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INTRODUCTION

The 28 years tradition of annual international scientific symposia on blood
transfusion in Groningen started in 1976 has come to an end.

Over the years the symposia have covered a wide range of themes in relation
to blood transfusion, painting transfusion medicine in all its fascinating and
colorful aspects on the canvas of daily practice, academic research and inter-
national development.

The strength of the symposia has not only been the format and the informality,
but more explicitly the science, exploring the horizons of transfusion medicine
as a vein to vein bridging science in a brain to brain fashion. These horizons
always have provided the opportunities for bringing the various players in the
field of transfusion medicine together for advanced discussion and cross-
fertilisation.

The organisers thank the scientific contributors, the professional audience, the
supporting industry, and the staff of the Sanquin Blood Bank Northeast for their
loyalty and enthusiasm. Without them the tradition would never have occurred,
the reputation never have been established and recognised, and the knowledge
transfer never been managed and documented the way it happened.

Groningen, 10 October 2003
Prof. Dr. Cees Th. Smit Sibinga
Initiator
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OPENING ADDRESS

I feel extremely privileged and honoured to give the opening address of the 28th
Sanquin International Symposium on Blood Transfusion, especially because this
will be the last in a long series of excellent symposia. Prof. Cees Th. Smit
Sibinga started these symposia in 1976. Since then the symposium has been an
annual event, every year with excellent topics and speakers. All different aspects
of blood transfusion have been discussed.

Why would Cees Smit Sibinga have selected neonatology to be the topic of
this last symposium? Paediatrics only was the topic of the symposium in 1980
neonatology never was a topic all these years. Would it have been that newborn
infants like small adults are given only small amounts of blood? However, at the
same time they are the most interesting creatures of human life. Everything that
can go wrong in humans goes even more wrong in newborn infants. As a former
neonatologist of course I am extremely glad that the topic now is the newborn,
better late than never.

Neonatology for sure has a much shorter history than blood transfusions.
Recently I read an interesting historical novel in which they claimed that the
first blood transfusion was done in 1663 in Cambridge. Compare that to
neonatology, the first clear description of the intensive care treatment of a tiny
newborn is from 1945 in New York. Unfortunately, however, both the first
patient after a blood transfusion and the newborn infant after neonatal intensive
care treatment died, although of different complications. The historical novel
does not explain the medical reasons why the old lady in 1663 receiving a
transfusion died. It might have been of course blood group incompatibility. The
newborn infant died, after discharge, at the age of 3 months as it was bitten by
rats in a New York apartment!

When looking over the last years there have been many changes in the
practice of transfusion in the newborn infant. 25 years ago we were used to give
whole blood to newborn infants. This was understandable as the reason for a
transfusion usually was blood taken for laboratory analysis. That we used whole
blood was not only because there were no other products. We honestly believed
that whole blood was to the benefit of the newborn child. We argued that when
we took whole blood, we should replace it with whole blood. Secondly, we were
highly convinced of the very healthy properties of whole blood including white
cells, immunoglobulins and clotting factors.

We were also used to transfuse to relatively high levels. We believed that an
infant needed a haematocrit of at least 0.40, the minimum of a haematocrit for a
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newborn infant. Later on we realized that a child at least without complications
will do extremely well with haematocrit values as low as 0.25. This reduced the
need of blood transfusions.

A second reason for needing help of the Blood Bank were the exchange
transfusions. When I started my residency in paediatrics, there was almost one
exchange transfusion per day in our unit. Exchange transfusions were performed
with heparinised whole blood. This practice clearly has changed dramatically.
Today exchange transfusions are extremely rare. Some of the residents leave our
unit after 6 months without ever having done an exchange transfusion. Second-
ly, we are not using heparinised whole blood anymore. The Blood Bank is
making specially tailored products for us. Tailored products such as recon-
stituted blood made of packed cells, plasma and perhaps other compounds. Also
we are not using heparin anymore, but citrate or other anticoagulants.

Another reason for performing exchange transfusions 25 years ago were
studies showing that patients with severe sepsis had a higher likelihood to
survive when they were given an exchange transfusion with extremely fresh
blood whereby we reasoned that the active white cells, immunoglobulines and
other compounds in blood could help the newborn infant. Actually, the first
abstract I ever wrote in my medical career was describing the outcome of infants
with severe sepsis after an exchange transfusion. Of course the abstract
indicated that the outcome was better after an exchange transfusion. However,
we did not realize at that moment, that there were negative aspects of an
exchange transfusion with very fresh whole blood as well. I do remember still
today a 10 days old, very low birth weight infant where I performed an
exchange transfusion. Two days later the child had all signs of Graft versus Host
Disease, although we hardly recognized these signs at that time as being a Graft
versus Host reaction.

The Blood Bank now recommends not to use whole blood and not to use
fresh blood for blood transfusions. Instead, blood products or component us has
been introduced in the unit. It is not, as will be discussed at this meeting,
however, a simple answer which blood products should be used. Packed cells of
course are extremely well known. However, at first we only used red cells at
least 2 days old to reduce the risk of CMV infections. Because of fear for
haemolysis, the cells should not be older than 2-3 weeks. Due to the risk of
transfusion associated Graft versus Host the packed cells were first irradiated
and then filtered. During this meeting you will hear the latest news about how to
use red cells.

Another type of cells that has been used for some time in neonatology are
white cell transfusions. White cells were separated and given to infants with
severe infections. Very mixed results are published and probably infants
developed Graft versus Host reactions, as indicated before. After some years
and many studies the administration of white cells was abandoned. Another
issue that also will be discussed extensively during this meeting is the
transfusion of thrombocytes. Many newborn infants do have a low number of
thrombocytes. However, does this mean that we have to transfuse thrombo-
cytes? Only during the last years there is more knowledge regarding the cause of
thrombocytopenia and we have obtained a better insight into the question
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whether or not to transfuse these infants. Over the last 10 years another topic in
neonatology has been the use of growth factors - Erythropoietin, G-CSF and
thrombopoietin are used with varying results. During this meeting you will hear
the latest news about the use of these products. The hype some 10 years ago was
that blood transfusions would not be needed anymore due to the use of these
growth factors, in my opinion has at least partly faded away.

Prof. Cees Smit Sibinga, you put together an excellent programme covering
all the important issues of transfusion in the newborn infant. Over the last 50
years many practices in transfusing the newborn infant were introduced and
forgotten. I am extremely pleased that we will hear the "state of the art" during
this meeting. On behalf of all paediatricians and neonatologists I thank you for
composing this excellent programme. Finally, I do hope that, although this is the
last symposium in a long series, there will be other meetings organised by you
in the future. I wish you an excellent meeting.

Prof. Dr. Pieter J.J. Sauer,
Department of Paediatrics and Neonatology,
University Hospital Groningen, NL



I. FOETAL AND NEONATAL HAEMATOLOGY



REGULATION OF DEVELOPMENTAL
HAEMATOPOIESIS BY

GATA TRANSCRIPTION FACTORS!
Chr. Dame?

Introduction

The aim of this contribution is to summarize current data on the role of GATA
transcription factors in the regulation of developmental haematopoiesis.

GATA transcription factors are a family of six zinc finger proteins, which
bind to the (T/A)GATA(A/G) consensus sequence and play prominent roles in
the regulation of cell differentiation and proliferation during development [1].
Each GATA transcription factor contains two highly conserved C4-type (Cys-
X,-Cys-X,7-Cys-X,-Cys) zinc finger domains [2]. The carboxy-terminal zinc
finger is necessary for the DNA-binding of the protein, the amino-terminal zinc
finger is required for the interaction with other transcription factors or co-factors
[3]

Based on their predominant expression in haematopoietic cells, GATA-1, -2,
and -3 were designated as ‘haematopoietic’ GATA transcription factors, where-
as GATA-4, -5, and -6 were categorized as ‘endodermal’” GATA factors due to
their predominant expression in the heart, lung, liver, and gastrointestinal tract
[4,5]. The functional role of GATA transcription factors in developmental proc-
esses has been most extensively studied in mice. Mice with targeted deletions of
the genes encoding GATA-1, -2, or -3 die at embryonic stages of development
and exhibit severe haematopoietic defects [6-9]. In contrast, mice with homozy-
gous GATA-4 mutation die soon after implantation, and essential functions of
GATA-4 in yolk sac vasculogenesis, heart morphogenesis, and the development
of the visceral endoderm have been reported [10]. Transgenic mice with homo-
zygous GATA-6 deletion also die also soon after implantation and display major
deficits in the extra-embryonic tissue of the early mouse embryo [11,12].

However, the expression of the ‘haematopoietic’ GATA transcription factors
is not restricted to haematopoietic cells. In mice, GATA-1 is also expressed in
Sertoli cells of the testis [13]. GATA-2 is expressed in various tissues, including
the liver, kidney, and nervous system [14-17]. GATA-3 is also expressed in a
variety of non-haematopoietic organs, most abundantly in the developing central
and peripheral nervous system, liver, kidney, adrenal gland, placenta, and thy-
mus [16-22]. The functional implication of GATA-2 and -3 in the normal

1. Supported by the Deutsche Forschungsgemeinschaft (DA 484/2-1).
2. Assistant Professor, Charité — Universitdtsmedizin Berlin, Department of Neonatol-
ogy, Campus Virchow-Klinikum, Berlin, Germany.
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Figure 1. Illustration of the developmental steps in haematopoiesis that require the func-
tional activity of GATA transcription factors. Red boxes depict the arrest in the devel-
opment of haematopoietic cell lineages, if the respective factor is absent. In addition, the
requirement of FOG-1( fiiend of GATA) is indicated, since FOG-1 is an important co-fac-
tor to archive full biological activity of GATA-1. Abbreviations: e — eosinophil precursor,
n — neutrophil precursor, m — myelocyte precusor, b — basophil precursor, M — mega-
karyocyte precursor, E — erythroid precursor, T — T cell precursor, B — B cell precursor.

(Modified from Cantor and Orkin [124]).

development of various (non-haematopoietic) organs has been analyzed in dif-
ferent transgenic mice models [8,14-16,20, 23-25].

Mutations in human GATA genes have been identified to cause various con-
genital diseases. Haematopoietic abnormalities associated with GATA-1 muta-
tions or mutations in a relevant GATA binding site of a target gene are
summarized and discussed in detail later in this article. While human GATA-2
mutations have yet not been reported, GATA-3 haplo-insufficiency due to vari-
ous forms of mutations causes HDR syndrome, a rare and complex disorder of
hypoparathyreoidism, sensorineural deafness, and renal insufficiency (OMIM
#131320 and #146255, respectively) [26-28]. Furthermore, somatic GATA-3
mutations have been recently identified in human breast tumours [29]. GATA-4
haplo-insufficiency causes human congenital heart malformation, in particular
cardiac septal defects (OMIM #600576) [30,31].

Biology of ‘haematopoietic’ GATA transcription factors

Various developmental steps in haematopoiesis require the functional activity of
‘haematopoietic’ GATA transcription factors. A summary on these data is illus-
trated in Figure 1. In haematopoiesis, GATA transcription factors are embedded
in a complex regulatory network. Therefore their exact biochemical function



and molecular regulation is of high interest. The genes encoding haematopoietic
GATA transcription factors usually contain two first exons, that are utilized
tissue-specifically to restrict or activate gene expression in various haematopoi-
etic or non-haematopoietic cell types, and five translated exons. Among the
‘haematopoietic’ GATA transcription factors, GATA-1 has the highest homol-
ogy with GATA-2. Although these two GATA transcription factors recognize a
similar DNA binding motif and share partially overlapping expression profiles
in certain haematopoietic cell lineages, significant functional differences and
unique biochemical characteristics have been identified. These differences are
mediated by specific interactions with different co-activators or co-repressors
and by the acquirement of distinct regulatory enhancers within the GATA genes
[32,33].

GATA-1

GATA-1 is the founding member of the GATA family of transcription fac-
tors.”* With the exception of Sertoli cells of the testis, in which the biological
function is uncertain, GATA-1 expression is restricted to haematopoietic cells
[13]. In haematopoietic cells, GATA-1 is most abundantly expressed in
erythroid precursors, megakaryocyte progenitor cells, eosinophils, and mast
cells [9,35-37]. Early, pluripotent haematopoietic progenitors express relatively
low GATA-1 levels, and in haematopoietic stem cells, GATA-1 seems to be
absent [6]. GATA-1 deficient mice die by day e12.5 due to inefficient haemato-
poiesis in the yolk sac, indicating that GATA-1 is necessary for differentiation
of ‘primitive’ haematopoietic cells [9].

GATA-1 expression underlies a complex regulation. Regulatory mechanisms
include the use of alternative promoter elements in Sertoli cells (distal first
exon; IT exon) vs. haematopoietic cells (proximal first exon; IE exon) [13].
Furthermore, a GATA-1 haematopoietic regulatory domain (GATA-1 HRD)
fragment, which contains at least three control regions (including a double
GATA and a CACCC motif), and the enhancer are important for differential
GATA-1 expression in various haematopoietic cell types [38-40]. While the
haematopoietic GATA-1 promoter and the upstream region of the GATA-I1
HRD fragment are sufficient for GATA-1 expression in ‘primitive’ erythroid
cells, an additional sequence (intron S-P element) containing GATA repeats in
the first intron is required for efficient GATA-1 expression in ‘definitive’
erythroid cells [39]. As in the globin gene locus, position effects may be re-
quired for some types of age-related epigenetic silencing in the GATA-1 locus
[38]. More recent studies show that GATA-1 is able to form homodimers. In
zebrafish homodimeric GATA-1 binds to the double GATA motif in the up-
stream region and activates GATA-1 gene transcription itself in an autoregula-
tory loop mechanism [41,42].

Full GATA-1 activity requires the presence of its essential co-factor fiiend of
GATA-1 (FOG-1), a zinc finger protein that interacts with the N-terminal zinc
finger of GATA-1 and cooperates with GATA-1 to promote cellular differentia-
tion of erythroid precursors and megakaryocytes [43]. The interaction with
FOG-1 is cell type specific, since mast cells and eosinophils do not express
FOG-1. Gene ablation of FOG-1 results in embryonic lethality between day



e10.5 and el1.5 of murine gestation. These embryos exhibit a defect in the de-
velopment of both ‘primitive’ and ‘definitive’ erythroid and in megakaryocyte
progenitor cells. In contrast to GATA-1 -/- embryos, FOG-1 deficiency results
in a complete failure of megakaryopoiesis, indicating that FOG-1 also has a
GATA-1 independent role in early haematopoiesis [44]. In erythroblasts, the
biological activity of GATA-1 is cleavaged by caspases, but this protein degra-
dation is usually prevented by an Epo signal [45].

GATA-1 also displays its biological function in various haematopoietic cell
types also with other specific co-factors. For example, in myelo-myeloid cells
enforced GATA-1 expression perturbs cell differentiation due to direct interac-
tion with PU.1, a member of the ets family of transcription factors. This interac-
tion occurs through the DNA-binding domains of each of the respective proteins
[46]. However, antagonistic effects of GATA-1 and PU.1 are mediated by dif-
ferent mechanisms: GATA-1 inhibits PU.1 by preventing it from interacting
with the essential co-factor c-Jun, while PU.1 represses GATA-1 function by
disrupting its ability to bind DNA [47].

GATA-2

GATA-2, which is highly expressed in haematopoietic stem cells and imma-
ture progenitors, is primary required for the proliferation and survival/self-renew
of both ‘primitive’ and ‘definitive’ progenitors (Figure 1) [6,7]. In addition,
GATA-2 mRNA is found in early, but not late erythroid precursors, mast cells,
and megakaryocytes [7,48]. GATA-2 expression in progenitor cells is down
regulated as they switch from proliferation to differentiation and lineage-
specific maturation [6]. Loss of GATA-2 expression in transgenic mice leads to
embryonic lethality at day ¢10.5 of gestation due to a severe reduction of ‘primi-
tive’ erythroid cells [7].

Expression of GATA-2 is regulated by tissue-specific regulatory elements.
The distal first exon (IS exon) of the GATA-2 gene drives transcription specifi-
cally in haematopoietic and neuronal cells, while the proximal GS exon directs
expression in the other non-haematopoietic tissues [49,50]. In mice, this frag-
ment, that extends 7 kb upstream of the haematopoietic first exon, allows to rise
‘definitive’ haematopoietic cells in the P-Sp and AGM (regions of the para-
aortic splanchno-pleura and of the ventral aspect of the aorta, genital ridge, and
mesenephros) as well as the liver [51]. The haematopoietic GATA-2 enhancer
contains a GATA binding site that functions as a dual gatekeeper for the stimu-
lation or repression of GATA-2 activity in response to the differentiation of
haematopoietic progenitor cells. In undifferentiated and non-induced early
haematopoietic cells, GATA-2 binds to its enhancer element, in a positive regu-
latory loop, which correlates with a widespread histone H3 and H4 acetylation,
reflecting transcriptional activity. However, as cells differentiate in response to
GATA-1, GATA-1 binds to the same GATA site in the haematopoictic GATA-
2 enhancer and suppresses GATA-2 activity [52]. In addition to GATA-1, FOG-
1 is required to display GATA-2 from that regulatory element [53].

GATA-3
In the haematopoietic system GATA-3 is expressed in human fetal, neonatal
and adult T cells [18]. GATA-3 is also expressed in early haematopoietic pro-
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genitor cells and homozygous GATA-3 deletion is accompanied with a severe
failure of hepatic haematopoiesis [8,54]. The fact that GATA-3 over-expression
in primary haematopoietic stem cells selectively induces a differentiation pro-
gram towards erythropoiesis and megakaryopoiesis, but fail to expand bone
marrow and to sustain multilineage haematopoiesis [55], suggests that a spe-
cific, most likely relatively constant GATA-3 expression level is required for
normal haematopoiesis.

The tissue-specific expression of GATA-3 is regulated by distinct promoter
elements, located in the complex GATA-3 gene locus [19,56-58]. However, the
promoter element for GATA-3 expression in the thymus and in naive T helper
cells, in which GATA-3 is either down- or up-regulated in response to different
cytokines, has not been identified yet, but lies presumably more than 450 kb
upstream or more than 175 kb downstream of the GATA-3 gene [59].

Developmental changes in haematopoiesis

The development of the haematopoietic system is characterized by some funda-
mental changes, which are significantly influenced by the activity of GATA
transcription factors. Major changes during the development of the haematopoi-
etic system are (i) the switch from ‘primitive’ to ‘definitive’ haematopoiesis, (ii)
the switch of the primary site of haematopoiesis from the mesoderm of the vis-
ceral yolk sac and the embryonic P-Sp and AGM to the foetal liver and later to
the bone marrow, (iii) a developmental decrease in the proliferative activity of
haematopoietic progenitor cells, (iv) the switch from embryonic and foetal to
adult haemoglobins, and (v) the switch of the primary site of erythropoietin
(Epo) production from the foetal liver to the mature kidney in infants [60, for
review]. The pivotal role of GATA transcription factors in these developmental
processes is reviewed herein.

GATA transcription factors in the switch from ‘primitive’ to ‘definitive’
haematopoiesis

The switch from ‘primitive’ to ‘definitive’ haematopoiesis is characterized by
developmental changes in the morphology, maturation, and kinetics of the cell
cycle of erythropoietic cells. ‘Primitive’ erythropoiesis is characterized by large
CD34" erythroblasts (>20 um), which differentiate with the blood vessels, re-
main nucleated, contain predominantly embryonic haemoglobin, and are not
dependent on Epo [61,62]. In contrast, ‘definitive’ erythropoiesis is character-
ized by smaller (<20 pm) CD34" erythroblasts, which produce fetal or adult
haemoglobins, exclude their nuclei, and are highly dependent on Epo [62,63].
While ‘primitive’ erythropoietic cells cycle continuously and do not pause for
long periods to differentiate, ‘definitive’ erythropoietic cells remain in Gy for
extensive periods [64]. ‘Primitive’ erythroblasts normally undergo programmed
cell death, whereas ‘definitive’ erythroblasts are able to self-renew [65].
Increasing evidence is given that GATA-1 and GATA-2 have an implication
for developmental differences between ‘primitive’ and ‘definitive’ erythroblasts.
In murine embryonic haematopoiesis, GATA-2 reduction severely reduces the



production and expansion of haematopoietic stem cells in the AGM, while
GATA-2 reduction in the foetal liver or adult bone marrow does not or only
minimal affect the number haematopoietic stem cells [66]. As described above,
the different activity of GATA-1 in ‘primitive’ vs. ‘definitive’ erythroblasts is
mediated by a selective recruitment of gene regulatory elements. While the
haematopoietic GATA-1 promoter and the upstream region of the GATA-1
HRD fragment are sufficient for GATA-1 expression in ‘primitive’ erythroid
cells, sequences in the first intron are required for efficient GATA-1 expression
in ‘definitive’ erythroid cells [39].

GATA transcription factors in the switch of the primary site of
haematopoiesis

Medullary haematopoiesis starts around 10 weeks post conception (pc) with the
development of blood forming units in the bone. As in the yolk sac, embryonic
AGM, and foetal liver, medullary haematopoiesis begins also with ‘primitive’
erythropoiesis and switches to ‘definitive’ erythropoiesis. This switch is com-
pleted by 14 weeks pc. Beyond 16 weeks pc areas of dense haematopoietic
activity are established in the bone, and the bone marrow becomes the primary
site of haematopoiesis after 30 weeks pc [67,68].

Since gene ablation studies in mice have shown that GATA-1, -2, and -3 are
critical for ‘definitive’ haematopoiesis, we analyzed their expression pattern
during the development of human medullary haematopoiesis using immunohis-
tochemistry and semi-quantitative RT-PCR [69]. Immunohisto-chemistry
showed that the expression of GATA-1, -2, and -3 in bone marrow specimens
from foetuses und neonates is restricted to haematopoietic cells without evi-
dence for their expression in structural or stromal elements of the marrow. In
human foetal and neonatal bone marrow specimens, the absence of pre-
adipocytes and adipocytes, which express GATA-2 and GATA-3 [70], allowed
a semi-quantitative analysis of GATA-1, -2, and -3 expression during that pe-
riod of development. Among these transcription factors, only GATA-2 is ex-
pressed in the developmental stage II of medullary haematopoiesis (8.5 — 9
weeks pc, characterized by active chrondrolysis and detection of CD34" and
CD68" cells in the bone cavity [68]). GATA-2 expression peaks at the onset of
medullary haematopoiesis, declines from 16 to 30 weeks pc, and remains at a
constant level from that time point onwards. In contrast, GATA-1 expression
significantly increases with increasing haematopoietic activity in the bone mar-
row. After 30 weeks pc, when the bone marrow becomes the primary site of
haematopoiesis, the ratio between GATA-2 and GATA-1 mRNA levels remains
on a relatively constant level (Figure 2) [69].

These findings are concordant with in vitro and animal studies, indicating
that GATA-2 is required for the self-renewal and proliferation of undifferenti-
ated haematopoietic stem or progenitor cells, while GATA-1 is required for the
terminal differentiation of erythroid and megakaryocyte precursor cells [4,48].
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Figure 2. Expression of GATA-1, -2, and -3 in the human bone marrow during the on-

togeny of medullary haematopoiesis as determined by semi-quantitative RT-PCR analy-

sis; mRNA levels are given in relation to GAPDH. Panel C shows the ratio between
GATA2 and GATA-1 during development (with permission) [69].

Importantly, GATA-2 is developmentally down regulated during the differentia-
tion of early haematopoietic colony-forming cells derived from human embry-
onic stem cells [71]. Recent data highly suggest that GATA-1 is involved in this
process by binding to regulatory elements in the GATA-2 gene locus [52]. In
the absence of GATA-1, arrested erythroid precursor contain more than 50-fold
higher GATA-2 levels than control cells [72]. GATA-2 over-expression inhibits
the differentiation of haematopoietic progenitors to erythroid and megakaryo-
cyte precursors [73]. These findings confirm that a complex network, which
includes feedback mechanisms, modulates the activity of GATA transcription
factors in the ontogeny of haematopoiesis. Furthermore, other regulators such as
acetylases, polymerases, co-factors (e.g. FOG-1), and cytokines are required in
this network. For example, Epo, which is expressed in the developing bone
marrow, may exhibit paracrine effects [74]. In vitro, erythroleukaemic cells
induced to differentiate into erythroid cells only by treatment with recombinant
Epo exhibit increased GATA-1 expression levels, whereas GATA-2 expression
declines as erythroid differentiation proceeds [6]. However, GATA-2 and
GATA-3 have been implicated as negative regulators of Epo gene expression
[75].

In contrast to GATA-1 and -2, GATA-3 expression levels are low and do not
underlie developmental changes during the onset of medullary haematopoiesis
[69]. GATA-3 is expressed in early haematopoietic cells derived from the
AGM, and homozygous deletion of GATA-3 is accompanied with a severe
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failure of hepatic haematopoiesis [8,54]. GATA-3 over-expression in primary
haematopoietic stem cells selectively induces a differentiation program towards
erythropoiesis and megakaryopoiesis, but GATA-3 over-expressing cells fail to
expand bone marrow and to sustain multilineage haematopoiesis [55]. This led
us speculate that GATA-3 needs to be expressed on a specific and relatively
constant level for proper development and maintenance of human medullary
haematopoiesis [69].

GATA transcription factors in developmental changes of the proliferative
activity of haematopoietic progenitor cells

The growth characteristics of haematopoietic progenitors and erythroid precur-
sor cells are site-specific and change with age. The in vitro analysis of the long-
term growth capacity of CD34°CD45*!CD71"" cells, which were isolated
from the human foetal liver (13-15 weeks pc), cord blood, and adult bone mar-
row and grown in serum-free media supplemented with interleukin (IL) -6, IL-3,
stem cell factor (SCF), mast cell growth factor, and Epo, provided evidence for
a significantly higher proliferation of haematopoietic stem cells derived from the
foetal liver [76]. Own preliminary data indicate that GATA-2 expression in
human liver specimens peaks with the highest haematopoietic activity in the
liver (15-20 weeks pc). At this developmental stage, GATA-2 expression in
hepatocytes is very low. GATA-2 expression in human hepatocytes does not
increase before the neonatal period [Dame ef al., unpublished data].

Furthermore, modifications in the responsiveness of haematopoietic progeni-
tors to growth factors, such as Epo, are also relevant for developmental changes
in the proliferative activity of haematopoietic progenitor cells. In fact, erythroid
burst-forming units (BFU-E) from human foetuses can be stimulated with Epo
alone, whereas BFU-E from adults require additional factors, such as IL-3 or
granulocyte-macrophage colony-stimulating factors (GM-CSF) [77]. Age-
specific growth characteristics may result from different Epo receptor (Epo-R)
isoforms being expressed during fetal gestation [78] or the level of Epo-R ex-
pression in haematopoietic progenitors and erythroid precursors.

Regulation of the Epo receptor by GATA-1 in haematopoietic progenitor
cells

The expression of the Epo-R gene can be regulated at the transcriptional and
post-transcriptional level as well as by post-translational modification [79-81].
At the transcriptional level Epo-R mRNA expression is controlled by cis-acting
elements located upstream of the Epo-R gene. Reporter gene assays showed that
various positive or negative regulatory domains exist within the 5 untranslated
region (position n£-1050 to nt+135 of the transcription start site; GeneBank
Accession No. S45332) [82]. The minimal promoter (n#-76 to nt+33) and a
sequence located downstream of the transcription start site (n+1 to nt+135)
have both a specific implication for the transcriptional activation of Epo-R gene
expression in erythroid progenitor cells. The minimal Epo-R promoter contains
binding sites for the ubiquitous transcription factor Spl (CCGCCC) at nt-20 to
nt-25 and GATA transcription factors at nz-44 to n#-47. The murine minimal
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Epo-R promoter can be activated by co-transfection with GATA-1 [83,84].
Importantly, mice with targeted homozygous deletion of the Epo-R gene, which
were transgenic for two different GATA-1 minigene cassettes with haematopoi-
etic regulatory domains (GATA-1 HDR), can be rescued by each of these cas-
settes from the lethal defect of Epo-R deficiency [85].

GATA-1 also regulates the cell-cycle dependent regulation of Epo-R. As
shown in cell-cycle of logarithmically growing Epo-dependent leukaemia cells
(UT-7 cell line), both Epo-R and GATA-1 mRNA, but not GATA-2 mRNA
levels, concomitantly decrease at the G¢/G; phase and later increase at the S and
G,/M phase. These dynamic changes in Epo-R mRNA expression parallel with
the binding activity of GATA-1 in the Epo-R promoter element [86]. However,
the increase of Epo-R mRNA expression seems to be dependent on other tran-
scription factors than GATA-1 at the resting phases induced by growth factor
starvation [86].

Cumulative data provide thereby evidence that GATA transcription factors
are involved in the developmental regulation of the proliferative activity of
multipotent haematopoietic progenitors and erythroid precursor cells.

Role of GATA transcription factors in the switch of globin genes during
development

The genes of the a- and B-globin families (, a/a, globins and ¢, vy, 5, B glo-
bins, respectively) are expressed according to a strict ontogenetic schedule, and
the quantitative expression of the genes from each of these families is strictly
balanced and coordinated. The distinct intrachromosomal and interchromosomal
control of globin gene expression implies complex regulatory mechanisms [87].
In the human B-globin locus, the most prominent distal regulatory element is the
locus control region (LCR), located from about 6 to 22 kb upstream of the e-
globin gene [87]. The LCR is composed of five domains that exhibit extremely
high sensitivity to DNase I (hysersensitive sites, HS) in erythroid cells and are
required for high-level globin gene expression at all developmental stages [88].
More detailed information on the function of the LCR can be obtained from
previous reviews [87,89].

The specific implication of GATA transcription factors in regulating the ac-
tivity of the LCR is in focus of this chapter: Within the HS sites of the LCR
various DNA sequence motifs have been identified, which are highly conserved
among different species and bind specific proteins or protein complexes regulat-
ing the activity of the LCR. These elements include MARE (maf recognition
element) and GATA bindings sites in the HS2, HS3, and HS4 as well as Kriip-
pel-like factor (KLF) binding sites in HS2 and HS3, and an E-box motif
(CANNTG) in HS2 [90]. The GATA sites in HS2, HS, and HS4 are bound by
GATA-1 or GATA-2 [91].

GATA transcription factors are not only directly bound to the HS, they are
also involved in protein-protein interactions. These interactions occur between
GATA factors themselves and between GATA transcription factors and other
transcription factors, such as the erythroid Kriippel-like factor (EKLF),
LMO2/Tall (a complex of a LIM domain containing protein and a basic helix-



12

loop-helix-protein), and the ubiquitously expressed transcription factor Spl [92-
94].

Within the current multistep model for the human -globin gene regulation,
GATA transcription factors, in particular GATA-1, are involved in the initial
generation of a highly accessible LCR holocomplex. This step is initiated by the
partial unfolding of the chromatin structure containing the globin locus into a
DNase I-sensitive domain. The initial unfolding of the chromatin structure is
mediated by the diffusion of erythroid-specific proteins, such as GATA-1, into
chromosomal domains that are not permissive for transcription. These proteins
bind to sequences throughout the globin locus, leading to the partial unfolding
and perhaps to hyperacetylation of the chromatin [89]. In this context, GATA-1
may rather act as a ‘architectural’ than as a ‘traditional’ transcriptional activator
[95]. GATA transcription factors bound to the HS may also be required for the
recruitment of chromatin-remodelling and transcription complexes to the LCR
as second step in human B-globin gene regulation. Data on specific implications
of GATA transcription factors on the following steps, namely the establishment
of chromatin domains permissive for transcription and the transfer of transcrip-
tion complexes to individual globin genes, are not given yet.

GATA transcription factors in the regulation of the switch of primary site
of erythropoietin production

Another aspect of the developmental changes in haematopoiesis is the
switch of the primary production site of circulating Epo from the liver in the
foetus to the kidney in infants and adults. Such a switch of the primary site
of hormone production from one to another organ is an unique phenomenon,
which occurs in various mammalian species with a specific time of onset
[74,78]. In humans the switch of Epo production may contribute to inade-
quately low Epo production in the anaemia of prematurity. Initially, it was
thought that a different capacity in oxygen (pO;) sensing in the foetal liver
vs. kidney or that differences in the hypoxia-induced responsiveness of Epo
production would be the physiological cause to switch the primary site of
Epo production, but both could be excluded by animal experiments and the
analysis of gene expression patterns in human foetal tissue specimens
[78,96]. Moreover, data from organ ablation studies in sheep strongly sug-
gested that the switch of Epo production site is transcriptionally regulated
[97]. Analysis of transgenic animals indicated that conserved cis-acting
elements both 5° and 3’ of the Epo gene are important for its tissues-specific
regulation in the liver and kidney [98, for review]. In a recent study, we
identified GATA-4 as activator of Epo gene expression in the foetal liver by
binding to its minimal 5’ promoter. This mechanism is tissue-specific,
since GATA-4 is not expressed in the foetal or adult kidney, and also devel-
opmental- stage specific, since GATA-4 is expressed in foetal, but not in
adult hepatocytes [99]. In contrast, GATA-2 and/or GATA-3 bind to the
same GATA site in the adult liver and inhibit thereby Epo gene expression
[75,100]. The combined data result in a novel model for the developmental-
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Figure 3. Current model of the role of GATA transcription factors in the regulation of the
erythropoietin (Epo) gene expression in the foetal vs. adult liver. Recent data provide
evidence that GATA-4 binds in foetal hepatocytes to the minimal promoter of the human
Epo gene and activates its expression [99]. However, in the adult liver Epo gene expression
may be inhibited by the binding of GATA-2 and/or GATA-3 to the Epo promoter [75].

stage specific regulation of Epo production in the foetal and adult liver (Figure 3).
Thereby, evidence is given that a primarily ‘non-haematopoietic’ GATA tran-
scription factor is also involved in developmental changes in haematopoiesis.

GATA transcription factors in congenital or acquired disorders of
haematopoiesis

Increasing evidence exists that disturbances in the functional activity of GATA-
1 cause various congenital or acquired disorders of haematopoiesis.

X-linked thrombocytopenia with or without anaemia

Mutations in the GATA-1 coding sequence (the GATA-1 gene is located on
the X chromosome) have been found in X-linked thrombocytopenia and
dyserythropoietic anaemia (poikilocytosis and anisocytosis) [101]. The G—>A
missense mutation at nucleotide 613 results in a substitution of valine by me-
thionine at amino acid 205 (V205M) in the N-terminal zinc finger of the GATA-
1 protein, leading to a reduced interaction of GATA-1 with its co-factor FOG-1.
This study showed for the first time that a physical GATA-1-FOG-1 interaction
is required in vivo for normal megakaryopoiesis and erythropoiesis in humans.

Two additional mutations have been found in X-linked thrombocytopenia
without marked anaemia: Both single amino acids substitutions from aspartate
to glycine in codon 218 (D218G) or glycine to serine in codon 208 (G208S) in
the N-terminal zinc finger also affect, but to a lower degree, the interaction
between GATA-1 and FOG-1 and not the binding of GATA-1 to DNA [102-
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105]. In the D218G mutation platelets appear markedly immature and lack the
membrane glycoproteins GPIba, GPIbf, GPIlla, GPIX, and GPV.

In contrast to the D218G mutation, the substitution of aspartate by tyrosine in
codon 218 (D218Y) of GATA-1 protein has found to be associated with a severe
anaemia and profound macrothrombocytopenia. This mutations results in reduced
affinity of GATA-1 to FOG-1 and a disturbed GATA-1 self-association [104].

X-linked thrombocytopenia with B-thalassaemia

An arginine to glutamine substitution in codon 216 (R216G) of the N-
terminal zinc finger of GATA-1 causes X-linked thrombocytopenia with [3-
thalassaemia. This mutation affects rather the DNA binding of the protein to
palindromic GATA-sites than the interaction with FOG-1 [106]. In the B-globin
gene locus, the interaction between GATA-1 and FOG-1 has shown to be re-
quired for GATA-1 occupancy at select sites, such as HS2, but is dispensable at
others, including the FOG-1-independent GATA-1 target gene EKLF. This
indicates that FOG-1 employs distinct mechanisms when cooperating with
GATA-1 during transcriptional activation and repression [107].

Acquired GATA-1 mutations in transient myeloproliferative disorder and acute
myeloid leukaemia associated with trisomy 21 (Down syndrome)

Recently, acquired GATA-1 mutations have been identified as an early event
in leukaemogenesis in individuals with Down syndrome (DS) [108]. At least
10% of infants with trisomy 21 develop - often already during foetal gestation —
a transient myeloproliferative disorder (TMD), which is characterized by the
accumulation of immature megakaryoblasts in liver, bone marrow, and periph-
eral blood. Although TMD undergoes spontaneous remission in most cases,
approximately 30% of infants with TMD develop acute megakaryoblastic leu-
kaemia (DS-AMKL) within 3 years [109]. TMD blasts are morphologically
indistinguishable from AMKL blasts, classified as FAB M7 subtype. This led to
the hypothesis that DS-AMKL is derived from TMD.

Given the fact that numerous mutations in the GATA-1 gene cause defective
haematopoiesis, individuals with DS associated TMD and AMKL have been
screened for GATA-1 mutations. Several groups described a very high inci-
dence (about 85%) of various forms of GATA-1 mutations in DS-AMKL
[108,110-113]. Importantly, GATA-1 mutations have not been detected in other
types of leukaemia associated with DS or in individuals, who did not have DS,
but suffered from AMKL or other subtypes of acute myeloid leukaemia (AML).
Since the GATA-1 gene is not mutated in remission samples of patients who
underwent chemotherapy due to DS-AMKL, it has been concluded that GATA-
1 mutations are somatically acquired. Moreover, GATA-1 mutations have been
found in nearly every neonate and infant (97%) with TMD associated to Down
syndrome, again suggesting that GATA-1 mutagenesis is an early event in DS
myeloid leukaemogenesis [110-114]. However, the exact time when individuals
with DS acquire GATA-1 mutations is unclear. Since TMD occurs already in
the neonatal period, it has been postulated that GATA-1 mutations arise in utero
[115]. This assumption is further supported by the report of GATA-1 mutations
in neonatal blood spots from 3 of 4 patients, who had clinically no TMD, but
developed DS-AMKL 12 to 26 months later [108].
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The majority of reported GATA-1 mutations in DS involves small deletions
or insertions in the sequence encoding exon 2 and result in the expression of a
short GATA-1 isoform (GATA-1s) due to a disruption of the normal reading
frame [108,116]. GATA-1s is likely to arise from Met84 as alternative transla-
tion initiation site, downstream of each of the known mutations [116]. GATA-1s
binds to DNA and interacts with FOG-1, but has a reduced transactivation po-
tential due to the absence of the N-terminal activation domain [108,117]. How-
ever, GATA-1s is also a normal isoform of GATA-1, which is expressed — most
likely by alternative splicing — in various human haematopoietic cell lines and in
the murine foetal liver [116,118]. It has been speculated that GATA-1s may act
as a negative-regulating protein, which down-modulates GATA-1 during normal
haematopoiesis. If so, GATA-1s could fail to repress other factors, perhaps
GATA-2. We and others are currently speculating that the implication of ab-
normal GATA-1s expression on TMD may depend on the time point of
mutagenesis and haematopoietic microenvironment (liver vs. bone marrow). In
this content, the spontaneous regression of TMD during infancy could be ex-
plained by the loss of the foetal haematopoietic environment. However, in about
30% of individuals with DS associated TMD/GATA-1 mutation, an additional,
second event may be responsible for the development of DS-AML. This needs
to be elucidated in the near future — both for understanding the leukaemogenesis
in DS and for other forms of leukaemia.

Human disorders linked to cis-acting GATA sequences

An increasing number of mutations in a GATA binding site of critical cis-acting
elements of various genetic disorders has been reported to be associated with
hereditary diseases. These mutations result in an abolished or increased binding
of GATA-1 to the following target genes: d-globin (>> §-thalassaemia), platelet
membrane glycoproteins GPI-IX-V (>> Bernard-Soulier syndrome), PKLR
(pyruvate kinase liver and red cell type) gene (>> pyruvate kinase deficient
anaemia), and in the uroporphyrinogen III synthase (>> congenital erythropoi-
etic porphyria) [119-123]. These data indicate that GATA-1 activity is required
for a variety of genes expressed in erythroid cells and megakaryocytes, and that
its binding to a particular cis-acting element is essential for the correct driving
of the entire transcriptional machinery of these genes.

Summary

In summary, current data on the biology of GATA transcription factors show
their major contribution on the development of the haematopoietic system. The
GATA transcription factors orchestrate in a complex network of multiple factors
and exhibit specific biochemical functions. The understanding of the pivotal role
of GATA transcription factors in normal and disturbed development of haema-
topoiesis may be helpful to understand their implication in acquired haema-
tologic diseases.



16

Acknowledgement

The author thanks the members of his laboratory, especially Iwona Palaszeweski
and Malte Cremer, for the stimulating discussion on the biology of GATA tran-
scription factors in developmental haematopoiesis and the critical reading of this
manuscript.

References

10.

11.

12.

13.

14.

. Orkin SH. GATA-binding transcription factors in hematopoietic cells.

Blood 1992;80:575-81.

. Lowry JA, Atchley WR. Molecular evolution of the GATA family of tran-

scription factors: conservation within the DNA-binding domain. J Mol Evol
2000;50:103-15.

. Yang Z, Gu L, Romeo PH, et al. Human GATA-3 trans-activation, DNA-

binding, and nuclear localization activities are organized into distinct struc-
tural domains. Mol Cell Biol 1994;14:2201-12.

. Weiss MJ, Orkin SH. GATA transcription factors: key regulators of hema-

topoiesis. Exp Hematol 1995;23:99-107.

. Molkentin JD. The zinc finger-containing transcription factors GATA-4, -5,

and -6. Ubiquitously expressed regulators of tissue-specific gene expres-
sion. J Biol Chem 2000;275:38949-52.

. Leonard M, Brice M, Engel JD, Papayannopoulou T. Dynamics of GATA

transcription factor expression during erythroid differentiation. Blood 1993;
82:1071-79.

. Tsai FY, Keller G, Kuo FC, et al. An early haematopoietic defect in mice

lacking the transcription factor GATA-2. Nature 1994;371:221-6.

. Pandolfi PP, Roth ME, Karis A, et al. Targeted disruption of the GATA3

gene causes severe abnormalities in the nervous system and in fetal liver
haematopoiesis. Nat Genet 1995;11:40-44.

. Pevny L, Simon MC, Robertson E, et al. Erythroid differentiation in chi-

maeric mice blocked by a targeted mutation in the gene for transcription
factor GATA-1. Nature 1991;349:257-60.

Molkentin JD, Lin Q, Duncan SA, Olson EN. Requirement of the transcrip-
tion factor GATA4 for heart tube formation and ventral morphogenesis.
Genes Dev 1997;11:1061-72.

Morrisey EE, Tang Z, Sigrist K, et al. GATAG6 regulates HNF4 and is re-
quired for differentiation of visceral endoderm in the mouse embryo. Genes
Dev 1998;12:3579-90.

Koutsourakis M, Langeveld A, Patient R, Beddington R, Grosveld F. The
transcription factor GATAG is essential for early extraembryonic develop-
ment. Development 1999;126:723-32.

Ito E, Toki T, Ishihara H, et al. Erythroid transcription factor GATA-1 is
abundantly transcribed in mouse testis. Nature 1993;362:466-68.

Zhou Y, Lim KC, Onodera K, et al. Rescue of the embryonic lethal hema-
topoietic defect reveals a critical role for GATA-2 in urogenital develop-
ment. Embo J 1998;17:6689-700.



15.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

17

Zhou Y, Yamamoto M, Engel JD. GATA?2 is required for the generation of
V2 interneurons. Development 2000;127:3829-38.

. Nardelli J, Thiesson D, Fujiwara Y, Tsai FY, Orkin SH. Expression and ge-

netic interaction of transcription factors GATA-2 and GATA-3 during de-
velopment of the mouse central nervous system. Dev Biol 1999;210:305-21.
Ma GT, Roth ME, Groskopf JC, et al. GATA-2 and GATA-3 regulate tro-
phoblast-specific gene expression in vivo. Development 1997;124:907-14.
George KM, Leonard MW, Roth ME, et al. Embryonic expression and clon-
ing of the murine GATA-3 gene. Development 1994;120:2673-86.
Lakshmanan G, Lieuw KH, Lim KC, et al. Localization of distant urogeni-
tal system-, central nervous system-, and endocardium-specific transcrip-
tional regulatory elements in the GATA-3 locus. Mol Cell Biol 1999;19:
1558-68.

Van Doorninck JH, van Der Wees J, Karis A, et al. GATA-3 is involved in
the development of serotonergic neurons in the caudal raphe nuclei. J Neu-
rosci 1999;19:RC12.

Labastie MC, Catala M, Gregoire JM, Peault B. The GATA-3 gene is ex-
pressed during human kidney embryogenesis. Kidney Int 1995;47:1597-
603.

Debacker C, Catala M, Labastie MC. Embryonic expression of the human
GATA-3 gene. Mech Dev 1999;85:183-87.

Lim KC, Lakshmanan G, Crawford SE, Gu Y, Grosveld F, Engel JD. Gata3
loss leads to embryonic lethality due to noradrenaline deficiency of the
sympathetic nervous system. Nat Genet 2000;25:209-12.

Pata I, Studer M, van Doorninck JH, et al. The transcription factor GATA3
is a downstream effector of Hoxb1 specification in rhombomere 4. Devel-
opment 1999;126:5523-31.

Karis A, Pata I, van Doorninck JH, et al. Transcription factor GATA-3 al-
ters pathway selection of olivocochlear neurons and affects morphogenesis
of the ear. J] Comp Neurol 2001;429:615-30.

Van Esch H, Groenen P, Nesbit MA, et al. GATA3 haplo-insufficiency
causes human HDR syndrome. Nature 2000;406:419-22.

Muroya K, Hasegawa T, Ito Y, et al. GATA3 abnormalities and the pheno-
typic spectrum of HDR syndrome. J Med Genet 2001;38:374-80.

Nesbit MA, Bowl MR, Harding B, et al. Characterization of GATA3 muta-
tions in the hypoparathyroidism, deafness, and renal dysplasia (HDR) syn-
drome. J Biol Chem 2004;279:22624-34.

Usary J, Llaca V, Karaca G, et al. Mutation of GATA3 in human breast tu-
mors. Oncogene 2004;23:7669-78.

Garg V, Kathiriya IS, Barnes R, et al. GATA4 mutations cause human con-
genital heart defects and reveal an interaction with TBXS5. Nature 2003;
424:443-47.

Pehlivan T, Pober BR, Brueckner M, et al. GATA4 haploinsufficiency in
patients with interstitial deletion of chromosome region 8p23.1 and con-
genital heart disease. Am J Med Genet 1999;83:201-06.



18

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Takahashi S, Shimizu R, Suwabe N, et al. GATA factor transgenes under
GATA-1 locus control rescue germline GATA-1 mutant deficiencies. Blood
2000;96:910-16.

Ohneda K, Yamamoto M. Roles of hematopoictic transcription factors
GATA-1 and GATA-2 in the development of red blood cell linecage. Acta
Haematol 2002;108:237-45.

Zon LI, Tsai SF, Burgess S, Matsudaira P, Bruns GA, Orkin SH. The major
human erythroid DNA-binding protein (GF-1): primary sequence and local-
ization of the gene to the X chromosome. Proc Natl Acad Sci USA 1990;
87:668-72.

Hirasawa R, Shimizu R, Takahashi S, et al. Essential and instructive roles of
GATA factors in eosinophil development. J Exp Med 2002;195:1379-86.
Harigae H, Takahashi S, Suwabe N, et al. Differential roles of GATA-1 and
GATA-2 in growth and differentiation of mast cells. Genes Cells 1998;3:
39-50.

Shivdasani RA, Fujiwara Y, McDevitt MA, Orkin SH. A lineage-selective
knockout establishes the critical role of transcription factor GATA-1 in
megakaryocyte growth and platelet development. Embo J 1997;16:3965-73.
McDevitt MA, Fujiwara Y, Shivdasani RA, Orkin SH. An upstream, DNase
I hypersensitive region of the hematopoietic-expressed transcription factor
GATA-1 gene confers developmental specificity in transgenic mice. Proc
Natl Acad Sci USA 1997;94:7976-81.

Onodera K, Takahashi S, Nishimura S, et al. GATA-1 transcription is con-
trolled by distinct regulatory mechanisms during primitive and definitive
erythropoiesis. Proc Natl Acad Sci USA 1997;94:4487-92.

Yu C, Cantor AB, Yang H, et al. Targeted deletion of a high-affinity
GATA-binding site in the GATA-1 promoter leads to selective loss of the
eosinophil lineage in vivo. J Exp Med 2002;195:1387-95.

Kobayashi M, Nishikawa K, Yamamoto M. Hematopoictic regulatory do-
main of gatal gene is positively regulated by GATA1 protein in zebrafish
embryos. Development 2001;128:2341-50.

Nishikawa K, Kobayashi M, Masumi A, et al. Self-association of Gatal en-
hances transcriptional activity in vivo in zebra fish embryos. Mol Cell Biol
2003;23:8295-305.

Tsang AP, Visvader JE, Turner CA, et al. FOG, a multitype zinc finger pro-
tein, acts as a cofactor for transcription factor GATA-1 in erythroid and
megakaryocytic differentiation. Cell 1997;90:109-19.

Tsang AP, Fujiwara Y, Hom DB, Orkin SH. Failure of megakaryopoiesis
and arrested erythropoiesis in mice lacking the GATA-1 transcriptional co-
factor FOG. Genes Dev 1998;12:1176-88.

De Maria R, Zeuner A, Eramo A, et al. Negative regulation of erythropoi-
esis by caspase-mediated cleavage of GATA-1. Nature 1999;401:489-93.
Rekhtman N, Radparvar F, Evans T, Skoultchi Al Direct interaction of he-
matopoietic transcription factors PU.1 and GATA-1: functional antagonism
in erythroid cells. Genes Dev 1999;13:1398-411.



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60

61.

62.

63.

64.

19

Zhang P, Behre G, Pan J, et al. Negative cross-talk between hematopoietic
regulators: GATA proteins repress PU.1. Proc Natl Acad Sci USA 1999;96:
8705-10.

Minegishi N, Suzuki N, Yokomizo T, et al. Expression and domain-specific
function of GATA-2 during differentiation of the hematopoietic precursor
cells in midgestation mouse embryos. Blood 2003;102:896-905.

Minegishi N, Ohta J, Suwabe N, et al. Alternative promoters regulate tran-
scription of the mouse GATA-2 gene. J Biol Chem 1998;273:3625-34.

Pan X, Minegishi N, Harigae H, et al. Identification of human GATA-2
gene distal IS exon and its expression in hematopoietic stem cell fractions. J
Biochem (Tokyo) 2000;127:105-12.

Minegishi N, Ohta J, Yamagiwa H, et al. The mouse GATA-2 gene is ex-
pressed in the para-aortic splanchnopleura and aorta-gonads and meso-
nephros region. Blood 1999;93:4196-207.

Grass JA, Boyer ME, Pal S, Wu J, Weiss MJ, Bresnick EH. GATA-1-
dependent transcriptional repression of GATA-2 via disruption of positive
autoregulation and domain-wide chromatin remodeling. Proc Natl Acad Sci
USA 2003;100:8811-16.

Pal S, Cantor AB, Johnson KD, et al. Coregulator-dependent facilitation of
chromatin occupancy by GATA-1. Proc Natl Acad Sci USA 2004;101:980-
85.

Labastie MC, Cortes F, Romeo PH, Dulac C, Peault B. Molecular identity
of hematopoietic precursor cells emerging in the human embryo. Blood
1998;92:3624-35.

Chen D, Zhang G. Enforced expression of the GATA-3 transcription factor
affects cell fate decisions in hematopoiesis. Exp Hematol 2001;29:971-80.
Lieuw KH, Li G, Zhou Y, Grosveld F, Engel JD. Temporal and spatial con-
trol of murine GATA-3 transcription by promoter- proximal regulatory ele-
ments. Dev Biol 1997;188:1-16.

Lakshmanan G, Lieuw KH, Grosveld F, Engel JD. Partial rescue of GATA-
3 by yeast artificial chromosome transgenes. Dev Biol 1998;204: 451-63.
Asnagli H, Afkarian M, Murphy KM. Cutting edge: Identification of an al-
ternative GATA-3 promoter directing tissue-specific gene expression in
mouse and human. J Immunol 2002;168:4268-71.

Burch JB. Regulation of GATA gene expression during vertebrate devel-
opment. Semin Cell Dev Biol 2005;16:71-81.

. Dame C, Juul SE. The switch from fetal to adult erythropoiesis. Clin Perina-

tol 2000;27:507-26.

Luo HY, Liang XL, Frye C, et al. Embryonic hemoglobins are expressed in
definitive cells. Blood 1999;94:359-61.

Wu H, Liu X, Jaenisch R, Lodish HF. Generation of committed erythroid
BFU-E and CFU-E progenitors does not require erythropoietin or the
erythropoietin receptor. Cell 1995;83:59-67.

Neubauer H, Cumano A, Muller M, Wu H, Huffstadt U, Pfeffer K. Jak2 de-
ficiency defines an essential developmental checkpoint in definitive hema-
topoiesis. Cell 1998;93:397-409.

Zon LI. Developmental biology of hematopoiesis. Blood 1995;86:2876-91.



20

65.

66.

67.

68.

69.

70.

71.

72

73.

74.

75.

76.

71.

78.

79.

80.

81.

Dieterlen-Lievre F. Intraembryonic hematopoietic stem cells. Hematol On-
col Clin North Am 1997;11:1149-71.

Ling KW, Ottersbach K, van Hamburg JP, et al. GATA-2 plays two func-
tionally distinct roles during the ontogeny of hematopoietic stem cells. J
Exp Med 2004;200:871-82.

Kelemen E, Calvo W, Fliedner TM. Atlas of human haematopoietic devel-
opment. New York: Springer; 1979.

Charbord P, Tavian M, Humeau L, Peault B. Early ontogeny of the human
marrow from long bones: an immunohistochemical study of hematopoiesis
and its microenvironment. Blood 1996;87:4109-19.

Dame C, Sola MC, Fandrey J, et al. Developmental changes in the expres-
sion of transcription factors GATA-1, -2 and -3 during the onset of human
medullary haematopoiesis. Br J Haematol 2002;119:510-15.

Tong Q, Dalgin G, Xu H, Ting CN, Leiden JM, Hotamisligil GS. Function
of GATA transcription factors in preadipocyte-adipocyte transition. Science
2000;290:134-38.

Kaufman DS, Hanson ET, Lewis RL, Auerbach R, Thomson JA. Hemato-
poietic colony-forming cells derived from human embryonic stem cells.
Proc Natl Acad Sci USA 2001;98:10716-21.

. Weiss MJ, Keller G, Orkin SH. Novel insights into erythroid development

revealed through in vitro differentiation of GATA-1 embryonic stem cells.
Genes Dev 1994;8:1184-97.

Ikonomi P, Rivera CE, Riordan M, Washington G, Schechter AN, Noguchi
CT. Overexpression of GATA-2 inhibits erythroid and promotes megakar-
yocyte differentiation. Exp Hematol 2000;28:1423-31.

Dame C, Fahnenstich H, Freitag P, et al. Erythropoietin mRNA expression
in human fetal and neonatal tissue. Blood 1998;92:3218-25.

Imagawa S, Yamamoto M, Miura Y. Negative regulation of the erythropoi-
etin gene expression by the GATA transcription factors. Blood 1997;89:
1430-39.

Lansdorp PM, Dragowska W, Mayani H. Ontogeny-related changes in pro-
liferative potential of human hematopoietic cells. J Exp Med 1993;178:
787-91.

Emmerson AJ, Westwood NB, Rackham RA, Stern CM, Pearson TC. Ery-
thropoietin responsive progenitors in anaemia of prematurity. Arch Dis
Child 1991;66:810-11.

Moritz KM, Lim GB, Wintour EM. Developmental regulation of erythro-
poietin and erythropoiesis. Am J Physiol 1997;273:R1829-44.

Komatsu N, Fujita H. Induced megakaryocytic maturation of the human
leukemia cell line UT-7 results in down-modulation of erythropoietin recep-
tor gene expression. Cancer Res 1993;53:1156-61.

Migliaccio AR, Jiang Y, Migliaccio G, et al. Transcriptional and posttrans-
criptional regulation of the expression of the erythropoietin receptor gene in
human erythropoietin-responsive cell lines. Blood 1993;82:3760-69.
Migliaccio AR, Migliaccio G, D'Andrea A, et al. Response to erythropoietin
in erythroid subclones of the factor-dependent cell line 32D is determined



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

21

by translocation of the erythropoietin receptor to the cell surface. Proc Natl
Acad Sci USA 1991;88:11086-90.

Maouche L, Cartron JP, Chretien S. Different domains regulate the human
erythropoietin receptor gene transcription. Nucleic Acids Res 1994;22:338-
46.

Zon LI, Youssoufian H, Mather C, Lodish HF, Orkin SH. Activation of the
erythropoietin receptor promoter by transcription factor GATA-1. Proc Natl
Acad Sci USA 1991;88:10638-41.

Chiba T, Ikawa Y, Todokoro K. GATA-1 transactivates erythropoietin re-
ceptor gene, and erythropoietin receptor-mediated signals enhance GATA-1
gene expression. Nucleic Acids Res. 1991;19:3843-48.

Suzuki N, Ohneda O, Takahashi S, et al. Erythroid-specific expression of
the erythropoietin receptor rescued its null mutant mice from lethality.
Blood 2002;100:2279-88.

Komatsu N, Kirito K, Kashii Y, et al. Cell-cycle-dependent regulation of
erythropoietin receptor gene. Blood 1997;89:1182-188.
Stamatoyannopoulos G, Grosveld F. Hemoglobin switching. In: Stamatoy-
annopoulos G, Nienhuis AW, Majerus PW, Varmus H, eds. The molecular
basis of blood diseases. Philadelphia: W.B. Saunders Comp.; 2001:135-82.
Higgs DR. Do LCRs open chromatin domains? Cell 1998;95:299-302.
Levings PP, Bungert J. The human beta-globin locus control region. Eur J
Biochem 2002;269:1589-99.

Hardison R, Slightom JL, Gumucio DL, Goodman M, Stojanovic N, Miller
W. Locus control regions of mammalian beta-globin gene clusters: combin-
ing phylogenetic analyses and experimental results to gain functional in-
sights. Gene 1997;205:73-94.

Horak CE, Mahajan MC, Luscombe NM, Gerstein M, Weissman SM, Sny-
der M. GATA-1 binding sites mapped in the beta-globin locus by using
mammalian chlp-chip analysis. Proc Natl Acad Sci USA 2002;99:2924-29.
Wadman IA, Osada H, Grutz GG, Agulnick AD, Westphal H, Forster A,
Rabbitts TH. The LIM-only protein Lmo2 is a bridging molecule assem-
bling an erythroid, DNA-binding complex which includes the TALI1, E47,
GATA-1 and Ldb1/NLI proteins. Embo J 1997;16:3145-57.

Crossley M, Merika M, Orkin SH. Self-association of the erythroid tran-
scription factor GATA-1 mediated by its zinc finger domains. Mol Cell Biol
1995;15:2448-56.

Merika M, Orkin SH. Functional synergy and physical interactions of the
erythroid transcription factor GATA-1 with the Kruppel family proteins Sp1
and EKLF. Mol Cell Biol 1995;15:2437-47.

Orkin S. Transcription factors that regulate lineage decisions. In: Stamatoy-
annopoulos G, Majerus PW, Perlmutter R, Varmus H, eds. The molecular
basis of blood diseases. Philadelphia: W.B. Saunders Comp.; 2001:80-102.
Madan A, Varma S, Cohen HJ. Developmental stage-specific expression of
the erythropoietin gene and the o- and B-subunits of the HIF-1 protein. Pe-
diatr Res 1997;41:217A (abstract).

Flake AW, Harrison MR, Adzick NS, Zanjani ED. Erythropoietin produc-
tion by the fetal liver in an adult environment. Blood 1987;70:542-45.



22

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Ratcliffe P. Sites of erythropoietin production. In: Jelkmann W. ed. Ery-
thropoietin: Molecular biology and clinical use. Mountain Home, TN; FP
Graham Publishing Co.; 2003.

Dame C, Sola MC, Lim KC, et al. Hepatic erythropoietin gene regulation by
GATA-4. ] Biol Chem. 2004;279:2955-61.

Imagawa S, Suzuki N, Ohmine K, et al. GATA suppresses erythropoietin
gene expression through GATA site in mouse erythropoietin gene promoter.
Int J Hematol 2002;75:376-81.

Nichols KE, Crispino JD, Poncz M, et al. Familial dyserythropoietic anae-
mia and thrombocytopenia due to an inherited mutation in GATA1. Nat
Genet 2000;24:266-70.

Freson K, Devriendt K, Matthijs G, et al. Platelet characteristics in patients
with X-linked macrothrombocytopenia because of a novel GATAl muta-
tion. Blood 2001;98:85-92.

Freson K, Thys C, Wittewrongel C, Vermylen J, Hoylaerts MF, Van Geet
C. Molecular cloning and characterization of the GATA1 cofactor human
FOGI and assessment of its binding to GATA1 proteins carrying D218 sub-
stitutions. Hum Genet 2003;112:42-49.

Freson K, Matthijs G, Thys C, et al. Different substitutions at residue D218
of the X-linked transcription factor GATA1 lead to altered clinical severity
of macrothrombocytopenia and anemia and are associated with variable
skewed X inactivation. Hum Mol Genet 2002;11:147-52.

Mehaffey MG, Newton AL, Gandhi MJ, Crossley M, Drachman JG. X-
linked thrombocytopenia caused by a novel mutation of GATA-1. Blood
2001;98:2681-88.

Yu C, Niakan KK, Matsushita M, Stamatoyannopoulos G, Orkin SH,
Raskind WH. X-linked thrombocytopenia with thalassemia from a mutation
in the amino finger of GATA-1 affecting DNA binding rather than FOG-1
interaction. Blood 2002;100:2040-45.

Letting DL, Chen YY, Rakowski C, Reedy S, Blobel GA. Context-
dependent regulation of GATA-1 by friend of GATA-1. Proc Natl Acad Sci
USA 2004;101:476-81.

Wechsler J, Greene M, McDevitt MA, et al. Acquired mutations in GATALI
in the megakaryoblastic leukemia of Down syndrome. Nat Genet 2002;32:
148-52.

Zipursky A. Transient leukaemia--a benign form of leukaemia in newborn
infants with trisomy 21. Br J Haematol 2003;120:930-38.

Hitzler JK, Cheung J, Li Y, Scherer SW, Zipursky A. GATA1 mutations in
transient leukemia and acute megakaryoblastic leukemia of Down syn-
drome. Blood 2003;101:4301-04.

Groet J, McElwaine S, Spinelli M, et al. Acquired mutations in GATAL1 in
neonates with Down's syndrome with transient myeloid disorder. Lancet
2003;361:1617-20.

Rainis L, Bercovich D, Strehl S, et al. Mutations in exon 2 of GATAI are
early events in megakaryocytic malignancies associated with trisomy 21.
Blood 2003;102:981-86.



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

23

Xu G, Nagano M, Kanezaki R, et al. Frequent mutations in the GATA-1
gene in the transient myeloproliferative disorder of Down syndrome. Blood
2003;102:2960-68.

Mundschau G, Gurbuxani S, Gamis AS, Greene ME, Arceci RJ, Crispino
JD. Mutagenesis of GATAL is an initiating event in Down syndrome leu-
kemogenesis. Blood 2003;101:4298-300.

Taub JW, Mundschau G, Ge Y, et al. Prenatal origin of GATA1 mutations
may be an initiating step in the development of megakaryocytic leukemia in
Down syndrome. Blood 2004;104:1588-89.

Gurbuxani S, Vyas P, Crispino JD. Recent insights into the mechanisms of
myeloid leukemogenesis in Down syndrome. Blood 2004;103:399-406.
Shimizu R, Takahashi S, Ohneda K, Engel JD, Yamamoto M. In vivo re-
quirements for GATA-1 functional domains during primitive and definitive
erythropoiesis. Embo J 2001;20:5250-60.

Calligaris R, Bottardi S, Cogoi S, Apezteguia I, Santoro C. Alternative
translation initiation site usage results in two functionally distinct forms of
the GATA-1 transcription factor. Proc Natl Acad Sci USA 1995;92:11598-
602.

Moi P, Loudianos G, Lavinha J, et al. Delta-thalassemia due to a mutation
in an erythroid-specific binding protein sequence 3' to the delta-globin gene.
Blood 1992;79:512-16.

Matsuda M, Sakamoto N, Fukumaki Y. Delta-thalassemia caused by disrup-
tion of the site for an erythroid-specific transcription factor, GATA-1, in the
delta-globin gene promoter. Blood 1992;80:1347-51.

Ludlow LB, Schick BP, Budarf ML, et al. Identification of a mutation in a
GATA binding site of the platelet glycoprotein Ibbeta promoter resulting in
the Bernard-Soulier syndrome. J Biol Chem 1996;271:22076-80.

Manco L, Ribeiro ML, Maximo V, et al. A new PKLR gene mutation in the
R-type promoter region affects the gene transcription causing pyruvate
kinase deficiency. Br J Haematol 2000;110:993-97.

Solis C, Aizencang GI, Astrin KH, Bishop DF, Desnick RJ. Uroporphy-
rinogen III synthase erythroid promoter mutations in adjacent GATA1 and
CP2 elements cause congenital erythropoietic porphyria. J Clin Invest 2001;
107:753-62.

Cantor AB, Orkin SH. Transcriptional regulation of erythropoiesis: an affair
involving multiple partners. Oncogene 2002;21:3368-76.



25

DEVELOPMENT OF THE IMMUNE SYSTEM IN THE
FOETAL AND PERINATAL PERIOD

G.T. Rijkers', T. Niers?, W. de Jager', P. Janssens', K. Gaiser', S. Wiertsema',
S. Hoeks?, L. van de Corput', E.A.M. Sanders'.

During embryogenesis, the first haematopoietic cells develop outside the em-
bryo, in the yolk sac. Then, in the 6" week of pregnancy, committed haemato-
poietic stem cells develop in the mesoderm of the fetus, the so-called aorta-
gonad-mesonephros (AGM) region. Whether these haematopoietic stem cells
are generated from endothelial cells within the aortic floor or originate from
mesodermal cells (either within or below the aortic floor) remains a matter of
debate [1]. Subsequently, haematopoietic stem cells migrate to the fetal liver
and there initiate the erythropoiesis [2] In week 7 cells seed the developing
thymus. Seeding into the bone marrow occurs much later (by week 20) [3, 4]. In
the thymus, T lymphocytes develop that express either the a3 T cell receptor or
the y5 receptor. The processes involved are rearrangement of the T cell recep-
tors, positive selection on MHC followed by negative selection for self-antigens.
Note that the development of the T cell repertoire is antigen independent. De-
velopment of Natural Killer (NK) cells as well as various dendritic cells (DC)
also takes place in the thymus. In bone marrow, B lymphocytes, granulocytes,
monocytes and DC develop. The development of lymphoid cells and organs is a
complex process that requires timely expression of growth factors (cytokines,
chemokines), receptors as well as adhesion molecules. As already stated above,
development of the immune system is, apart from maternal-fetal transfer, inde-
pendent of antigen (either bacterial, viral or allergenic).

Also for the immune system, birth marks a fundamental change in the de-
mand put upon the system. When children are born, they emerge from the rela-
tively sterile environment of the uterus into a world teeming with bacteria.
Within the first days of life, mucosal surfaces of the gastrointestinal as well as
respiratory tract become colonized with bacterial communities [5]. The neonate
has passive acquired immunity as well as active immunity to combat these po-
tential pathogenic micro-organisms.

Passive acquired immunity is provided by maternal immunoglobulins.During
the last semester of pregnancy there is active transport of maternal IgG across
the placenta so that after full term pregnancy the IgG levels in the neonate equal
that of the mother (Figure 1). IgM and IgA antibodies are not able to be trans-

1. Wilhelmina Children’s Hospital, Dept Pediatric Immunology, University Medical
Center, Utrecht, NL.

2. item, Dept General Pediatrics, University Medical Center, Utrecht, NL.

3. item, Dept Neonatology, University Medical Center, Utrecht, NL.
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Figure 1. Development of immunoglobulin and antibody synthesis.

ported transplacentally and develop gradually. However, breast fed babies do
receive IgA antibodies from their mother.

At birth, the lymphoid system although being developed, is not mature yet. All
lymphocytes are naive, i.e. have not yet encountered antigen. Naive and mem-
ory T lymphocytes can be discerned by their respective expression of the
CD45RA and CD45RO molecule. Figure 2 shows that all CD4 T lymphocytes
of the human neonate are of the naive phenotype (all CD8 T lymphocytes also
are naive; not shown). Activation of T lymphocytes results in a response that is
biased towards a Th2 cytokine production pattern with relative little production
of y-interferon and more IL-4 and IL-5 [7]. The reasons for this skewing are
unclear; it may be that the differentiation pathway in the absence of antigenic
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Figure 2. Phenotype of neonatal T lymphocytes. Cord blood and adult blood lymphocytes

were stained with CD4-PerCP, CD45RO-PE, and FITC conjugated CD45RA. Depicted

are CD45RA (naive) and CD45RO (memory) expression on CD4 gated T lymphocytes.
Boxed area encompasses CD45RO"CD45RA” memory CD4 T cells.
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Figure 3. Phenotype of neonatal B lymphocytes. Cord blood and adult blood lympho-
cytes were stained with CD19-PerCP, CD27-PE, and FITC conjugated anti-IgD. De-
picted are surface IgD and CD27 expression on CD19 gated B lymphocytes. Boxed area
encompasses switched (surface IgD") memory (CD27") B cells.
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Figure 4. Complement activity in the newborn. Serum samples from 14 healthy adults
and 32 (aterm and premature) neonates were tested for complement activity. Comple-
ment activity was initiated either through the classical pathway (CH50) on sheep red
blood cells sensitized with rabbit antibodies (Amboceptor, RIVM, Bilthoven, The Neth-
erlands) or through the mannose binding lectin (MBL) pathway. Latter pathway was
activated by mannose on the surface of Saccharomyces cerevisae and measured as by-
stander lysis of chicken erythrocytes (Kuipers et al. JIM 2002). CH50 activity was ex-
pressed relative to pooled normal human serum; MBL activity was calibrated on a
standard serum containing 1.670 pg/ml functional MBL.

stimuli is biased to Th2 [7]. Alternatively, the immature phenotypes of anti-
gen presenting cells, or differential expression of signalling molecules (STAT4,
STAT6) or transcription factors (T-bet, GATA3) may also contribute to this
bias.

At birth, like the T lymphocytes, the B lymphocytes also are naive and imma-
ture. Within the neonatal B cell population there is a high fraction of cells ex-
pressing the CD5 molecule, a population referred to as B1 B cells [8]. Further—
more, because memory B lymphocytes have not developed yet, the population
of B lymphocytes which have lost expression of surface IgD and acquired ex-
pression of CD27 is absent in the neonate [9] (see also Figure 3). Yet, the neo-
nate is able to mount an antibody response upon primary infection or upon
primary vaccination with protein based vaccines. Neonates however are unable
to respond to polysaccharide antigens, making them extra vulnerable to infec-
tions with polysaccharide encapsulated bacteria such as group B Streptococci
and pneumococci. Limiting dilution analysis of neonatal B cells, which were
polyclonally activated by a combination of phorbol esters and calcium iono-
phore, showed that polysaccharide B cells are present in cord blood, in a fre-
quency comparable to that in adults [10]. Apparently, the necessary co-
stimulatory molecules are not expressed on polysaccharide specific neonatal B
lymphocytes. We have demonstrated that bacterial polysaccharides are able to
activate complement through the alternative pathway and that C3d fragments
which are generated during this process are bound on the polysaccharide mole-
cule [11]. The complex of polysaccharide and C3d that is thus formed has the
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ability to co-crosslink the antigen receptors (on polysaccharide specific B lym-
phocytes) with the C3d receptor (CD21). CD21 is expressed on B lymphocytes
in a molecular complex that also contains CD19 and CDS81; the cytoplasmic
domain of CD19 provides additional synergistic signals for B lymphocyte acti-
vation. B lymphocytes of neonates and young children show little or no expres-
sion of CD21 which precludes proper co-stimulation and therefore probably
explains their inability to respond to polysaccharide antigens [12,13].

As indicated above, the neonatal immune system needs further maturation to
reach full immunocompetence. This also holds true for the innate immune sys-
tem. The most important form of humoral innate immunity is the complement
system. The major routes of complement activation are the classical pathway,
initiated by binding of Clq to antigen-antibody complexes and the MBL route,
initiated by binding of mannose binding lectin to mannose residues on bacterial
surfaces (as well as other bacterial compounds, for that matter) [15]. Both forms
of complement are detectable in neonates, although the level of functional activ-
ity is reduced as compared to adults (see also Figure 4) .

Post-natally, the gastro-intestinal tract as well as the upper respiratory tract
(nasopharynx) become colonized with micro-organisms [5]. The spectrum of
commensal and pathogenic micro-organisms (and the corresponding pathogen-
associated molecular patterns, PAMPs) to which the immune system is exposed
is immense. The broad repertoire of the specific immune system allows to re-
spond to virtually every trigger. It is now realized, however, that the immune
system does not respond to every stimulus, but rather responds to “danger sig-
nals” from the environment. The emerging mechanism is that PAMPs are rec-
ognized by a polymorphic repertoire of receptors of the innate and adaptive
immune system [15,16] and this will shape the direction of development of the
immune system of child- and adulthood.
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FOETAL AND NEONATAL
IMMUNOHAEMATOLOGICAL RESPONSES:
CONSEQUENCES FOR PRACTICAL MANAGEMENT?

A. Brand'?, F. Walther™ S. Scherj0n4’ J. v Beckhoven', H. Vietor?, C. Meyers’ M.
Jansen’, H.H.H. Kanhai*

Introduction

In physiological circumstances the foetal immune system matures in an
environment which is — except the foeto-maternal exchange — sterile and devoid
from alloantigens. The immune system of the new born is thought to be
qualitatively normal, but naive and memory cells have not yet been established.
Indeed, clinical reports show at one hand that the foetus is capable to reject
allogeneic haematopoietic stem cells from the 14-16™ gestational week onwards
[1]. At the other hand the quantitative response is impaired and cord blood
transplantation in adults (albeit based on limited numbers) suggest that the
capacity to respond in the Graft versus Host (GVHD) direction is reduced. At the
level of the B cell, the neonate does not produce immunoglobulins, The neonatal
B cells fail to up-regulate co-stimulatory factors, while also a lack of specific T
cell helper factors may exist. With respect to the innate immune system, the
foetal macrophages are capable of ADC (antigen dependent cytotoxicity) as
reflected by alloimmune haemolytic disease, but resistance to microbial
infections is impaired. This is attributed to impaired opsonizing capacity of
granulocytes and macrophages due to the low levels of immunoglobulins and
complement [2].

There are controversial in-vitro observations on the immunological potentials
of neonates, in particular with functional tests. Some of these discrepancies can
be explained by differences in techniques used. For example, for functional
assays cells are washed and processed in-vitro, removing to a variable extent
soluble factors present in neonatal plasma which may play a role. There is
agreement that at birth, the neonatal cord blood (CB) of healthy new borns com-
prises almost exclusively of naive, non-primed CD45RA+ T cells and a minor-
ity co-express the memory CD45RO phenotype. This differs from adult T cells,
expressing in approximately 50% a memory CD45RO phenotype. In case of
intrauterine infections CD45RO cells are up-regulated [3] in association with
cytokine production and the foetus can produce considerable amounts of immu-
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noglobulins. A premature increased CD45RO expression and presence of IgA
and IgM in cord blood are indicative for an intra-uterine infection.With respect
to the innate immune system the complement and mannin-binding lectin levels
are lower than in adults, these levels are even lower in preterm neonates. Al-
logeneic blood products, either administered to the foetus or to the mother, may
expose the foetus to foreign allo-antigens and to the immunomodulatory effects
of blood transfusions. The effects of blood transfusions on the foetal immune
system have hardly been studied, while studies in neonates mainly addressed the
question of allo-antibody formation, which is severely impaired. We evaluated
some immunological effects of transfusion therapy in pregnancy, with emphasis
on the cellular immune response.

Foetal and Neonatal Transfusions

The highest risk for foetal blood transfusions is present in otherwise healthy
children with haemolytic disease due to maternal antibodies against a red cell-
or platelet-antigen, inherited from the father. After birth alloimmune diseases
are transient, although some (exchange) transfusions may be needed. Among
neonates, preterm new borns in particular with a very low birth weight (VLBW)
below 1000 gram, are most heavily transfused.

Because of reported cases of transfusion-associated GvHD and transmission
of Cytomegalovirus, blood products intended for foetal or VLBW prematures
are currently leukocyte reduced by filtration and gamma-irradiated [4,5]. In the
sixty’s and seventy’s, blood transfusions for severe Rh-D haemolytic disease,
were given in the foetal peritoneal cavity. These transfusions were neither
leukocyte reduced, nor irradiated.

Most fetal and neonatal transfusions are red cell products. A minority receive
platelet transfusions. Intrauterine platelet transfusions (IUPT) are administered
to a fetus with severe potentially life-threatening alloimmune thrombocytopenia,
often with a sibling with an intra-cranial haemorrhage. The primary treatment
for fetal/neonatal alloimmune thrombocytopenia (FNAIT) is weekly maternal
administration of high dose intravenous immunoglobulin (IVIG); while IUPT is
reserved for treatment-resistant cases.

We studied the immune response to allogeneic transfusions in several cohorts
of patients. Long-term effects could be studied in young adult patients surviving
more than 20 years after intraperitoneal transfusions because of HDN and in
infants treated for FNAIT. Short term effects of intrauterine transfusions, both
for HDN and FNAIT, were measured in cord blood at birth. Besides changes in
the T cell repertoire short-term effects showed decrease of natural killer (NK)
cells after erythrocyte transfusions. This effect was further explored in
premature children (Table 1).

Long-Term Effects of Intraperitoneal Transfusions with Non-Leukocyte
Reduced, Non-Irradiated Red Cells

In older literature it was reported that in almost half of the cases after intra-
peritoneal or neonatal exchange transfusions, a large proportion (up to 50%) of
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Table 1. Populations studied for the effects of intrauterine /neonatal transfusions T cells
(CTLp)

Research questions Patients studied
Long-term effects: Patients with HDN who survived 25 years after non-
— Clinical outcome irradiated, non-leukocyte reduced intraperitoneal
_ Tolerance blood transfusions
_ Immunisation Infants of 2-7 years after NAIT treatment
— Chimerism

Short-term effects in-utero and  Patients with HDN treated with intrauterine leukocyte
at birth: reduced and irradiated red cells

— Premature T cell maturation  Newborns with NAIT treated with maternally high
dose immunoglobulins

Immediate effects: Pre and post intrauterine red cell transfusions
— Innate immune system Effects of red cell transfusions in preterm new borns
— Susceptibility for infections

donor leukocytes persisted for many years [6]. In the period 1966-75, in our
centre 75 foetuses were treated with intraperitoneal non-irradiated, non-
leukocyte reduced transfusions because of Rh-D haemolytic disease. Twenty-
four (34%) were born alive and survived the neonatal period. Of these 24
infants, 2 died as child after renal transplantation and 1 as adolescent in a car
accident and 1 suffered from broncho-pneumonial dysplasia with many
hospitalisations. The remaining 20 young adults, between 21-28 years, showed
an excellent clinical well-being and neuro-developmental outcome, not at
variance with a matched control cohort. Of 9 of the 21 cases at least one of the
donor(s) of intraperitoneal transfusions could be traced and consented to give
blood for the study. We determined the cytotoxic precursor Table 1: Populations
studied for the effects of intrauterine/neonatal transfusions T cells (CTLp) and
helper precursor T cells (HTLp) against these donor(s) and compared this with
the responses against an unrelated mismatched (third party) donor.

The CTLp and HTLp values were not depressed. In 3/9 cases even a higher
response (226-417/10° CTLp) against the transfusion donor than against a third
party control (<162/10°) was observed. Further analysis made it however
unlikely that the higher responses in these 3 cases were the result of memory
cells, because the CTLp could be easily blocked by anti-CD8, while memory
cells are in-vitro rather resistant against treatment with anti-CD8. The natural
killer cell (NK) functions of all individuals was normal. Using X and Y-
chromosome fluorescence in-situ hybridisation (FISH, sensitivity 0.1%)) there
were no donor cells detectable in the circulation after this interval of at least 20
years. The results show that no long-term immunisation, tolerance or donor
chimerism was present [7]. It should be realised however that the results may be
biased by the fact that only surviving cases could be tested. Two-third of the
children had died before or early after birth, most likely from haemolytic
disease, but it is not excluded that transfusion-induced mortality e.g. by TA-
GvHD might have played a role as well.
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Effects of Maternally Administered High Dose Immunoglobulin (IVIG) and
Platelet Transfusions (IUPT) in Infant Hood

Placental transmission of maternal IgG occurs from about 12 weeks of gestation
onwards, resulting in passive immunity for the first months of life. IgA and IgM
antibodies are virtually absent at birth and gradually increase in childhood in
response to environmental antigens. Antenatal treatment for fetal/neonatal
alloimmune thrombocytopenia (FNAIT) exposes the maturing fetal immune
system to foreign alloantigens in IVIG and platelet transfusions. Besides, IVIG
has immunomodulatory effects on several axis of the immune response [8].
Among other effects, IVIG skews the immune response towards a T helper 2
type direction.

We determined the health status, emphasising on infections and atopic
constitution, of 50 children treated for FNAIT over a period of 10 years in our
centre. Nine infants had been treated with IUPT alone, 26 with IUPT in
combination with IVIG and 11 with IVIG alone. In four children only foetal
blood sampling (FBS) was performed, revealing a normal foetal platelet count.
The median period of maternal IVIG administration (1 g/kg/weekly) was 5
weeks (2-12 weeks) and the median number of IUPT was 1 (1-9). In the
neonatal period eleven children needed platelet transfusion(s), four received
platelet transfusion(s) and high dose IVIG and one received IVIG treatment
alone.

Except one neonatal death (2 %) and one child lost to follow-up (2 %), the
total follow-up rate was 96 % (48/50). The median age of the children at follow-
up was 5.1 years (1.3-11.6 years). For follow-up we distinguished infants treated
with IVIG with or without IUPT (n = 37) and ‘No IVIG’ (n = 13). The
occurrence of higher airway infections and asthma was investigated with a
standardized WHO-questionnaire [9]. In 17 children older than 5 years, plasma
IgM-, IgA-, IgG-(subclasses) and IgE levels were measured.

Productive coughing occurred more frequently in the study group than in a
normal population of Dutch school children (14 % and 1.7 %, respectively) . An
unexpected observation was the influence of IVIG on the occurrence of
ENT/(ear-nose-throat) problems in the infants. ENT- and hearing problems were
seen in the group of children treated with IVIG in 19 % and 3 %, respectively,
which is comparable to the occurrence in the normal Dutch population, 20 %
and 3 %, respectively [10]. However, in the group of children treated without
IVIG, 58 % ENT- and 42 % hearing problems were reported. These results
suggest possible adverse effects of fetal [IUPT but no adverse effect or even a
favorable influence of IVIG on susceptibility for ENT- and hearing problems
compared to antenatal treatment without IVIG. The total IgG, IgGl-4
subclasses, IgA and IgM-levels were within the normal range for age and
similar in children exposed to IVIG or not exposed to IVIG. Remarkably, in
7/10 children (70%) after maternal treatment with high dose IVIG, the IgE
levels were higher than in the normal population adjusted for age and compared
to the 1/7 children that had been treated for FNAIT without IVIG (15%) (p =
0.05) and compared to a normal population. But, these higher levels were not
associated with clinical expressions of increased allergic or atopic reactions.
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Table 2. Associations between antenatal treatment with or without IVIG and outcome

IVIG No IVIG p
N=37 N=13
Perinatal features:
— GA wks —median (range) 37 (32-30) 38 (34-40) NS
— BW (kg) — median (range) 2,8 (1,3-4,1) 2,9 (2,1-3,8) NS
Susceptibility to:
— ENT-problems 7/36 (19 %) 75/12 (42%) 0.02
— Hearing problems 1/36 (3 %) 5/12 (58 %) 0.002
— Pulmonary problems 4/36 (11 %) 4/12 (33 %) NS
— Allergies 3/35 (9 %) 1/12 (8 %) NS
— Eczema 6/36 (17 %) 2/12 (17 %) NS

IVIG = maternal IVIG treatment ; No IVIG = fetal blood sampling (FBS) and/ or
intrauterine platelet transfusion (IUPT), without IVIG; n = number; NS = not significant;
GA = age of gestation; Preterm delivery <37 weeks; Pulmonary problems: Wheezing,
productive coughing and pulmonary medication

High IgE and allergic diseases (asthma, rhinitis and dermatitis) are associated
with an imbalance of Th-function towards an increased Th2-reaction [11]. How-
ever, none of those associated clinical manifestations of a Th2 was observed in
any of the children. Increased IgG4-levels that have been described in atopic
individuals were not found. An explanation for this intriguing finding is not
unequivocal, since the immunomodulating effects of IVIG are described to be
reversible [8]. In addition, due to the small number of our study population,
confounding can not be excluded.

In conclusion antenatal treatment with IVIG in FNAIT seems to have less
adverse effects than [UPT without IVIG. Antenatal IVIG seems to offer relative
protection against infections and hearing problems in childhood when compared
to antenatal treatment with TUPT/ FBS without IVIG [12] .Whether IVIG
stimulates IgE antibodies and the clinical consequences on the longer term
needs follow-up of larger patient cohorts.

Short Term Effects of Intrauterine Erythrocyte Transfusions (despite
leukocyte reduction and gamma irradiation)

T Cell Maturation and NK Cell Suppression

For this purpose we compared the phenotypes of cord blood mononuclear cells
from 14 new borns, treated with a mean of 3 (1-6) IUET. The first transfusion was
administered between the 19" and 34™ week (average 27 weeks) of gestation.
Delivery took place at 37 weeks (range 32-39 weeks). Cord blood from 18
neonates, born after a gestational age of 40 weeks (38-41), served as control.

Haematological values of IUET treated new borns showed no difference in
absolute number of leukocytes and leukocyte differentiation compared to controls.
As expected the haemoglobin level of HDN children was lower and the
proportion erythroblast and reticulocytes higher. Five of 14 HDN new borns had
thrombocytopenia (platelet count 16-150 x 10°/L) and the CD34 % was 3.1 %
compared to 1% in the controls (Table 3).
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Table 3: Cord blood values after IUET versus controls

IUT (N=14) Control (N=18) P
Mean (range) Mean (range)
Hb mmol/L 6.3 (3.6-8.9) 9.8 (8.4-10.7) <0.0001
WBC x 109/L 15.2 (5.6-24.7) 16.8 (8.8-34.3) NS
Reticulocytes109/L 0.03 (0-0.18) 0.00 (0-0.06) NS
Erythroblasts109/L 80 (2-574) 6 (0-28) 0.026
Platelets109/L 173 (16-383) 235 (180-322) 0.0375
Lymphocytes (%)* 31 (12-52) 29 (12-45) NS
Monocytes (%) 9 (4-13) 9 (3-19) NS
NK (CD57) 0.0 (0-6) 1.4 (0-6) 0.0001 #
T cells:
- CD3 49 (30-80) 51 (33-70) NS
— CD3/CD4 31 (7-57) 33 (13-40) NS
— CD3/CDS8 20 (6-33) 19 (13-35) NS
— CD3/CD45RA 43 (0-73) 47 (14-86) NS
— CD45/RO 8 (0-28) 2 (0-7) <0.0091$
B-cells:
- CDI9 19 (8-29) 16 (9-23) NS
— CD19/CD5 7 (3-13) 6 (2-12) NS
Activation markers:
- CD25 2.9 (0-30) 2.9 (1-15) NS
— HLA-DR 36 (14-63) 36 (25-50) NS

Mean % and range % within CD45 cells after substraction of Glycophorin A+ cells.#
Corrected P-value after multiparameter analysis 0.0016;$ p corrected for multivariate
analysis 0.1493 (NS).

The proportion of CD4 and CDS cells was similar in both groups, but the T
cells expressing the memory phenotype CD45RO" was with 8% (0-28%) higher
than the 2% (0-7%) observed in controls. Compared to controls, who compared
to adults, already show a very low level of cytotoxic NK cells (CD56") and non-
cytotoxic NK cells (CD57"), these values are lower (CD16'CD56") or even
absent (CD57) in CB of IUET treated new borns. These differences were sig-
nificant at the univariate level but, except CD57, lost significance after correc-
tion for the number of variables tested [13].

It can be concluded from this small study that after several IUET’s there
seems to be premature maturation of T cells, reflected by a higher average % of
CD45RO" .A cut-off level of 17% is used as indication for intrauterine infection
[14], which was not present in our patients, while 2/14 new borns showed levels
of 20 and 27%. Our study confirmed the finding of the group of Nicolaides, who
also found that NK cells and associated markers are depressed after [UET [15].

T-Cell Receptor V Beta Usage After [IUET

In order to evaluate the nature of premature T cell maturation we compared
the development of the 24 identified different T cell receptor V-beta (TCRBV)
families of 5 foetuses before and 7-8 weeks after intrauterine transfusions with 5
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newborns who underwent foetal blood sampling (FBS) but no transfusions. This
approach was chosen because of a previous report in dialysis patients showing
that pretransplantation blood transfusions could profoundly change the composi-
tion of the TCRVB repertoire [16] and that prolonged survival of donor leuko-
cytes was associated with complete deletions of some TCRBV families [17].
We first investigated all identified 24 TCRVB family members by semi-
quantitative PCR using TCRVB family-specific oligonucleotide primers '*.
Subsequently we performed spectratyping of a selection of families that showed
changes by semi-quantitative PCR. All except 1 foetus expressed all (24)
TCRVB families at the moment of the first foetal blood sampling, while 1 HDN
patient lacked TCRVB 17 and 19-24 gene expression in the CD 4" population at
32 weeks. At birth these genes were detectable at low levels. In IUET treated
patients and FBS controls the TCRBYV repertoire within the CD8™ T subset un-
derwent considerable alterations in usage frequencies during gestation. This
rather reflects ongoing maturation within this T cell compartment and this pro-
hibited to conclude on transfusion induced alterations. In contrast the TCRVB
repertoire of the CD4" T cell subset seems to be completed at the gestational
time of first FBS and did not show alterations in the control group. But in 4 out
of 5 patients with HDN significant changes in the TCRVB usage within the
CD4" T cell subset had occurred. Although this was probably induced by trans-
fusions we cannot rule out a role for HDN itself. Transfusions did not cause
alterations in specific TCRVB families but resulted in apparently random in-
crease and decrease of usage of several families. We subsequently evaluated
whether the semi-quantitative changes of some TCRVB usage observed by PCR
could be confirmed by determination of the length of the complementary deter-
mining region 3 (CDR3) sizes by spectratyping. We found no indication of
qualitative differences in CDR3 lengths before and after transfusions and must
therefore conclude that all differences were quantitative. Even in 1 foetus of 23
weeks old, who had received a HLA-B,DR shared transfusion and responded
with an enormous expansion of the TCRVB21 family within the CD4" popula-
tion in the PCR, spectratyping showed no changes in the distribution of the
CDR3 lengths.

Finally we tested the alloproliferative responses of IUET treated foctuses
against their IUT donors and against third party cells and found a stronger
responses against the IUT donors, indicative of establishment of memory cells.

In conclusion, IUET induce alloreactive T cell responses in the fetus and can
establish memory cells upon transfusion as early as 23 weeks of gestational age.
We found no specific changes or deletions in the TCRVB repertoire associated
with these alloresponses [18]. The nature of these response and the kinetics after
birth warrants further research.

In contrast to IUET the foetal administration of IUPT with or without
concomitant IVIG do not affect NK cells in cord blood and only 1/15 FNAIT
children showed an increased CD4/CD45RO percentage, of 22%, in cord blood.
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Immediate Effects of IUET

For this purpose we investigated the pre and post IUET transfusion haemato-
logical values after 253 transfusions administered to 81 patients. The motivation
to do this study was based on an observation of Fenwick et al. [19], who ob-
served transient leukocytosis within 4 hours after transfusion in critically ill
intensive care patients. After IUT a similar observation was done by Yankowitz
and Weiner [20]. With IUET, a fairly large volume load in relation to the small
fetoplacental volume, is administered with a high speed of 2-5 ml/min. and is
completed after an average interval of 28 minutes. After transfusion of leuko-
cyte-depleted RBC we observed an absolute small decrease of 4% leukocytes, in
contrast with an expected reduction in WBC count. due to haemodilution. In-
deed a large 49 % decrease of the platelet count was observed. When corrected
for the transfused volume the relative increase in leukocytes was 41% on ac-
count of monocytes and basophils and a relative slight decrease in lymphocytes.
The lymphocyte sub-population distribution (CD3, CD4, CDS8, CD20 and CD56
cells) did not change. We postulate that the large volume induces vascular stress
factors that cause leukocytosis by demargination, although a role of cytokines
present in blood products cannot be excluded. At the moment of the next IUET,
2-4 weeks later, all values were restored to base-line levels, in accordance with
the transient effect lasting 24 hours in intensive care patients [21].

Premature Infants

In 2002, our neonatal centre received 288 infants born after a gestational age
<36 weeks. Sixteen were excluded because of an a priori indication for
transfusions, such as HDN or NAIT. Of 272 new borns 35.3% (n=96)were
transfused the first month of life.. In total 242 paediatric units were administered
(median=0.00, min=0,max=9). Most transfusions were required the first week of
life (n=106), in the second week 58 units and in the third week 78 units were
administered respectively (Table 4).

From this investigation it is clear that there is a strong correlation between
gestational age and the receipt of blood transfusions and with mortality. The
association between transfusions and mortality may not at all be causal. We
assumed that if blood transfusions have an immunosuppressive effect with
clinical implications that this would be most likely a transient effect by
suppression of NK cell and macrophage functions, during 3 months we
evaluated all (n=18) neonates born after a gestational age <32 weeks and who
developed an infection (defined as a positive blood and/or liquor culture) We
compared this group with a matched control cohort of 36 new borns who did not
develop an infection. The groups were matched for gestational age, birth weight,
gender, intubation, intravascular access and way of delivery (Table 5). Positive
cultures in the case group were present in 22% within 3 days, after the first week
56% of the infections had occurred and this increased to 89% at the end of the
second week. A minority (11%) developed an infection between the 15 and 30
days. We compared the infected group and the non-infected control group for
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Variables N =272
Gestational age (weeks) — 24-27° 34
28-29"° 46
30-317 60
32-33 40
34-35" 92
Gender Male/female 152/120
Birth weight (g) <1000 38
1000-1499 78
1500-1999 78
2000-2499 53
>2500 25
Way of delivery Vaginal/CS 165/107
Hospitalisation (days) <7 144
8-14 61
15-30 46
>30 21
Hospitalisation Unit Intensive Care 203
High/medium Care 50/19
Transfusions Transfused/No BT 96/176
<32 weeks N=140 Transfused 82/59%
>32-36 weeks N=132 Transfused 14/11%
Deceased Total N=272 30/10.6%
<32 weeks 29/20.7%
>32-36 weeks 1/0.75%

Table 5. Erythrocyte transfusions administered in the first week of life and

neonatal infections

Cases N=18 Controls N=36 P

Infected No infections
Gest age (days) 204 (181-219) 204 (181-221) NS
Birth w (grams) 1137 (720-1690) 1197 (707-2163) NS
Intubated 13 (72%) 24 (67%) NS
Ivlines 18 (100%) 32 (89%) NS
>24hr ruptured membrane 3 (17%) 9 (25%) NS
Maternal antibiotics 7 (39%) 11 (31%) NS
Vaginal delivery 9 (50%) 22 (61%) NS
Primary Caesarian section 6 (33%) 8 (22%) NS
Sec Caesarian section 2 (11%) 6 (17%) NS
Number of BT (mean) 2.3 units 1.6 units 0.04
Number of pat transfused <7 days

N=9 (50%) N=17 (47%) NS
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being transfused the first week of life. A similar % of new borns were trans-
fused in both groups (Table 5). Although the infected group received more BT
(0.7 unit/patient), most transfusions were administered after a positive blood/
cerebrospinal flood culture was established. In the infected group in 7/18 (39%)
of the new borns a positive culture anytime during the first month was preceded
by at least one erythrocyte transfusion in the 5 days preceding the positive
culture. Of the total 34 positive cultures in the 18 patients 13 (38%) were
preceded by a transfusion the 5 days before and 21 of the positive cultures were
not preceded by a transfusion within this interval.

Although the numbers are small we found no indication that transfusions
enhanced the susceptibility for severe infections.

Conclusion

Intrauterine erythrocyte transfusions are possible from the 17" gestational week
onwards and contribute significantly to the survival of these otherwise healthy
children, which are threatened in utero by maternal antibodies. It is reassuring
that no long term immunomodulatory effects could be identified more than 20
years after intraperitoneal non-leukocyte reduced and non-irradiated
transfusions, but serious effects such as TA-GvHD may have been missed
because 60% of the children died before or soon after birth.

Modern treatment uses ultrasound guided intravascular transfusions and
blood products with optimal precautionary safety measurements .The greatest
advantage is that transfusion treatment can be started earlier in gestational life.
Survival increased to > 85%. Nevertheless, despite precautionary safety
measurements, on the short term these IUET’s induce premature T cell
maturation towards the CD45RO phenotype in association with quantitative
alterations in the TCRVB family usage within the CD4" T cell sub-populations.
We observed increased (memory) proliferative responses against the transfusion
donor after transfusion to a foetus as young as 23th weeks of age. In contrast to
reports with pretransplantation immunomodulatory transfusions we observed no
deletions within the TCR family repertoire.

A point of concern is the depression of the innate immune system reflected by
reduced NK cells observed by other groups as well. It remains to be investigated
how long this effect lasts and if this compromises resistance to infections in early
life. Despite we found in a preliminary study in preterm neonates that neonatal
erythrocyte transfusions do not enhance susceptibility for infections this must be
further evaluated in a larger group. The usage of autologous cord blood may offer
a product with less immunosuppressive effects [22].

The observations in FNAIT pregnancies are intriguing as prenatal
administration of IVIG seems to protect against post natal ear-nose and throat
infections in this group. Longer follow-up and larger patient cohorts however
are needed to exclude that this treatment enhances allergy in later life. In
contrast to IUET transfused foetuses this neonates show no NK suppression in
cord blood and hardly a shift from naive to memory T cells. It may well be that
the fact that often maternal platelet transfusions were used and the concomitant
maternal IVIG treatment suppresses alloreactive T cell activation.
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Summarising, there are no obvious deleterious clinical effects of foetal and
neonatal transfusions, despite premature T cell activation. The probably
transient, effect on the innate immune response deserves further investigations.
Prenatal IVIG exposure on the other hand may skew the immune response
towards a Th2-type, although clinical sequellac have not been observed. Further
studies to evaluate negative effects or to exploit a beneficial effect of maternal
IVIG are warranted.
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BIOLOGY OF THROMBOPOIETIN IN THE HUMAN
FOETUS AND NEONATE!
Chr. Dame?

Introduction

The aim of this contribution is to summarize the current data on the biology of
thrombopoietin (Tpo) in the human foetus and neonate.

Discovery and terminology of thrombopoietin and its receptor c-mpl

In 1994, several groups reported almost simultaneously on the identification and
cloning of Tpo [1-6]. Based on the identification of Tpo as primary regulator of
megakaryopoiesis and platelet production, the pathomechanisms of several
inherited thrombocytopenias and familiar thrombocythaemia have been
elucidated. The term thrombopoietin was introduced in 1958 by Kelemen et al.,
who postulated a specific humoral regulator of platelet production [7]. In 1992,
Vigon et al. identified the human cellular homologue of the v-mpl, the oncogene
of the murine myeloproliferative leukemia virus (MPLV), as a member of the
haematopoietic growth factor receptor family. This gene was named c-mpl
(cellular mpl) [8]. C-Mpl was found to be mainly expressed on CD34" cells,
megakaryocytes, and platelets. The search for the c-Mpl ligand finally resulted
in the discovery of Tpo, which was also named megakaryocyte growth and
development factor (MGDF) [5].

Cellular biology of thrombopoietin

Tpo acts primary as a lineage-specific growth factor in megakaryopoiesis, but
also in early haematopoiesis. It induces the commitment of early haematopoietic
stem and progenitor cells into lineage-specific megakaryoblastic differentiation
and stimulates the proliferation and differentiation of megakaryocyte progenitor
cells [3,9]. The role of Tpo in megakaryopoiesis increases gradually with pre-
ceding proliferation and differentiation of the progenitor cells. However, Tpo
seems not to be required for pro-platelet formation and platelet release as final
stages of thrombopoiesis [10]. Analysis of transgenic animals with Tpo or c-mpl
(Tpo receptor/Tpo-R) deficiency confirmed the essential role of Tpo in mega-
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karyopoiesis. Mice with targeted homozygous gene deletion of Tpo or c-mpl
have platelet counts of about 5-15% of normal; heterozygous mice have platelet
numbers of 50% of normal, indicating the lack of a compensatory increase from
the remaining allele [9,11].

Besides Tpo, other cytokines or haematopoietic growth factors are relevant
for megakaryopoiesis, including stem cell factor (SCF), interleukin-1 (IL-1), IL-
3, IL-6, IL-11, leukaemia inhibitory factor (LIF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), and erythropoietin (Epo) [12-14].
However, the remaining platelet production in c-mpl -/- mice results neither
from the effects of GM-CSF, IL-3, IL-6, IL-11, nor LIF [15-17].

The cellular effects of Tpo are mediated by its binding to c-Mpl on megakar-
yocyte and non-megakaryocyte/early haematopoietic progenitor cells, respec-
tively. Importantly, the responsiveness of bone marrow-derived megakaryopoie-
tic progenitor cells to recombinant Tpo (rTpo) is age-dependent. A higher
sensitivity of neonatal megakaryocyte progenitor cells has been demonstrated in
comparison to adult megakaryocyte progenitor cells. It is still unclear, why the in
vitro responsiveness of megakaryocyte progenitor cells of thrombocytopenic
neonates to rTpo is lower than in neonates with normal platelet counts [18].

Besides its lineage-specific effects on the proliferation of megakaryocyte
progenitor cells, Tpo stimulates the expression of platelet specific membrane
proteins, such as the fibrinogen receptor glycoproteins (GP) IIb/Illa, von
Willebrand receptor GP Ib/V/IX and GP VI [3,19-21]. Tpo also enhances
megakaryocyte adhesion through the activation of glycoprotein IIb/Illa and very
late antigens (VLA)-4 and VLA-5 [22,23].

Molecular biology of thrombopoietin

The human Tpo is encoded by a single copy gene with six exons, which is
located on chromosome 3q26-27 [6]. The primary translation product of human
Tpo is composed of 332 amino acids and characterized by two distinct domains
plus an additional 21 amino acids secretory leader sequence. The N-terminal
receptor binding domain (residues 1-152) shares 20 % sequence identity plus 25
% sequence homology with Epo (“Epo-like” domain) and is predicted to fold
into a four helix bundle protein [2,24]. This domain is essential for the
signalling and the proliferative activity of the molecule [5]. Several essential
receptor binding residues have been identified (Dg, K4, Ksp, Kso, Ki36,K3¢, and
Rig) [1,2,25,26]. The C-terminal domain (residues 153-332) specifically
characterizes the Tpo molecule and is termed the Tpo glycan domain. This
domain contains six potential N-linked glycosylation sites and many sites (= 5)
of O-linked glycosylation [25,27]. The human full-length Tpo protein has an
apparent molecular weight of approximately 70 kDa (68-85 kDa as analyzed in
SDS page electrophoresis), again indicating considerable glycolysation, as the
predicted molecular weight for the non-glycolysated molecule is 38 kDa [28].
Besides the full-length Tpo mRNA, five alternative splice variants of Tpo
mRNA and heterogenous circulating Tpo proteins have been identified in hu-
mans and mice [28-30]. In comparison to the full-length Tpo mRNA (Tpo-1),
the isoforms are characterized by various deletions in exon 6 (affecting the N- or
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C-terminal domain, or both) or by a 60-bp insert (part of exon 5, containing a
stop codon) between exons 5 and 6 in combination with a 116-bp deletion in
exon 6 (Tpo-6). These Tpo protein variants show a reduced extracellular secre-
tion, poor protein synthesis, or diminished biological half-life time, resulting in
a loss of biological activity [28,30-32].

Data on the expression of Tpo isoforms in normal foetal, neonatal, or adult
tissues are very limited, but organ-specific expression patterns are strongly
suggested. For example, the ratio of Tpo-2/Tpo-1 mRNA expression in normal
human adult kidney is 0.4, but 0.75 in brain tissue [33]. Furthermore, certain
isoforms (e.g. Tpo-3, Tpo-5, and Tpo-6) are not detectable in the foetal kidney
[34].

Both in human neonates and adults, the liver is the primary site of Tpo gene
expression, followed by the kidneys. Tpo is also expressed to a less amount in
other organs, such as the bone marrow, skeletal muscle, intestine, spleen,
placenta, and central nervous system [5,33-36]. In situ hybridization and
immunohistochemistry showed that Tpo production is localized in hepatocytes,
in interstitial cells of the proximal and distal tubules of the kidneys, in
endothelial cells, and in bone marrow stroma cells [37].

Regarding human development, the earliest Tpo gene expression has been
described in organs from an eight-week old foetus, where the most intense
signals for Tpo transcripts were found in the liver [35]. By competitive RT-
PCR, we described the highest Tpo mRNA expression in the liver, contributing
to more than 90 % of the combined Tpo mRNA expression in liver, kidney, and
spleen at a gestational age between 17 and 36 weeks post conception. These
findings indicate that, in contrast to Epo, Tpo production does not undergo a
developmental switch of the primary production site [36,38]. In contrast to
adults, Tpo mRNA is strongly expressed in the foetal bone marrow. In some
foetal bone marrow specimens, Tpo mRNA levels are as high as in the
corresponding liver or kidneys [36]. This raises the question about an essential
role of Tpo in the ontogeny of medullary megakaryopoiesis by modifying the
specific microenvironment of the stroma.

Molecular biology of c-mpl, the thrombopoietin receptor

The human Tpo-R is encoded by a single copy gene with 12 exons, which is
located on chromosome 1p34. The Tpo-R belongs to the cytokine receptor fam-
ily. The translation product consists of 610 amino acids and is composed of a
466-amino acid extracellular ligand-binding domain, which includes two cyto-
kine receptor motifs (encoded by exons 2-5 and exons 6-8, respectively), a 22-
residue transmembrane domain (encoded by exon 9), and a 122-amino acid
cytoplasmic domain (encoded by exons 10 and 11) [39]. The distal cytokine
receptor motif of the extracellular domain seems to be responsible for ligand-
binding. In the absence of Tpo, it puts a break on the constitutive signalling
activity of the membrane proximal cytokine receptor motif [40]. The juxta-
membrane WSXWS motif (tryptophan-serine-X (any amino acid)-tryptophan-
serine), which is a common motif in each member of the cytokine receptor fam-
ily, is thought to be responsible for maintaining the proper structural conforma-
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tion of the extracellular domain as well as for the internalization and signal
transduction. The intracellular domain is characterized by a box 1 motif, located
17-20 residues from the transmembrane domain, and a box 2 motif located 30
residues downstream of the box 1 motif. Box 1 and box 2 are highly conserved
and vital for full biological activity of the Tpo-R [41]. In the cytoplasmic do-
main five tyrosine residues have been identified, two of which become phos-
phorylated upon ligand-binding [42]. Binding analysis with radiolabeled rTpo
revealed a single class of receptors with a binding affinity of approximately 560
pmol. Although precise data are not available, it is assumed that megakaryocyte
progenitor cells display a significant higher number of Tpo-R on their surface
than platelets, which display approximately 220 receptors per cell [43].

In humans, two co-linear forms of c-Mpl (Mpl P and Mpl K) have been
found. Mpl K derives from an alternative reading frame that eliminates the box1
and box2 motifs as well as all other signalling motifs of the intracellular domain
by introducing a stop codon [39]. Furthermore, a soluble human Tpo-R
originates from alternative splicing of the primary transcript between exon 8 and
exon 10, resulting in the deletion of the transmembrane region and signalling
motifs of the intracellular domain [44]. It is unlikely that any of the alternative
forms of Tpo-R bind Tpo or initiate signal transduction. However, it remains
unclear whether the activity of Tpo-R is regulated by such mechanisms during
development.

Previous studies on the cellular implication of the Tpo-R focused primarily
on its expression on CD34+ cells, pluripotent early haematopoietic progenitor
cells, megakaryocytes, and platelets [45]. However, ¢c-Mpl is also expressed on
endothelial cells, Purkinje cells in the cerebellum, and neuronal cells in the
human cerebral cortex, as most recently reported [46,47].

Regulation of Tpo

The current model of Tpo regulation is based on the relationship between Tpo
gene expression levels, circulating Tpo concentrations, and the mass of Tpo-R
bearing megakaryocyte progenitor cells and platelets. Hepatic Tpo mRNA
expression does not change in thrombocytopenia, implicating that Tpo
production is mainly constitutive [43,48]. Therefore, Tpo-R bearing cells play a
major role in regulating Tpo protein concentrations. Functional Tpo receptors
remove Tpo by absorption and internalization of the cell surface complex.
Several studies on circulating Tpo concentrations, megakaryopoietic activity,
and platelet counts led to the concept of an ‘end-cell-mediated regulation’ of
Tpo. Circulating Tpo concentrations are high, if a low number of Tpo-R bearing
cells are available, such as in thromboctyopenia resulting from primary reduced
megakaryopoiesis [49]. In contrast, Tpo concentrations are normal or in the
upper normal range if thrombocytopenia results from platelet destruction, since
Tpo has been already bound to the mass of Tpo-R bearing cells [50,51].
However, more recent data demonstrate that the regulation of Tpo is more
complex and shows organ-specific differences:
a) In reactive thrombocytosis, Tpo concentrations do not inversely correlate
with the mass of platelets [52,53]. Longitudinal Tpo measurements in infants
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and children with acute infection show indeed that an elevation of Tpo
concentrations precedes thrombocytosis [54]. In vitro and in vivo
experiments provide evidence that inflammatory cytokines increase Tpo gene
expression in hepatocytes and in (murine) liver endothelial cells [55-58].
Increased Tpo mRNA levels and/or protein concentrations have been also
described after stimulation with hepatic growth factor (HGF) and in a model
of liver regeneration [59].

b) In the bone marrow, Tpo gene expression underlies other regulatory
mechanisms. In contrast to the liver, Tpo gene expression in the stroma
increases in response to thrombocytopenia [37,60]. Although the exact type
of stroma cell expressing Tpo in the bone marrow has still not been
identified, studies in primary bone marrow cultures indicate that various
platelet a-granular proteins are involved in the regulation of Tpo mRNA
expression. The amount, to which the bone marrow contributes to total Tpo
production, is still unclear and of interest.

Clinical biology of Tpo

Measurements of Tpo concentrations in health and disease contributed
significantly to the understanding of pathomechanisms leading to neonatal
thrombocytopenias and thrombocytosis. As previously reviewed, the
interpretation of determined circulating Tpo concentrations need some general
considerations [61]: In the present studies, various antibodies have been used for
the immunoassays, but they are not standardized yet. Tpo concentrations are
given either in arbitrary units, fmol/ml, or pg/ml — as in the majority of studies.
Assays using polyclonal antibodies may be sensitive to truncated forms of Tpo,
which have no or less biological activity. Although highly correlated, Tpo
values are somewhat higher in serum than in plasma, most likely due to the
detection of internalized Tpo/c-Mpl complexes, which are released from
platelets during blood clotting [62-64].

The summary of published data on neonatal Tpo concentrations allow the
conclusion that normal Tpo concentrations in cord blood are <300 pg/ml in
plasma samples and <320 pg/ml in serum samples (2 SD above the mean). Tpo
concentrations between 300-1000 pg/ml should be interpreted as moderately
elevated; Tpo concentrations higher than 1000 pg/ml as severely increased [61].
Decreased Tpo concentrations may be under the detection limit (<15 pg/ml) of
the one commercially available ELISA system.

In cord blood, circulating Tpo concentrations are similar in preterm and term
neonates [61]. In some studies, higher Tpo concentrations have been reported in
preterm than in term neonates [64-67], but this finding has not been confirmed
in the majority of the studies [35,36,68-72]. Relevant developmental changes in
circulating Tpo concentrations during foetal gestation have been finally ex-
cluded by the longitudinal analysis of fetal blood samples [73-75]. Our longitu-
dinal analysis of foetal blood samples obtained by cordiocentesis in non-
thrombocytopenic, non-hydropic foetuses with haemolytic disease of the neo-
nate (HDN) showed no changes in circulating Tpo concentrations during gesta-
tion [76].
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However, Tpo concentrations are significantly higher in non-thrombo-
cytopenic neonates than in healthy adults [63,64,73-75,77]. In contrast to the
prenatal period, Tpo concentrations underlie age-related changes during post-
natal development. Neonatal Tpo concentrations increase after birth with a peak
on the second day of life, before they return to levels found in cord blood by the
end of the first month. Then, they gradually decrease until the end of the first
year of life, where they are still somewhat higher than in adults [64]. An
additional study on Tpo concentrations of low-birth-weight preterm neonates
(<2.500g) shows the same phenomenon on postnatal changes in Tpo
concentrations, but the absolute Tpo concentrations in cord blood and at day 2
are significantly higher than in term neonates studied at the same respective
time-points [67]. The mechanisms that are responsible for these phenomena are
still unclear.

Biology of thrombopoietin in inherited neonatal thrombocytopenias

Studies on the biology of Tpo have clarified the pathogenic mechanisms of
some rare inherited thrombocytopenias, in particular of thrombocytopenia with
absent radii (TAR) syndrome and congenital amegakaryocytic thrombocyto-
penia (CAMT).

In neonates and children with TAR syndrome, extremely increased
circulating Tpo concentrations exclude a defect in Tpo-production (own
unpublished data) [78-81]. Contrary data have been reported on the expression
of Tpo-R/c-mpl. While Ballmaier et al. found normal c-mpl expression, Letestu
et al. reported decreased c-mpl mRNA levels in platelets of TAR patients and a
different ratio in the expression of the two main c-Mpl isoforms (lower Mpl-P to
Mpl-K ratio) compared with controls [78,82]. Although no mutations in the c-
mpl gene locus have been found [82,83], platelets from TAR patients show a
defective reactivity to Tpo [78]. These data suggest that the disorder of
megakaryopoiesis is caused by a defect in the signal transduction after binding
of Tpo to its receptor [78]. This conclusion is further supported by the
incomplete in vitro response of megakaryocyte colony forming units (CFU-
Meg) to rTpo. Letestu et al. also found a differentiation blockage at the stage of
megakaryocyte precursors in TAR syndrome [82]. Although suggested by
findings of thrombocytopenia and radial/ulnar malformations in mutant mice
with targeted disruption of certain genes of the homeobox family (HoxA10,
HoxA11, and HoxD11), an implication of transcription factor of the homeobox
gene family in the pathogenesis of TAR syndrome has not been found in
humans [84]. It is also still unclear what causes the thrombocytopenic crisis
following cow milk ingestion in infants with TAR syndrome, and why platelet
counts often increase and stabilize in older children [85].

Congenital amegakaryocytic thrombocytopenia (cAMT) is defined by a se-
vere isolated thrombocytopenia with absence of megakaryocytes in the bone
marrow. As expected, Tpo plasma concentrations are exceptionally high in neo-
nates and children with cAMT, indicating that Tpo production is intact [80,
86-88]. Bone marrow derived CD34" cells revealed a defective in vitro response
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Figure 1. Plasma Tpo concentrations in foetuses with incompatible foeto-maternal human
platelet antigen (HPA-1) constellation, who suffered from foetal alloimmune thrombocy-
topenia (FAITP) or were at risk for that. Blood samples from foetuses with HPA-1 in-
compatibility were longitudinally analyzed in the original publication [51]. Reference
data have been obtained in plasma samples taken from foetuses with normal haematopoi-
esis, who underwent foetal blood sampling for diagnostic purposes. Data are analyzed in
relation to the degree of foetal thrombocytopenia and presented as box plots with the
median and the 25™ and 75™ percentile defining the box. Error bars indicate the 10™ and
90™ percentile, respectively. Single data points that lie outside the 10" and 90™ percentile
are also shown. Both outliers in the group of samples with a corresponding platelet count
between 10-50/nL were found in the only foetus (out of 14), who suffered from intracra-
nial haemorrhage already during gestation. Normal Tpo plasma concentrations are below
the scattered line [61].

to rTpo [88]. Furthermore, platelet activation with rTpo did not result in an
increased response to adenosine diphosphate (ADP) and thrombin receptor ago-
nist peptide (TRAP). Different mutations in the c-mpl (frame-shifts, nonsense
and point mutations) cause cAMT [86,88,89]. Importantly, specific c-mpl mu-
tations correlate with the clinical course and the progression of cAMT into
pancytopenia [86]. These findings provide clinical evidence that Tpo has a non-
redundant role in controlling the self-renew, proliferation, and differentiation of
haematopoietic stem cells. Recently, it has been shown that Tpo induces the
expression of HoxB4 mRNA in primitive haematopoietic cells, which may be
one mechanism for the favorable effect of Tpo on these cells [90]. Tpo is also
involved in regulation of the biological activity of other members of the ho-
meobox family of transcription factors. Most recently, Tpo has been found to
regulate HoxA9 at the posttranscriptional level by inducing its transport into the
nucleus of immature haematopoietic cells [91].
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Neonates and infants with trisomy 21 (Down syndrome) and associated tran-
sient myeloproliferative disorder (TMD) represent another group of patients
with thrombocytopenia due to impaired megakaryopoiesis. At least 10% of
infants with trisomy 21 develop — often already during foetal gestation — TMD,
which is characterized by the accumulation of immature megakaryoblasts in
liver, bone marrow, and peripheral blood. Although TMD undergoes spontane-
ous remission in most cases, approximately 30% of infants with TMD develop
acute megakaryoblastic leukemia (DS-AMKL) [92]. Mutagenesis of the tran-
scription factor GATA-1, which is essential for normal development of ery-
throid cells, megakaryoblasts, eosinophils, and mast cells, has been described as
an early event in Down syndrome leukaemogenesis [93,94]. From normal
GATA-1 expression in remission samples of patients who underwent chemo-
therapy due to DS-AMKL, it has been concluded that GATA-1 mutations are
somatically acquired. Importantly, GATA-1 mutations have been found in
nearly every infant (97%) with TMD associated to Down syndrome [94]. The
majority of reported GATA-1 mutations in Down syndrome are located in the
sequence encoding exon 2 and result in the expression of a short GATA-1 iso-
form (GATA-1s) [93,94]. TMD is often complicated by severe liver dysfunction
and fibrosis [95,96]. Regarding the effects of Tpo on the megakaryoblasts as
well as the production of Tpo in case of severe liver dysfunction, data on Tpo in
neonates and infants with Down syndrome are of particular interest. In six neo-
nates with Down syndrome and associated TMD Tpo concentrations were low
or even undetectable. Tpo concentrations increased remarkably with the regres-
sion of blast cells in the surviving patients. C-Mpl is expressed on the blast
cells, and changes in Tpo concentrations seem to be primarily regulated by bind-
ing to c-Mpl bearing cells. However, severe liver dysfunction was found in both
patients who died and in one surviving patient who had relatively low Tpo con-
centrations. Autopsy showed diffuse liver fibrosis with massive destruction of
the hepatic structure, suggesting that diminished hepatic Tpo production, in
addition to increased Tpo protein binding uptake by blasts, contributed to low
Tpo concentrations [97].

Biology of thrombopoietin in acquired neonatal thrombocytopenias

Data on Tpo in acquired neonatal thrombocytopenias have been reported in fetal
alloimmune thrombocytopenia (FAITP), thrombocytopenia associated with
HDN, infection/sepsis, and thrombocytopenias associated with maternal diabe-
tes, pregnancy-induced hypertension, intrauterine growth retardation, or hy-
poxia.

Five studies reported on fetal and/or neonatal Tpo concentrations in FAITP
[51,70,72,73,75]. The summary on the data gives evidence that in most foetuses
and neonates with FAITP Tpo concentrations are in the normal range, as ex-
pected according to the model of the ‘end-cell mediated regulation” of Tpo. A
trend towards a higher (median) Tpo concentration in foetuses with HPA-1
incompatibility and severe thrombocytopenia (platelets < 50/nL) is obvious,
although these concentrations are still in the upper normal range or only moder-
ately elevated (Figure 1) [51,73]. As shown in our study on the longitudinal
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analysis of foetal Tpo plasma concentrations, single foetuses with severe FAITP
may have significantly increased Tpo concentrations, indicating insufficient
megakaryopoiesis [51]. Further data are required to confirm whether exhausted
megakaryopoiesis is indeed associated with a higher risk of prenatal bleeding
complications, such as intracranial haemorrhage, as suggested by our data. If so,
measurement of foetal Tpo concentrations as a parameter to estimate on foetal
megakaryopoietic activity may be useful for further decisions on the indication
and frequency of intrauterine platelet transfusion therapy.

Foetal blood samples taken prior to intrauterine red blood cell transfusions in
HDN without associated thrombocytopenia have been analyzed to generate
reference values for Tpo concentrations during gestation [74,75]. However,
severe HDN is well-known to be associated with thrombocytopenia [98,99].
While Kell antigens are expressed on megakaryocyte progenitor cells and Kell-
related antibodies inhibit the proliferation of CFU-Meg, Rhesus antigens are not
expressed on the surface of megakaryocytes [100,101]. In a preliminary analy-
sis, we found significantly increased Tpo concentrations in more than 50% of
blood samples from thrombocytopenic foetuses with severe HDN due to Rhesus
incompatibility [76]. This may reflect suppressed megakaryopoiesis, probably
as result of the extreme stimulation of erythropoiesis. However, some foetuses,
who suffered from thrombocytopenia and hydrops, had Tpo concentrations in
the normal range. Since Rhesus hydrops is often associated with liver dysfunc-
tion, these Tpo concentrations may be inadequately low, contributing to throm-
bocytopenia, as known in other conditions of liver dysfunction [76,102].

If one summarizes current data on Tpo concentrations in neonates with infec-
tion/sepsis, the heterogeneity in the design of these studies needs to be consid-
ered. In sepsis with thrombocytopenia (platelet count < 150/nl), Tpo con-
centrations are normal or only moderately elevated [66,71,103]. However, if
sepsis with thrombocytopenia is complicated by disseminated intravascular
coagulation, Tpo concentrations vary widely from undetectable up to 2500
pg/ml [71]. The wide range of Tpo concentrations suggests that various patho-
mechanisms may contribute to thrombocytopenia, including a reduced or inade-
quate Tpo production in the liver. More studies, which also analyze the mega-
karyopoietic activity, are required to determine whether these neonates, who
have often prolonged thrombocytopenia, would benefit from a treatment with
megakaryopoietic growth factors [104].

Neonatal thrombocytopenia associated with maternal diabetes, pregnancy-
induced hypertension, intrauterine growth retardation, or hypoxia occurs fre-
quently, particularly in sick preterm babies. Watts et al. measured serially Tpo
concentrations over the first 12 d after birth and determined the number of circu-
lating megakaryocyte progenitor cells in preterm neonates with early-onset
thrombocytopenia (< 48h after birth). Although the numbers of megakaryocyte
progenitor cells were significantly lower than in controls, circulating Tpo con-
centrations were only slightly increased. Importantly, at the nadir of thrombocy-
topenia Tpo concentrations were significantly lower than in older thrombo-
cytopenic children. By day 12, platelet counts, megakaryocyte progenitors, and
Tpo concentrations returned to normal levels [69]. Two other studies also sug-
gested impaired or inadequate low Tpo production as factor contributing to
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early-onset thrombocytopenia in preterm babies and in neonates, who are small
for gestational age [68,70].

Towards a rational to treat neonatal thrombocytopenia in sick preterm and
term neonates

Based on the current understanding of the biology of Tpo in inherited and ac-
quired neonatal thrombocytopenias, it became clear that only a certain group of
neonates may benefit from future treatment strategies using rTpo, Tpo mimetic
peptides, or other megakaryopoietic growth factors/cytokines, such as IL-11, to
prevent bleeding and requirement for platelet transfusions [61,104,105]. Al-
though rTpo stimulates in vitro megakaryocyte precursor and progenitor cells of
preterm and term neonates [68,69,106], it needs to be considered that the plate-
let count will start to rise about 6 days after the beginning of rTpo treatment and
peaks after 10-12 days, as shown in newborn rhesus monkeys [107]. Therefore,
rTpo is unlikely to prevent bleeding complications in critically sick neonates
with rapid progression of thrombocytopenia and risk of disseminated intravascu-
lar coagulation. Coupled with the increase of endogenous Tpo in the acute phase
response to infection and due to the higher sensitivity of megakaryocyte pro-
genitor cells of (preterm) neonates to rTpo [67,68], rTpo could additionally
contribute to reactive thrombocytosis [108]. In conclusion, only babies with
severe, persistent thrombocytopenia and inadequate Tpo production may be
candidates for a treatment with rTpo. However, the examination of liver func-
tion and megakaryopoietic activity combined with the measurement of endoge-
nous Tpo concentrations may be required to identify these babies. Enthusiasm
for using certain forms of rTpo, in particular pegylated recombinant megakaryo-
cyte growth and development factor (PEG-rHu-MGDF), has been destroyed due
to the development of pancytopenia by antibodies, which cross-reacted with
endogenous Tpo and neutralized its biological activity in PEG-rHu-MGDF
treated adults [109,110]. Current studies using recombinant full-length human
Tpo in adults may contribute to outline future studies on using rTpo in thrombo-
cytopenic neonates.

Novel therapeutic approaches are provided by Tpo mimetic peptides or mini-
body agonists of the Tpo-R. Very recently, minibody agonists, which base on
IgG antibodies against Tpo-R and include diabody or sc(Fv)2 as potent natural
ligand, have been successfully developed. Such minibody agonists have been
shown to bind and to activate two types of dysfunctional mutant c-mpl that
cause CAMT [111].

New aspects of the developmental biology of thrombopoietin

Recent work on the developmental biology of Tpo focuses on its expression and
function in the nervous system. Several haematopoietic cytokines, such as
erythropoietin (Epo) or stem cell factors (SCF), are expressed in the central
nervous system (CNS) and exert favourable biological function [112,113]. For
example, Epo and Epo-R are expressed in the nervous system in a developmen-
tal-stage specific manner [114-118]. Epo mRNA expression can be also up-
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regulated by hypoxia, and Epo acts as a neuroprotective and neurotrophic agent
[112,119,120]. To achieve these effects, Epo must be available in the tissue
within a critical time frame of up to 4 h (in single animal models even longer)
after the insult [112]. These effects have been shown in a variety of in vitro
experiments and animal models representing different mechanisms of tissue
damage such as oxidative stress, ischaemia/stroke, spinal cord and peripheral-
nerve trauma, experimental autoimmune encephalomyelitis, neuronal damage
related to human immunodeficiency virus infection, and retinal damage [121].
In adults with acute stroke, a phase I-1I clinical trial showed that high-dose rEpo
treatment is safe and ameliorates the neurological outcome [122]. Interestingly,
Tpo shares within its functional N-terminal domain a significant homology with
various neutrophins and a small homology with Epo [123]. In addition to Tpo,
c-Mpl is also expressed in the human brain [124]. However, little is known
about the biological function of Tpo and c-Mpl in the nervous system. Although
no major neurological defects have been reported in mice with targeted homo-
zygous deletion of Tpo or c-mpl, the association between cerebral and cerebellar
hypoplasia and c-mpl mutations in the ligand-binding and transmembrane do-
mains of the receptor, leading to cAMT, is striking [28,29].

In our recent study on the expression of Tpo in the developing human CNS,
we found Tpo transcripts in tissue specimens of the myelencephalon, meten-
cephalon, diencephalons, and telencephalon taken between 23 and 41 weeks
post-conception [34]. Considerable differences were obvious in the intensity of
Tpo expression in various areas of the CNS. Highest Tpo mRNA levels were
found in the spinal cord, cerebellum, and cortex cerebri, where the amount of
Tpo mRNA per pg total RNA was as high as in the liver and kidney, which are
the primary organs producing circulating Tpo [34]. Differences in the degree of
Tpo gene expression in the CNS may depend on the cellular composition of the
tissues. In adult rats, neuronal cells, but neither oligodendrocytes nor astrocytes,
of the hippocampus and the cerebellar cortex contain Tpo mRNA. In the cere-
bellum, Tpo is expressed in Purkinje cells [46]. Differences in the expression of
Tpo isoforms in the developing vs. the adult brain suggest that Tpo activity in
the nervous system may be down-regulated by alternative splicing [33,34].
Since Tpo protein may be required to archive biological effects of c-Mpl activa-
tion and endogenous Tpo may not cross the intact blood brain barrier due its
high molecular weight, we analyzed also Tpo protein concentrations in the cere-
brospinal fluid and detected low Tpo concentrations, which were relatively
equal to the corresponding Tpo serum concentration [34]. Most recently, pre-
liminary in vitro data on the biological function of Tpo in the nervous system
have been reported. In this study, Tpo has been shown to stimulate the growth
of c-mpl expressing murine neuronal cells and to exert an antiapoptotic effect
[47].
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DISCUSSION
Moderators: N. Luban and C.Th. Smit Sibinga

M.S. Harvey (Leiden, NL): Dr. Rijkers, you said that neonates and young
children can’t mount an immune response against polysaccharide. However,
children do develop IgM, anti-A and anti-B in the first year of life. Why?

G.T. Rijkers (Utrecht, NL): Because that are polysaccharide antigens. The anti-
bodies are probably induced by polysaccharide containing micro-organisms in
the intestinal tract and cross-react with blood group antigens. The question is
why can you develop these antibodies at an early age . We don’t know for sure.
The most proper explanation is that on the surface of those bacteria the polysac-
charides are complexed with proteins. That creates what in the vaccine world is
named a polysaccharide-protein conjugate. If you vaccinate a young baby with a
polysaccharide-protein conjugate, you do get a response and polysaccharide-
specific B cells that are present can be activated. This is probably the most proper
explanation for the relatively early onset of anti blood group antibodies.

S. Moeslichan (Jakarta, Ind): A question to the panel about the recommendation
of dosage and velocity (transfusion rate/minute) of blood transfusion in
neonates, especially in very low birth weight babies.

A. Brand (Leiden, NL): 1 think doctor Strauss is presenting a meta-analyses,
evidenced based. I can only give my own opinion on dosage. We use ten
millilitres of red cells per kilogram bodyweight for the premature. But that
doesn’t solve your question I think.

N. Luban (Washington DC, USA): You will get your questions answered by
doctor Strauss and others. They will present what is in the literature and what is
wrong with what is in the literature. Some recommendations will surely come
out from that. They maybe varied among different countries actually.

J.B. Bussel (New York, NY, USA): 1 want to make a comment and ask doctor
Brand a question. We had done follow-up in foetuses, that we have treated with
maternal IVIG primarily. We compared 75 sibling pairs where the elder sibling
was the one where the diagnoses of alloimmune thrombocytopenia was made
after birth and than the foetus subsequently treated. We did not do anything like
the elegant immunology studies you did, but we tried to do more of a neuro-
developmental follow-up. We didn’t see in that pairing an increased number of
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hearing losses or other infections, but we did think that the babies did better
develop mentally. We used a questionnaire and the babies who were treated did
better on the adaptability scale. So the question I have for you is whether you
did any neuro-developmental work in your follow-up of the transfusion effect.

A. Brand: In the neonatal alloimmune study we did follow-up, but in
comparison with the Dutch population matched for birth age, gestational age,
and we didn’t find differences in neuro-development either. Only in those cases
who had an intracranial haemorrhage, you find of course retardation. If I
understand you well, you say you compare those children, the first born who
wasn’t treated with IVIG and platelet transfusions, with the second child who
was treated with IVIG and platelet transfusions? Than you see no difference
between the second child and the first child? But corrected I think for those who
develop intracranial damage. So in fact we have the same results.

J.F. Harrison (London, UK): Dr. Dame, is there any incidence of naturally
occurring antibodies to thrombopoietin? Because we know that in the United
States, where volunteers were given the genetically engineered thrombopoietin,
there was an incidence of development of thrombopoietin antibodies which
resulted in a long term thrombocytopenia in these people.

C. Dame (Berlin, D): 1t is correct that in the trials you are referring to, in which
PEGylated recombinant thrombopoietin [from Amgen] has been used, patients
developed antibodies resulting in long-term thrombocytopenia. Natural anti-
thrombopoietin antibodies have not been reported to my knowledge.

J.B. Bussel: Can I comment on that. There is an article that is in press' looking
at 205 patients with ITP, who were studied for that and none of them were
found to have an antibody to thrombopoiectin. Using a different preparation
specifically engineered to not have the biochemical structural problems of the
PEG-ylated form, in 24 patients with ITP treated at different dose levels. This
was presented at ASH this year’. There were no antibodies detected to the
different form and none in 30 controls either.

R.G. Strauss (lowa City, IA, USA): If I can make a comment on this question. In
terms of recombinant growth factors, there are antibodies described — the G-
CSF, GM-CSF, erythropoietin, the PEG-ylated form of thrombopoietin. Particu-
larly, alterations in the carbohydrate structures seem to cause an immunologic
response. Most are non-neutralising antibodies; they don’t interfere with the

1. Aledort, LM, Hayward, C, Chen, MG, Nichol, J, Bussel, JB. Prospective Screening of
205 Patients with ITP including Diagnosis, Serological Markers, and the Relationship
of Platelet Counts, Endogenous Thrombopoietin, and Circulating Anti-Thrombo-
poietin Antibodies. Am J Hematol, 2004 (in press).

2. Bussel, JB, George, JN, Kuter, et al. An Open-label, Dose-finding Study Evaluating
the Safety and Platelet Response of a Novel Thrombopoietic Protein (AMGS531) in
Thrombocytopenic Adult Patients With Immune Thromboctyopenia Purpura (ITP).
Blood, 2003;102: ASH Abstract.
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natural hormones. But with erythropoietin there are a few that have interacted
with the natural hormone, and with thrombopoietin there was the problem also.
So the point is that there are a lot of things about recombinant growth factors
that are not so innocent as we suspect. We are very careful about how they are
being used, particularly in infants. Now, infants may not make antibodies
against growth factors very well, and perhaps this will not be a problem, but I
think we have to be very cautious about how growth factors are being used.
Antibodies might cause a problem, also in normal blood donors. Stimulating
normal donors with erythropoietin and thrombopoietin to get larger numbers of
blood cells to harvest is different, in terms of risk-benefit, compared to a patient
with whom you are willing to take a risk, in the autologous donation setting,
because you are likely to help them.

But the question for Dr. Dame is: are we in danger of drawing incorrect
conclusions by only looking at plasma levels of erythropoietin and
thrombopoietin, rather than looking at paracrine effects in the bone marrow. For
example, if you bleed somebody and look at the erythropoietin levels, they
shoot up very high in plasma. Erythropoietin levels then fall, yet, the marrow
effects go on for quite a while afterwards. In studying thrombopoietin levels,
does looking at plasma levels alone really relate to what goes on in the bone
marrow. My concern is that if we look at plasma only, are we sometimes going
to miss something or draw the wrong conclusion about marrow activity? What
are your thoughts about how cautious we ought to be?

C. Dame: 1 totally agree with you. It was one of my intentions to show you the
potential pitfalls you can make if you measure thrombopoietin concentrations
only. I think, particularly looking at megakaryopoietic activity, it is important to
accept that we need a bone marrow examination. There are some attempts going
on to optimise the detection of megakaryopoietic activity. For example, Martha
Sola is looking at the level of reticulated platelets'. But I think this alone will
not generate the answer. I agree that we must to do more then measuring
thrombopoietin concentrations to understand the situation of the patient.

A. Brand: Dr. Dame, you showed that the TPO receptor is expressing brain like
the EPO receptor, and that the EPO receptor of course is inducible by hypoxia.
EPO is even proposed as a protection against cerebral brain damage. Have you
any idea when the receptor is upregulated in the brain?

C. Dame: 1 showed you data on the thrombopoietin expression in the brain. We
have no data yet on the thrombopoietin receptor expression in the brain. You
may assume that the thrombopoietin receptor is there as well, but this needs to
be investigated. Do we have different information on erythropoietin in the cen-
tral nervous system? We know that erythropoietin is expressed in the brain in a
hypoxia dependent manner. We also know the erythropoietin receptor is ex-
pressed. Furthermore we know that preconditioning increases the expression of

1. Sola MC. Evaluation and treatment of severe and prolonged thrombocytopenia in
neonates. Clin Perinatol. 2004;31:1-14.
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the erythropoietin receptor, which is important to get an optimal response or
effect of erythropoietin, which induces anti-apoptotic pathways in neuronal
cells. I think we have to wait a little bit before we know what thrombopoietin is
really doing in the brain. But I would like to give an outlook that we have most
likely a situation as for erythropoietin that a cytokine or haematopoietic growth
factor has another implication in other organs.

R.G. Strauss: 1 just wanted to ask one question about these brain findings.
Erythropoietin and erythropoietin receptor are expressed in brain. There is much
literature suggesting that these are neuro-protective in some way and that it is
very helpful.

But the two questions are, if I remember correctly, erythropoietin given sys-
temically doesn’t pass into the brain. The erythropoietin in spinal fluid is actu-
ally made within the brain. But I am not certain if that is true for thrombo-
poietin. Actually, almost all foetal and infant tissues have erythropoietin and
erythropoietin receptor genetic machinery.

I assume these receptors and the proteins that are being made probably at
physiologic concentration have a neuro-protective effect. If we give pharma-
cologic doses of these agents to infants for example, are we at more danger,
potentially causing a problem because of the extraordinarily high doses with
extra-systemic effects possible?

C. Dame: This is a very complex question. We know that erythropoietin (34
kDa) crosses the intact blood brain barrier most like in a concentration lower
than one percent. So, going back to Christensen’s and Juul’s data' , it is very
plausible that we see after asphyxia different erythropoietin levels in the cere-
brospinal fluid versus in the circulation. But II think, this is one part of the
whole picture. The other point is that erythropoietin may cross the blood brain
barrier to a higher degree if the blood brain barriers is damaged. These are data
coming from animal experiments’, where erythropoietin concentrations in the
central nervous system gradually increase with the degree of the damage of the
blood brain barrier. These data are the rational for current studies, which are
ongoing for example in Géttingen® In adults suffering from stroke, Ehrenreich
et al. gave erythropoietin in very high concentration within the first three hours.
They have the concept that erythropoietin needs to be given systemically in very
high concentrations so that a relevant amount crosses into the central nervous
system and acts there. However, there are conflicting data. In mutant mice over-
expressing erythropoietin in the brain, the size of an infarct is bigger as in the

1. Juul SE, Stallings SA, Christensen RD. Erythropoietin in the cerebrospinal fluid of
neonates who sustained CNS injury. Pediatr Res. 1999;46:543-7.

2. Alafaci C, Salpietro F, Grasso G, et al. Effect of recombinant human erythropoietin on
cerebral ischemia following experimental subarachnoid hemorrhage. Eur J Pharmacol.
2000;406:219-25.

3. Ehrenreich H, Hasselblatt M, Dembowski C, et al. Erythropoietin therapy for acute
stroke is both safe and beneficial. Mol Med. 2002;8:495-505.



67

controls'. The authors conclude regard that this finding results perhaps from
circulatory problems, but it may be that we seen a side effect.

C.Th. Smit Sibinga (Groningen, NL): Dr Rijkers, given the outcome of the long-
term effects of blood transfusion in haemolytic disease of a newborn in intra-
uterine transfusion as Dr. Brand showed, do you think that the absence of toler-
ance, but also the absence of any type of chimerism relates to the late develop-
ment of the B-cell types and the absence of the Thl responses, and specifically
the late development of the memory cells?

G.T. Rijkers: That is a very good question, but I am not sure whether I can an-
swer that correctly. I don’t think it has anything to do with development of B-
lymphocytes, because those cells will not be activated by the T-cells of the
mother. From the data of Dr. Brand I don’t know whether you can conclude
very firmly whether there is absolutely no memory to those cells. It is of course
a limited set of data. The intra-individual variation is rather large, so maybe
there still is some memory. But on the other hand those transfusions are given
relatively early during embryogenesis. There are certainly the dendritic cell
populations that are most vital in antigen presentation, are not fully developed
yet. I speculate that it is one of the factors why there is not such a long study
impact on the immune system.

A. Brand: We used in the group the long term follow-up of whole blood. So the
donor antigen presenting cells (APCs) are quite viable and capable to induce T-
helper cell proliferations. We had effective antigen presenting cells, the more
intriguing it is that we didn’t find memory cells. Maybe you should repeat the
experiment, but than you should select for the CD45 cells and then look whether
you see an increase of persisting memory cells, but we didn’t do that. If you take
as a model that memory cells are easier, are not inhibited by monoclonal CDS,
are less dependent on IL-2, so you don’t need to add IL-2 if you have potent
memory cells. If you use that definition we didn’t find memory cells. So they
were depending on IL-2 and they were inhabitable by CD8 monoclonals. So, I
agree that there can be additional work done really to prove that they are virtu-
ally absent.

E.F. van Leeuwen (Amsterdam, NL): Dr. Rijkers and Dr. Brand, isn’t it true that
the induction of immune tolerance happens earlier in premature infants, that it is
also depending on the dose of antigens you expose the child and the frequency
you expose the child with the same antigens. Dr. Brand has given transfusions
only from the donor once and not several times the same donor — I don’t know,
that is perhaps the reason why you haven’t seen any immune tolerance. It is a
good practice to use only one unit of blood for a premature infant during the
first month to reduce the donor exposure, but perhaps than you induce immune

1. Wiessner C, Allegrini PR, Ekatodramis D, Jewell UR, Stallmach T, Gassmann M.
Increased cerebral infarct volumes in polyglobulic mice overexpressing erythropoi-
etin. J Cereb Blood Flow Metab. 2001;21:857-64.
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tolerance. When grown up, the child may develop more autoimmune diseases or
not?

G.T. Rijkers: It is not one question, but there are many questions. You are com-
pletely right that the induction of tolerance depends on dose, frequency, route of
immunisation, that is constant in this. But also on whether you have additional
co-stimulatory factors or not. Maybe, that last one is important. The other issue,
that there are arguments to save one unit of blood for one infant to reduce the
exposure. That of course are multiple doses and may give tolerance to that one
particular donor. But that is only one donor, and tolerance is specific. So you
may become tolerant to that single specificity. However, that doesn’t mean that
you will be tolerant to all other potential donors. I am not afraid that will cause a
major problem.

N. Luban: It would be a good idea for the group to comment on the incidence of
auto-immune diseases that have been reported in 20 to 40 year olds who were
exposed to transfusion early on. I think there are now at least three articles in the
literature on that"**. Perhaps you would like to speak to that.

A. Brand: That is another large and different area!

N. Luban: Well, it could be our area in the future since we are exposing the
children to blood transfusion and now these individuals have scleroderma, mul-
tiple sclerosis, etc.

A. Brand: To start to answer the question. For the intrauterine transfusions we
didn’t use the same donor. So we used different donors. But you should realise
that the intrauterine transfusions are relatively massive transfusions. As I under-
stand, you get immune tolerance with lower doses of antigens. Or not? Second,
we evaluated tolerance only against the lymphocytes of the transfusion donor, so
that was the model. We can’t say that we didn’t induce tolerance. We can only
say that we didn’t observe that certain clones have been deleted by the transfu-
sion donor, as was one of the suggestions in, for instance transplantation-
induced modulation — deletion of certain T-cell receptor families. That we didn’t
observe. We always observed a positive response. But you need a clinical model
to show that you really have not induce tolerance.

1. Lee TH, Paglieroni T, Ohto H, et al. Survival of donor leukocyte subpopulations in
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MANAGEMENT OF RED CELL ALLOIMMUNIZATION
IN PREGNANCY
I.L. van Kamp, H.H.H. Kanhai'

History of Red Cell Alloimmunization

Haemolytic disease of the foetus and newborn, also known as erythroblastosis
foetalis, used to be one of the main causes of perinatal mortality for many centu-
ries. Although the clinical picture of extremely hydropic and icteric stillborns
was already described in the 17 century, the pathogenesis of the disease was not
understood until the early 1940s. Darrow published in 1934 an extensive over-
view on the clinical picture and etiologic considerations of neonatal haemolytic
disease [1]. From the observation that the disease frequently occurred in the
offspring in one family, Darrow hypothesized that the placenta may be the
means of transmission of a destructive influence from mother to foetus [1].
Subsequently, Levine and Stetson managed to identify an unknown red-cell
antigen in the blood of a woman who was delivered from a stillborn hydropic
baby [2]. The woman had massive uterine bleeding and appeared to suffer from
a life-threatening transfusion reaction, after being transfused with her husbands
blood. As husband and wife both had blood type 0, Levine and Stetson called
this unknown phenomenon “intra-group agglutination” [2,3]. Simultaneously,
Landsteiner and Weiner discovered an agglutinating factor in th serum of ro-
dents, sensitised with blood from a Macacus Rhesus monkey [4]. As this factor
caused agglutination of the blood of 85% of New York’s population, it was
initially assumed to be similar to the human antibody causing erythroblastosis
foetalis. Eventually, the antibody appeared comparable, though not identical to
the human antibody, but by that time it had been erroneously called “Rhesus”.
After the discovery of the alloimmune origin of haemolytic disease, more in-
sight and knowledge was gained on this pathological process by several studies
[5]. In these years a beneficial effect of maternal and paternal ABO incompati-
bility on the severity of haemolytic disease was observed [6].

Neonatal exchange transfusion as a method of treatment of hyperbili-
rubinaemia was described by Wallerstein in 1946 [7]. This was the first impor
tant step in the prevention of kernicterus, the most serious and feared complica-
tion of neonatal hyperbilirubinaemia, followed in 1958 by the introduction of
fototherapy. However, until the 1960s severe foetal haemolytic disease could

1. Department of Obstetrics, Leiden University Medical Center, Leiden, NL.
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neither be diagnosed nor be treated. Elective preterm delivery of a foetus, as-
sumed to be viable, was the policy in most pregnancies complicated by maternal
Rhesus (D) alloimmunization, aiming to prevent foetal demise and to be able to
start neonatal treatment.

To assess the severity of foetal haemolysis, Liley introduced in 1961 amni-
otic fluid bilirubin measurements by spectrophotometry at 450 nm (AOD450)
[8]. With this technique, a first tool became available to acquire information on
the severity of foetal disease. Despite the invasive nature of the procedure, Li-
ley’s method is still widely used. In 1963 both Clarke et al. and Freda et al.
described a method to prevent Rhesus(D) sensitisation, by administering human
anti-Rhesus(D) immunoglobulin (anti-D) to Rh(D) negative individuals having
blood contact with the Rh(D) antigen [9-11]. This finding is considered to be
amilestone in the management of Rhesus(D) alloimmunization, as by this
an important reduction in the incidence of this potentially serious disease was
attained. The first prevention programs were introduced in most developed
countries from 1968 onwards, and consisted of the administration of Rhesus(D)
immunoglobulin to Rhesus(D) negative women after the delivery of a
Rhesus(D) positive baby [12-15]. To prevent sensitisation, resulting from foe-
tomaternal haemorrhage during pregnancy, antenatal prophylaxis has appeared
to be effective and is nowadays introduced in many countries [16-18].

Another milestone in the management of Rhesus(D) alloimmunization, was
the introduction in 1963 of intrauterine intraperitoneal foetal transfusions by
Liley [19]. This method of treatment of foetal anaecmia was based on the fact
that red cells can be absorbed from the foetal peritoneal cavity and enter the
circulation. In 1966, Liley reported a survival rate of 38% after intraperitoneal
transfusion in 52 pregnancies [20]. Intraperitoneal transfusions were performed
for over 20 years, in centres all over the world. Initially X-ray was used at the
transfusion procedure, but with increasing experience, ultrasonography appeared
to be a reliable and safer method to guide intrauterine needling [21]. Due to
improvements in both technique and in neonatal intensive care, the overall sur-
vival after intraperitoneal transfusions increased from 30% in the early years to
about 70% (90% in the absence of hydrops) in the 1980s [22-24].

The intravascular intrauterine foetal transfusion was first introduced by Rodeck
in 1981 [25]. Initially, intravascular intrauterine transfusions were performed by
the use of foetoscopy [25]. However, soon after the first publication of foetal
blood sampling by ultrasound guided percutaneous cordocentesis by Daffos in
1983, this method to assess the fetal haematological status also became the prefer-
able technique to perform foetal intravascular transfusions [26-28]. Thus far,
many series have shown that this method of direct intravascular foetal transfusion
is superior to the intraperitoneal technique, with improved survival rates especially
of foetuses with hydrops and of those having severe anaemia very early in gesta-
tion [22-24]. Nowadays, the overall perinatal survival rate of foetuses treated with
intravascular transfusions in published series is approximately 90% [29].

From 1970 onwards, the development of advanced ultrasonography resulted
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in its application in pregnancies complicated by maternal red blood cell alloim-
munization. In the first years, ultrasonography was not routinely applied as a
tool to assess foetal anaemia, but merely used to diagnose foetal and placental
hydrops [30,31]. By refinement of ultrasound equipment and progress in skills
in the 1980s, it became possible to suspect foetal anaemia and foetal compro-
mise more accurate and earlier in gestation [21,32]. Ultrasonographic liver and
spleen measurements, based on the assumption that compensatory increased
foetal erythropoiesis causes hepatosplenomegaly, appeared to be useful in the
management of red-cell alloimmunization [33, 34]. To assess foetal condition,
biophysical profile scoring (BPS) was introduced in 1980, combining ultrasound
parameters with the results of cardiotocography [35]. However, given the fact
that foetal heart rate tracings were not performed in the second trimester, the
value of BPS appeared to be limited to the third trimester of pregnancy. Also in
these years, ultrasonographic Doppler flow measurements were introduced, and
these appeared to be promising in diagnosing foetal anaemia by assessing the
hyperdynamic circulation, resulting from a decrease in blood viscosity in anae-
mic conditions [36-43].

Although cordocentesis is clearly the most accurate method to assess the se-
verity of foetal anaemia, this technique never became widely used for pure di-
agnostic reasons in red-cell alloimmunization, due to the estimated procedural
loss rate of about 2% and the additional risk of enhanced maternal sensitisation
[44, 45]. Alternative measures, such as the administration of promethazine or
corticosteroids to the mother and oral desensitisation to the Rh(D) antigen, ap-
peared to have no clear beneficial effect on the onset or severity of foetal or
neonatal haemolytic disease [46-49]. When Clarke stated in 1982 that: “In a
lifetime there has been witnessed not only the discovery of a disease but a way
of preventing it”, he could not be aware of the availability and efficacy of a
method to treat foetal anaemia with intrauterine transfusions in the next decade
[50]. Reviewing the developments in the field of Rhesus(D) alloimmunization in
the past century, it seems right to conclude nowadays, that in a lifetime not only
insight in the pathogenesis and prevention of the disease was gained, but fur-
thermore that a safe and effective treatment of foetal anaemia with intravascular
intrauterine transfusions was developed and implemented in this timescale.

Prevention of Red Cell Immunisation

Immunoprophylaxis

Since the introduction of Rh(D) immunoprophylaxis in 1963, prevention pro-
grams were formulated and implemented in most developed countries [12-
15,51]. In the early years it was established, that sensitisation after a transfusion
volume of 10 ml Rh(D) positive blood, may be prevented by administering 100
mcg of Rh(D) immunoglobulin [52].

Despite its widespread use and efficacy, the mechanism of action of anti-D in
preventing red-cell alloimmunization is unproven. As recently hypothesized by
Kumpel, not only destruction of antigenic red blood cells is a contributing fac-
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tor, but also down-regulation of antigen-specific B cells through co-ligation of B
cell receptors and inhibitory IgG Fc receptors [53]. Anti-D immunoglobulin
appeared not only to be effective in the prevention of red cell alloimmunization,
but also in the treatment of autoimmune thrombocytopenic purpura in Rh(D)
positive individuals [54-57].

In the Netherlands, post-delivery Rh(D) prophylaxis was introduced in 1969,
and consisted of the routine administration of 200 micrograms (1000 IU) of anti
Rh(D) immunoglobulin to Rh(D) negative women, delivering from a Rh(D)
positive baby [15,58]. In addition, in later years it was advised to administer
anti-D also in situations with a certain risk of foetomaternal haemorrhage, such
as abortion, trauma, invasive procedures and external version of the fetus. Klei-
hauer-Betke test was frequently used in situations, likely to be associated with
foetomaternal haemorrhage, in order to administer an adjusted dose of Rh(D)
immunoglobulin. Similar recommendations are current in other countries [59].
In the Netherlands, the post-delivery prophylaxis program resulted in a reduc-
tion of new Rh(D) immunizations from 3.5% in 1969 to 0.6% in 1995 [60].
Comparable rates of reduction of new immunizations were found in the United
Kingdom [17].

However, approximately 1% of Rh(D) negative women develop Rh(D) anti-
bodies as a result of usually small and silent foetomaternal haemorrhages, espe-
cially occurring during the last trimester of pregnancy [61].To prevent
sensitisation during pregnancy, different schemes of antenatal prophylaxis have
been studied in several countries [62,63]. Studies focused not only on efficacy
but also on cost-effectiveness of antenatal Rh(D) immunoprophylaxis [14,61-
64]. Recently a meta-analysis showed that the antenatal administration of 100
mcg of anti-D at 28 and 34 weeks of gestation reduces the risk of immunization
from about 1.5% to about 0.2% without any adverse effects [18]. Implementa-
tion of antenatal prophylaxis started in the 1990s and became part of red-cell
alloimmunization prevention programs in most developed countries [65,66]. In
the Netherlands, antenatal immunoprophylaxis was started in 1998 and consists
of the administration of 200 mcg (1000 IU) anti-D at 30 weeks gestation to
Rh(D) negative women with no living child. For this regimen was chosen as
supplies of human anti-D were limited and as the highest cost-effectiveness was
reported in primigravidae [64]. Although it is assumed, that monoclonal anti-D
may replace the currently used human polyclonal anti-D in future, the safety and
efficacy of these preparations in the prevention of anti-D sensitisation is still
subject to further studies [67].

Matched Blood Transfusions

As was already observed by Levine in 1955, clinically significant haemolytic
disease can also be caused by non-Rh(D) red-cell alloantibodies, of which
Rhesus(c) and Kell are the most frequently observed [68-72]. However, Fy and
Rhesus(E) and Rhesus(C) immunization may occasionally also result in signifi-
cant foetal or neonatal disease [73-76]. Contrary to other sensitisations, inducing
foetal anaemia by haemolysis of circulating red blood cells, Kell antibodies
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cause anaemia in the foetus by specifically inhibiting the growth of erythroid
Kell positive progenitor cells [77-78].

Most of the non-Rh(D) immunizations occur following unmatched blood
transfusions. Prevention of a potentially hazardous immunization after blood
transfusion is only possible by routinely screening and matching of donor blood
for those antigens, for which sensitisation may cause alloimmune haemolytic
disease. In the Netherlands, the advice to transfuse Rhesus(c), Rhesus(E) and
Kell compatible blood to all women till the age of 45 years, was formalized in
1994. However, not all blood banks adopted this advice. Moreover, as immuno-
prophylaxis is not available for non-Rh(D) disease, immunizations during preg-
nancy will continue to occur.

Maternal Serum Testing

Antibody Assessment

Until recently, only Rh(D) negative women were screened in pregnancy for
the presence of red-cell alloantibodies. Nowadays, most caregivers in the west-
ern world assume it to be good clinical practice, to perform a red-cell antibody
screen at least in the first trimester of every pregnancy, a regimen also imple-
mented in the Netherlands in 1998 [79]. A positive screen test should only be
followed by serial assessment of antibody titres, if one or more of the detected
antibodies are known to cause foetal haemolysis and anaemia. Antibodies of the
IgM type do not cross the placenta and therefore neither result in foetal nor
neonatal haemolysis.

Ever since the discovery of alloimmune Rh(D) antibodies, a relation between
antibody concentration and the severity of haemolytic disease has been assumed
[80]. Antibody levels may be assessed as titres, respectively with saline, albumin
or with the indirect antiglobulin (Coombs) test, or alternatively be quantified in
IU/ml, the latter being general practice in the United Kingdom. Due to these dif-
ferent techniques, it is difficult to universally assess a critical anti-D titre or con-
centration for haemolytic disease. A risk for significant foetal or neonatal disease
is frequently assumed to exist at a minimum anti-D titre of 1:16 in the albumin
method, and therefore invasive testing is frequently initiated from this cut-off level
[81]. Bowell et al. postulated a critical anti-D concentration of 4 TU/ml [80]. In
contrast, Nicolaides et al. found severe foetal anaemia at cordocentesis only, if the
maternal anti-D concentration exceeded 15 IU/ml, and consequently they consid-
ered this concentration as a threshold for invasive antenatal intervention [82].
From the study of Moise et al., it may be concluded that adjustment of all formerly
assumed critical titres is necessary [83]. We recently found, that foetal disease is
not to be expected with anti-D titres below 1:128 in the indirect globulin test
[84].0Our study and those of others indicate that the value of any critical titre in
predicting haemolytic disease is highly debatable [83-86].

The poor correlation between antibody titre and severity of disease may be
explained by the composition of IgG subclasses [87, 88]. Anti-D antibodies of
the IgG3 subclass are known to induce more severe haemolysis than that of the
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IgG1 subclass. This phenomenon is probably caused by a difference in binding
capacity to the Fc receptor of monocytes [89]. IgG2 and IgG4 anti-D antibodies
have even less clinical significance [87]. Another reason for the poor predictive
value of serum antibody levels may be the protective effect of maternal FcR-
blocking IgG alloantibodies, that are directed against HLA-DR antigens. This
mechanism was described in 1993 by Dooren et al., and may explain the inci-
dental occurrence of mild haemolytic disease after prior pregnancies with severe
disease [90].

As there is a poor correlation of non-Rh(D) antibody titres and foetal or neo-
natal haemolytic disease, careful foetal monitoring is advisable in these cases,
independent of the antibody level.

Functional Bioassays

Nowadays, several functional bioassays are available and may be superior to
antibody testing in predicting the severity of haemolytic disease [91-94]. Many
studies have been performed on the value of the following bioassays: the mono-
cyte monolayer assay (MML), the chemiluminescence test (CL) and the anti-
body-dependent cell-mediated cytotoxicity assay (ADCC test), in the manage-
ment of alloimmune haemolytic disease. Studies on the value of ADCC testing
in red cell alloimmunization were performed in the early 1980s by Urbaniak et
al., but also in the department of immunohaematology of the Central Laboratory
of the Netherlands Red Cross Blood Transfusion Service in Amsterdam [89,91].
Mollison compared the predictive values of different functional bioassays and
concluded that the antibody-dependent cell-mediated cytotoxicity assay (ADCC
test) was the best predictor for the severity of Rh(D) haemolytic disease [95].
ADCC testing was routinely used in Leiden in the management of red-cell allo-
immunization in pregnancy, during the past 20 years. The clinical usefulness of
the ADCC test in predicting foetal alloimune haemolytic disease, was confirmed
in our recent retrospective study [84].As foetal anaemia warranting transfusion
in Rh(D) alloimmunization does not occur at ADCC values less than 30%, it
was concluded that referral to specialized centres for non-invasive and if neces-
sary invasive monitoring may be restricted to those women having ADCC val-
ues exceeding 30 to 50% [84].

Paternal Zygosity and Foetal Typing

Determination of the paternal Rh(D) status should always be the next step after
the detection of maternal Rh(D) alloantibodies. Approximately 85% of the white
population of Europe and North America is Rh(D) positive. In case of paternal
Rh(D) positivity, heterozygosity is expected in 56%, with a subsequent chance
of 50% for the fetus to be Rh(D) negative. Until recently paternal Rh(D) zygos-
ity could only be assessed with a 95% certainty. As the molecular structure of
the Rh gene cluster is nowadays defined, paternal zygosity can be determined
with certainty using PCR techniques [96]. The assessment of paternal blood
type and zygosity is equally important in clinically relevant non-Rh(D) maternal
immunizations.
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If the father is heterozygous for the antigen concerned, it is advantageous to
determine the foetal antigen when possible. Different invasive methods, such as
cordocentesis, chorionic villi sampling and amniocentesis have been used, start-
ing in the 1970s, with the aim to assess the antigen status on thus acquired foetal
material [97-99]. Being the lesser invasive and safest technique, amniocentesis
is nowadays preferred and routinely offered in most centres for both foetal
Rh(D) and Kell typing, by means of multiplex PCR analysis of amniocytes
[100-102]. To avoid the risk on foetomaternal haemorrhage, transplacental nee-
dling at amniocentesis should be avoided in the presence of maternal red-cell
alloimmunization [103,104]. Chorionic villus biopsy carries a higher risk on
foetomaternal bleeding and subsequent enhanced sensitisation and should there-
fore preferably not be performed in red-cell alloimmunized pregnancies
[105,106].

An important development was the determination of free foetal DNA from
maternal plasma using PCR analysis, first introduced by Lo in 1998 [107]. Sev-
eral studies have been performed in this field and at present this test is consid-
ered reliable for antenatal Rh(D) typing and is being introduced in most
countries [108,109]. In future, apart from identifying foetuses at risk for allo-
immune haemolytic disease, this test may also be used to select only those
Rh(D) negative women that carry a Rh(D) positive foetus, for antenatal im-
munoprophylaxis [108].

Obstetric History

Haemolytic alloimmune disease appears to be a poorly predictable disorder. It
has long been noticed, that the severity of the disease usually becomes progres-
sively worse in subsequent pregnancies [110]. However, a similar or even a
remarkable milder course than in a previous pregnancy may occur [110,111]. A
protective effect of maternal FcR-blocking alloantibodies may be an explanation
for the incidentally observed milder course of disease [90].

Management protocols usually consider it safe, to start the first intervention
at approximately 10 weeks before the earliest previous foetal or neonatal death,
foetal transfusion, or birth of a severely anaemic baby [112]. However, there is
no good evidence to support this regimen. Moreover, relying on obstetric history
carries the risk of underestimating the severity of the disease. It may therefore
be wise, to start close foetal monitoring in all pregnancies of women with high
antibody levels early in the second trimester, irrespective of the obstetric history
[113].

Plasmapheresis

Plasmapheresis in red-cell alloimmunization, first introduced in 1970, has been
used for many years in severely alloimmunized women with a poor obstetric
history [114-116]. The aim of this treatment was to lower maternal circulating
antibody levels. Initially, with this technique large volumes of plasma were
removed and replaced with donor plasma. In later years, techniques were modi-
fied and a scheme of weekly small volume plasmapheresis was generally pre-
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ferred [117]. The background of the weekly scheme was the finding of Rubin-
stein, that most sensitised individuals have clear-cut weekly cycles in which
antibody levels vary [118]. The value of plasmapheresis in preventing severe
foetal haemolysis has never been proven. Therefore, plasmapheresis is not im-
plemented in the modern routine management of alloimmune haemolytic dis-
ease, although this method is still applied by some, usually in combination with
immunoglobulin treatment [119,120].

Immunoglobulin in Red Cell Alloimmunization

Maternal intravenous immunoglobulin (IVIG) treatment is considered to be
effective in the treatment of foetal alloimmune thrombocytopenia [121,122]. In
the 1980s, immunoglobulin was also applied in red-cell alloimmunization, and
although different results were reported, most studies suggested a positive effect
[123-130]. Moreover, no adverse effects have been reported. The mode of ac-
tion of IVIG in red-cell alloimmunization is hypothesized to be a combination
of at first inhibition of antibody synthesis, at second Fc receptor blockade in
reticuloendothelial tissues and at third blockade of Fc mediated placental trans-
port of antibodies. Gottvall and Selbing concluded from their study, that IVIG
mainly acts on red cell destruction by Fc receptor blockade [128]. The main
reasons for the limited experience with immunoglobulin treatment in red-cell
alloimmunization are the extremely high costs of this preparation and the fact
that severe alloimmune fetal anaemia may nowadays be safely treated with
intrauterine intravascular transfusions. However, though not routinely applied,
intravenous immunoglobulin is still used by some in red-cell alloimmunization
[128-130]. Voto et al. recently concluded, that maternal treatment with IVIG
followed by intrauterine foetal transfusion resulted in a significantly less occur-
rence of foetal hydrops and in a higher perinatal survival rate, when compared
to foetuses only treated with intrauterine transfusions [130]. Although the lim-
ited experience thus far suggests a beneficial effect of IVIG in red-cell alloim-
munization, there is much doubt on the cost-effectiveness of this treatment.
However, it may be hypothesized, that additional maternal IVIG treatment may
be of benefit, to prevent the early onset of foetal haemolytic disease in those
women with a poor obstetric history.

A study on IVIG administration directly to the foetus at intravascular transfu-
sion, showed no beneficial effects, when compared with foetuses treated with
transfusions only [131]. It was suggested that the IVIG dose, limited to prevent
overload of the foetoplacental circulation, might have been too low to reveal a
conceivable positive effect [131].

Foetal monitoring

Amniocentesis

The issue of chronic foetal haemolysis in red cell alloimmunization inspired
Liley in 1961 to initiate amniotic fluid bilirubin measurements by spectropho-
tometry at 450 nm (AOD450) [8]. This concept was previously studied by Bevis



79

in 1950 [132]. By measuring foetal haemolysis, the degree of foetal anaemia is
estimated, and this was for many years the cornerstone for the management of
red-cell alloimmunized pregnancies and an important tool for the most optimal
timing of intrauterine transfusion therapy. Liley described in 1963 some pitfalls
of the new technique, but he also estimated some years later that by the use of
serial amniotic fluid bilirubin measurements, 70% of otherwise fatally affected
erythroblastotic babies may survive, as hydrops is avoided by timely intrauterine
transfusion [133, 134].

Originally, Liley described and interpreted amniotic fluid measurements from
27 weeks gestation onwards. Amniocenteses were performed serially with 2 to 3
weeks intervals [8]. The timing of the first amniocentesis depended on obstetri-
cal history and maternal Rh(D) antibody titre. Results were plotted against ges-
tational age in Liley’s chart, of which the lower zone indicated absence or just
mild anaemia, the middle zone suggested mild to moderate anaemia, and in the
upper zone severe anaemia was assumed [8]. Intrauterine treatment by transfu-
sion, in later years preceded by foetal blood sampling, was recommended if
AOD450 measurements reached Liley’s zone III or the upper-third of zone II. In
later years, Liley and others performed amniocenteses for the assessment of the
degree of foetal haemolysis, also in the second trimester of pregnancy, by ex-
trapolating the original curves [134].

Though infrequently occurring, maternal diseases such as hepatitis and sickle
cell disease are known to falsely elevate bilirubin optical density measurements
in amniotic fluid, moreover, the results are also altered by exposure to light and
the presence of meconium and red blood cells. The severity of foetal anaemia is
the net result of both haemolysis and compensatory haematopoiesis. Therefore,
the most important explanation for the sometimes disappointing predictive value
of Liley’s method for foetal anaemia, is the fact that this method merely indi-
cates the amount of foetal haemolysis and not the foetal haematopoietic re-
sponse. Given the fact that foetal anaemia in Kell alloimmunization
predominantly results from suppression of erythroid progenitor cells, and to a
lesser extent from haemolysis of peripheral red blood cells, bilirubin measure-
ments in amniotic fluid are not assumed to be of value in estimating foetal
anaemia in this alloimmune condition [77,78].

Since the introduction of amniotic fluid bilirubin measurements in red cell al-
loimmunization, many studies have been performed, to test both the accuracy of
the technique in predicting fetal anaemia and its applicability in the second
trimester of pregnancy [135-142]. More accurate studies on this subject could be
performed after the introduction of foetal blood sampling in 1983, creating the
opportunity to correlate Liley’s method directly with the actual foetal haema-
tocrit [26]. The clinical usefulness of amniotic fluid bilirubin measurements,
studied by Nicolaides et al. in relation with cord blood haematocrit, appeared to
be disappointing before 27 weeks gestation, as the severity of anaemia could not
be reliably predicted by the trend in optical density [139]. Adjustments of the
curves for use in the second trimester were suggested by Queenan et al. [143],
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but later studies showed no clear benefit over the original Liley chart [144]. A
recently published study in this field showed encouraging results, regarding the
ability of Liley’s method to predict severe foetal anaemia in both the second and
third trimester of pregnancy, with sensitivities of 95% and 98% respectively for
values in zone III and the upper third of zone II [145].

Not only the reliability of the method but also the complication rate of am-
niocentesis is a reason of concern, since in red-cell alloimmunization this proce-
dure is often serially performed, with intervals ranging from one to four weeks.
Foetal loss after the early “genetic” amniocentesis was extensively studied and
appears to be around 0.5% [146-149]. Moreover, there is the risk of enhanced
sensitisation, especially after transplacental needling [102, 103]. Although Li-
ley’s method has at least appeared to be of great use in the past 40 years, non-
invasive methods to accurately diagnose foetal anaemia are highly preferable, in
order to eliminate all additional risks of amniocentesis.

Cordocentesis

Fetal blood sampling is without any doubt the most reliable method to assess
foetal haematocrit in a situation at risk for foetal anaemia. Initially foetal blood
was sampled by foetoscopy, but in later years the safer ultrasound guided percu-
taneous approach was preferred by most [26,150,151].

In the 1980s, several experienced clinicians have advocated the routine use of
cordocentesis as the primary and only test to assess the degree of foetal anae-
mia, in pregnancies complicated by red-cell alloimmunization [152-154]. Not
surprisingly, Nicolaides et al. concluded from their study on second trimester
amniocenteses, that the only reliable method to determine the severity of rhesus
alloimmunization was the direct measurement of foetal haemoglobin [139].
Weiner et al., who started performing serial diagnostic cordocenteses at indirect
globulin titres of 1:8, also concluded that a foetal blood sample in haemolytic
disease permits a reliable identification of the foetus at risk of having anaemia
[153]. Despite the clear advantages of foetal blood sampling in the management
of red-cell alloimmunization, there is also the indisputable risk of complications
related to the procedure. Often transient foetal bradycardia is observed during or
after 2.4 to 12% of cordocenteses [155-162]. Bleeding from the puncture site
also frequently occurs, especially after transamniotic needling and in the pres-
ence of foetal thrombocytopenia [155,157, 160,161,163]. Although foetal bra-
dycardia and bleeding are generally transient complications of cordocentesis, on
occasion bleeding, infection, cord haematoma and premature rupture of mem-
branes may result in foetal demise [155-167]. Reported foetal loss rates after
ultrasound guided percutaneous foetal blood sampling, performed after 18
weeks of gestation in a low risk population, vary from 0 to 3.1% [44, 45,157-
164]. Foetal losses significantly more often occur after puncturing the umbilical
artery [164]. Maxwell et al. found foetal loss after cordocentesis to be clearly
related to the indication of the procedure, with rates varying from 1.3% in unaf-
fected low risk foetuses to 25% in pathological conditions [168]. Ghidini et al.
reviewed the literature on cordocentesis, and reported a total foetal loss rate of
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2.7%, consisting of a foetal loss of 1.4% before 28 weeks and an additional
1.4% risk on perinatal death after 28 weeks [44]. By correcting loss rates after
foetal blood sampling for the background loss in a control group of healthy
subjects, Tongsong et al. recently assessed a pure procedure-related foetal loss
rate of the procedure of 1.4% [45].

Apart from acute complications that jeopardize the foetal condition, boosting
of maternal antibody titres may result in an increase of the severity of foetal and
neonatal disease, not only in the current but also in future pregnancies [169-
173]. As serious complications do occur, cordocentesis in red-cell alloimmuni-
zation should nowadays only be performed, if foetal anaemia is seriously sus-
pected and therefore with blood available to be able to perform a foetal trans-
fusion in the same procedure.

Cardiotocography, Electrocardiography, Fetal Movements and Biophysical
Profile Scoring

In the third trimester of pregnancy, cardiotocography (CTG) may show ab-
normal foetal heart rate patterns in the presence of foetal anaemia. In the 1980s
a sinusoidal foetal heart rate pattern was described in relation to severe foetal
anaemia [174-178]. In later years not only sinusoidal patterns, but also tachy-
cardia, loss of baseline variability and decelerations were described in foetal
heart rate tracings of foetuses with severe anaemia [178-182]. Nicolaides et al.
studied foetal heart rate patterns in relation to foetal haemoglobin and oxygena-
tion at cordocentesis, and found non-reactive, suboptimal or pathological foetal
heart rate patterns more commonly in hypoxaemic and anaemic foetuses
[180,181].

However, the sensitivity of these pathologic patterns in predicting moderate
to severe hypoxaemia or anaemia was 45% and 33% respectively [181]. From
their studies, Nicolaides et al. concluded that pathologic foetal heart rate pat-
terns, occasionally observed in foetal anaemia, were more likely associated with
a disturbance in foetal oxygenation than with the haemoglobin deficit [181].
Therefore, abnormal foetal heart rate tracings in red-cell alloimmunization may
be expected particularly if foetal condition is seriously compromised. From
these and other studies, it was concluded, that normal heart rate tracings may
falsely reassure the clinician, and that cardiotocography is a poor predictor of
the presence of foetal anaemia [180-182]. This is in accordance with the conclu-
sion of a recent Cochrane review, implicating that in general there is no evi-
dence that cardiotocography is useful for antenatal foetal assessment [183]. In
addition, an important limitation of cardiotocography is the fact that it is imprac-
ticable in the second trimester of pregnancy.

An alternative method to predict foetal anaemia was evaluated by Eco-
nomides et al. and consisted of the computerized measurement of foetal heart
rate variation in relation to foetal haematocrit in Rh(D) alloimmunized pregnan-
cies [184]. In this study, computerized foetal heart rate variation analysis ap-
peared to be of limited value in the prediction of foetal anaemia, as not only
positive predictive values of 85% to 90% were found, but also negative predic-
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tive values up to 57% [184].

Studying foetal electrocardiography in red cell alloimmunization, Brambati et
al. found a clear correlation between ventricular depolarisation time and haemo-
globin at birth, suggesting the early involvement of the foetal heart in anaemia
[185]. However, the clinical usefulness of foetal electrocardiography in red-cell
alloimmunization has not been established, since no further studies have been
performed on this subject. Absent or diminished perception of foetal movements
by the mother has also been reported in severely anaemic and hydropic foetuses
[186,187]. Although abnormal movements may predict a poor perinatal out-
come, absence of foetal movements is a late and ominous sign, often preceding
foetal or neonatal demise [188]. Therefore the maternal perception of foetal
movements is not eligible for the assessment of the degree of foetal anaemia,
although diminished movements should be taken seriously, as this symptom
may indicate an unexpected severely compromised foetal state.

Biophysical profile scoring (BPS) is advocated by some, in order to discrimi-
nate those severely hydropic foetuses having a seriously compromised condi-
tion, who may benefit of special precautions, such as limitating volume load at
intrauterine transfusion [189]. However, in general there is no evidence from
randomised trials to consider biophysical profile scoring as a reliable test of
foetal well-being in high risk pregnancies [190].

Ultrasound and Doppler

Visualization of the foetus in red-cell alloimmunization was first experienced
at the Leiden University Hospital in the late 1960s, by injecting fat-soluble and
water-soluble contrast media in the amniotic cavity, followed by a roentgeno-
gram 24 hours later [191]. This so called foetography was used to guide intrau-
terine intraperitoneal transfusions, first performed in Leiden in 1965 by Benne-
broek Gravenhorst [22,192,193]. Although not meant for this purpose, by
visualizing fetal contours and intestines, a gross impression of foetal condition
and of the presence or absence of foetal hydrops could be gained by the use of
foetography.

The first experience with ultrasonography in red cell alloimmunized preg-
nancies date from the early 1970s [31, 194]. Langezaal studied in Leiden pla-
cental thickness in a cohort of 42 red cell alloimmunized pregnancies, and found
a significant correlation of placental thickness and amniotic fluid optical density
[194]. In subsequent years, ultrasonography was predominantly applied to guide
intrauterine intraperitoneal transfusions and to diagnose foetal hydrops [30,
195,196]. However, a large proportion of foetuses with severe anaemia appear
to have no signs of hydrops, as was shown by both Nicolaides et al. and Chit-
kara et al. [197,198]. In order to diagnose foetal anaemia or early signs of foetal
hydrops, ultrasound measurements such as: placental thickness, cardiac enlarge-
ment, liver size, abdominal circumference, umbilical vein diameter and spleen
perimeter, have been studied and applied in pregnancies complicated by mater-
nal red-cell alloimmunization [31,33,34,194, 107-204]. Unfortunately, studies
on the correlation of sonographic findings with the actual degree of foetal
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anaemia, revealed that the value of most ultrasound measurements in predicting
foetal anaemia appeared to be foetal liver length and spleen perimeter, as was
found in several studies [34,203,204]. Although polyhydramnios was for many
years considered to be an important symptom of severe red-cell alloimmuniza-
tion, amniotic fluid measurements do not play a role in the management of red-
cell alloimmunization, as most severely anaemic foetuses without hydrops and
about 50% of those with hydrops have normal amniotic fluid volumes [197].

The use of Doppler in pregnancies complicated by red-cell alloimmunization
is based on the assumption of a hyperdynamic circulation in foetal anaemia,
resulting from the combination of decreased blood viscosity and increased car-
diac output. The first experiences were published in the early 1980s [36,37,205].
After the introduction of cordocentesis, the value of Doppler measurements to
predict foetal anaemia could be studied, by correlating the results with the actual
foetal haematocrit. Doppler studies were performed and studied in several foetal
vessels, such as: the umbilical vein, the thoracic aorta, the common carotid
artery, the inferior vena cava, the ductus venosus, the splenic artery and the
middle cerebral artery [38-43,204-212]. Although foetal haemoglobin appeared
to be negatively correlated with blood flow velocities in most vessels, the accu-
racy and clinical usefulness of Doppler measurements often appeared to be
disappointing [42, 206, 209]. The clinical value of some of the measurements is
also limited by the fact that the feasibility and reproducibility not only depend
on foetal position but also on training and expertise. Doppler blood flow veloc-
ity measurements in the intrahepatic umbilical vein and in the middle cerebral
artery appeared to be better predictors of foetal anaemia than liver and spleen
measurements [41,215,216]. By now, large prospective studies regarding this
subject have shown that the peak systolic velocity in the middle cerebral artery
appears to be the most reliable predictor of foetal anaemia, with reported sensi-
tivities up to 100% [215-220]. Other studies revealed that middle cerebral artery
peak systolic velocity tends to decrease immediately and significantly following
correction of foetal anaemia by intrauterine transfusion [221,222]. Moreover,
middle cerebral artery peak flow measurements may presumably also be applied
for the optimal timing of subsequent intrauterine transfusions after intrauterine
transfusion therapy was initiated [223]. However, despite the promising results
of Doppler middle cerebral artery peak flow measurements in red cell alloim-
munization, others conclude that rigorous prospective research is still impera-
tive, in order to produce more valid and reliable estimates of diagnostic test
accuracy and effectiveness [224,225]. Although further research is needed, it is
not just hypothetical, that invasive foetal testing in red-cell alloimmunization
may in the near future be completely replaced by non-invasive testing, carrying
no additional risks.

Intrauterine Transfusion

Intraperitoneal Transfusion
In the first decade after the introduction of this technique, intraperitoneal foe-
tal transfusions were performed by the use of X ray and amniography or foeto-
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graphy [19,191,193]. Reported survival rates in these years were approximately
50% (range 38%-71%) [22,134,226-233]. Foetuses with hydrops had signifi-
cantly lower mean survival rates (32%; range 7%-57%), than those without
hydrops (63%; range 44%-80%) [22,227-233]. A lesser absorption of erythro-
cytes from the foetal intraperitoneal cavity is one of the possible explanations of
the poor outcome of alloimmune hydrops [234,235].

From 1980 onwards, most intraperitoneal transfusions were performed under
ultrasound guidance. In these years, overall survival rates increased to about
70% (range 54%-92%) [22-24,228,229,236-240]. Again survival was highest in
the absence of hydrops (mean 87%; range 69%-100%), whereas outcome re-
mained disappointing in the presence of hydrops (mean 49%; range 36%-75%)
[22,23,228,229,236-240]. Bennebroek Gravenhorst and others not only reported
a lower survival of hydropic fetuses, but also of those needing intrauterine trans-
fusion before 26 weeks of gestation [22,228].Nicolini et al. found that intraperi-
toneal pressure monitoring during the procedure reduced the risk on complic-
ations and therefore improved the outcome of intrauterine transfusion therapy
[241].However, this method never became widely used.

In the first follow-up studies on the development of children, surviving after
intrauterine intraperitoneal blood transfusions, minor and major handicap rates
of respectively 17% and 5% were reported [242-244]. However, White et al.,
comparing the outcome after intrauterine intraperitoneal transfusions with con-
trols, matched for gestational age, birth weight and mode of delivery, found no
differences in developmental outcome [245]. Viétor et al. found that donor cells
in recipients of intraperitoneal transfusions may persist for over 20 years, with-
out demonstrable immunological consequences [246].After the introduction of
the intravascular transfusion technique, Harman et al. conducted a case control
study, comparing outcome and complications of intraperitoneal versus intravas-
cular transfusions [23]. As the intravascular approach performed better on al-
most every level studied, such as: procedural complications and traumatic death,
the authors concluded that intraperitoneal transfusion should only be used in
very limited circumstances [23].

Others combined the intravascular with the intraperitoneal approach and
found a more stable haematocrit after transfusion, allowing longer intervals
between the procedures [247-249]. Nicolini et al. performed intravascular trans-
fusions in the intrahepatic part of the umbilical vein, and therefore the combined
procedure in their study was carried out by a single needle insertion in the fetal
abdomen [249]. Nowadays, this latter technique is by most assumed to be one of
the few advisable applications of intraperitoneal transfusion. In addition, intrap-
eritoneal transfusion may still be a reasonable alternative if all attempts to per-
form an intravascular transfusion fail.

Intravascular Transfusion

Technical aspects and foetal adaptation to transfusion — The first attempts to
perform foetal exchange transfusions date from the 1960s [250-252]. As the
procedures could only be performed by hysterotomy, loss rates were high and
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therefore these techniques were not applicable to clinical practise. It was not
until 1981, that a safe intravascular transfusion technique was introduced [25].
Rodeck et al. published the first results of their foetoscopically guided intravas-
cular technique in 1984, and reported an overall survival rate of 72% [253].
Survival of foetuses with hydrops was comparable to those without hydrops,
and a survival rate of 84% was found when the initial transfusion was performed
at or before 25 weeks of gestation [253].

Ultrasound-guided techniques were described soon after the first reports on
direct intravascular foetal transfusion and soon became established practice,
being less invasive and therefore safer [27,28]. Percutaneous foetal blood sam-
pling is usually performed with the use of a 20 to 22 Gauge spinal needle [254].
Ultrasonography is not only indispensable for visualizing and guiding the needle
tip at intrauterine transfusion, but also for monitoring both foetal condition and
progress of the procedure by observing a continuous echogenic venous turbu-
lence during transfusion [255].

Rodeck et al. first introduced a formula for calculating the volume of blood to
be transfused to the fetus, based on the estimated foetoplacental volume (V), the
actual foetal haematocrit (Ht;), the donor blood haematocrit (Ht,) as well as the
desired haematocrit (Ht;) [Transfusion volume=V(Ht;-Ht;) / Ht,] [25]. Nowa-
days, this formula is still being used by many, performing intravascular transfu-
sions. However, new formulas, generally based on different calculations of
foetoplacental volume and occasionally on estimated foetal weight, have been
designed by others [256-262]. The timing of a subsequent transfusion largely
depends on the assumed haematocit decline after the procedure that, according
to most studies, is estimated to be 1 to 2% per day [248,256,259,263-265]. Ab-
del-Fattah et al. found no difference in the daily decline of foetal haemoglobin
after transfusion in the presence or absence of hydrops [266]. The limited ex-
perience with intravascular transfusion of maternal red blood cells suggests, that
there may be less consumption of maternal than of donor red blood cells [267].
However, red cell decline after intrauterine transfusion not only depends on rate
of destruction of erythrocytes, but also on changes in foetoplacental volume,
predominantly resulting from fetal growth [268]. Moreover, the rate of decline
of foetal red cells, usually disappearing during the interval between the first and
second transfusion, is unpredictable. For the optimal timing of the next proce-
dure or alternatively to plan delivery, apart from the expected haematocrit de-
cline, close surveillance of the foetal condition by ultrasound and Doppler
remains of utmost importance [223].

Direct intravascular foetal transfusions are not only being performed in the
umbilical cord at the cord insertion, or alternatively in a free loop of cord, but
also in the intrahepatic portion of the umbilical vein [27,28,269,270]. Intrauter-
ine transfusions in the umbilical cord are preferably performed in the vein, as
puncturing one of the umbilical arteries is associated with a higher complication
and loss rate [271-273]. The intrahepatic approach may be considered as a safe
alternative to cord needling, as was found by Nicolini et al. [270]. However, it
was demonstrated by Giannakoulopoulos et al. that needling the foetal trunk for
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intrahepatic transfusion resulted in a significantly greater increase in foetal
plasma noradrenalin levels, when compared to puncturing the placental cord
insertion [274]. Foetal discomfort at intrahepatic procedures is also suggested by
the finding of an acute cerebral haemodynamic response, that was not observed
at cord punctures [275]. The safety of intracardiac fetal transfusions, performed
in some centres, has not been proven, due to the limited experience of this tech-
nique [276-278].

Especially in the first years after the introduction of direct intravascular foetal
transfusions, some choose to perform a foetal exchange transfusion instead of a
simple transfusion [279-281]. Studies comparing different techniques revealed
that the foetus generally may tolerate a bolus transfusion and that the procedure
time of simple transfusions is shorter than for exchange transfusions [248,281].
Although theoretically exchange transfusion may result in a more stable haema-
tocrit, allowing longer intervals between procedures, there is also a supposed
increased risk of accidental needle displacement that may result in cord compli-
cations and bleeding [279]. Nowadays, exchange transfusions are reserved by
most for those severely anaemic foetuses, assumed to have a compromised con-
dition, in order to reduce the volume load administered [189]. Selbing et al.
found a negative correlation between net transfusion volume and fetal survival
in a series of 124 consecutive intravascular transfusions [282]. Radunovic et al.
confirmed the poor tolerance of particularly severely anaemic and hydropic
foetuses to large and acute increases in haematocrit [283]. Therefore, not only
exchange transfusion, but also frequent small volume transfusions may alterna-
tively benefit the outcome in severe foetal compromise [189]. Hallak et al.
found adverse outcome at transfusion to be related to umbilical vein pressures
exceeding 10 mm Hg [284]. From these results, and that of other studies, it was
hypothesized that intravascular pressure monitoring at transfusion may increase
the safety of the procedure [284-286]. However, this concept dates from over 10
years ago and there is no evidence from recent studies to support the clinical
value and usefulness of pressure monitoring at intrauterine transfusion.

The striking foetal tolerance to volume expansion has been subject to many
studies. It has been demonstrated in animal studies, that foetoplacental volume
only moderately increases after transfusion, and also that afterwards this volume
rapidly returns to pre-transfusion values [287]. Doppler studies in human foe-
tuses showed a decrease in blood velocity in most vessels, immediately follow-
ing transfusion, generally explained by the increase in blood viscosity resulting
in a decrease in stroke volume and a fall in cardiac output [221,222, 288-293]. It
has been postulated that the rapid adaptation of the foetus to volume load is
mediated by vasoactive substances, such as: prostaglandins, vasopressin, atrial
natriuretic peptide (ANP) and endothelin [294-300]. Studies on foetal oxygena-
tion at intrauterine transfusion confirm foetal tolerance to volume load and trans-
fusion with adult red blood cells [301,302]. Minor and generally transient
changes in foetal blood gas and acid-base status were found after transfusion,
consisting of a slight decrease in pH and base excess and an increase in pCO,
[301-303]. However, foetuses with anaemic hypoxia appear to have elevated
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lactate levels and are unable to maintain adequate oxygenation to all tissues
[304].

Foetal paralysis is frequently applied at intrauterine transfusion, in order to
prevent complications resulting from foetal movements [305, 306]. Spencer et
al. found a reduction in foetal heart rate variation of 60%, after the administra-
tion of pancuronium bromide at transfusion [307]. To diminish these side-
effects on the foetal heart rate pattern, the use of other paralysing agents has
been advocated in several studies [308,309]. There is no uniformity regarding
the routine use of tocolysis or antibiotic prophylaxis at intrauterine transfusion,
as evidence for the beneficial effect of these measures is lacking.

Complications of intravascular foetal transfusion — Foetal complications dur-
ing or after an invasive procedure may either result from the procedure or from
the underlying pathologic condition necessitating treatment. Cordocentesis is
only followed by intravascular transfusion after the assessment of foetal anae-
mia. Tongsong et al. found a pure procedure-related foetal loss rate after cordo-
centesis of 1.4% [45]. However, it may be assumed that both the longer duration
of intravascular transfusion and the volume administered to the foetus may
result in a higher complication rate, when compared to diagnostic cordocentesis
[310]. Important complications that may seriously jeopardize foetal condition,
and even result in foetal demise, are premature rupture of membranes and pre-
term delivery, intrauterine infection and foetal distress, resulting from local cord
complications or excessive bleeding [160].

Preterm delivery after intrauterine transfusion is observed by some after 2%
of procedures and frequently appears to be related to the presence of intrauterine
infection [160,279]. Bacterial and viral infections have been described after
cordocentesis and intrauterine transfusion and may threaten both foetal and
maternal condition [160,163,311,312]. Especially the exposure to viral infec-
tions is a known risk factor of blood transfusion. Additional risks, such as ele-
vated plasma potassium levels, may result from the preparation and preservation
of donor blood [313,314]. However, the most feared complication is acute foetal
distress during or immediately following intrauterine transfusion. Foetal distress
may, depending on the gestational age, result in emergency caesarean section or
perinatal death. Foetal distress at transfusion most frequently originates from
either local cord complications, such as haematoma or arterial spasm, or from
excessive bleeding followed by exsanguination [189]. As cord haematoma and
bleeding frequently result from needle dislodgement induced by foetal move-
ments, foetal paralysis is assumed to reduce the risk on these life-threatening
complications [305-309]. Arterial puncture, being a well-known risk factor for
foetal distress resulting from vasospasm, is avoided by most [160, 273].

According to Harman, significant effects on the foetal cardiovascular state
are to be expected if bleeding exceeds 300 seconds [189]. However, in vitro
studies revealed that it impossible to accurately estimate the volume of blood
loss by ultrasound observation [315]. Ney et al. found a beneficial effect of
amniotic fluid compared to isotonic saline, on the duration of bleeding from
cord puncture, and explained this finding by the coagulation properties of
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thromboplastins [316]. Excessive bleeding is more frequently observed after
transamniotic cord needling and in the presence of foetal thrombocytopenia
[189,315]. As thrombocytopenia is often observed in the hydropic and severely
anaemic foetus, a routine platelet supplementation at intrauterine transfusion is
implemented in some centres, in order to prevent prolonged bleeding of these
foetuses [189,317]. Foetal loss due to haemopericardium was observed at 2.6%
of intracardiac transfusion procedures [278]. Intrahepatic transfusions are con-
sidered as a safe alternative to umbilical cord needling, as even lower loss rates
have been reported in studies comparing both techniques [270]. Although larger
volume intrauterine transfusions benefit foetal outcome, by reducing the number
of procedures, it was also found that large increases in haematocrit enhance the
risk of adverse outcome in the presence of severe anaemia or foetal hydrops
[283,318]. Welch et al. also found adverse outcome to be related to a massive
rise in whole blood viscosity [318]. Therefore, limiting the volume load seems
advisable, if the foetus is assumed to suffer from a compromised condition
[189].

Schumacher and Moise reviewed the literature on intrauterine transfusions
and found a mean procedure-related foetal loss rate of 2% in 708 procedures,
performed in several centres [29]. This figure gives an impression of procedural
loss in specialized centres, although complications were not uniformly defined
and different techniques were used. By independent evaluation of all complica-
tions occurring during or after intrauterine transfusion, we found a procedure-
related foetal loss rate of 1.6% per procedure [320].

Few case reports on the presence of porencephalic cysts, necrotising entero-
colitis and graft versus host disease after intrauterine transfusion have been
published, but evidence of a causal relationship of these complications with
intrauterine treatment is lacking [321-323]. Diminished foetal growth in the
presence of haemolytic disease was formerly suggested, but the birth weight of
foetuses treated with intrauterine transfusions appeared comparable to control
subjects [324,325].

Free radical cell damage due to iron overload and increased plasma haemo-
globin is not only hypothesized to play a role in the pathogenesis of alloimmune
hydrops and in the relatively short lifespan of donor red cells, but may accord-
ing to some also lead to foetal hepatic and cardiac damage [326-330]. Neonatal
liver function disorders due to iron overload have been reported after intrauterine
transfusions [328,330]. More research is needed to elucidate these possible
mechanisms.

Enhanced maternal sensitisation and the development of additional antibodies
have been reported after intrauterine transfusions and may both result in a more
severe foetal haemolytic disease in future pregnancies [169-173,331]. Finally,
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Table 1. Summary of studies using intrauterine intravascular transfusions for foetal
anaemia due to maternal red cell alloimmunization

Survival
n / total n (%)

First author Year  Hydrops No hydrops Total

Rodeck [253] 1984 11/15 (73) 7/10 (70)  18/25 (72)
Nicolaides 1986 10/11 o1 10/10 (100) 20/21 95)
[269]

Westgren [277] 1988 10/16 (63) 19/21 (90)  29/37 (78)
Barss [337] 1988 5/6 (83) 7/8 88)  12/14 (85)
Berkowitz 1988 3/5 (60) 10/12 (83) 13/17 (76)
[338]

Grannum [336] 1988 25/32 (78) 12/15 (80)  37/47 (79)
Parer [339] 1988 6/12 (50) 30/33 91)  36/45 (84)
Orsini [340] 1988 4/8 (50) 6/7 (86)  10/15 (67)
Poissonnier 1989 29/47 (62) 55/60 (92)  84/107 (79)
[279]

Lemery [341] 1989 2/4 (50) 8/11 (73)  10/15 (67)
Pattison [264] 1989 172 (50) 17/18 %4 18720 (90)
Nicolini [270] 1990 3/4 (75) 23/27 (85)  26/31 (84)
Weiner [342] 1991 11/13 (85) 35/35 (100) 46/48 (96)
Ney [343] 1991 6/7 (86) 16/19 (84)  22/26 (85)
Sampson [344] 1994 20/33 61) 39/45 87)  59/78 (76)
Plockinger 1994 5/7 (71) 13/14 93) 18/21 (86)
[345]

Harman [189] 1995 36/49 (73) 78/80 (98)  114/129 (88)
Grab [346] 1999 7/11 (64) 28/32 (88)  35/43 81)
Farina [347] 2000 30/38 (79) 47/48 98)  77/86 (90)
van Kamp 2003 62/80 (78) 119/130  (92)  181/210 (86)
[348]

Total - 286/400  (72) 579/635  (91)  865/1035  (84)

more research seems to be needed on possible long-term immunological effects
to both mother and child [332,333].

Outcome and follow-up after intravascular transfusion — Overall survival
rates exceeding 80% have been reported since the introduction of intravascular
intrauterine transfusion therapy in the 1980s [29,334,335]. Table 1, including
series with at least 10 patients, shows the reported survival rates after treatment
with foetal intravascular transfusions. Most procedures were plain umbilical
cord transfusions, although intrahepatic, intracardiac and exchange transfusions,
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as well as combined intravascular and intraperitoneal procedures were also
included in the table. Nevertheless, comparable results were reported for all
techniques, with a significantly lower survival rate in the presence of foetal
hydrops, compared to survival in the absence of hydrops.

Reversal of foetal alloimmune hydrops after correction of foetal anaemia is
observed in about 60% of the cases, and generally results in a survival rate, that
is comparable to those of foetuses without hydrops [334]. Persistence of foetal
hydrops, despite successful intrauterine transfusions, results in a poor outcome
with survival rates of on average 40% [334,336]. We also demonstrated a close
correlation of the reversal of alloimmune hydrops to subsequent survival, and
found that the severity of alloimmune foetal hydrops is highly predictive of
foetal outcome [349]. Mild hydrops resolved in 88% and severe hydrops in only
39% of the cases [349]. After resolution of hydrops, 98% of foetuses survived,
whereas persisting hydrops resulted in a survival rate of 55% [349]. It is hy-
pothesized that the irreversibility of foetal hydrops in a substantial proportion of
cases, is caused by massive injury of foetal vascular endothelium [329,350].

Late postnatal hyporegenerative anaemia is frequently observed in alloimune
haemolytic disease, treated with intrauterine and neonatal simple or exchange
transfusions [351-354]. Not only haemolysis of newly formed erythrocytes by
circulating antibodies, but also suppressed erythropoiesis may explain the need
for often repeated transfusions in the first months after birth [354,355]. Saade et
al found the need for late transfusions to be related to the extent and duration of
foetal bone marrow suppression [356]. Treatment with erythropoietin is assumed
to be beneficial in severe and persisting cases of late hyporegenerative anaemia
[357].Several studies on the long-term developmental outcome of children treated
with intrauterine intravascular transfusions, for anaemia resulting from maternal
alloimmunization, showed no differences when compared to control subjects
[355-362].

Intrauterine transfusions at the Leiden University Medical Centre; 1988-
1999. — Since 1965, the Leiden University Medical Centre is the single national
referral centre for the management and intrauterine treatment of foetal anaemia
[192, 193]. Our methods have been described in detail in former and recent
publications [254,348].

In the period of 1988 to 1999, 210 foetuses from 208 pregnancies of 187
women, received intrauterine transfusion therapy for foetal anaemia due to red-
cell alloimmunization. A total of 593 successful transfusions were performed
(median 3; range 1-7), 528 (89%) of which in the umbilical cord and 61 (10%)
in the intrahepatic part of the umbilical vein. In addition, there were three in-
traperitoneal transfusions as well as one intracardiac procedure. Hydrops was
present in 38% of the foetuses. Anaemia resulted from maternal Rh(D) alloim-
munization in 86% of the foetuses, Kell and Rh(c) immunization were present in
9% and 4% of the cases respectively. Rh(E), Rh(c) and Fy* immunization were
found in one case each. The median gestational age at the first transfusion was
27 weeks (range 17-35 weeks). Median foetal haemoglobin at the first proce-
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Table 2. Survival of 210 foetuses classified according to type of maternal antibody and
absence or presence of hydrops

Hydrops

Absent Present Total

(n=130) (n=80) (n=210)
Rh(D) n (%) 110/117  (94)a,b 50/63 (79) 160/180  (89)c
Kell n (%) 5/9 (56)a 6/10 (60) 11/19 (58)c
Rh(c) n (%) 3/3 (100) 5/5 (100) 8/8 (100)
Total n (%) 119 (92)d 62 (78)d 181 (86)

a. p=0.003; b. p=0.003; c. p<0.001; d. p=0.004.

dure was 3.0 mmol/l (range 0.7-8.2). Haemoglobin at the initial transfusion
appeared significantly lower in the presence than in the absence of foetal hy-
drops (2.0 versus 3.7 mmol/l; P<0.001).

Data on overall perinatal survival of foetuses with anaemia resulting from the
most frequently observed alloimmunizations are summarized in Table 2.

Logistic regression analysis of the data revealed that survival was negatively
associated with the presence of hydrops (P = 0.004), and with Kell immunization
(P =0.005). In addition both a younger gestational age at the first transfusion (P <
0.001) and a higher number of successful transfusions (P < 0.001) were positively
and independently associated with survival. The poor foetal outcome of Kell im-
munization in our study, may be explained by the fact that foetal disease was often
diagnosed late in gestation, resulting in a late referral and start of intrauterine
treatment. The routine red cell antibody screening program, introduced in the
Netherlands in 1998, may help to identify all pregnancies at risk for alloimmune
foetal haemolytic disease early in gestation. We found the procedure-related fatal
complication rate in a somewhat larger cohort (740 procedures) to be 1.6% per
procedure [320]. A follow-up study on the developmental outcome of the first 77
surviving children shows no increase in minor and major handicaps, when com-
pared to children that were born at comparable gestational ages [362].

In conclusion, our study, representing the outcome of intrauterine treatment
for red-cell alloimmunization in the Netherlands, confirms that intravascular
transfusion is a safe and effective method to treat foetal anaemia. Intrauterine
treatment for foetal anaemia should preferably be started before the develop-
ment of hydrops. Our results emphasize the importance of the early diagnosis of
alloimmunization in pregnancy and of timely referral of women at risk to a
centre specialized in the management of alloimmunized pregnancies.
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NEW TREATMENT OPTIONS IN NEONATAL
HYPERBILIRUBINAEMIA

P.T. Pisciotto"

Introduction

Jaundice is one of the most common problems encountered in the newborn
period. It has been estimated that in the United States over 60% of the 4 million
newborns born each year develop clinical jaundice with bilirubin levels greater
than 5 mg/dL (86 pumol/L) in the first week of life. Bilirubin encephalopathy,
known pathologically as kernicterus for the yellow staining of the subthalmic
nuclei (kerns), has been recognized for a long time. The degree to which
bilirubin may cause more subtle neurologic abnormalities remains controversial
[1]. While clinical jaundice is commonly encountered in the newborn,
kernicterus is a rare occurrence. Factors that affect bilirubin toxicity are
complex and incompletely understood. These include; the serum albumin
concentration and available binding sites on albumin for bilirubin, the integrity
of the blood brain barrier and therefore ability for bilirubin to enter the brain, the
duration of bilirubin exposure and the type and stage of development of the cells
being exposed [2]. The relationship between increasing total serum bilirubin
(TSB) levels, particularly greater then 20 mg/dL (344 pumol/L), and the risk of
developing kernicterus in infants with Rh haemolytic disease of the newborn
(HDN) was observed in the late 1940s and early 1950s [3]. This led to an
aggressive approach to the treatment of jaundice in these patients with exchange
transfusion being the predominant mode of therapy to maintain bilirubin levels
below 20 mg/dL (344 umol/L). In 1958 it was observed that premature infants
exposed to sunlight or blue fluorescent light experienced a decrease in TSB
levels [4]. This prompted the recognition of the possible use of phototherapy as
adjunct therapy to exchange. The use of phototherapy as part of the management
of hyperbilirubinaemia for infants has remained a standard of care for the past
four decades. The use of more effective phototherapy over time has significantly
decreased the need for exchange transfusions [5].

1. Department of Laboratory Medicine, University of Connecticut Health Center, Farm-
ington, CT, USA.
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Aggressive management strategies based on observations in infants with Rh
HDN extended to neonates with hemolytic disease from other causes as well as
to infants with hyperbilirubinaemia without evidence of haemolysis. The rela-
tionship however, between non-haemolytic hyperbilirubinaemia and develop-
mental outcome in healthy term infants is not well defined [6]. The risk of
bilirubin encephalopathy in healthy term infants is believed to be relatively
small, even at bilirubin levels of 25 mg/dL (430 umol/L) [7]. In the late 1980’s
and early 1990’s concern was raised about the risks versus the benefits of
treating high bilirubin levels in full term infants who were otherwise healthy.
Based on a review of the literature at the time and expert opinion, the American
Academy of Pediatrics (AAP) issued the first practice parameter on the
management of non-haemolytic hyperbilirubinaemia in healthy newborns in
1994 [8]. Infants with HDN and premature infants are believed to be at
increased risk for bilirubin toxicity and therefore it is generally recommended to
treat hyperbilirubinaemia at lower levels then healthy term infants [9,10]. It is
common to initiate phototherapy in low-birth weight infants based on a sliding
scale; the lower the birth weight and sicker the infant the lower the level of TSB
at which phototherapy is instituted. With the advent of early hospital discharge
for term and often near term healthy infants, prior to peak bilirubin levels being
reached, hyperbilirubinemia requiring phototherapy has become the most
common readmission diagnosis of newborn infants [11,12]. Recent reports have
also suggested that there may be an increase in the frequency of kernicterus,
which has prompted a re-evaluation of the approaches to the prevention,
detection and treatment of hyperbilirubinaemia [13-15].

Pathophysiology

The predominant source of bilirubin is from the breakdown of haemoglobin. The
breakdown of 1g of haemoglobin produces approximately 35 mg of bilirubin.
Haeme (iron protoporphyrin) is degraded by the enzyme haeme oxygenase
(HO) into iron, which is conserved; carbon monoxide (CO), which is exhaled;
and biliverdin. Biliverdin is further metabolised to bilirubin by the enzyme
biliverdin reductase. Since bilirubin and CO are produced in equimolar amounts
when haeme is degraded the measurement of CO in exhaled air (measured as
end title CO [ETCO]) has served as an index of bilirubin production [16]. The
bilirubin that is formed is then transported tightly bound to albumin to the liver.
When the complex comes in contact with the hepatocyte, only bilirubin is trans-
ported into the cell where is it bound to ligandin (bilirubin-binding protein) and
transported to the endoplasmic reticulum to be converted to its water-soluble
conjugate. This reaction is catalyzed by the enzyme uridine diphosphate glu-
curonyl transferase (UDPGT). A single form of this enzyme (UDPGT1) accounts
for almost all of the bilirubin glucuronide in the liver [17]. The conjugated
bilirubin is excreted through the bile into the intestine where, in the presence of
normal gut flora that are capable of converting bilirubin to nonresorbable de-
rivatives, it is further metabolised to stercobilins and excreted in the stool.
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Jaundice is seen in a high proportion of neonates resulting from a
combination of mechanisms. As a result of the shortened life span of neonatal
red cells, newborns normally have a rate of bilirubin production (approximately
6 to 8 mg/kg/day) that is approximately 2 to 3 times the rate of production in an
adult [16]. The clearance of bilirubin is decreased as a result of a deficiency in
ligandin and a deficiency in the enzyme UDPGT, which has approximately 1%
of the activity in the adult [9]. The activity is lower in premature infants.
Finally, unlike adults, newborns have fewer bacteria in the small and large
intestine to reduce bilirubin, slow intestinal motility and a greater degree of the
deconjugating enzyme B-glucuronidase. The conjugated bilirubin is hydrolysed
to unconjugated bilirubin and reabsorbed (enterohepatic circulation) increasing
the bilirubin load to the liver.

Risk of Severe Hyperbilirubinaemia

The natural history of neonatal jaundice in normal term infants in the U.S. has
changed over the past decade with peak levels obtained later then previously
observed (4"-5™ day vs. 3™ day) and frequently no significant decline starting
before the 6™ or 7" day.'"® The 95™ percentile for peak TSB levels presently
approaches approximately 15 to 17.5 mg/dL (258-301 umol/L) versus 12 to 13
mg/dL (206-224 umol/L) observed several decades ago [18-20]. There are mul-

Table 1. Causes of unconjugated hyperbilirubinaemia

Overproduction/ increased load to liver

Haemolysis

Immune Rh, ABO, other

Non-immune Membrane defect (i.e. spherocytosis)
Enzyme defect (i.e. G6PD deficiency)
Infection

Non-haemolytic Polycythaemia
Extravasated blood (i.e. cephalohaematoma)

Increased enterohepatic Breast feeding

Circulation Pyloric stenosis

Ileus
Cystic fibrosis

Decreased elimination

Decreased uptake Inadequate perfusion
Ligandin deficiency

Decreased conjugation Enzyme deficiency (Crigler-Najjar, Gilbert)
Enzyme inhibition
Breast milk jaundice

Miscellaneous Hypothyroidism
Infection
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tiple factors that may be contributing to this exaggerated form of jaundice in-
cluding: the increase in the number of breastfed infants in the past few decades
(30% at discharge in the 1960’s vs. 60% in 1997) [21], an increase in the num-
ber of East Asian infants born in some regions of the U.S. and shorter hospital
stays [15]. It has been postulated that increased incidence of neonatal unconju-
gated hyperbilirubinemia in certain ethnic and geographic populations may be
attributed to environmental influences (i.e. herbal medications, food) or genetic
predisposition to slower maturation of bilirubin metabolism and transport [22].
The severity of hyperbilirubinemia depends on the degree of imbalance between
the infant’s bilirubin production and ability to eliminate bilirubin. There are
various epidemiological and clinical conditions (Table 1) that can alter this
balance and increase the risk of developing severe unconjugated hyperbili-
rubinaemia. Several strategies have been utilized to evaluate the ability to pre-
dict which infants may develop severe hyperbilirubinaemia [20,23]. Cord
bilirubin and the rate of rise of TSB concentration have played an important role
in evaluating which infants may be at risk for hyperbilirubinaemia. A nested
case control study looking at the predictors for extreme hyperbilirubinaemia
(>25 mg/L [>430 pmol/L]) in infants born at 36 weeks or later and weighing
>2000g term found the following biological variables: jaundice within 24 hours
(odds ration [OR]=7.3), previous sibling with jaundice (OR = 6.0), exclusive
breastfeeding (OR = 5.7), bruising (OR = 4.0), Asian race (OR = 3.5), cephalo-
haematoma (OR = 3.3) maternal age > 25 years (OR = 3.1) and lower gesta-
tional age (OR = 0.6/week) [24]. Recently the use of an hour specific TSB
concentration plotted against a percentile nomogram for term and near-term
infants has been evaluated to help predict infants at risk for subsequent devel-
opment of hyperbilirubinaemia. One study involving 2840 healthy term and near
term infants showed that infants whose TSB level fell in the 95" percentile at 18
to 72 hours after birth (n = 172) had a 40% probability of developing severe
hyperbilirubinaemia (>17 mg/dL [293 umol/L]) whereas infants with concentra-
tions less than the 40™ percentile (n = 1756) had a probability of zero [20].

Measurement of ETCO in conjunction with TSB has not been found to im-
prove the predictability of the hour-specific TSB value but it provides insight
into the processes that contribute to hyperbilirubinaemia [25].

Treatment of Unconjugated Hyperbilirubinaemia

The decision as to the intensity and invasiveness of therapy that is initiated in a
neonate will be determined by many factors including the gestational and
chronological age, relative health of the neonate, level of TSB and estimation of
the rate of rise and the nature of bilirubin metabolism in the newborn. Treatment
will usually be modified based on the perceived risk for kernicterus with infants
often being placed into four categories: healthy term (> 37 weeks gestation),
sick term, healthy premature and sick premature. Bilirubin levels rising faster
than 0.5 mg/dL (8.6 umol/L) per hour are usually indicative of haemolysis. In
these situations estimation of the anticipated peak may result in a course of
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phototherapy or exchange transfusion at a lower bilirubin level than a similar
level achieved at a later time. Once therapy is started it is continued until the
TSB concentration is reduced to levels considered safe in view of the infant’s
age and clinical condition

Phototherapy

Cremer introduced phototherapy as a means of reducing unconjugated hyper-
bilirubinaemia in 1958, but it was not widely adopted for nearly a decade later
when further studies showed its safety and efficacy in neonates [4,26].

Since that time it has become the most widely used treatment for hyper-
bilirubinaemia. It was originally used prophylactically in order to reduce the
need for exchange transfusion and prevent kernicterus. This could be accom-
plished with a relatively low dose of phototherapy. In the Collaborative Study
on the Effectiveness and Safety of Phototherapy under the auspices of the Na-
tional Institute of Child Health and Human Development (NICHHD) photother-
apy was found to be effective in preventing hyperbilirubinaemia in both low
birth weight and larger infants [27]. Of the 462 low birth weight infants treated
with phototherapy only 17.7% had bilirubin levels higher then 10 mg/dl (172
umol/L) versus 62.8% of 460 controls with 4.1% of the infants in the photother-
apy group requiring exchange transfusion versus 24.4% of the control infants. In
the larger group of infants (>2500 gm; > 34 weeks gestation) studied, 140 in the
treatment group and 136 in the control group, it was found that the use of photo-
therapy was effective in decreasing the rate of exchange transfusion in those
infants with hyperbilirubinaemia secondary to non-haemolytic causes or with
negative Coomb’s test [27,28]. Decreases in the use of exchange transfusion in
term infants since the introduction of phototherapy, independent of the effect of
Rh immune globulin use, have been reported in other populations even in in-
fants with ABO haemolytic disease of the newborn [5,29]. Neurologic, psycho-
metric, behavioral and auditory evaluation at 1 and 6 years in infants who had
participated in the randomised control collaborative study of phototherapy indi-
cated that this therapy was not associated with an excess or a decrease in long-
term morbidity [30]. Recently, with shorter hospitalisation stays for term infants
and re-admission of infants with already high levels of bilirubin, the objective of
phototherapy has been to reduce the bilirubin concentration as fast as possible
requiring a more intensive or therapeutic dose to be delivered [5].

Mechanism of Action

In order for phototherapy to have a biologic effect the light must be absorbed by
a photoreceptor molecule which leads to transient excitation of the molecule to a
higher energy level and in turn leads to a useful photochemical reaction.
Bilirubin absorbs light and undergoes photoisomerization and photooxidation. It
is converted to photoisomers (geometric and structural) that are more polar and
can be excreted from liver into bile without undergoing conjugation and do not
require the presence of the canalicular multispecific organic anion transporter
(cMoat) for excretion [31]. The geometric isomers (4Z15E) are formed almost
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immediately, accounting for approximately 20% of the TSB concentration
where as the structural isomer (lumirubin) is formed more slowly accounting for
approximately 2% to 6% of the TSB. The formation of lumirubin, however, is
not reversible and is cleared much more rapidly than the 4Z15E isomer (half life
of 2 hours versus 15 hours) being excreted both through bile and in the urine
[32].

Therefore it is believed that lumirubin formation may be the main reason for
the observed phototherapy decline in TSB in infants [18,32]. Geometric isomers
will also revert to natural unconjugated bilirubin in the intestine which in turn
contribute to the bilirubin load via the enterohepatic circulation and may ac-
count in part for why phototherapy is most effective during the first 24 hours
[18]. The photooxidative products that are formed are believed to play a minor
role in this pathway.

Techniques

There is no standardized technique for delivering phototherapy. A recent in-
ternational survey which included 108 neonatal units (NICU) from 22 countries
spanning 4 continents showed great variability not only in practice criteria for
initiation of phototherapy but considerable diversity in the type of phototherapy
unit used with fluorescent lamps being used most frequently [33]. According to
the AAP guidelines to deliver intensive phototherapy the method used must be
able to reduce the bilirubin concentration by 1 to 2 mg/dL over 4 to 6 hours with
a continuous and steady decline thereafter [8]. There is a direct relationship
between the dose of phototherapy and the decrease in the measured TSB con-
centration [34]. The dose of phototherapy will depend on the spectrum or wave-
length of the light source, the energy output or irradiance of the light source, the
distance of the light from the infant and the surface area of the infant exposed to
light. Irradiance is the radiant power (energy output) on a surface per unit area
of surface expressed as watts per square centimeter (W/cm?) whereas spectral
radiance is the irradiance in a certain wavelength band and is expressed as
microwatts per square centimeter per nanometer (LWW/cm?/nm). Since the radi-
ometers used take measurements across a band of wavelengths (i.e. 425-475 nm
or 400 to 480 nm) the spectral irradiance is determined by dividing the irradi-
ance by the width of the interval of the bands (i.e. irradiance of 500 pW/cm® in
425 to 475 nm would equal 500/50 or 10 pW/cm*/nm). The irradiance is directly
related to the distance between the light and infant, the closer the lamp the more
effective it is. The spectral power then is the product of the spectral irradiance
across the surface area being exposed [5]. The more surface area exposed the
more effective the treatment. Most infants are placed naked under the lights,
with a small diaper, if necessary, and with shielding over their eyes. The infant’s
position should also be changed frequently to increase skin exposure.

There have been several sources of light that have been used in phototherapy
devices. (Table 2) Probably the most important variable of the efficacy of photo-
therapy is the wavelength of the light used to induce photoisomerisation.
Bilirubin, which is a yellow pigment, absorbs light maximally in the blue-green
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Table 2. Light sources of phototherapy

Fluorescent lamps

— White

— Blue

— Special blue (emits narrow spectrum)
— Green

Halogen lamps

Fiberoptic systems

Light emitting diodes (LEDs)

ranges (from 420 to 500 nm). The peak absorption for albumin-bound bilirubin,
which most likely is the bilirubin that is being affected by phototherapy, is at
460 nm and that for unbound bilirubin is 440 nm. Daylight and cool white fluo-
rescent lamps are broad spectrum with a spectral peak between 550 and 660 nm
therefore only a fraction of the light is acting on the bilirubin. Blue light (ap-
proximately 450 nm) is most readily absorbed. Special blue lamps, which emit a
narrower spectrum (420 — 480 nm) of light then blue lamps, are most effective.
Green light has a longer wavelength (peak at 525 nm) and therefore penetrates
the skin more deeply but may not be as effective as special blue lights. A study
evaluating the efficacy of daylight, special blue and green lamps in the man-
agement of non-haemolytic hyperbilirubinaemia showed that the rate of decline
in bilirubin levels with special blue lamps was twice that with green lamps de-
spite comparable irradiance measurements in their respective wavelengths [35].
Both the blue and green lamps caused side effects of dizziness, headache and
nausea in the nursing staff. To decrease this effect phototherapy units will often
consist of a combination of white and blue lights. Mercury vapour halogen
lamps have a broad emission but do have a significant output in the blue spec-
trum. They are more compact then fluorescent systems. However, they cannot
be brought close to the infant without putting the infant at risk of a burn, there-
fore limiting the ability to increase the irradiance. The surface area of infant
exposure is also usually less than that of a bank of fluorescent lamps. Fibre-
optic phototherapy systems were introduced in the 1980°s and consist of a halo-
gen lamp with attached fibre-optic cables containing fibres that end spread out
in a flat mat. The light is transmitted via the fibres to the mat, which is placed in
direct contact with the skin. There are several advantages to this system since no
eye patches are necessary, it is more portable and convenient for mothers and
for home therapy. While the irradiance generated is comparable to other forms
of phototherapy the spectral power is low since they cover a small surface area.
Therefore, in general, they have been found to be less effective then conven-
tional therapy for term infants [36,38]. One study evaluating the use of fibre-
optic phototherapy in full term infants showed that the use of a double mat re-
sulted in a 24 hour decline rate and overall decline rate that was comparable to
conventional phototherapy and significantly better then the use of either a single
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standard sized or large sized mat [39]. However, fibre-optic therapy has been an
efficient way to deliver both single and double phototherapy in preterm infants
[38,40]. The newest light sources are high-intensity gallium nitride light emit-
ting diodes (LEDs). They are more efficient then fluorescent tubes or incandes-
cent filament devices at converting electrical energy to light energy and emit
narrow bands of light in the wavelength region that is best for phototherapy.
They have a long halftime, emit little heat, and are lightweight and portable. The
power output is low but groups can be wired together. Since they do not emit
infrared or ultraviolet radiation they can also be placed close to the infant. A
prototype has been designed consisting of 6 focused arrays each with 100 3-mm
blue LEDs. When placed at a distance of 20 cm this system can generate >100
uW/cm?/nm. The prototype unit has been tested in clinical trial showing that
when used at a low irradiance (5 to 8 pmol/cm?*/nm) it was as effective as con-
ventional therapy [41].

Standard or conventional phototherapy, in which infants are exposed to be-
tween 7 to 10 pW/cm*/nm, result in decreases of 6% to 20% of the initial
bilirubin level over the first 24 hours, which is sufficient for prophylactic use
[5]. For term and near term infants who are readmitted to the hospital on days 4
to 7 with bilirubin levels > 20 mg/dL more intensive therapy is required. Using
special blue lamps and bringing them as close to the infant as possible, necessi-
tating having the infant in a bassinet, can accomplish this. Special blue lights
that are placed no further then 10 cm from the infant can generate a spectral
irradiance greater than 50 pW/cm*nm [5]. The use of double phototherapy
which results in a larger surface area being exposed to a constant irradiance has
proved to be an effective way of increasing efficacy of therapy. Double photo-
therapy has been achieved either by using fibre-optic pads in combination with
lights, or a combination of lights distributed around the infant [40,42]. The use
of fibre-optic pads is more effective in low birth weight then full-term infants
since they can cover more surface area in the low birth weight infant [38]. The
use of a reflecting material (white sheet, aluminum) has been another method of
increasing the surface area exposed. The various techniques used to alter the
delivery of phototherapy to give maximum efficacy have resulted in a decre-
ment in initial bilirubin concentration of 30% to 50% within 24 hours [5]. There
have been several retrospective studies looking at rebound levels both in term
and preterm infants, as well as infants receiving intensive phototherapy. These
studies have shown that significant rebound following discontinuation of photo-
therapy is rare [43,44].

Phototherapy is usually well tolerated by infants. There is an increase in body
temperature and insensible water loss therefore fluid balance and management is
extremely important. Stools are also often slightly looser and more frequent
which can be managed by feeding a non-lactose formula. Since the effect of
high-intensity light exposure on the eyes is unknown the newborn’s eyes should
be well covered during treatment. Haemodynamic affects have been seen in
preterm infants association with phototherapy including an increase in cerebral
blood flow and a re-opening of patent ductus arteriosus [45]. Rashes have been
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observed and infants who have cholestasis undergoing phototherapy may de-
velop dark gray-brown discoloration of the skin described as bronze baby syn-
drome. The latter may be related to accumulation of porphyrins in the plasma
[18].

Exchange Transfusion

While exchange transfusion remains the most rapid way to reduce bilirubin
levels the frequency of exchange transfusion in the postnatal period has de-
creased significantly [5]. This is the result of several factors including the use of
Rh immune globulin to prevent Rh isoimmunization, approaches to prenatal
management of haemolytic disease and more aggressive phototherapeutic man-
agement of jaundice in the newborn as described above. Prior to performing an
exchange transfusion it is important to balance the risk of the procedure to the
benefit of potentially preventing kernicterus. As with phototherapy the factors
that are considered in the decision to perform an exchange transfusion include:
gestational age, evidence of haemolysis, degree of anaemia, rate of rise of
bilirubin and concurrent clinical conditions, such as asphyxia, acidosis and hy-
poalbuminaemia that may exacerbate bilirubin entry and toxicity to the CNS. A
double volume exchange (85 mL/kg x 2 for term infants up to 100 mL/kg x 2
for very low birth weight infants) should remove approximately 90% of the fetal
circulating red cells and a single volume exchange between 70 to 75%. The
bilirubin level however is only decreased by approximately 50% due to tissue
re-equilibration with a rebound in bilirubin level to approximately 60% of the
pre-exchange level [46].

The commonly used method for exchange transfusion is the discontinuous
technique described by Diamond in 1951 [47]. Small aliquots of blood are with-
drawn and replaced through a single catheter with a special 4-way stopcock.
Usually no more than 5 mL/kg body weight or 5% of the infant’s blood volume
are removed and replaced during a 3 to 5 minute cycle. The total time duration
for a double volume exchange is 90 to 120 minutes or 45 to 60 minutes for a
single volume exchange. It is important to assure that the infant is stable prior to
initiating an exchange transfusion. The infant should be under a warmer for
ready accessibility and needs to be monitored closely throughout the procedure.
This should include temperature monitoring, cardiopulmonary and pulse-
oximetry monitoring to evaluate pressure fluctuations as well as laboratory
monitoring (complete blood counts, electrolytes, glucose, calcium) to avoid
potential metabolic complications or coagulopathies. In the NICHHD collabora-
tive phototherapy study, they demonstrated a mortality rate associated with
exchange transfusion of 0.5% and a rate of adverse clinical problems of 6.7%
[48]. Jackson et al. [49] in a review of 106 infants undergoing exchange transfu-
sion during a more recent time period (15 year span from 1980 to 1995) re-
ported an incidence of procedure-related complications leading to death of 2%
and the rate of severe complications of 4%. Therefore it is important to have a
good understanding of the dynamics of this procedure when weighing the risks
versus the benefits.
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Pharmacological Approach

Pharmacological approaches have centered on either reducing bilirubin produc-
tion or enhancing bilirubin conjugation and excretion. Synthetic metallopor-
phyrins, in which other metals replace the central iron, inhibit the activity of
HO, the rate-limiting enzyme for the degradation of heme to bilirubin.

There are two primary isoforms of HO, the inducible form (HO-1) and the
constitutive form (HO-2). Several compounds are being evaluated as potential
inhibitors of HO [50]. Compounds that would be the most appealing are ones
that have a low Is, are not a photosensitizer, do not cross the blood-brain bar-
rier, are orally absorbable, short acting and easily excretable and do not substan-
tially upregulate HO-1 mRNA or affect other enzyme systems (i.e. nitrous oxide
synthase). Animal studies of tin-protoporphyrin (SnPP) demonstrated reduction
in endogenonous bilirubin formation without impairing hepatic uptake, excre-
tion or enteric resorption of bilirubin [51]. Since the meso derivative (SnMP)
had comparable efficacy in adult rodents at a 10-fold lower dose, this is the drug
that seemed to be favoured and has gone to clinical trials [50]. An early clinical
trial was conducted in preterm infants to assess the effectiveness of increasing
doses of SnMP in moderating hyperbilirubinaemia and decreasing the need for
phototherapy. A dose of 6 pmol/kg BW administered within 24 hours of birth
was found to reduce TSB by 41% and phototherapy by 76% compared to con-
trols [52]. A light-induced erythaema which was mild and self limited occurred
in some infants who received the combination of SnMP and phototherapy. A
comparison study of the effectiveness of administering a single dose of SnMP (6
umol/kg BW) versus the use of phototherapy (12 to 14 pW/cm?*/nm) in term and
near term infants to control hyperbilirubinaemia showed that the time to achieve
the stated endpoint was reduced by >30 hours in the SnMP treated infants com-
pared with infants receiving phototherapy. None of the 44 SnMP treated infants
needed supplemental phototherapy [53]. A more recent study of a single intra-
muscular dose of SnMP (6 umol’kg BW) in full term breast fed infants with
bilirubin levels of >15 mg/dL (>256 pumol/L) and < 18 mg/dL (<308 umol/L)
reached between 48 to 96 hours was effective in controlling hyperbilirubinae-
mia, with no infants requiring phototherapy in contrast to 27% of control pa-
tients [54]. While SnMP has been shown to be effective in suppressing bilirubin
production it does not possess all the qualities of the ideal compound since it is
not orally absorbable, possesses photosensitizer properties and moderately
upregulates HO-1. At present it is a desirable haeme-oxygenase inhibitor and is
the only currently approved compound for investigational use.

Summary

Phototherapy is a simple and relatively safe method for managing neonatal
hyperbilirubinaemia. An improved understanding about the mechanism of pho-
totherapy and factors that affect the dose delivered has resulted in efficient and
rapid reduction in bilirubin levels and marked decrease in the need for exchange
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transfusions. The development of new phototherapy techniques that are in proc-

€SS

should increase the versatility and portability of this treatment. Studies

evaluating the effectiveness of metalloporphyrin compounds to inhibit bilirubin
production have been underway. Early clinical results using Sn-MP look prom-
ising. Follow-up surveillance studies are sill in progress and additional com-
pounds are also being investigated.
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CONSENSUS AND CONTROVERSY IN FOETAL AND
NEONATAL ALLOIMMUNE THROMBOCYTOPENIA
J.B. Bussel'

Foetal and neonatal alloimmune thrombocytopenia (AIT) is a disease in which
there are a number of important controversies. These range from which neonates
the diagnosis should be entertained in to what testing the laboratory should
perform (especially if the first round of testing is not clearly diagnostic) to what
treatment should be given. Increasingly there is consensus in broad areas but
considerable variability in the details and in certain specific situations. Prior to
discussing the controversies, it would be appropriate to first summarize the
areas of consensus.

Areas of Consensus

There is a summary manuscript (submitted to the Journal of Thrombosis and
Haemostasis) which will cover these major areas of consensus in detail and
discuss some others as well, i.e. when to suspect AIT in a foetus [1]. What areas
have achieved reasonable consensus among leading practitioners?

First, there is good consensus that one of the keys for diagnosis in the
newborn is severe, isolated thrombocytopenia. This has been demonstrated in
several studies in the past 10 years [2-4] including our recent one [5] involving
direct comparison of babies with alloimmune thrombocytopenia (AIT) to those
with thrombocytopenia who did not have AIT. This may change again in the
future however in light of the studies of prospective screening which suggest
that babies who “fly under the radar” do so because they are sufficiently mild as
to be asymptomatic [6]. The “classical” criterion for diagnosis of AIT in the
neonate was, and still is, unexplained thrombocytopenia. Recent data on the
other side however is that, not surprisingly, patients with AIT can have other
medical conditions that one might have assumed were the cause of the
thrombocytopenia. Hence even “explained” thrombocytopenia deserves a work
up especially if the thrombocytopenia is severe or if there is a family history of
transient neonatal thrombocytopenia.

1. Weill Cornell Medical Center, New York, NY, USA.
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Table 1. Consensus in diagnosis and treatment of AIT

— Severe thrombocytopenia in the first 24 hours of life, unexplained thrombocytopenia
and familial transient neonatal thrombocytopenia all suggest AIT

— Any significant degree of neonatal thrombocytopenia mandates a radiologic
investigation, i.e. cranial ultrasound or better CT or MRI, of the neonate no matter
how well they appear clinically

— Clinical suspicion of AIT mandates both appropriate serologic/molecular testing as
well as treatment of the affected neonate

— Serologic/Molecular Diagnosis of AIT requires a platelet specific antigen
incompatibility between the parents and demonstration of maternal antibody whose
specificity matches the incompatibility

— In general, laboratory testing in a suspected case of neonatal or foetal AIT should
include typing for HPA-1, HPA-3, and HPA-5. In Asian populations, HPA-4 testing
is required. Antibody determination should include glycoproteins IIB/IIIA, IB/IX,
and TA/ITA as well as the father’s platelets. Further testing depends upon the initial
results and the clinical setting. In most cases, the parents alone need to be tested

— When AIT is suspected, platelet antigen typing and antibody testing should be
performed by an experienced, reference laboratory

— Almost always, the next affected sibling in the family will be at least as severely
affected as the first affected sibling and will have a significant chance of having
severe foetal thrombocytopenia which may start by 20 weeks of gestation

— If the first affected sibling has an antenatal intracranial haemorrhage, the next
affected sibling in the family is highly likely to have one as well

A second area of consensus is that when substantial thrombocytopenia is
identified, even an asymptomatic baby requires a cranial radiologic study. The
standard of care is an ultrasound but the consensus of Pediatric Neurologists is
that either a head CT or an MR is better. Even remarkably well-appearing
neonates can have clinically silent ICH [7]. This ICH needs to be detected
because it would alter the management of the thrombocytopenia and also
because it would have implications for the next sibling in the family [8, 9]. The
latter is particularly true if the thrombocytopenia is the result of a condition that
might recur in the next sibling.

Third, suspecting the diagnosis of AIT in the neonate entails two steps. One
step is to initiate treatment consistent with the diagnosis of AIT i.e. IVIG and
antigen-negative platelets as needed; the second step is laboratory testing to
confirm the diagnosis. Treatment would generally be initiated in all neonates
with AIT and a platelet count < 20,000/ul although many centres would use a
higher cut off i.e. 30,000/ul. If there is an ICH, then the general consensus to
maintain the platelet count at > 50-100,000/ul for at least 1-4 weeks.

A fourth consensus point is that laboratory testing to confirm the diagnosis
requires demonstrating a platelet-specific antigen incompatibility between the
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parents and that the mother make an antibody that corresponds specifically to
the incompatibility [10]. With improved testing and the discovery of many new
platelet antigen systems in the past 5 years, it is increasingly likely that an anti-
gen incompatibility will be discovered between any parents depending upon
which and how many platelet antigens are tested. Similarly there is “false posi-
tive” antibody from a number of causes such that there may not rarely be an
antigen incompatibility and anti-platelet antibody demonstrated. However if the
antibody is not specific for the antigen incompatibility in question, then the
diagnosis of AIT is not confirmed. This specificity ideally requires demonstra-
tion, for a specific platelet antigen, that the antibody binds to antigen-positive
but not antigen-negative controls and also that it binds only to the specific plate-
let glycoprotein on which the polymorphism is located.

Fifth, there is a consensus among leading, reference laboratories that the
specific antigens to test for include HPA-1, HPA-3, and HPA-5 [1]. Other
platelet antigens may need to be added depending on the ethnic background, i.e.
inclusion of HPA-4 in Asian families. An important part of testing is to screen
maternal antibody against paternal platelets. This will explore the possibility of
a rare or private platelet antigen and potentially allow its identification by
determining to which platelet glycoprotein the antibody binds. HLA antibody
can be confusing in this assay if specific glycoprotein determination is not
performed.

Sixth, the laboratory, in order to be able to do the testing correctly, must have
experience with the diagnosis, must have the appropriate controls, and must
have the ability to do DNA-based typing depending on the requirements of the
individual patient. This means that they need to be an experienced reference
laboratory which takes part in regular workshops to validate their diagnostic
skills and demonstrate their ability to diagnose cases with multiple antibodies,
i.e. anti-HLA and anti-platelet specific glycoprotein, and a variety of platelet
antigen incompatibilities.

Table 2. Consensus of antenatal treatment of the second affected sibling with AIT

— Be based upon serologic and/or molecular diagnosis from an experienced reference
laboratory. In many cases, if the father is a homozygote for the antigen in question,
i.e. HPA-1A, this is sufficient to mark the next foetus as affected if an unequivocal
diagnosis of AIT has been made previously and if there is no doubt regarding
paternity. Foetal platelet typing can be performed by amniocentesis if required

— Be under direction of experienced clinicians

— Minimize foetal blood sampling

— Use maternally-administered therapy as first-line for an affected foetus before the
administering weekly foetal platelet transfusion

— Fetal blood sampling should be accompanied by a fetal platelet transfusion if there is
severe thrombocytopenia (or platelet dysfunction)
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Antenatal Management

Currently antenatal management focuses on the subsequent affected foetus in
the family because there is no routine antenatal screening. In almost all in-
stances this sibling will be more severely affected than the previous sibling. This
was first formally documented when 40-50% of foetuses in a series of initial
foetal blood samplings demonstrated that the platelet count was already lower in
the subsequent sibling (foetus) than it had been in the previous sibling at birth
[8].

Furthermore in the same study of almost 100 sibling pairs affected with AIT,
having an antenatal haemorrhage predicted a lower platelet count on initial fetal
sampling but the neonatal platelet count did not [8]. A smaller second study
found that the neonatal platelet count of the first sibling did predict the severity
of the next sibling [11]. The predictive value of antenatal ICH is consistent with
reports in the literature in which > 80-90% of subsequent siblings who did not
have antenatal treatment themselves essentially all had recurrent antenatal ICH
although the numbers are small and there may have been a bias in the reporting
[12]. Treatment is controversial in many specific issues (see later) but not in
general. Table 2 lists the areas of consensus.

The use of an experienced, reference laboratory has been discussed above
and is crucial to any endeavour in this area. It is very important that the foetus
be shown to be affected prior to initiation of treatment. Since treatment is diffi-
cult, not risk free, takes time to administer, and is costly if IVIG is utilized, it is
important not to use it blindly but rather to ensure that the foetus being treated is
known to be affected.

The consensus to try to minimize foetal blood sampling has arisen out of the
foetal losses in the cooperative European study that was just published [11] and
the multi-centre American study that was recently completed [13]. Recognition
of the complications of sampling, beyond the bleeding from the sampling that
was seen prior to institution of foetal platelet transfusions at the time of sam-
pling, has lead to agreement on the need to minimize sampling. How to accom-
plish this is controversial (see below). If foetal blood sampling is to be
performed, there is consensus that it should be performed by a practitioner ex-
perienced in foetal blood sampling because of the risk of the procedure. There is
no question that there is an experience curve suggesting that it should be re-
stricted to a limited number of centres. For example in the Netherlands, the
foetal medicine unit at Leiden is responsible for all [UT’s for the country, i.e.
for Rh and for AIT. With a population of 15 million, this is bigger than almost
all states in the USA but the larger states in the US all have multiple centres
which perform sampling and transfusion.

There is consensus that platelet transfusion should be given if sampling is
performed in a patient with severe thrombocytopenia (or platelet dysfunction).
At least one study has shown this by pointing out the high morbidity and mortal-
ity of foetal blood sampling (FBS) in thrombocytopenic foetuses [14]. The use of
foetal platelet transfusions has appeared to be effective in eliminating bleed-
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ing complications of FBS. How to perform this is controversial, has risks of its
own, and will be considered near the end of this manuscript.

Maternally-administered Intravenous (IV) Gammaglobulin (IVIG)

In regard to the initial use of maternally-administered treatment, intravenous
(IV) gammaglobulin (IVIG) has become the standard of care. There is consider-
able debate and no clear consensus on how to monitor treatment, when to start
it, and concomitant prednisone use, all of which will be discussed in this review.
There is a consensus dose of 1 gm/kg/week of IVIG that is used by virtually
everyone who uses IVIG for AIT. Even the definition of a “high risk” patient is
in doubt. It ranges from one with a very low foetal or neonatal platelet count to
one who has had a sibling with an ICH to one who has had a sibling with an
early (in utero) ICH. The discussion of controversial topics in AIT will focus on
specific areas, highlighting both major as well as minor controversies. Table 3
lists the areas to be reviewed. Since there is now considerable consensus on
when the diagnosis of neonatal AIT should be suspected (see below Table 1,
#1), the controversy arises when clinically one or more of the criteria for the
diagnosis of AIT are met and testing is sent but the laboratory has equivocal or
negative findings. For example, a term baby is born and noted to have petec-
chiae and ecchymoses. A blood count sent at 1-3 hours of age reveals a platelet
count of 14,000/ul and is otherwise normal (Hb, WBC, and smear). This is eas-
ily recognized as the classical presentation for AIT. Typically one might expect
that the testing for AIT would reveal PI*' incompatibility.

Table 3. Controversial topics in AIT

— Diagnosis in the Neonate: if one or more of the criterion listed in Table 1 are met but
the initial laboratory work up of AIT is non-confirmatory (not diagnostic of AIT)
— Antenatal Management:
— maternally administered therapy
— foetal blood sampling (how minimal is minimal
— preparation of platelets for transfusion to the foetus
— which foetus should be transfused and when
— Routine antenatal Screening:
— should it be performed
if it is worthwhile, how should it be performed

The controversy or confusion arises if the testing in such a case does not con-
firm AIT. The figure comprises 4 reports from the Blood Center of SouthEast-
ern Wisconsin (BCSEW). They illustrate: a) classical AIT as a result of P1*'
incompatibility; b) an equivocal case with anti-HLA antibodies alone; c) anti-
body to glycoprotein IIB/IIIA that is not directed against either PI*'** or Bak
a/b; and d) completely negative testing.
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Panel A revealing classical AIT as a result of HPA-la incompatibility is
straightforward and not controversial. The father is a homozygote, essentially
guaranteeing that all subsequent fetuses in the family will be at least as severely
affected. If the father were a heterozygote, it is still not possible to identify the
foetal P1*""A? platelet type in maternal blood. Therefore diagnosis would proceed
most likely through amniocentesis, rather than either CVS or FBS, because of
their greater risks. If there had been a very early antenatal CNS haemorrhage in
the previous sibling, this might suggest that CVS be used so that therapy could
be started earlier in gestation i.e. at 12 weeks of gestation.

Panel B testing reveals only anti-HLA antibody. It is controversial in that it is
not known if anti-HLA ever causes AIT. It has not ever been conclusively
proven that it actually did cause a case of AIT although there are cases of AIT
with multiple affected (thrombocytopenic) children in which it is the only plate-
let-binding antibody detected. However as many as 25% or more of multiparous
women have HLA antibodies and very, very few have thrombocytopenic foe-
tuses and neonates. Recent work has demonstrated that “rare” platelet antigens
such as Max may be involved (see discussion of Part D) in cases of apparent
AIT. Since an intensive work up would be required to verify that none of the
known platelet antigens are involved and no hidden antibodies are present, the
significance of HLA antibodies in neonatal thrombocytopenia remains highly
controversial.

Panel C is intended to illustrate a situation in which there is a possibility that
a novel (rare) platelet-specific antigen may explain the incompatibility. If there
is maternal platelet glycoprotein specific antibody detected which reacts with
paternal platelets, then the likelihood is increased that a platelet specific antigen
may be involved even if it is a “rare” one. The antibody specificity encourages
exploration of a group of p