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Abstract

Hb Bart’s Hydrops Fetalis Syndrome (BHFS) resulting from a®-thalassemia is
considered a universally fatal disorder. However, over the last three decades
improvements in intrauterine interventions and perinatal intensive care have
resulted in increasing numbers of BHFS survivors. We have initiated an
international registry containing information on 69 patients, of which 31 are
previously unpublished. In this perspective we analyze the available clinical
information to document the natural history of BHFS. In future, once we have
accrued sufficient cases, we aim to build on this study and provide information
to allow counseling of at-risk couples. To date 39 patients have survived
beyond the age of 5 years, 18 of whom are now older than 10 years. Based
on the available cases we find evidence to suggest that intrauterine therapy
provides benefits during the perinatal and neonatal period, however, it may
not provide additional benefits to long-term growth and neurodevelopmental
outcomes. Growth retardation is a major adverse long-term outcome among
BHFS patients with ~40% being severely affected in terms of weight and
~50% in terms of height. There is also an increased risk of
neurodevelopmental delay as we find 20% (11/55) of BHFS survivors suffer
from a serious delay of 26 months. Most patients in the registry require
lifelong transfusion and often have associated congenital abnormalities and
co-morbidities. This perspective is a first step in gathering information to allow
provision of informed counseling on the predicted outcomes of affected
babies.



Introduction

a-thalassemia, arising from the underproduction or absence of a-globin
synthesis, is one of the most common human monogenic disorders with a
carrier rate of >1% among all tropical and subtropical populations studied?.
Reduction of a-globin results in aggregations of excess [B-like globin, which
during fetal life consist of gamma-globin (y4), termed Hemoglobin (Hb) Bart’s,
postnatally B-globin forms tetramers (B4) termed HbH (Table 1). Both Hb
Bart's and HbH have increased oxygen affinity resulting in poor oxygen
delivery. Excessive B-like globin chains also damage maturing erythroid
precursors, causing ineffective erythropoiesis. Moreover, a-thalassemia
predominantly leads to hemolysis resulting from the premature destruction of
mature red blood cells carrying Hb Bart’s and HbH?2.

The a-globin locus contains three functional genes: HBZ, HBA2 and
HBAL1l (Figure 1), all three are expressed during primitive erythropoiesis,
however, from 6-8 weeks of gestation HBZ is repressed and remains
quiescent throughout fetal and adult life. a-thalassemia most commonly
results from deletion of one (-a) or both (--) a-globin genes. Carriers of a-
thalassemia (-a/aa and --/aa) and homozygotes for the mild haplotype —a (-a/-
a) have mild hypochromic microcytic anemia. Compound heterozygotes (--/-a)
have hemolytic anemia (HbH disease), while homozygotes for the --
haplotype have a lethal condition known as Hb Bart's Hydrops Fetalis
syndrome (BHFS). To date ~40 aC-thalssemia deletions that remove both
HBA1 and HBA2 have been reported*®, the most common is the Southeast
Asian (SEA) deletion, a 20.5 kb deletion that removes both HBA2 and HBA1l
leaving HBZ intact (Figure 1)57.

BHFS fetuses suffer from severe anemia in utero causing severe tissue
hypoxia, heart failure and a range of developmental abnormalities associated
with hydrops fetalis®. Individuals with at least one copy of HBZ produce a
small amount of functional embryonic Hb Portland ({2y2) until the gene is
silenced, allowing survival to the third trimester of pregnancy.

BHFS has also been described in individuals with compound

heterozygosity for the --SEA and two less common a®-thalassemia deletions, --



FIL and --TA'that span the - and a-globin genes®. Rare cases of BHFS have
been reported in individuals of Greek!%1® and Sardinian origint4.

The SEA deletion is present at an allele frequency of 4-8% in Southern
China and Hong Kong®>'7, it is also found at high frequency in Thai, Filipino
and Vietnamese populations'®, however, it is most common in Northern
Thailand (allele frequency up to ~14%)%%20, BHFS is therefore a major global
health problem with at least 26,000 at-risk pregnancies and ~6,600 affected
fetuses in these regions annually. Screening followed by prenatal prevention
of homozygous a®-thalassemia births is routine in areas with a high carrier
rate’?3 and this strategy represents a critical safeguard to public health.
Nevertheless, improvements in intrauterine intervention and postnatal
intensive care, have resulted in increasing reports of BHFS survivors,
however, the impact of this disease on neurological and physical development
is unclear. In 2013 we initiated a registry of BHFS patients, which currently
contains clinical information from 69 individuals including 31 previously
unreported cases. The major aim of this on-going registry is to gather
information to allow informed counseling of rare parents who may wish to
consider continuing BHFS pregnancies. This retrospective study is a first step
towards our ultimate aim of providing a resource for clinicians managing

BHFS pregnancies and patients.

General characteristics of BHFS survivors

Among the group of 38 previously reported patients, clinical information
from 15 has been updated?*°8. The launch of this registry has brought to light
a further 31 unpublished BHFS patients. The patients’ ages at the time of
report or last communication are shown in Table 2, the oldest is currently 31
years old. Table 2 shows 59% (41/69) of patients underwent at least one
episode of intrauterine intervention. Most of the remaining 28 patients who
survived naturally until birth, received transfusion within the first day post
partum. Geographical distribution of patients is shown in Table 3. a-globin
genotypes are reported in 67 patients, 50 of whom are homozygous for the
SEA deletion (-- SBA/-- SEA) 2 have compound heterozygosity for the SEA and
the Filipino deletions (-- SEA/-- FIL), one is homozygous for the —(a)?%° deletion

and 14 patients are reported to have deletion of all four a-globin genes.



Diagnosis of BHFS was made in the 2 remaining patients by hemoglobin

electrophoresis showing Hb Bart’s to be the major globin present.

Prenatal diagnosis and intrauterine management

All 4 patients born before 1990 survived naturally until birth without
intrauterine treatment, whereas 17 of 29 patients (59%) born in the 1990s, 13
of 24 (54%) born in the 2000s and all 11 patients born after 2010 (3 patients
from the USA, 3 from Canada, 2 from Hong Kong and 1 each from Turkey,
Sweden and Poland) received either intrauterine transfusions or
hematopoietic stem cell (HSC) infusions. Prenatal diagnosis of BHFS was
made at a median gestational age (GA) of 22 weeks (range 10-31 weeks)
most frequently from ultrasonographic findings of hydrops fetalis followed by
fetal DNA analysis and cord blood Hb electrophoresis revealing Hb Bart’s (ya4)
to be the most abundant form of Hb. Of 41 patients treated in utero, 80%
(33/41) received red cell transfusion alone, 15% (6/41) underwent exchange
transfusion and 5% (2/41) underwent hematopoietic stem cell transplantation.
The earliest GA at which intrauterine intervention was performed was 13
weeks34,

59% (24/41) of affected fetuses who received intrauterine treatment
received their initial blood transfusion via the umbilical vein at GA 20-29
weeks (median 26 weeks, range 13-32 weeks, Table 2). Intrauterine
exchange transfusions were performed in 6 patients?%334351 three of whom
had reported fetal ascites as the predominant sign?®3343, Other reasons
reported for favoring exchange transfusion were removal of non-functional Hb
Bart’s (y4) and avoidance of fetal volume overload that may aggravate existing
poor cardiac function.

Intrauterine  HSC transplantation was performed in 2 patients
participating in research studies. Fetal liver cells derived from legally aborted
fetuses were used to source HSCs for two in utero infusions in one patient3°
and haploidentical paternal CD34+ve cells were used for three stem cell
infusions in the other3*. HSC infusion was initiated early in the second
trimester of pregnancy (GA 15 and 13 weeks). Although one patient received
additional HSC infusion at 3 months of age34, both patients remain transfusion

dependent, consistent with unsuccessful engraftment.



Intrauterine intervention appeared to prolong the course of pregnancies
as the frequency of term delivery increased from 3 of 26 pregnancies (12%)
without treatment to 16 of 40 pregnancies (40%) when interventions were
employed. The median GA at birth of affected fetuses treated in utero is 36
weeks and this is significantly higher than those surviving naturally until birth
(median GA at birth 32 weeks, p=0.0002). Despite these apparent benefits,
intrauterine intervention resulted in intrauterine infection and termination of

pregnancy in 2 cases33:3%,

Maternal Complications

Current data, in keeping with previous reports®, suggest an
increased incidence of serious maternal complications in BHFS pregnancies.
Preterm delivery is the most common obstetric complication occurring in 47 of
66 pregnancies (71%). Additionally, in the antenatal period, the majority of
problems arise in the third trimester with the median GA at detection being 29
weeks (range 22-34 weeks). Complications include polyhydramnios,
oligohydramnios, intrauterine infection, pre-eclampsia and abruptio placenta
(summarized in Table 4). The frequency of antepartum and post-partum
maternal complications is not significantly different between the in utero
treated group (11/25, 44%) and the untreated group (8/16, 50%, P=0.71).

Neonatal course of BHFS survivors

Clinical presentation of BHFS newborns includes anemia, hydrops,
hepatosplenomegaly and respiratory distress. In 54 of 69 patients (78%)
BHFS was detected in utero and in the remainder BHFS was diagnosed by
hemoglobin electrophoresis, showing Hb Bart’s (y4) to be the major Hb at
birth. The presence of Hb Portland (2y2) at birth, (median 17%, range 5.2% to
25.4%), indicating persistent expression of the ¢-globin gene, was reported in
at least 14 patients in the untreated group. Causes of hydrops remain
unclear®®l, however, intrauterine intervention was associated with a lower
incidence of hydrops (4/24 patients, 17%) compared to untreated cases
(12/22 patients, 55%) (Table 5).

There were significantly higher median Apgar scores at 1 and 5

minutes after birth in patients treated in utero (Table 5). This suggests that



intrauterine treatment of BHFS also leads to a lower likelihood of fetal distress
and a better response to initial resuscitation and thus less chance of severe
birth asphyxia. Supporting this, a significantly longer duration of neonatal
ventilation was required in those untreated in utero (Table 5).

Other serious neonatal complications reported, irrespective of
intrauterine treatment, include persistent pulmonary hypertension, respiratory
distress syndrome requiring surfactant therapy, pulmonary hemorrhage,
convulsions, cortical brain infarction, mild intraventricular hemorrhage,
bilateral pneumothorax, pericardial effusion, septicemia, severe
thrombocytopenia, and portal vein thrombosis. Additionally, abdominal and
pleural paracentesis were required immediately after birth in two hydropic
infants. These data suggest that BHFS infants often experience a difficult
neonatal period and intrauterine treatment is often associated with a less

stormy neonatal course (summarized in Table 5).

Congenital abnormalities

A high frequency of congenital abnormalities is observed in patients:
overall 37 of the 58 patients (64%), where data are available, had at least one
anomaly (Table 6). This incidence does not differ between in utero treated
(22/36 patients, 61%) and untreated patients (15/22, 68%). The most common
malformations are urogenital abnormalities, which occur almost exclusively in
males, with hypospadias being the most frequent (present in 57% (21/37) of
male patients). Other abnormalities include undescended testes, ambiguous
genitalia, bifid scrotum, micropenis, hydrocele and hydronephrosis. Although
correctable by surgery these abnormalities often remain as an important
source of distress and reduced quality of life.

Limb abnormalities are also fairly common, occurring in 9/58 patients
(16%, Table 6) and range from relatively mild deformities, such as
asymmetrical hand size, to major abnormalities such as complete absence of
the distal elements of the foot. Limb malformations remain life-long, however,
in many cases they are mild and may not significantly impact on patients.
Atrial septal defect (ASD) is the third most frequently found abnormality.
Although the incidence of ASD in BHFS survivors (Table 6) is higher (6/58;



10%) than that in general population (1:2500-1:8500 live births®?), the low

numbers prevent direct association of homozygous a-thalassemia and ASD.

Long-term growth outcomes

Growth data (assessed by weight and height of matched populations)
are available in 18 of the 28 patients who survived naturally until birth and in
26 of 41 patients transfused in utero. Although the proportion of patients
suffering from severe growth retardation varies between age groups, 31%
(12/39) are severely affected by weight and height, an additional 8% (3/39)
have severely affected weight and an additional 20% (9/44) have severely
affected height (weight/height <3'@ centile). Therefore, impaired growth
remains an important, long-term, adverse outcome affecting a large number of
patients, regardless of intrauterine treatment and neonatal course (Figure 2A),
suggesting abnormalities in long-term growth of patients with BHFS, similar to
B-thalassemia major®3, is multifactorial.

Of note, patients who survived naturally until birth and who have long-
term weight and height of >3 centile (n=10), in any given age group, were
born more prematurely (median GA at birth 29 weeks) than those with severe
growth retardation (n=8, median GA at birth 32 weeks, p=0.04). This suggests
that premature delivery allowing intensive post-natal intervention and life
support including blood transfusion, may contribute to better growth
outcomes.

Post-natal HSC transplantation was successfully performed in 14/69
patients (20%), resulting in transfusion-independent individuals. However,
poor growth, documented at least 2 years after transplantation (range 2-18
years), was corrected in only 4 of 10 patients in whom transplantation was
performed early in life (<5 years of age). The remaining cases in this group
remain growth retarded, weight and height being similarly affected, suggesting
improved growth does not necessarily result from curative therapy. Frequency
of blood transfusion given to non-transplanted patients varied. An institution in
Thailand, which is treating 4 transfusion-dependent survivors, reported
significant improvement of weight and height during the first year following
initiation of hypertransfusion. These patients were transfused to maintain pre-

transfusional “functional” hemoglobin (HbA + HbF, but not HbH) levels of 10



g/dL for at least 6 years at the time of last report. Of the 4 patients treated in
this way, three have long-term normal growth and one has continuously
improving growth. The benefits of this strategy are supported by a recent
report of 4 patients treated with a similar regimen for at least 1 year®’. Growth
hormone (GH) deficiency was documented in 3 patients, all of whom
responded to GH therapy. Therefore, improved transfusion regimes are likely

to offer significant benefits to BHFS patients.

Neurodevelopmental outcomes

A previous review reported affected fetuses to have reduced brain
weight relative to gestational age from ~8 weeks onwards?.
Neurodevelopmental outcomes are documented in 23 of 28 patients who
survived naturally until birth and in 32 of 41 patients maintained with
intrauterine treatment. Most reports were made at age >5 years in both
groups and as such represent “long-term” outcomes (Figure 2B). Assessment
of neurodevelopmental delay was divided by severity into four categories
according to evidence either from out-patient based developmental milestone
assessments (n=10) and age-appropriate formal child developmental
assessment (n=12), or rating by referring physicians (n=33): 1) severe delay;
2) 6-12 months delay, this category also includes delay of 1-2 life skills and
significant intellectual delay (+/-) requiring special education; 3) <6 months or
“mild” delay; 4) normal development.

Of patients >5 years old, 14 of 18 patients (78%) in the non-intrauterine
treatment group and 9 of 15 (60%) in the intrauterine treatment group have
“normal” neurodevelopment or only “mild” delay (Figure 2B). Nevertheless, 4
patients untreated in utero and 7 patients treated in utero from all age groups
suffer from significant neurodevelopmental delay of =26 months. These data
suggest that in our cohort while most patients at any given age have favorable
long-term neurodevelopmental outcomes (either “normal” or “mild” delay)
irrespective of intrauterine treatment (Figure 2B), as many as 20% (11/55
patients) suffer unfavorable outcomes.

Seven of nine patients, including both intrauterine treated and
untreated groups, with 6-12 months or severe developmental delay

experienced a difficult neonatal period. This included neonatal resuscitation,



requirement for mechanical ventilation for >3 days, intraventricular
hemorrhage and cortical infarction. However, 21/28 patients (75%) who
experienced such neonatal events develop normally in the long-term. This
implies that survivors with favorable neurodevelopmental outcomes may have
a critical neonatal period, however, those with significant delay are more likely
to have had a difficult neonatal course.

Significant neurodevelopmental delay remains in 3 of 10 patients
transplanted at <5 years of age who are transfusion-independent. Therefore,
similar to growth, neurodevelopmental delay may not always be recoverable
by early curative therapy. Three of the 4 patients hyper-transfused for at least
6 years (current age 7 to 14 years) have normal neurodevelopment. The
remaining patient (aged 6 years) has 6-12 months delay, however, this is
improved from the severe delay reported prior to hypertransfusion. One
recently reported patient®” received a similar regimen since birth and achieved
normal developmental milestones at 14 months of age. Whether this recently
implemented transfusion regimen consistently results in favorable long-term

neurodevelopmental outcomes as well as growth remains to be seen.

Current treatments

Most patients require life-long transfusion. Curative HSC
transplantation is mainly restricted by availability of donors and limitations of
funding, especially in less developed countries. In this study 18 of 69 patients
(26%) have undergone postnatal HSC transplantation of which 14 have
become transfusion-independent (Table 2). In most of the cases that became
transfusion independent (10/14; 71%) transplants were performed early in life,
ranging from 12-44 months of age. Although this early curative therapy may
not always result in correction of poor growth and developmental delay, these
patients have a reduced risk of chronic transfusion-related complications,
such as iron overload. Transplantation was performed using either HLA-
matched or -mismatched cells obtained from bone marrow, cord blood or
peripheral blood of siblings or unrelated donors. Significant transplant-related
complications including acute skin and gut graft-versus-host disease (GVHD),
post-transplant lymphoproliferative disorder due to Epstein-bar virus (EBV)

and hearing loss resulting from chemotherapeutic agents used for the
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conditioning regimen were noted in 3 patients. Of the 4 unsuccessfully treated
cases HSC transplantations resulted in lethality in one case®® and were
unsuccessful because of graft rejection in 3 patients, who remain transfusion-
dependent.

A total of 53 of 69 patients (77%, Table 2) are transfusion-dependent
and the majority of these patients have been regularly transfused starting from
a few days to a few weeks after birth. The frequency of transfusions varies
from 2 to 5 weeks and survivors are most often treated to maintain a pre-
transfusional hemoglobin level range from 7-10 g/dL.

A recent study of 4 BHFS patients (age 6-16 years) suggests that
hemolytic anemia leading to extramedullary hematopoiesis is the most
prominent pathophysiology in  survivors rather than ineffective
erythropoiesis®’. This is because these patients have significant splenomegaly
and progressive levels of peripheral reticulocytes as well as non-functional
HbH (B4)®’. A more intensive transfusion strategy based on the functional
hemoglobin level, calculated by total hemoglobin x (1-HbH/100), of >10 g/dL
as a parameter for subsequent transfusions, together with occasional
exchange transfusion to remove HbH, resulted in a smaller spleen size, a
significant decrease in reticulocytosis and decreased erythropoietin levels
consistent with an improvement in tissue hypoxia. This approach is similar to
the hypertransfusion regime employed in Thailand. However, whether the
benefits of this more intensive transfusion regimen for BHFS patients
outweigh the increased burden of iron chelation has yet to be investigated.
Development of iron overload was documented at 6 months of age in one
patient transfused with this regimen since birth%’, this was compounded by the
difficulty of chelation in infants.

Treatment of transfusional iron overload varies among institutions.
Reports on iron burden are available in 27 of 53 transfusion-dependent
patients, all of whom are being treated with at least one iron chelator. Their
median pre-transfusional ferritin level, documented at the median age of 7.5

years (range 0.7-31 years), is 1,328 ng/mL (range 226-2,157 ng/mL).
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Other comorbidities of long-term survivors

Endocrinopathies similar to those in B-thalassemia major%¢ are
documented in at least 6 transfusion-dependent patients, 5 of whom are older
individuals (age 7-15 years). These include hypothyroidism, diabetes mellitus,
delayed puberty, hypogonadism and growth hormone deficiency and are likely
to result from iron overload in endocrine organs. Decreased bone density is
documented in at least 4 patients likely resulting from a combination of
marrow expansion in response to chronic hemolysis, chronic anemia, iron
toxicity as well as other endocrine complications®-%°. Cholelithiasis is reported
in one case resulting from chronic hemolytic anemia.

Other comorbidities found in patients show no consistent association
and include asthma, Graves’ disease, systemic lupus erythematous, gout,
tricuspid valve dysplasia, premature ventricular contraction, migraine and

idiopathic urticaria.

Discussion

While the vast majority of affected fetuses with BHFS die in utero or a
few hours after birth, there are at least 69 patients who have survived
reflecting improved intrauterine therapy and neonatal intensive care. Although
patient numbers are limited, this is the largest study to date describing the
natural history and long-term outcomes of individuals with BHFS.

Molecular diagnostic tools for DNA analysis obtained from chorionic villi
sampling (CVS) and less invasive procedures, such as accurate ultrasound
measurement and analysis of fetal cell-free DNA in maternal blood, have
been developed to detect BHFS pregnancies as early as the 15t trimester® 70
>, However, a proportion of mothers are not screened, most often being
diagnosed in mid- to late-gestation (median GA 22 weeks), or postnatally.
This reflects a continuing need for improved public education, carrier
detection, genetic counseling and early antenatal diagnosis. Comprehensive
prenatal screening is currently being implemented in some populations with a
high carrier rate of a®thalassemia deletions including Hong Kong’®7’,
Thailand?>7® and mainland China’®, and this public health policy needs to be

consistently employed and expanded.
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In the event that parents wish to continue BHFS pregnancies despite
the associated risks, early intrauterine intervention is likely to lead to
prolonged gestation, improved Apgar scores and shortened neonatal
mechanical ventilation. Therefore, in such cases it appears to be prudent that
intrauterine treatment should be offered, where available. Intrauterine HSC
transplantation has yet to be successful in fetuses with BHFS and selection of
an appropriate HSC source and optimization of in utero transplantation
protocols and timing remains challenging. Most studies in the field are not yet
ready for the clinic®-83, Although intrauterine transfusion results in a less
stormy neonatal course, it may not provide additional benefits to long-term
growth and neurodevelopment. This suggests that once affected infants have
survived gestation and the postnatal period, they have a similar chance to
grow and develop normally regardless of prenatal history of intrauterine
treatment. HSC transplantation in early life does not always correct poor
growth (4/10 patients corrected) and unfavorable development (7/10 patients
corrected).

It is remarkable that 10 of 22 fetuses (45%) untransfused in utero were
born without hydropic features (Table 5). The factors underlying the
development of hydropic abnormalities are still unclear®®!, however, infants
with no hydropic features may have a greater degree of persistent expression
of embryonic {-globin and further detailed study is required to resolve this
issue.

The high incidence of associated congenital abnormalities is also an
important risk factor in BHFS pregnancies®. The most common are urogenital
and limb abnormalities, most likely resulting from early in utero hypoxia, both
of which may remain as lifelong co-morbidities. This is significant because
such abnormalities may arise early in gestation when currently available
technologies are incapable of diagnosing BHFS870-748485 gnd the affected
fetuses are too small for intervention. However, advances in prenatal
ultrasound assessment®® allow early detection of limb defects and this should
be taken into account when counseling affected couples. Growth retardation
IS a major adverse long-term outcome as 15 of 39 patients (38%) have
severely impaired weight and 21 of 44 (48%) have short stature in any given

age group (Figure 2A). While 11 of 55 patients (20%) at any given age suffer
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from significantly delayed intellectual development or developmental
milestones, the remainder (44/55, 80%) have favorable neurodevelopmental
outcomes in the long-term (Figure 2B).

Maternal factors should also be considered and mothers carrying
hydropic fetuses have an increased risk of serious obstetric complications that
may occur regardless of whether intrauterine therapies are given. Although
the frequencies of most of maternal complications reported here are much
lower than in previous literature (reviewed in Higgs?), suggesting a high
standard of obstetric care in these cases, it is important for mothers to be
monitored closely at antenatal clinics with experience of the management of
complex pregnancies.

Most patients (77%, 53/69 patients) require lifelong transfusion. Blood
transfusion according to functional hemoglobin levels appears to improve
many outcomes, however, these benefits may be outweighed by long-term
transfusion-related complications. Assessment of endocrine functions and
bone disease should be regularly performed.

In conclusion, this retrospective study of 69 patients with BHFS
suggests that most will require lifelong transfusion, are likely to have some
growth delay and short stature and may also have developmental
abnormalities and co-morbidities. On the basis of this registry more informed
counseling can now be provided on the predicted outcomes of affected babies
and associated maternal risks. If parents are determined to continue with a
BHFS pregnancy the management of affected infants after birth, when
possible, should follow the standard care for patients with transfusion
dependent thalassemia by suppressing production of Hb Bart's and HbH
combined with appropriate iron chelation. However, for most affected
individuals worldwide such management is not available. Given the intent to
offer intrauterine therapy at some centers®’ we will continue and expand this
registry to “fine-tune” and develop guidelines for intrauterine intervention and
post-natal transfusion. This work also emphasizes areas for pre-clinical
research; in particular to identify how the -globin gene could be re-activated
to cure this disease. Most importantly the complex clinical outcomes of these
patients even when treated in expert centers underscores the need for

improved programs for prevention worldwide.
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Table 1. Hemoglobin Types Present During Development

Developmental stages Normal BHFS

Embryonic Hb Gower | (2¢€2) Hb Gower | ({2¢2)
Hb Gower Il (02€2) Hb Portland | (Z2y2)
Hb Portland | (C2y2)

Fetal Hb F (a2y2) Hb Bart's (ya)
Hb Portland I (2y2)
Postnatal/Adult Hb A (022) Hb H (B4)
Hb Az (0202) Hb Portland II (2 B2)

Table 2. General Clinical Characteristics of Long-term BHFS Survivors

Clinical characteristics Patients (total n=69)
Age (years)

- 29 (42%)
>5-10 21 (30%)
>10 18 (26%)
NA 1 (1%)
Gender
M 37 (54%)
F 25 (36%)
NA 7 (10%)
GA at birth (weeks)
>37 19 (28%)
>30-36 38 (55%)
<30 9 (13%)
NA 3 (4%)
First transfusion

In utero at GA (weeks) 41 (59%)

=30 7 (10%)
>20-29 24 (35%)
<20 2 (3%)

NA 8 (12%)

Postnatal 28 (41%)
Current status
Transfusion-dependent 53 (77%)
Transplanted 14 (20%)
Deceased* 2 (3%)

A total of 69 survivors are included in this registry. GA, gestational age; NA, data not
available. *Both patients suffered from severe developmental delay. One patient died at the
age of 11 years owing to pneumonia and respiratory failure?®. The other patient died of fungal
infection and severe graft-versus-host disease after HSC transplantation at the age of 13
years (four months after transplantation)>8.
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Table 3. Geographical Distribution of Patients

. . Patients without
PEMEITS MEREEy intrauterine Total
Countries intrauterine e o (n=69)
intervention (n=41) (n=28) -
USA 12 6 18
Canada 15 3 18
Hong Kong 7 9 16
Thailand 5 5
Australia 2 2
Sweden 2 2
Malaysia 2 2
UK 1 1
Turkey 1 1
Germany 1 1
Poland 1 1
Japan 1 1
Taiwan 1 1
Table 4. Maternal Complications
BHFS survivor Non hydropic
cases (%) % *
Previous pregnancies (n=35)
Abortion® 6 (17%)
Still birth/neonatal death 14 (40%)
Antepartum (n=41)
Polyhydramnios 6 (15%) <1
Oligohydramnios 3 (7%)
Intrauterine infection 2% (5%)
Pre-eclampsia 5 (12%) 7
Abruptio placenta 1 (2%)
Delivery
Preterm delivery (n=66) 47 (71%) 5-10
GA < 30 weeks 9 (14%)
GA = 30-36+ weeks 38 (57%)
Birth presentation (n=41)
Malpresentation 4 (10%) <5
Mode of delivery (n=54)
Assisted vaginal delivery 2 (4%) 5
Caesarean section 31 (57%) 2-3
Postpartum (n=41)
Postpartum hemorrhage 2 (5%) 5

Number of cases with available data in each category is given as (n)
GA, Gestational age.

$ Two elective, four spontaneous

* Reviewed in Higgs, 20092

# Both of whom received intrauterine interventions



Table 5. Benefits of Intrauterine Treatment on BHFS Infants During the Neonatal Period

No intrauterine

Intrauterine

treatment treatment *P
GA at birth median (range), 32 (23-39) 36 (29-41) <0.001
weeks
Frequency of term birth 3 of 26 (12%) 16 of 40 (40%) 0.014
(cases, %)
Hydropic feature at birth 12 of 22 (55%) 4 of 24 (17%) 0.007
(cases, %)
Birth weight of = 10th centile 17 of 21 (81%) 29 of 32 (91%) NS
(cases, %)
Apgar scores (median,
range)
At 1 minute 3 (0-6) 8 (1-9) 0.003
At 5 minutes 6 (1-8) 9 (5-10) 0.003
Required mechanical and/or
assisted ventilation (cases, 17 of 20 (85%) 19 of 35 (54%) 0.02
%)
Duration of mechanical
and/or assisted ventilation 19 (4-60) 3 (1-21) 0.005

required (days, median,
range)

GA, Gestational age; NS, Not significant; *P < 0.05 is significant

Table 6. Congenital Abnormalities Associated with BHFS Survivors

BHFS survivors

Defects (total n=58)*
Any abnormality 37 (64%)
Urogenital abnormalities 28 (48%)
Limb abnormalities 9 (16%)
Atrial septal defect 6 (10%)
F_’ate_nt ductus arteriosus requiring 1(2%)
ligation

Pulmonary valve stenosis 1 (2%)
Microcephaly 1 (2%)
Jejunal atresia 1 (2%)
Hip dysplasia 1 (2%)
Rib deformity 1 (2%)

*Total number of cases with available data
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Figure 1. Map of a-globin Deletions Found in the BHFS Survivors
The a-globin cluster on human chromosome 16 (16p13.3). Genes in the region and the major
a-cis-regulatory element (HS-40) are shown in the middle panel. The extent of the deletions
found in the BHFS survivors reported in this study are shown by red bars. HVR, hypervariable
region; ps, pseudogene. (Locations refer to reference genome hg19).

Figure 2. Long-term Growth and Neurodevelopmental Impairment of BHFS Survivors

(A) Growth assessed by weight (left panel) and height (right panel) and degree of
neurodevelopmental impairment (B) of patients who received intrauterine treatment (striped
bars) and who survived naturally until birth are shown. The x-axis indicates age at the time of
last assessment. The y-axis shows the proportion of the BHFS survivors. Color codes below
the graphs indicate weight, height and neurodevelopmental impairment levels as described.
Numbers of patients with available reports are shown on the top of each bar.

20




References

1. Harteveld CL, Higgs DR. Alpha-thalassaemia. Orphanet J Rare Dis. 2010;5:13-33.

2. Higgs DR. The Pathophysiology and Clinical Features of alpha-thalassemia. In:
Steinberg MH, Forget BG, Higgs DR, Weatherall DJ, eds. Disorders of Hemoglobin. Vol. 1.
United State of America: Cambridge University Press; 2009:266-295.

3. Peschle C, Mavilio F, Care A, et al. Haemoglobin switching in human embryos:
asynchrony of zeta----alpha and epsilon----gamma-globin switches in primitive and definite
erythropoietic lineage. Nature. 1985;313:235-238.

4, Giardine B, van Baal S, Kaimakis P, et al. HbVar database of human hemoglobin
variants and thalassemia mutations: 2007 update. Hum Mutat. 2007;28(2):206-215.
5. Higgs DR. The Molecular Basis of alpha-thalassemia. In: Steinberg MH, Forget BG,

Higgs DR, Weatherall DJ, eds. Disorders of Hemoglobin. New York: Cambridge University
Press; 2009:241-265.

6. Higgs DR, Vickers MA, Wilkie AO, Pretorius IM, Jarman AP, Weatherall DJ. A review
of the molecular genetics of the human alpha-globin gene cluster. Blood. 1989;73(5):1081-
1104.

7. Higgs DR. alpha-Thalassaemia. Baillieres Clin Haematol. 1993;6(1):117-150.

8. Chui DH, Waye JS. Hydrops fetalis caused by alpha-thalassemia: an emerging health
care problem. Blood. 1998;91(7):2213-2222.

9. Fischel-Ghodsian N, Vickers MA, Seip M, Winichagoon P, Higgs DR.

Characterization of two deletions that remove the entire human zeta-alpha globin gene
complex (- -THAI and - -FIL). Br J Haematol. 1988;70(2):233-238.

10. Sharma RS, Yu V, Walters WA. Haemoglobin Bart's hydrops fetalis syndrome in an
infant of Greek origin and prenatal diagnosis of alpha-thalassaemia. Med J Aust.
1979;2(8):404, 433-404.

11. Pressley L, Higgs DR, Clegg JB, Weatherall DJ. Gene deletions in alpha thalassemia
prove that the 5' zeta locus is functional. Proc Natl Acad Sci U S A. 1980;77(6):3586-3589.

12. Kattamis C, Metaxotou-Mavromati A, Tsiarta E, et al. Haemoglobin Bart's hydrops
syndrome in Greece. Br Med J. 1980;281(6235):268-270.

13. Diamond MP, Cotgrove |, Parker A. Case of Intrauterine Death Due to alpha-
thalassemia Br Med J. 1965;2(5456):278-279.

14, Galanello R, Sanna MA, Maccioni L, et al. Fetal hydrops in Sardinia: implications for
genetic counselling. Clin Genet. 1990;38(5):327-331.

15. Qiu QW, Wu DD, Yu LH, et al. Evidence of recent natural selection on the Southeast

Asian deletion (--(SEA)) causing alpha-thalassemia in South China. BMC Evol Biol.
2013;13:63-72.

16. Lau YL, Chan LC, Chan YY, et al. Prevalence and genotypes of alpha- and beta-
thalassemia carriers in Hong Kong -- implications for population screening. N Engl J Med.
1997,336(18):1298-1301.

17. Xu XM, Zhou YQ, Luo GX, et al. The prevalence and spectrum of alpha and beta
thalassaemia in Guangdong Province: implications for the future health burden and
population screening. J Clin Pathol. 2004;57(5):517-522.

18. Weatherall DJ, Williams TN, Allen SJ, O'Donnell A. The population genetics and
dynamics of the thalassemias. Hematol Oncol Clin North Am. 2010;24(6):1021-1031.

19. Lemmens-Zygulska M, Eigel A, Helbig B, Sanguansermsri T, Horst J, Flatz G.
Prevalence of alpha-thalassemias in northern Thailand. Hum Genet. 1996;98(3):345-347.

21



20. Weatherall DJ, Williams TN. Population Genetics and Global Health Burden. In:
Steinberg MH, Forget BG, Higgs DR, Weatherall DJ, eds. Disorders of Hemoglobin. New
York: Cambridge University Press; 2009:625-637.

21. Tongsong T, Charoenkwan P, Sirivatanapa P, et al. Effectiveness of the model for
prenatal control of severe thalassemia. Prenat Diagn. 2013;33(5):477-483.

22. Ma SK, Ma V, Chan AY, Chan LC, Chui DH. Routine screening of (--(SEA)) alpha-
thalassemia deletion by an enzyme-linked immunosorbent assay for embryonic zeta-globin
chains. Acta Haematol. 2002;108(1):8-12.

23. He P, Yang VY, Li R, Li DZ. Prenatal control of Hb Bart's disease in mainland China:
can we do better? Hemoglobin. 2014;38(6):435-439.

24, Beaudry MA, Ferguson DJ, Pearse K, Yanofsky RA, Rubin EM, Kan YW. Survival of
a hydropic infant with homozygous alpha-thalassemia-1. J Pediatr. 1986;108:713-716.

25. Bianchi DW, Beyer EC, Stark AR, Saffan D, Sachs BP, Wolfe L. Normal long-term
survival with alpha-thalassemia. J Pediatr. 1986;108:716-718.

26. Fischel-Ghodsian N, Higgs DR, Beyer EC. Function of a new globin gene. Nature.
1987,329:397.

27. Jackson D.N., Strauss A.A., Groncy P.K., Bianchi D.W., Akabutus J. Outcome of
neonatal survivors with homozygous alpha-thalassemia. Pediatric Research. 1990;27:266A.

28. Lam TK, Chan V, Fok TF, Li CK, Feng CS. Long-term survival of a baby with
homozygous alpha-thalassemia-1. Acta Haematol. 1992;88(4):198-200.

29. Carr S, Rubin L, Dixon D, Star J, Dailey J. Intrauterine therapy for homozygous
alpha-thalassemia. Obstet Gynecol. 1995;85:876-879.

30. Westgren M, Ringden O, Eik-Nes S, et al. Lack of evidence of permanent
engraftment after in utero fetal stem cell transplantation in congenital hemoglobinopathies.
Transplantation. 1996;61(8):1176-1179.

31. Naqvi A, Waye J. S., Morrow E, Nisbet-Brown Olivieri N. F. Normal development of
an infant with homozygous alpha-thalassemia. Blood. 1997;90(10):132a.

32. Chik KW, Shing MM, Li CK, et al. Treatment of hemoglobin Bart's hydrops with bone
marrow transplantation. J Pediatr. 1998;132(6):1039-1042.

33. Fung TY, Lau TK, Tam WH, Li CK. In utero exchange transfusion in homozygous
alpha-thalassaemia: a case report. Prenat Diagn. 1998;18(8):838-841.

34. Hayward A, Ambruso D, Battaglia F, et al. Microchimerism and tolerance following
intrauterine transplantation and transfusion for alpha-thalassemia-1. Fetal Diagn Ther.
1998;13(1):8-14.

35. Ng PC, Fok TF, Lee CH, et al. Is homozygous alpha-thalassaemia a lethal condition
in the 1990s? Acta Paediatr. 1998;87(11):1197-1199.
36. Dame C, Albers N, Hasan C, et al. Homozygous alpha-thalassaemia and

hypospadias--common aetiology or incidental association? Long-term survival of Hb Bart's
hydrops syndrome leads to new aspects for counselling of alpha-thalassaemic traits. Eur J
Pediatr. 1999;158(3):217-220.

37. Fung TY, Kin LT, Kong LC, Keung LC. Homozygous alpha-thalassemia associated
with hypospadias in three survivors. Am J Med Genet. 1999;82(3):225-227.

38. Singer ST, Styles L, Bojanowski J, Quirolo K, Foote D, Vichinsky EP. Changing
outcome of homozygous alpha-thalassemia: cautious optimism. J Pediatr Hematol Oncol.
2000;22(6):539-542.

39. Zhou X, Ha SY, Chan GC, et al. Successful mismatched sibling cord blood transplant
in Hb Bart's disease. Bone Marrow Transplant. 2001;28(1):105-107.

40. Leung WC, Oepkes D, Seaward G, Ryan G. Serial sonographic findings of four
fetuses with homozygous alpha-thalassemia-1 from 21 weeks onwards. Ultrasound Obstet
Gynecol. 2002;19(1):56-59.

22



41. Liu CA, Huang HC, Chou YY. Retrospective analysis of 17 liveborn neonates with
hydrops fetalis. Chang Gung Med J. 2002;25(12):826-831.

42. Sohan K, Billington M, Pamphilon D, Goulden N, Kyle P. Normal growth and
development following in utero diagnosis and treatment of homozygous alpha-thalassaemia.
BJOG. 2002;109(11):1308-1310.

43. Bizzarro MJ, Copel JA, Pearson HA, Pober B, Bhandari V. Pulmonary hypoplasia and
persistent pulmonary hypertension in the newborn with homozygous alpha-thalassemia: a
case report and review of the literature. J Matern Fetal Neonatal Med. 2003;14(6):411-416.

44, Thornley I, Lehmann L, Ferguson WS, Davis I, Forman EN, Guinan EC. Homozygous
alpha-thalassemia treated with intrauterine transfusions and postnatal hematopoietic stem
cell transplantation. Bone Marrow Transplant. 2003;32(3):341-342.

45, Joshi DD, Nickerson HJ, McManus MJ. Hydrops fetalis caused by homozygous
alpha-thalassemia and Rh antigen alloimmunization: report of a survivor and literature review.
Clin Med Res. 2004;2(4):228-232.

46. Lucke T, Pfister S, Durken M. Neurodevelopmental outcome and haematological
course of a long-time survivor with homozygous alpha-thalassaemia: case report and review
of the literature. Acta Paediatr. 2005;94(9):1330-1333.

47. Lee SY, Chow CB, Li CK, Chiu MC. Outcome of intensive care of homozygous alpha-
thalassaemia without prior intra-uterine therapy. J Paediatr Child Health. 2007;43(7-8):546-
550.

48. Lee SY, Li CK, Ling SC, Shiu YK. Survival of homozygous alpha-thalassemia with
aplasia/hypoplasia of phalanges and jejunal atresia. J Matern Fetal Neonatal Med.
2009;22(8):711-713.

49, Wang C, Ryan G. Transfusion medicine illustrated: Intrauterine transfusion for
homozygous alpha(0) thalassemia reverses hydrops fetalis. Transfusion. 2009;49(6):1043-
1044.

50. YiJS, Moertel CL, Baker KS. Homozygous alpha-thalassemia treated with
intrauterine transfusions and unrelated donor hematopoietic cell transplantation. J Pediatr.
2009;154(5):766-768.

51. Dwinnell SJ, Coad S, Butler B, et al. In Utero diagnosis and management of a fetus
with homozygous alpha-Thalassemia in the second trimester: a case report and literature
review. J Pediatr Hematol Oncol. 2011;33(8):e358-360.

52. Gumuscu B, Thompson El, Grovas AC, Zach TL, Warkentin PI, Coccia PF.
Successful Unrelated Cord Blood Transplantation For Homozygous alpha-Thalassemia. J
Pediatr Hematol Oncol. 2013;35(7):570-572.

53. Kou KO, Lee H, Lau B, et al. Two Unusual Cases of Haemoglobin Bart's Hydrops
Fetalis due to Uniparental Disomy or Non-Paternity. Fetal Diagn Ther. 2014;35(4):306-308.

54. Pongtanakul B, Sanpakit K, Chongkolwatana V, Viprakasit V. Normal cognitive
functioning in a patient with Hb Bart's hydrops successfully cured by hematopoietic SCT.
Bone Marrow Transplant. 2014;49(1):155-156.

55. Chmait RH, Baskin JL, Carson S, Randolph LM, Hamilton A. Treatment of alpha(0)-
thalassemia (--/--) via serial fetal and post-natal transfusions: Can early fetal intervention
improve outcomes? Hematology. 2015;20(4):217-222.

56. Au PK, Kan AS, Tang MH, et al. A Fetus with Hb Bart's Disease Due to Maternal
Uniparental Disomy for Chromosome 16. Hemoglobin. 2016;40(1):66-69.

57. Amid A, Chen S, Brien W, Kirby-Allen M, Odame I. Optimizing chronic transfusion
therapy for survivors of hemoglobin Barts hydrops fetalis. Blood. 2016;127(9):1208-1211.

58. Pecker LH, Guerrera MF, Loechelt B, et al. Homozygous alpha-
thalassemia:Challenges surrounding early identification, treatment, and cure. Pediatr Blood
Cancer. 2017;64(1): 151-155.

23



59. Liang ST, Wong VC, So WW, Ma HK, Chan V, Todd D. Homozygous alpha-
thalassaemia: clinical presentation, diagnosis and management. A review of 46 cases. Br J
Obstet Gynaecol. 1985;92(7):680-684.

60. Nakayama R, Yamada D, Steinmiller V, Hsia E, Hale RW. Hydrops fetalis secondary
to Bart hemoglobinopathy. Obstet Gynecol. 1986;67(2):176-180.

61. Wasi P, Na-Nakorn S, Pootrakul P. The alpha thalassemias. Clinical Haematology.
1974;3:383-410.

62. Seldon WA, Rubinstein C, Fraser AA. The incidence of atrial septal defect in adults.
Br Heart J. 1962;24:557-560.

63. Skordis N, Kyriakou A. The multifactorial origin of growth failure in thalassaemia.
Pediatr Endocrinol Rev. 2011;8 Suppl 2:271-277.
64. Low LC. Growth, puberty and endocrine function in beta-thalassaemia major. J

Pediatr Endocrinol Metab. 1997;10(2):175-184.

65. Skordis N, Efstathiou E, Kyriakou A, Toumba M. Hormonal dysregulation and bones
in thalassaemia--an overview. Pediatr Endocrinol Rev. 2008;6 Suppl 1:107-115.

66. Inati A, Noureldine MA, Mansour A, Abbas HA. Endocrine and bone complications in
beta-thalassemia intermedia: current understanding and treatment. Biomed Res Int.
2015;2015:813098.

67. Skordis N, Toumba M. Bone disease in thalassaemia major: recent advances in
pathogenesis and clinical aspects. Pediatr Endocrinol Rev. 2011;8 Suppl 2:300-306.

68. Saki N, Abroun S, Salari F, Rahim F, Shahjahani M, Javad MA. Molecular Aspects of
Bone Resorption in beta-Thalassemia Major. Cell J. 2015;17(2):193-200.

69. Wong P, Fuller PJ, Gillespie MT, et al. Thalassemia bone disease: a 19-year
longitudinal analysis. J Bone Miner Res. 2014;29(11):2468-2473.

70. Siriratmanawong N, Pinmuang-Ngam C, Fucharoen G, Fucharoen S. Prenatal
diagnosis of Hb Bart's hydrops fetalis caused by a genetic compound heterozygosity for two
different alpha-thalassemia determinants. Fetal Diagn Ther. 2007;22(4):264-268.

71. Karnpean R, Fucharoen G, Fucharoen S, Sae-ung N, Sanchaisuriya K, Ratanasiri T.
Accurate prenatal diagnosis of Hb Bart's hydrops fetalis in daily practice with a double-check
PCR system. Acta Haematol. 2009;121(4):227-233.

72. Ghosh A, Tang MH, Lam YH, Fung E, Chan V. Ultrasound measurement of placental
thickness to detect pregnancies affected by homozygous alpha-thalassaemia-1. Lancet.
1994;344(8928):988-989.

73. Ko TM, Hsieh FJ, Hsu PM, Lee TY. Molecular characterization of severe alpha-
thalassemias causing hydrops fetalis in Taiwan. Am J Med Genet. 1991;39(3):317-320.

74. Lam YH, Ghosh A, Tang MH, Lee CP, Sin SY. Early ultrasound prediction of
pregnancies affected by homozygous alpha-thalassaemia-1. Prenat Diagn. 1997;17(4):327-
332.

75. Ge H, Huang X, Li X, et al. Noninvasive prenatal detection for pathogenic CNVs: the
application in alpha-thalassemia. PLoS One. 2013;8(6):e67464.

76. Sin SY, Ghosh A, Tang LC, Chan V. Ten years' experience of antenatal mean
corpuscular volume screening and prenatal diagnosis for thalassaemias in Hong Kong. J
Obstet Gynaecol Res. 2000;26(3):203-208.

77. Leung KY, Lee CP, Tang MH, et al. Cost-effectiveness of prenatal screening for
thalassaemia in Hong Kong. Prenat Diagn. 2004;24(11):899-907.

78. Fucharoen S, Weatherall DJ. Progress Toward the Control and Management of the
Thalassemias. Hematol Oncol Clin North Am. 2016;30(2):359-371.

79. Yang Y, Li DZ, He P. A Program on Noninvasive Prenatal Diagnosis of alpha-
Thalassemia in Mainland China: A Cost-Benefit Analysis. Hemoglobin. 2016;40(4):247-249.

24



80. Vrecenak JD, Pearson EG, Santore MT, et al. Stable long-term mixed chimerism
achieved in a canine model of allogeneic in utero hematopoietic cell transplantation. Blood.
2014;124(12):1987-1995.

81. Mold JE, Michaelsson J, Burt TD, et al. Maternal alloantigens promote the
development of tolerogenic fetal regulatory T cells in utero. Science. 2008;322(5907):1562-
1565.

82. Vrecenak JD, Flake AW. In utero hematopoietic cell transplantation--recent progress
and the potential for clinical application. Cytotherapy. 2013;15(5):525-535.

83. Merianos D, Heaton T, Flake AW. In utero hematopoietic stem cell transplantation:
progress toward clinical application. Biol Blood Marrow Transplant. 2008;14(7):729-740.

84. Abuelo DN, Forman EN, Rubin LP. Limb defects and congenital anomalies of the
genitalia in an infant with homozygous alpha-thalassemia. Am J Med Genet. 1997;68(2):158-
161.

85. Chitayat D, Silver MM, O'Brien K, et al. Limb defects in homozygous alpha-
thalassemia: report of three cases. Am J Med Genet. 1997;68(2):162-167.

86. Chen CP, Chang TY, Su YN, Hsu CY, Wang W. Prenatal two- and three-dimensional
ultrasound diagnosis of limb reduction defects associated with homozygous alpha-
thalassemia. Fetal Diagn Ther. 2006;21(4):374-379.

87. Kreger EM, Singer ST, Witt RG, et al. Favorable outcomes after in utero transfusion
in fetuses with alpha thalassemia major: a case series and review of the literature. Prenat
Diagn, Prepublished on Nov 9, 2016, as DOI 10.1002/pd.4966.

25



