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Abstract

Objective

To identify the genetic cause of a late-onset immunodeficiency and subacute progressive
neurodegenerative disease affecting cognition, motor, visual, and cerebellar systems in a patient
with a family history of 2 younger siblings with an early-onset immunodeficiency disease.

Methods

Physical examinations, immunologic, brain MRI, whole-exome sequencing, and segregation
studies were used to identify the genetic and neuroimmunologic etiology of disease in this
family.

Results

We identified a homozygous loss-of-function (LOF) mutation (c.271+1G>C) in the REXANK
gene in the index patient and one of his younger affected siblings. Biallelic mutations in the
RFXANK gene are known to cause bare lymphocyte syndrome (BLS) type II, complementation
group B. The clinical and immunologic investigations were consistent with a clinical diagnosis
of BLS type II. MRI demonstrated global cerebral and cerebellar atrophy with white matter
signal changes in the index case.

Conclusions

In addition to BLS type II, our study has expanded and further characterized the phenotype
associated with the LOF of RFXANK to include progressive neurodegenerative disease. Our
study also provides evidence for the impact of LOF on brain development and function. Thus,
early bone marrow transplantation, as a standard of care for BLS, could prove to be protective
against the neurologic phenotypes in this group of patients.
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Glossary

WES = whole-exome sequencing; LOF = loss of function; BLS = bare lymphocyte syndrome; CIITA = class II transactivator;
BMT = bone marrow transplantation; IVIG = IV immunoglobulin; GATK = genome analysis tool kit; CAP = College of
American Pathologists; ACMG = American College of Medical Genetics; HSV = herpes simplex virus; REXANK = regulatory
factor X, ankyrin; CMV = cytomegalovirus; BMI = body mass index; MHC-II = major histocompatibility complex class II;

RFXS = regulatory factor 5; REXAP = RFX-associated protein.

The bare lymphocyte syndrome (BLS) is a primary immuno-
deficiency syndrome caused by major histocompatibility com-
plex class II (MHC-II) deficiency, resulting from biallelic
inactivating mutations in genes encoding transacting transcrip-
tion factors required for the expression of the major MHC class
I molecules." This results in the generation of lymphocytes
lacking MHC-II, hence the name, bare lymphocyte. MHC-II
expression is regulated by 4 transacting factors: class II trans-
activator (CIITA), regulatory factor X, ankyrin repeat-containing
(RFXANK), regulatory factor S (RFXS), and RFX-associated
protein (RFXAP). Mutations in all 4 regulatory genes are asso-
ciated with different complementation groups of BLS.!

The RFXANK gene encodes a subunit of the tripartite RFX
complex, required for regulating the transcription and assembly
of the MHC-II genes and products.” The REXANK protein is
expressed in many tissues including lymphocytes and brain (in
particular basal ganglia, hippocampal, cerebral cortex, and cer-
ebellum) (proteinatlas.org/ENSG00000064490-RFXANK/tis-
sue). The RFEXANK protein has a unique C-terminal domain
containing an ankyrin repeats motif that is involved in protein-
protein interaction.” The REXANK protein provides the scaf-
fold for the formation of the RFX complex containing
RFXANK, RFXS, and REXAP proteins and allows for RFXS
protein interaction with the motif boxes of MHC-II promoters.®

Mutations in the REXANK gene are the common cause of BLS,
group B.* It is an autosomal recessive lethal primary combined
immunodeficiency affecting both thymic epithelium and bone
marrow—derived cells® Affected cells lack antigen-presenting
surface receptors causing CD4" lymphocyte populations to be
incompletely developed with impaired CD4" T cell-mediated
immune response. In addition, the humoral immunity of B cells is
severely impaired in these patients, resulting in the absence or
reduction of IgG, IgM, and IgA.5 The clinical manifestations vary
among patients; however, affected children show similar major
clinical features of septicemia and multiple recurrent infections of
the respiratory, gastrointestinal, and urinary tracts. Diffuse in-
terstitial pneumonia is a common feature among patients with
recurrent upper respiratory tract infections including sinusitis and
otitis. In addition, many patients have failure to thrive, recurrent
or protracted diarrhea, and malabsorption due to gastrointestinal
tract infections.”® Of interest, 2 studies reported an additional
phenotype of gait ataxia in 2 patients with BLS due to loss-of-
function (LOF) mutations in REXANK.>” However, aside from
having ataxia, they did not provide any additional neurologic or
imaging data to further describe and characterize the phenotype.
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In the present study, we report a splice site mutation in the
RFXANK gene (NM_003721.3:c271+1G>C) in 2 Saudi
siblings. Both patients have immunodeficiency, with the elder
having a novel additional late-onset neurologic phenotype of
progressive neurodegenerative disease.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

Whole-exome sequencing (WES) studies were indicated
based on the phenotype and family history. Informed consent
was obtained from all participants as per approved in-
stitutional review board (IRB) protocols (TU MLT-2019-07
and Ataxia IRB log # 15-445) at Taibah University and King
Fahad Medical City, respectively.

Molecular Testing and Variants Curation

WES was performed in a clinical and College of American
Pathologists-accredited commercial laboratory as previously
described.® Briefly, DNA libraries for WES were prepared and
sequenced using the SureSelect Kit (Agilent, Santa Clara, CA)
and Hiseq2000 platform (Illumina, San Diego, CA), re-
spectively. Variant calling was performed using the Genome
Analysis Toolkit. The variant was classified and reported
according to the American College of Medical Genetics
guidelines.9

Data Availability
The data that support the findings of this study are available
from the corresponding author on request.

Results

Clinical Data
We present 2 siblings with different ages of BLS onset and
additional neurologic presentations in the elder sibling.

Casellll: 3

A 17-year-old boy (III: 3), presented with a history of re-
current otitis media for 8 months (figure 1). The otitis media
was not responsive to antibiotics and was complicated by a
ruptured tympanic membrane and continued discharges.
The patient was asymptomatic before the onset of infection.
After the infection, he initially developed worsening of gait
and speech difficulties, followed by cognitive symptoms. His
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Figure 1 Family Pedigree and Variant Segregation
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The family pedigree shows the RFXANK variant segregation
with BLS in the 2 affected siblings.

vision was the last to be affected. The neurologic complaint
progressed, and the patient was unable to walk on admission
to the hospital. The patient had no history of recurrent in-
fections, aside from recurrent herpes simplex virus (HSV)
infection before this admission. However, we cannot exclude
that the patient had other infections during his childhood
that did not manifest clinically, such as a previous cyto-
megalovirus infection, as indicated by his positive IgG and

negative IgM testing (supplemental file and table e-1, links.
Iww.com/NXG/A407). The patient had no history of neu-
rologic, visual, or cognitive complaints before his pre-
sentation. The neurologic examination was only performed
on arrival at our center.

The patient was a product of a consanguineous marriage (first
degree), with normal pregnancy and delivery. As per his

Figure 2 MRI Findings in the Index Case (lII: 3)

Axial T2-weighted images (A-C), axial
T2 fluid-attenuated inversion re-
covery (FLAIR) (D-E), coronal T2 FLAIR
(F-G), axial T1 postcontrast (H), diffu-
sion-weighted image (1), coronal T2WI
(T2-weighted image) (), 3D-TOF circle
of Willis (K), and sagittal T2WI of the
spinal cord (L) showed diffuse atro-
phy of both cerebral hemispheres
and mild cerebellar atrophy. There
was bilateral, asymmetrical white
matter hyperintense signal abnor-
mality involving frontal, parietal, and
temporal lobes on T2WI and FLAIR
with no diffusion restriction or post-
contrast enhancement (A-l). There
was atrophy of optic nerves (J, ar-
rows) and features of recurrent ear
infections and sinusitis (A). The main
intracranial arteries and spinal cord
were unremarkable, respectively (K
and L).
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Table Immunologic and CSF Investigations for the Affected Siblings With BLS

Immunophenotyping 1: 8 11: 3 (P1) 11I: 3 (P2) Reference range
Lymphocytes (cells/pL) 1.04 1.53 1.8 214-685
CD19 (cells/pL) 0.16 0.03 0.05 0.70-1.60
CD19 (%) 59 2.3 3 4-23
CD19/DR+ (cells/pL) 0 0 0 0.7-1.6
CD19/DR+ (%) 0 0 0 100
CD3 (cells/pL) 0.28 1.43 1.65 2.20-4.10
CD3 (%) 27.0 93 91 61-70
CD4 (cells/pL) 0.06 0.17 0.12 1.40-2.80
CD4 (%) 6.3 1.7 7 36-44
CD8 (cells/pL) ND 1.03 1.23 0.80-1.80
CD8 (%) 90 68 69 20-30
CD4/CD8 ratio 0.3 0.2 0.1 1.0-5.0
Activated T cells (cells/pL) 0 0 0 0-14
Activated T cells (%) 0 0 0
NK cells (cells/pL) 0.13 0.05 0.1 0.20-0.60
NK cells (%) 12 3.8 6 5.0-10.0
ANCA

MPO ND 0.9 0.7 0-20.0
PR3 ND 1.4 2.1 0-20.0
ANA
Screening ND 0.5 0.5 >1.5 is positive
IFA ND Negative Negative
1gG (g/L) 36 6.43 5.77 7.00-16.00
I1gM (g/L) 0.2 0.47 0.42 0.40-2.30
IgA (g/L) 0.2 <0.26 <0.26 0.70-4.00
C3 (g/L) ND 0.87 ND 0.90-1.80
C4 (g/L) ND 0.23 ND 0.10-0.40

CSF studies
Protein (g/L) 0.08 (0.15-0.45) 44.7 (60-80) ND
Glucose (mmol/L) 3.6 (2.2-3.9) 4.7 (3.9-7.7) ND
Hematology

RBC 0 0 ND 0-5
WBC 0 1 ND 0-5
C/S No growth No growth
Cryptococcal infection ND No growth ND
Genus Brucella-PCR ND Negative ND
HSV 1 and 2-PCR ND Negative ND

Abbreviations: ANA = antinuclear antibody; ANCA = antineutrophil cytoplasmic antibody; C/S = culture and sensitivity; C3 = complement C3; C4 = complement
C4; HSV = herpes simplex virus; IFA = indirect immunofluorescence; MPO = myeloperoxidase; ND = not done; NK = natural killer; P1 = first time point; P2 =

second time point (1 month apart from P1); PR3 = proteinase 3; RBC = red blood cell; WBC = white blood cell.
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parents, he had normal motor milestones and completed his
intermediate school education with no concerns regarding his
cognition, speech, behavior, social development, and in-
teraction. However, a formal assessment was not available.
The patient’s medical history was significant for recurrent
HSYV infections of the skin at age 11, 14, and 17 years. During
the 8-month course of the otitis media, the patient developed
neurologic symptoms. The gait, speech, and cognition only
worsened after the sequence of recurrent ear infections.

On clinical assessment, height, weight, and BMI were 139 cm, 19
kg, and 9.8 kg/m’, respectively. He had no dysmorphic or syn-
dromic features. He had an intact comprehension with severe
dysarthria. On ophthalmologic examination, he had an impaired
pursuit with left gaze preference and no gaze palsy. Pupils were
bilaterally symmetrical and nonreactive. The sclera, cornea, and
lens were normal, with no abnormal scleral vessels. Fundoscopy
showed normal retina and retinal vessels with bilateral pallor of
optic disc. He had severe bilateral sensorineural hearing loss (left
> right). He had truncal ataxia, generalized spasticity, with motor
power of 2/4 in upper and lower extremities (using the Medical
Research Council’s scale of muscle power [Memorandum No.
45]), and mild contractures in the elbows and knees. He had
brisk reflexes with bilateral up-going toes. He was able to sit with
assistance but unable to stand. He had silver scaly lesions over his
abdomen and flanks that were later confirmed to be psoriatic
dermatitis by skin biopsy.

The serologic workup pursued during his first admission is
detailed in table e-1 (links.lww.com/NXG/A407). Investiga-
tions performed included a normal echocardiogram and
Holter monitor test. The EEG study during awake state was
abnormal due to the presence of diffuse moderate to high
voltage rhythmic sharp and slow waves with no maximum
intensity and no electrographic seizures. Brain MRI per-
formed at age 17 years revealed moderate global cerebral
volume loss with asymmetrical bilateral subcortical to peri-
ventricular white matter patchy nonenhancing T2 hyperin-
tense signal abnormality affecting the frontal, parietal, and
temporal lobes. Infratentorially, the cerebellum was involved
to a lesser extent with mild diffuse volume loss and small
nonenhancing focus of T2 hyperintense signal abnormality in
the dentate nuclei (figure 2, A-I). The MRI changes were
consistent with the clinical course. In addition, MRI demon-
strated bilateral optic nerve atrophy (figure 2J) and secretions
in the paranasal sinuses with fluid accumulation in the ears
and mastoid air cells related to recurrent infections with si-
nusitis and otomastoiditis (figure 2A). The brainstem and
spinal cord were spared, and the main intracranial arteries
were unremarkable (figure 2K and L).

Hospital course: the patient’s poor neurologic status wors-
ened, even with the use of appropriate antibiotic treatment for
the ongoing infections (otitis media, followed by aspiration
pneumonia). He developed generalized seizures and was
treated accordingly. He was discharged to a local community
hospital to continue the course of antibiotics. In the local
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hospital, he developed recurrent infections and bedsores. In
addition, he developed dysphagia necessitating the insertion
of a percutaneous endoscopic gastrostomy tube. The patient
lost to follow-up at our center due to his poor general medical
condition and risk of transfer.

A year later, at age 18 years, the patient was readmitted to our
center with severe malnutrition, worsening neurologic con-
dition, and aspiration pneumonia. The second hospital course
was complicated by recurrent infection (aspiration pneumo-
nia, hospital acquired pneumonia, and infected bed ulcers).
Neurologically, the patient had exhibited a significant decline
from the 1st admission, with progressive loss of cognitive and
motor function. He was mute and had only light perception in
vision, with motor response only to pain. He had generalized
contracture and a deep sacral bedsore. Overall, the neurologic
decline was happening in a stepwise manner with every in-
fection. Before death, he had no visual, verbal, or motor re-
sponse to any stimuli. He died due to respiratory failure.

Laboratory Investigations

Chemical, serologic, microbiological, hematologic, and addi-
tional investigations on blood, sputum, stool, and urine
samples collected during the 1st and 2nd admissions were
largely unremarkable (details in supplemental file and table
e-1, links.lww.com/NXG/A407). CSF studies during the 2nd
admission did not show evidence of CNS infection (table).
However, the immunologic workup (2 time points) was
consistent with BLS as he had a persistent pan-
hypogammaglobulinemia and low CD4 resulting in a de-
creased CD4/CDS8 ratio (table). MHC-II human leukocyte
antigen-DR isotype (HLA-DR) was not expressed on
monocytes and B cells, leading to the absence of activated
T cells, which is a hallmark of BLS. Therefore, he was kept on
IV immunoglobulin (IVIG) infusion (every 4 weeks), bilevel
positive airway pressure for type 2 respiratory failure, and
antibiotics for infections.

Casellll: 8

The 6-year-old male sibling (III: 8) was a product of full term
pregnancy with birth weight of 4 kg and no neonatal intensive
care unit admission (figure 1). At age 2 years, he was referred
to our center with chronic diarrhea, failure to thrive, recurrent
chest infections, and oral thrush for 1 year. On examination,
his weight was 6.1 kg (<3rd centile) and height was 78 cm
(<3rd percentile). He was normocephalic, nondysmorphic,
and severely wasted, with oral thrush and chest pectus exca-
vatum. The abdomen was distended with no organomegaly.
His neurologic examination and development were normal.
CSF studies during his admission were unremarkable and did
not show evidence for a CNS infection (table). However,
brain MRI was not pursued because he had no neurologic
phenotype, and therefore, his parents rejected further testing.

The immunologic workup was consistent with BLS (table).
He was commenced on total parenteral nutrition, received
IVIG, and referred to an outside center where he had
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successful bone marrow transplantation (BMT). He is cur-
rently 8 years old and meeting his motor and cognitive de-
velopmental milestones.

Other Siblings

There were 2 additional siblings: a sister (III: 2) who died at
age 1.5 years with pneumonia and clinical suspicion of im-
munodeficiency and a brother (IIl: 7) who died at age 1
month with congenital heart disease (figure 1). However,
neither had genetic testing, MRI, or other investigations in-
cluding immunodeficiency laboratory workup.

Molecular Testing and Interpretation

Based on the family history and clinical manifestations, WES was
ordered to investigate the genetic etiology of their conditions.
WES revealed a homozygous pathogenic variant (NM
003721.3:c.271+1G>C) in the RFXANK gene in the affected
siblings with BLS (III: 3 and III: 8). The molecular results con-
firmed the immunologic and clinical diagnosis of BLS. However,
aside from this homozygous LOF variant in RFXANK, no addi-
tional variants were detected in neurologically relevant, known, or
candidate genes. The parents were heterozygous carriers.

Discussion

In this study, we report 2 siblings with a genetic diagnosis of
BLS due to a LOF variant in REXANK. The older sibling (III:
3) had a later age at onset (17 years). His immunodeficiency
was only apparent after a series of recurrent infections, with an
additional progressive neurodegenerative disease affecting
cognitive, motor, visual, and cerebellar systems, leading to
death despite receiving appropriate antibiotics, IVIG therapy,
and nutritional support. This neurologic phenotype corre-
lated with the MRI findings of global cerebral and cerebellar
atrophy and white matter signal changes. Our study expands
and links this neurological phenotype to BLS type IL

Patients with BLS have MHC-II deficiency due to biallelic
inactivating mutations in genes, such as REXANK (BLS;
group B). BLS group B is typically diagnosed in the first year
of life (mean age at presentation is 4.2—-10 months) as a result
of persistent respiratory, gastrointestinal, and urinary tract
infections. However, there is variable expressivity and clinical
heterogeneity associated with the reported pathogenic vari-
ants in REXANK.®” Rare clinical features such as facial dys-
morphism, oral HPV, candidiasis, and genitourinary
infections are reported in some patients with biallelic in-
activation of REXANK. An additional phenotype of infantile-
onset ataxia was reported in 2 patients with and without
dysarthria, who both died without receiving BMT and were
subsequently found to have biallelic LOF mutations in
RFXANK.®” However, there was a lack of clinical and radio-
logic characterization of the ataxia in these patients. Of in-
terest, our elder patient had a late-onset BLS and
neuroregression. Of note, adult-onset BLS due to mutations
in genes including REXANK has been reported without a clear
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mechanism, explaining the variability and age-dependent
penetrance of the immunologic phenotype.”'”'" Of in-
terest, all 3 patients (including the current patient) with
ataxia were homozygous for LOF variants in REXANK.
Moreover, the neurologic phenotypes in these patients
coincided with the onset of BLS, whether early or late
onset, suggesting that it was caused by the same mechanism
and possibly an immunologic trigger. The additional and
rare features could lead to delay in diagnosis and timely
intervention. Therefore, additional reports and cohorts are
needed to establish the phenotypic spectrum and variability
associated with BLS group B.

The pathologic and biological mechanisms by which REXANK
deficiency can explain the neurologic phenotypes are unclear.
However, REXANK is abundantly expressed in brain tissues in-
cluding basal ganglia, hippocampal, cerebral cortex, and cerebel-
lum. Of interest, MHC-II is expressed in the human neural
progenitors and neurons independently of inflammatory stimuli,
supporting a nonimmune role of MHC-II in the early de-
velopment of the brain.'> Therefore, it is possible that REXANK
is directly or indirectly (through MHC-II) required for brain
development and maintaining its functions and structure. The
clinical status of this patient has rapidly worsened from normal to
bed bound in 8 months and then progressed in a few months to
loss of vision, hearing, and response to surroundings. During this
rapid course, he was rarely off antibiotics and had ongoing bac-
terial infections (lung, urine, and skin [pressure sores]). It seems
that the bacterial (and not the viral) infection was possibly the
trigger for different immunologic responses or pathways that led
to the neurologic regression. These hypotheses have yet to be
tested to examine the developmental and functional impact of
RFXANK deficiency on the developing neurons and brain
function under different immunologic conditions.

Despite having the same REXANK variant as his elder sibling,
the younger sibling (III: 8) had an early-onset form of BLS
without any neurologic phenotype until his current age 8
years. This variability in the age of onset between the two
siblings along with the lack of the neurological phenotype in
the younger sibling may be explained by (1) variable ex-
pressivity due to gene modifiers, (2) an age-dependent pen-
etrance of the neurologic phenotype necessitating periodical
neurologic evaluations and imaging studies, or (3) a rescue
and protective effect of BMT as result of the reconstitution of
the immune system and the expression of REXANK from the
new bone marrow cells; reminiscent of the protective effect of
the hematopoietic stem cell transplantation on the neuro-
cognitive outcomes in mucopolysaccharidosis type I, for ex-
ample.” Tt is possible that the neurologic phenotype is
underrepresented and ultra-rare in this group of patients with
BLS because they are either protected, as a result of the early
BMT, or die before onset of the neurologic symptoms.The
neurologic follow-up of the younger sibling who received
BMT and was free of any neurologic phenotype, along with
other similar studies, would provide clinically useful data to
test this hypothesis.
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In conclusion, this study provides a neurologic phenotypic
expansion of the REXANK-associated BLS. The potential dual
functions of REXANK in the immune system and the CNS
warrant further follow-up studies. The possible dual functions
of RFXANK can be therapeutically impactful in protecting
patients with BLS from the neurologic phenotype by rescuing
RFXANK deficiency through donor BMT or ex vivo gene
edited or expressed RFXANK in an autologous BMT setting.
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