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in a genetically predisposed infant with metachromatic
leukodystrophy undergoing hematopoietic stem cell gene therapy
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Metachromatic Leukodystrophy (MLD) is a fatal demyeli-
nating lysosomal storage disease with no approved treatment;
it is caused by mutation in arylsulfatase A (ARSA) gene that
results in accumulation of sulphatides in neural and glial
cells. Patients with symptom onset before 30 months of age
are defined as late-infantile (LI) form and have a severe
clinical course characterized by a very rapid neurological
deterioration. While allogeneic hematopoietic stem cell
transplantation (HSCT) shows limited benefit in early onset
forms of MLD, preliminary results of hematopoietic stem
cell-gene therapy (HSC-GT) show evidence of safety and
clinical benefit in pre-symptomatic LI patients [1].

Injury of vascular endothelium observed within the first
30-60 days after HSCT leads to several complications
including Hepatic Veno-Occlusive Disease (VOD) and
Thrombotic Microangiopathy (TMA). VOD is characterized
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by platelet transfusion refractoriness, weight gain, fluid
retention, ascites, painful hepatomegaly, and eventually
multi-organ dysfunction with high mortality rate [2, 3].
Well-established risk factors for VOD are: young age, pre-
existing liver damage and use of busulfan-based myeloa-
blative conditioning regimens [4]. Moreover, there is an
increased risk of VOD in some inherited metabolic dis-
orders [5] and in patients with genetic polymorphisms of
various enzymes [6]. Defibrotide (DF) is approved for the
treatment of VOD and is able to reduce endothelial acti-
vation, protect endothelial cells and improve thrombo-
fibrinolytic balance [7]. TMA is characterized by endothe-
lial activation and microvascular thrombosis; known clin-
ical risk factors for TMA include calcineurin inhibitor use,
busulfan chemotherapy, allogeneic HSCT, Graft-versus-
Host Disease and previous VOD. Post-transplant TMA can
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present as atypical Hemolytic uremic syndrome (aHUS)
with occurrence of microangiopathic hemolysis, platelet
consumption and acute kidney injury [8]. This latter syn-
drome is often caused by acquired or genetic dysregulation
of the complement system, most commonly gene mutations
in complement factor H (CFH), factor I (CFI), factor B
(CFB), complement component 3 (C3), membrane cofactor
protein (MCP) or acquired anti-CFH antibodies [9]. The
anti-C5 monoclonal antibody Eculizumab has been suc-
cessfully utilized for aHUS treatment, being able to block
the complement cascade [10].

Here we report the case of two monozygous twins
affected by LI-MLD undergoing HSC-GT with CD347"
cells transduced with a lentiviral vector encoding for the
ARSA gene who were subsequently discovered to also
harbour a MCP gene mutation; while the first transplanted
twin developed severe VOD and TMA, DF prophylaxis and
reduction of busulfan regimen were associated with absence
of these complications in the second twin.

Twins were diagnosed with MLD at 3 months of age by
genetic testing (heterozygous 465 4+ 1 G > A and c.240dup
mutations in the ARSA gene) and low ARSA activity fol-
lowing disease onset in an older sibling. They received
HSC-GT at the pre-symptomatic stage; the dose of trans-
duced CD34" cells infused was similar in the 2 patients
(18.2 x 10%kg for Patient 1 (Ptl); 14.1 x 10%kg for Patient
2 (Pt2) (Table 1).

At 8 months of age, Ptl received myeloablative con-
ditioning with i.v. busulfan with target AUC of 85 mgh/L
(actual extrapolated exposure 84.9 mg h/L). On day (d) +
18 after HSC-GT, he developed severe VOD, diagnosed
according to modified Seattle criteria [11], and DF (25 mg/
kg/day) was initiated the same day. Rapid and marked
increase of liver enzymes (ALT peak value was 617 UI/L)
and abundant ascites that required ultrasound-guided
drainage followed the start of DF; subsequently the
patient progressively improved including remission of
platelet transfusion refractoriness on day +24 and remis-
sion of all signs and symptoms of VOD day +30. From
day 432 he showed recurrence of refractoriness to platelet
transfusions with signs of hemolysis, marked proteinuria
with C3 reduction and schistocytes on peripheral blood
smear, pointing to a diagnosis of TMA. Direct Coombs
test and anti-platelet antibodies were positive. Eculizumab
300 mg i.v. weekly was started (Fig. 1). The child became
drowsy and developed respiratory distress with need of C-
PAP and pediatric intensive care unit admission. Anti-
CFH antibodies resulted strongly positive and this was
confirmed also in pre-GT plasma samples. Genetic ana-
lyses revealed a heterozygous deletion of CFHR3-R1
(irrelevant for anti-CFH antibodies) and Ala353Val
mutation of MCP gene, which has been associated with
inadequate control of complement activation [12]. Due to

SPRINGER NATURE

Table 1 Disease and transplant characteristics of Patient 1 and 2

Conditioning regimen

Pre-transplant characteristics

Bu AUC Infused cell dose Engraftment

MLD type

Age at Treatment ARSA gene ARSA Activity

Age at MLD

Diagnosis

(n.v. 22-103)

Mutation analysis

10°/L

N>0.5x 10°/L PLT > 50 x

day 439 day +109

18.2 x 10° CD34

+ /kg

LI pre-symptomatic 84.9 mg h/L

1.4 nmol/h/mg

465+1G>A
¢.240dup

8 months

Pt 1 3 months

day +43 day +81

14.1 x 10° CD34

+ /kg

LI pre-symptomatic 63.4 mg h/L.

1.4 nmol/h/mg

465+ 1G> A
¢.240dup

9 months

Pt 2 3 months

Pt patient, ARSA arylsulfatase A, MLD metachromatic leukodystrophy, LI late-infantile, Bu busulfan, AUC area under the curve, N neutrophil, PLT platelet.
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« Fig. 1 Treatment schedule of the 2 patients undergoing HSC-GT.

Patient 1: Diagnosis of VOD on day 418 was based on the modified
Seattle criteria: hepatomegaly and increased body weight >2%;.
Reduced urine output and refractoriness to PLT transfusions preceded
hepatomegaly and ascites; this confirms the importance of EBMT
revised pediatric diagnostic criteria for VOD recently published
(Corbacioglu S. et al.). In this case, the increase of D-dimer was
documented very early in the course of VOD, while increase of hepatic
necrosis enzymes (peak values ALT 617 UI/L, AST 1040 UI/L, LDH
759 UI/L), bilirubin (peak value of total bilirubin 2.67 mg/dL, direct
1.48 mg/dL) and need of ascetic fluid drainage followed the start of
Defibrotide. Defibrotide (Defitelio) 25 mg/kg/day i.v. QID was given
from d + 18 to d + 41 resulting in remission of all signs and symptoms
of VOD. Diagnosis of TMA on d+ 32 was based on relapse of
refractoriness to platelet transfusions, increase in indirect bilirubin
values (up to 3.02mg/dl), reduction of haptoglobin, presence of
schistocytes 2—-3% in peripheral blood smear and urine protein/crea-
tinine ratio (peak value >10). Anti-CHF antibodies were positive
(1371 Ul/ml), accompanied by a reduction of complement factors (C3
0.77 g/L, C4 0.07 g/L). Eculizumab (Soliris) 300 mg i.v. weekly for 4
doses was administered from d + 40, followed by 2 maintenance doses
(300 mg i.v.) every 2 weeks. On d + 55, Rituximab 375 mg/m? i.v. for
4 weekly doses was started due to persistent presence of anti-CFH and
anti-platelet antibodies with low PLT counts. On d+ 66, due to
delayed hematological recovery, back-up reinfusion was performed.
Patient 2: received prophylactic Defibrotide 25 mg/kg/day i.v. QID
from d-4 before HSC-GT to d+4 30. Rituximab 375 mg/rn2 was
administered from d + 26 for 4 doses, due to presence of anti-CHF and
anti-PLT antibodies. He did not develop signs of VOD or TMA

persistence of anti-platelet antibodies and anti-CFH anti-
bodies, a course of Rituximab (375 mg/mz; 4 weekly
doses) was administered. The patient’s clinical condition
eventually improved, although he showed prolonged
anaemia and thrombocytopenia (in the absence of active
haemolytic process) with secondary gastrointestinal
bleeding. He required unmanipulated autologous back-up
bone marrow infusion to boost hematological recovery on

day +66. At the latest follow-up he showed good hema-
topoietic and immune reconstitution, no signs of renal
damage, albeit with neurodevelopmental delay; at the age
of 30 months he can walk with support.

Considering the onset of severe VOD and TMA in his
monozygous twin, DF prophylaxis was instituted in Pt2
from day —4 to day +30. The busulfan regimen admi-
nistered was myeloablative, but with a reduced target AUC
(67.2 mg*h/L). Actual extrapolated exposure was 63.4
mg*h/L. The child did not develop signs of VOD, com-
plement activation or renal function impairment. However,
anti-CFH antibodies resulted positive before HSC-GT and
at day 412, while anti-platelet antibodies resulted positive
at day +14; therefore, a course of 4-weekly Rituximab
doses was administered (Fig. 1). The patient showed slow
hematological recovery (Table 1) in the absence of clinical
complications. He is currently 20 months post-HSC-GT
with full hematological recovery, persistent engraftment of
gene corrected cells, no signs of microangiopathy and
progressive acquisition of motor and cognitive develop-
mental milestones. In both patients proportion of gene
corrected cells and ARSA activity was in line with pre-
vious patients treated with HSC-GT but markedly higher
in pt 2.

These LI-MLD monozygous twins harboured two
mutations in complement regulator genes (CRG), one
known missense mutation in MCP and a heterozygous
deletion in CFHR3-R1, as well as the presence of anti-
platelet and anti-CFH antibodies. Whole genome sequen-
cing identified a homozygous variant polymorphism in
Heparanase gene (HPSE; 1s4364254 C>T) associated
with higher risk of VOD [13], and a second homozygous
variant in Glutathione transferase-A2 gene (GST-A2;
rs2180314, p.Thr112Ser), a haplotype linked to decreased
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busulfan clearance and higher bilirubin levels [14]. Studies
have shown that phenotypes and clinical manifestations in
patients with mutations in CRG depend on environmental
triggers. In particular, MCP mutations are characterized by
a high rate of incomplete penetrance [12], appearing to be a
predisposing factor for TMA development, rather than
causative of TMA. Anti-CFH antibodies are detected at
higher prevalence in patients who develop aHUS than in
healthy subjects, suggesting that immune/inflammatory
dysregulation can predispose to development of sporadic
aHUS (Dragon-Durey et al., 2010). Prognosis varies with
each phenotype and among gene abnormalities; those
involving MCP are associated with the best prognosis [12].

Mutations in CRG and anti-CFH antibodies have not
been evaluated as possible risk factors for VOD. However,
clinical features of VOD, such as refractoriness to platelet
transfusion and microvessel thrombosis, may suggest that
VOD and TMA are a continuous spectrum of a common
pathogenic process that leads to inflammation, endothelial
activation and microvascular thrombosis with secondary
organ damage.

Ptl experienced severe VOD, successfully treated with
DF, and TMA, which resolved with Eculizumab and
Rituximab administration. Considering these severe compli-
cations when planning treatment of his monozygous brother,
we decided to modify environmental triggers, which may
have been responsible for VOD and TMA, as the penetrance
in aHUS is estimated to be around 50% [6, 9, 15]. DF pro-
phylaxis was instituted and myeloablative busulfan regimen
was slightly modified by decreasing systemic exposure; this
was associated with the absence of both VOD and TMA in a
high-risk patient.

This unique case—control study in monozygous twins
contributes to our understanding of the pathophysiology of
endothelial damage after HSCT; we speculate that endo-
thelial protection conferred by DF in a child genetically
predisposed to develop microangiopathy might have con-
tributed to prevention of secondary organ damage. Adjust-
ment of busulfan exposure to a lower, although
myeloablative, AUC may have also played a role in redu-
cing the degree of endothelial injury. This case report also
indicates that in selected situations, extensive evaluation of
molecular polymorphisms by whole genome sequencing
can identify genetically predisposed high-risk patients and
guide appropriate prophylactic measures. Finally, it under-
lines that prompt diagnosis and proper prophylaxis and
treatment of VOD and TMA may help overcome genetic
predisposing factors and prevent severe complications and
multiple-organ damage.
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