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Abstract

Purpose of Review In this review, an update is provided on the current knowledge and pending questions about human
adenosine deaminase type 2 deficiency. Patients have vasculitis, immunodeficiency and some have bone marrow failure.
Although the condition was described ten years ago, the pathophysiology is incompletely understood

Recent Findings Endothelial instability due to increased proinflammatory macrophage development is key to the pathophysi-
ology. However, the physiological role of ADA?2 is a topic of debate as it is hypothesized that ADA?2 fulfils an intracellular
role. Increasing our knowledge is urgently needed to design better treatments for the bone marrow failure. Indeed, TNFi
treatment has been successful in treating DADA?2, except for the bone marrow failure.

Summary Major advances have been made in our understanding of DADA?2. More research is needed into the physiological

role of ADA2

Keyword ADA?2 - Stroke - Bone marrow failure - TNF Inhibition

Introduction

Human adenosine deaminase type 2 (ADA2) deficiency
(DADA?2) is a recently described inherited autoinflam-
matory inborn error of immunity (IEI), characterized by
systemic vasculitis with stroke, cytopenia and bone mar-
row failure and immunodeficiency [1]. DADA?2 is caused
by biallelic deleterious variants of the ADA2 gene and was
first described in 2014 [2, 3]. From the first descriptions,
the complexity of the phenotype and pathophysiology were
apparent. Indeed, over 400 cases have been described so
far, and the phenotype has expanded significantly [4-6].
Whereas the condition usually has its onset in childhood,
diagnosis in adult life has been described, which highlights
the need for increased awareness of this condition across dis-
ciplines and beyond pediatrics [7-9]. Using a cut-off of 75%
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of residual ADA?2 adenosine deaminase activity in in vitro
modeling of the pathogenic variants, the carrier frequency of
pathogenic variants is estimated at 1:236, translating into a
prevalence of 1:222,000 [10], making this a vasculitis condi-
tion that should not be neglected.

DADA2 Clinical Phenotypes

By and large, three major phenotypes can be defined, which
can all be present in a single patient. The vasculitis and/or
inflammatory phenotype consists of recurrent fevers, with
elevation of inflammatory markers, but also skin manifesta-
tions ranging from livedo racemosa to ulcerations and necro-
sis. Vasculitis also leads to stroke and central nervous system
hemorrhage, next to neuropathy. Finally, end-organ vascu-
litis (intestinal, kidney, ...) is an important manifestation
and its assessment should be included in the diagnostic and
routine follow-up evaluation of DADA2 patients. Nodular
regenerative hyperplasia of the liver, as well as focal nodular
hyperplasia and non-cirrhotic portal hypertension, a spe-
cific hepatitis and fibrosis, have been described, inviting for
closer attention to the liver in patients with DADA2 [11-13].
This is outlined in the recently published DADA?2 consen-
sus statement, which provides clinicians with a practical
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guideline for diagnosis and management and was inspired
by the DADA?2 foundation [14] (Table 1).

Neurological manifestations in DADA?2 present a signifi-
cant clinical problem with strokes being a prominent feature
carrying a high risk of fatality. In a recent review, we com-
piled the reported neurological events reported in DADA2
[15]. The reviewed data encompassing 628 patients reveals
that 50.3% experienced at least one reported neurological
event, showcasing a broad spectrum of manifestations [15].
Cerebrovascular accidents were predominant, with 77.5% of
patients exhibiting clinical signs, particularly lacunar strokes
in the brain stem and cerebellum and deep gray matter which
account for almost 75% of stroke localizations [15]. Notably,
the mean age of onset of neurological manifestation was
estimated at 7.2 years, and 35.9% of those with neurological
involvement had multiple stroke episodes. Beyond strokes,
diverse neurological complications included neuropathies,
focal deficits, ophthalmological abnormalities, convulsions,
and headaches. The findings of this overview emphasize the
importance of considering DADA?2 in patients with 'unu-
sual' neurological symptoms, as these can be the initial or
sole manifestations in 5.7% and 0.6% of cases, respectively
[15]. In a recent study of a Dutch cohort of 29 patients with
DADA2, 28% of patients presented with TIA or ischemic
stroke [16]. In these cases, the correct diagnosis is especially
crucial since the usual antiplatelet and anticoagulant agents
for the management and prevention of strokes can cause
secondary hemorrhagic strokes and are contraindicated in
DADAZ2. Therefore, stroke, encephalitis, posterior reversible
encephalopathy, mononeuropathy and polyneuropathy, and

Behget’s disease-like presentations should prompt health-
care professionals to consider excluding ADA?2 deficiency,
especially, but not only in childhood. Additionally, neuro-
cognitive disorders, such as autism spectrum disorder and
attention deficit hyperactivity disorder, were identified in
3.5% of DADAZ2 patients, which suggests that the evaluation
of these conditions should be part of the routine manage-
ment of DADA?2 [15].

Hematological and immunological manifestations are
diverse in DADA2. Anemia, neutropenia, thrombocytope-
nia and pancytopenia are part of the DADA?2 phenotype and
can be either auto-immune in origin or due to bone mar-
row failure with marrow aplasia. Lymphoproliferation was
noted in the very first reports on DADA2, and further con-
firmed to be present in the form of generalized lymphad-
enopathy and hepatosplenomegaly in up to 30% of patients
[4]. Hemophagocytic lymphohistiocytosis (HLH) has been
reported and can be fatal [17, 18]. Malignant lymphopro-
liferation has also been reported in the form of lymphoma
(Non-Hodgkin, Hodgkins, and Castlemann lymphoma)
[19] and T-Large granular lymphocyte (LGL) lymphoma
[20]. Moreover, DADA?2 patients can have a phenotype of
immunodeficiency. They can experience mild infections
with mild hypogammaglobulinemia, or a more impressive
immunodeficient phenotype, resembling common variable
immunodeficiency with recurrent sinopulmonary infections
[21, 22]. Typically DADA?2 patients display reduced mem-
ory B cells as well as impaired differentiation of CD4 + and
CD8+memory T cells, accelerated exhaustion/senescence,
and impaired survival and granzyme production by ADA?2

Table 1 DADAZ2 should be in your differential in a patient presenting with one or a combination of these phenotypes

Vasculitis and inflammation

Recurrent fever
Livedo racemose
Cutaneous necrosis

Ulcerations, aphtjous stomatitis

Stroke: ischemic stroke and haemorrhagic stroke (deep nuclei and brain stem)

Neuropathy
Encephalitis

Haematological manifestation

Anemia, thrombocytopenia, neutropenia (autoimmune or due to marrow failure)

Evans syndrome, aplastic anaemia

Bone marrow failure

Lymphoproliferation benign / malignantL. lymphoma T-LGL
Hemophagocytosis like episodes

Immunodeficiency

B cell deficiency, hypogammaglobulinemia with recurrent infections

Severe EBV, refractory warts, infections with Herpesviruses
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deficient CD8 + T cells [23]. It is unclear to what extent
DADAZ2 patients without clinical immunodeficiency display
this immunophenotype. Also, there seems to be a peculiar
predisposition to protracted disease with Epstein-Barr virus
(EBV). Le Voyer et al. reported on an adult with protracted
EBV viremia and pure red cell aplasia. After she suffered
a stroke, the diagnosis of DADA2 was made [24]. Several
other papers have highlighted protracted course of EBV
infection sometimes linked to malignancy [25, 26]. Also,
two out of three children with DADA2 who had Hodgkin
Lymphoma were EBV seropositive [19]. The impaired sur-
vival and the exhausted phenotype of the DADA2 CD8+T
cells may be in line with this [23]. Indeed, impaired T cell
immunity to EBV or specific defects in T cell costimulation
have been linked to increased susceptibility to severe EBV
or EBV-related disease where the tight balance to control the
EBYV latency in B cells is lost [27]. Unraveling the intrinsic
hole in immunity in DADA2 which leads to EBV suscep-
tibility, can hopefully also aid in understanding the other
unknowns in the equation.

Diagnosis and Treatment of DADA2: In
Search of the Pathophysiology

Identification of biallelic known pathogenic variants in
ADAZ2, or of biallelic variants of uncertain significance,
together with determination of severely diminished or absent
ADAZ2 enzyme activity in the serum or plasma, is diagnostic
of ADA?2 deficiency [14]. The mutations span all domains
of the ADA2 protein and most mutations are missense.
Rarely, splice variants and intronic variants or structural
variations ask for additional approaches for diagnosis [28].
Both a HPLC and spectrophotometric assays are available
for diagnosis. Lee et al. have published convincing data on
a potential genotype phenotype correlation, with variants
resulting in absent ADA?2 activity in an in vitro HEK293T
transient overexpression system being linked to pure red
cell aplasia and bone marrow failure phenotypes whereas
variants with residual ADA?2 activity correlating with the
vascular phenotype [29]. Treatment is relatively straight-
forward for DADAZ2 vasculitis/vasculopathy; tumor necrosis
factor alpha inhibition (TNFi) has shown to be extremely
efficient in treating the vasculitis and in preventing strokes
[30, 31]. Unfortunately, the immunodeficiency and hema-
tological manifestations are less amenable to TNFi treat-
ment. Although it has been claimed that TNFi restores B
cells and antibody deficiency, this can no longer be sustained
[23]. Moreover, the cytopenia and bone marrow failure par-
ticularly are difficult to treat. Combinations of growth fac-
tor therapy and cyclosporine together with TNF inhibition
have resulted in short-lasting recoveries. However, mostly,

these patients need hematopoietic stem cell transplantation
(HSCT), which in DADAZ2 is particularly problematic with
an undue need for second transplants because of graft failure
[12, 13, 32]. A more profound T cell depletion may aid in
reducing the need for sequential HSCT although this is yet
to be proven. A long-term outcome study will follow soon.

Although the condition has been described almost 10 years
ago and although TNFi therapy is efficient for many DADA?2
patients with vasculitis, treatment gaps are evident: break-
through inflammation does occur and auto-antibody develop-
ment to TNFi is a threat. In addition, for patients with bone
marrow marrow failure, there is an urgent medical need for a
targeted treatment. Such targeted approach is hampered by the
fact that the pathogenesis of DADA?2 and functional signifi-
cance of ADA?2 protein is not fully understood.

The prevailing hypothesis is that ADA?2 deficiency leads
to skewed M1 macrophage development, which in turn
results in disturbed endothelial integrity [33]. Although
TNF is one of the downstream key cytokines in the inflam-
matory cascade led by NF-kB and IFN, many questions
remain, which the DADA?2 scientific and medical commu-
nity will need to solve in order for a more targeted treatment
of DADA?2 [33]. Although the monocytes are the cells that
express ADA2 most abundantly, a role in the pathophysiol-
ogy has been proposed for neutrophils and endothelial cells
(unpublished observation Marjon Wouters) [34, 35]. Finally,
a high risk of cancer has been reported in the Dutch cohort,
and three patients in the authors’ cohort have suffered vari-
ous malignancies, raising the question whether there is
indeed an increased risk of malignancy [17]. It remains to
be determined whether this is intrinsic or secondary to treat-
ment and longstanding inflammation.

Type | and Il Interferons in DADA2: DADA2
as an Interferonopathy?

Strong type I and type II interferon (IFN) gene expres-
sion signatures have been described in DADA?2 patients.
An upregulation of type I IFN gene expression in DADA2
patients was first reported in 2014 by Belot et al. [36].
Based on the clinical overlap between type I interferonopa-
thy SAMHD1 Aicardi-Goutiéres syndrome (AGS) and
DADAZ2, the interferon signature in the peripheral blood
of two DADA?2 patients was investigated. An upregula-
tion of IFN-stimulated genes (ISGs) was observed in both
patients [36]. Moreover, Skrabl-Baumgartner et al. showed
an increased expression of ISGs was present in the periph-
eral blood of two brothers. As they presented with inflam-
matory systemic vasculitis affecting brain and skin, AGS
was suspected. However, whole exome sequencing revealed
biallelic mutations in the ADA2 gene [37]. Insalaco et al.
observed an increased interferon score (IS) in four DADA2
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patients in a cohort of five. In addition, this increased gene
signature decreased markedly after starting etanercept.
Comparable plasma levels of CXCL9 and CXCL10 were
observed in healthy controls and DADA?2 patients, imply-
ing no activation of type II IFN pathways. Furthermore,
a correlation was observed between disease severity as
depicted by CRP and the degree of elevation of the inter-
feron score (IS). This hinted the possible utility of the IS
as biomarker to assess disease activity, severity and treat-
ment response [38]. However a cohort study of 4 Japanese
DADA? patients opposed the use of the IS as a possible
biomarker. They indeed found an increased IS in DADA2
patients compared to healthy controls, albeit not as high as
those observed in type 1 interferonopathies AGS. Moreo-
ver the IS did not change after treatment with TNFi. More
strikingly, multi-omics analysis revealed an upregulation
of type II IFN related genes. This upregulated expression

remained significantly higher compared to healthy controls.
However, when type II IFN related gene expression was
compared in DADA?2 patients before and after treatment,
levels were lower after starting anti-TNF-alfa [39]. Chen
et al. showed an upregulation of both type I as well as type
II interferon signaling pathways in the peripheral blood of
14 DADA?2 patients. However, upregulation of type I IFN
signaling was generally not as high as observed in other
type I interferonopathies. The significance of this remains
ambiguous since this upregulation is observed across dif-
ferent clinical presentations [40]. In conclusion, there is
upregulation of type I and type II IFN in DADA2, but the
classification of this condition as a type I interferonopathy
was probably less appropriate. While searching for an opti-
mal serum biomarker, we have designed a DADA2 damage
and activity score to allow for longitudinal monitoring of
disease manifestations [41] (Table 2).

Table 2 Non-exhaustive overview of type I and type IT IFN signature measurement in DADA?2 patients

Number of Genotype Phenotype Type I IFN Response Type IIF IFN  Response to Ref
patients signature (number  to therapy therapy
of measurements)
2 1:¢.506G > A,c.578C>T; Vasculitis -stroke Increased (3) ND ND ND [35]*
(p.Pro193Leu, p.Arg169GIn) Vasculitis — Increased (1)
2:homozygous stroke
c.139G>C/
(p.Gly47Arg)
2 1:¢.139G>C, c.1223G > A Vasculitis — stroke Increased (1) ND ND ND [36]**
(p-Gly47Arg, p-Cys408Tyr) Vasculitis — stroke Increased (1)
2:¢.139G>C,c.1223G> A
(p-Gly47Arg, p-Cys408Tyr)
5 1:c.144delG, Vasculitis Increased in 4/5 (1) Response NL plasma ND [37]*
p-Arg49Glyfs*4, c.1078 A> G, Vasculitis to CXCL9 and
p- Thr360Ala Vasculitis — PRES etaner- CXCL10
2:¢.1358 A > G mutation, One episode of fever cept in
p-Tyrd453Cys (rs376785840),  Vasculitis 4/4
3,4:¢.746 T>C,c.1031C>T,
(p.Leu249Pro, p.Pro344Leu)
5.c.1358A>G, c.133C>T
(p.Tyr453Cys,p.Arg45Trp)
4/8 c.982G > A, p.Glu328Lys Vasculitis— stroke Increased No Increased Yes [38]***
-Unknown Vasculitis
c.982G > A, p.Glu328Lys Vasculitis
-Unknown PRCA
¢.984G > C, ¢.706_ 708TACdel
(p-Glu328Asp,p.Tyr236del)
p-Glu328Asp (c.984G>C)
p-Tyr236del (c.706_
708TACdel)
14/33 Elevated (also in Elevated [39]***
3 asymptomatic (alsoin 3
individuals) asymp-
tomatic
individuals)

Methods: *6 gene panel, **7 gene panel, ***transcriptomics

ND not discussed in the report, PRCA pure red cell aplasia, PRES posterior reversible encephalitis syndrome, NL normal
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Looking Inside: Characteristics
of the ADA2 Glycoprotein

Human adenosine deaminase 2 (ADA2) was first analyzed in
spleen extracts from patients with ADA-SCID in 1978 [42].
The researchers identified a protein accounting for remnant
adenosine deaminase activity in the absence of functional
ADA1. This second adenosine deaminase was unaffected by
the ADA 1-inhibitor erythro-9-(2-hydroxy-3-nonly)adenine
(EHNA), had a lower pH optimum at 6.5 and a Michaelis
constant of around 2 mM. Many years later, this protein was
found to be encoded by a gene on chromosome 22 in the
region affected in patients with cat eye syndrome, hence
the original gene name CECRI (cat eye syndrome critical
region protein 1) [43].

While the catalytic regions of ADA1 and ADA2 show
strong structural similarities, the protein characteristics of
the two isoenzymes differ greatly [44]. ADAL is a 40-kD
monomer with a high affinity for adenosine (Km =40 pM).
It is a cytosolic protein but can localize to the cell surface
as ecto-ADA1 where it forms a complex with CD26 [45].
ADAZ2, on the other hand, has several features characteristic
of proteins of the secretory pathway: an N-terminal signal
peptide, four N-glycosylation sites and a putative receptor
binding domain [44]. ADA2 can form homodimers and the
dimerization site mutant p.W362G shows decreased cata-
lytic deaminase activity [44].

N-glycosylation is crucial to ensure the structural integ-
rity of ADA2 [46, 47]. Removing N-glycans enzymatically
after successful folding and secretion of the protein does
not affect its deaminase function [47]. Inhibition of N-gly-
cosylation in vitro, on the other hand, leads to accumula-
tion of ADA2 in the endoplasmic reticulum and therefore
impairs secretion and enzymatic activity [46]. Endoplasmic
reticulum retention with reduced secretion and deaminase
activity are characteristics mirrored by mutant ADA?2 protein
expressed in HEK293T cells transfected with pathogenic
ADA? variants [40]. Consequently, ADA2 has long been
believed to be responsible for adenosine deamination in the
extracellular space and excess extracellular adenosine has
been proposed to be the mechanism underlying inflamma-
tion in ADA?2 deficiency (DADAZ2) [34, 35]. The physiologi-
cal relevance of deamination of extracellular adenosine by
ADA? is however debated.

Given the low affinity of ADA2 for adenosine, the
amount of extracellular adenosine metabolized by ADA2
at physiological plasma concentrations of adenosine
(10-20 nM) should be very low in the presence of func-
tional ADA1 [48, 49]. Even in an inflammatory environ-
ment with increased levels of adenosine, ecto-ADA1 stills
perform most of the extracellular adenosine deamina-
tion [48]. Moreover, even in the absence of ecto-ADAI,

equilibrative nucleoside transporters should allow surplus
extracellular adenosine due to ADA2 deficiency to be cat-
abolized by intracellular ADA1 [50].

As a result, DADA?2 research is starting to move away
from the extracellular space. Greiner-Tollersrud and
colleagues have described the lysosomal localisation of
ADAZ2 [51]. They reported that the glycan pattern of ADA?2
was reminiscent of lysosomal proteins and showed that
ADAZ2 could function as a DNase. DNase activity correlated
with the protein’s deaminase activity and was impaired
in pathogenic ADA?2 protein variants. The researchers
showed abnormal DNA sensing in ADA2-deficient cells,
thus proposing that cell-intrinsic mechanisms underlie
inflammation in DADAZ2.

Recently, our group identified an exclusively intracel-
lular hypoglycosylated low-molecular-weight (LMW) form
of ADA2 in human monocyte-derived macrophages from
healthy controls [52]. We propose that this form is gener-
ated from fully glycosylated high-molecular-weight ADA2
by glycan trimming and localizes to the cytosol and lys-
osomes. LMW-ADA?2 was absent in macrophages derived
from DADA?2 patients’ monocytes and in HEK293T cells
transfected with pathogenic ADA?2 variants. These findings
are consistent across the pathogenic variants with residual
protein expression. We hypothesize that LMW-ADA2 might
be exerting an intracellular function that is absent in ADA2-
deficient cells.

In summary, a deeper look inside the cell into the intra-
cellular function of ADA?2 is warranted to move DADA?2
research forward and to allow for targeted therapies for those
disease manifestations not responding to the current standard
of care approaches.

Additional Questions: the GATA2 ADA2
Masquerade

ADA?2 and the transcription factor GATA2 (GATA Bind-
ing Protein 2) seem to be pivotal genes involved in immune
regulation and adequate hematopoiesis [53]. Deficiencies
in both these genes result in immunodeficiency disorders.
In 2016, a patient with ADA?2 deficiency was initially diag-
nosed as GATA?2 deficient due to a clinical presentation
reminiscent of GATA?2 deficiency. However, whole exome
sequencing unveiled biallelic mutations in ADA2 [54]. In
addition, several patients referred for severe warts, sus-
pect for GATA?2 deficiency, ultimately had DADA?2 [55].
Finally, rheumatological manifestations are found in 17.8%
of patients with GATA?2 deficiency [56].

Despite their distinct molecular functions, there seems to
be a considerable phenotypical overlap between ADA2 and
GATA2. GATAZ2 patients exhibited lower ADA2 enzyme
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activity without ADA?2 mutations (unpublished observation).
Furthermore, unpublished data on ADA2 and GATA2 RNA
levels in patients and controls demonstrate downregulation
of both genes in patie nt cohorts, suggesting an influence on
RNA expression. Since GATA?2 is a complex transcription
factor, it is likely that it also influences the expression of
ADA?2. We are further investigating the connection between
these two complex IEIs as we believe this can give us insight
into the complex pathophysiology of the bone marrow fail-
ure in DADA2.

Conclusion

DADAZ2, a complex autoinflammatory condition has been
described almost 10 years ago. Thanks to orchestrated efforts
of scientists and physicians over the world, brough together
by the DADA2 foundation, we have stridden fast forward
to learning how to treat patients with DADA2. Now efforts
are needed to unveil the last riddles of the pathophysiology
of DADAZ2 to allow for targeted treatment for patients with
bone marrow failure in the context of DADA2.
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