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Abstract

Purpose Deficiency of adenosine deaminase 2 (DADA?2) is an inherited inborn error of immunity, characterized by autoin-
flammation (recurrent fever), vasculopathy (livedo racemosa, polyarteritis nodosa, lacunar ischemic strokes, and intracranial
hemorrhages), immunodeficiency, lymphoproliferation, immune cytopenias, and bone marrow failure (BMF). Tumor necrosis
factor (TNF-a) blockade is the treatment of choice for the vasculopathy, but often fails to reverse refractory cytopenia. We
aimed to study the outcome of hematopoietic cell transplantation (HCT) in patients with DADAZ2.

Methods We conducted a retrospective study on the outcome of HCT in patients with DADA?2. The primary outcome was
overall survival (OS).

Results Thirty DADA?2 patients from 12 countries received a total of 38 HCTs. The indications for HCT were BMF, immune
cytopenia, malignancy, or immunodeficiency. Median age at HCT was 9 years (range: 228 years). The conditioning regimens
for the final transplants were myeloablative (n=20), reduced intensity (n=38), or non-myeloablative (n=2). Donors were
HLA-matched related (n=4), HLA-matched unrelated (n=16), HLA-haploidentical (n =2), or HLA-mismatched unrelated
(n=38). After a median follow-up of 2 years (range: 0.5-16 years), 2-year OS was 97%, and 2-year GvHD-free relapse-free
survival was 73%. The hematological and immunological phenotypes resolved, and there were no new vascular events. Plasma
ADA? enzyme activity normalized in 16/17 patients tested. Six patients required more than one HCT.

Conclusion HCT was an effective treatment for DADA2, successfully reversing the refractory cytopenia, as well as the
vasculopathy and immunodeficiency.

Clinical Implications HCT is a definitive cure for DADA?2 with>95% survival.

Keywords Hematopoietic cell transplantation - Deficiency of adenosine deaminase 2 - DADA2 - Inborn error of immunity -
Bone marrow failure - Immunodeficiency - Autoinflammation
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GRFS GvHD-free relapse-free survival
MAC Myeloablative conditioning

RIC Reduced intensity conditioning

NMA Non-myeloablative conditioning
PRCA Pure red cell aplasia

MSD HLA-matched sibling donor
MUD HLA-matched unrelated donor
ATG Anti-thymocyte globulin
Introduction

In 2014, biallelic deleterious mutations in the cat eye chro-
mosome region 1 gene (CECRI, subsequently renamed
ADA?2), encoding adenosine deaminase 2 (ADA2), were
reported as the cause of a monogenic inborn error of immu-
nity disease, deficiency of ADA2 (DADA2) (OMIM #
615,688) [1, 2]. The phenotype comprises recurrent fever
and vasculopathy, ranging from livedo racemosa and pol-
yarteritis nodosa (PAN) to intracranial vasculopathy with
lacunar strokes and hemorrhages [1-3]. Cytopenias, either
autoimmune or due to bone marrow failure (BMF), occur in
50% of patients and present as congenital pure red cell apla-
sia (PRCA), neutropenia, thrombocytopenia, or pancytope-
nia [4-6]. Immunodeficiency with hypogammaglobulinemia
and recurrent viral and bacterial infections and malignant
lymphoproliferation (T-large granular lymphocyte leukemia
(T-LGL leukemia) and lymphoma) have also been described
[5, 7-9]. DADA2 diagnosis is based on an absence or low
levels of plasma ADA2 enzymatic activity and the dem-
onstration of biallelic loss-of-function mutations of ADA2
[10]. The pathophysiology of DADA?2 remains unclear. A
picture emerges where ADA?2 deficiency results in skew-
ing of macrophage differentiation towards inflammatory
M1 macrophages [11], leading to endothelial instability, as
shown in a zebrafish model and in endothelial cell coculture
systems [1]. Recent findings have revealed an even more
complex interplay between endothelial cells and monocytes
and macrophages with marked ADA?2 secretion by endothe-
lial cell lines [12].

Treatment of DADA?2 is challenging and case mortality is
estimated to be around 8%, mostly in childhood and related
to vasculopathy-associated complications and infections
[13—15]. None of the classical immunosuppressive drugs are
an option for the long-term treatment of DADA2, because
their efficacy is temporary, especially for the DADA?2 related
cytopenia, or because of the toxicity associated with long-
term use. Anti-TNF agents, etanercept in particular, are the
mainstay of treatment for the inflammatory and vasculopathy
phenotypes [16]. However, anti-TNF agents do not cure the
hematological phenotype and in a proportion of patients,
vasculopathy persists despite anti-TNF treatment [17, 18].
Finally, the cost of life-long TNF-inhibition is a limitation
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for some patients. Hematopoietic cell transplantation (HCT)
has been reported to result in a rapid and sustained resolu-
tion of the systemic inflammation and hematological phe-
notype, with all patients from a cohort of 14 patients sur-
viving after HCT [5, 19-21]. We report here the results of a
multinational study of a cohort of 30 patients with DADA?2
undergoing HCT, including the previously reported cases.

Methods
Overview of the Study

We conducted an investigator-driven retrospective inter-
national non-interventional multicenter study on HCT for
DADAZ2. Invitations to participate were sent to the physi-
cians allied to the DADA2 Foundation, the European Group
for Blood and Marrow Transplantation (EBMT), and the
European Society for Immunodeficiencies (ESID). We also
invited all authors of published single case reports on HCT
in DADAZ2 to participate in the study. Data collection began
after the Second Inaugural International Conference on
DADAZ2 hosted by the DADA?2 Foundation on November 9,
2018. The study was approved by the Ethics Committee of
Leuven University Hospitals (study number S63982). The
study was performed in accordance with the principles of the
Declaration of Helsinki. The authors assume responsibility
for the accuracy and completeness of the data and analyses
and for fidelity to the study protocol.

Patients

The criteria for patient inclusion in the study were as fol-
lows: (1) genetic diagnosis of DADA?2 and/or clinical find-
ings consistent with DADA2 and plasma ADA?2 activity
level in the deficient range and (2) HCT performed with a
follow-up time for survivors of at least 3 months after HCT.
All participating physicians completed a questionnaire. All
patients or their guardians gave written informed consent
for data collection. Patients for whom incomplete data were
obtained (indication for HCT, age at HCT, total nucleated
cell dose or CD34 + stem cell dose, stem cell donor, condi-
tioning regimen, graft-versus-host disease (GvHD) prophy-
laxis, time to engraftment, graft failure, conditioning for
subsequent HCTs, chimerism) were excluded from the study.

HCT Data

Neutrophil engraftment was defined as the first of three con-
secutive days with a neutrophil count >0.5 x 10%/L and plate-
let engraftment as the first of seven consecutive days with
a platelet count >20x 10°/L without platelet transfusion in
the prior 7 days. Full donor chimerism was defined as >95%
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donor cells in myeloid or whole-blood fractions. The type
of test was at the discretion of the transplant center. Primary
and secondary graft failures (GF) were defined according
to EBMT guidelines. Second (or third) HCT was defined
as the infusion of hematopoietic progenitor cell containing
product, according to CIBMTR, regardless of conditioning
regimen. The diagnosis and grading of acute and chronic
GvHD were based on international standard criteria [22].
Transplant regimen, GvHD prophylaxis, antimicrobial
prophylaxis, and pre-emptive treatment were chosen accord-
ing to center preferences. Preparative regimens were clas-
sified as reduced intensity conditioning (RIC) if the dose of
alkylating agents or TBI is reduced by at least 30% from a
myeloablative conditioning (MAC) approach. A total dose
of treosulfan > 30 g/m? was considered MAC whether or not
combined with another alkylator, whereas a total busulfan
dose < 8 mg/kg and fludarabine-melphalan regimens were
considered RIC.

Kaplan—Meier curves were plotted for overall survival
(OS) and GvHD-free relapse-free survival (GRFS), and p
values were obtained for Mantel-Cox log-rank tests per-
formed with Graph-Pad Prism Software version 9. Values
of p<0.05 were considered statistically significant. GvHD
relapse-free survival was calculated as the time from first
HCT until the first occurrence of any of the following events:
grades 3—4 aGvHD or moderate/severe cGVHD GF, disease
relapse (poor graft function/graft failure with DADA?2 dis-
ease relapse requiring repeat transplant), or death. HCTs
inadvertently using affected donors were excluded. The
cumulative incidence of GvHD and GF were also calculated
using competing risk analysis, using R, for all HCT proce-
dures, but excluding HCTs from affected donors.

Results
Patient Characteristics and Diagnosis of DADA2

We included 30 DADA?2 patients undergoing HCT between
2000 and 2020 in this study. Four other patients were
excluded due to incomplete data sets. Patients underwent
HCT at 21 different centers from 12 countries in Europe and
North America. Twenty of the patients have been reported
before [4, 5, 7, 9, 19-21, 23-27]. Median age at disease
onset was 2.25 years (range: birth to 16 years). Median
age at genetic diagnosis was 12 years (range: 2-28 years)
(Table 1). DADA?2 diagnosis was confirmed at the molecu-
lar level in all patients, by demonstrating the presence of
biallelic pathogenic ADA2 variants. Plasma ADA?2 activ-
ity was assessed before HCT in 18 patients and was low in
all cases. Twenty-six patients harbored known pathogenic
ADA?2 mutations. The R169Q variant was the most common
mutation, found in 15 patients. Four patients harbored novel

mutations, all with combined annotation-dependent deple-
tion (CADD) scores above the mutation significance cutoff
(MSC) for this gene; all these variants were private or had a
MAF < 107° [28], strongly suggestive of a deleterious effect.
Three of these patients were tested for ADA2 enzyme activ-
ity, which was found to be low or absent (Table 2). Patient
and HCT characteristics are summarized in Table S1 in the
Online Supplement.

Hematological Phenotype Pre-HCT

PRCA was documented in 8/30 patients, isolated neutrope-
nia in 6/30, combined RCA and neutropenia in 5/30, severe
aplastic anemia in 1/30, severe lymphopenia in 1/30, ane-
mia and neutropenia in 2/30, autoimmune hemolytic anemia
(AIHA) in 2/30, and pancytopenia in 5/30 patients, at pres-
entation. Six patients had a hematological malignancy or
myelodysplasia and received HCT as part of the therapeutic
approach (P4, P9, P17, P21, P26, and P27). Twenty-nine
patients had received at least one immunosuppressive treat-
ment prior to HCT including 13 patients who received at
least 3 lines of immunosuppressive medications. Fourteen
patients had received anti-TNF agents before HCT, with-
out effect on cytopenias. P6 received single agent etaner-
cept, which failed to reverse neutropenia; a combination
of adalimumab, cyclosporine, and low-dose prednisone
resulted in normal neutrophil counts for 6 months prior to
HCT. Two patients received pre-HCT Interleukin-1 receptor
antagonist (anakinra), without amelioration of cytopenias or
immune dysregulation. Seven patients received granulocyte
colony stimulating factor (G-CSF) for neutropenia, with no
response.

Immunological and Vasculitis Phenotype Pre-HCT

IgG levels were low in 12/27 tested patients, IgA levels
were low in 13/26, and IgM levels were low in 15/27 tested
patients. Recurrent infections were reported in 17 of the
30 patients, mostly viral infections (in 14/17). Herpesvirus
infections predominated, with three patients suffering from
recurrent herpes zoster, one having protracted CMV infec-
tion, one with severe chicken pox, one with recurrent cuta-
neous HSV-1, two with HHV6 viremia, and four with EBV
viremia (2 transient, 1 chronic, and 1 in the context of lym-
phoproliferative disease). Warts (n=4), and mollusca con-
tagiosum (n=4) were also reported. Immunoglobulin sub-
stitution treatment was administered to 15 of the 30 patients
before HCT, and splenomegaly was reported in 23/30
patients. Fifteen of 30 patients had reported vasculitis prior
to HCT (Table 1): 9 had livedo racemosa, 3 had polyarteritis
nodosa (PAN) (P6 with livedo, P7 with ICH and livedo, P11

@ Springer
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Table 2 Genetics and ADA?2 enzymatic activity for the 30 DADA?2 patients

Patient ID ADA? allele 1 ADA? allele 2 ADA2 activity pre- ADA2 activity post-HCT
HCT

P1* ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) NA 22.07%

P2 ¢.(753 +168_754-229)del ¢.(1081+139_1082-92)del 2b 490° at 1y

P3 ¢.680-681del (p.Y227fs*27) ¢.680-681del (p.Y227fs*27) NA NA

P4 c.1445 A> G (p.Y482C) c.1445 A> G (p.Y482C) NA 44.38%

P5 c.144del (p.R49fs) c.47+2 T>C (splice site) 0.2% 11.7%

P6 ¢.506G > A (p.R169Q) c.139G>T (p.G47W) 0.37¢ 1.67 of normal

P7 ¢.506C>T (p.R169Q) c.2T>C (p.MI1T) NA NA

P8 c.144delG (p.R49fs) ¢.506G > A (p.R169Q) NA NA

P9 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) 0.0* NA

P10 ¢.660C> A (p.Y220X) €.660C> A (p.Y220X) 2.5 403.6° at 2y

P11 ¢.3936delG (p.R131Sfs) ¢.3936delG (p.R131Sfs) 1.2° NA

P12 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) 0.11% 76.5°

P13 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) ob 77.8° at 2.5 m

P14 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) 0.09* NA

P15 ¢.1110C> A (p.N370K) c.1072G > A (p.G358R) 0.6 19.7* at 1y

P16 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) NA 8.3%at 10y

P17 ¢.506G > A (p.R169Q) c.932T>G (p.L311R) 0.3? NA

P18 ¢.336C>G (p.H112Q) del exon 7 0.4* 0.4 of normal

P19 ¢.506G > A (p.R169Q) ¢.336C>G (p.H112Q) NA NA

P20 c.140G>T (p.G47V) ¢.336C>G (p.H112Q) NA NA

P21 ¢.934C>T (p.R312X) ¢.709delC (p.Glu237fs) 0.2? 35.6at2m

P22 ¢.794C>G (p.S265X) ¢.794C>G (p.S265X) 0.0 10.8* at 1y

P23 c.1367A> G (p.Y456C) c.1196. G> A (p.W399X) NA 21.4%

P24 c.140G>T (p.G47V) c.140G>T (p.G47V) NA NA

P25 c. 1072 G> A (p.G358R) c. 1072 G> A (p.G358R) 0.52* NA

P26 p.Lys188Pro 2.17188016_17188596del 0* 6"

P27 ¢.506G > A (p.R169Q) ¢.506G > A (p.R169Q) 0.8? 7.0 at 1y

P28 c.144dupG (p.R49fs) ¢.506G > A (p.R169Q) NA NA

P29* ¢.506G > A (p.R169Q) c.1072G > A (p.G358R) NA 22.3%

P30* ¢.506G > A (p.R169Q) c.1072G > A (p.G358R) 0.3? NA

“Siblings (1 + 12 and 29 +30)

“Plasma ADA2 (mU per mL): healthy controls (n=27+pooled normal plasma), 13.0+5.1 (4.7-27.2). DADA2 patients (n=55), 0.4+0.5

(0-2.5)

*Dried plasma spots ADA2 (mU/g protein): healthy controls (n=106), 130.0 +53.2 (24.9-285). DADA?2 patients (n="78), 4.7 +4.8 (0-23.3)

isolated), three patients had ischemic stroke (P2, 26, 27), and
four had intracranial hemorrhage (P7,10, 27, P12).

Transplant Characteristics

The indications for HCT were cytopenia with or without
immunodeficiency and/or lymphoproliferation or malig-
nancy (Table 3). The median age at HCT was 9 years
(range: 2-28). Six of the 30 patients had received HCT
before the description of DADA?2 in 2014. Two patients
(P16, P29) were inadvertently transplanted using affected
siblings as donors and received salvage second HCT from
unrelated donors. A total of 38 HCTs were performed for

@ Springer

30 patients. Twenty patients received MAC (P12 with
two subsequent HCTs), eight received RIC, and two
received NMA conditioning for the final curative trans-
plant (Tables 3 and S1). The most commonly used regimen
(in 11 patients) was treosulfan/fludarabine + thiotepa with
antithymocyte globulin (ATG) or alemtuzumab. Serother-
apy was used in 25/30 patients: ATG in 10 (rabbit ATG in
all except horse ATG in P6 and P18) and alemtuzumab in
15 patients. The source of the stem cells for the final trans-
plant was peripheral blood (PB) for 10 and bone marrow
(BM) for 20 patients. Donors were HLA-matched related
(n=4), HLA-haploidentical sibling (n=2), 10/10 HLA-
matched unrelated (n=16), and 9/10 HLA-mismatched



1639

Journal of Clinical Immunology (2021) 41:1633-1647

eru

OQvVIN) -odoyduwA]
STSB)OYO WAy QIOAJS
T %001 &g -uoIq priN ON [ unjs ST VSO/MNIN /0311/n]] 4d NN 01/0T  ‘eruedonnoN dmi 810C vid
Oviv
wRlYy
9 %001 w9 SuoN ON ON L'S OBIMIIN  /0iI/mld N9 AN 01/01 vOud /9 0202 €1d
Kouaroyop
OVIND xx(OIN Sur -ounuwt
Wy -UI[oap I0J $1800q ‘VIL
vS  %S6<K¢ SuoN ON [RUS '8 VSOMNIN  /02IL/Md Q) dd AN OI/0T  IuaLmooy /S 910¢ Lcld
OvVIv)
WalV/LL eru
Tl %001 W9 SuoN ON ON 8V VSO/AININ /0RIL/MA WA AN 01/01  -edoikoueq d4/8¢C 6102 I1d
Qv Kyrunwwr
sneday DILV/LL -one ‘e1u
0S %001 KT SI1S01891§ ON [ unjs TE  VSO/XIW /0311/0]q 4d ANN 01/01  -edoikoueq d/11 9102 01d
QvVIv
wolV/LL eruadon
8 %86 &1 QuoN ON [RUSN 6  VSOMNIN /oM NG dNNO1/01  -neu VDY d/s 910¢ 6d
QvVIv AWD
DLV/LL JUQLINDX
0S %001 w9 SuoN ON zuns €8  VSO/XIW /ORI N9 AN 01/01 ‘voud /T 910C 8d
OVIN) eruadoyd
0S  %»S6<w9 QuoN ON ON 9 VSO/XIW wory/mpg/ng NG NN OT/0T  -WA] 91049 /€T 910¢ Ld
o
DLVY
£01d /uneISo)
0C %001 K1 ouON ON [ unis L'L joel/ANIN  -uad/ADmg 4d QNN 01/0T  eruadonneN /LT 610C 9d
OvVIv
09 %001 A1 SuUON ON ON GL=DONL VSO/XLN OILv/AOmgd W4 dnn 01/0l vOud /L S10T cd
priw Qv (smeis gvav
I %001 W9 SUON  ‘yInow +un|§ [RUS S0r  ADId/ANIN npy/ng  umowyun) g4 YN vOdd /€T 910¢ vd
Qv (1011180
87 %001 AC QuUoON ON ON 'S VSO/XLA  LIME//Mg  Tvay) WG QI vOud d/g 910¢ ed
(%001
profour) OV
9T %164¢ SuUoON ON ON €v VsD npy/ng NG ASIN vOud d/8¢ 8102 d
09+a € OV eruedon
vIT  %S6<A¢ U0 SOS ‘dlLI ON mo L VSOMIIN Lomg WA dSIN ~ -Deu ‘yDY /€ 600¢ JId
(34501 %) pel
(w)dn  wsowWIYO ope1d asop  srxejAydoxd 90IN0S IDH o1 /(K) I1DH 1DH
-mO[[oj 3se 7 Jouop ise] dwod 1010 HADO JAQHAD® +FEad JHAD Suruonipuo)) JeId/yorewt V' 1H uoneorpuy je o3y Joeox (Iiusned

syuaned 7v@vd 0g 2yi 10y suonedrdwos 1HH-1sod pue eiep [DH € d|qeL

pringer

Ns



Journal of Clinical Immunology (2021) 41:1633-1647

1640

OVIN)
qewrxm
/DLV/LL
194 %001 £ 1 QUON Pl o 7 n3/un{s <y VSO/XIIN /md/mg W9 AN 01/6  eruadonnaN 4/ S10C gad
QVIN)
£D1d 00CIdL (Ior1res TYav)
8L %001 A¢ uoN ON ON S0 MNW/oBRL,  /ADmgmid NG Ists o[dey  eruadonneN d4/0T €10C T
QD
qewrxnL ewoyd
ddL /OLV/LL -WAT [[30-g
0¢ %001 KT QuoN ON ON L ewpg-eydre /PN dd 1oyo1q ojdeyy  a8rey asngjrq d/€T 810C Ied
Qo
VSO wory
9L %86 AT SQUON ON ON ['C=DNL /ouostupaiq [N/ NG AN 01/01  eruadonnaN d/€T 10T 0cd
(VIAND
9¢ %001 £ 1 HYN 219®IS ON ON S8 VsO W/ ad AN 01/01 810¢C ¢6ld
4D
KIepuU09s O
‘Iz+d £O1d  uneysojuad
uo SOS ON ON Sy JOIUS/HININ /Komg NG AN 01/01  eruedonnaN /61 L10T I'6ld
I'1d LOH-1sod
Yoom T+ Pajoo[es
SISOI9PIS 7 s (VIAND Y€dO dd
¥ %001 W g ‘HIN ON  “JoAI] ‘UDyS V'L QUON DLVIMA AN 01/01 610¢ €'81d
eI (VIAN)
Jqeisun ON ON L€ ADLA/VSD waly/AD/Mmid dd ANIN 01/01 610C ¢'81d
O
DIVYU
AD AD1d JUTIR)SO} eruadon
Arepuooag ON ON 6 /OWBL/JININ  -ued/AD/ng dd ANIN 01/01 -nau ‘v W/L 810¢C 1'81d
QVIND) uon
qe WRY/LL -e[n3a1sAp
11 %96 W ¢ SUON  -Iepoul ‘Un[§ I uys 801 VSO JO_IL/MA N9 ANN 01/01 sunuruy A4/9 610C L1d
O (ASIN paroaye
Wy woIy LDH IT) VVS
00 %001 £¢ ouoN ON ON T VSO/XIIN AdImE - W NN OT/0T Alojoenoy /Y €002 91d
Qo
wary eruadon
149 %8641 Th+dAdLI ON ON g ORBL/XIN [N/ NG ANN 01/01  -nau ‘v DId W/v 910¢ Sid
Amv_\co_ X) pe
(w)dn  wsuowWIYO opeid asop  sixejAydoxd 90IN0S IDH o} /(K) I1DH 1DH
-MO[[0J 3se 7 Jouop ise]  dwod 1010 dHADO JQHAD® +PEAD HAD Suruonipuo)) JeId/yoyewt V' 1H uonedIpuy je a3y JoIedx (riuaned

(ponunuoo) ¢ 3jqey

pringer

fH's



1641

Journal of Clinical Immunology (2021) 41:1633-1647

1eak A ‘oprureydsoydo[oAo juerdsuen-isod £) 74 ‘edororyy 7.7 ‘uej[nsoan) 0a.] ‘@sop [[99 Pjea[onu [e10) DAL ‘UOTIRIPRIIT APOq [€10) /[ ‘OWOIPUAS UOIIONIISO [EPIOSNUIS
SOS ‘snuwrfodis o.41g ‘eisejde [[00 pa1 Yy ‘eise[de [[95 pa1 amnd YDy ‘eisejdiodAy sanerouadar renpou fyN ‘pooiq [eroydiied g4 ‘Iouop paje[arun paydiewsiu-yITH (/2N 10Uop paje[aun
payorew-yYTH /2 ‘Touop Surqrs paydlewl-yTH @S/ ‘THejowr ejouaydookwr Jp “9IeXonoylow X 74 ‘uereqd[owl japy ‘WSLIOWIYD PIXIW Dy ‘qpuowt w ‘yuerdsuen [[oo onetodojeway 7HH
‘9SBASIp IS0V SNSIAA JeI3 (FHAD ‘dInfief JyeIl 4o ‘ouiqerepny #7, ‘uorsnjur jAdoydwA] Jouop ;77 ‘v duriodso[okd ys) ‘suonedridwos dwod ‘uejinsnq ng ‘MolIewW U0q g ‘urngojs 9)Ko0w
-KyInue 98104 O [ Y ‘OWOIPULS sSansIp A107e11dsdr anoe SV ‘qeuunznjwale wa]y “eIusue SHAJOWAY SUNWIONE VATV 11ede YIUoW | $1S00q PSUOHIpUOdUN., (0¢ + 67 PUe ¢1 + 1) sSuIqIS,

o
VsD WR[Y/LL eruadon
9¢ %001 & 1 snnedoy pliu ury§ ON §$CT=ONL /euostupaid /PN W dNANIN 01/6  -Ddu ‘v 4/91 L10T +0¢d
SI1S0I1qy
IOAT] Sur
-3puq o (AS paroayye
oL+d djeropowt Wy woly 1DH 1)
SSl1 %56 A € VHIV IOAI[+UDS cuns 6'L  VSO/XLIN /0SvIdL/md ad ANININ 01/6 vOoud /6 L00T *60d
(@oIL ®q
—eyde)
o (10UOp JUAIYIP)
(44 %001 W [ QUON ON ON 6y  VSO/XLIW ODLV/LLMA ad ANININ 01/6 '8dd
OvVIv
DIV/LL eruadon
A9 Arewrig ON ON 'L VSO/XIIN /021N NG ANNNOI/6  -1_U VDY 4/91 910¢ 1'8cd
QvVIv)
wory eru
86  %0014&¢ auoN ON ON 98 VSO/XLAN  /odiL/md W AN O1/6  -odoikoueq d/8 T10T Led
OvVIv)
qewrxnL
/DLV/LL
IS %001 £ T QUON ON ON € VSO/XINN /0RIL/MIA NG ANININ 01/6  eruedonnoN d/ve 810¢C 9td
OvVIv)
%SS W 1 DLIV/LL
Cl 03 %001 W | QUON ON cuns Sv  VSO/XLIN JO1LL/M[A ad ANININ 01/6 voud d/v 0c0¢ gud
ys+d OvVIv
Sayv qewrxmry
r+a £D1d /WY VHIV
(peap) ¢ %001 W | uo SOS ON ON 9'¢  /VSO/MININ /MmEAMg NG ANNIN 01/6  “eruadonnaN d/6 810¢C ¥ed
(B/501%) Xas
(w)dn  wsuowWIYO opeid asop  sixejAydoxd 90In0S IDH o} /(K) I1DH LOH
-mo[[0J Ise T Jouop ise]  dwod 10y10 AHADO JAHAD® +P€a0 HAD Suruonipuo)) RIS /yorew VIH uoneoIpuy je a8y JoIesx (qIIiusnued

(ponunuoo) ¢ 3jqey

pringer

a's



1642

Journal of Clinical Immunology (2021) 41:1633-1647

unrelated (n = 8) for the final transplant (Tables 3 and S1).
Two of the six related donors carried heterozygous ADA2
mutations (P3, P22), three were healthy (P1, P2, P21), and
one donor was of unknown status (P4).

Engraftment, Graft Failure, Transplant-Related
Morbidity, Survival

Median engraftment was d + 20 for neutrophils and d +23
for platelets. In 25/28 patients receiving grafts from unaf-
fected donors, full donor chimerism was achieved by d + 30.
Overall survival at 2 years was 97%, with a median follow-
up of survivors of 2 years (range: 0.5-16), accounting for
1545 patient-months post-HCT (Fig. 1A). P24 passed away
2 months post-HCT due to respiratory failure secondary
to parainfluenza pneumonia despite full donor chimerism

Overall survival

—
o
=]
|
u}

Survival (%)

0 I I I I 1
0 12 24 36 48 60

Months after HCT

No. at risk 30 26 22 20 15

and treatment with steroids and etanercept for the suspicion
of immune reconstitution inflammatory syndrome. Viral
reactivation occurred in 17/30 patients (56%). Adenovirus,
CMY, and BK were most frequent involved, each observed
in six patients. GRFS was 73% at 2 years, with all events
occurring within the first year post-HCT. Of those trans-
planted with affected donors (n=2), P16 had primary graft
failure requiring salvage HCT, and P29 had obtained near-
full donor chimerism but failed erythroid line engraftment
and remained with PRCA. Three patients experienced graft
failure. P18 required two and P19 one subsequent HCT for
secondary GF. The latter two patients were found to have
aggregates of CD8+ T cells in their BM with low donor T
cell chimerism (9% and 0%) (Fig. 1B, Fig. 2B). P28 required
a second HCT likely due to low stem cell dose (1.4 x 10/
kg). P12 originally received MAC, but subsequently required

B GvHD/relapse-free survival (GRFS)

100-1'11_‘

(3]
o
1

GRFS (%)

0 1 1 I I 1
0 12 24 36 48 60

Months after HCT

No. at risk 30 20 16 15 12

C Before and after HCT| P1 | P2 P4 P7 P11

P3

P5 | P6 P8 | P9 [ P10

P14 | P15 P17 P20 P21 P23 P26 P28 | P29

Follow up (m)
Cytopenia
Hypogamm
HSM
LAP
I1BD
Severe infections

Vasculitis
Stroke
FTT
Immunodeficiency
Arthritis
Liver disease

Fig. 1 Kaplan—-Meier curves representing A overall survival, B
GvHD-free, relapse-free survival (GRFS). GvHD relapse-free sur-
vival was calculated as the time from first HCT until the first occur-
rence of any of the following events: grades 3—4 aGvHD or moderate/
severe cGVHD GF, disease relapse (poor graft function/graft failure
with DADA?2 disease relapse requiring repeat transplant), or death.
Overall survival is calculated on total number of patients (n=30);
GREFS is calculated on total number of HCT procedures, excluding
the two procedures performed with stem cells from an affected sib-
ling (n=34). C Effect of HCT on clinical features resolution. Black

@ Springer

squares indicate death post-HCT. Dark gray squares represent the
presence of a clinical feature/phenotype. Light gray squares repre-
sent major improvement in clinical features. White squares represent
complete resolution of clinical features. Each patient is presented by
2 attached columns (before and after HCT) for comparison. Follow-
up time post-HCT for each patient is shown in months (second row).
Severe infections represent any viral, bacterial, or fungal infection
that required antiviral or antifungal treatment or led to sepsis. FTT,
failure to thrive; HSM, hepatosplenomegaly; LAP, lymphadenopathy
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A Cumulative incidence of GvHD
100 o
3 — aGVHD 2 grade 2 (20%)
a -=-- c¢GVHD moderate or severe (7%)
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Months after HCT
No. at risk 30 23 20 20 20

Fig.2 Kaplan—-Meier curves representing A cumulative incidence of
GvVvHD (a, acute grade 2 or higher; ¢, chronic moderate or severe); B
cumulative incidence of graft failure. Cumulative incidence of GvHD

two unconditioned HCTs due to drop in whole blood donor
chimerism to 30% and new-onset RCA and agranulocytosis
unresponsive to G-CSF. Cumulative incidence of aGvHD
grades 2-4 was 20% at 1 year. Moderate-severe chronic
GvHD developed in 2/30 patients (7%) at 1 year (Fig. 2A).
P1, P19, and P24 developed sinusoidal obstruction syn-
drome (SOS), which responded to fluid restriction and diure-
sis in P1 and P19 and to defibrotide in P24. All three patients
with SOS received either high-dose cyclophosphamide or
myeloablative busulfan.

Cure of DADA2

HCT cured the hematological phenotype in all patients,
as confirmed at the most recent follow-up visit (Fig. 1C).
No central vascular events were reported after engraftment
(Fig. 1C). ADA2 plasma enzyme activity normalized in
16/17 patients tested post-HCT (Table 2). This normaliza-
tion occurred as early as d+ 12, coinciding with the reap-
pearance of monocytes in the PB, as demonstrated by the
prospective monitoring of plasma ADA?2 enzyme activity
in one patient [29]. At last follow-up, 29 patients were still
alive, and 28 of these patients displayed full donor chimer-
ism. Donor chimerism fell to 55% in P25 but remained stable
over several months, with no evidence of disease. Transient
hematological autoimmunity post-HCT was reported in
three patients: ITP in two and AIHA in one. This autoim-
munity responded to various treatment regimens (intrave-
nous immunoglobulins (IVIG)/steroids/sirolimus/rituximab/
bortezomib/romiplostim). Five patients are still on IVIG
(one less than a year after HCT, one for mild bronchiectasis,
and three post-rituximab treatment).

B Cumulative incidence of graft failure (11%)

-

=)
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Cumulative incidence (%)
o
o
1

1

0 T T T 1
0 6 12 18 24
Months after HCT
No. at risk 36 29 26 26 22

and cumulative incidence of graft failure are calculated on total num-
ber of HCT procedures, excluding the two procedures performed with
stem cells from an affected sibling (n=34)

Discussion

We show here that HCT for DADA?2 cures the hematologi-
cal and immunological phenotypes of DADA2, with no new
vascular events, with excellent survival, after a median fol-
low-up of 2 years. Outside this study, two additional patients
with DADA2 have received HCT and are reported to be alive
and well [30, 31]. Another two patients have also undergone
HCT, one of whom died after receiving a graft from a donor
heterozygous for the pathogenic mutation in ADA2 (P. Ste-
pensky, personal communication). Adding these patients to
the current report, 32 of the 34 DADA?2 patients who have
undergone HCT were cured. Despite the temporary resolu-
tion of neutropenia by a multidrug approach (cyclosporine,
steroids, adalimumab) in one patient prior to HCT, this
option is not feasible in the long term, and HCT is, there-
fore, a valuable alternative. HCT also resolved the vascular
phenotype in all 15 patients with vasculitis. No additional
central nervous system vascular events were reported post-
engraftment. Overall, the available data show an absence of
new vascular events after engraftment post-HCT, demon-
strating that hematopoietic cell-derived ADA?2 plays a non-
redundant role in restoring monocyte-endothelium interac-
tions [12].

In the presence of this vascular phenotype, despite the
impossibility of formal comparisons with other transplant
indications, it is advisable to avoid high dose or untargeted
busulfan and/or cyclophosphamide or high-dose radiation
and to consider preventive measures for SOS. Liver disease
was prominent and had a multifactorial etiology, directly
related to DADA?2 in some cases, but not in others (vascu-
litis, SOS, inflammation (DADA2/GvHD), iron overload,
drug toxicity, GvHD). We therefore advise involving hepa-
tologists in the care of DADA?2 patients’ right from diagno-
sis, with imaging, functional assessment, liver biopsy, and
iron chelation if indicated, and opting for the least hepato-
toxic conditioning regimen. The evaluation of pre/post-HCT

@ Springer
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renal disease, although less well described, requires a simi-
larly high level of attention.

Three patients who were grafted with a non-diseased
donor, suffered GF. Low CD34" stem cell dose probably
contributed to GF of P28. The choice of conditioning may
have contributed to secondary GF in P18 and P19, both of
whom had low donor T cell chimerism preceding GF. Our
data thus suggest that robust host lymphodepletion, more
than myeloablation, is essential in preventing GF. It remains
a matter of debate whether a related donor with a single del-
eterious allele of ADA2 can be considered a suitable donor.
Two of the six related donors carried heterozygous ADA2
mutations (P3, P22: both HCT were successful), three were
healthy (P1, P2, P21: all HCTs were successful), and one
donor was of unknown status (P4). P25 has suffered no dis-
ease relapse, with a whole blood donor chimerism of 55%. In
P12, whole blood donor chimerism fell to 30%, resulting in
disease relapse, suggesting that there is a minimum required
level of donor chimerism in DADA?2. Indeed, patients carry-
ing only a single pathogenic allele, with intermediate levels
of ADA?2 enzyme activity, have been reported to manifest
DADA?2 symptoms [10, 32]. In contrast, 9/10 MMUD and
MUD may be considered suitable options for donors: There
were 16 MUD and 8 MMUD transplants in this cohort.

The indication for HCT in this cohort was cytopenia and/
or malignancy and immunodeficiency, not responding to
treatment with TNF inhibitors. DADA?2 patients with refrac-
tory BMF or immune cytopenia should be referred early on
for HCT evaluation, given the morbidity and mortality due
to hemorrhage, iron overload, infection, and long-term treat-
ment with multiple immunosuppressive agents [18]. HCT is
also a treatment option for patients who do not have access
to anti-TNF agents even in the absence of immune cytope-
nia, BMF, or immunodeficiency. Theoretically, HCT could
be a treatment option for patients on long-term treatment
with anti-TNF inhibitors who develop neutralizing anti-drug
antibodies [33]. Gene therapy (GT) is a promising option
for the future, but is unlikely to be available to all DADA2
patients worldwide. In addition, GT requires conditioning
and the presence of a sufficient number of autologous hemat-
opoietic stem cells and may fail to reverse immune cytope-
nias if residual host T cells remain. Thus, GT is only feasible
in patients without refractory cytopenia/BMF/malignancy,
without prohibitive organ dysfunction, and without host T
cell-mediated cytopenias. In the latter, HCT is likely the
only potential curative treatment. For both HCT and GT, it
emerges that full replacement of the host T cell compart-
ment, and at least partial replacement of the myeloid com-
partment with ADA?2 sufficient cells, is required.

In conclusion, we report here experience with the treat-
ment of 30 DADA?2 patients with cytopenia, BMF and
immunodeficiency by HCT. All but one of the patients
are alive and well and are cured at a median follow-up of

@ Springer

2 years. This successful treatment of an auto-inflammatory
condition paves the way for application of HCT in other
auto-inflammatory conditions refractory to classic immu-
nosuppressive approaches.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-021-01098-0.
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