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Abstract

Introduction: The deficiency of ADA2 (DADA2) is a rare autoinflammatory disease provoked by mutations in the ADA2 gene inherited in a
recessive fashion. Up to this moment there is no consensus for the treatment of DADA2 and anti-TNF is the therapy of choice for chronic
management whereas bone marrow transplantation is considered for refractory or severe phenotypes. Data from Brazil is scarce and this
multicentric study reports 18 patients with DADA2 from Brazil.

Patients and Methods: This is a multicentric study proposed from the Center for Rare and Immunological Disorders of the Hospital 9 de
Julho - DASA, Sdo Paulo - Brazil. Patients of any age with a confirmed diagnosis of DADA2 were eligible for this project and data on clinical,
laboratory, genetics and treatment were collected.

Results: 18 patients from 9 centers are reported here. All patients had disease onset at the pediatric age (median of 5 years) and most of
them from the state of Sdo Paulo. Vasculopathy with recurrent stroke was the most common phenotype but atypical phenotypes compatible
with ALPS-like and Common Variable Immunodeficiency (CIVID) was also found. All patients carried pathogenic mutations in ADA2 gene.
Acute management of vasculitis was not satisfactory with steroids in many patients and all those who used anti-TNF had favorable
responses.

Conclusion: The low number of patients diagnosed with DADA2 in Brazil reinforces the need for disease awareness for this condition.
Moreover, the absence of guidelines for diagnosis and management is also necessary to guide diagnosis and treatment of this disorder.

Introduction

The Deficiency of deaminase 2 (DADA2) is an inborn error of immunity, a rare autoinflammatory disease (MIM #615688) first described in
2014 (1). Itis a recessive disorder, caused by biallelic mutations in the ADA2 gene (previously named CERC1 - cat eye syndrome
chromosome region, candidate 1). ADA (adenosine deaminase) is a key enzyme of the purine metabolism pathway responsible for
immunologic functions by catalyzing the adenosine to inosine which is a key immunosuppressive signal (2). On one hand, ADA1 has a
higher affinity to adenosine, is more expressed as an intracellular protein and its deficiency leads to the SCID (severe combined
immunodeficiency) T-/B-/NK- phenotype. On the other hand, ADA2 is a plasma secreted enzyme that is important to co-regulate immune
cells, especially in the differentiation of macrophages into monocytes, the major source of ADA2 (3).

The immune-phato-physiology of DADA2 remains elusive and this topic was recently approached by Ehler and Meyts in an insightful
editorial of the role of ADA2 in DADAZ2 deficiency (4). The absence of ADA2, in co-culture cells experiments, demonstrated to cause a
disturbance in endothelial cells leading to vasculopathy. Thereafter zebrafish ADA2 knockout models exhibited intracranial hemorrhagic
stroke that ameliorated after ADA2 injection, a proven model that ADA2 is essential for the endothelial homeostasis (1). ADA2 also is related
to increased NET-formation associated with TNF-alpha secretion (5). Recently, positive levels of interferon stimulated genes (ISGs) were
found positive in patients with DADA2 which surrogated the role of the interferons in ADA2 biology (6). IFN-B seems to induce skewing of
macrophages into proinflammatory M1 cells leading to TNF-alpha secretion but is more a consequence than a cause of immunologic
phenomenon observed in DADA2 (4). Finally, Watanabe et al recently spotted the light back to the monocytes as they demonstrated an
enrichment of nonclassical monocytes in peripheral blood of DADA2 patients aligned with high levels of TNF-alpha, according to previous
demonstrated studies (7).

From the clinical point of view, many points still require discussion in DADA2 diagnosis and management, as there is no consensus for this
disorder. The initial descriptions of DADAZ2 reported this disorder solely as a systemic associated vasculopathy associated disorder (1). The
first phenotypes were mainly characterized by recurrent fever associated with cutaneous vasculitis (e.g.: polyarteritis nodosa) and recurrent
episodes of stroke. Over the years an expansion on the phenotypes related to DADA2 have been reported with findings consistent with pure
cell aplasia, hemolytic anemia, hypogammaglobulinemia. childhood lymphoma and more recently associated with the ALPS-like phenotype
(8,9,10, 11). Although the final diagnosis of DADA2 is genetic, low or absent levels of ADA2 in peripheral blood can fastly assist the
diagnosis in cases of emergency and support the final diagnosis in situations of variants of uncertain significance (VUS) or findings of
single mutations (12). Therefore, the lack of sources may turn the diagnosis of DADA2 even more difficult in middle-incoming countries.

DADA?2 has been reported worldwide and data from Brazil are scarce and results from independent case reports (13, 14, 15). In this paper we
report clinic, genetic and therapeutic data of a multicentric study of Brazilian patients with DADA2.

Patients And Methods
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We conducted a retrospective multicenter study in Brazil from January/2019-december/2022. Reference centers for inborn errors of
immunity (IEl) from Brazil were invited to participate throughout the network of the Center for Rare and Immunological Disorders of the
Hospital 9 de Julho (DORAID - H9J/DASA and the Brazilian Association of Autoinflammatory Diseases (ANDAI). After ethical approval
(Hospital 9 de Julho - Rede DASA; CAAE: 48301321.9.1001.54.55) and patients consent to participate, records were revised and data on
clinical manifestations, laboratory workup, genetic analysis, treatments were collected. Response to treatment was considered complete
when clinical and laboratory remission could be achieved; partial when clinical or laboratory remission could not be achieved; and absent
when nor clinical or laboratory remission could be achieved. Clinical remission was defined as the absence of fever and control of the skin
manifestation and/or of signs of lymphoproliferation. Laboratory remission was considered after normalization of CRP levels in the local
laboratory. Statistical analysis was carried out using Prism 8.0.

Results

10 centers from all over Brazil agreed to participate in this multicentric study. We found 18 patients with a female predominance (67%, n=12),
Table 1. Most were originally from the southeast of Brazil (55%; n=10) and south (27%; n=5) of Brazil (Table 1 - Figure 1). The median age of
initial symptoms was 5 years with a median delay to diagnosis of 17 years (min 2,5; max 43). Broad spectrum of syndromic presentation
could be recognized as presented in Table 1, and the predominant phenotype was the classical polyarteritis nodosa and recurrent stroke,
found in half of the patients. P2 presented with a severe pancytopenia and signs of hemolytic anemia. P7 was diagnosed

with Hodgkin lymphoma at the age of 4 years, remained asymptomatic for 5 years and then started with recurrent fever, lymphoproliferation
and cytopenia, compatible with ALPS-like phenotype. P8 presented with recurrent fever associated with diffuse lymphoproliferation and
anemia that was initially labeled as ALPS-like phenotype. And finally, P16 and P18 presented as hypogammaglobulinemia, and recurrent
sinusitis initially characterized as common variable immunodeficiency (CIVID). P10-12 received the syndromic diagnosis of antiphospholipid
syndrome (APS).

Fever could not be observed just in 5 patients, mainly those with atypical phenotypes (P10,11, 13, 16 and P18). Most of the patients had a
continuous disease pattern (73%) rather than periodic. When periodic, fever episodes were associated with systemic inflammation (high
levels of CRP) with skin manifestation or stroke, lasting 4,5 days on average and this pattern could be observed in P1, P2, P3, P4 and P17.
Mucocutaneous, musculoskeletal and neurological signs were the core characteristics of DADA2 in Brazil. Livedo reticularis was found in
more than half of the patients. Overall, arthralgia was found in 45% (n=8) and myalgia in 33% (n=6) whereas both signs could be observed in
16% (n=2; P6, P7, P14 and P17). Severe and disabling abdominal pain was found in 45% of the patients and two patients had detectable
gastrointestinal lesions on colonoscopy with pathologic findings compatible with nonspecific ulcers and colitis in P7 and with intestinal
necrosis due to small vessels vasculitis in P6. Signs of diffuse lymphoproliferation were observed in 34% (n=6). Hepato and splenomegaly
was found in 23% (P1, P2, P8 and P18) whereas P5 and P6 also presented only splenomegaly. All clinical data are reported in Table 2.
Additionally persistent neutropenia was a constant finding in P4. Hypogammaglobulinemia was found in P1, P2, P7, P16 and P18.

All patients harbor pathogenic or likely pathogenic mutations in the ADA2 gene, as summarized in Table 1. There was no genotype and
phenotype correlation, no predominant/founder mutation and no predominant exonic locations of the mutations. Most of the patients, 60%
(n=10) carried homozygous mutations, and the Y453C was the most common variant (n=7), followed by c.973-2A (n=6) splice acceptor. Two
patients harbored novel mutations, P7 and P18, with reduced expression of ADA2 in western-blot (data not shown). P7 also was found to
have positive interferon ISGs (Interferon score of 8,22 - local laboratory refence of: [n=29] mean 240,6; Min 0,9; Max 3264,8; SD 628,86).
Familial clusters could be observed in two families: Family X - P10, P11, P12; and Family XI - P13 and P14 (Supplementary File 1).

At least 62% (n=11) patients used steroids (prednisolone mainly) during flares and a curiously unsatisfactory response could be observed in
6 patients (Table 3). Cyclophosphamide was also not effective in 3 patients as an induction therapy. P2 and P5 did not experience complete
control of disease under chronic immunoglobulin replacement (dose of 500 mg/kg every 28 days). Unsatisfactory responses to
mycophenolate, azathioprine and sirolimus could be observed in all those who used these drugs. Mycophenolate had an accumulated
benefit to P2 who relapsed from hemolytic anemia after the second shot of etanercept. Different anti-TNF choices could be observed all over
Brazil and inadequate response was observed just in one patient under infliximab (P17) over 10 months of follow-up. P5, P6, P7 and P9
achieved complete clinical control after adalimumab was initiated (median follow-up of 20 months; min 12; max 24 months). P1, P2, P3, P4,
P10, P11, P12, P13 and P15 all received etanercept with complete control of disease after a median follow up of 56 months; min 36; max 72
months (Table 3). Certolizumab was used only in P14 with complete control of the disease over a follow-up of 6 months. We have not
identified any DADAZ2 patient transplanted in Brazil and P18 was sent to bone marrow transplant evaluation at the last visit.

Intriguing, identifiable triggers for the disease could be noted in 41% (n=>5) of the patients, being cold exposure in 25% (P1, P10, P11 and P12)
and infection was also reported just by P1. Disabilities related to the disease could be found in 50% (n=9), Table 2. Up to the last follow-up
two patients died (2/18; 12%), P7 (disseminated staphylococcal infection) and P8 (severe hemorrhagic stroke).
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Discussion

In this multicentric study we report 18 patients with DADA2 from Brazil, 5 of them already reported (13, 14, 15) (Fig. 1). The exact frequency
of DADAZ2 in the world is not yet established but it is estimated to affect as high as 4:100.000 individuals (16). Considering the Brazilian
population at the last census in 2020 of 212 million, the low number of individuals identified and the limited number of centers with patients
emphasizes the urgent need of disease awareness. Therefore, as DADA2 can be found in many clinical scenarios and medical specialties we
also present here a geographical distribution of centers where patients with DADA2 are followed to redirect any patient or physician in need

(Fig. 1).

The absence of diagnostic criteria to DADA2 coupled with limited access to functional assays and genetic sequencing in middle income
countries may also be taken into account when talking about the low number of patients herein identified. Another important consideration
for the diagnosis of DADA2 is the pleiotropic manifestation of the disease (8). As we found, DADA2 can be recognized among at least three
main syndromic phenotypes: vasculitis (polyarteritis nodosa), recurrent stroke (hemorrhagic or ischemic) and the ALPS-like phenotype (with
or without hypogammaglobulinemia). However, the high rate of disabilities found when the diagnosis is made at that level suggests that
actions should be paid to a step before, but how? As we demonstrated, there is a high variability of signs and symptoms among all
syndromic presentations, therefore, early clinical diagnosis is tricky. In conclusion, the general use of enzymatic measurement and the
application of general genetic sequencing may be the answer. Another question still not answered that may implicate in phenotype variability
is the exposome consequence in those patients affected, and so different phenotypes within the same family with epigenetics variations
may give us a clue.

The enzymatic activity of ADA2 may be a strong screening method for DADAZ2, however, many questions are still to be answered (17, 18). As
previously said, ADA 1 and 2 differ in expression, cellular localization, catalytic properties and are associated with different phenotypes in the
IEl. The dynamics of ADAZ2 levels in the general and among different populations are not yet known. So far, it seems to diminish with aging
and high levels can be found in many other situations, including other disorders of systemic inflammation and cancer. Yet, it is still unclear if
low/undetectable levels is an exclusive fund of DADA2. For diagnosis purposes in DADA2 many different protocols for ADA2 levels detection
have been published, and cost effectiveness of different ones has not yet been evaluated. Using a sandwich ELISA design, very low levels of
ADA2 were found in serum of affected patients (children and adults), while normal levels were found in healthy controls, the same group
observed medium levels of ADA2 (higher than in the affected) in carriers of ADA2 mutations (19, 20, 21, 22, 23). Another interesting finding
herein reported is the presence of low interferon score in one DADA2 patient, as previously reported (6). If this finding could be useful for
diagnosis, to identify peculiar phenotypes, to guide any specific therapy or if it is of any relevance for physiopathology, it is also an
unanswered question.

The genetics of DADA2 is the hallmark for the diagnosis and some interesting findings have been already reported. Lee et al found that
residual (~ 3%) of ADA2 enzyme correlates with the classical phenotypes of vasculitis and missense mutations, whereas very low
(undetectable) levels was found in patients with a more prominent hematological phenotype (bone marrow failure) (24). Although we have
not performed ADA2 levels in all our patients, in our cohort we can observe that the presence of deletions/insertions was found only in more
hemato/immunological phenotypes that support the presence of genotype and phenotype correlations in DADA2 patients. The Brazilian
population is of great admixture and variety in genetic findings is expected, and so our findings of a novel mutation affecting the ADA2 gene
here reported expands the genotype findings of DADA2. Indeed, as we found, the splice acceptor mutation (c.973-2A - 33% in this study) is
supposed to be a common finding in populations of genetic admixture, such as Brazil. Furthermore, we also observed that the Y453C is also
common among DADAZ2 patients in Brazil (~ 40% in this study). In the ABRAOM, repository for genomic variants for the Brazilian population,
both predominant variants found are also rare and cannot be found in homozygous state (the c.973-2A has an estimated frequency of
0,001708 and no homozygotes can be observed and the Y453C of 0,000584 also without any homozygote) (25).

Finally, regarding the treatment of ADA2, general acute management of vasculitis seems not to be efficient in all patients as we reported in
Table 3. As observed, not all patients had satisfactory responses to high doses of steroids or cyclophosphamide, considering that this is a
retrospective study. For acute management, previous reports rationally suggested the use of plasma infusion as a replacement for ADA2 in
deficient patients, but this has no longer been evaluated (26). Also, as we observed, chronic infusions of IVIG seem to not prevent thrombotic
events, as we observed in patients previously labeled as CVID under chronic IVIG replacement (18). No other immunosuppressive therapy
appears to be effective in controlling DADA2. Anti-TNF drugs revolutionized the treatment of DADA2, and variable responses to different anti-
TNF have been reported. Here we have observed that only infliximab was not effective in only one patient in a short period of follow-up (27).
Finally, hematopoietic stem cell transplantation is the therapy of choice for refractory/recalcitrant diseases and was found to be curative for
many individuals, but the risk of complication must be considered during the procedure and chronic graft versus host disease is also a
feared complication (28). Gene therapy may be a great option for DADA2 patients in the near future as recently demonstrated in preclinical
studies (29).
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Conclusion: This is the first multicenter study of DADA2 in Brazil that reinforces the need for disease awareness in the country due to the low
number of individuals identified. We also demonstrate the same phenotypic and genotypic variability of DADA2 in Brazilian as previously
found in other countries. Although we have observed the same response to anti-TNF drugs in Brazilian DADAZ2 patients a consensus is
necessary to answer many other clinical questions.
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Tables

Table 1 - Demographic, syndromic presentation and genetic findings of DADA2 in Brazil. Patient’s initial syndromic diagnosis is reported,
along with all mutations and status found. List of abbreviations: Pl (Patient Identification); M - male; F - female; PAN (polyarteritis nodosa);
SURF (Systemic Undefined Recurrent Fever); ALPS (Autoimmune Lymphoproliferative Syndrome); CVID (Common Variable
Immunodeficiency); APS ( Antiphospholipid Syndrome); *identify those previously reported
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Pl

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

Gender

Syndromic
presentation

PAN

Evans Syndrome

Recurrent Stroke

PAN

Recurrent Stroke

PAN

ALPS-like

ALPS-like

PAN

APS

APS

APS

Recurrent Stroke

PAN

PAN

CvID

PAN

CvID

Genetics

Homozygous
¢.973-2A>G (splice acceptor)
Compound heterozygous

€.396_397del p.(His133LeufsTer44);c.563T>C p.

(Leu188Pro
Homozygous

c.1358 A>G (p.Y453C)
Homozygous

¢.1358 A>G (p.Y453C)
Homozygous
¢.506G>A p.Arg169GIn

Compound heterozygous

¢.1358A>G (p.Tyr453Cys); c.973-2A>G (splice acceptor)

Homozygous

c.827T>C p.Phe276Ser
Homozygous
c.1358A>G p.Tyr453Cys

Compound heterozygous

¢.139G>C (p.Gly47Arg); c.973-2A>G (Splice acceptor)

Compound heterozygous

p.Gly47Arg (c139G>A) / p.Tyr453Cys (c.1358 A>G)

Compound heterozygous

p.Gly47Arg (c139G>A) / p.Tyr453Cys (c.1358 A>G)

Compound heterozygous

p.Gly47Arg (c139G>A) / p.Tyr453Cys (c.1358 A>G)

Homozygous

€.973-2A>G (Splice acceptor)
Homozygous

¢.973-2A>G (Splice acceptor)
Homozygous

€.973-2A>G (Splice acceptor)
Homozygous

¢.973-2A>G (Splice acceptor)
Compound heterozygous
€.973-2A>G; ¢.506G>A p.Arg169GIn
Homozygous

c.54delT p.Val19Trhpfs*12
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Geographical distribution in
Brazil

Parana*

Sao Paulo*

Sao Paulo

Séo Paulo

Recife

Recife

Sao Paulo

Minas Gerais

Sao Paulo

Rio Grande do Sul*

Rio Grande do Sul*

Rio Grande do Sul*

Sao Paulo

Séo Paulo

Sao Paulo

S&o Paulo

Rio Grande do Norte

Sao Paulo



Table 2 - Demographic distributions and clinical findings - The demographic distribution are found in the upper table and the clinical findings
regarding, mucocutaneous, muskuloskeletal, ocular, gastrointestinal, lymphoproliferation and neurological are described.
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Demographic Data

Sex

Female

Age and delay in diagnosis
Age onset symptoms (years)
Delay in diagnosis (years)
Clinical Data % (n)

Fever

Continuous pattern
Mucocutaneous

Oral ulceration

Multiple skin lesions (macula, urticaria)

Palpable purpuric skin lesion
Livedo reticularis
Subcutaneous nodules
Muskuloskeletal

Artralgia

Myalgia

Ocular

Periorbital edema
Conjunctivitis

Optic neuritis
Gastrointestinal

Abdominal pain
Colitis/gastrointestinal ulcers
Lymphoproliferation

General lymphadenopathy

Hepatomegaly and splenomegaly

Isolated splenomegaly
Neurological
Ischemic Stroke

Hemorrhagic Stroke

Peripheral neurological involvement

Chronic sequelae
Intellectual disabilities

Seizures

Sensitive/Motor peripheral neuropathy

Diplopia
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Frequency (number)

67% (n=12/18)

Median (Min; Max — years)
5,5 (0,5-16)

9,5 (1,5-30)

73% (n=13/18)
73% (n=13/18)
94% (n=17/18)
34% (n=6/18)
34% (n=6/18)
34% (n=6/18)
62% (n=11/18)
5% (n=1/18)
50% (n=9/18)
45% (n=8/18)
34% (n=6/18)
34% (n=6/18)
12% (n=2/18)
17% (n=3/18)
17% (n=3/18)
45% (n=8/18)
45% (n=8/18)
12% (n=2/18)
34% (n=6/18)
23% (n=4/18)
23% (n=4/18)
12% (n=2/18)
89% (n=16/18)
61% (n=11/18)
5% (n=1/18)
45% (n=8/18)
50% (n=9/18)
17% (n=3/18)
24% (n=4/18)
24% (n=4/18)
12% (n=2/18)



Table 3 - Therapeutic intervention and response per patient in acute (grey columns) and chronic management (white columns). List of all
medicines used for the treatment of DADA2 patients, and the level of control achieved. List of abbreviations: Pl (Patient Identification); NA
(non-applicable); RTX (Rituximab); IVIG (intravenous immunoglobulin); Aza (azathioprine); MMF (mycophenolate); SRL (sirolimus); ADL

(adalimumab); ETC (etanercept); CTZ (certolizumab); IFX (infliximab); CCX (cyclophosphamide) CI (chronic infusion); AB (additional
benefit).
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Pl

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

RXT

Drugs used for long-tem management

NA

NA

NA

NA

NA

NA

X

Partial

NA

NA

NA

NA

NA

NA

NA

NA

NA

X

Partial
NA

IVIG

NA

Cl

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Cl
NA

Absent

AZT

NA

NA

Absent

Absent
NA

NA

Absent
NA

Absent

NA

NA

NA

NA

Absent

Absent
NA

X
Partial
NA

MMF

NA

NA

NA

NA

NA

Absent

NA

NA

NA

NA

NA

NA

NA

Absent

NA

NA

NA

SRL

NA

NA

NA

NA

NA

NA

Absent

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

ADL

NA

NA

NA

NA

Complete

Complete

Complete

NA

Complete

NA

NA

NA

NA

NA

NA

NA

NA

NA

ETC

Complete

Complete

Complete

Complete
NA

NA

NA

NA

Complete

Complete

Complete

Complete

NA

Complete

NA

NA

Na
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CTZ

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Complete

NA

NA

NA

NA

IFX

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

X

Partial
NA

Steroids CcX
Drugs used for acute
management

NA NA

X NA
Complete NA

X NA
Complete NA

X X
Complete Absent
X NA
Partial

X NA
Partial

X NA
Absent

X X
Absent Absent
X NA
Absent

NA NA

NA NA

NA NA

NA NA

NA NA

X X
Partial Absent
X NA
Complete

X NA
Complete

NA NA

IVIG

NA

Partial

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Cl
NA

Cl
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Figure 1

Geographical distribution in Brazil per state of DADA2 and centers with DADAZ experience found in this study. On the right side the acronym
used for the Brazilian states.
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