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The therapeutic reactivation of fetal haemoglobin
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Unusually high levels of fetal haemoglobin production can ameliorate sickle cell disease and B thalassaemia.
Although efforts directed at the pharmacological stimulation of fetal haemoglobin as an approach to managing

these conditions have met with limited success, there is wide variation in individual responses. Whether this

reflects the particular mutations that underlie these conditions or other genetic factors remains to be determined,

as does the ideal combination of agents to achieve this end. These results are encouraging, however, in particular

in view of the recent demonstration that other monogenic diseases, Duchenne muscular dystrophy, for example,

might be amenable to the same therapeutic strategy.

INTRODUCTION FETAL HAEMOGLOBIN PRODUCTION DURING NOR-
MAL DEVELOPMENT

It has been realized for a long time that patients with sevefg each stage of development, different haemoglobins are
inherited disorders dB globin chain structure or synthesis, in produced, each of which consists of two unlike pairs of globin
particular sickle cell anaemia afidthalassaemia, may have a chains 8). In the embryo( chains combine with ory chains to
milder illness if they are fortunate enough to produce unusualfyroduce Hbs Gower X 4e,) and Portland{by,), anda chains
high levels of fetal haemoglobin (Hb F))( Based on this combine withe chains to form Hb Gower 2iey). After about
observation, and the finding that homozygotes for the differethe 12th week of gestation, chains combine witly chains to
forms of hereditary persistence of fetal haemoglobin (HPFH)roduce Hb F d2y,) and, during the third trimestey, chain
function normally as adults, with Hb F levels of almost 100%synthesis starts to decline and is replaced3lsnd & chain
there has been increasing interest in the possibility of eithproduction, with the formation of the adult haemoglobins A
reactivating or further stimulating Hb F production in thesdaofs) and A (020p). Fetal haemoglobin consists of two
conditions as a novel approach to their management. Althougholecular formsgoy,136GlY anda,y,136Aa theGy and®y chains
the idea of reactivating genes that are expressed at an earlier sigethe products of linkeglchain loci. Then like genes form a
of development as a way of treating disease has hitherto bednster on chromosome 16 in the orden2—a1, and the-like
restricted to the haemoglobin field, the recent observation thgenes are on chromosome 11, in the ced€y—"y-5-f. Thus,
utrophin, the fetal homologue of dystrophin, might be able tboth clusters, which also contain several pseudogenes, carry the
replace the action of its adult counterpart in mice with Duchenrgdobin genes in the order in which they are expressed during
muscular dystrophy2j suggests that this approach might havedevelopment, in a'5. 3' orientation.
more general application for the management of monogenic orFetal haemoglobin replaces adult haemoglobin by the end of
other diseases. the first year of life. All normal adults produce a small quantity,
Partly because of lack of genuine progress towards drl%, which appears to be confined to a small population of red
understanding of the mechanisms that regulate the switch fraeells which are called F cell8)( Studies of clonal haemopoietic
embryonic to fetal and fetal to adult haemoglobin during normahalignancies have shown that the F cell population is not the
development, progress in finding ways to encourage persistgmgeny of a particular haemopoietic stem cell line. Whether
fetal haemoglobin production, or to reactivate it, has been slothere are small amounts of fetal haemoglobin in most adult red
However, there have been some limited successes. Becausedbés, and F cells simply represent the end of the spectrum at
haemoglobin disorders are becoming increasingly common, theitich it is detectable, is uncertain. However, there is a strong
symptomatic treatment with blood transfusion and iron chelatiogenetic component to the relative number of F cells; at least one
poses many problems, bone marrow transplantation is not alwdgsus, on the X chromosome, has been implicated, although its
possible, and there is little sign of any immediate progress on tigentity and mode of action remain to be determirgd (
gene therapy front, it is important that the lessons learnt so far ard/ery little is known about the regulation of the switch from fetal
fully understood so that further studies can be designed to try to adult haemoglobin3(5), only one of several well defined
obtain more consistent results. developmental changes of the red cell proteins. Both sequential

*To whom correspondence should be addressed. Tel: +44 1865 222359; Fax: +44 1865 222 501; Email: janet.watt%mailgateullR2@ox.ac.



1656 Human Molecular Genetics, 1998, Vol. 7, No. 10 Review

studies of normal infants and transplantation experiments Bynthesis. It was reasoned that this phenomenon, possibly
sheep suggest that the time of switching is related to gestatiomalsociated with perturbations of the cell kinetics of erythroid
age and not to the time of birth. Current models suggest that theogenitors as a result of exposure to anti-leukaemic agents such
locus control region (LCR), a major regulatory sequehttethe  as hydroxyurea and cytosine arabinoside, might lead to a
€ globin genes, becomes opposed sequentially te, hé and  premature commitment to an erythroid maturation pathway with
B loci at particular times during developme®). (Whether this  an increased likelihood of fetal haemoglobin productit®). (
reflects the interaction of developmental stage-specifi@he observation that babies born of diabetic mothers have higher
regulatory proteins remains to be determined. It is of interest thfgtal haemoglobin levels than normal, and that the switch from
during normal development, in conditions in which there idetal to adult haemoglobin production might be delayé @),
persistent fetal haemoglobin production, and in transgenic moutgether within vitro experiments suggesting that this effect may
models, there appears to be a reciprocal relationship betweebe mediated by butyratéX), suggested that, in addition to cell
and 3 and & chain production, suggesting that there may beycle-specific agents, butyrate compounds might also be worth
competition for the factors which are involved in interactiongursuing as potential fetal haemoglobin switching agents.
between the LCR and the globin gene promoters.

THE RESULTS OF CLINICAL TRIALS OF AGENTS
PERSISTENCE OF FETAL HAEMOGLOBIN PRODUC- DESIGNED TO REACTIVATE OR AUGMENT FETAL

TION HAEMOGLOBIN PRODUCTION

Persistent production of variable levels of Hb F into childhoogsased on these observations, a number of clinical trials directed
and adult life is a characteristic flndlng in sickle cell anaemia anglt augmenting Hb F production in sickle cell anaemia or
the more severe forms @ thalassaemia. However, becausethalassaemia have been carried out using different agents, either
relatively high levels of Hb F in red cells protect them againsione or in combinatiori.§).
sickling, and becausechains combine with some of the excess Based on preliminary studies of the effects of the S-phase-
o chains that result from defecti chain production i3 specific agent hydroxyurea in patients with sickle cell disease
thalassaemia to produce Hb F, the relatively high levels of Hb { 7-19) on Hb F production, several clinical trials were carried
in the _perlpheral blood in these conditions probably refl_ects F CQ“Jt to establish its efficacy. In a large well designed p|acebo_
selection in the marrow and blood, possibly combined witlgontrolled trial in adults, it was found that the number of painful
marked erythroid hyperplasia in response to anaejialfiis  crises, episodes of the chest syndrome and transfusion in sickle
interpretation is strengthened by recent studies which have shogl| disease were reduced and that there was an approximate
that if the bone marrow is suppressedirthalassaemics by doubling of the mean level of Hb F and F cells; the Hb F rose from
regular transfusion the baseline level of Hb F production is a littlg baseline 0f5—9% @0). While individual patients showed a
greater than normaf). Thus, although there may be some finemych greater rise in Hb F, this modest overall increase is unlikely
tuning of the level of Hb F productionfiithalassaemia as aresult to have been sufficient to account for the clinical benefits.
of the underlying mutations, those which involve the promotefydroxyurea has a variety of other effects, including increasing
regions of th¢d globin genes being associated with higher levelshe red cell size and, therefore, presumably altering cellular
the major mechanisms involved in its postnatal synthesis app&fjdration, and reducing the white cell count. Both these factors
to be cell selection, probably combined with marked erythroighay have played a role in reducing the number of painful crises.
expansion, which seems to favquglobin gene reactivation.  However, this important study showed quite unequivocally that
There is a family of conditions that comprise HPFH, in whictHb F can be elevated safely by the use of hydroxyurea, and more
there is persistent fetal haemoglobin production in the absencergtent trials have shown that the same effect can be obtained in
haematological abnormalities. The underlying mutations consighildren ¢1-23). It should be emphasized that the long-term
of either long deletions which remove thend globin genes,  safety of this form of therapy remains to be determined.
or point mutations in the region of thigene promoters3(5). In In studies in which hydroxyurea has been administered to
addition, there are varieties which are determined by loci that agatients with different forms ¢§ thalassaemia, there have been
on other chromosomes, notably chromosome) 6The way in - only minimal responses in terms of an increase in haemoglobin
which these lesions produce persistent fetal haemoglobin produg- Hb F levels 24-30). A small number of patients with
tion is not clear. In the case of the promoter mutations, this coulHalassaemia treated with 5-azacytidine showed an incregse in
reflect ay gene promoter of increased efficiency, or an inabilitygiobin mRNA synthesis, normalization of globin chain imbal-
to bind repressors of Hb F production in adult life. Howeverance and an increase in the total haemoglobin concentration,
whatever the mechanism, the very high levels of Hb F that aggceeding 2 g/di31,32). This drug is, however, potentially toxic
produced in HPFH indicate that adult red cell precursors contaiihd hence has not been studied further. Cytosine arabinoside has

all the factors required for fetal haemoglobin synthesis. been explored in animal and human studies; the numbers treated
are too small to reach any definite conclusions about its efficacy.

REACTIVATION OR MODIFICATION OF THE LEVEL OF Because of reports of suboptimal erythropoietin (Epo) response

FETAL HAEMOGLOBIN to anaemia in both sickle cell anaemia @rithalassaemia, and

indirect evidence that rapid erythroid expansion may favour Hb
Early observations of transient increases in fetal haemoglobiproduction, there have been several studies to assess the effect
production in patients recovering after treatment with cytotoxiof recombinant Epo in these disorders, either alone or in
agents for leukaemid), following marrow transplantatioi(), = combination with hydroxyurea3g-39). Although the results
or in animals after phlebotomylY), suggested that acute have been variable, there are potential risks in raising the
erythroid expansion might be associated with fetal haemoglobiraemoglobin level without a major increase in Hb F in patients
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with sickle cell anaemia, and erythroid expansion itself may caus8ONCLUSIONS
increased iron absorption and extramedullary haematopoiesis; . ) )
these studies suggest that it will be well worthwhile furthed Ne results of the hydroxyurea trials for sickle cell anaemia are
exploring the effects of combinations of Epo with other agentsYery encouraging, although the augmentation of fetal haemoglobin
The administration of butyrate compounds has also bedh unlikely to have been sufficient to explain all the beneficial
associated with varying responses. In an initial study, involving tifffects of this agent. Overall, the outcome of the limited trials to
intravenous administration of arginine butyrate, one patient, eat thalassaemia have been less encouraging. However, there ar
homozygote for haemoglobin Lepore, showed a dramatic resporfsdne remarkable exceptions and it is now very important to
with a major rise in both haemoglobin and Hb F value. ( determine whether these unusual responses reflect the action of the
However, in a subsequent study of the use of this agent in pgrticular underlying thalassaemia mutations or whether other
patients with different types @ thalassaemia, only modest or no mechan_lsms are |nv_o|ved. Thes_e questions can be_ answere_d by
changes in haemoglobin or Hb F levels were notéjl Because appropriate clinical trlal_s and stud|e§ of patients in whlch the action
of difficulties in long-term treatment with arginine butyrate, the®f these pharmacological agents is related specifically to their
original patient with haemoglobin Lepore was treated over a Iorfg‘der_ly'r_‘g_ molecular defects as well as to other factors that might
period with a combination of sodium phenylbutyrate and, latef ter _|nd|V|duaI responses to sywtchlng.agents, both genetic a_nd
hydroxyurea. Overall, this patient had a dramatic response to tm%quwed. Another problem which requires further exploration is
combination of drugs, with a total rise of haemoglobin to 10—1}Vhether particular combinations of these agents may be more
g/dl, reflecting an increase of Hb F @ g/dl. She has remained effectlve t_han single agents, and, if so, precisely how they should
non-transfusion-dependent and well for >4 yed®. (For this € administered and at what dosage. . .
reason, her transfusion-dependent brother was treated with &°'V€" the wide range of_factors, bOth. genetic and acquired, that
combination of sodium phenylbutyrate and hydroxyurea and h&gt the level of Hb F in patients wiiglobin disorders, we should
an almost identical response; he has been independent ngt be surprised to flnd that there is wide variability in thg response
transfusion for nearly 2 yearé4). One other patient, in this case to these non-specific approaches to the augmentation of fetal

; haemoglobin synthesis. While further studies may yield more
a compound heterozygote for haemoglobin Leporeahdlas- - ; .
saemia, showed a good response to hydroxyurea alone, withaﬂggn'lt've wayls of augming!ng. Hb F pl‘OdeCtIOﬂ, balsedhon
in the haemoglobin of 4 g/di®). In a pilot study of 11 adults with 9€Velopmental stage -binding proteins for example, these

B thalassaemia treated with oral sodium phenylbutyrate, foﬁrdvances may be a while in coming. In the meantime, we must
showed a rise in total haemoglobiriifg/dl (44): the same agent €2 t0 use the pharmacological agents that we have at our disposa
also produced a modest rise in Hb F in some patients with sic r?j eerft'Vﬁly' OUT tc)).bJeICt'V?S fcazn 3be /(leo'dest, t'a trlse ;ﬂ
cell anaemia4s). There have been some reports of the efficacy ot tea y-z_ate ‘ aemoglio tlhn | evel of b gE thml patients V]:"
pulsed doses of sodium phenylbutyrate in patients with sickle cffermediate forms off thalassaemia, alassaemia for

anz;le_zrrrlliadagg thalassaemia, although full details have not yet bggﬁlrt?gl?éxv?#éi:%:ﬁ;rfgilﬁ/st}fongiE[:rilael'globin field have shown
publishe .

The finding that in the majority of patients with different formsthat it is possible to reactivate or augment the production of a fetal

of B thalassaemia studied to date there is no Hb F response, or Oq{gétem to at least partly replace its defective adult counterpart, the

amodest e, whereasa e when gen th same agens, gUJCEELS, 1 32 DT X0, Do o I
quite dramatic rise in Hb F and total haemoglobin levels, even ?#’ ty and, , dep P :

the extent of allowing them to remain independent of blood the rapidly turning over erythroid population of t_he .bone
arrow, may not have direct relevance to other genetic diseases.

transfusions, raises some important issues. The siblings ho en the long-term administration of butyrate compounds, al-

zygous for haemoglobin Lepore were studied in considerable de D uah clearly un-requlating thalobin genes. shows no evidence
during their remarkable response to butyrate and hydroxyur ?re%ctivatin}g/] ol? otr?er fetzgl ggneﬁl.ql'hus :the long-term goal
(42). There was contraction of their erythroid mass, indicating th ust be to define the developmental stage-speifisactivating

the unusual rise in Hb F is not mediated by stimulation of erythrOIIqe s : ; : o

; - - ) ulatory proteins involved, with a view to evolving more specific
expansion. As judged by the"y composition of their Hb F and Wgys to r‘Ss/vr\)/itch on’ fetal genes during later develgpment P
the patterns of their other red cell proteins, they showed no '

evidence of a reversion to fetal erythropoiesis and no other
fetal-stage-specific proteins were detected in their blood. FurthedCKNOWLEDGEMENTS
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degree, on the underlying molecular lesions that ¢atisdassae-
mia. Haemoglobin Lepore is an uncommon form of the disease in
which there is an abnormal crossover between the |blkaed
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