and other RELA patients. Both P1 and P3 showed an
increase in activated CD4+CD25+ T cells, with P1 also
showing an expansion of CD4+CD28+CD57+ senes-
cent T cells. B-cell phenotyping was unremarkable in all
patients.
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TasLe 1 Flow cytometric immunophenotyping of T-cell subsets in blood

CD45RA+ CD45RO+ Naive TCM TEM CD28+CD57+ CD25+
%CD4+ T Cells HC 38.35 42 45 34 9 5.96 45.36
P1 10.275 65.95 56.16 33.17 15.435 19.09 71.31
P2 72.8 15.5 52.8 29.72 7.4 4.1 16
P3 45.34 43.75 51.64 16.96 11.76 6.09 57.85
P4 77.82 14.96 43.25 23.52 7.12 7.82 11.38
%CD8+ T Cells HC 52 28 21.7 6 16 10.04 29.00
P1 18.55 19.35 19.89 3.61 11.07 18.15 24.89
P2 89.2 1.77 31.81 1.12 16.83 3.97 4.75
P3 63.95 8.6 27.53 1.85 14.14 11.54 52.01
P4 92.22 1.98 31.49 0 15.27 11.97 4.87

P1 shows decreased naive CD4+ and CD8+ CD45RA+ T cells and increased CD4+CD45RO+ memory T cells compared
with the healthy control (HC) and other RELA patients. Both P1 and P3 showed an increase in activated CD4+4-CD25+ T
cells, with P1 also showing an expansion of CD4+CD28+CD57+ senescent T cells. The median value (range) for each cell
subset derived from 54 healthy controls is: CD4+CD45RA+=38% (14-67%), CD4+CD45R0O+=42% (11-78%),
CD4+4CD25+=45% (20-94%), CD4+CD28+CD57+=6% (0-44%), and CD8+CD45RA+=52% (20-75%). TCM: central

memory T cells; TEM: effector memory T cells.

Cytokine assays

To determine whether there was dysregulation of the NFxB
pathway in these patients, cytokine secretion from mono-
cytes or PBMCs was measured before and after LPS
stimulation and compared relative to healthy controls
(Fig. 4). The rationale for using monocytes vs PBMCs was
to ascertain the cellular contribution of the cytokines pro-
duced post-stimulation. Ultrapure and standard LPS were
both tested to see if any measurable difference was noted
through TLR4 signalling alone (ultrapure LPS) compared
with signalling through both TLR4 and TLR2 (standard LPS)
(Fig. 4A). For all tested cytokines, the majority of the
secreted IL-6 was from monocytes after LPS stimulation,
and not from lymphocytes (non-adherent cells), in both
patients and controls. Unstimulated monocytes, as well as
serum, from all four patients show negligible IL-6. However,
after stimulation, P1 shows maximal IL-6 comparable to the
healthy control. P2, P3 and P4 show substantially dimin-
ished IL-6 levels post-stimulation compared with P1 and
the healthy experimental control (Fig. 4C). None of the
patients received IL-6 or IL-6R blocking therapies. TNF-o
production was highest in P1, while P2, P3 and P4 showed
no TNF-o secretion post-stimulation (Fig. 4B). Individual
cytokines were also assessed for each patient using total
PBMCs rather than sorted monocytes (Fig. 5A), which
revealed a pattern similar to what is seen in Fig. 4B and C.
Three additional cytokines, IL-8, MCP-1 and MIP1o were
also assessed (Fig. 5A). Cytokine and chemokine levels in
P1 are within normal limits or slightly high (IL-8, MIP1a),
while lower limits or reduced levels of cytokines and che-
mokines were detected in P2, P3 and P4.

Discussion

In this paper, we report the functional effect of a novel
RELA variant, a key component of the NFkB pathway
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(Fig. 1A), in a large kindred with clinical phenotype of
Behcet’s-like syndrome (Figs 1B, C and 2A). RELA (p65)
variants along with REL (c-Rel) and NFKB1 (p50) patho-
genic variants have mainly been described in the con-
text of humoral immune defects [6]; however, this study,
and others discussed herein clearly demonstrate the
breadth of the clinical phenotype, including inflammatory
and autoimmune manifestations.

In mouse models, RelA signalling through the NF«xB
pathway is critical for normal embryonic development. In
RelA-deficient mice, liver degeneration and lethality sec-
ondary to increased apoptosis and necroptosis occurs
around day 14-15 of embryonic development [35-37].
RelA has also been implicated in immune homeostasis,
with roles in regulation of lymphocyte development and
proliferation, production of specific immunoglobulin iso-
types, and development and maintenance of regulatory
T-cell populations [35, 37-39].

Compared with mouse studies, significant immuno-
phenotyping abnormalities or hypogammaglobulinemia
have not been reported in human cases of RelA defi-
ciency, suggesting that, as with other inborn errors of
immunity, the mouse model may not be a faithful repre-
sentation of human disease. In human studies, RelA
haploinsufficiency has been implicated in diminished
NF«B activation in response to TNF-a stimulation. This
impaired activation disrupts the balance of survival and
apoptotic signals and leads to increased apoptosis of
epithelial and stromal cells, resulting in a clinical pheno-
type of mucocutaneous ulceration as reported in several
studies [20-21].

In this study, we demonstrated functional impairment
of the canonical pathway of NFkB due to a novel RELA
variant. The four RelA-deficient patients showed minimal
phosphorylation of p65 (Fig. 3A and B), suggesting
reduced heterodimer formation between p50/p65
(NFxB1/RelA). RelA and p50 heterodimers have an
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Fic. 4 Cytokine secretion after monocyte stimulation
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Representative example of two healthy controls and P1 is depicted. (A) Comparison of cytokine production by adher-
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lates through TLR2 and TLR4) and ultrapure LPS (stimulates through TLR4). (B) After stimulation, P1 shows maximal
IL-6 comparable to the healthy control [HC]. (C) TNF-o production was highest in P1. The average IL-6 and TNF-« lev-
els in eight healthy controls after 24 h stimulation with 100 ng/mL of ultrapure LPS is 9410 (4476) pg/mL and 261

(149) pg/mL, respectively.

activating function, while p50 homodimers, which are
likely to form in the presence of mutant RelA, are re-
pressive [40]. Except for one patient (P1), quantitative
skewing of the T-cell and B-cell compartments is not
observed (Table 1), and most other studies reporting
RELA variants have not performed extensive immuno-
phenotyping, except for Comrie et al. [24], who report
immune dysregulation with altered lymphocyte subsets,
including decreased naive T cells, increased T effector
memory cells expressing CD45RA (TEMRA), and IFNy-
skewed CD4+ T cells. P1 had decreased naive T cells,
increased memory T cells, and an expanded senescent
T-cell population, similar to the Comrie et al. study [24].
Interestingly, though all four patients share the same
RELA variant, there are stark differences in the mono-
cyte cytokine production with P1 demonstrating sub-
stantially higher IL-6 and TNF-a levels post-stimulation
compared with the other three patients (Figs 4 and 5A).

https://academic.oup.com/rheumatology

Similarly, IL-8 and MIP1a were increased in only one pa-
tient (P1) compared with the other patients (Fig. 5A). Of
note, P1 was not on consistent immunosuppressive
therapy at the time of the blood draws for these studies.
Despite differences in immunophenotype and monocyte
cytokine production, all patients share a similar clinical
phenotype, which supports the pathogenic loss-of-
function (LOF) of p65 (RelA), as described in other
patients with different RELA variants.

The clinical presentation in this three-generation family
seems to have progressively earlier-onset and increased
severity in the youngest generation. This may be related
to the phenomenon of genetic anticipation, which is well
known in genetics, and has been described in other in-
born errors of immunity, e.g. GATA2 haploinsufficiency
([41]; R.S.A., personal observation). Phenotypic overlap
has been observed between RelA haploinsufficiency and
A20 (TNFAIP3) haploinsufficiency [42-44], suggesting
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Fie. 5 Functional assessment of cytokine production in RelA-deficient patients and clinical overview of phenotypes

A
15000+ 80000+ 8000=
= o® = 60000 -° T eo00{ ¢
£ 10000- E S
=4 E-) o
2 £ 400004 = 4000+
[-=1 o ?
. 5000 X L
i = 20000- H £ 2000+
0- 0 eal 1 0-
HCs P1 P2 P3 P4 HCs P1 P2 P3 P4 HCs P1 P2 P3 P4
50000+ 3000+ 15000~
[ ]
__ 40000 - . = .
= 20004 100004
£ 300001 § 2
a - 1
@ 200004 a | z i
1 S 1000 2 5000
100004 .
0 [l 1M 0- 0 Clea
HCs P1 P2 P3 P4 HCs P1 P2 P3 P4 HCs P1 P2 P3 P4
B
IMMUNOLOGIC | (8 DERMATOLOGIC
Immune dysregulation { t Rash
HEMATOLOGIC (8 . NEUROLOGIC

Autoimmune cytopenias

il

RHEUMATOLOGIC
Arthralgias

Mucocutaneous ulcerations
Periodic Fever

Neuromyelitis Optica

GASTROINTESTINAL
Inflammatory Bowel
Disease

(A) Cytokine production in PBMCs. Total PBMCs from each of the four patients, and six healthy controls were stimu-
lated for 24h with LPS, and cytokines or chemokines were assessed: IL1f, IL-6, TNFx, IL-8, MCP-1 and MIP1a. The
values are expressed as the mean (s.n.) from six healthy controls. (B) Clinical spectrum of disease in patients with

RELA variants. Figure created with BioRender.com.

that there may be a common mechanism of TNF-a
induced apoptosis in these disorders, which can also
share phenotypic overlap. Given this similarity, both
RELA and A20 haploinsufficiency should be considered
in the differential diagnosis of patients who present with
childhood-onset SLE [25, 44].

The phenotypic differences observed in this familial
cohort with the same novel RELA variant may not only
be related to genetic anticipation, as discussed above,
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but also related to the variability in nonsense-mediated
decay (NMD) that has been reported with frameshift,
nonsense, splicing variants or other rearrangements in
several studies [45, 46].

In the case of these four patients with suspected im-
mune dysregulation, genetic testing proved to be critical
for the identification of a monogenic basis of disease.
Selecting which type of genetic testing to perform
depends on the clinical phenotype, family history,
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representation of the gene in targeted panels, gene
coverage on the next-generation sequencing method-
ology being used, and whether there is concern for in-
tronic pathogenic variants or pseudogenes [47]. There is
no one-size-fits-all approach for every patient and every
monogenic disorder of immunity.

Previously reported pathogenic variants in RELA, as
well as the novel variant described here, have been
associated with a varied phenotypic spectrum, with
haematologic, rheumatologic, gastrointestinal, immuno-
logic, dermatologic, ophthalmologic and neurologic
manifestations (Fig. 5B). Several of these studies report
patients with chronic mucocutaneous ulcerations as the
predominant phenotype resulting from the RELA variants
[20-21], which is consistent with the Behcet's
syndrome-like phenotype seen in the four patients
described in this study. The types of RELA variants
reported have included splice-site [20], frameshift [21]
and nonsense [23-24].

In addition to Behcet’s syndrome-like features, the
patients described here with this novel pathogenic RELA
variant display a clinical phenotype that has now been
expanded to include IBD and additional ophthalmic
manifestations, such as episcleritis. Early identification
of patients with this phenotypic spectrum is likely to fa-
cilitate the genetic and immunological analysis required
for accurate diagnosis and prompt immunosuppressive
intervention.
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