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Abstract

Accelerated apoptosis of erythroid progenitors in -thalassemia is a significant barrier to definitive
therapy because the beneficial effects of fetal globin—inducing agents on globin chain balance may
not be inducible in cells in which programmed cell death is established early. Accordingly, our
objectives have been to identify methods to decrease cellular apoptosis and to identify orally
tolerable fetal globin gene inducers. A pilot clinical trial was conducted to determine whether
combined use of a fetal globin gene inducer (butyrate) and rhu-erythropoietin (EPO), the
hematopoietic growth factor that prolongs erythroid cell survival and stimulates erythroid
proliferation, would produce additive hematologic responses in any thalassemia subjects. Butyrate
and EPO were administered in 10 patients. Novel fetal globin gene inducers that also stimulate
erythroid proliferation were evaluated for pharmacokinetic profiles. Patients with *-thalassemia
had relatively low levels of endogenous EPO (<145 mU/mL) and had additive responses to
administered EPO and butyrate. Patients with at least one p° -globin mutation had higher baseline
HbF levels (>60%) and EPO levels (>160 mU/mL), and three-fourths of these subjects responded
to the fetal globin gene inducer alone. A few select fetal globin—inducing short-chain fatty acid
derivatives that stimulated cell proliferation also had favorable pharmacokinetics. These studies
identify a significant subset of thalassemia patients who appear to require exogenous EPO to
respond optimally to any HbF inducer, as well as new therapeutic candidates that act on both
cellular and molecular pathologies of B-thalassemia. Both approaches now offer excellent potential
for tolerable, definitive treatment of B-thalassemia.
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Introduction

The p-thalassemia syndromes are characterized by deficiency of B-globin chains and excess
a-globin, with consequent red cell membrane damage and rapid apoptosis of early
erythroblasts developing in the bone marrow.18 It is well established that continued high
expression of fetal globin results in less severe anemia and milder clinical courses.1~* From
analysis of globin chain ratios of thalassemia trait and thalassemia intermedia subjects, non-
a (fetal and B) globin chains that balance a-globin by approximately 50% result in
transfusion independence and milder clinical courses.2:2> Complications of iron overload
develop decades later in patients with milder anemia who do not require regular transfusions
than in those in whom regular transfusions are begun early in life.3 Induction of high-level
expression of endogenous fetal (y) globin therefore became a goal of the hemoglobin-
switching field. Inducing endogenous fetal globin is appealing because the fetal globin genes
are present and normally integrated in hematopoietic stem cells and function well.1.2:5

Rapid cellular apoptosis is well characterized in B-thalassemia from the precipitation of a-
globin chains.5-8 Optimal hematologic correction of p-thalassemia may require
improvement in the underlying erythroid cell survival or proliferation to allow an agent that
induces fetal globin expression to act before the programmed cell death pathway is
irrevocably established. Chemotherapeutic agents that stimulate fetal globin production,
such as 5-azacytidine, decitabine, and hydroxyurea, all inhibit cell proliferation and cause
cell growth arrest, which is known to promote irreversible apoptosis in cancer cells.%-17 The
chemotherapy agents are also mutagenic, a drawback for conditions requiring long-term
treatment.1819 Several short-chain fatty acids (SCFASs) specifically induce transcription
from the y-globin gene promoter and in some patients can increase the efficiency of -
globin mRNA translation.29-31 These effects do not require histone deacetylase (HDAC)
activity, but HDAC inhibitors often are potent y-globin inducers.32 However, those SCFADs
that inhibit HDACs also inhibit cell proliferation, which is a limiting factor in
thalassemia.1”-32:33 Further, their rapid metabolism necessitates large oral doses or
intravenous infusions that are difficult for many patients to tolerate long term. The SCFAs
are typically not mutagenic.

Erythropoietin, the hematopoietic growth factor that stimulates red blood cell production,
decreases apoptosis, and prolongs survival of erythroid cells, has increased total hemoglobin
and hematocrit significantly in patients with y-thalassemia in several trials, particularly in
children, and without a significant increase in HbF in most, thereby increasing thalassemic
erythropoiesis.2:434-37 EPO and SCFAs thus have potentially complementary activities for
B-thalassemia. Accordingly, a pilot study was conducted to determine whether combined use
of EPO and butyrate has additive effects in inducing hematologic responses in any subjects
with p-thalassemia.38

A second area of investigation has focused on determining whether any other SCFA
derivatives are (1) orally active in inducing fetal globin expression, (2) can increase
erythroid cell proliferation or decrease the cellular apoptosis of thalassemic erythroid cells,
and (3) have more favorable pharmacokinetics than that of butyrate or phenylbutyrate.

Novel SCFADs, discovered through computational modeling, are being evaluated to identify
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potent fetal globin inducers that are resistant to metabolism and stimulate erythroid
proliferation.33:39 These investigations have identified significantly more favorable
candidates for definitive therapy of -thalassemia.

Materials and Methods

Clinical Protocol and Subjects

A pilot trial of butyrate and erythropoietin was conducted to determine whether the two
agents might have additive activity in a proportion of patients with p-thalassemia. Two
courses of intensive arginine butyrate therapy were administered for 10 h/day, 5 days per
week for 1 month, followed by 2 weeks without any therapy. After two cycles of this
“induction” therapy, intermittent or “pulse” butyrate was administered on 4 consecutive
days every other week, or a total of 8 days per month, for 3 months. An erythropoietin phase
was then added to the butyrate regimen, with EPO given three times/week, at 300 U/kg of
body weight, subcutaneously or intravenously, for 6 weeks and then at 500 U/kg three times
weekly for 6 weeks. For patients with more severe anemia with hemoglobin levels less than
6 g/dL, the erythropoietin phase was administered prior to butyrate. As iron supplementation
has been universally required for other patient populations to respond to EPO therapy, iron
supplements were administered when ferritin levels declined by 50% in iron-overloaded
subjects and were given to all subjects who were not iron overloaded.

To be eligible for the trial, patients were required to have a diagnosis of p-thalassemia
intermedia with total hemoglobin less than 10 g/dL, and they must have been untransfused
for at least 3 months. Eleven patients, 5-50 years of age, were initially enrolled. Four had
been transfused regularly and were transfusion dependent; seven were transfused
intermittently. The patients had a variety of molecular mutations with no predominant
mutation being represented. Two patients could not be weaned off transfusions and were
scored as nonresponders, and one patient was unevaluable due to early termination from the
protocol. Complete blood counts, reticulocytes, fetal globin mMRNA or chain synthesis, HbF
and percentage of F cells, EPO levels, chemistry panels, and urinalyses were monitored once
or twice per week (during administration of butyrate) using standard methods. Eight of the
10 patients responded to either butyrate alone or butyrate with erythropoietin, with a mean
increase in total hemoglobin exceeding 2.5 g/dL, as shown in Table 1.

Investigation of Other Candidate SCFADS

Novel SCFAD compounds that induce fetal globin expression, identified through medicinal
chemistry and computational modeling, were studied in erythroid cells cultured from
patients with B-thalassemia to determine their effects on cell proliferation and in growth
factor—dependent hematopoietic cell lines, as previously described.33:3% Compounds that
stimulated erythroid cell proliferation in culture were administered to baboons, and plasma
levels of the test compounds were assayed by HPLC-MS as previously described.?? Studies
of potential signaling pathways of proliferative compounds were undertaken as previously
described.33
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The responses observed in the -thalassemia subjects are summarized in Table 1. The
patients in this small trial had two patterns of baseline HbF and EPO levels and two general
patterns of response. Of the eight responsive patients, four had p*-thalassemia, with baseline
HbF levels below 50%, and (relatively) low endogenous EPO levels (<145 mU/mL).
Patients who had at least one B°-globin mutation had baseline HbF levels greater than 60%
and baseline endogenous EPO levels above 160 mU/mL (range, 163-3577 mU/mL). In the
high-EPO, high-HbF group, fetal globin mRNA or synthesis often increased within days of
beginning therapy with butyrate. In patients with the lower baseline HbF levels, fetal globin
mMRNA increased more slowly—only after 3—4 weeks of treatment. HbF levels increased in
seven patients, and non—a- to a-globin synthetic ratios also improved following butyrate
treatment by 30-40% above baseline. Improved globin synthesis ratios were usually
observed 2—4 days following a treatment course. Hematologic responses also followed two
different patterns between the two groups. Patients with high baseline HbF and EPO levels
had a mean increase in total hemoglobin of 2.8 g/dL (range 1.5- 3.9 g/dL), usually reaching
a peak after intensive butyrate treatment, and did not respond further to additional EPO
therapy (summarized in Table 1). Patients with p* thalassemia mutations had minimal
responses to butyrate with a mean increase in total hemoglobin (Hgb) of 1.1 g/dL above
baseline, and a further 1.6 g/dL mean increase in total Hgb when rhu-EPO was added.
Withdrawal of butyrate resulted in a decline in Hgb and hematocrit after 2—3 months in two
of three patients in whom EPO was continued alone. However, one patient has been
maintained on EPO alone for 4 years with a sustained hematologic response. Serum
transferrin receptors, ferritin (in iron-overloaded patients), and EPO levels all declined
during the 6-month pulse butyrate treatment phase and likely contributed to declines from
the peak responses in total Hgb and hematocrit. Both therapeutics were well tolerated; there
were no adverse events that warranted discontinuation of either therapeutic agent.

Butyrate therapy resulted in transfusion independence in three B-thalassemia subjects who
have been treated for 2—7 years, even with intermittent administration of 8 days/month, and
phenylbutyrate therapy has resulted in prolonged hematologic responses in thalassemia
subjects with allo-antibodies.2® These courses illustrated that SCFADs could significantly
improve thalassemic red cell survival, even with infrequent administration. Molecular
modeling and virtual screening of chemical libraries produced 20 candidate SCFAD
compounds that induced activity of the fetal globin gene promoter in reporter gene assays at
1- to 1.5-log lower concentrations than was required for butyrate.3° In erythroid cells
cultured from subjects with B*-thalassemia, several novel compounds were found to (1)
increase proportions of F cells by 20-40% above control conditions; (2) stimulate erythroid
colony proliferation by 20-75% above colonies developing with growth factors alone; and
(3) signal through prolonged phosphorylation of Stat5, the same pathway employed by EPO,
but bypassing the EPO receptor and Jak-2.33

The candidate SCFAD compounds are undergoing evaluation for pharmacokinetics and
pharmacodynamics in baboons, a primate model with metabolic systems close to those of
humans. One promising new candidate compound, RB16, persists in the plasma for 24 h
after single oral doses of 5-20 mg/kg in baboons, shown in Figure 1A. This is equivalent to
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a 1- to 2-mg/kg dose in an adult human and is substantially less than the 400- to 800-mg/kg
doses required for butyrate and phenylbutyrate in humans. Fetal globin mMRNA expression
was induced four- to sixfold by this compound in a nonanemic baboon, as shown in Figure
1B.

Discussion

The responses observed with EPO therapy are consistent with previous reports and provide
simple criteria for readily selecting patients likely to respond to EPO therapy, those with
relatively low HbF levels (<30%) and EPO levels (<145 mU/mL). The p*-thalassemia
patients had low levels of endogenous EPO relative to their degree of anemia, and the
patients responded optimally to the combination of a fetal globin-inducing agent and EPO.
One patient with p0-thalassemia, a child who had an extremely high baseline EPO levels
(>3000 mU/mL) also responded to EPO. In most of the responsive subjects, as ineffective
erythropoiesis declined and total hemoglobin increased by 1-2 g/dL, EPO and ferritin levels
also declined. These secondary physiologic responses may also respond to exogenous EPO
therapy. The 75% response rates to EPO in the B*-thalassemia subjects strongly suggest that
a trial of an EPO preparation is warranted, particularly in thalassemia intermedia, and before
instituting a regular transfusion program with the predictable consequences of iron overload
and transfusion-related infections. The only potential caveat may be the presence of
extramedullary erythropoiesis in sites that could cause spinal cord compression, if further
bone marrow expansion resulted. Such patients should be closely monitored if EPO is
administered.

The major limitation of SCFAs as therapeutics has been rapid metabolism, which has
necessitated large oral doses or intravenous infusions.2:2.27 Despite this short exposure, and
despite intermittent administration, prolonged hematologic responses and even transfusion
independence have resulted in some patients treated with arginine butyrate. These therapies
currently are, however, difficult for long-term use. Pharmacokinetic studies of other SCFAD
candidates in baboons now demonstrate that some derivatives would require doses of only
2-20 mg/kg, significantly less than the 400- to 800-mg/kg doses that have been necessary
for arginine butyrate and sodium phenylbutyrate.

Most medical conditions require a combination of interventions for optimal management.
The complexities of B-thalassemia suggest that definitive treatment to correct the red cell
destruction will likely require more than one type of therapeutic regimen, particularly for
patients with baseline hemoglobin levels below 6 g/dL. Optimizing cell survival with EPO
or an EPO-mimetic is desirable. Intermittent use of agents that induce histone
hyperacetylation (HDACI) and/or that hypomethylate DNA may or may not be necessary, in
view of the recent report that hypomethylation in the Ay-globin gene promoter in adult bone
marrow cells is similar to that in fetal liver cells.*0 However, such agents may produce
higher-level responses by increasing chromatin accessibility in the Gy-globin gene promoter
and the locus control region. Although the concentrations necessary for histone deacetylase
inhibition in vitro may be difficult to achieve in patients, hypomethylating agents and
HDAC inhibitors (HDACI) have yielded synergistic responses in animal models and may
well be important for patients with low baseline fetal globin expression.22 HDACi and
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hypomethylating agents should ideally be administered on an intermittent basis to avoid
their strong inhibition of erythroid cell proliferation and the potent mutagenic effects of 5-
azacytidine and decitabine.1:11,18.19,30,33

Finally, an oral, low-dose, proliferative SCFAD should be developed to maintain fetal
globin gene expression and even to stimulate erythropoiesis. Several SCFADs have been
found to accomplish both actions. The range of potential therapeutics with differing
molecular actions for definitive treatment of p-thalassemia should now be capable of
eliminating transfusion dependency in many patients.
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Figure 1.
(A) Pharmacokinetic profiles of a novel SCFAD, RB16, administered at single oral doses of

10 mg/kg (open squares) and 20 mg/kg (closed symbols) in a baboon. The compound
persisted in the plasma above the target concentration for more than 24 h following single
oral doses. This target concentration induces fetal globin expression in erythroid cultures
established from patients with p*-thalassemia, as shown by the dotted line. (B) Fetal globin
mRNA before and during administration of RB16 in a nonanemic baboon. The test
compound was administered once/day, 5 days/week during days 1-28 and for 4 days/week
for another 2 weeks, as shown by the bars above the graph. A four- to sixfold induction of
fetal globin mMRNA above baseline was observed, as shown. The period of administration of
the study compound is designated by the lines above the graph.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2014 December 10.



yduasnuel Joyny vd-HIN

1duosnuely Joyny Yd-HIN

1duasnuely Joyny Yd-HIN

Perrine et al. Page 10

Table 1
Summary of hematologic responsesto EPO + butyrate (AB) in the 8 of 10 patientswho

responded with an increasein total hemoglobin and hematocrit

Total Hgb (g/dL) Mean peak response

Number responsiveto
Group Baselinetotal Hgb (g/dL) AB AB + EPO EPO

f*-thalassemia Low EPO and HbF 7.3-94 11 2.7 3o0f4
(EPO 28-143 mU/mL)

BO-thalassemia High EPO (>160 mU/ 5.3-6.5 2.8 2.6 lof4
mL), high HbF (>60%)
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