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Fig. 4. ALA restores defects in ALAS2 deficiency in HiDEP cells. (A) Experimental protocol for ALAS2 knockdown and ALA rescue in HiDEP cells. (B) siRNA-mediated ALAS2
knockdown in HiDEP cells. Anti-ALAS2 Western blot of whole cells extracts. Actin was a loading control. (C) The heat map depicts the fold change resulting from ALAS2
knockdown in HiDEP cells. Genes displaying >2-fold changes are shown. Asterisk indicates globin genes, ALAS2, and TFRC. (D) Quantitative RT-PCR analysis of ALAS2, HBG, HBA,
and HMOX1 in HiDEP cells following the experimental protocol of (A). The data are expressed as means * SE (n =4). *p <0.05.

required to clarify the mechanism by which ALA is transported into
erythroid cells.

3.4. ALA restores defects in ALAS2 deficiency in human iPS cell-derived
erythroblasts

To recapitulate the phenotype of XLSA, we performed siRNA-
mediated knockdown of ALAS2 in HiDEP cells, which were subse-
quently treated with ALA (Fig. 4A). We first performed expression
profiling based in ALAS2-knockdown HiDEP cells, which was con-
firmed by Western blotting (¥ig. 4B). The analysis revealed >2-fold
upregulation and downregulation of 38 and 68 genes caused by
ALAS2 knockdown, respectively (Fig. 4C and Supplerneniary

Tabie 2). The downregulated gene ensemble included ALAS2, glo-
bins (HBZ, HBG, HBE, HBD, and HBM) in addition to genes involved
in iron metabolism (ferritin heavy chain 1 and transferrin receptor
(TFRC)). Gene ontology analysis revealed significant enrichment of
cellular iron ion homeostasis (p=0.000076), cell division
(p = 0.00062), DNA repair (p = 0.0006), and translation (p = 0.018),
implying that heme was involved in various biological processes
in erythroid cells. The downregulation of TFRC may imply iron
overload due to decreased porphyrin synthesis, which diminishes
TFRC mRNA stability through the inactivation of iron regulatory
proteins {27} However, ringed sideroblasts were not observed in
HiDEP cells with ALAS2 knockdown (data not shown). Noticeably,
ALA treatment significantly improved the effects of ALAS2
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knockdown-mediated downregulation of HBA, HBG, and HMOX1
(Fig. 4D), suggesting that ALA could restore defects of ALAS2 deple-
tion in human erythroblasts.

Ideally, it would have been desirable to test the effects of ALA in
a mice model of XLSA. Unfortunately, the mice are not available for
further testing, because Alas2-knockout mice die by day 11.5 in
utero {28]. In addition, although ringed sideroblast formation is
observed after transgenic rescue of ALAS2 in Alas2-knockout mice,
the mice die soon after birth {2%i. Thus, there is a need for the
development of a CSA mouse model. Nevertheless, ALA is an
endogenous amino acid that has been shown to be safe in clinical
settings {1}; therefore, it could be administered in patients with
XLSA who are refractory to PLP supplementation. In conclusion,
our data suggests that ALA could serve as a novel therapeutic

option for CSA with ALAS2 mutations.
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RED CELLS, IRON, AND ERYTHROPOIESIS

Mutations in Kriippel-like factor 1 cause transfusion-dependent
hemolytic anemia and persistence of embryonic globin gene expression
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¢ KLF1 mutations cause severe
congenital hemolytic anemia
associated with a deficiency
of red cell pyruvate kinase.

* A severe KLF1 deficiency
causes hereditary persistence
of embryonic globin

~synthesis.

In this study, we report on 8 compound heterozygotes for mutations in the key erythroid
transcription factor Kriippel-like factor 1 in patients who presented with severe,
transfusion-dependent hemolytic anemia. In most cases, the red cells were hypochromic
and microcytic, consistent with abnormalities in hemoglobin synthesis. In addition, in
many cases, the red cells resembled those seen in patients with membrane defects or
enzymopathies, known as chronic nonspherocytic hemolytic anemia (CNSHA). Analysis
of RNA and protein in primary erythroid cells from these individuals provided evidence of
abnormal globin synthesis, with persistent expression of fetal hemoglobin and, most
remarkably, expression of large quantities of embryonic globins in postnatal life. The red
cell membranes were abnormal, most notably expressing reduced amounts of CD44 and,
consequently, manifesting the rare In(Lu) blood group. Finally, all tested patients showed
abnormally low levels of the red cell enzyme pyruvate kinase, a known cause of CNSHA.

These patients define a new type of severe, transfusion-dependent CNSHA caused by mutations in a trans-acting factor (Kriippel-like
factor 1) and reveal an important pathway regulating embryonic globin gene expression in adult humans. (Blood. 2014;123(10):1586-1595)

Introduction

Anemia is a major public health problem affecting more than 1.5
billion people worldwide.! The major causes of anemia include
malnutrition, particularly iron and folate deficiency, and infections
including malaria and HIV. However, a substantial proportion of
patients with anemia have inherited red cell defects, with mutations
found in genes encoding red cell enzymes, membrane proteins,
heme, and globins. For example, every year more than 300 000
affected individuals are born with severe anemia resulting from
inherited hemoglobinopathies.> However, after screening for mu-
tations in genes currently known to underlie red cell defects, there are
many cases of inherited anemia in which either the patient’s clinical
and hematological phenotype is not consistent with their described
genotype or the cause of the anemia remains completely unknown.

Here we report on 8 unrelated patients who displayed severe,
transfusion-dependent neonatal anemia with red cell abnormalities
ranging from a thalassemia-like morphology (with hypochromic
microcytic red cells) to that usually associated with chronic non-
spherocytic hemolytic anemias (CNSHA) with anisopoikilocytosis,
fragmented cells, and a high reticulocyte count. In addition, all of the

probands had a remarkable persistence of fetal and embryonic globin
synthesis. We found that the parents of these children also had
significantly raised levels of fetal hemoglobin (HbF) consistent with
previous observations in heterozygotes for KLFI mutations. In the
light of emerging evidence that mutations in KLF, the gene encoding
erythroid Kriippel-like factor (EKLF), give rise to persistent postnatal
~v-globin expression in humans®” and embryonic globin expression in
mice,®? we sequenced this gene in the probands. We discovered that
all of them are compound heterozygotes for mutations in KLFI. Only
3 compound heterozygotes for KLF1 mutations have been previously
reported, and their phenotypes have been only partially described.®’
The transcription factor KLF1 is a master regulator of terminal
erythroid differentiation, controlling expression of many key path-
ways and structures including cell division, the cell membrane and
cytoskeleton, iron metabolism, and heme and globin synthesis,5 Here,
we show that individuals with mutations affecting both alleles of
KLF1] exhibit severe anemia, in which 1 or more of these pathways is
significantly disrupted, giving rise to a wide spectrum of hematolog-
ical phenotypes. The syndromes described here add to an increasing
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list of trans-acting mutations that cause unusual forms of inherited
anemia.'*"'® Most important, all such patients show persistent expres-
sion of substantial amounts of embryonic hemoglobins in adult life.
Despite extensive characterization of the patterns of globin expression
in millions of patients during the last 30 years, persistent expression of
embryonic globins in adults has very rarely been reported.

Materials and methods

Blood samples

Blood was collected from all patients and parents after they signed a written
informed consent. Patients receiving regular blood transfusion had a period of
at least 10 weeks without blood transfusions before sample collection. This
study was approved by the local ethical committees at Siriraj Hospital,
Bangkok, Thailand, and at the John Radcliffe Hospital, Oxford, United
Kingdom. This study also was conducted in accordance with the Declaration
of Helsinki.

Hematology and blood serum factors

Routine hematology was determined using an automated red blood cell
counter (Sysmex F280). Hemoglobin was analyzed by liquid chromatogra-
phy, using an automated hemoglobin analyzer (HB Gold; Cumbria) and by
isoelectric focusing (IEF) (Resolve; PerkinElmer). Abnormal hemoglobins
were excised from the IEF gel, digested with trypsin and analyzed using
a matrix-assisted laser desorption/ionization time-of flight (MALDI-TOF/
TOF) mass spectrometer (Ultralex Bruker Daltonics). Routine biochemical
parameters were measured using standard techniques.

Red cell phenotype analysis

Samples were tested for the Lutheran blood group using a gel card (DiaMed)
with other additional blood group antigens including P1, Le®, Le®, k, Kp®,
Kp®, Ik* Jk°, M, N, S, s, Fy®, and Fy®, as per manufacturer’s instructions. The
presence of Band-3'(AE-1 anion exchanger) on the red blood cell surface was
estimated by the eosin-5-maleimide binding assay.'*

Red blood cell enzyme activities for glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, pyruvate kinase (PK), hexokinase,
glucose phosphate isomerase, phosphofructokinase, aldolase, and phospho-
glycerate kinase were assessed as described previously.'> Because retic-
ulocytes contain higher amounts of these enzymes than mature red blood
cells, a calculation for the net activities of each enzyme by correction for the
reticulocyte number was performed to compare the results with our standard
reference range.'®

Flow cytometry to assess the proportions of HbF,'® Hb Bart’s (y4), Hb ¢
(£), and CD44 was performed on mature erythrocytes (CD717) and
circulating erythroblasts (CD717) of patients and parents. In addition,
leukocytes were stained with CD44 and CDA4S5 after lysis of erythrocytes with
fluorescence-activated cell sorter lysis solution (BD Biosciences). The
antibodies used were anti-HbF directly conjugated to fluorescein isothiocya-
nate (FITC; Caltag), anti-Hb Bart’s (y4), anti-Hb { ({), CD44 PE, CD45 Per
CP, and CD71 PE-Cy5 (BD Biosciences), as well as isotype controls (mouse
immunoglobulin G FITC and FITC-conjugated F[ab']2 anti-mouse globulin;
Dako).

Molecular characterization of the globin, KLF1 and PKLR genes

We performed multiplex Gap-PCR'? and amplification-refractory mutation
system—PCR assays for detection of common «-thalassemia mutations.'®
Sequence analysis was performed on 1.3 kb of the a2- and a1-, 1.81 kb of the
{-,2.2kb of the &-, and 2.85 kb of the B-globin genes and hypersensitive site 2
of the B-globin locus control region (630 bp), all promoters of the Sy- (807
bp), “y- (802 bp), and B-globin (1044 bp) genes, using standard techniques.
All primer sequences are summarized in supplemental Table 6, available on
the Blood Webssite. A multiplex ligation-dependent probe amplification assay

KLF1 MUTATIONS CAUSE CONGENITAL HEMOLYTIC ANEMIA 1587

was performed to exclude large rearrangements of the B-globin cluster.’®
The KLF1 and PKLR genes were amplified and sequenced as previously
described.>™*!

Primary erythroid cell culture and expression analysis

Erythroid cells were obtained using a 2-phase culture system?? and harvested
once they were double-positive for CD71 and glycophorin A. RNA was
extracted, reverse transcribed to generate double-stranded cDNA (Superscript
Double Stranded cDNA Synthesis Kit; Invitrogen), and labeled with dCTP-
Cy3 as the test sample; 500 ng sonicated genomic DNA was labeled with
dCTP-CyS5 as the input (Bioprime DNA Labeling System; Invitrogen). Both
test and input samples were applied to a custom-designed Agilent expression
array, as described. > cDNA was analyzed by real-time PCR assays obtained
from Applied Biosystem’s Assay-on-Demand resource. Expression was
calculated relative to a reference gene (PABPC1) and normal Thai subjects
(n = 6) as controls, using the Offal method.?*

Results
Clinical presentation

All'8 patients reported here presented with neonatal jaundice re-
quiring phototherapy and, in 5 cases, blood transfusion. Most patients
were anemic at presentation with marked hepatosplenomegaly. By 1
year of age, all patients had received at least a single blood transfusion,
and subsequently, all of them required regular transfusion during the
first years of life. Three patients required splenectomy caused by
hypersplenism. A summary of the clinical presentations and disease
severity of the 8 probands is presented in supplemental Table 1 and
associated footnotes.

Hematological evaluation

Full blood counts were determined for all 8 index patients and their
parents and available siblings (Table 1). Despite transfusion, the
levels of Hb in the probands (range, 3.0-8.3 g/dL) were low in some
cases (Table 1). With a single exception (P1), all of the patients had
hypochromic red cells (mean cell hemoglobin [MCH], 20.1-24.8
Pg), suggesting abnormalities in the heme and/or globin synthesis
pathways. All of the patients showed raised numbers of reticulocytes
(5%-16%) and many nucleated red blood cells in the peripheral
blood, suggesting a significant hemolytic component to the anemia.
The morphology of the peripheral blood was variable. In some
patients (P1, Figure 1A; P2-P4, supplemental Figure 1), the periph-
eral blood resembled that seen in patients with thalassemia, with
marked hypochromasia, microcytosis, anisopoikilocytosis, target
cells, and fragmented red cells. In those patients who coinherited
globin gene defects, the severity of the changes was much greater
than normally associated with these genotypes. In contrast, the
peripheral blood of others (P5, Figure 1B; P6-P8, supplemental
Figure 1) resembled that seen in nonspherocytic hemolytic anemia,
with numerous fragmented red blood cells, schistocytes, and
acanthocytes.

The parents and siblings of the 8 affected individuals were not anemic
(Hb, 11.4-15.6 g/dL), although many of them had abnommal red cell
indices because they are carriers for common forms of thalassemia in
Thailand (see following). In the 6 individuals (highlighted in gray in
Table 1) who were not carriers of hemoglobinopathies (ao/oice:3/B), the
red cell indices were either unremarkable or marginally hypochromic and
microcytic (average MCH, 27.1 + 1.71 pg [range, 25.1-29.3 pg]; average
mean corpuscular volume, 81.9 + 5.57 {L [range, 75.4-89.5 fL]).
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Tahle 1. Hematological parameters, globin and KLF1 genotypes in Thai families with unusual forms of hereditary hemolytic anemia

Hemoglobin typing (%)

Globin genotypes

KLF1 genotypes

Age Hb Het RBC MCV MCH MCHC RDW  Retic. NRBC Hb Hb Allele
Cases Sex (y,mo) (g/dL) (%) (x106/pL)  (fL) (pg) (g/dL) (%) (%) (/100WC) Hb A HbF HbLA2E Portland-1 Bart's aclao B/B Allele 1 2
Family A i ' :

Pi Foo&4 3.0 8.5 1.06 80.1 281 351 16.2 6.0 248 704 162 3.1 ND ND ac/on BB R331W G335R

6.21 6.9 251 2.36 106.2 29.1 27.4 19.0 16.0° 1510 38.5 51.8 2.0 4 2
S Father M 37 . 434 408 456 - 895 203 327 133 2.0 0 83 15 2.7 0 0 acfac BB w G335R
Mother F 34 122 374 4.69 797 260 326 135 1.0 0 85 30 2.7 0 0 aclae /B R331W w
P2 M 06t 59 182 2.76 659 214 324 NA 5.0 26 7239 166 3 8.1§ 0 —SEA/aa  BE/B  G176RisX179  R301H
12) 75 257 372 69.1  20.1 291 17.8 9.0 181 169  39.1 43 16.2 147
CFather M 36 156 463 588 788 265 336 136 05 0 651 36 20 0 0 acfan p/B w R30TH

Mother F 23« 114 37 6.41 571 178 309 ND ND 0 749 34 217 0 0 —SEA/acc  BE/B  G176RIsX179 W

Brother M 10 125° 378 567 667 221 . 331 174 1.0 0 754, 6.9 269 0 0 aofoc BE/B - G176RfsX179 w
Family C
P30 M 020 UB20 1900 NAT U 740 210 280 ¢ 260 11.0 124 ND ND ND ND - ND ' aolaa: - BE/ ~154C/T A298P

oo oo10tt. 770 245 0 335 731 230 314 . 262 14.0 57 210 528 . 227 + + BE

Father M 31 140 4241 5.45 773 257 333 145 1.0 0 684 05t 311 0 0 oo BE/B w A298P

Mother F.o 32 oA18 354 500 704 232 330 144 05 072000 43t 285 0 0 a«CSa/oe - BE/R- 1 —~154C/T w
Family D
P4 Mo 1299 650 210 298 706 . .21.7 307 3717 100 100 78.7 55 8.3 7.3 ©0.2 0 —SEMN- BE/R Q58X A298P
e 5488 - 66 215 8309 695 214 309 243" 50 49 70 26 9.5 17.6 03 " -a87

Data of hemoglobin (Hb) analyses showed here derived from liquid chromatography in which HbA, and Hb E were eluted at the same window and could not separate based on this methodology. Hb Portland-1 ({zvz) and Hb Bart’s (ys)

have not been quantified in every patient (supplemental Table 1 and associated clinical text). Individuals without globin gene mutations are highlighted in gray.

F, female; M, male; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration; MCV, mean corpuscular volume; NA, not available; ND, not determined; RDW, red cell distribution width; P, patient; Retic., reticulocyte
count; W, wild type for KLF1 gene sequences.
*This study was done when this patient was first referred to our hospital and 2 months after the last blood transfusion.
1This study was performed 1 year after splenectomy and when the patient was free from blood transfusion. Of note, P1 is the only patient with a normal MCH (28 pg), suggesting that the coinheritance of thalassemia makes a significant
contribution to the defects in Hb synthesis seen in our patients.
1This study was performed when the patient (P2) was first seen at our hospital in 1997 at age 6 months.

9 The patient received less than 1 month of blood transfusion before this study and has been on regular transfusion since.

§At first diagnosis, this abnormal hemoglobin was identified as Hb Bart's.
IThis study was performed 6 months after splenectomy.
**The mother of P2 died of lung cancer on February 18, 2004,
11The patient was withheld from regular blood transfusion for 4 months before this study.
}$HbF measurements were variable even within the same individual; at 2 years before this study, the Hb F levels in the mother and the father were 1.5% and 1.2%, respectively by low-pressure liquid chromatography (LPLC; same

laboratory). Moreover, the Hb F levels measured were different based on the techniques used; in the mother, Hb F levels were 4.3%, 3.4%, and 3.3%, and those of the father were 0.5%, 0.9%, and 0%, based on LPLC, high-performance

liquid chromatography, and capillary electrophoresis, respectively. Using capillary electrophoresis, we were able to discriminate between Hb E and HbA,; interestingly, the levels of HbA; in the mother were 3.8% (with 20.8% Hb E) compared

with 5.4% (with 26.1% Hb E) in the father. In addition, 0.2% of Hb Constant Spring eluted at retention time 305 s was identified in the mother.
99 This study was done 2 months after blood transfusion, when this patient was first referred.
§§This study was performed 3 months after the regular blood transfusion was held.

IlThis study was performed when this patient was withheld from blood transfusion for 10 weeks.

***This study was performed 6 months after splenectomy.

+11This study was performed when this patient first presented at our hospital.

111+ This study was performed after the patient was free from blood transfusion for 2 years.
999 This study was performed when this patient first presented at age 2 months.
§§§This evaluation was done when the patient was first referred to our center, and the last blood transfusion was performed around 12 weeks before this study.
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Table 1. (continued)

‘ Hemoglobin typing (%) Globin genotypes KLF1 genotypes
Age Hb Het RBC MCV MCH MCHC RDW  Retic. NRBC Hb Hb Allele
Cases Sex (y,mo) (g/dL) (%)  (x106/pL) (L)  (pg) (g/dL) (%) (%) (/100WC) Hb A HbF HbA2JE Portland-1  Bart's ac/aa BB Allele 1 2
Father F 28 14.0 42.5 6.98 60.9 20.1 32.9 17.2 1.5 0 75 2.6 22.4 0 0 —SEA/aq BE/B Q58X w
Mother M 27 121 34.6 481 720252 35 155" 1.0 0 702 1.8 28 0 0 ca/-a3.7  BERB w A208P
Family E
P5 M8l 34 114 137 - 81.0 248 30.6 25.4 10:1 113 62.7 29.0 4.6 10.2 6.0 aed/oe B/B G176RfsX179  A298P
234 821274 338 81.1 .. 24.2 29.9 22.4 6.0 86
Fathér M 58 14.4 43.7 5.4 81.0 26.6 33.0 14.6 1.0 0 82.8 0.9 3.8 0 —a3.7/ac B/B W A298P
" Mother F 55 1441 427 4.85. 88.0.-°:29.1 33.1 13.9 1.0 0 82.8 3.1 2.8 0 ae/oeen B/B G176RfsX179 w
Family F
P6 Fo 09ttt 6.6 21.0 2.94 710 ..223 313 23.8 10.0. 8 333498 24 187 0.8 aCSa/aa B/B - G176RfsX179  A298P
5711t 8.3 271 3.82. 70.9 216 30.5 23.4 10.0 13 450 . 50.0 3.0 + +
Father M 34 132 4041 556 73.0 240 32.9 144 6.0 0 83.0 0.2 2.7 ¢] 0 aCSa/aa B/B w A298P
Mother F 30 139 415 6.2 80.0 '+ 26.6 335 14.4 .20 0 94.8 24 2.8 0 0 oo/ore B/B G176RfsX179 w
Brother M1 1.8 36.7 52 704 227 32.3 15.1 1.0 0 96.4 0.5 3.1 0 0 aCSa/ac B/B G176RfsX179 w
1
Brother M 8 M7 35.1 47 754 251 33.3 15.1 1.0 o 94.9 2.4 2.7 0 0 aofoe B/B w A298P
2 :
Family G
P7 M- 0.2999 57 178 2,66 67.0 212319 219 110 148 339 5486 2.2 14.3 0.3 ~a3.7 /o B/B G176RfsX179  A298P
Mother F 22‘ 11.9 36.4 4.59 79 26.0 32.8 14.4 1.0 0 85.8 0 2.6 0 0 —a3. 7/ B/B G176RfsX179 w
Family H : 2 g :
P8 M 488§ 5.4 16.3 2.18 75.0 247 33.1 20.4 10 26 69.0 19.0 10.0 + /o BE/B  G176RfsX179  A298P
Father “Mo82 i 135 452 541 66.0 - 19.9 - 1299 16.1 ¢ ~20 0 95.9 0.9 3.2 0 0 ~SEA/ax B/B w A298P
Mother F 30 12.7 407 5.53 740 230 31.5 15.1 2.0 0 66.6 47 28.7 0 0 /e BE/B  G176RfsX179 w

Data of hemoglobin (Hb) analyses showed here derived from liquid chromatography in which HbA, and Hb E were eluted at the same window and could not separate based on this methodology. Hb Portland-1 ({2v,) and Hb Bart's (v.)

have not been quantified in every patient (supplemental Table 1 and associated clinical text). Individuals without globin gene mutations are highlighted in gray.

F, female; M, male; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration; MCV, mean corpuscular volume; NA, not available; ND, not determined; RDW, red cell distribution width; P, patient; Retic., reticulocyte
count; W, wild type for KLF1 gene sequences.
*This study was done when this patient was first referred to our hospital and 2 months after the last blood transfusion.
1This study was performed 1 year after splenectomy and when the patient was free from blood transfusion. Of note, P1 is the only patient with a normal MCH (28 pg), suggesting that the coinheritance of thalassemia makes a significant

contribution to the defects in Hb synthesis seen in our patients.

$This study was performed when the patient (P2) was first seen at our hospital in 1997 at age 6 months.

qThe patient received less than 1 month of blood transfusion before this study and has been on regular transfusion since.

§At first diagnosis, this abnormal hemoglobin was identified as Hb Bart’s,
IThis study was performed 6 months after splenectomy.
**The mother of P2 died of lung cancer on February 18, 2004.

11The patient was withheld from regular blood transfusion for 4 months before this study.

+1HbF measurements were variable even within the same individual; at 2 years before this study, the Hb F levels in the mother and the father were 1.5% and 1.2%, respectively by low-pressure liquid chromatography (LPLC; same
laboratory). Moreover, the Hb F levels measured were different based on the techniques used; in the mother, Hb F levels were 4.3%, 3.4%, and 3.3%, and those of the father were 0.5%, 0.9%, and 0%, based on LPLC, high-performance
liquid chromatography, and capillary electrophoresis, respectively. Using capillary electrophoresis, we were able to discriminate between Hb E and HbA,; interestingly, the levels of HbA; in the mother were 3.8% (with 20.8% Hb E) compared
with 5.4% (with 26.1% Hb E) in the father. In addition, 0.2% of Hb Constant Spring eluted at retention time 305 s was identified in the mother.
99This study was done 2 months after blood transfusion, when this patient was first referred.
§§This study was performed 3 months after the regular blood transfusion was held.

I This study was performed when this patient was withheld from blood transfusion for 10 weeks.

***This study was performed 6 months after splenectomy.

1+t This study was performed when this patient first presented at our hospital.

141 This study was performed after the patient was free from blood transfusion for 2 years.
q9qThis study was performed when this patient first presented at age 2 months.
§§§This evaluation was done when the patient was first referred to our center, and the last blood transfusion was performed around 12 weeks before this study.
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Figure 1. Wright stained peripheral blood pictures from 2 index patients who had normal «- and B-globin genes. In P1 (A), a marked hypochromic microcytosis with
anisopoikilocytosis, acanthocytes, and numerous nucleated red blood cells was observed; in P5 (B), a blood picture with numerous fragmented red blood cells with
schistocytes and numerous nucleated red blood cells was seen, similar to nonspherocytic hemolytic anemia. Both smears were performed after splenectomy in both patients
and were free from blood transfusion. Peripheral blood features in other patients are available in supplemental Figure 1. (C) IEF study of embryonic globins identified in
a patient with KLF1 mutations. Comparing hemoglobin profiles from the patient, P2, with control human embryonic stem cell (hES)-derived hematopoietic cells reveals 3
distinct abnormal hemoglobin protein bands separated at a more cathodic position than HbA and HbF. These hemoglobin species were similar to those of patients (P2, in
triplication), as they were separated to the same isoelectric points. These hemoglobin bands were subsequently identified by mass spectrometry to be Hb Portland-1 ({zv2)
and Hb Bart's (y,). Of note, a different level of embryonic protein expression during erythroid differentiation from embryonic to fetal erythropoiesis in hES cells from day 6 to
day 10 was observed (Right). Moreover, a fast-moving hemoglobin specie of Hb Gower 2 (az¢2) was identified in this erythroid cell model but not from the patient. The

standard hemoglobin controls are shown on the far left lane.

Analysis of hemoglobin

Hemoglobin analysis revealed abnormally high levels of HbF
(average, 38%; range, 2.6%~54.6%) in all patients, consistent with
increased F cells by flow cytometry (heterocellular pattern; sup-
plemental Table 2). Two unanticipated hemoglobins present at levels
of up to 18% were observed in all patients. Using IEF and MALDI-
TOF mass spectrometry (Figure 1B, supplemental Figure 2, and
Table 1), these hemoglobins were identified as the -y chain tetramer
Hb Bart’s (y4) and the embryonic hemoglobin Portland I ({»y,). The
presence of both Hbs was further confirmed by flow cytometry
(supplementary Table 2). Hb Gower 2 (a,) was not detected at
significant amounts, and other minor bands (which may correspond
to Hb Gower 1, {,¢&,) were not examined further. Increased levels of
embryonic { and e-globin mRNA expression were observed by
analysis of cDNA extracted from the peripheral blood of patient P2,
using a tiled microarray (Figure 2A-B), as well as in other 5 patients
using real-time PCR assays (Figure 2C). Interestingly, significantly
increased proportions of HbF were observed in 14 of 15 parents from
the index families (range, 0.2%—4.7%; average (SD), 2.34% + 1.34%;
Table 1), but none of the parents expressed Hb Bart’s or embryonic
globins, as assessed by chromatography and IEF (Table 1). Detection
of F-cells, anti-{, and anti-Bart’s using flow cytometry was variable in
these parents and siblings (supplemental Table 2).

Analysis of structural proteins commonly mutated in red
cell disorders

Only 2 of the probands (P1 and PS) were found to have entirely
structurally normal «- and B-globin genes. The other patients were
single or double heterozygotes for common mutations of the globin
genes. However, their clinical severity far exceeded that seen in their
relatives or other carriers of thalassemia. All patients, and many of
the parents, had unexplained increased levels of HbF, which could
have been linked to a deletion or deletions involving the -globin
locus.”® However, we excluded the possibility of mutations lying
within the cis-regulatory regions involved in y-globin gene expression
using multiplex-ligation probe assays and sequencing analysis (supple-
mentary Figure 3 and supplementary Table 3).

Although the hematologic profiles in these patients were
complex, 4 patients (P5-P8) were initially diagnosed with red cell
enzymopathies.”® These patients were tested for 8 common red cell
enzyme activities and were found to have significant PK deficiency
(<<50% of normal after reticulocyte count correction). On the basis
of these findings, we evaluated the PK status of the remaining
4 patients (P1-P4), in whom we did not initially suspect any
enzymopathy. All had significantly reduced levels of PK activity
(supplementary Table 2). However, DNA sequencing of the coding
region including the intron/exon boundaries of the PKLR gene,
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Figure 2. Expression profiles of the primary erythroid culture cells from patients with KLF1 mutations. An expression profiling of the «(A) and B(B) globin gene
clusters using Agilent tiled oligonucleotide array was performed in P2 erythroid cells compared with normal control. (A) A distinctive higher peak of { globin gene expression
(dark arrow with gray box highlighted) was observed in the patient (bottom) compared with a normal cDNA from a control sample (top). (B) Two unique upregulated expression
peaks of y-globin (arrow 1) and e-globin (arrow 2) genes in the patient were shown. Another upregulating expression of noncoding mRNA (arrow 3) was observed at the
B-globin locus control region (B-globin locus control region, hypersensitive site 2 [HS-2]), all with dark arrows and gray boxes highlighted. However, the meaning of this
observation on the downstream globin gene regulation and hereditary persistence of embryonic globin in the patient remains unclear. There was no significant change on
expression of other nearby genes on both clusters. (C) Expression profile of erythroid specific genes from primary erythroid cell samples from 5 patients (P) with KLF1
mutations and normal controls (n = 6), using gPCR and Tagman probe hybridization, showing a marked increase of fetal and embryonic globin mRNA expression (HBZ,
{-globin gene; HBE, e-globin gene; HBG, y-globin gene) in all patients with relatively normal expression of KLF1. This suggests that although most patients carry a single
nonsense mutation, which could result in haplo-insufficiency, a missense mutation on the other allele might produce stable transcripts that could be detected at similar levels
to normal. Alternatively, our mRNA analysis used might not be sensitive enough to demonstrate a minor perturbation in the level of KLF1 expression. With the exception of
BCL11A (B-cell CLL/lymphoma 11A [zinc finger protein] from 1 patient [P2]), there was no change in expression compared with normal controls of other erythroid-specific

genes, including CD71; SOX6, ERAF, GYPA, glycophorin A, and EPOR (erythropoietin receptor; supplementary Figure 5).

encoding the red ¢ell PK enzyme, failed to identify any causative
mutations.

We next evaluated expression of proteins present on the red
cell membrane and in the cytoskeleton. Extensive minor blood
group analysis in 5 index families is summarized in supplemen-
tary Table 4. All patients had the rare In(Lu) blood group pheno-
type (a” /b™). In addition, all parents and siblings, except one (the
father of P2), also expressed this rare blood group phenotype. The
In(Lu) phenotype results from the suppression of 2 cell surface
glycoproteins, BCAM and CD44, which carry the Lutheran and
Indian blood group antigens, respectively.”"*” It has previously
been shown that carriers of KLF1 mutations have the In(Lu)
phenotype and that expression of CD44 was significantly reduced
in the erythrocytes of the majority of patients tested (supple-
mentary Table 2), but not in their leukocytes, whereas expression
of the integral protein Band 3 evaluated by eosin-5-maleimide
binding assay appeared unchanged compared with control sam-
ples (supplementary Table 2).

Identification of mutations in the KLF1 genes

Although the levels of embryonic ({ and €) and fetal (y) globin RNA
and protein are significantly elevated in all probands, analysis of their
globin gene haplotypes showed that they have inherited quite
different combinations of - and 3-globin haplotypes (supplemental
Figure 6 and supplemental Figure 7). Given that elevations in
embryonic globins resulting from cis-acting mutations have never
been described previously, it seemed very unlikely that these patients
had inherited a variety of cis-mutations causing persistent embryonic
gene expression. To analyze this in further detail, the embryonic
and ¢ genes and the fetal -y genes were sequenced in all patients, but

no changes (other than common single nucleotide polymorphisms)
were found.

These observations led us to hypothesize that the genetic lesion
in these patients may lie in a frans-acting factor involved in
erythroid differentiation and maturation. Therefore, we DNA
sequenced the coding region and intron/exon boundaries of 2 key
erythroid transcription factors, GATAI and KLFI, in a single
proband (P2). No likely pathogenic changes were identified in the
GATAI gene; however, we found 2 changes in KLFI,ac.902G>A
transition leading to a p.R301H substitution and a 7 bp insertion
(c.525_526InsCGGCGCC), resulting in a frameshift (p.G176RfsX179)
and disruption of the protein before the zinc finger DNA binding
domain (Figure 3 and Table 1). Each of these sequence changes
has a separate parental origin. The ¢.902G>A change has been
previously reported to underlie elevated levels of HbF, as has
a similar 7bp insertion (leading to p.G176AfsX179).° To gain
further genetic evidence that compound heterozygosity for deleteri-
ous KLF alleles may underlie the abnormalities reported here, we
DNA sequenced this gene in the 7 remaining patients. Surprisingly,
we found all 7 to be compound heterozygotes for likely pathogenic
KLF1I changes (Figure 3, Table 1, and supplemental Figure 4). Four
previously unreported coding changes were identified: a ¢.172C>T
transition causing a premature truncation at position 58 in the protein
(p-Q58X) before the zinc finger domains, a ¢.§92G>C transversion
predicted to alter alanine in the first zinc finger (p.A298P), ac.991C>T
transition leading to a p.R331W amino acid change in the second
zinc finger, and a ¢.1003G>A change leading to a p.G335R sub-
stitution that alters a glycine residue just outside the second zinc
finger domain. All 3 novel missense changes identified alter residues
that are highly conserved throughout evolution (Figure 3). We also
identified a C>T change 154 bp 5’ of the initiating ATG codon
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Figure 3. KLF1 gene structure, identification of variants in cases reported in this study, and their location within conserved domains. (top) Schematic
representation of KLF1; exons are shown to scale, with the coding sequence in black and untranslated regions in white, and the locations of nucleotide changes identified
here. Below this is a diagram representing the KLF1 protein with the previously annotated transactivating domain and the 3 zinc finger domains encoded by exons 2 and 3.
The locations of all mutations identified in this study are shown; all changes are novel except for the previously reported R301H substitution (asterisk). (bottom) A position and
conservation of amino acid residues found to be changed in the probands. reported here (arrows). The entire first and second zinc finger sequences are shown with
interspecies conservation, and the extent of each zinc finger domain is shown above each region. The cysteine and histidine residues involved in the coordination of zinc are
denoted by the # symbol, and the residues that contact specific bases in DNA are marked with a + symbol.

(—154 C>T) in a single patient (P3). This region has previously been
reported to include the promoter region of KLFI 20 and the change is
predicted to alter the binding of transcription factors tumor suppressor
p53, paired box 5, and epidermal growth factor receptor—specific
transcription factor (http://alggen.Isi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3). This change was absent in 100
population-matched control individuals and is also absent from
single nucleotide polymorphism database (http://www.ncbi.nlm.
nih.gov/SNP/), suggesting it is rare. These genetic data, taken to-
gether with the patient’s phenotypic abnormalities, strongly suggest
this change disrupts expression of the associated KLF] transcript,
as seen in a single patient (P1) tested (Figure 2C).

All parents and some siblings studied were heterozygotes for the
KLF1 changes present in probands. The 4 coding changes are ex-
tremely rare and are listed neither in dbSNP136 (http://www.ncbi.
nlm.nih.gov/projects/SNP/) nor in ~13 000 alleles from African-
and European-Americans listed in the Exome Variant Server
(http://evs.gs.washington.edu/EVS/). In addition, both of these KLF
changes were absent from 296 normal chromosomes from population-
matched control individuals. The p.Q58X change is predicted to
prematurely truncate the KLF1 protein, and the 3 novel missense
changes alter invariant residues in the first and second zinc finger
regions (Figure 3) and may disrupt DNA binding. Altered binding
of KLF1 in vivo may underlie the observed PKLR deficiency
in these patients as the WT KLF1 protein binds the promoter

region of the PKLR gene in human erythroid progenitor cells
(Figure 4).

KLF1 target genes

The predominant hematologic phenotypes in these compound
heterozygotes appear to arise from the effects of KLF1 on the
globin genes (causing abnormal globin synthesis) and the genes
encoding CD44 (causing the In(Lu) phenotype) and PK (causing
CNSHA). Of interest, on the basis of reanalysis of previously
published data (supplemental Table 5), these erythroid genes are
among the most sensitive to changes in the levels of KLF1. Others
have previously analyzed the binding of KLF1 to cis-elements
surrounding the globin genes and the CD44 gene.?® Here we have
analyzed binding of KLF1 to the PKLR gene (based on data from
Su et al*® showing that it specifically binds the erythroid promoter
of this gene; Figure 4). This is clearly consistent with mutations in
the KLF1 gene causing severe downregulation of the levels of
PK resulting in CNSHA. It was of interest that all patients with
the CNSHA phenotype and PK deficiency (P5-P8) have exactly
the same combination of mutations (p.G176RfsX179;p.A298P;
Table 1). Finally, it was of interest that in a single case (P2) that
could be analyzed, the level of BCLI/IA mRNA was reduced
(supplementary Figure 5) when both alleles of the KLFI gene are
mutated. This is consistent with previous observations showing that
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Figure 4. Binding of KLF1 to the PKLR gene. (top) a representation of the PKLA gene structure including the start of the erythroid (E)-specific transcript (dark gray) and the
liver (L)-specific first exon in light gray. (bottom) KLF1 binding and DNase | hypersensitive sites in cultured human erythroid progenitors (EP), K562; erythroleukemia cell line,

HepG2; and liver cells line, as indicated.

this gene is a direct target of KLF1 and is normally involved in the
silencing of y-globin synthesis.>* Following on from observa-
tions of the effect of BCL11A deficiency on embryonic globin
expression in the mouse®® and the anecdotal observation that
embryonic expression is increased in a patient with congenital
dyserythropoietic anemia type IV associated with a dominantly
acting KLF1 mutation (E325K),%° it seems plausible that when
KLF1 is downregulated to a critical level, it also has a similar effect
on human embryonic globin expression.

Discussion’

We have defined a new cause of severe anemia in pediatric patients
who are compound heterozygotes for mutations in the key erythroid
transcription factor KLF1. The cardinal features of this condition are
transfusion-dependent anemia associated with abnormalities in
red cell enzymes (eg, PK deficiency), red cell membranes [In(Lu)
phenotype], and an abnormal pattern of globin synthesis with very
high levels of HbF and readily detectable levels of embryonic globins
in adult life.

It appears that KLFI mutations may cause a wide spectrum of
phenotypes, which may have been expected from its pleiotropic role
in erythropoiesis. The principles emerging from current studies
suggest that both the levels of KLF1 and the type of mutated protein
produced may exert different effects on KLF1 target genes and,
consequently, cause a wide range of red cell phenotypes. The
nonsense mutation G176RfsX179 was identified in 5 of the families
reported here and is similar to the G176AfsX179 reported in 2
individuals from Korea and Viemam,6 but no patients have inherited
2 nonsense mutations. It seems likely that this would lead to embryonic
or early fetal lethality resulting from severe in utero anemia, as occurs
in null mice.** This warrants further studies of KLF1 in families with
unexplained, recurrent hydrops fetalis or fetal loss, which cannot be
accounted for by other conditions.

It has previously been shown that a mutation (E325K) in the
second zinc finger domain of KLF1 causes a significant alteration in
DNA binding, especially at the B-globin genes, resulting in a severe
red cell and clinical phenotype (congenital dyserythropoietic anemia),
even when only a single allele is mutated.* It is thought that this
mutation acts as a dominant negative, gain-of-function mutation. In
contrast, the patients described here have newly defined phenotypes
(severe thalassemia or CNSHA) associated with KLF1 mutations. Itis

of interest that all patients with CNSHA had exactly the same
genotype (Table 1, Family E-H), suggesting that the phenotype is
largely driven by the KLF1 genotype, rather than by epistatic effects.
Of particular interest is that the A298P mutation lies in a key residue of
the first zinc finger of KLF1, which determines the binding specificity
of the protein.*®

Given the widespread effects of KLF1 in erythropoiesis sum-
marized here, it seems unlikely that this study and that of Satta et al’
have captured the full spectrum of these inherited anemias. Despite
the apparent relationship between genotype and phenotype, it is
interesting that all 3 previously described compound heterozygotes
for KLFI mutations (p.SZ70X/p.K332Q)7 and (G176Afs179X;
LS5 1R)6 had similarly raised levels of HbF (22%, 31 %, and 9.5%), but
rather milder anemia (Hb, 12.1, 11.5, and 13.7 g/dL), than the pa-
tients described here. However, 2 of these patients were adults (older
than 30 years)” when analyzed and also harbored a mutation
(p-K322Q) that, in vitro, had only a mildly decreased DNA binding
affinity to the promoters tested (~2 fold), and therefore may rep-
resent a relatively mild hypomorphic allele.>* The age of the third
patient is not reported. We have noticed (anecdotally) that anemia in
our patients has improved with age, requiring progressively less
transfusion. It will be important to follow-up all patients with KLF]
mutations to determine whether severity may be truly age-dependent.

During the last few years, the role played by KLF1 in globin gene
regulation has become clearer.>>> Almost since its discovery, it has
been known that KLF1 is an activator of 3-globin expression, but
more recently, it also has been shown to play a role in silencing
v-globin expression, probably by regulating BCLI1A and its
interaction with Sox6 at the -y-globin gene.>*%*” Mutations in
KLF1] therefore reduce $3-globin expression (causing thalassemia)>?
and de-repress y-globin expression, thereby increasing the syn-
thesis of HbE.* However, the relationship between these effects
and the mutations that downregulate KLF I are not straightforward:
Not all heterozygotes for KLFI mutations produce increased
levels of HbF,*® and in those who do, the level can be very different,
even in the presence of the same mutation, demonstrating variable
penetrance.””*® These observations have led to speculation about
the role of KLF in regulating the levels of HbF.3® The data
presented here clarify the situation because all report that com-
pound heterozygotes produce substantial amounts of HbF, putting
beyond doubt that KLF1 plays a major role in normally repressing
v-globin synthesis in humans in vivo. Reactivation of y-globin
synthesis by downregulating KLF1 might provide a way to ameliorate
the effect of severe B-hemoglobinopathies.>*
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In mice, which do not have a fetal stage of erythropoiesis, the
KLF1/BCLI1A circuit affects embryonic rather than fetal gene
expressionfm This pathway normally suppresses embryonic globin
synthesis in definitive erythroid cells, but a knockout of KIfI appears
to have no effect on embryonic globins in primitive erythropoiesis,
when they are normally expressed. In this model, definitive cells are
not produced to determine whether or not the embryonic genes are
correctly suppressed later in development.® It was reported anecdotally
that a patient with congenital dyserythropoietic anemia type 4 and the
E325K mutation had raised levels of embryonic globins. Here we
show that in compound KLFI heterozygotes, human embryonic ({ and
€) globin expression persists in adults. This indicates that KLF1 also
plays aroleinrepressing embryonic globin expression in humans. This
finding is striking because reactivation of embryonic globin is virtually
never seen in other erythroid disorders. At present, the pathway
underlying embryonic globin repression is poorly understood. How-
ever, it has recently been shown that 2 members of the KLF family
(KLF3 and KLF8) may be involved in regulating embryonic globin
expression, and a knockout of these 2 transcription factors in erythroid
cells de-represses embryonic globin synthesis.*! Because expression
of these 2 factors is driven by KLF1, itis possible that mutations in this
protein might reduce KLF3 and KLF8, leading to derepression of
embryonic globins. Further analysis of this pathway is warranted
because preliminary studies in mice suggest that persistence of embryonic
globin expression could ameliorate severe hemoglobinothathies.*?

In conclusion, we have shown that a wide spectrum of un-
explained forms of severe inherited anemia may be caused by trans-
acting mutations in the key erythroid transcription factor KLF1. Most
remarkably, in every case where the downregulation is sufficiently
severe to cause anemia, there is an associated persistence of embryonic
globin expression revealing a new pathway by which globin gene
expression might be manipulated to ameliorate other inherited
hemoglobinopathies.
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First-line treatment for severe aplastic anemia in children:
bone marrow transplantation from a matched family donor
versus immunosuppressive therapy
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The current treatment approach for severe aplastic anemia in children is based on studies performed in the 1980s,
and updated evidence is required. We retrospectively compared the outcomes of children with acquired severe
aplastic anemia who received immunosuppressive therapy within prospective trials conducted by the Japanese
Childhood Aplastic Anemia Study Group or who underwent bone marrow transplantation from an HLA-matched
family donor registered in the Japanese Society for Hematopoietic Cell Transplantation Registry. Between 1992
and 2009, 599 children (younger than 17 years) with severe aplastic anemia received a bone marrow transplant
from an HLA-matched family donor (n=213) or immunosuppressive therapy (n=386) as first-line treatment. While
the overall survival did not differ between patients treated with immunosuppressive therapy or bone marrow
transplantation [88% (95% confidence interval: 86-90) versus 92% (90-94)], failure-free survival was significantly
inferior in patients receiving immunosuppressive therapy than in those undergoing bone marrow transplantation
[56% (54-59) versus 87 % (85-90); P<0.0001]. There was no significant improvement in outcomes over the two time
periods (1992-1999 versus 2000-2009). In multivariate analysis, age <10 years was identified as a favorable factor
for overall survival (P=0.007), and choice of first-line immunosuppressive therapy was the only unfavorable factor
for failure-free survival (P<0.0001). These support the current algorithm for treatment decisions, which recom-
mends bone marrow transplantation when an HLA-matched family donor is available in pediatric severe aplastic
anemia.

Introduction

Aplastic anemia is defined as peripheral blood pancytopenia
caused by bone marrow failure; the pathogenesis of this dis-
ease is thought to involve autoimmune processes."” The prin-
cipal interventions responsible for improved survival in aplas-
tic anemia are bone marrow transplantation (BMT) and
immunosuppressive therapy (IST). In children, BMT from an
HLA-matched family donor (MFD) is the treatment of choice
for severe aplastic anemia (SAA).*** For children lacking an
MED, IST with a combination of antithymocyte globulin and
cyclosporine has been used as a therapeutic option.*"
However, this treatment approach is based on the results of
comparative studies between these therapies that were con-
ducted mainly in the 1980s, and there have been few recent
studies that compare the outcome of BMT recipients with
comparable patients receiving IST.

The largest pediatric series in previous studies was reported

by the European Group for Blood and Marrow
Transplantation (EBMT) and included 304 children treated
from 1970 to 1988; that study indicated survival was better
following first-line BMT than after first-line IST (63% versus
48%; P=0.002) but did not compare failure-free survival after
the two therapies.® Our previous analysis showed a significant
advantage for patients receiving BMT from an MFD as first-
line treatment in a study of 100 children with SAA who were
treated between 1984 and 1998.' In patients who received
first-line IST, 10-year overall and failure-free survival rates
were 55% and 40%, respectively, both of which were
markedly inferior to the rates in patients who initially under-
went BMT, which was associated with 10-year overall sur-
vival and failure-free survival rates greater than 90%. Since the
1980s, the outcomes of both BMT and IST have improved,
likely due to better supportive care and advanced treatment
and transplantation protocols. A recently published Cochrane
review regarding BMT from an MFD and IST as first-line treat-
ment also pointed out that all studies included in the analysis
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had a high risk of bias due to their study design and were
conducted more than 10 years ago and may not be appli-
cable to the standard of care of today." Updated evidence
to aid treatment decisions in pediatric SAA is, therefore,
required.

In children, the choice of an appropriate treatment is par-
ticularly influenced by the long-term sequelae of the dis-
ease and its therapy. Thus, failure-free survival is much
more important than survival alone when analyzing the
long-term outcomes of children with aplastic anemia. Lack
of response, relapse, and clonal evolution are problematic
in the IST setting, whereas graft failure, acute and chronic
graft-versus-host disease (GVHD), and infectious complica-
tions limit the success of BMT. In the present study, we
compared the outcomes of children with SAA who
received IST or BMT from an MED as first-line treatment
using data from nationwide IST and BMT registries.

Methods

Patients

Between 1992 and 2009, a total of 599 consecutive children
(younger than 17 years) with acquired SAA underwent BMT from
an MFD or received IST as first-line treatment in Japan; 213
patients with an MFD underwent BMT and were registered in the
Transplant Registry Unified Management Program (TRUMP) con-
ducted by the-Japanese Society for Hematopoietic Cell
Transplantation, and 386 patients without an MFD were enrolled
in two consecutive prospective multicenter trials (AA-92/97) con-
ducted by the Japanese Childhood Aplastic Anemia Study Group
and were initially treated with IST (Table 1). The disease severities
were defined as previously reported.™ Underlying inherited mar-
row failure disorders were excluded clinically and by chromo-
some [ragility. testing. Marrow cytogenetic studies were per-
formed for all patients, and patients with clonal cytogenetic
abnormalities were excluded from this study. Patients with parox-
ysmal nocturnal hemoglobinuria with clinical symptoms and pos-
itive findings on the Ham test/sucrose test were also excluded

Table 1. Patients’ characteristics.

from this analysis. All treatments were performed after obtaining
written informed consent from patients or their parents in accor-
dance with the Declaration of Helsinki.

Immunosuppressive therapy and bone marrow
transplantation procedures

The characteristics of the treatment procedures are detailed in
Table 2. Three hundred and eighty-six patients were enrolled in
the AA-92 (n=84) and AA-97 (n=302) trials, and all the patients
were initially treated with a combination of antithymocyte glob-
ulin and cyclosporine A. Response to IST and disease relapse were
evaluated as previously reported.” Transplantation data were col-
lected with the use of standardized forms provided by the
TRUMP A total of 213 patients underwent BMT from an MED as
first-line treatment following the local protocols for conditioning
regimens and GVHD prophylaxis. Patients who did not reach
neutrophil counts >0.5x10°/L for 3 consecutive days after trans-
plantation were considered to have had primary graft failure.
Patients with initial engraftment in whom absolute neutrophil
counts subsequently declined to <0.5x10°/L were considered to
have had secondary graft failure. Acute and chronic GVHD were
evaluated according to standard criteria."** More details on meth-
ods are provided in the Online Supplementary Methods section.

Statistical analyses

The date of analysis was July 30, 2012. Survival probabilities
were estimated by the Kaplan-Meier method and compared
between different groups of patients using the log-rank test. The
influence of potential risk factors on overall survival and failure-
free survival was assessed according to first-line treatment BMT
or IST), time period of treatment (1992-1999 or 2000-2009), age
and other variables related to each treatment. Overall survival was
defined as the time from diagnosis to death or last follow-up.
Failure-free survival was defined as survival with treatment
response. Death, primary or secondary graft failure, and second-
ary malignancy in the BMT group, and death, relapse, disease pro-
gression requiring stem cell transplantation (SCT) from an alterna-
tive donor or second IST, clonal evolution and evolution to parox-
ysmal nocturnal hemoglobinuria in the IST group were consid-

Seoniiiing o e ./
Age at diagnosis, year, median (range) 10 (0-16) 9 (0-16) NS
Age at treatment, year, median (range) 11 (0-16) 9 (0-16) NS
Gender
Male / female 119/94 217/169 NS
Etiology, 0. of patients (% , o : :
Idiopathic ; , 204 (96) 312.(81) <0.0001
Hepatitis , 1(3) 67.(10) :
" Others 2(h 7@
Severity, n. of patients (%)
Very severe aplastic anemia _ 227 (59) _
Severe aplastic anemia _ 159 (41
Interval diagnosis-treatment, days, median (range) 84 (14-4605) 15 (1-180) <0.0001
Time periods of treatment, n. of patients (%)
1992-1999 121 (57) 155 (40) 0.0001
2000-2009 92 (43) 231 (60)

BMT: bone marrow transplantation; IST: immunosuppressive therapy; NS: not significant.
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ered treatment failures. For multivariate analyses, the Cox propor-
tional hazard regression model was used. P values less than 0.05
were considered statistically significant. This study was approved
by the institutional ethics committee of the Japanese Red Cross
Nagoya First Hospital.

Results

Patients’ characteristics

The characteristics of the 599 children are detailed in
Table 1. The groups treated first-line with BMT (n=213) or
IST (n=386) were similar with regards to age at diagnosis,
age at treatment and male/female ratio. The majority of
patients in both groups had a diagnosis of idiopathic dis-
ease, although the proportion of patients with non-idio-
pathic disease was higher in the IST group. Seven patients
(83%) in the BMT group and 67 patients (17%) in the IST
group suffered from hepatitis-associated disease. Nine
patients had drug-induced or virus-associated disease.
Information on the proportion of very severe disease was
not available for 141 patients who underwent BMT because
the severity of the SAA was not a required item for the reg-
istry. The clinical features of these patients were similar to
those of the remaining patients. In the IST group, details
regarding the severity of disease were provided for all
patients: 227 (59%) had very severe disease and 159 (41%)
suffered from severe disease. As expected, the time to treat-
ment was significantly longer in the BMT group; the medi-
an interval between diagnosis and treatment was 15 days
(range, 1-180 days) and 84 days (range, 14-4605 days) for
those treated with IST and BMT, respectively. In accor-
dance with decisions taken by the patients and the parents,

Tabie 2. Treatment characteristics.

mwww : M
Conditioning regimen, n.
High-dose CY (200 mg/kg) -based 158
CY + low-dose irradiation 86
CY + ATG = low-dose irradiation 72
FLU + CY (100-120 mg/kg) -based !
 FLU+CY & low-dose irradiation .~~~ . 2§
FLU + CY + ATG + low-dose irradiation. =~~~ 15
Myeloablative 11
CY + TBI (10-12 Gy) 7
BU + CY 4
GVHD prophylaxis, n. ; : o
GAsMTX W
CyAalone - e g
o Tacrolimus +MTX .~ = - G
© Others Lo 10

HHH xéz;;ggﬁz‘se ERSIvE 1HO

IST trial, n.

AA-92 84
AAOT 302
IST regimen, n. ~ s - -
. CyA+ATG . . L
- CyA + ATG + G-CSF i 2460

CY: cyclophosphamide; ATG: antithymocyte globulin; FLU: fludarabine; TBI: total body
irradiation; BU: busulfan; CyA: cyclosporine; MTX: methotrexate; G-CSF: granulocyle
colony-stimulating factor.

ten patients underwent BMT more than 5 years after diag-
nosis. None of the patients who received IST before BMT
from an MFD were included in the BMT group.

immunosuppressive therapy

Response to IST at 6 months was not evaluable in 11
patients for the following reasons: early death (n=7) or
BMT from an alternative donor within 6 months of IST
(n=4). The causes of the early deaths were sepsis (n=3),
interstitial pneumonia (n=2), hemolysis of unknown cause
(n=1) and accidental ingestion (n=1). Of the patients who
underwent BMT from an alternative donor within 6
months, two patients died of graft failure or cardiac toxici-
ty related to the preconditioning regimen. Overall, 238 of
the 375 evaluable patients (63%) improved with first-line
IST and achieved a partial response (n=151) or complete
response (n=87) at 6 months. All of these patients achieved
transfusion independence.

For all 386 patients who received IST initially, the 10-
year overall survival rate was 88% [95% confidence inter-
val (CI): 86-90], as shown in Figure 1A, and the median fol-
low-up time for living patients was 106 months (range, 22-
224 months). In contrast to the high rate of overall survival,
the result regarding survival with response was unsatisfac-
tory, the 10-year failure-free survival rate being 56% (95%

A
1] \Wqﬁ_-\b‘—_._——i_ﬂ——
0.8 IST
>
£0.6 4
S
£0.4 -
[= T8
0.2
04 P=NS
0 5 10 15 20
B Year from diagnosis
17 BMT
0.8 -
Z0.6 - IST
g 4
20.4-
D- B
0.2 4
0 _ P<0.0001
0 5 10 15 20

Year from diagnosis

Figure 1. Survival of 599 children with severe aplastic anemia
according to first-line treatments with immunosuppressive therapy
(IST) (n=386) or bone marrow transplantation (BMT) (n=213). (A)
Overall survival. The 10-year overall survival was 88% (95% Cl: 86-
90) in the IST group and 92% (95% Cl: 90-94) in MFD BMT recipients
(P=NS). (B) Failure-free survival. The 10-year failure-free survival was
56% (95% Cl: 54-59) in the IST group and 87% (95% Cl: 85-90) in the
BMT group (P<0.0001).
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Cl: 54-59) (Figure 1B). The cause of treatment failure
included death in 12 patients [due to intracranial hemor-
thage (n=2), pneumonia (n=1), traffic accident (n=1) and
sudden death (n=1) in addition to the seven early deaths],
relapse in 23 patients, disease progression requiring sec-
ond-line treatment in 109 patients, evolution to myelodys-
plastic syndrome in 15 patients, and appearance of parox-
ysmal nocturnal hemoglobinuria in two patients. After
failed IST, a total of 113 patients underwent SCT from an
alternative donor as second- or third-line treatment. The
10-year overall survival of these patients who received a
transplant after failed IST was 79% (95% Cl: 75-83) with a
median of 435 days from diagnosis and SCT. We then ana-
lyzed the influence of potential risk factors for survival in
the IST group. The prognostic significance of the clinical
parameters is shown in Table 3. In the univariate analysis,
age younger than 10 years at diagnosis was associated with
a favorable overall survival rate [93% (95% CI: 91-95) ver-
sus 82% (95% CI: 78-86); P=0.012], and this was confirmed
in a multivariate model. However, the rate of failure-free
survival did not differ between patients in the two age
groups. No other variables were significantly associated
with survival after IST in either univariate or multivariate
analyses.

Bone marrow transplantation

In the BMT group, 209 patients (98%) achieved primary
engraftment-at a median of 16 days after transplantation.
As shown in Figure 1A and 1B, the 10-year overall survival
and failure-free survival rates for all 213 patients who were

Table 3. Univariate analysis of 10-year overall survival (0S) and failure-free survival (FFS), according to first-line treatment.

treated initially with BMT from an MFD were 92% (95%
CI: 90-94) and 87% (95% ClI: 85-90), respectively. When
the analysis was applied to the patients who underwent
BMT within 180 days from diagnosis, similar results were
observed; the 10-year overall survival and failure-free sur-
vival rates were 94% (95% ClI: 92-96) and 89% (95% CI:
86-92), respectively. The median follow-up time for living
patients was 101 months (range, 18-213 months). The
cause of treatment failure included primary graft failure in
two patients, secondary graft failure in ten patients, second
malignancy in one patient, and death due to other compli-
cations in 12 patients. Although both patients without pri-
mary engraftment died, nine of the ten patients with sec-
ondary graft failure remain alive; eight were saved by a sec-
ond transplant, and one recovered spontaneously. Twenty-
five of 209 patients (12%) who had achieved primary
engraftment developed grade II to IV acute GVHD, and
extensive chronic GVHD was observed in 13 of 209
patients (6%, alive 100 days after BMT.

The prognostic significance of the clinical parameters,
including variables related to transplantation, was then
assessed. We found no association between age, gender,
etiology, interval between diagnosis and BMT, or time
period of treatment and treatment outcome (Table 3). Of
particular interest with regards to conditioning regimens is
the fact that the addition of antithymocyte globulin pro-
duced an improvement of overall survival [96% (95% CL:
92-99) versus 87 % (95% CI: 84-91); P=0.021], whereas the
rate of failure-free survival was comparable. A fludarabine-
based regimen did not affect outcome after BMT from an

Age at diagnosis
Younger than 10 years 219 93 (91-95) 0.012 57 (54-61)  0.754 89 95(93-98)  0.163  92(89-95)  0.200
10 years or older 167 82 (78-86) 55 (51-59) 124 90 (87-93) 84 (81-88)

Gender ‘ i
Male 207 87(8490) 0628 60 (56-64) ~ 0.089 119 - 91(87-94) - 0383  87(83-90) - 0.679
Female 169 90 (87-92) 52 (48-56) 94 94 (91-97) 88 (84-91)

Etiology
Idiopathic 312 88 (86-91) 0.661 54 (51-57) 0185 204 92(90-95) 0568 87 (85-90) 0934
Other 74 87 (83-92) 66 (60-71) 9 88 (76-99) 88 (76-99)

Severity : ‘ '

Very severe ~ 221 '90(88-92) .~ 0.600 - 57(53-60) 0965 i g0
Severe 159 85 (82-89) 56 (52-60)

Interval diagnosis-treatment
Less than median days 187 91 (88-93) 0.537 60 (57-64)  0.170 105 %5997 0322 91(8894)  0.362
Median days or more 199 86 (83-89) 53 (49-56) 108 90 (87-94) 85 (82-89)

Time periods of treatment : ;
1992-1999 155 85 (82-88) 0.119 54 (50-58)  0.545 121 91(89-94) 0510 - 87(84-90) 0801
2000-2009 , 231 92 (90-94) 59 (56-63) - 2 95 (93-98) 89 (85-93) .

Conditioning regimen
With ATG _ _ 87 96 (92-99)  0.021  86(83-90)  0.648
Without ATG 126 87(84-91) 85 (82-89)

GVHD prophylaxis ! 8 i : :

CyA + MTX - , e A i , 174 - 93(90-95) - - 0.924 88 (85-91) ~0.809:
Others : ' : e ' ' : 39938898 - 86 (80-93) -

ATG: antithymocyte globulin; CyA, cyclosporine; MTX, methotrexate.
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MED, although the number of patients treated with such
regimens was too small to draw any conclusions.
Multivariate analysis showed that none of the variables
significantly influenced survival.

Survival and prognostic factors

The overall outcomes of the 599 children with SAA,
stratified according to their first-line treatment, are shown
in Figure 1A and 1B. Our data clearly showed a significant
advantage for children receiving BMT from an MFD as
first-line treatment; the failure-free survival was signifi-
cantly superior in patients treated with BMT than in those
in whom IST was used (P<0.0001), whereas the overall sur-
vival of patients in these two treatment groups did not dif-
fer. Figure 2A and 2B show survival curves in all patients
treated in the two sequential time periods, 1992-1999 and
2000-2009: results were comparable over time [10-year
overall survival: 88% (95% CI: 86-90) versus 93% (95% CI:
91-95); 10-year failure-free survival: 67 % (95% CI: 65-70)
versus 68% (95% Cl: 66-71)], indicating no significant
improvement in the last two decades. When age groups
were considered, overall survival at 10 years in the younger
group (<10 years old) was significantly better than that in
the other age groups [93% (95% CI: 92-95) versus 85%

A
14 - 2000-2009
0.8 1992-1999
£ 0.6 -
2
S 0.4
D- E
0.2 4
0] P=NS
0 5 10 15 20
Year from diagnosis
B
1 p
0.8 2000-2009
= ]
Z 06
§ 1992-1999
(=)
&= 04 4
0.2 |
0] P=NS
0 5 10 15 20

Year from diagnosis

Figure 2. Survival of patients according to time periods of treatment:
1992-1999 (n=276) or 2000-2009 (n=323). (A) Overall survival. The
10-year overall survival was 88% (95% Cl: 86-90) in 1992-1999 vs.
93% (95% Cl: 91-95) in 2000-2009. (B) Failure-free survival. The 10-
year failure-free survival was 67% (95% ClI: 65-70) in 1992-1999 vs.
68% (95% Cl: 66-71) in 2000-2009.

(95% Cl: 83-88); P=0.007], although no difference in fail-
ure-free survival was observed (Figure 3A and 3B). The
favorable overall survival in the younger group may be
mostly due to that observed in the first-line IST group. In
multivariate analysis, age younger than 10 years at diagno-
sis was identified as a favorable factor for overall survival
(P=0.007), and choice of first-line BMT from an MED was
confirmed as an independent favorable factor for failure-
free survival (P<0.0001), as shown in Table 4.

Discussion

For children with SAA, BMT and IST have been accepted
as standard treatments during the past three decades. The
current guideline recommends BMT from an MFD as the
treatment of choice for pediatric SAA"" based on the
results of comparative studies performed in the
1980s."*%**' On the other hand, recent prospective studies
with intensified IST for pediatric SAA have resulted in dra-
matic improvements in survival*® For example, a study
from the EBMT showed a 100% overall survival rate at 6
years after first-line IST in 31 SAA patients younger than
20 years treated from 2002 to 2008.” These excellent over-
all survival results after IST have led to discussion about
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Figure 3. Survival of patients according to age at diagnosis: <10
years (n=308) or 210 years (n=291). (A) Overall survival. The 10-year
overall survival in the younger group (<10 years) was significantly
better than that in the other group [93% (95% Cl 92-95) vs. 85%
(95% Cl: 83-88); P=0.007]. (B) Failure-free survival. No difference in
failure-free survival at 10 years was observed [67% (95% Cl: 65-70)
vs. 63% (95% Cl: 59-67)].
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the first-line treatment in children with SAA. To obtain
solid evidence on which to base treatment decisions, ideal-
ly, a randomized controlled trial is required. However,
because of the rarity of the disease, no randomized con-
trolled trials comparing IST with BMT from an MED as
first-line treatment for SAA exist, and only retrospective
studies using data from registries or relatively small cohorts
of patients are available. Following the previous report of
304 children treated from 1970 to 1988,° the EBMT SAA
Working Party (SAAWP) reported a consecutive study of
911 children younger than 16 years initially treated with
IST (n=304) or BMT (n=607) between 1991 and 2002,
which indicated that first-line IST gave an overall survival
rate comparable to that of firstline BMT (81% versus
79%)."” Unfortunately, the analyses had several limitations,
because the drugs used for IST varied (e.g., antithymocyte
globulin only, cyclosporine A only, or a combination of
antithymocyte globulin and cyclosporine A) and the donor
types used for BMT were not consistent (15% of the
donors were mismatched family donors or matched/mis-
matched unrelated donors, although the majority of those
were MFD). In addition, neither EBMT study provided
results on failure-free survival,® which seems to be much
more important than survival alone. Recent advances in
supportive care and salvage therapies have effectively res-
cued non-responders to IST.** On the other hand, relapse,
clonal evolution in the IST group and secondary graft fail-
ure and late malignancy in the BMT group are serious
problems in long-term survivors. That is the reason why
overall survival is no longer the only endpoint to determine
-optimal first-line treatment in children with SAA. In Japan,
"we have conducted consecutive prospective trials with a
unified IST regimen consisting of antithymocyte globulin
and cyclosporine A since 1992, enrolling 386 SAA patients
younger than 17 years. During the same period, 213 SAA
patients younger than 17 years underwent BMT from an
MED and were registered into the TRUME, which provid-
ed a unique opportunity to investigate updated evidence
for treatment decisions in pediatric SAA, although this
study also had limitations due to its retrospective nature.
This study confirmed the excellent outcomes obtained in
Japanese children with SAA treated with BMT from an
MEFD or IST. Consistent with the EBMT studies,** the sur-
vival of children with SAA initially treated with IST has
improved markedly since the 1980s, when first-line IST
gave greatly inferior survival (with overall survival rates of
around 40-50%) when compared with first-line BMT"*%**,
in the current analyses, the probability of overall survival at
10 years in the patients treated first-line with IST reached
88%, which was comparable to that of the group treated
first-line with BMT. Recent significant advances in second-
line SCT, especially with a matched unrelated donor, may
contribute to this marked improvement in survival after
first-line IST*¥ In our series, a certain number of patients
underwent SCT from an alternative donor after failed IST
as a second- or third-line treatment. When patients were
subdivided into three groups (first-line BMT from an MFD,
IST only, and SCT after failed IST groups), the 10-year
overall survival rates in these groups were 91%, 93% and
79%, respectively (P<0.0001), confirming that, in the case
of failure of IST, SCT from an alternative donor is a very
good salvage option, whereas MFD BMT and IST are
excellent first-line treatments for children with SAA.
Regarding survival with response after first-line treat-
ment, we found that the failure-free survival rate in

Table 4. Multivariate analysis of favorable factors for survival in all 599

tients with SAA

First-line treatment: BMT

1.619 0.881-2.977 NS
‘Treatment period: 2000-2009 1.536 0.556-2.753 NS
Age: <10 years 2207 1.240-3.927  0.007

First-line treatment: BMT 4497 2.935-6.891  <0.0001
Treatment period: 2000-2009 1.090 0.812-1.464 NS
Age: <10 years 1.113 0.833-1.488 NS

BMT: bone marrow transplantation; NS: not significant.

patients treated with IST plateaued over the past two
decades after having slightly improved since the 1980s
(from 40% in the 1980s to 56% currently).! Thus, unlike
the overall survival results, failure-free survival in the IST
group was significantly inferior to that in the MFD BMT
group. Consistent with our observations, the EBMT group
also demonstrated no significant improvement in out-
comes in response to IST since the 1990s.* This may sug-
gest that the IST regimen has not improved over time.
Over the past decade, with the hypothesis that more
intense IST might produce better outcomes, the addition of
newer immunosuppressive agents, such as mycophenolate
mofetil and sirolimus to antithymocyte globulin and
cyclosporine A, has been tested, but has failed to improve
responses.” The combination of antithymocyte globulin
and cyclosporine A is, therefore, still regarded as the stan-
dard IST regimen. Another possibility is that we have
reached a ceiling in the percentage of patients with the
capacity to respond to IST.* In patients refractory to IST,
the pathophysiology of the disease may be different from
that in patients responsive to IST, which is thought to
involve autoimmune processes, although there are no good
markers to routinely or reliably distinguish non-responders
from responders.”®** Further studies are needed to identify
patients refractory to IST, because these patients might
benefit from prompt alternative donor SCT.

Importantly, all patients in the current analyses were
treated  with  horse  antithymocyte  globulin
(Lymphoglobulin), which has recentdy been withdrawn
from Asian and European markets and replaced by rabbit
antithymocyte globulin. To date, there are only limited
studies using rabbit antithymocyte globulin as first-line IST
for pediatric aplastic anemia, and thus, the effectiveness of
this form of antithymocyte globulin for pediatric patients
remains controversial.®* The change of product might
result in different outcomes in response to IST for children
with SAA.

Survival after BMT from an MED in children with SAA
has exceeded 90% for the past two decades, and this has
remained unchanged when compared with our previous
observation in the 1980s. In this study, the major causes of
treatment failure were primary and secondary graft failure,
but notably, most patients with secondary graft failure
were rescued by second transplantation or careful observa-
tion. In addition to short-term complications, long-term
sequelae, such as chronic GVHD and late malignancy,
should be taken into consideration to make optimal treat-
ment decisions, especially in children. Our results showed
that acute and chronic GVHD were relatively uncommon
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in the setting of BMT from an MFD for pediatric SAA,
which is consistent with recently reported results from the
EBMT SAAWE, with 11% of grade II to IV acute GVHD
and 4% of extensive chronic GVHD after BMT from an
MED for SAA in all age groups.” Regarding late malignan-
¢y, Kikuchi et al. recently published data from 329 Japanese
children with SAA from the nationwide registry, confirm-
ing a low incidence of late malignancy after BMT from an
MED; the cumulative incidence of Jate malignancy was
0.8% at 10 years and 2.5% at 20 years, respectively, which
was much lower than the cumulative incidences in reports
from western countries. In the present series, only one
patient developed a late malignancy (myelodysplastic syn-
drome), and was saved by second BMT. These observa-
tions suggest that this approach has been already estab-
lished as first-line treatment for children with SAA.

In conclusion, our updated data clearly demonstrate that
children receiving BMT from an MFD as first-line treat-
ment have a significant advantage over children managed
with first-line IST, given the dramatically better failure-free
survival and the lower incidence of associated long-term
sequelae in the BMT group, which supports the current
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