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A BS TR AC T

BACKGROUND

Polyarteritis nodosa is a systemic necrotizing vasculitis with a pathogenesis that is 
poorly understood. We identified six families with multiple cases of systemic and 
cutaneous polyarteritis nodosa, consistent with autosomal recessive inheritance. In 
most cases, onset of the disease occurred during childhood. 

METHODS

We carried out exome sequencing in persons from multiply affected families of 
Georgian Jewish or German ancestry. We performed targeted sequencing in addi-
tional family members and in unrelated affected persons, 3 of Georgian Jewish 
ancestry and 14 of Turkish ancestry. Mutations were assessed by testing their effect 
on enzymatic activity in serum specimens from patients, analysis of protein struc-
ture, expression in mammalian cells, and biophysical analysis of purified protein.

RESULTS

In all the families, vasculitis was caused by recessive mutations in CECR1, the gene 
encoding adenosine deaminase 2 (ADA2). All the Georgian Jewish patients were ho-
mozygous for a mutation encoding a Gly47Arg substitution, the German patients were 
compound heterozygous for Arg169Gln and Pro251Leu mutations, and one Turkish 
patient was compound heterozygous for Gly47Val and Trp264Ser mutations. In the 
endogamous Georgian Jewish population, the Gly47Arg carrier frequency was 0.102, 
which is consistent with the high prevalence of disease. The other mutations either 
were found in only one family member or patient or were extremely rare. ADA2 activ-
ity was significantly reduced in serum specimens from patients. Expression in hu-
man embryonic kidney 293T cells revealed low amounts of mutant secreted protein.

CONCLUSIONS

Recessive loss-of-function mutations of ADA2, a growth factor that is the major extra-
cellular adenosine deaminase, can cause polyarteritis nodosa vasculopathy with highly 
varied clinical expression. (Funded by the Shaare Zedek Medical Center and others.)
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Polyarteritis nodosa, first described 
in 1866,1 is a systemic necrotizing vasculitis 
that affects medium and small muscular 

arteries.2,3 The ensuing tissue ischemia can affect 
any organ, including the skin, musculoskeletal 
system, kidneys, gastrointestinal tract, and the 
cardiovascular and nervous systems. Polyarteritis 
nodosa is usually diagnosed in middle age or 
later but can appear in childhood.2,4,5 The diag-
nosis remains challenging despite classification 
criteria for adults6 and children,7 because poly
arteritis nodosa frequently presents with nonspe-
cific constitutional symptoms, and organ involve-
ment and disease severity are highly varied. 
Polyarteritis nodosa is most often primary, but in 
adults it may be associated with infection (e.g., 
hepatitis B infection8) or hematologic cancer.9 
The cause of primary polyarteritis nodosa is un-
known.

Among Israeli Jewish persons of Georgian 
Caucasus ancestry, pediatric polyarteritis nodosa, 
often familial, has been observed repeatedly10 
and may include both systemic and cutaneous 
features.11 To determine the genetic basis of this 
disease, we undertook gene discovery using ge-
nomic sequencing to identify the underlying muta-
tions and to characterize their functional effects.

ME THODS

STUDY PARTICIPANTS

In Israel, we evaluated 19 patients of Georgian 
Jewish ancestry with features of polyarteritis 
nodosa (Fig. 1 and Table 1; and Table S1 in the 
Supplementary Appendix, available with the full 
text of this article at NEJM.org). Peripheral-blood 
samples for DNA extraction were obtained from 
16 patients, all of whom provided written informed 
consent for participation in the study. Two patients 
had died (Patients B-III-3 and D-III-3); 1 provided 
written informed consent but did not provide a 
sample (Patient S-3).

Similar consent was obtained and evaluation 
and sampling were performed in a German fam-
ily that had been referred for evaluation of poly-
arteritis nodosa and in 14 unrelated Turkish 
patients who had been referred with pediatric 
polyarteritis nodosa fulfilling Pediatric Rheuma-
tology European Society (PRES)7 criteria. In all 
the patients, the polyarteritis nodosa was diag-
nosed clinically on the basis of criteria from the 
PRES or the American College of Rheumatology 

(ACR).6 Controls were 246 Georgian Jewish and 
200 Turkish adults who consented to anonymous 
use of their DNA. Appropriate ethics-committee 
approvals were obtained.

GENOMIC STUDIES

Exome sequencing of genomic DNA was per-
formed as described previously, with modifica-
tions, in Georgian Jewish Patients A-III-1, A-III-3, 
A-III-4, and B-III-212 and German Patients F-II-1 
and F-II-513 (Fig. 2 and Table 1). All variants that 
were potentially damaging to protein function 
were identified. In Georgian Jewish patients, homo-
zygous variants shared by Patients A-III-1, A-III-3, 
A-III-4, and B-III-2 were considered to be candi-
date disease alleles. In German patients, compound 
heterozygous or homozygous variants shared by 
Patients F-II-1 and F-II-5 were considered to be 
candidate disease alleles. Full exome data are 
available by request.

CECR1 (cat eye syndrome chromosome region, 
candidate 1; Online Mendelian Inheritance in Man 
[OMIM] database number, 607575) was identified 
as a candidate gene. We then used Sanger se-
quencing to sequence CECR1 in the Turkish per-
sons with polyarteritis nodosa and to genotype all 
available members of each family and ancestry-
matched controls (Table S2 in the Supplementary 
Appendix).

ADENOSINE DEAMINASE 2 ACTIVITY

Adenosine deaminase 2 (ADA2) is encoded by 
CECR1, and its activity in serum is based on the 
deamination of adenosine to inosine. We assayed 
ADA2 activity using a commercial kit (Diazyme 
Laboratories).

TRANSFECTION, IMMUNOPRECIPITATION,  
AND WESTERN BLOTTING

Complementary DNA constructs of human non-
mutant and mutant ADA2 were generated and 
transfected into human embryonic kidney 293T 
cells. Proteins in total cell extracts or immuno-
precipitated from cell media were then detected 
by means of Western blotting.

PURIFICATION OF RECOMBINANT ADA2 PROTEINS

For the generation and purification of recombi-
nant ADA2 proteins, a construct for inducible 
ADA2 expression in insect cells14 was modified 
to introduce mutations. We generated stable 
lines of ADA2-expressing cells by transfecting 
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drosophila S2 cells with ADA2 expression con-
structs. Protein production was induced for 7 to 
10 days, and ADA2 was purified from media, as 
described previously.14

STATISTICAL ANALYSIS

Analysis of variance was used to evaluate differ-
ences in ADA2 activity among serum samples, as 
well as differences in levels of ADA2 protein se-
creted into the media and in levels of ADA2 pro-
tein retained in cells after transfection with con-
structs of various ADA2 genotypes. All P values 
were two-sided.

R ESULT S

CLINICAL FEATURES

The clinical features of the study participants are 
shown in Table 1 and Figure 1, and Table S1 and 
Figure S1 in the Supplementary Appendix. The 
19 Georgian Jewish participants included 16 per-
sons from 5 multiplex families (Fig. 2A, Fami-

lies A through E) and 3 affected persons with no 
affected family members. The German partici-
pants included 4 persons, all of whom were sib-
lings in a single family (Fig. 2A, Family F).

Of the 19 Georgian Jewish participants, 15 re-
ceived a diagnosis of polyarteritis nodosa before 
10 years of age; 6 received the diagnosis during 
in fancy (≤1 year of age), of whom 4 had severe sys-
temic disease. In contrast, 1 person (Patient D-III-2) 
had leg ulcers that first appeared when she was 
59 years of age. Among the Georgian Jewish pa-
tients, all but 1 had cutaneous manifestations, 
most commonly livedo reticularis. Persons with 
severe disease had ischemia and necrosis of the 
fingers and toes. Visceral involvement, which 
was present in 10 of the 19 persons, most com-
monly resulted in gastrointestinal manifestations, 
followed by renal hypertension. Neurologic dis-
ease, which occurred in 8 of the 19 persons, 
affected the peripheral nervous system more 
commonly than the central nervous system. 
Magnetic resonance imaging of the brain re-

A B

DC

Figure 1. Clinical Features of Polyarteritis Nodosa Associated with Adenosine Deaminase 2 (ADA2) Mutations.

Clinical manifestations of polyarteritis nodosa included digital necrosis of the toes in Patient B-III-3 (Panel A) and Ray-
naud’s phenomenon and livedo reticularis in Patient B-III-6 (Panel B). Angiography of the celiac artery in Patient B-III-3 
revealed an aneurysm (Panel C, arrow). Periarteritis, fibrinoid necrosis of the media, and destruction of the elastic 
laminae were revealed in a biopsy specimen of the superior mesenteric artery in Patient A-III-1 (Panel D, hematoxylin 
and eosin).
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vealed infarcts and ventricular hemorrhage. An-
giographic findings included aneurysms and 
stenoses of abdominal arteries (mesenteric, ce-
liac, hepatic, and renal) and renal-cortex in-
farcts. Necrotizing arterial vasculitis charac

teristic of polyarteritis nodosa was found in 
specimens from 4 of 10 skin biopsies performed 
(Fig. S1 in the Supplementary Appendix); non-
specific leukocytoclastic vasculitis or panniculi-
tis was seen in the remainder of the specimens.

15

5

10

0

1.5

0.5

1.0

0.0

3.0

0.5

2.5

2.0

1.5

1.0

0.0

Family E

1
VN

4
VN

3
VN

2
VV

1
VV

2
VN

Family B

1
VV

2*

VV
3 4

VN
5

VN
6

VV

1
VN

2
VN

3
VN

4
VN

1 2

Family D

1 2
VN

1
VV

3–5 6
VV

1
VV

2
VV

3 4 5 6
VN

1 2 3 4

1 2

IV

V

A
D

A
2 

A
ct

iv
ity

 (U
/l

ite
r)

Con
tro

l

G47
R/N

on
m

utan
t

G47
R/G

47
R

C ADA2 Activity D Western Blot E ADA2 Levels

A Family Pedigrees

P=0.005

P<0.001

Se
cr

et
ed

 A
D

A
2

(s
ig

na
l i

nt
en

si
ty

)

Em
pty 

Vec
to

r

Non
m

utan
t

G47
R

G47
V

R16
9Q

P25
1L

W
26

4S

R
et

ai
ne

d 
A

D
A

2
(s

ig
na

l i
nt

en
si

ty
)

B ADA2 Domain Architecture

Em
pty 

Vec
to

r

Non
m

utan
t

G47
R

G47
V

R16
9Q

P25
1L

W
26

4S

Secreted ADA2

Retained ADA2

β-Actin

511 aa

PRB Dimerization Catalytic 

Gly47Arg
Gly47Val

SS 

Pro251Leu
Trp264SerArg169Gln 

Family A

Family C Family F

1

1
VN

1
VN

2
VN

1
V1N

2
V2N

5*

V1V2

4
NN

3
V1V2

2
V1V2

1*

V1V2

4
VV

3
VV

21

1*

VV
2

VN
3*

VV
4*

VV
5

NN

2
VN

3
VN

4
VN

2

I

II

I

II

III

The New England Journal of Medicine 
Downloaded from nejm.org on February 13, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Mutant ADA2 in a Polyarteritis Nodosa Vasculopathy

n engl j med 370;10  nejm.org  march 6, 2014 927

At least 1 patient from each multiplex family 
and all unrelated patients had received a clinical 
diagnosis of polyarteritis nodosa (see the Sup-
plementary Appendix). Of the 15 patients with 
pediatric onset (<18 years of age) and sufficient 
information, 9 fulfilled the PRES criteria, includ-
ing at least 1 person from each multiplex family, 
and 6 did not. Among 3 patients with adult onset, 
1 fulfilled the ACR criteria and 2 did not, but these 
2 had relatives who fulfilled the ACR criteria.

In the German family, two siblings had re-
ceived a diagnosis during infancy and the other 
two by 12 years of age. All four affected siblings 
had peripheral neuropathy, and symptomatic or 
subclinical cerebral infarctions were present in 
three. Skin manifestations, arthralgia, and my-
algia were also present, but other visceral organs 
were unaffected. Of the two fully evaluated sib-

lings in the German family, one fulfilled the 
PRES criteria; the status of the other could not 
be determined. Patient T-1, who was of Turkish 
ancestry (Table 1, and Table S1 in the Supplemen-
tary Appendix), had livedo reticularis, hyperten-
sion, renal aneurysms, and necrotizing vasculitis.

Overall, disease severity was highly varied, 
even within families. A total of 4 patients had 
mild disease limited to the skin, with no con-
stitutional symptoms, but 13 patients had se-
vere, often visceral, polyarteritis nodosa, which 
was fatal in 2 of the patients (Patients B-III-3 
and D-III-3, who died at 9 months and 31 years 
of age, respectively). A total of 20 patients re-
ceived systemic therapy (Table S1 in the Supple-
mentary Appendix). Ten severely affected patients 
had a clinically significant therapeutic response 
to anti–tumor necrosis factor (TNF) drugs, includ-
ing 2 patients who had life-threatening disease 
despite maximal doses of cyclophosphamide.

GENE DISCOVERY

We postulated a recessive model for disease in-
heritance. In the exome sequences of Georgian 
Jewish participants, one putatively damaging vari-
ant was homozygous in all four affected persons 
in whom exome sequencing of genomic DNA was 
performed: chromosome 22:17,690,429 C→T, cor-
responding to CECR1 c.139G→A and leading to 
a  Gly47Arg amino acid substitution (National 
Center for Biotechnology Information reference 
sequence number, NM_001282225.1) (Fig. S2 in 
the Supplementary Appendix). CECR1 encodes the 
ADA2 protein (Fig. 2B). Glycine at residue 47 
of ADA2 is conserved in all sequenced species 
(Fig. S3 in the Supplementary Appendix), and 
substitution with arginine is predicted to be 
highly damaging (Polymorphism Phenotyping, 
version 2 [Polyphen-2] score,15 1.000).

All the Georgian Jewish patients were homo-
zygous for the Gly47Arg mutation, and all their 
unaffected relatives were either heterozygous for 
the mutation or did not carry it (Fig. 2A, and 
Fig. S2 in the Supplementary Appendix). This mu-
tation was not present in 864 other in-house 
exome sequences or in more than 7500 exome 
sequences present in public databases.16,17

Using population-genetics principles, we as-
sessed the likelihood that the Gly47Arg substitu-
tion causes polyarteritis nodosa in the persons 
we analyzed. Of 246 unrelated Georgian Jewish 
controls, 25 were heterozygous and none were 
homozygous for this variant, yielding an esti-

Figure 2 (facing page). Missense Mutations of ADA2  
in Families with Polyarteritis Nodosa, with Reduced 
Extracellular ADA2 Protein.

Panel A shows pedigrees of families with polyarteritis 
nodosa. Solid symbols indicate persons with vasculitis, 
open symbols unaffected persons, arrows probands, 
asterisks persons evaluated by means of exome se-
quencing, and slashes deceased persons. Variant al-
leles are indicated by V, V1, and V2, and nonmutated al-
leles by N. In Georgian Jewish Families A through E, 
affected persons are homozygous for the mutation 
Gly47Arg (indicated by VV). In German Family F, af-
fected persons are compound heterozygous for the 
mutations Arg169Gln (V1) and Pro251Leu (V2). Panel B 
shows the domain architecture of the ADA2 protein 
and the location of the ADA2 residues altered by the 
mutations. ADA2 domains are the signal sequence 
(SS; purple), dimerization domain (orange), putative 
receptor-binding domain (PRB; red), and catalytic do-
main (yellow). The catalytic domain includes regions 
that are specific to ADA2 and absent from ADA1 (blue). 
Panel C shows that the ADA2 activity in the serum of 
five persons who were homozygous for Gly47Arg is sig-
nificantly less than that in the six who were heterozygous 
for Gly47Arg (P = 0.005) and that of four controls with-
out the mutation (P<0.001). Panel D shows the levels 
of ADA2 protein secreted (top) into the media of and 
retained (bottom) within transfected human embryonic 
kidney 293T cells. Panel E indicates levels of secreted 
and retained ADA2 protein on the basis of the Western 
blots in Panel D. The signal intensity was normalized 
to that of the nonmutant construct. Levels of secreted 
ADA2 are lower for all mutant proteins than for the non-
mutant protein (P<0.01). As compared with nonmutant 
ADA2 and the other mutants, the level of ADA2 protein re-
tained in cell lysates was higher for Arg169Gln (P = 0.005), 
Pro251Leu (P = 0.005), and Trp264Ser (P = 0.008). Values 
in Panels C and E are means from three independent ex-
periments; error bars indicate 1 SD.
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mated carrier frequency of 0.102 in this popula-
tion. Of the 16 genotyped Georgian Jewish pa-
tients, all were homozygous for the mutation. 
The probability of homozygosity at this allele by 
chance among these 16 Georgian Jewish pa-
tients, taking into account the allele frequency 
in the population and the pedigree structures, is 
3.8×10−20 (see the Supplementary Appendix).

In the German family (Fig. 2A, Family F), all 
affected siblings were compound heterozygous 
for damaging variants in only one gene, CECR1. 
The mutations encoded Arg169Gln (c.506G→A; 
chromosome 22:17,687,997 C→T) and Pro251Leu 
(c.752C→T; chromosome 22:17,684,454 G→A). Each 
parent was heterozygous for one allele, and an 
unaffected sister did not have a mutation at either 
site (Fig. 2A, and Fig. S2 in the Supplementary 
Appendix). The Polyphen-2 scores were 1.000 
for Arg169Gln and 0.989 for Pro251Leu. Among 
4300 controls of European ancestry with data in a 
public database, 7 carried Arg169Gln and 1 car-
ried Pro251Leu, corresponding to allele frequen-
cies of 0.0008 and 0.0001, respectively.16

Among 14 unrelated Turkish children with 
polyarteritis nodosa who fulfilled PRES crite-
ria, 1 child (Patient T-1; Table 1) was compound 
heterozygous for two damaging variants in 
CECR1: one encoding Gly47Val (c.140G→T; chro-
mosome 22:17,690,428C→A) and the other en-
coding Trp264Ser (c.791G→C, chromosome 22: 
17,672,663C→G) (Fig. S2 in the Supplementary 
Appendix). Each parent was heterozygous for 
one of these variants. Gly47Val alters the same 
codon as the allele in the Georgian Jewish pa-
tients. The Polyphen-2 scores were 1.000 for both 
Gly47Val and Trp264Ser, and neither variant 
was present in 200 Turkish controls or in more 
than 7500 exome sequences present in public 
databases.16,17

ANALYSIS OF PROTEIN STRUCTURE

CECR1 encodes ADA2, a 511-amino-acid protein 
(Fig. 2B) that is a secreted homodimer highly ex-
pressed in plasma. ADA2 is responsible for extra-
cellular degradation of adenosine and has been 
implicated in the regulation of the proliferation 
of activated T cells and macrophages and in the 
differentiation of monocytes to macrophages.18 
The sites of the mutations observed in patients 
with polyarteritis nodosa are highly conserved 
(Fig. S3 in the Supplementary Appendix). Analy-
sis of the three-dimensional protein structures of 

ADA2 suggests that Gly47Arg and Gly47Val may 
affect the stability of homodimers or their indi-
vidual subunits (Fig. S4A in the Supplementary 
Appendix), that Arg169Gln may alter the receptor-
binding domain (Fig. S4B in the Supplementary 
Appendix), and that Pro251Leu and Trp264His 
are likely to affect the active site of the enzyme 
(Fig. S4C in the Supplementary Appendix).

ADA2 ACTIVITY IN PATIENT SERUM AND EXPRESSION 
IN MAMMALIAN CELLS

Analysis of serum samples from five patients 
who were homozygous for the Gly47Arg muta-
tion showed that ADA2 activity was reduced by a 
factor of more than four, as compared with con-
trols (P<0.001) (Fig. 2C). In six heterozygous car-
riers of Gly47Arg, the ADA2 activity in serum 
specimens was similar to that in control speci-
mens, which is consistent with the absence of 
disease in carriers. In a serum sample from one 
patient who was compound heterozygous for the 
Arg169Gln and Pro251Leu mutations, ADA2 ac-
tivity was even more severely compromised.

ADA2 was expressed exogenously in mam-
malian cells, with nonmutant and mutant con-
structs expressed at similar levels (Fig. S5 in the 
Supplementary Appendix). In transfected cells, 
secreted ADA2 levels in media were significantly 
lower in the case of the mutant proteins than in 
the case of the nonmutant protein; ADA2 was 
barely detectable in cells expressing the Gly47Val 
or Arg169Gln mutation (Fig. 2D and 2E). Analy-
sis of cell lysates from the same experiments 
indicated elevated amounts of retained intra
cellular Arg169Gln, Pro251Leu, and Trp264Ser 
mutant proteins, as compared with nonmutant 
ADA2. Overall, the proportion of total ADA2 
secreted into the media was significantly lower 
in the case of all the mutant proteins than in the 
case of the nonmutant protein (Table S3 in the 
Supplementary Appendix).

Lower proportions of mutant versus nonmutant 
ADA2 detected in the media could be due to im-
paired secretion, the altered stability of the mu-
tant proteins, or both. To examine whether the 
ADA2 mutations affected structural properties of 
the protein, recombinant ADA2 and the Gly47Arg, 
Gly47Val, and Trp264Ser mutants were expressed 
in drosophila S2 cells and then purified from 
cell media.14 As seen in mammalian cells, the 
levels of mutant ADA2 proteins were substan-
tially lower than the level of nonmutant ADA2 
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protein in the S2-cell media (Fig. S6 in the Sup-
plementary Appendix). Only Trp264Ser yielded suf-
ficient protein for analysis. Biophysical analysis of 
Trp264Ser by means of circular dichroism revealed 
reduced helical content, indicating less stable 
secondary structure and reduced thermostability 
(Fig. S7A and S7B in the Supplementary Appen-
dix). Increased binding of the f luorescent dye 
8-anilino-1-naphthalenesulfonic acid indicated par-
tial unfolding of this mutant protein (Fig. S7C in 
the Supplementary Appendix).

DISCUSSION

Our results indicate that vasculopathy overlap-
ping polyarteritis nodosa can be caused by re-
duced activity of ADA2 owing to recessive muta-
tions in the ADA2-encoding gene CECR1. This 
vasculitis is characterized by highly varied age at 
onset, severity, and organ involvement, even 
within families and among patients with the 
same mutations. Manifestations range from se-
vere or fatal systemic vasculitis or multiple 
strokes in children to limited cutaneous mani-
festations in middle-age persons. The condition 
may thus be influenced by the specific mutations 
and by modifying factors (environmental, genetic, 
or both).

Although ADA2-associated disease is excep-
tionally common among persons of Georgian 
Jewish ancestry, it is probably still underdiag-
nosed in that community, given the high rate of 
mutation carriers (10%). In this and other popu-
lations, underdiagnosis is explained at least in 
part by clinical variability: mild cases were often 
recognized in patients only after severe disease 
developed in a relative. This problem can now be 
addressed by means of genetic diagnosis.

The high rate of polyarteritis nodosa in the 
historically endogamous Georgian Jewish popu-
lation facilitated the discovery of CECR1 as the 
critical gene, but, as indicated by the presence of 
the mutations in German and Turkish patients, 
CECR1 mutations leading to polyarteritis nodosa 
are not limited to a particular ethnic group. Fu-
ture CECR1 sequencing in patients with similar 
manifestations may reveal the full mutational 
and phenotypic spectrum of ADA2-associated 
vasculitis.

There are no unequivocal diagnostic criteria 
for many vasculitides,19,20 and clinicopathological 
classification criteria are not entirely sensitive.6,7 

Diagnoses that are based on analysis of tissue 
samples and angiographic findings increase 
specificity but are organ-dependent, and invasive 
procedures are not always feasible. Biochemical 
or genetic disease markers, as exemplified by 
antineutrophil cytoplasmic antibodies in small-
vessel and medium-vessel vasculitis, can sub-
stantially improve diagnostic discrimination. 
The identification of mutations altering ADA2 as 
one cause of polyarteritis nodosa is an initial 
step in the gene-based definition of disease and 
may contribute to molecular classification of the 
vasculitides.

A role for ADA2 is consistent with the nature 
of polyarteritis nodosa as an immune disorder 
and suggests new perspectives with regard to its 
pathogenesis. ADA2 is both the major extra
cellular adenosine deaminase and an adenosine 
deaminase–related growth factor. In humans, the 
irreversible degradation of adenosine to inosine 
and deoxyadenosine to deoxyinosine is catalyzed 
by intracellular ADA1 and extracellular ADA2. Re-
cessive ADA1 mutations are a well-known cause 
of severe combined immune deficiency.21,22 In the 
patients described here, however, ADA2 deficiency 
manifested as increased vascular inflammation 
without clinically apparent immune deficiency. 
This observation may reflect the complexity of the 
role of adenosine in the inflammatory response. 
Whereas adenosine signaling dampens the inflam-
matory response in acute disease states, especially 
in ischemia and hypoxia, chronically elevated levels 
of adenosine may promote tissue injury and fibro-
sis by prolonging inflammation.23 Further investi-
gation may determine whether constitutionally re-
duced ADA2 activity leads to vasculitis by affecting 
the adenosine inflammatory-response pathway.

ADA2-associated vasculopathy may also be 
related to impairment of the activity of ADA2 as 
a growth factor, which is important both in the 
immune system and in early development. In the 
immune system, ADA2 is secreted by monocytes 
differentiating into dendritic cells and macro-
phages, leading to macrophage proliferation by 
costimulation of monocyte-induced CD4+ T-cell 
proliferation.17 This role is unique to ADA2, as 
compared with ADA1, and is independent of the 
catalytic activity of ADA2. Genomic duplications 
that include CECR1, thus leading to the over
expression of ADA2, cause the cat-eye syndrome, 
a congenital malformation disorder affecting 
the eye, heart, and kidney. Overexpression of 
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CECR1 in mice, which have no orthologue of the 
human gene,24 recapitulates these developmental 
anomalies.25

We speculate that manifestations of ADA2 
deficiency reflect impairment of both its cata-
lytic and growth-factor activities. The combina-
tion of arterial aneurysms and livedo reticularis 
is characteristic not only of polyarteritis nodosa, 
an inflammatory disease, but also of familial 
thoracic aneurysms (OMIM database number, 
611788), a structural disease of the arterial wall 
caused by mutations in ACTA2, the smooth-
muscle alpha actin, a major component of the 
contractile apparatus.26 The noninflammatory 
occlusive vasculopathy caused by this structural 
mutation leads to both livedo reticularis and 
susceptibility to ischemic stroke.27 Polyarteritis 
nodosa is a vasculitis that also includes struc-
tural arterial abnormalities, and the hypothesis 
that ADA2 deficiency leads to both vasculopathy 
and vasculitis can now be investigated directly, 
with the use of cellular and animal models.

In conclusion, we found that vasculopathy 

overlapping polyarteritis nodosa can be caused 
by a single-gene defect. We suggest that treatment 
with anti-TNF agents should be considered, espe-
cially in severe cases of ADA2-associated vasculi-
tis. Our results also suggest that investigation of 
ADA2-replacement therapy (e.g., with the use of 
fresh-frozen plasma) may be warranted.

Supported by Shaare Zedek Medical Center, with a gift from 
David and Anita Fuld and with equipment donated by the Leg-
acy Heritage Fund to the Medical Genetics Institute at Shaare 
Zedek Medical Center, Jerusalem, Israel (to Dr. Levy-Lahad); by 
unrestricted gifts to the King Laboratory at the University of 
Washington, Seattle (to Dr. King); by the Adler Cathedra for 
Pediatrics (to Dr. Shohat); and by a scholarship from the Tech-
nical University of Munich (to Dr. Schormair).

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank Dr. Joachim-Ulrich Walther and colleagues at Dr. 
von Hauner Children’s Hospital of the Ludwig Maximilian Uni-
versity of Munich for care and follow-up of patients; Mr. Vina
yak Vittal for technical advice and assistance with protein puri-
fication; Dr. Fabio Parmeggiani for technical advice on circular 
dichroism and 8-anilino-1-naphthalenesulfonic acid f luores-
cence analysis; Dr. Andrey Zavialov for a construct of inducible 
expression of ADA2; Ms. Sara Ribak for secretarial assistance; 
and the patients and their families for their participation and 
cooperation.

APPENDIX
The authors’ affiliations are as follows: the Pediatric Rheumatology Unit (P.N.E., P.J.H.) and Medical Genetics Institute (R.S., P.R., A.W.-S., 
S.Z., E.L.-L.), Shaare Zedek Medical Center, Pediatric Adolescent Rheumatology, Hadassah Medical Center (P.N.E.), Hebrew University 
Faculty of Medicine (R.S., A.Z., Y.B., P.J.H., A.W.-S., E.L.-L.), the Department of Dermatology and the Center for Genetic Diseases of the 
Skin and Hair (A.Z.), Hadassah Hebrew University Medical Center (A.R.), Jerusalem, the Department of Pediatrics, Hadassah Hebrew 
University Medical Center, Mt. Scopus (Y.B.), Pediatric Day Care, Kaplan Medical Center, Rehovot (J.B.), Department of Pediatrics (S.P.) 
and Metabolic Disease Unit (D.M.-Y., Y.A.), Edmond and Lily Safra Children’s Hospital, Danek Gertner Institute of Human Genetics 
(E.P.), Sheba Medical Center, Tel Hashomer, Sackler Faculty of Medicine, Tel Aviv University, Ramat Aviv (S.P., J.J.P., L.H., V.H., M.S., 
E.P., Y.A.), Schneider Children’s Medical Center of Israel (J.J.P., M.M.) and Pediatric Rheumatology (L.H.) and the Department of Pedi-
atrics B (V.H.), Schneider Children’s Medical Center of Israel, Raphael Recanati Medical Genetics Institute, Rabin Medical Center (M.S.), 
Petach Tikva, Pediatric Rheumatology Unit and Department of Pediatrics B, Soroka University Medical Center, Beer Sheva (E.L.), and 
Genetics Unit, Barzilai Medical Center, Ashkelon (A.S.) — all in Israel; the Departments of Medicine and Genome Sciences (S.B.P., T.W., 
M.K.L., M.-C.K.) and Biochemistry (R.E.K.), University of Washington, Seattle; Department of Neurology (I.V., J.W.) and Institute of 
Human Genetics (B.S., T.M.S.), Technische Universität München, and Munich Cluster for Systems Neurology (J.W.), Munich, and In-
stitute of Human Genetics, Helmholtz Zentrum München German Research Center for Environmental Health, Neuherberg (B.S., T.M.S., 
J.W.) — all in Germany; the Division of Pediatric Genetics, Ankara University School of Medicine, Ankara (F.Y., M.T.), the Department 
of Pediatrics, Istanbul University, Istanbul (O.K.), and the Department of Medical Genetics, Erciyes University, Kayseri (E.F.S.) — all in 
Turkey; Hussman Institute for Human Genomics, University of Miami Miller School of Medicine, Miami (E.F.S., M.T.); and the Depart-
ment of Neurology and Neurosciences and Center for Sleep and Sleep Sciences, Stanford University, Palo Alto, CA (J.W.).

REFERENCES

1.	 Kussmaul A, Maier K. Ueber eine 
nicht bisher beschriebene eigenhümliche 
Arterienerkrankung (Periarteritis Nodosa), 
die mit Morbus Brightii und rapid fort
schreitender allgemeiner Muskellähmung 
einhergeht. Dtsch Arch Klin Med 1866; 
1:484-518.
2.	 Dillon MJ, Eleftheriou D, Brogan PA. 
Medium-size-vessel vasculitis. Pediatr Ne
phrol 2010;25:1641-52.
3.	 Watts R, Scott DGI. Polyarteritis nodo-
sa and microscopic polyangiitis. In: Hoch
berg MC, Silman AJ, Smolen JS, Weinblatt 

ME, Weisman MH, eds. Rheumatology. 
5th ed. Philadelphia: Mosby Elsevier, 2010: 
1523-34.
4.	 Mahr A, Guillevin L, Poissonnet M, 
Aymé S. Prevalences of polyarteritis no-
dosa, microscopic polyangiitis, Wegener’s 
granulomatosis, and Churg-Strauss syn-
drome in a French urban multiethnic pop-
ulation in 2000: a capture-recapture esti-
mate. Arthritis Rheum 2004;51:92-9.
5.	 Weiss PF. Pediatric vasculitis. Pediatr 
Clin North Am 2012;59:407-23.
6.	 Lightfoot RW Jr, Michel BA, Bloch DA, 

et al. The American College of Rheuma-
tology 1990 criteria for the classification 
of polyarteritis nodosa. Arthritis Rheum 
1990;33:1088-93.
7.	 Ozen S, Pistorio A, Iusan SM, et al. 
EULAR/PRINTO/PRES criteria for Henoch-
Schönlein purpura, childhood polyarteritis 
nodosa, childhood Wegener granuloma-
tosis and childhood Takayasu arteritis: 
Ankara 2008. Part II: Final classification 
criteria. Ann Rheum Dis 2010;69:798-806.
8.	 Guillevin L, Mahr A, Callard P, et al. 
Hepatitis B virus-associated polyarteritis 

The New England Journal of Medicine 
Downloaded from nejm.org on February 13, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Mutant ADA2 in a Polyarteritis Nodosa Vasculopathy

n engl j med 370;10  nejm.org  march 6, 2014 931

nodosa: clinical characteristics, outcome, 
and impact of treatment in 115 patients. 
Medicine (Baltimore) 2005;84:313-22.
9.	 Gulati S, Patel NP, Swierczynski SL. 
Vasculitides associated with haematolog
ical malignancies: a case-based review. 
BMJ Case Rep 2012. DOI: 10.1136/bcr-2012 
-007123.
10.	 Navon-Elkan P, Wachtel D, Press S, 
Padeh S, Branski D. Familial vasculitis: 
a new Georgian disease? Ann Rheum Dis 
2000;59:Suppl:746. abstract.
11.	 Suster S, Ronnen M, Bubis JJ, Sche
wach-Millet M. Familial atrophie blanche-
like lesions with subcutaneous fibrinoid 
vasculitis: the Georgian ulcers. Am J Der-
matopathol 1986;8:386-91.
12.	 Walsh T, Shahin H, Elkan-Miller T, et 
al. Whole exome sequencing and homo
zygosity mapping identify mutation in the 
cell polarity protein GPSM2 as the cause 
of nonsyndromic hearing loss DFNB82. 
Am J Hum Genet 2010;87:90-4.
13.	 Giehl KA, Eckstein GN, Pasternack 
SM, et al. Nonsense mutations in AAGAB 
cause punctate palmoplantar keratoderma 
type Buschke-Fischer-Brauer. Am J Hum 
Genet 2012;91:754-9.
14.	 Zavialov AV, Yu X, Spillmann D, Lau-
vau G, Zavialov AV. Structural basis for 

the growth factor activity of human aden
osine deaminase ADA2. J Biol Chem 2010; 
285:12367-77.
15.	 PolyPhen-2 home page (http://genetics 
.bwh.harvard.edu/pph2).
16.	 NHLBI GO Exome Sequencing Project 
(ESP) home page (http://evs.gs.washington 
.edu/EVS).
17.	 UCSC Genome Browser. dbSNP137 
(http://genome.ucsc.edu).
18.	 Zavialov AV, Gracia E, Glaichenhaus 
N, Franco R, Zavialov AV, Lauvau G. Hu-
man adenosine deaminase 2 induces dif-
ferentiation of monocytes into macro-
phages and stimulates proliferation of 
T helper cells and macrophages. J Leukoc 
Biol 2010;88:279-90.
19.	 Jennette JC, Falk RJ. Small-vessel vas-
culitis. N Engl J Med 1997;337:1512-23.
20.	 Jennette JC, Falk RJ, Bacon PA, et al. 
2012 Revised International Chapel Hill 
Consensus Conference Nomenclature of 
Vasculitides. Arthritis Rheum 2013;65:1-11.
21.	 Gaspar HB, Aiuti A, Porta F, Candotti F, 
Hershfield MS, Notarangelo LD. How I treat 
ADA deficiency. Blood 2009;114:3524-32.
22.	 Sauer AV, Brigida I, Carriglio N, Aiuti 
A. Autoimmune dysregulation and purine 
metabolism in adenosine deaminase defi-
ciency. Front Immunol 2012;3:265.

23.	 Karmouty-Quintana H, Xia Y, Black-
burn MR. Adenosine signaling during 
acute and chronic disease states. J Mol 
Med (Berl) 2013;91:173-81.
24.	 Footz TK, Brinkman-Mills P, Banting 
GS, et al. Analysis of the cat eye syndrome 
critical region in humans and the region 
of conserved synteny in mice: a search for 
candidate genes at or near the human 
chromosome 22 pericentromere. Genome 
Res 2001;11:1053-70.
25.	 Riazi AM, Van Arsdell G, Buchwald 
M. Transgenic expression of CECR1 aden
osine deaminase in mice results in abnor-
mal development of heart and kidney. 
Transgenic Res 2005;14:333-6.
26.	 Guo DC, Pannu H, Tran-Fadulu V, et 
al. Mutations in smooth muscle alpha-
actin (ACTA2) lead to thoracic aortic an-
eurysms and dissections. Nat Genet 2007; 
39:1488-93. [Erratum, Nat Genet 2008;40: 
255.]
27.	 Milewicz DM, Kwartler CS, Papke CL, 
Regalado ES, Cao J, Reid AJ. Genetic vari-
ants promoting smooth muscle cell pro-
liferation can result in diffuse and diverse 
vascular diseases: evidence for a hyper-
plastic vasculomyopathy. Genet Med 2010; 
12:196-203.
Copyright © 2014 Massachusetts Medical Society.

specialties and topics at nejm.org

Specialty pages at the Journal’s website (NEJM.org) feature articles in cardiology, 
endocrinology, genetics, infectious disease, nephrology, pediatrics, and many other 
medical specialties. These pages, along with collections of articles on clinical and 
nonclinical topics, offer links to interactive and multimedia content and feature 

recently published articles as well as material from the NEJM archive (1812–1989).

The New England Journal of Medicine 
Downloaded from nejm.org on February 13, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 


