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ABSTRACT

Objective. To describe phenotypic and
functional characteristics of patients
with the homozygous c.973-2A>G splice
site mutation in the adenosine deami-
nase 2 (ADA2) gene (rs139750129), re-
sulting in deficiency of ADA2 (DADA2).
Methods. We present case synopses of
six patients from three unrelated fami-
lies. Clinical data were analysed and
next-generation sequencing (NGS) was
performed. We also tested for aber-
rant RNA splicing and measured ADA2
enzyme activity.

Results. One family had common
DADA2 symptoms, whereas Behget’s
disease-like manifestations were ob-
served in the other two families. We
detected the homozygous c.973-2A>G
splice site mutation in ADA2 in all
patients tested. ADA2 enzyme activity
was significantly lower in patients than
in healthy controls, but no correlation
between ADA?2 activity levels and dis-
ease severity was observed. Aberrant
splicing was detected in a minority of
mRNA transcripts, but the formation
of other, undetected, aberrant splicing
products could not be excluded. Pa-
tients were treated with TNF-a inhibi-
tors to prevent recurrence of inflamma-
tory findings including cerebral vascu-
litis-associated stroke.

Conclusion. We describe three fami-
lies with the same homozygous splice
site mutation in ADA2 and observed a
novel combination of manifestations re-
sembling Behget’s disease. This further
expands the range of phenotypes caused
by ADA2 mutations, although no com-
plete genotype-phenotype association
could be determined. Even without ac-
tive disease, the risk of stroke should be
addressed in making decisions regard-
ing treatment of DADA?2 patients.

Introduction

Deficiency of adenosine deaminase 2
(DADA?2) is a monogenic vasculitic
syndrome associated with systemic in-
flammation. The most prevalent mani-
festations of DADA2 are early-onset
strokes and polyarteritis nodosa-like
findings, along with fever, livedoid
rash and splenomegaly. Immunodefi-
ciencies and haematological manifes-
tations have also been described along
with the significant expansion of phe-
notypes since its first definition (1-6).
DADA?2 is an autosomal recessively
inherited disease caused by loss-of-
function mutations in ADA2 gene, pre-
viously known as CECRI, encoding
for adenosine deaminase 2 (ADA2)
enzyme (7), which is produced by ac-
tivated myeloid cells and involved in
growth and development of mononu-
clear cells (8). It may also be involved
in regulation of extracellular adeno-
sine, which has an important function
in tissue damage response (3, 9). The
described ADA2 mutations have been
associated with reduced enzymatic ac-
tivity, leading to defective inflamma-
tory cell regulation as the main cause
of manifestations (1).

Over 50 ADA2 mutations have been
described so far (3), but no clear gen-
otype-phenotype correlations have yet
been established. Phenotypic variabil-
ity was reported in siblings carrying
the same mutations (2, 10, 11), imply-
ing that epigenetic and environmental
factors are also involved.

We hereby present six patients from
three families who ascertained by in-
vestigations for potential hereditary au-
toinflammatory conditions and showed
an identical homozygous ¢.973-2A>G
splice site mutation in ADA2. We de-
scribe their characteristics with an em-
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phasis on Behcet’s disease-like mani-
festations as an expansion of the clini-
cal spectrum.

Methods

For each patient, written informed con-
sent was obtained for genetic testing
and publication according to the prin-
ciples of the Declaration of Helsinki.

NGS sequencing

From genomic DNA, coding sequences
of the relevant genes (Supplementary
Table S1) were enriched using a cus-
tom Agilent SureSelectXT kit (Agilent,
Santa Clara, CA, USA). DNA sequenc-
ing was performed using the SOLiD
5500XL  Genetic Analyser (Ther-
moFisher, Waltham, MA, USA). Ana-
lysed 50 bp DNA fragment reads were
mapped and compared to the human
reference genome (hgl9) to detect se-
quence variation. Variant interpretation
was performed using Alissa Interpret
(Agilent) and Alamut Visual (Interac-
tive Biosoftware, Rouen, France). Gen-
otyping of patient 3.1 was performed
similarly, using the Fever and Autoin-
flammatory Diseases NGS panel, an
Illumina sequencer (San Diego, CA,
USA) and Sophia Genetics software
(Saint-Sulpice, Switzerland). Sanger se-
quencing was performed to confirm the
results and for testing variants in family
members. Primer sequences are avail-
able upon request.

RNA splicing

mRNA was isolated from blood sam-
ples using PAXgene kit (Qiagen,
Hilden, Germany) and subjected to
hexamer primed reverse transcriptase
PCR using the Transcriptor High Fi-
delity cDNA Synthesis Kit (Roche, Ba-
sel, Switzerland). The cDNA products
were amplified by PCR using primers
for exons 6 and 8. Primer sequences
are available upon request. PCR prod-
ucts were separated according to size
using 2% agarose gel and also Sanger
sequenced.

ADA?2 activity

ADA2 enzyme activity measurement
was performed in serum/plasma as
described elsewhere (11). In brief, we
modified the procedure of an ADA
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Table I. Clinical manifestations and laboratory results of included DADA?2 patients. In
each cell it is stated whether a patient has or has had a certain manifestation. Values in the
last column represent the percentage of DADA?2 patients with this manifestation known in
literature [3]. Blank cells represent missing data.

1.1 1.2 2.1 22 3.1 32 DADA2
patients (%)

neurologic involvement no no no no yes no 51
Fever yes yes yes yes yes no 50
Livedo no no yes yes no yes 50
Arthralgia/Arthritis yes no yes no yes yes 36
Polyarteritis Nodosa(-like) no no yes yes no no 34
Gastrointestinal involvement yes yes no no no no 33
splenomegaly yes no no no yes no 29
Digital necrosis no no no no no no 22
hypogammaglobulinaemia no no yes no no no 22
Non-specific rash yes yes no no no no 20
(recurrent) infections no yes no no no no 20
hepatomegaly yes no no no no no 19
Erythema nodosum yes no yes no yes yes 14
lymphadenopathy no no no no no no 9
oral ulcers yes no no no no yes 8
genital ulcers no no no no yes no
ophthalmologic involvement no no no no yes no
low i,M yes no 18
low i,A yes no 12
low i,G yes no
low b-cells (CD20+/Memory) yes yes 11
low Nk cells no no 2
low CD4* cells no no
low CD8* cells no no
anaemia yes no 13
leukopenia no no yes yes yes 5
high crp/esr yes yes no yes no
high ace
high asat/alat/af yes no no no
low albumin no no no
lac presence no no
ana/ena positive no no no no
anca positive no no no no
high hla*B51 no no no no
ADA2 homozygous mutation yes yes yes yes yes yes
low ada2 activity yes yes yes yes

measurement kit (Diazyme) by adding
Erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA; Sigma-Aldrich) for inhibition
of ADA1. Measurement was performed
in a Spectramax M2 plate reader at
37°C and 550 nm after 15 minutes. Ten
anonymised adult volunteers were used
as healthy controls.

Results

Clinical synopsis

Clinical and laboratory features of six
patients from three unrelated families
are summarised in Table I. These in-
vestigations included routine immu-
nological evaluations, ADA2 enzyme
activity measeurements, and further
genetic evaluations of the ADA2 gene
variants conducted in DADA?2 patients.

Family 1 consists of two brothers of
Dutch ancestry. The oldest boy (1.1)
presented with recurrent mild vascu-
litic features since the age of 1. At 5, his
disease progressed with high spiking
fevers, erythema nodosum, arthralgia,
severe aphthous stomatitis and ulcera-
tive lesions in his gut, for which he was
successfully treated with azathioprine.
At 9, he was diagnosed as DADA?2. His
youngest brother (1.2) had the same
mutation but described only mild exan-
thema.

Family 2 consists of a brother and sister
of Dutch ancestry, unrelated to family
1. The younger brother (2.1) presented
with recurrent fevers accompanied by
livedo reticularis, erythema nodosum,
and arthralgia at the age of 6. Histol-
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ogy revealed necrotising vasculitis of
a small arteria with granulomatous re-
action. He was treated for polyarteritis
nodosa (PAN) with corticosteroids. He
developed hypogammaglobulinaemia
with low numbers of B-cells. Due to
recurrent disease activity, methotrexate
(MTX) was started, followed by high
dose immunoglobulin, mycophenolate
mofetil (MMF) and infliximab. He had
no history of stroke. After documenta-
tion of DADA2, immunoglobulin and
infliximab was continued with good re-
sponse. His older sister (2.2) presented
with an isolated cutaneous PAN and
was treated with steroids. After she was
diagnosed with DADA?2, despite her
mild symptoms, anti-TNF treatment
was initiated due to the risk of stroke.

Family 3 consists of a female patient
of Turkish origin (3.1). She presented
with painful legs and acute onset up-
per eyelid ptosis due to left oculomo-
tor nerve palsy at age of 3. At 13, she
developed recurrent genital ulcers,
arthralgias and fever. Colchicine was
initiated for suspected Behget’s disease
(BD), and her ulcers responded. At the
age of 21, she started to experience
erythema-nodosum and vertigo at-
tacks that responded to short courses of
corticosteroids. At age of 23, she was
given canakinumab 150 mg monthly
and azathioprine to control fever and
neurologic manifestations and reduce
corticosteroid requirement. After di-
agnosing DADAZ2, her treatment was
successfully switched to adalimumab.

Her sister (3.2) presented with erythe-
ma nodosum at the age of 10 and re-
current oral aphthous ulcers at 12, for
which she was diagnosed as possible
BD and treated with colchicine. She
was evaluated at age 23 for progression
of oral ulcers and arthralgia. She also
had folliculitis on her trunk and live-
doid rash in hands. After DADA?2 diag-
nosis, anti-TNF treatment was planned.

Genetic screening

NGS gene panel testing revealed
homozygosity for the rare c.973-
2A>G p.(?) splice site mutation in
the ADA2 gene (NM_001282225.1,
rs139750129), in patients 1.1, 2.1 and
3.1, which is present in 0,02% of alleles
in the European population (ExAC da-
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Fig. 1. mRNA transcripts of patients with a homozygous ¢.973-2A>G p.(?) splice site mutation.

A: Gel image of the amplified cDNA PCR products of patients 1.1, patient 2.1, healthy control sample
(C), and a water control sample (BI). In patients 1.1 and 2.1 two bands were detected, which included
both full-length (wild type) and a shorter exon-skipped bands. Image analysis by Image Lab software
(Bio-Rad) revealed that the intensity of the shorter band was approximately 25% of the wildtype band.

Healthy control (C) had only wildtype band.

B: cDNA sequences in forward (top) and reverse (bottom) direction for patients 1.1 and 1.2, a healthy
control sample (C). Sequence of the healthy control sample shows continuation of exon 6 with exon
8 in forward direction (upper panel) and continuation of exon 8 with exon 7 in the reverse direction.
However, in patients 1.1 and 1.2, exon 6 sequence continues with both exon 7 and exon 8 overlapping
sequences in the forward direction, and exon 8 continues with both exon 6 and exon 7 sequences in the
reverse direction due to presence of both wildtype and exon 7 skipped mRNA transcripts.

tabase). No other relevant autoinflam-
matory variant was detected. Patients
1.2,2.2 and 3.2, all symptomatic, were
found to have the same homozygous
mutation. All parents were found to be
heterozygous carriers, as were three
siblings of patients 3.1 and 3.2.

RNA splicing

The c¢.973-2A>G mutation was pre-
dicted to result in total disruption of the
acceptor splice site of intron 6 by Max-
EntScan (10) (Suppl. Fig. 1). Although

the mutation was present on both al-
leles in all patients, only +25% of the
mRNA transcripts of patients 1.1 and
1.2 show skipping of exon 7 (Fig. 1),
and the majority of the cDNA products
were wildtype. These findings were
confirmed in patients 3.1 and 3.2 (data
not shown).

ADA?2 activity

ADA?2 enzyme activities were meas-
ured for patients 1.1, 1.2, 2.1 and 2.2
at least three different times over one
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year. The mean ADA?2 activity level for
our patients was 0.3 U/L (range 0.0-
1.4 U/L) compared to 5.5 U/L (range
2.8-8.3 U/L) for healthy controls. In
all patients, amount of residual ADA2
activity could not be linked to disease
severity.

Discussion

We describe six patients from three
unrelated families sharing the same
homozygous splice site mutation in
ADA?2 with varying disease manifesta-
tions and severity. Although compound
heterozygosity for the c¢.973-2A>G
and other ADA2 mutations has previ-
ously been reported, homozygosity for
this mutation was not described before
(13-16). Next to typical DADA2 symp-
toms, some of our patients developed
recurrent oral and/or genital aphthosis
as well as erythema nodosum, folliculi-
tis and arthralgias as well as neurologic
findings (13, 14). Mucocutaneous le-
sions and less frequently recurrent uve-
itis mimicking BD have been described
in other monogenic autoinflammatory
disorders, including mevalonate kinase
deficiency and haplotype insufficiency
for A20. Similarly, erythema nodosum
and oral aphthous ulcers were previ-
ously reported in DADA2 patients
without splice site mutations (15), but
none of them described in ¢.973-2A>G
mutation carriers (13, 15, 16). Also,
homozygosity has previously been de-
scribed for the ¢.973-1G>A splice site
mutation in ADA2 (15), however this
patient was reported to have different
phenotype suggesting functional vari-
ations between splice variants. There-
fore, relatively higher frequency of
Behget disease-like symptoms includ-
ing neurologic findings in currently de-
scribed families may be important, but
no clear genotype-phenotype associa-
tion could be determined.

A correlation between ADA2 activity
and disease severity has been mentioned
before (3, 11). However, our patients
had low to absent ADA?2 activity levels,
regardless of the patient’s phenotypes.
This suggests existence of additional
mechanisms in disease pathogenesis as
potential triggers of manifestations.
Despite very low ADA2 levels, we de-
tected exon 7 skipping in only +25% of
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transcripts using the primers for exon
6 and 8 in both members of family I
and 3, not in all as predicted. However,
this limited analysis does not rule out
other potential mechanisms leading to
mis-spliced variants and reduced trans-
lation.

TNF-a inhibitors have been reported to
be effective in inducing and maintain-
ing remission from various typical and
atypical DADA?2 symptoms and are cur-
rently regarded as treatment of choice
for all symptomatic patients (2, 11, 17).
Although the patients from the first two
families were free from neurological
manifestations and MRIs showed no
abnormalities, treatment with TNF-o
inhibitors was initiated because of the
risk of stroke in untreated patients. For
patient 3.1, after the identification of
the ADA2 mutation, canakinumab treat-
ment was switched to anti-TNF-o treat-
ment because of the favourable obser-
vations in other patients.

In conclusion, we describe a homozy-
gous ADA?2 splice site mutation in 3
unrelated families with novel combi-
nation of common DADA2 and BD-
like phenotypic expressions in two of
them. Disease severity greatly varied
between families and siblings due to
not yet discovered mechanisms. It is
important to consider ADA2 mutation
screening for a broad range of phe-
notypes including BD-like symptoms
with or without stroke or other immu-
nologic manifestations, especially in
patients with juvenile disease onset.
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