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Purpose of Investigation

This research project involves the raising of antibodies to 
the antigens in fetal red cell lysates with two aims:

1. The investigation of red blood cell soluble proteins as 
a model for tissue proteins generally, and

2. To look for novel * fetal’ proteins in red cells by
immunological methods.

Red blood cells have the advantage of being commonly available 
and having a high concentration of soluble intracellular protein that 
can be very simply extracted, A large number of enzymes have been 
identified in red cells and polyacrylamide gel electrophoretic 
analysis of protein from fetal and term cord lysates indicates a 
number of non-haemoglobin protein bands.

It was decided to look for fetal specific proteins because
very few are known in the haemopoietic system, although they have
been demonstrated in other fetal tissues and in sera. The recurrence 
of ’fetal-type’ proteins in certain cancers is well documented. This 
does, however, present certain interesting problems in the case of 
red cells, since the appearance of ’fetal’ characteristics is also 
associated with severe anaemia where there is an increase of immature 
cell types,, as opposed to the appearance of abnormal cells containing 
the ’fetal* proteins.



SUMMARY

This thesis is a report of immunological studies on the 
soluble protein inside human red blood cells. The differences 
shown by adult and fetal red cells in their physical structure, 
general metabolism and haemoglobin biochemistry were considered, 
together with the possibility of using red cells with their 
readily extractable intracellular soluble protein as an immuno­
logical model for tissue cells in general. Thus the two-fold 
aim of this research project was to investigate red cell 
protein as a tissue model and to look for novel fetal proteins 
in red cells by immunological methods.

Antisera were prepared using red cell lysate protein as an 
immunogen. The antibody responses were determined principally by 
gel precipitation techniques, although some affinity chromatography 
(with analysis by polyacrylamide/SDS slab gel electrophoresis) 
and haemagglutination studies were also involved. Three sources 
of protein were used as immunogens in adult rabbits; unfractionated 
fetal lysate, unfractionated term cord lysate, and term cord lysate 
fractionated by ion-exchange chromatography so as to maximise 
recovery of non-haemoglobin red cell protein. Fetal lysate 
protein was also used to immunise two rabbits which had been 
neonatally tolerised to adult serum and red cells.

In general, the results of the antibody analysis by gel 
precipitation could be divided into three categories of response: 
to contaminating serum proteins, to haemoglobin, and to other 
non-haemoglobin red cell proteins. Animals immunised with 
unfractionated lysates had a limited response to serum proteins 
whereas the ion-exchange fractionation concentrated certain 
serum proteins and this was reflected in an increased response 
to serum proteins. All the antisera showed a weak response to 
adult haemoglobin and a much stronger response to fetal 
haemoglobin possibly involving further antigenic determinants.
A fo mobility antigen was detected in adult and fetal red cell 
lysates by two antisera; and an mobility antigen, with
erratic electrophoretic variants in fetal lysates, by a third.

Cont’,



The existence of any novel non-haemoglobin protein in fetal 
red cells was not proved however.

The results showed a rather limited antibody response to 
the many proteins known to be present in red blood cells. It 
was concluded that this could have been due to the inherent 
lack of immunogenicity associated with tissue cells, to the 
manner in which the immunogen was presented, or to the insensitivity 
of the methods used to detect the immune response.
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A- THE RED BLOOD CELL

1. The Comparative Physical Characteristics of Adult and Fetal
Red Cells
Red blood cells or erythrocytes are among the most highly 

adapted in the human body. Their principal function is the 
transport of oxygen from where it enters the body to the tissues 
where it is utilised in respiration. Oxygen is reversibly bound 
to the red cells’ major protein; haemoglobin.

The characteristic symmetrical biconcave shape of the 
human erythrocyte, which permits efficient diffusion, is 
essentially very stable (Adams, 1973; Reeves and Whitmore, 1977) 
although flexible enough to deform when required to withstand 
the rigours of splenic microcirculation (see Gross and Hathaway, 
1972). There are many slight differences in the physical 
characteristics of adult and fetal red cells and some of these 
are summarised in Table 1.

It appears that fetal erythrocytes are larger, thicker 
walled, and have certain membrane characteristics which reduce 
deformability or induce formation of abnormal cell shapes. This 
results in a shortening of the circulatory life span of red 
blood cells in the fetus compared with adults.

2. Erythropoiesis
The pattern of red cell production or erythropoiesis alters 

during human embryonic development. Haemoglobin-containing cells 
are first produced in the mesenchyme of the yolk sac at about 2 
weeks gestation. From 6 weeks gestation, distinct cellular 
erythropoiesis begins in the liver and spleen (Oski and Naiman, 
1972) with the bone marrow becoming the major site of 
erythropoiesis in the third trimester (Yoffey, 1971).

The blood cells develop as far as the nucleated reticulocyte 
stage before being released into the blood stream. After 
approximately 24 hours in the circulation, the nucleus ceases to 
function and breaks down: the cells are then fully developed 
erythrocytes. The loss of the nucleus enables the volume of 
haemoglobin and hence the amount of oxygen transported to be 
increased. Since approximately 1% of the red cell mass is replaced 
each day, the normal reticulocyte count is about 1% in adults.

- 1



In the fetus however, there is a higher proportion of circulating 
reticulocytes (reduced to 4-6% at term) because rapidly increasing 
body growth and blood volume at this time, together with the 
reduced circulatory life span (see Table 1) ’stresses’ red cell 
production so that more cells are released prematurely 
(Zipursky, 1965).

Production of red cells involves an ordered sequence of 
differentiation regulated by erythropoietin, a specific erythroid 
stimulating hormone (see Paul, 1976; Peschle and Condorelli, 1976). 
This hormone is largely produced in the kidneys of adults and the 
liver and spleen in the fetus (Zanjini et al., 1974). Synthesis 
and rate of secretion is under a feedback control involving the 
effects of hypoxia on erythroid precursors and is also modified 
by the availability of iron and certain vitamins like B12 and 
folic acid (Gordon et al., 1973).

The principal action of erythropoietin is to induce the 
differentiation of primitive stem cells (Gordon, 1970) although 
the details of the erythropoietin control mechanism are unclear 
(see Benz and Forget, 1974; Hunt, 1976). A valuable tool in this 
field of investigation has been the discovery of a transformed 
cell line of mouse erythroleukaemic cells,named Friend cells 
(Friend, 1971). These cells are erythropoietin-responsive and 
can be induced to commence haemoglobin production, thus providing 
large quantities of pure cells with synchronised protein synthesis 
(Kabat et al., 1975; Peterson and McConey, 1976).

Erythropoiesis has also been studied by observing the protein 
patterns following transplantation of haematopoietic stem cells 
in mice (Renoricca et al., 1976) or bone marrow in human 
patients (Alter et al., 1976); where it appears that regenerating 
bone marrow initially produces a partial fetal-type pattern of 
protein production, with levels of fetal haemoglobin increasing 
from 0,5% to 10-20%, high titre fetal i antigen and fetal-type 
enzyme levels. However, all of these characteristics had declined 
by 200 days from the bone marrow transplant. Erythropoietin 
mediated control of erythropoiesis is operative in both the 
neonate and fetus (Kazazian, 1974); with maximum responsiveness 
(as indicated from the amount of haemoglobin produced by 
stimulated fetal liver and spleen cells in culture) during 
14-18 weeks gestation (Basch, 1972). Erythropoietin is responsive
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Table 2 Metabolic Characteristics of Neonatal Erythrocytes 
Compared with Age-Matched Adult Cells

(Based on Oski and Komazawa, 1975)

Glycolytic Enzymes
Increased activity of phosphoglucose isomerase

glyceraldehyde-3-phosphate dehydrogenase
phosphoglycerate kinase
enolase

Decreased activity of phosphofructokinase 

Non-Glycolytic Enzymes
Decreased levels of carbonic anhydrase isoenzymes
Decreased activity of NADP-dependent methemoglobin reductase

catalase
adenylate kinase
glutathione synthetase and peroxidase 
methemoglobin diaphorase

Phosphate Metabolism
Decreased inorganic phosphate uptake 
Slower incorporation into ATP and 2,3 DPG 
Increased instability of 2,3 diphosphoglycerate

Isoenzyme Distribution
Fetal: Hexokinase I and II, Enolase I predominates.

Aldolase A and C
Adult: Hexokinase I and III, Enolase III predominates,

Aldolase A, B and C

Other
Increased methemoglobin content and tendency to form Heinz bodies 
Increased Glutathione instability
More rapid assumption of altered mo.rphological forms on storage 

or incubation
Increased potassium efflux and greater degree of hemolysis on 

storage



to changes in tissue oxygenation, and in the relatively hypoxic 
environment of intrauterine life, erythropoietin levels are high 
and erythropoiesis is active. However, when the arterial 
oxygen saturation rises at birth, erythropoietin activity drops 
and is barely detectable after the first week of extra-uterine 
life (O’Brien and Pearson, 1971). Erythropoiesis recommences at 
2-3 months of age, after the haemoglobin concentration has fallen 
from approximately 300 mg/ml to 120 mg/ml (Stockman, 1975).

3. The Function of Adult and Fetal Red Cells
a) General Metabolism

Although loss of the nucleus makes the red cell a more 
perfect vessel for oxygen transport, it does impose on the cell 
a finite life span, for it cannot replace or repair its vital 
enzymes as it is unable to synthesise protein. However, the 
mature enucleated red cell is not metabolically inert and the 
levels of important metabolic organic phosphates such as 2,3 
diphosphoglycerate and adenosine triphosphate are actively 
maintained within the cell. Energy is also needed to maintain 
haem iron in the reduced form since methaemoglobin (which 
contains oxidised haem iron) does not bind oxygen effectively.

While considering a possible role for ’fetal specific’ 
non-haemoglobin proteins in red cells it was discovered that 
there are a number of differences in general cell metabolism 
between fetal and adult red cells. Some of these are summarised 
in Table 2.

. . The
characteristics shown in Table 2 appear to be unique to fetal and 
neonatal erythrocytes since normal adult cells do not have these 
properties. Using radioactive labelling to monitor newly released 
cells, differential ultracentrifugation was used to separate the 
cells into the bottom 10% (oldest cells) and top 10% (youngest 
cells) so that adult and fetal red cells were age-matched 
(Oski and Smith, 1968). Certain parameters (e.g. increased 
activity of aldolase, glucose-6-phosphate dehydrogenase and 
hexokinase) were originally thought to be characteristic of 
fetal cells, but these are now known to be related to red cell
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age rather than to inherant differences between fetal and adult 
cells (Oski and Komazawa, 1975).

Total glucose consumption by fetal erythrocytes is higher 
than that of normal adult cells but young red cells generally 
consume more glucose. However, when neonatal red cells are 
compared with adult cells of a similar age, the rate of glucose 
consumption appeared to be less than expected (Oski and Smith, 
1968). This reduction in glucose consumption is probably due to 
an impairment in glycolysis at the rate limiting phosphofructo- 
kinase or hexokinase steps. Phosphofruetokinase activity is lower 
in fetal than adult red cells and is inhibited by adenosine 
triphosphate (ATP) at pH 7.2. In vitro incubation of neonatal 
red cells with higher pH or increased phosphate concentrations 
which increase phosphofruetokinase activity also result in 
greatly increased glucose consumption (Oski and Travis, 1972).
This suggests that the relative deficiency of phosphofructokinase 
might be responsible for the impairment of glycolysis in fetal 
cells. Further evidence comes from the observation that glucose 
consumption is also increased if phosphof ruetokinase is by-passed 
by incubating term cord red blood cells in 10 M methylene blue 
which causes glucose to be metabolised oxidatively in the pentose 
phosphate pathway (Oski and Komazawa, 1975).

It is thought that hexokinase, the other rate-limiting 
enzyme in glycolysis is not directly implicated in the reduced 
glucose consumption of fetal erythrocytes because the concentration 
of hexokinase is very similar in adults and neonates and is under 
a direct feedback control from its metabolic product glucose-6- 
phosphate (Oski and Komazawa, 1975). Several enzymes in the 
glycolytic pathway including hexokinase and phosphofructokinase 
are inhibited by 2,3,diphosphoglycerate (2,3DFG) but it would 
appear that this inhibition is not responsible for the difference 
in glucose consumption in adults and neonates as the concentration 
of 2,3 DPG is the same for both. The rate of 2,3 DPG turnover 
in the neonate is six times greater than in adults (Schroter and 
Winter, 1967). This is because 2,3DPG is less firmly bound to 
fetal than adult haemoglobin due to amino acid substitutions in 
the binding region (White, 1972), and because of higher 2,3DPG 
enzymatic breakdown in the fetal red blood cell (Oski, 1974).
The reason for the increased breakdown is not clear but it has
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been suggested that a possible cause of this is a unique fetal 
2,3DPG phosphatase with increased affinity for its substrate 
(Oski and Komazawa, 1975).

Apart from fetal haemoglobin, the extent and importance 
of ’fetal type' proteins in the initiation and maintenance of 
patterns of metabolism in fetal red blood cells is unclear. It 
is known, however, that several enzymes in the red cell, including 
hexokinase, enolase and aldolase exist as isoenzymes with 
particular forms occurring either specifically or in higher 
concentration in the fetus. The fetal hexokinase isoenzyme, 
for example, has kinetic differences which affects the rate of 
feedback inhibition, and therefore may contribute to the altered 
pattern of glycolysis in the fetus (Oski and Smith, 1968).

Fetal erythrocytes have higher adenosine triphosphate 
(ATP) levels and greater ATP instability than normal adult 
erythrocytes (Oski and Naiman, 1965). They also have significantly 
less ouabaine sensitive membrane ATPase and thus less of the

H" y ■+■Na /K activated membrane transport system than adult red cells 
with a comparable reticulocyte count (Whaun and Oski, 1969).
This reduced capacity for active transport may make fetal 
erythrocytes more vulnerable to membrane damage or malfunction 
(Blum and Oski, 1969). Fetal erythrocytes are also character­
istically susceptible to biochemical oxidation. They tend to 
more readily form methaemoglobin with oxidised haem, probably 
due to a level of methaemoglobin diaphorase, the concentration 
of which is only 60% of normal adult values (Ross, 1963) until 
two months after birth (Ross and Ciccarelli, 1962).

Fetal erythrocytes have a greater tendency than adult 
cells to accumulate hydrogen peroxide (Bracci et al., 1970) which 
is the major cause of the oxidation damage to haemoglobin resulting 
in the formation of Heinz bodies. Although fetal haemoglobin is 
more prone to dénaturation, there is apparently no relationship 
between the fetal haemoglobin content of a cell and its tendency 
to form Heinz bodies (Vlukutlu et al., 1966). Detoxification of 
hydrogen peroxide is dependent on glutathione peroxidase, 
glutathione reductose and glucose-6-phosphate dehydrogenase 
(Bienzle et al., 1976), and the activity of these enzymes is lower 
in fetal than adult cells (Whaun and Oski, 1970) yet there does not 
appear to be a relationship between these relative deficiencies and the
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Table 3 Haemoglobin Chains During Normal
Fetal Development

Hb Gower 1 a or Huehns et al■, 1961, 1964 
Hecht et al,, 1966 
Huehns and Farooqui, 1975

Hb Gower 2

Hb Portland 1
*̂ 2 ^2 

5 2 ^2

Huehns et al,, 1964

Kaltsoya et al., 1966 
Capp et al., 1967

Fetal Haemoglobin

Adult Haemoglobin
HbF<̂ 2 ^2
HbAqXg 
HbA„ /,

Korker, 1866

Kunkel and Wallenius, 1955 
Muller and Jonxis, 1960

chain may have glycine or alanine in position 136 of the
polypeptide chain (Schroeder et al., 1968). In normal infants 
and fetuses, the ratio of to* ̂  is 3:1 (Nute et al., 1973) whereas 
in adults this ratio changes to 2:3 (Schroeder et al., 1970).
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oxidant vulnerability (Bienzle et al., 1976). There is also 
no apparent relationship between the low levels (one-tenth 
adult values) of fetal carbonic anhydrase isoenzymes B and C and 
the Respiratory Stress Syndrome in neonates (Mondrup and Anker,
1975), Carbonic anhydrase catalyses the reversible hydration 
of carbon dioxide in blood cells and it was felt that the 
reduced levels of these isoenzymes might aggravate the carbon 
dioxide retention and acidosis of the Respiratory Stress Syndrome.

It would therefore appear that while being essentially 
similar to adult cells there are certain anomalies in fetal red 
cell metabolism; most of which are attributable to ^fetal type* 
enzyme activities. Since the contribution made by 'fetal type’ 
proteins has not been fully assessed, it is possible that the 
immunological characterisation of such proteins might provide 
further information. This might be gained through the direct 
monitoring of fetal proteins during gestation, or by investigating 
the effect of specific antibodies to isolated * fetal * enzymes in 
the assays of a particular metabolic pathway.
b) Haemoglobin

The mammalian haemoglobin molecule is a tetramer of four 
monomeric peptide chains, normally two oC and two non-o^chains.
The function of the molecule - the reversible carriage of oxygen - 
depends upon its four haem groups, one attached to each of the 
four globin chains. Pairs of chains interact and undergo 
conformational changes during oxygenation and deoxygenation with 
the result that any variation in chains (i.e. 4 non-cx chains 
instead of 2 oc. and 2 non-c<) or in the amino acids in the regions 
of contact between the chains results in decreased efficiency 
of oxygen transport.

The sequence of haemoglobin chain formation during embryonic 
and fetal life is summarised in Table 3 and Fig. 1, and has been 
the subject of several recent reviews; Cooper and Hoagland (1972), 
Weatherall et al. (1974), Weatherall (1976). The timing of 
different globin chain production in the embryo, fetus and 
neonate coincides with changes in erythropoietic site: from 
yolk sac to liver to bone marrow; and suggests a close relation 
between the two events (Lucarelli et al., 1968 ).
It appears, however, that although haemoglobin synthesis may be 
site restricted in the embryonic to fetal change-over, it is not
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in the fetal to adult switch (Kazazian and Woodhead, 1973;
Kazazian, 1974). The first demonstration that HbF and HbA 
synthesis was not restricted by the site of erythropoiesis was 
achieved by Thomas et al. (1960) who showed that liver erythroid 
cells from 9 - 17 week old fetuses synthesised both haemoglobins. 
This was confirmed and expanded by Wood and Weatherall (1973) 
who showed that in a series of fetuses of 13 - 34 weeks gestation 
there was no difference in the relative proportions of HbF and 
HbA synthesised by erythroid cells of liver, spleen or bone 
marrow origin, at any stage of development. Studies of single 
erythrocytes from term cord blood using differential acid 
elution (Kleihauer et al.. 1957; Zipursky and Israels, 1960) and 
fluorescent antibody technique (Dan and Hagiwara, 1967) have 
demonstrated that HbF and HbA may be synthesised within the same 
cell.

Whilst the timing and rate of change over from HbF and HbA 
is fairly well described, knowledge of the mechanisms controlling 
the switch is more limited. This basically stems from the lack 
of human experimental material during the switching period. Human 
fetal liver, maintained in tissue culture is being examined as 
a model system for studying the factors involved in the switch 
from fetal to adult haemoglobin production (Shichory and 
Weatherall, 1975).

The continuation of fetal haemoglobin production into 
adulthood in Hereditary Persistence of Fetal Haemoglobin (HPFH) 
is due to deletions in various parts of the gene cluster which 
would otherwise lead in some way to the suppression of ^ chain 
expression (see Weatherall and Clegg, 1972, 1976; Weatherall 
et al., 1976),

An increase in fetal haemoglobins also occurs in the 
Thalassaemias, which are a group of diseases caused by the 
deletion of one of the four major genes governing globin chain 
synthesis in adults (Weatherall and Clegg, 1972). Ino(Thalassaemia 
there is limited (heterozygotes) or no (homozygotes) chain 
production and Hb Barts (^4) or HbH (^4) are mainly produced. This 
is always fatal in the homozygous state since four similar 
haemoglobin chains are extremely inefficient at oxygen 
transportation. ln/3 Thalassaemia there is limited (heterozygotes) 
or no (homozygotes)yg chain production which results in increased
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Fig, 2 Typical Oxygen Dissociation Curves 
of Fetal and Adult Haemoglobin
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levels of HbA^ HbF to compensate.
The Thalassaemia and Hereditary Persistance of Fetal 

Haemoglobin syndromes have a number of variants which appear 
when specific mutations of DNA in the vicinity of globin genes 
occurs. These mutations may alter the gene sequences directly, 
or affect the subsequent translation into globin chains. This is 
therefore a useful system in which to observe gene expression 
(Weatherall et al., 1975; Weatherall and Clegg, 1976; Wood et al., 
1976, 1977). Experimental wheat germ culturing systems using 
messenger RNA prepared from the reticulocytes of patients with 
different types of Thalassaemias are now in use (Pritchard et al., 
1976).

A major difference between adult and fetal red blood cells 
is the higher oxygen affinity of fetal haemoglobin. Because of 
certain amino acid changes, 2,3diphosphoglycerate (2,3DPG) is 
less firmly bound to fetal haemoglobin (Tyuma and Shimizu, 1969). 
2,3DPG interacts with hydrogen ions from amino acid groups in the 
region of association between o(. - and non-(Achains, and reduces 
the oxygen affinity of haemoglobin (Benesch and Benesch, 1967). 
Without the presence of 2,3DPG haemoglobin would have such a 
high oxygen affinity that, once bound, it would be unable to unload 
oxygen under normal physiological conditions (Benesch et al.,
1968). In adult red cells, the concentration of 2,3DPG is such that 
oxygen is readily released (Benesch et al., 1971); however, the 
’unstable’ binding of 2,3DPG in fetal cells increases the oxygen 
affinity of fetal haemoglobin producing the classical shift in 
the oxygen dissociation curve seen in Fig, 2. Embryonic haemo­
globins have a very similar pattern of oxygen dissociation to 
fetal haemoglobin. Since this would require the co-operation of 
pairs of unlike globin chains, the molecular formula of Hb Gower 1 
is now thought to be £2 ^^^her than as originally thought 
(Huehns and Farooqui, 1975). The relative advantages of having 
a high oxygen affinity haemoglobin in fetal life have been 
summarised in several reviews including Huehns and Beaven (1971) 
and Weatherall et al. (1974) but it essentially means that fetal 
blood can achieve a fairly high level of oxygen saturation at the 
relatively low partial pressures of oxygen found in utero.
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4. The Red Blood Cell as a Typical Tissue Cell
There is an enormous number of differentiated cell types 

within the human body, all varying in structure and organelle 
content according to their function. Numerous cell types are 
very highly specialised and have greatly modified structures. A 
sperm cell is almost all nucleus, Golgi material and mitochondria 
with virtually no cytoplasm; whereas an erythrocyte is the 
converse, with none of these organelles, but an enlarged 
haemoglobin-laden granulofibrillar stroma (Lewis et al., 1968; 
Weinstein, 1974). Mature erythrocytes also lack an endoplasmic 
reticulum and ribosomes indicating the loss of ability to 
synthesise protein. This loss of organelles is gradual throughout 
the maturation process from erythroblasts (Bessis, 1961). The 
^ecialisation of both sperm and red blood cell imposes a short, 
finite life span. In a liver cell, however, a high level of 
diversified metabolic activity continues and these cells may divide 
to regenerate damaged tissue. A neurone resembles a liver cell 
in preserving all of its organelles, but differs in having extra 
specialised cytoplasmic neurofibrils (Grobstein, 1959). It would 
therefore appear that there is not really a ’typical’ tissue 
cell-type and that an erythrocyte is not unrepresentative of tissue 
cells because of its specialisation.

An immunological characteristic of tissue cells is that their 
surfaces are covered by genetically determined antigens. These are 
’histocompatibility’ antigens, and in effect this means that if 
cells or tissues bearing one set of antigens are placed inside the 
body of someone bearing different antigens, the introduced cells 
will be destroyed by the immune system of the host. This rejection 
occurs between species and between allogeneic individuals of the 
same species.

In man, these histocompatibility or HLA antigens form a 
complex system of multiple alleles at four different loci (Bright 
and Munro, 1976). An analogous situation exists with the red 
blood cell which possesses blood group histocompatibility antigens 
on its surface. The major blood group antigens in the ’ABO’ 
system were discovered by the presence of anti-A and anti-B 
antibodies in normal human sera. These major blood group substances 
may also be found on the surface of certain other tissue cells, 
e.g. kidney, and also in some secretions, e.g. saliva, sweat and 
gastric juice (Eisen, 1974).

As with the HLA system, red blood cells of one antigen type
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are immunologically destroyed when transfused into a dissimilar 
host. This has particular significance to the fetus in the 
Rhesus (Rh) antigen system. In practical terms, if a Rh-ve 
mother carriers a Rh+ve fetus, immunisation occurs as fetal red 
cells cross the placenta into the maternal circulation, causing 
the mother to produce antibodies against her child’s cells. This 
becomes more of a problem in consecutive pregnancies and can 
cause a haemolytic disease of the newborn known as Erythroblastosis 
fetalis (Walker et al., 1957). Fortunately, this disease is now 
controlled by the passive administration of anti-Rh gamma 
globulins which coat any Rh+ve red cells before they become 
immunogenic (Bowman, 1975).

Most blood group agglutination takes place at body 
temperature, the li group of antigens are an exception to this 
and agglutination occurs best at 4°C. The vast majority of adults 
are I positive, while neonates are i positive. i appears to be a 
fetal component of the completely developed I in adults (Marsh 
et al.a 1971). The i condition (but no other ’fetal’ red cell 
characteristics) can be induced in normal adults under conditions 
of marrow stress which cause red cells to be released prematurely. 
If the stressing factor is removed, newly developing cells are not 
i positive indicating that this antigen is characteristic of 
cell age rather than fetal specific (Hillman and Giblett, 1965),

The association of fetal-type protein recurrence in tissue 
carcinoma is now fairly well established (Alexander, 1972;
Maugh, 1974). The search for fetal proteins has consequently 
become more than just of interest to developmental biologists - 
the hope that a new fetal protein will be of some diagnostic 
use in cancer therapy seems very real. In man, the two best known 
onco-fetal antigens are carcinoembryonic antigen (CEA) of colonic 
cancer identified by Gold and Freedman (1965); and ot-fetoprotein 
(AFP) described by Abelev (1968) which is associated with 
hepatoma. These proteins are currently in use as diagnostic 
’markers’ both for the initial detection of cancer and to follow 
the regression of the disease following treatment.

In common with other tissues, certain fetal red cell proteins 
re-occur in malignant diseases of blood cells. In juvenile 
chronic myeloid leukaemia (Shapira et al., 1972; Maurer et al.. 
1972) and erythroleukaemia (Weatherall and Walker, 1965; Horton
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et al., 1970) there is a general pattern of regression to fetal 
erythropoiesis which includes elevated levels of fetal 
haemoglobin, changes to fetal enzyme levels and quantitative 
antigenic modifications (Sheridan et al., 1976), In the majority 
of less severe leukaemias only some ’fetal’ characteristics 
re-appear; increased levels of fetal haemoglobin being the 
commonest symptom. In these cases it has sometimes been possible 
to localise the abnormality to distinct erythrocyte populations. 
This is not consistent with a genuine reversion to fetal 
erythropoiesis and it is possible that a polychromesomal lesion 
of either quiescent F cells or adult stem cells may be involved 
(Pagnier et al., 1973, 1977; Dover et al.. 1977). A loss or 
weakening of blood group antigens, such as occurs with fetal 
cells may also occur in malignant blood disorders, and 
’mosaicism’ of ABO antigens with two or more distinct erythrocyte 
populations has been reported (Kahn et al.. 1972; Bird et al.,
1976). It has also been reported that tumour cells may acquire 
antigens identical with, or closely resembling certain erythrocyte 
antigens - and these may be different blood group antigens to 
those on the host’s own erythrocytes (see Bird, 1977).

It appears that the unexpected appearance of one or more 
fetal characteristics is a well-known but poorly understood 
feature of many malignant diseases. A precedent has already 
been set for fetal proteins to be of some diagnostic use in the 
treatment and monitoring of progress in many cancers of blood 
and tissue cells. The search for new fetal proteins is 
continuing in many research centres and it was hoped that this 
immunological investigation of fetal red. blood cells might 
’uncover’ a novel fetal antigen which might have some use as a 
’marker’ in the further understanding and detection of blood 
cell disorders.
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B, IMMUNOLOGICAL ASPECTS

1. Immunology of Red Blood Cells
Immunologically, the red blood cell is best known for its 

major membrane antigens: the blood group substances, and generally, 
these seem to be weaker on fetal cells (see Race and Sanger, 1975). 
As far as the internal, or red cell lysate proteins are concerned, 
immunological interest seems to have centred almost exclusively 
on haemoglobin.

Initially, adult haemoglobin was thought to be only weakly 
antigenic and the corresponding antisera non-specific (Chernoff, 
1953a). In contrast, fetal haemoglobin was considered to be much 
more antigenic and distinct immunological differences were 
demonstrated among fetal haemoglobins from normal infants 
(McCormick and Walker, 1960), Specific antisera to fetal 
haemoglobin (HbF) was used to devise a semi-quantitative 
precipitin test (Chernoff, 1953b) and more recently Mauran- 
Sendrail et al. (1973) reported an immunological technique for 
determination of HbF derived from the Ouchterlony immunodiffusion 
method, which was highly comparable with the standard alkali 
dénaturation of the Singer test.

The major component of adult haemoglobin (HbA) together 
with common haemoglobin mutants HbS and HbC were originally 
reported as being non-antigenic (Heller et al., 1962). Cross­
reactive and non-specific antisera were later produced, although 
the cA chain was still considered to be non-antigenic (Yakulis 
and Heller, 1964). Many authors (Boerma and Huisman, 1964; 
Schneider and Arat, 1964; Kraus and Sassano, 1965; Maggioni 
et al., 1966) have since found that haemoglobins A, A^, F , and 
Barts are all immunologically heterogeneous in the rabbit, all 
sharing some antigenic groups and each having some that are 
distinctive. The data also suggest that the shared groups are on 
the p , or (/polypeptide chains and that these chains are the 
most reactive immunogenic sites of haemoglobin, although the 
oC chain is immunogenic, Kimura and Suzuki (1969a and b) concluded 
that a more extensive immunisation schedule is required for the 
production of anti- cA chain antisera. Guinea pig antisera to 
oCandp chains shows that theo< chain has antigenic determinants 

of its own, as well as those shared with other chains (Ovary, 1964)
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The adsorption studies of Boerma and Huisman (1964) revealed 
that antisera to Hb Barts consisted of two types of antibodies: 
one reacting with HbF (cx̂  Xg) and Hb Barts ('^) and the other 
reacting with Hb Barts specifically. Specific antibodies for 
the haemoglobin mutants HbS and HbC were also demonstrated, 
indicating that the replacement of just one amino acid by 
another (as is the case with these mutants) can be sufficient to 
convey specific antigenicity to a haemoglobin mutant, provided a 
pure sample is used as an immunogen. Antisera sufficiently 
specific for diagnostic radioimmunoassay have now been produced 
to a large number of haemoglobin mutants with single amino acid 
substitutions (Reichlin, 1972; Carver et al., 1977).

Electrophoretically isolated minor fraction of adult 
haemoglobin (HbA2) and an unidentified non-haemoglobin component 
were shown to have specific antigenicity in rabbits (Heller et al.,
1962) while another non-haemoglobin protein and an enzyme protein 
with catalase activity were detected as antigenic components 
of whole haemolysates. Specific antibodies to red cell carbonic 
anhydrase B have also been produced by immunisation of rabbits 
with purified enzyme (Gitlin et al., 1968).

The haemoglobins from many different mammalian species 
are cross-reactive to varying extents when tested with anti-human 
haemoglobin antisera (Rachmilewitz et al., 1963; Reichlin gt al. , 1963) 
Since the production of antisera depends on an immunological aware­
ness of a ’non-self’ determinant, it is perhaps not surprising that 
the introduction of a protein with great similarity to the hosts 
produces little response. Human ^chains have a very similar 
amino acid sequence to those of rabbit haemoglobin c h a i n s , X 
and </chains are less like the rabbits chains and consequently are 
more immunogenic in that animal (Reichlin, 1972), Antibodies with 
specificities for the human chain can be more readily produced 
in guinea-pigs because there are greater differences between the 
human and guinea-pig.

Reichlin (1970) has attempted to correlate the immuno- 
genicity and distribution of rabbit antibody specificity for 
haemoglobin chains with the similarity between rabbit and 
haemoglobin chains. The number of radical primary amino acid 
sequence differences (i.e. those involving changes in charge, 
bulk or chemical nature of the residues) between human and rabbit
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cx_ chains are 7, between human and rabbit chains are 11, and the 
number of differences between human Ychains and rabbit 0 chains are 
21. Thus there is a good correlation between the immunogenicity 
of human Y  chains and the differences between individual homologous 
polypeptide chains of the two species; and it appears that rabbits 
do not produce antibodies to portions of the primary sequence of 
the human haemoglobin molecule which are identical to the primary 
sequence of the rabbit’s own haemoglobin molecule (Reichlin, 1972).

Haemoglobin mutants have been used to localise and enumerate 
antigenic determinants by studying the comparative reactivity of 
mutants with one amino acid substituted from the normal sequence 
and normal adult haemoglobin (HbA) with anti-HbA antisera. The 
results indicate that the substitutions in the mutants distinguished 
by anti-HbA serum from HbA were located in regions of the primary 
sequence where rabbit and human haemoglobin chains have many 
differences. Mutants with substitutions in regions of identical 
sequence were not distinguishable (Reichlin, 1972; 1974). The 
reverse situation was also investigated; examinations were made 
of the ability of antisera to twelve haemoglobin mutants to 
distinguish between mutant and normal adult haemoglobin. The 
results indicate that if the single amino acid substitution was in 
a region of similarity between rabbit and human haemoglobin chains, 
antibodies were produced which readily distinguished mutant from 
normal haemoglobin. Conversely antibodies which demonstrated no 
such distinction were produced if the substitution was in a region 
of dissimilar chain composition. Reichlin concluded that, in the 
first instance, antibodies are being directed against a single 
highly specific determinant, while in the second, the antibodies 
are being directed against many determinants on a large variable 
region. It is for this same reason that anti-mutant haemoglobin 
antibodies more readily distinguish mutants from normal haemoglobin, 
than do anti-normal haemoglobin antibodies, which only recognise 
broad differences between rabbit and human haemoglobins while 
overlooking more subtle distinctions (Reichlin, 1974).

It appears that red cell internal proteins are not very 
immunogenic and that injection of single, purified antigens has 
been necessary to elicit an antibody response to minor red cell 
proteins. In planning the immunological investigation of fetal 
red cell lysate proteins, it is therefore envisaged that a very
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limited antibody response to the immunogen might occur but that 
this challenge might be met by partial purification of interesting 
antigens or ’blocking’ of the response to unwanted antigens.

2. Methods for the Identification of Specific Immunological
Reactions with Particular Reference to Tissue Proteins
Antibodies and antigens work on a ’lock and key’ principle 

with the complex shape of an antigenic determinant fitting the 
corresponding shape in the antibody combining region and being 
held there by various forces including coulombic, Van der Waals, 
hydrogen and hydrophobic bonding (Roitt, 1977). There are 
basically two groups of methods for determining that an antibody 
has bound to an antigen; primary binding tests which simply require 
that an antibody-antigen complex is formed (whether soluble and 
insoluble) while tests for secondary interactions require that the 
single antibody-antigen complex cross-link with other complexes 
or react with a third component (e.g. complement) to visibly 
demonstrate that the antibody-antigen reaction has taken place.
This may be by precipitation (in solution or in gels), agglutination 
or lysis of cells. There are also tertiary manifestations of 
antibody-antigen reactions and these principally involve skin tests 
for hypersensitivity or anaphylaxis. An excellent review of all 
these immunological techniques together with their relative 
advantages and limitations may be found in Weir (1978).
a) Gel Precipitation Reactions

In the preliminary study of tissue antigens, gel precipitation 
is the most commonly used technique. Essentially, the antigen 
moves through the antibody-containing gel (either by diffusion or 
electrophoresis) forming soluble isolated complexes until these 
reach an ’equivalence point’ where neither antigen nor antibody 
is in excess; the complexes can then form a cross-linked lattice 
and precipitation occurs (see Ouchterlony and Nilsson, 1978). The 
requirements and limitations of this precipitation are: 1) the
antigen is multivalent, 2) sufficient antibodies are present for 
the antigen to reach the equivalence zone (and vice versa), 3) 
having reached this point, there are sufficient complexes to form 
a lattice that can be stained to show a visible precipitin line, 
band or arc. Despite these limitations, gel precipitation is the 
principal technique for screening antisera for multiple antigenic
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specificities as are likely to be found in tissue extracts.
b) Haemagglutination

Red blood cells will agglutinate in the presence of 
antibodies to their membrane antigens (e.g. blood group substances). 
Alternatively, antigens may be artificially coated onto their 
surface and the indirect agglutination of the red cells used to 
indicate the antibody-antigen reaction (see Herbert, 1978).

Direct agglutination of red blood cells has been used in 
the study of antibodies to transformed tissue culture cell lines 
(Kornstad and Rose, 1962) and brain tissue (Golub, 1973). In 
both cases the antisera showed extensive cross-reactivity and 
agglutinated erythrocytes from several species of animal.
Bjorklund and Paulsson (1962) used the tanned cell technique to 
assay normal and malignant tissue extracts with antisera raised 
against the insoluble residue from transformed HeLa cells. 
Haemagglutination and inhibition of agglutination with different 
tissue extracts was performed and demonstrated that the anti-HeLa 
antibodies agglutinated cells coated with extracts from cancerous 
tissue significantly more frequently and with a higher titre than 
cells coated with extracts from comparable normal tissues 
(Bjorklund, 1969), The significance of this kind of assay for 
tissue antigens is difficult to assess, due to the lack of 
information about the number and nature of antigens involved.
This is a typical problem when dealing with an unknown mixture 
of antigens in a tissue extract. Inhibition tests are really 
only applicable to single highly purified antigens.
c) Cytolytic Tests

Antibody-antigen complexes may activate a complex cascade 
reaction involving nine protein components (C^-Cg) which result 
in complement formation. Antibodies linked to antigens in the 
presence of complement can produce cell lysis and if the antigen 
were coated onto a red blood cell, lysis would produce a pool 
of indicator pigmentation-haemoglobin. This complement fixation 
is the basis of the plaque assay which uses the lysis of sheep 
red blood cells to indicate specific antibody production by 
spleen cells (see Dresser, 1978). The localised haemolysis in 
gels (LHG) technique as originally described by Jerne et al. (1963) 
detected only those cells which produced antibody capable of
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fixing complement and lysing erythrocytes directly. With 
certain minor exceptions this antibody is IgM; however the 
majority of humoral antibodies belong to other classes (IgG; IgA) 
which are less efficient at fixing complement by themselves but 
the addition of antiglobulin antibody enhances the reaction 
(Dresser and Wortis, 1965).

It has been observed that sera from patients with various 
diseases will fix complement with extracts of normal human tissues 
(Gajdusek, 1957). Beall (1963) fractionated extracts of normal 
liver to investigate the significance of this phenomenon. He 
found that antigenic activity was found in fractions containing 
gamma globulins and suggested that the complement fixation observed 
might be due to aggregation of the normal tissue protein with IgG 
rather than an autoimmune antibody-antigen reaction. Thorpe et al.
(1977) reported that many normal human sera were found to be 
capable of causing complement-mediated lysis of normal human skin 
cells grown in tissue culture. This lytic activity could be 
removed by adsorption with first trimester fetal tissue whereas 
adsorption with a variety of normal adult tissues could not 
prevent lysis. This apparently indicates that normal human cells 
in tissue culture express ’neoantigens’ present in fetal tissues 
but not normal adult tissues.
d) Methods for the Localisation of Tissue Antigens

The technique of immunofluorescence is particularly suitable 
for the examination of antigens within tissue sections or cultured 
cells. Test antibodies may be conjugated directly to the fluoro- 
chrome or an intermediate antiglobulin/fluorochrome bridge may be 
used. Inhibition of fluorescence with a single purified antigen 
is the best test of specific activity and this localisation method 
is frequently used to extend the results obtained from the exam­
ination of tissue antigens by gel precipitation techniques. Many 
examples of the application of this method can be found in Weir
(1978).

Immunofluorescence has a higher resolution than the 
peroxidase method, but the latter is permanent and counterstains 
may be used to identify specific antigens, e.g. lactate 
dehydrogenase in muscle (see Johnson et al., 1978). Ferritin 
conjugated antibody has also been used for ultrastructural 
localisation of antigens; its distribution can readily be seen
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from its density when observed under an electron microscope. This 
method has been used for specialised ultrastructural localisation 
of tissue antigens (e.g. Andres et al., 1962; Vogt et al, 1968; 
Kraehenbuhl and Jamieson, 1974) and was responsible for the 
localisation of blood group antigens on erythrocyte membranes 
(Howe and Lee, 1969; Howe et al., 1970; Nicolson et al., 1971),
(â) Tissue Antigens and the Removal or Prevention of Antibodies

with ’Unwanted’ Specificities
The study of tissue antigens involves several levels of 

specificity. Many antigens occur in tissues which are specific 
for a single species. Conversely, some antigens are specific 
to a single organ, but also occur in many different species. 
Generally, the farther apart two animals are in evolutionary 
terms, the fewer tissue antigens will be shared (Weir, 1973).

A further complication in the identification of tissue 
antibody-antigen reactions is that tissue cells share antigenic 
components with serum proteins and these are constituent parts 
of the cell and not contaminants. These serum protein components 
are also present in human tissue cell cultures grown for many 
generations free of human serum (Kornstad and Rose, 1962;
Bonstein and Rose, 1971) and are generally potent immunogens 
whereas antigens found only inside tissue cells often have 
limited immunogenicity (Weir, 1973). Adsorption studies seem 
to have resolved tissue species-specific antigens into three 
groups; a) serum cross-reactive; b) red cell cross-reactive;
c) residual specific tissue antigens (Kite et al., 1967;
Silberman et al., 1967; Shulman and Wypych, 1969; Golub, 1973).

An alternative to removing the unwanted antibody specific­
ities by adsorption is to try and prevent them from occurring in 
the first instance. One solution is to immunise with highly 
purified antigen. This is frequently impractical, particularly 
when using immunological methods to try to detect novel antigens. 
Another possibility is to first tolerise the animal to be immunised 
with the ’unwanted’ antigens. This may be done by injecting 
’unwanted’ antigens while the host animal’s immune system is 
underdeveloped: neonatal tolerance (DeCarvalho and Rand, 1963) 
or impaired by physical ; X radiation (Nachtigal and Feldman,
1963) or chemical means; 6-mercaptopurine (LaPlane et al., 1962);
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The 'poor immunogenicity* of tissue antigens may be due to 
quantitative differences since some tissue components are immunogenic 
when purified and injected at a high enough concentration. The 
structural characteristics and similarity of antigens to the immunised 
animal's own accessible components are also relevant and this whole 
question is considered in more detail in Section A of the Discussion, 
pages 58 ~ 63.



cyclophosphamide (Zan Bar et al., 1975). X-irradiation and 
anti-mitotic drugs like mercaptopurine act by destroying 
rapidly dividing cells like activated lymphocytes.

C . CONCLUSION

The immunological investigation of intracellular tissue 
proteins presents a number of interesting problems: how to raise 
antibodies against antigens with limited immunogenicity, how to 
detect a specific response and what that response indicates about 
the number, nature and location of the antigens involved.

Red blood cells may be used as a model for tissue proteins 
in this context. They have the advantages of being commonly 
available and having a high concentration of soluble intra­
cellular protein that can be very simply extracted.

The specialised utero environment has resulted in 
structural and metabolic differences characteristic of fetal red 
blood cells. The factors regulating these properties are not 
wholly understood. For example, little is known about the 
possible regulatory role of non-haemoglobin red cell proteins in 
the maintenance of fetal characteristics or the control of fetal 
to adult gene switches. Since very little immunological work 
has been done on red cell intracellular proteins besides 
haemoglobin, it is possible that an immunological investigation 
of red cell proteins might produce some data on developmental 
markers which would help elucidate these problems. Fetal 
specific proteins are also of interest because of their 
association with malignant disease. Fetal haemoglobin has been 
associated with the occurrence of many types of leukaemia and it 
is possible that variations in other fetal red cell proteins 
might have some diagnostic value.

Thus, this research project involves the raising of 
antibodies to the antigens in fetal red cell lysates with two 
aims:

1) the investigation of red blood cell soluble proteins 
as a model for tissue proteins generally, and

2) to look for novel 'fetal* proteins in red cells by 
immunological methods.
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Erythropoietic production sites and cell-types are changing during 
this phase of fetal life (see pages 1 - 6  and Fig. 1) and hence 
different cell populations are present in fetal and adult blood.
Any recurrence of ’fetal’ proteins in adults might therefore reflect 
a developmental or cell maturation defect rather than a return to 
intrinsic fetal proteins.



Chemicals
Analar chemicals were used wherever possible, the principal 

source being BDH chemical company. Agarose of low electro- 
endosmotic grade, purified (twice crystallized) rabbit and adult 
human haemoglobin, bovine serum albumin, tannic acid and 
Coomassie Brilliant Blue R stain were obtained from Sigma 
chemical company.
Commercial Antisera

Monospecific rabbit anti—human haptoglobins antisera were 
obtained from Nordic and Miles chemical companies. Monospecific 
rabbit antisera to human adult haemoglobin, fetal haemoglobin, 
oC ̂  macroglobulin and immunoglobulin G were obtained from 
Behringwerke (Hoechst chemical company).

Prior to the commencement of this investigation a rabbit 
antiserum to human cA_fetoprotein and a sheep antiserum to adult 
human serum proteins had been prepared for use in the laboratory.
Serum

Standard human serum was obtained from Behringwerke 
(Hoechst chemical company). The concentration of various proteins, 
e.g. albumin and haptoglobin had been measured and these values 
were included in the literature accompanying each batch of serum.

The pooled adult serum used in this investigation was 
kindly donated by the Virology Department, Glasgow University; 
and consisted of serum pooled from approximately one hundred 
healthy adult donors.

Blood from a volunteer in the laboratory (Miss B. M.
Kukulska) with haptoglobin phenotype 1:1 was obtained by 
venipuncture. The blood was allowed to clot at 4°C and serum 
was pipetted from around the clot as it shrank. This enabled 
serum without red cell lysis to be obtained.
Red Blood Cells

Samples of fetal blood were obtained from a local hospital 
during the examination of fetuses which had been aborted either 
spontaneously or by induction for medical or social reasons.
Over 4 - 5  months, blood from fifteen fetuses from(3 weeks to 
28 weeks gestation (mode = 18 weeks) was obtained. Four of 
these fetuses were apparently normal, six had spina bifida, two 
were anencephalic, one was hydrocephalic, one had Down’s syndrome
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(Trisomy 21) and one was a male fetus from a carrier of 
haemophilia. Because the blood samples were collected some hours 
after death, the blood was rather coagulated. The samples were 
centrifuged and the red cells dispersed in phosphate buffered 
saline (PBS) as soon as possible after.collection. After 
washing and lysing (see below) aliquots of lysate from each 
individual fetus were retained and the rest pooled. This pool 
formed the 'standard fetal red cell lysate' used in the 
investigation.

Blood from the umbilical cord was obtained at the birth 
of babies in the maternity wing of the same local hospital.
This term cord blood was collected into heparinised tubes and 
stored at 4°C until collected (usually the following day). Samples 
from twelve - fifteen individuals at a time were collected and 
pooled. This provided sufficient 'standard term red cell lysate' 
for several months' work. Three such standard pools were used 
during the course of the investigation.

Adult blood was collected by venipuncture from a single 
volunteer in the laboratory for the 'standard adult lysate'.
The blood was mixed with five volumes of PBS and washed 
immediately after collection. Fifty millilitres of blood was 
collected at a time and this was sufficient to provide a 
standard adult red cell lysate for several months' work. Three 
such pools were used during the course of the investigation.
Small samples of adult red cells from fifteen individuals with 
blood group O were kindly donated by Mrs. Betty O'Hare. These 
were pooled and used for agglutination experiments.

^  All standard lysates were adjusted to 100 mg/ml protein.
Washing and Lysing: Each set of red blood cells (fetal, term
cord and adult) were washed with five volumes of PBS by gently 
inverting for one minute and centrifuging down in an MSE bench 
centrifuge at speed setting 5 for four minutes. The supernatant, 
buffy coat and top layer of red cells were discarded. The red 
blood cells were washed in a similar manner a further three 
times. After the final supernatant had been removed, two 
volumes of distilled water were added to lyse the cells. The 
tubes containing the red cells were vigorously whirlmixed for 
two minutes before spinning down in a Sorvall refrigerated
centrifuge (SS 34 head) at 15,000 revs/min for fifteen minutes.

25,000 g ^
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The red cell lysate was then decanted off. The protein 
concentration was measured by the method of Lowry et al. (1951)
(see below) and adjusted to 100 mg/ml with PBS if necessary.
Ten millilitre aliquots of lysate were then stored at —20°C 
until required.

Because the adult red cells were mixed with a large volume 
of PBS immediately after collection, the cells did not clot and 
formed a uniform suspension when washed. The term and fetal 
red cells, however, were partially clotted and tended to clump 
together when washed. Although larger clots were discarded, the 
washing of the remaining cells was not as consistently thorough 
as with the adult cells. The reason for the clotting of the 
term cord cells was insufficient mixing in the heparinised tubes 
at the time of collection. The nurses collecting the blood at 
the births were primarily engaged in other activities and could 
not always ensure that the tubes were inverted sufficiently.
Since the completion of this investigation the hospital changed 
to using heparinised tubes which contain small glass beads. The 
beads efficiently mix the blood with the heparin and so the time 
spent inverting the tubes is now reduced to a minimum, and the 
cells can now be obtained in uniform suspension.

Immunological Techniques
Antibody-Antigen Crossed Electrophoresis (AACE) was 

performed in agarose gel with barbitone buffers pH 8,6 according 
to the methods of Laurell (1965, 1966) and Clarke and Freeman (1968) 
Table 4 opposite gives details of the buffers and stain used.
Ten millilitres of 1% agarose solution in gel buffer was applied 
to 8.2 cm X 8.2 cm x 0.12 cm glass plates. The first dimension 
of electrophoresis was at 20 mV/cm and took approximately 
1% - 2% hours according to the distance of electrophoresis 
required. After the antibody bed had been poured, the gel was 
turned through 90° and electrophoresed at right angles to the 
first dimension at 6 mV/cm 3 mA/plate for 18 hours (overnight).
All electrophoresis was at 4°c. For one dimensional AACEs 
samples were applied at the cathodal side of the antibody bed 
and immediately electrophoresed at 3 mA/plate overnight. After 
electrophoresis, the gels were washed in l/lO PBS in boxes 
into which air was bubbled. The bubbling motion caused the 
gels to free themselves from the glass plate and float in the

22



l/lO PBS. This enabled efficient washing from both sides of 
the gel to taJke place. After 24 hours washing and 3 - 4  changes 
of l/lO PBS buffer the gels were relocated on their glass 
plates and dried out to a thin film in a stream of air from a 
small electric fan. To prevent the gels curling at the edges 
as they dried, filter paper squares were placed on top of gels 
after washing. These filter papers became detached when the gels 
were completely dry. After drying, the gels were stained with 
Coomassie Brilliant Blue protein stain and destained in 
acid/alcohol until the peaks were clearly visible.

Antibody solutions could be added to the agarose gel up 
to a concentration of 20% by volume. Higher concentrations 
resulted in the gel not setting or collapsing during electro­
phoresis (due to the water maintaining the gel matrix undergoing 
electroendosmosis). The addition of the tincture of Merthiolate 
(containing an orange dye) to the gel buffer enabled the 
location of albumin to be observed. Albumin binds to the dye 
forming a pink spot in the gel. Since albumin has almost the 
fastest mobility of any serum protein, the progress of the 
first dimension of electrophoresis could be monitored by the 
progress across the gel of the pink spot. After the first 
dimension of electrophoresis, the centre of the pink spot was 
marked in the gel with the end of a pasteur pipette (i.e. a 
small circle was marked but not removed). This served as a 
reference point to mark the extent of electrophoresis so that 
comparison between plates run on different days was simplified.

Ouchterlony double immunodiffusion plates were prepared 
according to Ouchterlony (19 58) using the same agarose plates 
as for AACEs. In this investigation the wells used were
2.0 - 2.5 mm in diameter and the centres of the wells were 
generally 8 mm apart. The distances used in individual plates 
varied according to the concentrations of antigens and 
antibodies employed. The plates were allowed to diffuse for 
48 hours in a humidity cabinet before washing and staining as 
described for AACEs.

Red cell haemagglutination was performed exactly as 
described by Herbert (1973). After washing, the adult and term
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cord red cells were suspended as a 1% solution in PBS 
containing 1% decomplemented control rabbit serum (to prevent 
spontaneous agglutination). Using perspex agglutination trays, 
undiluted rabbit antisera, and antisera in doubling dilutions 
from l/lO were made in 100 pi volumes, and 100 pi of the 1% 
red cell suspension was added. The trays were then covered and 
left at room temperature overnight before examination and 
recording the result the following morning.

The formalisation and tanning of sheep red blood cells 
were also performed exactly as described by Herbert (1973). 
Twenty five millilitres of washed packed sheep red cells were 
resuspended in 200 ml PBS in a 500 ml flask. Fifty millilitres 
commercial formalin (40% formaldehyde from BDH) was pH^d to 
5,5 - 6.0 with IM sodium hydroxide and put into a large dialysis 
sac so that although air was excluded, the tube was only % full. 
The dialysis sac was then submerged in the red cell suspension 
and gently agitated at room temperature. After 3 hours the 
swollen dialysis sac was punctured allowing the formalin to 
escape, and the gentle mixing was continued overnight. The dark 
brown cell suspension was then centrifuged and washed several 
times with PBS. After this procedure the cells pack more 
closely on centrifugation and are 'sticky’ to resuspend. The 
formalised cells were diluted to a 2.5% suspension in PBS ready 
for tanning. To 25 ml of the 2.5% formalised cells was added 
25 ml freshly prepared l/l0,000 tannic acid solution in PBS.
This was agitated gently for two minutes and then spun down 
in an MSB bench centrifuge speed 6 for 5 minutes. The super­
natant was poured off and the cells resuspended in 25 ml PBS 
5 ml control cells which were not coated were removed at this 
point. To 10 ml of the tanned cell suspension was added 10 ml 
of the protein to be coated at a concentration of 0.1 mg/ml in 
PBS. The cells were agitated gently for two minutes before 
spinning down and washing with PBS as before. The tanned 
cells were finally made up to a 1% solution in PBS (which 
contained 0.01% sodium azide as a preservative) and stored 
at 4°C until required. The agglutination steps were performed 
for tanned cells exactly as described for adult and term cord 
red cells.

— 24 —



Fig. 3a Absorbancy of Commercially Purified Haemoglobin 
Solutions Measured on a Pye Unicajn SP 800 

Scanning Spectrophotometer

Absorbance

Wavelength nM

2 0

w
4 5 0413

Folin Protein 
Concentration 

(mg/ml Hb)
Absorbant 

413 nM

a 0.47 2.0
b 0,43 1.87
c 0.33 1.48
d 0.29 1.25
e 0.24 1.0
f 0.19 0.76
9 0.13 0.5
h 0.068 0.26
Î 0.023 0.04

Fig. 3b Standard Curve of Absorbancy of 
Haemoglobin Solutions
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m'g/ml



Fig. 4a One Dimensional Antibody-Antiqen 
Crossed Electrophoresis of Serum 

Samples with Commercial 
anti-Haptoqlobin Antiserum
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Fig. 4b Graph of Haptoglobin Peak Area and 
Ml Serum Applied to AACE Plate
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Quantitation
Protein concentration; Initial estimates of protein 
concentration were made by optical density readings at 280 nM 
and 260 nM according to the method of Warburg and Christian 
(1941) described by Dawson et al. (1969). For more precise 
measurement, the method of Lowry et al. (1951) utilising Folin- 
Ciocalteu phenol reagent was used with bovine serum albumin as a 
standard. A small standard curve of albumin at four different 
concentrations was produced on each occasion, and the samples 
were usually duplicated at different protein concentrations.

Haemoglobin; Purified twice crystallized adult human 
haemoglobin (Hb) was resuspended in PBS at a concentration of 
1 mg/ml. A set of dilutions was made and the protein 
concentration of each measured by the Folin method. While the 
protein was being measured, the optical density reading of each 
sample was made at 413 nM on a Unicam SP 800 recording spectro­
photometer. Each sample was zero * d against PBS at 450 nM 
(see Fig. 3a). A standard curve was produced of the peak 
height at 413 nM against the Folin protein concentration in 
mg/ml Hb (Fig. 3b). Subsequent haemoglobin concentrations were 
estimated from diluting the sample until the peak at 413 nM 
had an adsorbancy of between 0,1 and 2,0 and then reading the 
haemoglobin concentration equivalent to this peak height from 
the standard curve.

Haptoglobin, Albumin and jk.-Fetoprotein; These serum proteins 
were measured by one dimensional Antibody-Antigen Crossed 
Electrophoresis (ID AACE) after the ’rocket* method of Laurell 
(1966, 1972). A series of sample applications (e.g. 2 pi, 4 pi, 
6 pi, 8 pi) would be made and the set of peaks produced by 
suitable antisera on a ID AACE compared with a set of standard 
peaks. For haptoglobin and albumin, the standard peaks were 
produced by Behringwerke adult human standard serum in which 
these proteins had been measured prior to despatch. The 
oC-fetoprotein standard was a sample of term cord serum in 

which the (A-fetoprotein had been previously quantified in the 
laboratory.

Fig. 4a shows a typical ID AACE quantitation plate for
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haptoglobin. The peak heights for the sample and standard are 
plotted on the same graph and the quantitation measurements 
made from the gradient of the two lines (see Fig. 4b).

Polyacrylamide Gradient Slab Gel Electrophoresis
Polyacrylamide slab gels (approximately 15 x 20 cm) 

containing sodium dodecyl sulphate (SDS) at a gradient range 
of 7 — 15% acrylamide were made according to the method of 
Marsden et al. (1976). The buffers required are described in
Table 5 . The samples to be applied were diluted to 200 ]xg 
in 50 ul PBS in 1 dram screw top vials. Twenty five microlitres 
'Boiling Mix' containing mercaptoethanol and bromophenol blue 
were added and the vials stood in a boiling water bath for 4 
minutes. Five microlitres of the solution was then applied to 
the sample channels in the stacking gel at the top of the 
running gel. This resulted in 13.5 ^g of the original sample 
being applied to the gel. On certain occasions, more 
concentrated samples were required, in which case 25 p.1 
(62.5 pg) of sample were applied. The effect of the stacking 
gel was to collect the protein into a uniform front as it 
entered the actual gradient running gel.

Ion Exchange Chromatography
For fractionation of term cord red cell lysate, 250 g 

CM Sepharose CL 6B (Pharmacea) was equilibriated with four bed 
volumes of 0.5 M phosphate buffer pH 6.8 on a 30 cm x 2.5 cm 
column. The pH of the buffer leaving the column was then 
checked before equilibriation with eight bed volumes of 5 mM 
phosphate buffer pH 6.8. Three millilitres term lysate at 
$00 mg/ml (which had been dialysed against 5mM PO^ pH 6.8) 
was then applied to the column at 40 ml/hour. The protein which 
did not bind to the column was collected (in approximately 200 ml), 
reduced to 10 ml by ultrafiltration over an Amicon PM 10 
membrane with an exclusion diameter of 10,000 daltons 
(this only took 20 - 30 minutes because the protein concentration 
was so low) and immediately lycphilized prior to storage at 
20°C. The protein bound to the column was eluted off in 
10 mM phosphate buffer containing 0,5 M sodium chloride pH 7.2 
and the column washed with 0.5 M phosphate buffer pH 6.8 until
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^  The amount of protein mixed with 1 ml of adjuvant varied with the 
antigen used for immunisation. Full details are given at the 
beginning of each antiserum description in the Results section.



the pH of the effluent had returned to pH 6.8. The column was 
then re-equilibrated with ten bed volumes of 5 mM phosphate buffer 
pH 6,8. The eluted protein was dialysed against l/lO PBS before 
concentration and lycphilization. Haptoglobin was purified on a 
25 X 2.5 cm DEAE cellulose column, after the method of Connell and 
Shaw (1961). 2.5 ml serum with haptoglobin phenotype 1:1 was
applied to the column and washed through in 20 bed volumes of 0.01 M 
Acetate buffer pH 4.7. Haemoglobin was observed passing through the 
column, and the serum proteins albumin, transferrin and immuno- 
globin G were detected in the unbound protein by one dimensional 
AACE. The buffer was then changed to 0,02 M Acetate pH 4.7 and 
the fractions collected were found to contain haptoglobin as 
detected with commercial anti-haptoglobin antiserum on one dimensional 
AACE. Analysis of this protein with multivalent sheep anti-human 
serum protein by two dimensional AACE showed a major oC^ mobility 
protein with very little contamination by other serum proteins. No 
haemoglobin was detected in this material (as determined by optical 
density readings at 413 nM) and therefore this material was 
assessed as partially purified 'free' haptoglobin.
Gel Filtration

A 90 cm X 2.5 cm G200 sephadex column was prepared by pre­
swelling 10 g sephadex in 600 ml PBS and placing in a boiling water 
bath for six hours. After cooling, the column was packed at the 
running speed of 20 ml/hr. After 24 hours a sample of blue dextran 
(molecular weight 6,000,000) was passed over the column to determine 
the void volume. Following this, 2 ml serum was applied and 6.5 ml 
fractions were collected. The column was washed in PBS for a 
further 24 hours before another sample was applied. The fractions 
from the column were assayed for the presence of macroglobulin, 
immunoglobulin G, haptoglobin and albumin by one dimensional 
Antibody-Antigen Crossed Electrophoresis, and haemoglobin was 
assayed by optical density readings at 413 nM.
Production of Antisera

The antigens to be injected were lycphilized and resuspended 
with vigorous whirlmixing in 1 ml Freunds complete adjuvant.^ All 
injections were given intramuscularly into the haunches of the 
rabbits. After the preliminary immunisation, the first booster 
injection was given four weeks later. Subsequent booster injections
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were given at four week intervals. All booster injections were 
given intramuscularly in Freunds complete adjuvant and contained 
the same amount of protein as the primary injection.

Rabbit bleeding commenced one week after the first booster 
injection (five weeks from the primary immunisation). Approximately 
40 ml blood was taken twice weekly by nicking the outer ear vein 
with a scalpel blade. The blood was collected in glass beakers and 
coagulated very quickly. The blood clots were cut into quarters and 
spun down in a Sorvall refrigerated centrifuge (SS 34 head) at 

25,000 g 15,000 revs/min for fifteen minutes. The resultant serum (which was 
slightly lysed due to the clot being cut) was stored at -20°C 
until required.

Rabbit antisera were adsorbed as required with pooled adult 
serum, adult haemoglobin or adult red cell lysate polymerised with 
gluteraldehyde. Polymerisation was by the method of Avrameas and 
Ternynck (1969). Haemoglobin and lysate solutions at a concentr­
ation of 50 mg/ml were dialysed against 0.1 M phosphate buffer pH 7 
prior to polymerisation, but this was found to be unnecessary for 
pooled adult serum (at approximately 70 mg/ml). For every 5 ml of 
protein solution, 0.1 ml of a 25% aqueous solution of gluteraldehyde 
was added dropwise with vigorous stirring. As soon as the 
gluteraldehyde solution had been added, the stirring was stopped and 
the protein solution was left to gel (usually took 2 - 5  minutes).
It was found that the gel was easier to homogenise into uniformly 
fine particles if the gel was left overnight at 4°C before homo­
genising in an MSB blender in PBS. After a brisk homogenisation, the 
polymer particles were spun gently and briefly either in a bench
centrifuge or in the Sorvall centrifuge at 2,000 rev/min (large150 gGSA head). After decanting the supernatant the polymerised protein 
was forced through a domestic sieve with a flexible plastic spatula. 
This had the effect of finely dividing the polymer particles, which 
were then washed in ten volumes PBS by stirring for two hours, 
standing for four hours, siphoning off the clear supernatant and 
washing in ten volumes PBS again. This washing cycle was repeated 
3 - 4  times until an even, fine suspension of particles in a totally 
clear supernatant is achieved. After the final centrifugation, the 
polymer particles were resuspended in a minimum volume of PBS and 
stored at 4°C before use.

The adsorption procedure involved decanting a volume of 
polymer into a screw-topped tube and spinning down to a 'packed*
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Table 6 Injection Schedule for Tolerised Rabbits

Days from Birth mis Adult Serum mis Adult Red Cell Lysate
Injected (1:1 in H2O)

Injected

1 0.3 0.3
2 0.3 0.3
3 0.3 0.3
4 0.3 0.3
7 0.3 0.3

11 0.3 0.3
14 0.3 0.3
20 0.6 0.6
29 0.6 0.6
40 0.6 0.6
54 0.6 0.6
60 0,6 0.6
68 0.6 0.6
80 Bled to determine tolerance
84 Commence immunisation

100 Test bleed to determine tolerance after
immuni sation

113 First booster injection of immunogen
120 Commence bleeding for collection of

antisera



volume, in a MSB bench centrifuge and discarding the supernatant.
For 5 ml packed polymer 7 ml antiserum would be added, vigorously 
mixed and inverted overnight on a Matburn cell suspension mixer.
The following day, the tubes were vigorously centrifuged and the 
adsorbed antiserum removed. To test for completeness of adsorption, 
a two dimensional Antibody-Antigen Crossed Electrophoresis plate 
was set up with as concentrated a form of antigen and adsorbed 
antibody as possible (e.g. 10 ul 5 x concentrated pooled adult serum 
and a 20% antibody bed). If any peaks were still visible, the 
adsorption step was repeated. In this investigation, a single 
adsorption step was required on every occasion.
Neonatal Tolerisation: A litter of newborn New Zealand white rabbits 
were injected subcutaneously with adult serum and red cell lysate 
according to the schedule in Table 6.
Affinity Chromatography

Antibodies to be immobilised on sepharose were first partially 
purified (after adsorption with polymerised adult serum if necessary) 
by precipitation in 45% saturated aonmonium sulphate which had been 
brought to neutral pH with 0,5 M Tris (see Heide and Schwick, 1973).

The precipitated immunoglobulins were redissolved and dialysed 
against 0.1 M sodium bicarbonate, Sepharose 4B (Pharmacea) was 
activated with cyanogen bromide according to the method described by 
Porath et al. (1967) and Fuchs and Sela (1973). For every 150 mg of
protein to be bound, 10 g drained wet weight of sepharose, O. 1 g
cyanogen bromide and 25 ml water were required. All procedures were 
carried out in a fume cupboard with a sink, and all equipment was 
covered with aluminium foil to reduce contamination in the event of 
an accident. The cyanogen bromide was dissolved in % of the reaction 
volume of water (taking approximately 1 - 2  hours) and then added to 
the slurry of sepharose containing the remaining water. The slurry 
was set stirring in the fume cupboard with a pH meter probe in the 
beaker. Two molar sodium hydroxide was pumped into the beaker to 
maintain the pH at 11.2 - 11.5 until the pH was maintained without
any further addition of sodium hydroxide (approximately 20 - 45
minutes). The activated sepharose was then decanted into a wide 
diameter column and supernatant pumped off as quickly as possible.
All supernatants and washing solutions were pumped into 10 M sodium 
hydroxide to prevent the formation of cyanide gas which might come
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Fig. 5a Absorbancy of Pot a s ''urn Iodide Solutions 
Measured on a Pye Unicam SP 800 

Scanning Spectrophotometer

Absorbance
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Absorbance

Molarity 1.0
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Fig. 5b Standard Curve of Absorbancy of Potassium
Iodide Solutions

Wavelength (nM) 
at Absorbance 1,0

280

250

230

2x10"^ M2x10“' 2x10“̂
Logaritlimic Scale of Potassium Iodide Molarities

2x10“



from any unreacted cyanogen bromide at low pH. After the supernatant 
had been removed the activated sepharose was washed with 4 - 5  volumes 
of distilled water followed by at least 10 volumes of 0.1 M sodium 
bicarbonate, which terminates the activation procedure. The 
sepharose was ejected from the column as a 50% slurry in the 0.1 M 
sodium bicarbonate and the protein to be bound was added to the slurry 
at a concentration of 10 rag/ml (in 0.1 M sodium bicarbonate). The 
sepharose and protein were then gently mixed together overnight at 
room temperature. After this coupling procedure the sepharose slurry 
was degassed under vacuum and poured into a column. The protein 
supernatant was drained from the sepharose and the amount of unbound 
protein estimated from optical density readings at 280 nM and 
260 nM. The method of total protein bound to the sepharose by this 
method was generally 90 - 97%. After any remaining protein had been 
washed away, the antibody/sepharose column was exposed to fresh 1 M 
ethanolamine pH 8 for one hour in order to block any remaining 
reactive groups on the sepharose matrix to which protein had not 
bound. To remove any non-covalently bound protein, the sepharose 
was exposed to three washing cycles of 0.1 M acetate buffer 1 M
sodium chloride pH 4 and 0.1 M borate buffer 1 M sodium chloride pH 8.
After the final washing cycle, several bed volumes of 2 M potassium 
iodide 50 mM Tris pH 8,6 (which was to be the eluting buffer) were 
passed through the column before thorough equilibriation with PBS.

The samples were applied to the antibody/sepharose columns at
a pump speed of 80 ml/hr which meant that the sample was exposed to
the column for about an hour. After washing the sample through with
PBS for a further 1% - ^  hours, the column was exposed to 2 M
potassium iodide 50 mM Tris pH 8.6 for 40 minutes at 160 ml/hr
(approximately 100 ml) to elute the protein bound to the column.
During re-equilibriation of the column with PBS, the eluted protein 
was dialysed against 20 volumes of l/lO PBS (6 changes over the 
following 2 days) to remove potassium iodide.

To avoid spending too long on the dialysis procedure, a 
spectrophotometrie method of monitoring potassium iodide was devised. 
Potassium iodide is optically a ctive around 240 - 280 nM, so it 
was possible to determine when dialysis was complete from scanning the 
dialysis media after several hours equilibriation and comparing 
the wavelength at adsorbance 1.0 with a standard curve of dilutions 
from 2 M potassium iodide to 2 x 10 ^M potassium iodide (Figs. 5a and 
5b).
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Figs. 6a-d AACE of Adult Serum
and Adult, Term and Fetal 'Standard*

Lysates with Sheep Anti-Human Serum Protein Antiserum

Fig. 6a Pooled Adult Serum Fig. 6b Adult Lysate

*
Fig. 6c Term Lysate Fig. 6d Fetal Lysate

The major right hand peak has the mobility of serum albumin,



A. COMPOSITION OF RED CELL LYSATES

To quantitate the type of proteins in the lysates, a sample 
of each of the standard lysates (see page 21) from fetal term and 
adult red cells was assayed. The total protein concentration was 
measured by the Folin method, haemoglobin was measured by 
calibrated optical density readings at 413 nM and albumin was 
measured by one dimensional Antibody-Antigen Crossed Electrophoresis 
(AACE) (see Materials and Methods for details).

Albumin is a major serum protein at all stages of development, 
representing over 70% of the total serum protein in the adult and 
hence providing an estimate of serum contamination in the lysate 
protein. A fetal serum protein, fetoprotein (AFP) was also 
measured by one dimensional AACE. No AFP was detectable in the 
adult and term lysates. A very small peak was observed with the 
application of 10 mg fetal lysate protein, but this peak was too 
small to use for accurate quantitation.

Table 7 opposite, shows the concentration of haemoglobin 
and albumin, and the total protein present -in adult, term and 
fetal lysates.

To see what other serum proteins were present in the 
lysates, the three types of red cell lysate were then analysed 
by two dimensional AACE with sheep anti-adult human serum 
protein and compared with a sample of adult serum electrophoresed 
into the same antiserum (Fig. 6a - d). The adult serum produced 
a complex pattern of over thirty peaks. Albumin was the only 
serum protein detectable in the adult red cell lysate. The 
term and fetal lysates both showed a similar pattern of a 
bimodal albumin peak, a fairly strong mobility peak (higher 
in term lysate) and three or four other faint peaks.

B. ANTISERA RAISED AGAINST WHOLE RED CELL LYSATES
1. Term Red Cell Lysate

A New Zealand White Rabbit (No. 5895) was immunised with 
doses of 20 mg term red cell lysate protein,
a) Reactions of Unadsorbed Antiserum

When 5895 anti serum was tested with 10 p.g adult, terra and 
fetal lysates on a two dimensional AACE, only one precipitin arc
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Fig. 7a AACE of Adult, Term and Fetal Lysate
with 5895 Antiserum

r\
Adult Lysate Term Lysate Fetal Lysate

Fig. 7b Ouchterlony Plate of Fetal Lysate 
with 5895 Antiserum and Commercial 
Anti-Fetal Haemoglobin Antiserum

o \_ /o
B

Wells A and C = 5895 Antiserum
Well B = Commercial Anti Fetal Haemoglobin Antiserum 
Well D = Fetal Red Cell Lysate



5895 antiserum was raised against unfractionated term cord red cell lysate,



Fig. 8 AACE of 5895 Antiserum with Commercially
Purified Adult Haemoglobin, Adult Lysate and 

Fetal Lysate

Commercial
HbA

Alone
HbA - Adult

Lysate
HbA — Fetal

Lysate
Applied in Tandem 
Wells 5 mm Apart

Applied in Tandem 
Wells 5 mm Apart

5895 antiserum was raised against unfractionated term cord red cell lysate,



Fig. 9a Ouchterlony Plate of 5895 Antiserum 
With Fetal Lysate and Commercially 

Purified Adult Haemoglobin

B u.
Wells A and C 

B and D 
E

HbA
Fetal Lysate 
5895 Antiserum

Fig. 9b Ouchterlony Plate of 5895 Antiserum
With Adult, Term and Fetal Lysates, Adult 

and Fetal Haemoglobin

B
f

Line 3a

Line 2

'  Line 1

Line 3

Well A 
B 
C 
D 
E

Centre Well

HbA
HbF
Term Lysate 
Fetal Lysate 
Adult Lysate 
5895 Antiserum

5895 antiserum was raised against unfractionated term cord red cell lysate



was observed (Fig. 7a). This peak was particularly intense with 
term and fetal lysates and had the slow mobility and broad shape 
characteristic of haemoglobin. An Ouchterlony double diffusion 
plate was set up to compare the reaction to fetal lysate of 5895 
and commercial anti-fetal haemoglobin and a fused -line of identity 
was observed (Fig. 7b). Commercially purified adult haemoglobin 
(HbA) was examined by AACE with 5895 antiserum and produced the 
same shaped peak as had been observed with the lysates (on left 
of Fig. 8). Pure HbA was added to adult and fetal lysate in 
tandem sets of wells spaced apart (Fig. 8). HbA combined with 
adult lysate to give a fused elongated peak indicating a reaction 
of identity. However, the tandem addition of HbA to fetal lysate 
(Fetal RCL) gave a clear fetal haemoglobin peak joined to a fainter 
half peak of HbA on the left hand side. This indicated partial 
identity. To exclude the possibility of the two peaks overlapping 
and the right hand side of the HbA peak being obscured by the 
intense fetal RCL peak, the distance between the application 
wells was increased until the HbA and adult lysate peaks just 
met. The HbA and fetal lysate peaks still showed partial 
identity as before.

It therefore appeared that HbA and haemoglobin from fetal 
lysates had some antigenic determinants in common and that fetal 
haemoglobin had some further determinants not detected on HbA by 
this antiserum. This reaction of partial identity was initially 
confirmed with an Ouchterlony plate showing spurs of a fetal 
lysate precipitin line (Fig. 9a). However, a further Ouchterlony 
plate comparing the reaction of 5895 antisera to different 
haemoglobin sources revealed a more complex pattern of identities 
(Fig. 9b). Adult, term and fetal lysates were tested, together 
with commercially purified HbA and HbF purified on a CM 
sepharose ion exchange column (see Materials and Methods and 
Section C of Results for details). There appeared to be a 
precipitate line fused for all the antigens tested. Just 
outside this was a precipitate line only occurring with adult 
lysate and HbA.^ On the outside of this was a very intensely 
staining line fused for fetal and term RCL and HbF.^ This line 
appeared to join very much fainter lines from adult RCL and HbA.

To try to elucidate these patterns, this Ouchterlony plate 
was repeated using commercial anti-adult haemoglobin and anti-fetal
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Fig. 9c Ouchterlony Plates of Commercial 
Anti-Adult Haemoglobin (Top) smd 

Commercial Anti-Fetal Haemoglobin (Bottom) 
With Adult, Term and Fetal Lysates, 

Adult and Fetal Haemoglobin

B O a -H b  A

u a -  Hb F

Wells A HbA
B = HbF
C = Term Lysate
D = Fetal Lysate
E = Adult Lysate

Upper Centre Well = Commercial anti-HbA
Bottom Centre Well = Commercial anti-HbF



5895 antiseruiri was raised against unfractionated term, cord red cell lysat



Pooled Adult Serum

/

5895 A.»;__..
—  ...

1

unfractionated term cord red cell

The extent of electrophoresis is indicated by a spot on the right 
hand side of the plate marking the progression of a serum albumin 
marker.



Fig. lia AACE of Pooled Adult Serum With
57o Commercial Anti-Haptoglobin (Bottom) 

and 5895 Antiserum (Top)

5895

a - Hp A- . A

Fig. 11b AACE of Pooled Adult Serum With
1% Commercial Anti-Haptoglobin (Bottom) 

and 5895 Antiserum (Top)

I- Hp

5895

Fig. 11c AACE of Pooled Adult Serum With 
Commercial Anti-Adult Haemoglobin, 

Commercial Anti-Haptoglobin and 5895 Antisera

A  . A  ,J-
a - Hp a - Hp 5895 5895 a - HbA

+
5895 + a - HbA

5895 antiserum was raised against unfractionated term cord red cell lysate.



haemoglobin antisera (Fig. 9c).
A single line fused for all the antigens tested formed 

around anti-HbA; the lines for adult RCL and HbA being 
slightly more intense than the other haemoglobin sources. An 
intense line fused for fetal and term RCL and HbF formed 
around anti-HbF. This line appeared to show small spurs past a 
very faint line fused for adult RCL and HbA.

These commercial antisera were also analysed by two 
dimensional AACEs using 10 ]xg adult, ^erm and fetal lysates. 
Commercial anti-HbA antiserum produced a clear peak with adult 
RCL, a fainter peak with term RCL and a smaller faint peak with 
fetal RCL. Commercial anti-HbF antiserum produced intense but 
not completely distinct peaks with term and fetal RCL and no 
reaction with adult RCL,

When 5895 antiserum was tested with pooled adult serum 
(PAS) on a two dimensional AACE, only one precipitin arc was 
observed (Fig. 10a). This peak appeared incomplete and looked 
like only half a normal peak. A completed peak was produced, 
however, when serum in which some red cell lysis had occurred 
was tested (Fig. 10b). This suggested that the form of the 
peak might be reflecting the concentration of haemoglobin in the 
serum. Haptoglobin is a serum protein which binds extracellular 
haemoglobin in vivo and it seemed possible that this peak was 
haptoglobin or a haptoglobin complex.

To test this possibility an anfibody interaction between 
5895 antiserum and commercial anti-haptoglobin antiserum was 
made on an AACE with the 5895 antibody bed set in above the 
anti-haptoglobin bed as shown in Fig. 11a. The principle of 
this test is that if the two antisera are recognising the same 
antigen, the first antibody bed precipitates the antigen so that 
it does not reach the second antibody bed on top. A control, 
without a bottom bed, is also included to demonstrate that the 
second antibody bed can precipitate the antigen despite the 
distance travelled. Fig. 11a demonstrates this blocking effect 
of anti—haptoglobin antiserum on 5895, In Fig. 11b, the 
percentage of anti-haptoglobin antiserum in the bottom bed has 
been reduced s© that the haptoglobin peak is not completed in 
the first antibody bed. This results in a precipitate line 
from the 5895 bed fusing with the peak in the anti-haptoglobin bed.
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In an attempt to define whether this peak with adult serum 
was haptoglobin or a haemoglobin-haptoglobin complex, "^addition 
interactions were set up between 5895 antiserum and commercial 
anti-haptoglobin and anti-adult haemoglobin. To do this, five 
identical samples of adult serum were electrophoresed in the 
first dimension of an AACE plate. In the second dimension, the 
reactions of 5895 and commercial antisera were compared 
individually and then added together in the same antibody bed 
(Fig. 11c). Anti-haptoglobin antiserum alone produced a clear 
complete peak. This became smaller and more intense when 5895 
antiserum was added. This suggests that the antisera are 
acting together in recognising the same antigen. An indistinct 
half peak occurred with 5895 antiserum alone, anti-adult haemoglobin 
antiserum alone and with the two antisera together. This suggests 
that the serum antigen has determinants recognised by 5895 and 
anti-haemoglobin antisera. These reactions of apparent identity 
with both anti—haptoglobin and anti-haemoglobin antisera suggest 
that 5895 antiserum may be recognising haemoglobin-haptoglobin 
complex determinants. The nature of the antibodies involved in 
these reactions were subsequently investigated further and the 
results may be found in Section G.
b) Reactions of Antiserum Adsorbed with Adult Human Serum

Adsorption of 5895 antibodies with polymerised adult serum 
resulted in a total loss of reactivity with adult or fetal serum 
when tested on a two dimensional AACE. Examination by AACE of 
10 pg adult, term and fetal lysate with adsorbed 5895 antiserum 
showed haemoglobin peaks only for term and fetal lysates. This 
appearent adsorption of a red cell protein by serum was puzzling 
until the optical density analysis of the pooled adult serum 
showed that it contained approximately 0.04 mg/ml haemoglobin.
This was estimated from the calibrated standard curve for 
haemoglobin readings at 413 nM. It therefore appeared that it 
was the very slight contamination of haemoglobin from red cell 
lysis that had adsorbed out the adult haemoglobin peak on AACE.
To try to detect minor antigenic components, the amount of fetal 
lysate applied to the AACE plate was increased one hundred fold 
to 1 mg. No further peaks were observed and the haemoglobin peak 
was greatly enlarged.
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Fig. 12 AACE of Pooled Adult Serum 
with Unadsorbed FRC Antiserum

FRC antiserum was raised against pooled fetal red cell lysate.

The major right hand peak has the mobility of serum albumin.



Fig. 13 Ouchterlony Plate of Unadsorbed 
FRC Antiserum with Adult, Term 

and Fetal Lysates, Adult and Fetal 
Haemoglobin

B

w .

c

Well A 
B 
C

HbA
HbF
Term Lysate

Well D 
E

Centre
Well

= Fetal Lysate 
= Adult Lysate
= FRC antiserum

FRC antiserum was raised against pooled fetal red cell lysate,



After adsorption with adult serum, 5895 antiserum was 
further adsorbed with either adult lysate or HbA (both poly­
merised with gluteraldehyde) to test for fetal specificities.
In either case haemoglobin peaks were no longer visible when 
adult, term or fetal lysates were tested on AACE.

2. Fetal Red Cell Lysate
Two New Zealand White rabbits at the Radiochemical Centre,

Amersham, were injected with fetal red cell lysate protein. The 
first (FRCl) was immunised with 100 mg doses, the second (FRC2) 
with 300 mg doses. The initial reactions of these antisera 
appeared to be indistinguishable and since only small volumes 
of blood were obtained, antisera from similar dates were pooled.
a) Reactions of Unadsorbed Antisera

When tested by Antibody-Antigen Crossed Electrophoresis 
(AACE) the specificities of the unadsorbed FRC antisera for 
adult serum were more extensive than had been observed with 5895 
antiserum. Four peaks were visible after the first booster 
injection and ten or more after the second (Fig. 12). The half-peak 
observed with 5895 antiserum was present. The response to 10 p.g 
of adult, term and fetal red cell lysates as tested on AACE with 
unadsorbed FRC antisera was similar to that seen with 5895. A 
strong haemoglobin-type peak was noted with term and fetal 
lysates, but the adult lysate peak was only a very weak shadow,
FRC antisera had such a low titre of antibodies to haemoglobin 
in adult lysate that a peak with commercially purified adult 
haemoglobin (HbA) was not visible. An Ouchterlony plate 
comparing the response of commercial anti-fetal haemoglobin and 
FRC antisera to fetal lysate showed a continuous fused line of 
identity. A further Ouchterlony plate (Fig, 13) was set up to 
compare the reaction of FRC antiserum with adult, term and 
fetal red cell lysates (RCLs), HbA and ion exchange purified 
fetal haemoglobin (HbF). An intense, rather blurred fused line 
of identity was observed for fetal and term RCLs and HbF, which 
showed spurs past fainter fused lines of identity for adult RCL 
and HbA, This indicates partial identity between adult and fetal 
haemoglobin, there being certain determinants in common and others 
which were specific for fetal haemoglobin when tested with this 
antiserum.
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Figs. 14a-c AACE of Adult and Fetal Lysate with
FRC Antiserum Adsorbed 

with Adult Serum

Fig. 14a

Adult

Fig. 14b

Adult Adult

/ 3

Fetal
RCL

Fig. 14c

Adult Fetal
RCL

FRC antiserum was raised against pooled fetal red cell lysate,



The extent of electrophoresis is indicated by a spot on the right 
hand side of the plate marking the progression of a serum albumin 
marker.



Fig. 15 One Dimensional AACE of Fetal,
Term and Adult Lysates with FRC Antisera 

Adsorbed with Adult Serum

Sample A 13 Weeks Gestation Fetal Lysate
B 15 II II Il II
C 18 II II Il II
D 22 II II Il II
E 25 II II Il II
F 28 II II Il II
G Term Cord Lysate \
H II II II )
I II II II ' From Different Individuals
J It )II II \
K Adult Lysate  ̂

)L II
M II II )

II  ̂ F romN II Different Individuals
O II )

)P II )



b) Reactions of Antisera Adsorbed with Adult Human Serum
Adsorption of FRC antibodies with polymerised adult 

serum resulted in a loss of reactivity with adult or fetal 
serum when tested on a two dimensional AACE. Examination by 
AACE of 10 ]xg adult, term and fetal lysates with adsorbed FRC 
antisera showed faint haemoglobin peaks only for term and fetal 
lysates. To try to detect minor antigenic components, the 
amount of lysate applied to the AACE plate was increased one 
hundred fold to 1 mg. A weak ̂  mobility peak was visible with 
adult and fetal lysate (Fig. 14a). To determine if these peaks 
were the same for both adult and fetal lysate, both antigens were 
added together in the same wells and in a tandem set of wells 
spaced apart. The straight-forward addition produced a single 
larger peak (Fig. 14b) and the tandem addition produced a fused 
elongated peak (Fig. 14c). These results indicate that the 
antigen being recognised is the same in adult and fetal lysate.
To see if there was any change in antigen concentration during 
fetal development, 250 ^g adult, term and fetal lysates of various 
gestational ages were tested on one dimensional AACE with serum 
adsorbed FRC antisera (Fig. 15). The peak height seemed to increase 
from the earliest fetal sample through to term, at which time the 
height was similar to that found in adult samples. This indicates 
that the concentration of the^ mobility antigen present in 
lysates increases from approximately one quarter adult values 
at 13 weeks gestation to near-adult values at term.

Further adsorption of serum-adsorbed FRC antisera with 
polymerised adult haemoglobin was carried out to see if 0 mobility 
antigen detection was resistant to adsorption with haemoglobin 
chains. The 0 mobility peak remained unchanged indicating 
that this antigen was not a haemoglobin chain.

To detect any antibodies specific for antigens in fetal 
red cell lysates, FRC antisera were further adsorbed with adult 
serum and adult red cell lysate, both of which had been polymerised 
with gluteraldehyde. No peaks were detected on AACEs with 
1 mg lysate for mobility antigen detection or with 10 ^g lysate 
for haemoglobin detection.
c) Affinity Chromatography

Although there are many non-haemoglobin proteins in red
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Table 8 Total Protein Applied, and Recovered in 
FRC Affinity Chromatography Experiments

Sample mg Protein Applied mg Protein Recovered

Blank Eluate - 0.14
Adult Serum 700, 3.8
Term Cord Serum 700 4.3
Adult Red Cell Lysate 700 3.1
Term Cord Red Cell Lysate 700 3.5
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cells only one had been detected so far. It was therefore 
concluded that either antibodies had not been raised against 
those proteins, or the principal detection system (AACE) was 
not sensitive enough to detect antigens at low concentration. It 
was decided to try affinity chromatography in order to increase 
the concentration of antigens for which this antiserum had 
specificities. By this method, a mixture of lysate antigens 
could be passed over immobilised FRC antibodies and antigens 
which bind to the antibodies could be retained while the rest pass 
through. These antigens could be desorbed (e.g. by 2M KI), 
dialysed to restore normal salt strength and analysed for 
further lysate specificities.

Antibodies from 150 ml FRC antisera were partially purified 
by 45% ammonium sulphate precipitation and were immobilised on 
150 g sepharose. Unadsorbed antibodies were used since serum 
adsorption had been shown to remove haemoglobin specificities 
and it was possible that specificities for minor red cell 
proteins might likewise be adsorbed.

The FRC/sepharose column was eluted with 2M KI before any 
samples were passed over. This 'blank’ eluate was to act as a 
control for any protein which might become detached from the 
affinity column during subsequent desorption of antigens with 
2M KI. The sepharose was then divided into two parts. Term and 
adult lysates were passed over one half, while term cord and adult 
serum were passed over the other. Serum eluates were collected 
to control for the serum contamination in the lysates. The serum 
and lysate columns were separated so that the serum eluates would 
not become contaminated by lysate antigens from previous runs and 
vice versa. This might happen because antigens are sometimes not 
desorbed fully from a column by a single elution and may appear 
in subsequent elution cycles.

Table 8 opposite shows the amount of protein (as measured 
in a Folin protein determination) in the eluates from the various 
samples applied to the FRC columns.

The antigens eluted from this column were compared on a 
polyacrylamide/SDS gradient slab gel (Fig. 16). Two bands 
were visible with the blank eluate in Track 1. The eluates obtained
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Figs. 17a + b Analysis of Protein Eluted from 
FRC Affinity Column by AACE with 
Sheep-Anti Human Serum Protein

Fig. 17a

/A
" T - — .
Adult Serum 

Eluate
Adult RCL 
Eluate

Fig. 17b

Term Cord Serum
Eluate

Term RCL 
Eluate



FRC antiserum was raised against pooled fetal red cell lysate
The extent of electrophoresis is indicated by a spot on the right 
hand side of the plate marking the progression of a serum albumin 
marker.



Figs. 17c + d Analysis of Protein Eluted from 
FRC Affinity Column by AACE with 

Unadsorbed FRC Antisera

Fig. 17c

Adult Serum 
Eluate

Adult Lysate 
Eluate

Fig. 17d

Term Cord 
Serum Eluate

Term Cord 
Lysate Eluate

Fig. 17e Analysis of Adult aoid Term Cord
Lysate Protein Eluted from FRC Affinity 

Column by AACE with FRC 
Antisera Adsorbed with Adult Serum

Adult Lysate 
Eluate

Term Cord 
Lysate Eluate

FRC antiserum was raised against pooled fetal red cell lysate,



from adult and term cord serum (Tracks 3 and 4) appeared to 
contain many of the bands visible in the unfractionated starting 
material (Tracks 2 and 5). Both the lysates and lysate eluates 
have far fewer bands than serum. The eluate from term lysate 
(Track 6) contains more bands than unfractionated term lysate 
(Track 7) but most of these bands also appear to be in terra cord 
serum. The eluate from adult lysate (Track 8) appears to contain 
less bands than unfractionated adult lysate (Track 9). Approx­
imately half the way down the gel in the lysate eluate tracks 
there is a clear band (marked with an arrow) which does not seem 
to be present in serum. This might be the ^  mobility antigen;
The thick band at the bottom of the gel (particularly prominent 
in the^lysate tracks) is a double band corresponding to the 
haemoglobinc4 and non- pL chains. The very large and heavily 
stained bands which are particularly prominent in the serum tracks 
correspond to albumin.

Examination of the eluates was also made by Antibody-Antigen 
Crossed Electrophoresis (AACE). When tested with sheep anti-adult 
human serum, the eluates show a number of indistinct peaks with 
adult and term cord serum, a few (predominantly slower) mobility 
peaks with adult lysate and a slow mobility peak underlined by 
another with term lysate (Figs. 17a and b). A larger number of 
peaks were observed when" the eluates were tested with unadsorbed 
FRC antisefum, but in general they*were faint and indistinct, with 
some peaks either not completed or merged with others (Figs. 17 c 
and d). Single very faint^ mobility peaks were visible when the 
eluates from adult and term lysates were examined by AACE with the 
adsorbed FRC antiserum which had previously been used to detect 
this antigen (Fig. 17e). These peaks were shown in one 
dimensional addition reactions to be the same as those originally 
observed on AACE with untreated lysates.

From these results it appears that affinity chromatography 
had failed to concentrate any further lysate antigens detectable 
on AACE with this antiserum. It was therefore concluded that a 
different method of presenting the red cell protein as an 
immunogen was required and it was decided to fractionate the 
lysate proteins so as to maximise the non-haemoglobin protein 
concentration.
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c. ION EXCHANGE FRACTIONATION OF RED CELL LYSATES

1. Background
Several workers (e.g. Hennessey et al., 1962; Haut et al.,

1964) had successfully used ion exchange methods to concentrate 
erythrocyte enzymes and remove haemoglobin which was obscuring 
starch gel bands or interfering with colourometric enzyme assays. 
Attempts had also been made to fractionate lysates by gel 
filtration. This is a more gentle fractionation method and is 
less prone to denature proteins since abrupt changes in salt 
concentration are not required. However, its disadvantages are 
that a large scale preparative column can take a long time to 
complete a cycle, and the quality of fractionation is not great.
Aebi et al. (1964) found that gel filtration gave a very low 
recovery of general haemoglobin-free red cell proteins although 
in a few specific cases, e.g. catalase, a good separation could 
be achieved.

Two alternative methods of ion exchange had been used, 
these either used diethylaminoethyl (DEAE) cellulose in 3 mM 
phosphate buffer pH 7.0, or carboxymethyl (CM) cellulose ion 
exchange media with 5 raM phosphate buffer pH 6.8. In a 
comparison of the two methods Haut et al. (1962) achieved 
slightly better results with the CM cellulose method, despite 
the non-haemoglobin proteins being diluted in the process. This 
is because these proteins pass through the column in the low 
strength buffer, while haemoglobin is retained on the column.
Because the non-haemoglobin proteins are in such a low strength 
buffer, however, they may be directly concentrated by lycphilisation,

2. Results
Three hundred milligrams term lysate was passed over a 

2.5 cm X 29 cm CM sepharose column in 5 mM phosphate buffer 
pH 6.8 at 40 ml/hour. Haemoglobin could be observed binding to 
the column and the protein which passed through had a greatly 
reduced haemoglobin concentration. Because of the reduction in 
haemoglobin content, this fractionated product was termed 
'reduced-haemoglobin red cell protein* (rHbRCP). The amount of 
rHbRCP prepared from 300 mg term lysate in a single ion exchange 
cycle was 6.8 mg, as measured by a Folin protein determination.
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Table 9 Haemoglobin and Total Protein Content of 
Reduced Haemoglobin Red Cell Protein from 
Term Lysate Following Serial Passages 

Over a CM Sepharose Ion Exchange Column

Sample Applied Total Protein 
Recovered

Haemoglobin 
to Total Protein Ratio 

( CD 413/ CD 280)

300 mg Term Lysate 6.8 mg 1.59
4 mg Term rHbRCP
(already passed 2, 5 mg 1.6
once over column)
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1 Ĝ CM
S  -

LO
P  0 en0 P  P OP  'H0 - 0 0 o o  o•H P P  P fHP  0 0 0 Il Il B0 ^  H  P(X P  CL inlo .0O • o O

CM m

I I mQ. yp  B pp p e CM0 0XI üp  po  0- u

p0"d
P•d 0 H

â m LO
b  p B o 00H  0 g<! 0P0L)

PP 0•H *Hb  P0 0 HH  P ̂ m OB  P  \ B CM0 P Bg 0 g0 Ü0 PK  OO

P0•Hp p•H 0 p0 P ̂ g o OP  P  \ o m0 P B pP 0 gÇU üP0U

p•H3  P g0 -H 0P  0 p'ü B  P p0 0 O 0P p  0 g P p 0Dh 0 p 0 CL 0 pp 0 0 •H 00 0 X P P  (J)ü) •H î>\ P 0 >\p  t-3 Ti 0 P 3Ü 0 (_) 0
0 g U _ A  gP P P T) 0 PP  0 TS 0 P 0P H 0 ex CL pe
3 fX

P"H3P O•H P0 BP 00 gP 0CL 0 03 PP 1 P0 P 0P 0 P
$ P •H

0P 0 P0 P•H 0P 0PP P0 "H P03 00 PrP 0P P 00 0 P'd XP PP •d P■H 30 0 0P P P0 B PP 0 CLCL g0 P0 •HP 3 00 PrP P 0P O P0 P (3
0 P0 •d P3 0H 3 üO•d tt3 0P



Fig. 19 Analysis by Folyacrylamide/SDS Slab Gel
Electrophoresis of Term Cord Lysate Protein 
Fractionated by CM Sepharose Ion Exchange 

Chromatog raphy
1

I

m I

m '

Track 1 = 65 ug (5x concentrated) Term Cord Lysate
2 = 13.5 ug Term Cord Lysate
3 = 13.5 ug ’Reduced Haemoglobin Red Cell Protein'
(4 = Contaminated Track)
5 = Term Cord Serum

Fig. 20 AACE of ’Reduced Haemoglobin Red Cell Protein'
From Term Cord Lysate with Sheep-Antihuman Serum Protein

The extent of electropho: 
hand side of the plate mi 
marker.



The optical density profile of this material was 
compared with unfractionated term lysate at the same Folin 
protein concentration (Fig. 18).

To see if the haemoglobin to total protein ratio could be 
reduced further, a term rHbRCP preparation from a single column 
passage was passed over the ion exchange column a second time. 
Optical density readings were made at 413 nM for haemoglobin 
and 280 nM for total protein. The total protein recovered was 
measured by the Folin method. These results are summarised in 
Table9 and indicate that less than two-thirds of the protein had 
been recovered and the haemoglobin to total protein ratio had 
not been improved at all by a second passage over the column.

Haemoglobin and albumin were measured in a sample of 
rHbRCP from a single column passage and in the term lysate from 
which the rHbRCP was derived. The concentration of haemoglobin 
was estimated from the optical density readings and albumin was 
measured by one dimensional AACE . The protein concentration 
was also measured by the Folin method. These results are 
summarised in Table 10', and indicate that a considerable increase 
in non-haemoglobin protein had been achieved. The proportion 
of total protein which was not haemoglobin or albumin had increased 
ten fold and the ratio of non-haemoglobin to haemoglobin protein 
had increased thirty fold. However, non-haemoglobin red cell 
proteins were not the only class of proteins to have increased 
in concentration. The albumin concentration had increased in 
parallel and it was possible that contamination by other serum 
proteins might likewise be increased.

To investigate whether any worthwhile concentration of 
non-haemoglobin red cell protein had been achieved, the ion 
exchange preparation was compared with term red cell lysate 
and term cord serum on a polyacrylamide / SDS gradient slab gel 
(Fig. 19). Many bands were visible with application of 13 pg 
reduced haemoglobin red cell protein (rHbRCP) from term lysate 
(Track 3) which were not visible with 65 pg unfractionated term 
lysate (Track 1) and which did not appear to correspond to serum 
protein bands (Track 4). Five hundred micrograms of term rHbRCP 
was analysed by AACE using sheep anti-adult human serum. The 
result (Fig. 20) shows a limited number of peaks with fairly

ndicated by a spot on the right 
progression of a serum albumin 40 -
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intense fX ̂  mobility peak and indistinct bimodal albumin peaks.
It was felt, however, that the ion exchange fractionation 

of the lysate protein had achieved a sufficient degree of 
non-haemoglobin red cell protein concentration to make 
immunisation with this material worthwhile. Although the albumin 
concentration had been increased, it was probable that any 
further processing of the rHbRCP preparation to remove albumin 
(possibly on a blue dextran/sepharose column) might reduce the 
yield of red cell enzymatic proteins still further due to the 
deleterious effect of increased time in a dilute state. It might 
have been possible to remove the bulk of the contaminating serum 
proteins by affinity chromatography using immobilised sheep 
anti-adult human serum protein antibodies. However, the immunogen 
used to produce this antiserum was adult serum in which some red 
cell lysis had occurred, and therefore the antibodies probably 
had red cell protein specificities as well, which would be unwelcome 
in this instance.

Adult red cell lysate was also fractionated by CM sepharose 
ion exchange and compared with an equal amount of the fractionated 
term lysate on a polyacrylamide/SDS gradient slab gel (Fig. 21). 
There are differences between the term and adult reduced 
haemoglobin red cell protein tracks, but these appear to be 
qualitative rather than quantitative differences. The albumin 
band in particular is larger and more darkly stained in the 
fractionated term lysate track.

Ten milligrams pooled fetal lysate was passed over a 
smaller 1.5 cm x 15 cm CM sepharose column run at 8 ml/hour.
The haemoglobin eluted from the column was compared with an 
equal amount of purified twice crystallised human adult haemoglobin 
(Sigma Chemical Co.). Both haemoglobin preparations gave strong 
double bands on polyacrylamide/SDS gradient slab gels (Fig. 21 
right hand side) because of the presence of c< and non-cKpolypeptide 
chains. The chains, having slightly lower molecular weight, are 
nearer the bottom of the gel.

The fetal haemoglobin eluted from the ion exchange column 
appeared to be as pure as the haemoglobin prepared commercially 
and was therefore used as a source of purified fetal haemoglobin 
in other experiments.

One hundred and eighty micrograms reduced haemoglobin red cell

- 41



Fig. 22 AACE of Pooled Adult Serum With
6791/2 Antisera

The major right hand peak has the mobility of serum albumin.
Fig. 23 Ouchterlony Plate of 6791/2 Antisera

with Adult, Term and Fetal Lysates, Adult 
and Fetal Haemoglobin

B

Well A 
B 
C 
D 
E

Centre Well

HbA
HbF
Term Cord Lysate 
Fetal Lysate 
Adult Lysate 
6791/2 Antisera

6791/2 antisera were raised against term cord lysate which had been 
fractionated by ion exchange chromatography to concentrate non­
haemoglobin red cell proteins.



protein (rHbRCP) was produced in this experiment. This was 
just sufficient to establish the similarity to term rHbRCP 
on Antibody-Antigen Crossed Electrophoresis. (See next section 
of Results).

D. ANTISERA RAISED AGAINST CM SEPHAROSE ION 
EXCHANGE FRACTIONATED TERM 

CORD RED CELL LYSATE

Two New Zealand White rabbits (Nos. 6791 and 6792) were 
injected with 16 mg each of CM sepharose ion exchange reduced- 
haemoglobin red cell protein (rHbRCP) from term lysate. From 
Table 10 in the previous Section, it can be seen that 43% of the 
total protein in the term rHbRCP immunogen was not haemoglobin 
or albumin. It therefore follows that the maximum amount of 
true ^non-haemoglobin red cell protein’ injected into each of 
these rabbits was 6.8 mg. The work of Hennessey et al. (1962)
indicates that the total amount of non-haemoglobin red cell 
protein extractable from a red cell lysate is 4 - 5%. The 
amount of non-haemoglobin red cell protein in 150 mg of lysate 
(as was injected in rabbit FRC 1; see Section B ii of Results) 
would be 6 - 7 . 5  mg which is comparable to the amount injected 
into rabbits 6791 and 6792 as described in the present Section,

Preliminary results showed these two antisera to be 
indistinguishable and serum from both rabbits was subsequently 
pooled.
a) Reactions of Unadsorbed Antisera

When tested by Antibody-Antigen Crossed Electrophoresis 
(AACE) the specificities of the unadsorbed 6791/2 antisera for 
adult serum produced a more complex pattern of peaks than had 
been observed with antisera from rabbits 5895 and FRC 1 and 2 
(Fig, 22 ). Most of the peaks were quite faint except for 
those in the mobility region. The half peak observed with 
5895 antiserum was present but appears obscured behind other 
intensely staining peaks in the photograph of the AACE plate 
(Fig. 22 ).

The response to 10 jug adult, term and fetal red cell 
lysates as tested on AACE with unadsorbed 6791/2 antisera was a
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Fig. 24a AACE of Adult and Term Cord Lysate with
6791/2 Antisera
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broad haemoglobin-type peak. The peaks with term and fetal 
lysates were considerably more intense than with adult lysate.
To look for identity between various sources of adult and fetal 
haemoglobin, an Ouchterlony plate was set up with adult, term 
and fetal lysates, (RCLs) commercially purified adult haemoglobin 
(HbA) and fetal haemoglobin (HbF) purified by ion exchange.
The result (Fig. 23) showed fused lines of identity with term 
RCL, fetal RCL and HbF, which showed spurs past fainter fused 
lines of identity for adult RCL and HbA. This indicates 
partial identity between adult and fetal haemoglobin, with 
some extra determinants being recognised on fetal haemoglobin 
by these antisera. When 1 mg adult, term and fetal lysates 
were tested by AACE with unadsorbed 6791/2 antisera a small 
number of large^ very faint peaks with a more intense/^mobility 
peak was observed (Fig. 24a). A similar result was recorded when 
0.5 mg adult and term reduced haemoglobin red cell protein 
(rHbRCP) was examined (Fig. 24b). Two extra peaks were observed 
with the term lysate which did not appear to be present in the 
other samples. Examination of these antisera during two further 
boosts at four week intervals showed these results to remain 
fairly constant.
b) Reactions of Antisera Adsorbed with Adult Human Serum

Adsorption of 6791/2 antibodies with polymerised adult 
serum re suited-,-, in a total loss of reactivity with adult or fetal 
serum when tested on a two dimensional AACE. Examination by 
AACE of 10 pg adult, term and fetal lysates with adsorbed 
6791/2 antisera showed very faint haemoglobin peaks only 
for term and fetal lysates; antibody specificities for adult 
haemoglobin probably being adsorbed by the haemoglobin in the 
adult serum polymer.

When 1 mg adult and term lysates were examined on AACE 
with adsorbed 6791/2 anti sera, a very faint, broad yT, mobility 
peak was observed in both cases (Fig. 25). To determine if 
these peaks were the same^tandem and direct additions of 
adult and term lysates were made and resulted in single fused 
peaks. This indicates that the antisera were recognising the 
same antigen in both adult and term lysate.

When 0.5 mg adult and term reduced haemoglobin red cell
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Fig. 26a AACE of Adult and Term 'Reduced
Haemoglobin Red Cell Protein* with 6791/2 

Antisera Adsorbed with Adult Serum

Adult
rHbRCP

Term
rHbRCP

Figs. 26b + c AACE of Term Cord Serum and Term 
* Reduced Haemoglobin Red Cell 
Protein* with 6791/2 Antisera 

Adsorbed with Adult Serum

Fig. 26b

Term _ Term 
rHbRCP Lysate

Fig. 26c

Term 
Lysate 
500 ug

rHbRCP

Term 
rHbRCP 
100 ug



679T/2 antisera were raised against term cord lysate which had been 
fractionated by ion exchange chromatography to concentrate non­
haemoglobin red cell proteins. This material was called * reduced 
haemoglobin red cell protein' or 'Term rHbRCP',



Fig. 27 One Dimensional AACE of Fetal, Term and Adult 
Lysates with 6791/2 Antisera Adsorbed 

Tvith Adult Serum

A B C D E F  G H

Sample 13 Weeks Gestation Fetal Lysate
B 15 tt tt It  tt

C 18 tt tt tt tt

D 22 tt tt tt tt

E 25 tt tt tt tt

F 28 tt tt tt tt

G Term Cord Lysate )
H n tt tt /

) From Different Individuals
I tf tt tt \

J ft tt tt /

K Adult Lysate )
L ft tt )

)M ft 1 From
t! /

)
Different Individuals

N tf

0 It " )
P tt tt )

N.B. The arched bases of the upper row of peaks are artifacts 
which sometimes occur when two separate one-dimensional antibody 
beds are used on the same plate. Fetal samples which had been 
individually examined previously did not exhibit this type of 
base and unfortunately there was insufficient 6791/2 antisera 
remaining to repeat this plate.



6791/2 antisera were raised against term cord lysate which had been 
fractionated by ion exchange chromatography to concentrate non­
haemoglobin red cell proteins.



Fig. 28a AACE of Fetal Lysate with Serum Adsorbed 
6791/2 (Top) and FRC (Bottom) Antisera

FRC §m

679/2

Fig. 28b AACE of Fetal Lysate with Serum 
Adsorbed 6791/2 and FRC Antisera

6791/2
I

i
6791/2 
+ FRC

FRC

6791/2 antisera were raised against term cord lysate which had been 
fractionated by ion exchange chromatography to concentrate non­

haemoglobin red cell proteins.

FRC antiserum was raised against pooled fetal red cell lysate.



protein (rHbRCP) were examined on AACE with adsorbed 6791/2 
antisera, rather faint indistinct peaks resulted, (Pig. 26a), 
Adult rHbRCP produced two incomplete peaks while term rHbRCP 
showed an incomplete peak which merged into a more intensely 
staining line. To test for identity between the peaks with term 
lysate and term rHbRCP, a tandem interaction was made on AACE 
(Pig. 26b) and resulted in an elongated continuous precipitin 
arc. This indicated that the same antigen was being recognised 
in both fractionated and unfractionated lysate. This was 
further supported by the direct addition of term lysate send term 
rHbRCP on an AACE (Pig. 26c). On this plate 100 pg term rHbRCP 
produced approximately the same size peak as 500 pg term lysate, 
indicating that the concentration of the mobility antigen is 
about five times higher in the reduced haemoglobin red cell 
protein preparation.

The fetal rHbRCP produced on the ion exchange column when 
purifying fetal haemoglobin was analysed on AACEs with adsorbed 
6791/2 antisera in a similar manner. The results were 
indistinguishable from those with fractionated term red cell 
lysate. A single peak was produced which showed identity with 
the/3 mobility antigen in term lysate. To see if adsorbed 
6791/2 antisera could detect any change in the/9 mobility antigen 
strength during fetal development, 250 pg fetal lysates of 
various gestational ages were tested by one dimensional AACE 
with similar samples of term and adult lysate (Fig. 27). The 
peak height increased from approximately one fifth adult values 
at 13 weeks gestation to near-adult values at term. This was 
a very similar pattern to that observed with FRC antisera (see 
Section B ii of Results). To test the possibility that 6791/2 
and FRC antisera were recognising the same antigen in fetal 
lysates, an interaction between the two antisera was made on an 
AACE with the 6791/2 antibody bed set in above the FRC antibody 
bed as in Fig. 28a. The presence of a bed containing FRC 
antibodies prevented a peak forming in the upper 6791/2 antibody 
bed and this indicates that the two antisera are recognising the 
same antigen. The two antisera were also mixed together in an 
antibody bed (Fig. 28b). The occurrence of a single peak, which 
is smaller and more intense than with the individual antisera 
alone indicates an additional effect of the antisera acting
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•together on the same antigen.
To try to detect any antibodies specific for antigens in 

fetal red cell lysates, 6791/2 antiserum adsorbed with adult 
serum was further adsorbed with adult red cell lysate polymerised 
with gluteraldehyde. This antiserum was then tested on AACEs 
with 0,5 mg fetal reduced haemoglobin red cell protein or 1 mg 
fetal lysate or 10 pg fetal lysate. No peaks could be observed 
with any samples applied, indicating a lack of antibody 
specificities resistant to adsorption with adult red cell lysate.
c) Affinity Chromatography

It was decided to investigate the possibility of 
detecting further red cell proteins by using affinity chromato­
graphy to increase the concentration of antigens for which 6791/2 
antibodies had specificities. One hundred millilitres each of 
native and serum adsorbed antisera were fractionated by 45% 
ammonium sulphate precipitation and immobilised on two 100 g 
aliquots of sepharose. Both the columns were eluted with 2 M KI 
before any samples were applied. These ’blank' eluates were to 
control for any protein which might become detached from the 
affinity columns during subsequent elution cycles. To limit 
contamination from previous samples, each aliquot of sepharose 
was divided into two equal parts as with the FRC affinity columns 
(see page 37). Adult and term lysate were passed over one half, 
while adult and term cord serum were passed over the other.
Table 11 shows the amount of protein (as measured in a Folin 
protein determination) in the eluates from the various samples 
applied to the adsorbed and unadsorbed 6791/2 columns. Samples 
of the protein eluted from each experiment was examined on poly- 
acrylamide/SDS gradient slab gels. Fig. 29 shows the result for 
the unadsorbed 6791/2 column. The 'blank' eluate (Track 1) 
shows many bands but this is probably due to contamination from 
the serum in the next track. There appears to be little 
difference between the eluted protein obtained from the adult 
and term cord serum (Tracks 3 and 4) and these tracks have many 
of the bands found in the corresponding unfractionated serum 
tracks (2 and 5). The tracks for both the lysates and lysate 
eluates have far fewer bands than the serum tracks. The eluted 
protein from term and adult lysates (Tracks 7 and 8) contain a
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few more bands than the unfractionated lysate tracks (6 and 9) 
and these extra bands appear to correspond to ones in the 
serum tracks. The thick bands at the bottom of the gel 
(particularly prominent in the lysate tracks) are caused by 
haemoglobin chains and the very large, heavily stained bands 
which are prominent in the serum tracks correspond to albumin.

The slab gel analysis of the eluates from the serum 
adsorbed 6791/2 column (Fig. 30) follows a similar pattern.
There are no obvious differences between the eluted protein 
from adult and term cord serum (Tracks 3 and 4) although there 
are many bands present. The term and adult lysate eluates 
(Tracks 8 and 9) were very similar and only appear to have the 
two bands corresponding to haemoglobin chains. The 'blank' 
eluate in Track 1 shows no clear bands.

Examination of the eluates from both native and adsorbed 
6791/2 columns was also made on Antibody-Antigen Crossed 
Electrophoresis. These results are summarised in Table 12.
Conclusion

The ion exchange fractionation of the lysates achieved 
an approximately five-fold concentration of themobility 
antigen recognised in red cell lysates by both FRC and 6791/2 
antisera. (Raised against unfractionated fetal lysate and ion 
exchange fractionated reduced haemoglobin red cell protein from 
term lysate respectively). No new antigens had been discovered, 
however, and therefore there was apparently no advantage in 
immunising with fractionated term lysate which contained the same 
amount of non-haemoglobin red cell protein. It was therefore 
decided to take advantage of a different method for blocking the 
response to unwanted antigens - neonatal tolerance, which was 
currently available in the laboratory.

E. ANTISERA RAISED IN NEONATALLY TOLERISED RABBITS

Two young rabbits, made tolerant to adult serum and adult 
red cell lysate were immunised with 100 mg and 300 mg doses 
of pooled fetal red cell lysate. These rabbits were numbered 
7041 and 7043 respectively.
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Fig. 31a AACE of Adult Serum and Fetal Lysate with
7041 Antiserum (After Two Injections of Immunogen)

Adult Serum Fetal Lysate

Fig. 31b AACE of Adult Serum and Fetal Lysate with
7043 Antiserum (After Two Injections of Immunogen)

Adult Serum Fetal Lysate

Fig. 31c AACE of Adult Serum and Fetal Lysate with 
7041 Antiserum (After Three Injections 

of Immunogen)

/

Adult Serum Fetal Lysate



7041 and 7043 antisera were raised against pooled fetal lysate 
following neonatal tolerisation to adult serum and red cell protein,

The extent of electrophoresis is indicated by a spot on the right 
hand side of the plate marking the progression of a serum albumin 
marker.



Fig. 32 Ouchterlony Plate of 7041 Antiserum with 
Adult, Term and Fetal Lysate, Adult and Fetal Haemoglobin

o

Well A 
B 
C 
D 
E

Centre Well

HbA
HbF
Term Cord Lysate
Fetal Lysate
Adult Lysate 
7041 Antiserum

7041 antiserum was raised against pooled fetal lysate following 
neonatal tolerisation to adult serum and red cell protein.



a) Reactions of Unadsorbed Antisera
The rabbits were bled before and after the initial 

injection of immunogen. The antisera were tested with pooled 
adult serum on Antibody-Antigen Crossed Electrophoresis (AACE).
At both times no peaks were observed with 7043 antiserum. Three 
extremely faint peaks were initially noted with 7041 antiserum, 
but these disappeared after immunisation.

These antisera were examined again after the first booster 
injection (four weeks after the initial immunisation). When 
7041 antiserum was tested on AACE with pooled adult serum a weak 
half-peak was observed. There was no reaction with 10 pg adult, 
term and fetal red cell lysates but examination of 1 mg fetal 
lysate showed two small peaks and half of a weak slow mobility 
peak (Fig. 31a). Examination of 7043 antiserum on AACE with 
pooled adult serum showed two or three very faint peaks. There 
was no reaction observed with 10 pg adult, term and fetal lysates, 
but examination of 1 mg fetal lysate showed a very slow mobility 
peak and another very faint faster mobility peak (Fig. 31b).

After the second booster injection, examination of 7041 
antiserum on AACE showed that the half peak observed with adult 
serum had intensified and the response to 1 mg fetal lysate now 
included a large faint haemoglobin-type peak with the small 
peaks originally observed (Fig. 31c). This was also the response 
observed after the third boost. The responses of 7043 antibodies 
as tested on AACE never improved beyond two extremely faint 
peaks with adult serum and one faint incomplete peak with fetal 
lysate. This rabbit was therefore discarded after the second 
boost.

After the second boost, examination of 7041 antiserum on 
AACE with 10 pg adult, term and fetal lysates showed a haemoglobin 
pattern very similar to that observed with FRC and 6791/2 
antisera. Term and fetal lysates gave intense peaks while adult 
lysate produced a weak hazy peak. An Ouchterlony plate was 
set up to compare the reactions of unadsorbed 7041 antiserum 
with adult, term and fetal red cell lysates (RCLs), commercial 
adult haemoglobin (HbA) and ion exchange purified fetal 
haemoglobin (HbF). The result (Fig. 32) showed fused lines of 
identity between term RCL, fetal RCL and HbF which had very faint
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Fig. 33a AACE of Adult and Fetal Lysate with 7041
Antiserum Adsorbed with Adult Serum (After Two 

Injections of Immunogen)

Adult Lysate Fetal Lysate

Fig. 33b AACE of Adult and Fetal Lysate with 7041
Antiserum Adsorbed with Adult Serum (After Three 

Injections of Immunogen)

là
Adult Lysate Fetal Lysate

Fig. 34 AACE of Adult and Fetal Lysate with Serum
Adsorbed 7041 Antiserum

Adult Lysate

Adult plus Fetal 
Lysate

Fetal Lysate



7041 antiserum was raised against pooled fetal lysate following 
neonatal tolerisation to adult serum and red cell protein.

The extent of electrophoresis is indicated by a spot on the right 
hand side of the plate marking the progression of a serum albumin 
marker.



Table 13 Summary of Reactions of Adsorbed 7041 Antiserum
Observed on Antibody-Antigen Crossed Electrophoresis

Adult Lysate Fetal Lysate
Grade of 

Peak 
Intensity

Type of 
Peak

Grade of 
Peak 

Intensity
Type of 
Peak

First Boost 14.6.77
7 days after 1st boost 1 single 2 single
10 •« 1 single 2 single
14 " 2 single 3 bimodal
17 " No visible reaction 1 bimodal
24 " ti 3 bimodal
31 " tt 1 single

Second Boost 19.7.77
7 days after 2nd boost 2 single 3 bimodal

11 " 4 single 4 bimodal
15 4 single 3 single?

Third Boost 25.8.77
7 days after 3rd boost 1 single 2 single

1 = very faint indistinct peak
2 = indistinct peak
3 = clear peak
4 = very intense clear peak



spurs which extended past fainter fused lines of identity for 
adult RCL and HbA. This indicates partial identity between adult 
and fetal haemoglobin, with some extra determinants being 
recognised on fetal haemoglobin by this antiserum. This result 
was also recorded for FRC and 6791/2 antisera.
b) Reactions of Antisera Adsorbed with Adult Human Serum

Adsorption of 7041 antibodies from after the first boost, 
with polymerised adult serum resulted in a loss of reactivity 
with adult or fetal serum when tested on AACE. Examination by 
AACE of 10 pg adult, term and fetal lysate with adsorbed 7041 
antiserum showed extremely faint haemoglobin peaks only for term 
and fetal lysates. When 1 mg adult and fetal lysate were examined 
by AACE, one indistinct peak was observed, which was much larger 
with adult lysate (Fig. 33a). Addition of these two lysates 
together produced a single peak indicating that the antigens 
share identity. Examination by AACE of adsorbed 7041 antiserum 
after the second boost showed a distinct bimodal peak with 1 mg 
fetal lysate and a larger monomodal peak with adult lysate 
(Fig. 33b). The bimodal fetal peak suggests two electrophoretic 
variants of a single protein and to see which of the fetal peaks 
the adult peak corresponded to, the fetal and adult lysates were 
run separately and together in vertical parallel positions so 
that the electrophoretic charge across the plate was the same for 
all the samples. Unfortunately, two fetal peaks were never 
produced whenever this experiment was attempted (see Fig. 34). 
Adsorbed 7041 antiserum produced extremely variable results.
There was considerable difference between the number, height 
and intensity of peaks observed on AACE from bleeds only a few 
days apart (Table 13). This variability even occurred with 
adsorbed antiserum from the same date used on different occasions. 
These erratic results made interpretation or manipulation of 
antigens to show identity extremely difficult. Individual fetal 
lysates of varying gestational ages gave different numbers and 
sizes of peaks every time they were examined by AACE with adsorbed 
7041 antiserum. However, peaks formed with adult lysates were 
never bimodal, and tended to be larger than peaks which were 
formed when fetal lysates were examined.

In general, the AACE peaks observed when 1 mg adult and fetal
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Fig. 35 AACE of Fetal Lysate with Serum Adsorbed
7041 Antiserum (Top) and Serum Adsorbed 6791/2

Antisera (Bottom)

7041

6791/6

7041 antiserum was raised against pooled fetal lysate following 
neonatal tolerisation to adult serum and red cell protein.

6791/2 antisera were raised against term cord lysate which had been 
fractionated by ion exchange chromatography to concentrate non­
haemoglobin red cell proteins.



lysates were tested with adsorbed 7041 antiserum were 
mobility and were pointed at the apex. The peaks observed when 
adsorbed FRC and 6791/2 antisera were tested on AACE with 1 mg 
adult and fetal lysate were of fb mobility and were much more 
rounded in outline. To test for antibody interactions between 
7041, FRC and 6791/2 antisera, 1 mg fetal lysate was applied 
to AACEs with two antibody beds. Adsorbed FRC or 6791/2 antibodies 
were placed in the lower bed nearest the track of first dimension 
electrophoresis with adsorbed 7041 antibodies in the upper bed 
(see Fig. 35). This resulted in a roundedmobility peak 
forming in the lower bed and a faster mobility, pointed bimodal 
peak appearing nearer the upper 7041 antibody bed. The bimodal 
peak did not merge or fuse with the^ mobility peak and did not 
form from the base of the FRC or 6791/2 antibody beds. This 
suggests that the bimodal antigen does not have any identity 
with the mobility antigen afid is probably not recognised by 
FRC and 6791/2 antibodies. The lowering of the bimodal peaks 
from the 7041 antibody bed could be due to the backward diffusion 
of antibodies towards the cathode during second dimension 
electrophoresis. Experimentation with the design of AACEs 
made during the course of other laboratory investigations 
showed that it was possible to get a precipitate peak to appear 
some distance below an antibody bed provided the bed contained 
concentrated antibodies and was set far enough back from the 
first dimension electrophoresis track.

To try to elucidate the antibody identities, 1 mg fetal 
lysate was applied to AACEs in which adsorbed 7041 antibodies 
were mixed with adsorbed FRC or 6791/2 antibodies in a single 
bed, and compared with the results from antisera in individual 
beds. Unfortunately, the results were inconclusive again 
since the 7041 antibodies did not produce any precipitate peaks 
when this experiment was attempted.

To try to detect any antibodies specific for antigens in 
fetal red cell lysates, adsorbed 7041 antiserum was further 
adsorbed with adult red cell lysate polymerised with gluteraldehyde, 
This antiserum was then tested on AACEs with 10 ]xg and 1 mg adult, 
term and fetal lysates. No peaks could be observed with any 
samples applied indicating a lack of antibody specificities 
resistant to adsorption with adult red cell lysate.
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Conclusion
It is very difficult to draw any conclusions about the 

reactions of this antiserum. It would appear that the cause of 
the variability does lie with the antiserum and not with the red 
cell lysates, since these continued to give reproducible results 
with other antisera. A gel precipitation system does have many 
advantages for screening antibodies for unknown specificities.
The techniques are fairly simple and not time consuming. The 
results are permanently recorded and a technique such as 
Antibody-Antigen Crossed Electrophoresis (AACE) is highly 
adaptable and multiple specificities of several antisera can 
be demonstrated by varying the design of the plate. Tables 14 
and 15 summarise the results obtained from examination by AACE 
of the antisera reported in this thesis.

Gel precipitation techniques are limited, however, to 
antigens which can form a lattice at equivalence with the 
particular concentration of specific antibodies present. In 
view of the inconsistent results obtained by examination of 
7041 and 7043 antisera by AACE it was decided to investigate 
other methods of detecting antibody/antigen reactions. Agglutin­
ation of red blood cells, either directly or with a coating of 
antigen is a commonly used detection method, and it was felt 
that for examination of antisera raised against red cell proteins, 
this would be a good technique to try in the time available.

F. HAEMAGGLUTINATION EXPERIMENTS

1. Direct Agglutination
Freshly washed samples of red cells from adult and 

term cord blood were tested for ABO blood group antigens by 
Mrs. Betty 0*Hare, Only Group 0 blood cells were used for 
agglutination experiments. The cells were diluted to a 1% 
solution with a diluent consisting of phosphate buffered 
saline with 1% decomplemented control rabbit serum (to prevent 
spontaneous agglutination). Antisera to be tested were adsorbed 
with rabbit red cells (to remove any non-specific agglutinins) 
before decomplementing by heat treatment at 56*̂ C for thirty 
minutes.
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0.1 ml dilutions of antiserum in diluent were made from 
0 to 1/163840 (doubling dilutions from l/lO) in perspex 
agglutination trays, 0.1 ml of the 1% adult and term cells 
were added and the trays were covered before leaving at room 
temperature overnight. One per cent rabbit red cell solution 
was also tested at l/lO antiserum dilution to control for 
non-specific agglutination by the antiserum. Serum at l/lO 
dilution from four control rabbits (A, B, C and D) was tested 
with adult, term and rabbit red cells to control for spontaneous 
agglutination of the cells. Cells were also tested with diluent 
alone. The results of the direct agglutination experiments are 
summarised in Table 16. Figure 36 shows the result of the 
agglutination experiment testing 7041 antiserum after the second 
boost. The FRC, 7041 and 7043 antisera which had agglutinated 
term and adult cells were adsorbed with adult red cells and 
retested to try to detect any specific agglutinins for term red 
blood cells. No agglutination for either adult or term cells 
was observed in all cases.
2. Agglutination of Tanned Cells

Fresh sheep red blood cells were formalised and tanned 
according to the methods of Herbert (1973) (see Materials and 
Methods for details). A 20 ml aliquot of these cells was then 
coated with fetal haemoglobin eluted during the CM sepharose 
ion exchange fractionation of fetal red cell lysate (see 
Section C of Results) at a concentration of 0.1 mg/ml. A 
further aliquot of tanned formalised cells was coated with 
commercially purified adult haemoglobin at a similar concentration, 
These cells were diluted with phosphate buffered saline containing 
1% decomplemented control rabbit serum. With the addition of 
0.01% sodium azide as a preservative these cells were kept at 
4°C for several months without any loss of reactivity. Antisera 
which had been used for direct agglutination experiments were 
further adsorbed with uncoated tanned formalised sheep cells 
and decomplemented again. The agglutination trays were set up 
with 0.1 ml dilutions of antiserum as before and 0.1 ml tanned 
cells coated with either adult or fetal haemoglobin were added. 
Uncoated tanned cells were used instead of rabbit red cells to 
control for non-specific agglutination.
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The results of the experiments with tanned cells are 
summarised in Table 17, Figure 37 shows the results of the 
agglutination of tanned cells with 5895 antiserum. The 5895 
and FRC antisera which had shown some agglutination ability were 
adsorbed with tanned red cells which had been coated with adult 
haemoglobin and retested to try to detect any specificities 
for fetal haemoglobin. No agglutination was observed.
Conclusion

The antisera which had been raised by injecting large 
amounts (100 mg and 300 mg) of fetal lysate contained antibodies= 
with specificities for red cell membranes. This was possibly 
due to incomplete spinning down of the membrane ’ghosts’ when 
preparing the lysates from semi-clotted blood. This could result 
in the injection of membrane particles with the fetal lysate 
protein. 7043 antiserum, which produced very weak and indistinct 
precipitate arcs on Antibody Antigen Crossed Electrophoresis, 
had quite a high agglutination titre for adult and term red cells.

Tanned, formalised cells were much easier to handle than 
fresh red cells and produced more precise agglutination 
end-points. Two antisera (6791/2 and 7041) did not show any 
agglutination ability with tanned cells coated with adult or 
fetal haemoglobin although distinct haemoglobin specificities 
had been observed by gel precipitation techniques. This may 
well have been due to the lack of experience with the coating 
of tanned cells resulting in low or uneven distribution of 
antigen on the cells and causing low agglutination titres.

Having gained some degree of familiarity with this 
technique it would have been possible to continue with this 
line of approach and investigate the importance of various 
factors like decomplementation, non-specific agglutination and 
the concentration of antigen used to coat cells. It would also 
have been possible to coat the tanned cells with other purified red 
cell antigens or investigated agglutination inhibition by the 
addition of monospecific antisera. However, it was felt that 
the time required to succeed with such a line of research was 
greater than that available and so it was decided to return 
to familiar gel precipitation techniques to investigate further 
a particular result which had been noted with all of the
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Fig. 38a AACE of 5895 Antiserum with Adult Serum
Containing Increasing Amounts of Adult Haemoglobin

Sample
A = PAS
B = PAS + 0.1% HbA
C = PAS + 0.5% HbA
D = PAS + 1% HbA J

%E = PAS + 5% HbA
F PAS + 10% HbA

/

Fig. 38b AACE of 5895 Antiserum with Adult Serum
Containing Increasing Amounts of Term Lysate (TRCL)

Sample 
A = FAS
B = PAS + 0.1% TRCL 
C = PAS + 0.5% TRCL 
D = PAS + 1% TRCL 
E = PAS + 5% TRCL 
F = PAS + 10% TRCL
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Fig. 38c AACE of 5895 Antiserum with Saline Containing 
Increasing Amounts of Term Lysate (TRCL)

Sample 
A = Saline 
B = Saline + 0.1% TRCL 
C = Saline + 0.5% TRCL 
D = Saline + 1% TRCL 
E = Saline + 5% TRCL 
F = Saline + 10% TRCL
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antisera raised in the course of this investigation - the 
peculiar half peak formed when adult serum was examined by 
Antibody Antigen Crossed Electrophoresis.

G. FURTHER INVESTIGATION OF THE IMMUNOLOGICAL
NATURE OF THE HABMQGLOBIN-HAPTOGLQBIN COMPLEX

All of the antisera raised against whole or fractionated 
lysates produced an intense half peak when tested with pooled 
adult serum on AACE (Figs. 10a, 12 and 31c). As described 
previously (page 33 , Figs. 11a and b) the half peak gave 
reactions of identity with commercial anti-haptoglobin antiserum. 
Further, the same half peak gave reactions of apparent identity 
with commercial anti-adult haemoglobin (Fig. 11c). This raised 
the question as to what properties of the antigen, and what 
specificities of antibody could account for this very unusual 
incomplete peak.

The antiserum used in these investigations was from rabbit 
5895, which was immunised with 20 mg doses of term red cell 
lysate. This antiserum was chosen because of the simplicity of 
its reactions when examined on AACE. Only an intense half peak 
was formed when tested with pooled adult serum (PAS), and a 
clear haemoglobin peak when tested with adult lysate.

Since the presence of haemoglobin affected the shape of this 
half peak, controlled amounts of adult red cell lysate (RCL) or 
commercially purified adult haemoglobin (HbA) were added to 
aliquots of PAS according to Table 18.

These PAS samples were subjected to a short period of 
electrophoresis for a two dimensional AACE. Addition of adult 
lysate or HbA gave identical results (Fig. 3Ba). The half peak 
initially increases in height (+ .1% Hb), becomes a complete peak 
(+ .5% Hb), gains a small cathodal spur (+ 1% Hb), becomes fused 
to a much fainter peak on the cathodal side (+ 5% Hb) and becomes 
increasingly smaller and less complete on the cathodal side 
(+ 10% Hb). The very faint fused peak on the cathodal side had 
the mobility and shape of a haemoglobin peak.

Since this antiserum had a fairly weak response to adult 
haemoglobin, but a much stronger response to haemoglobin in term
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Fig. 39 AACE of Commercial Anti-Adult Haemoglobin 
Antiserum with Adult Serum Containing 
Increasing Amounts of Adult Haemoglobin

Sample 
A = PAS
B = PAS + 0.1% HbA 
C = PAS +0.5% HbA 
D = PAS + 1% HbA 
E = PAS + 5% HbA 
F = PAS + 10% HbA

J A
B

A

Fig. 40 AACE of Commercial Anti-Haptoglobin 
Antiserum with Adult Serum Containing 
Increasing Amounts of Adult Haemoglobin

Sample 
A = PAS
B = PAS + 0.1% HbA 
C = PAS + 0.5% HbA 
D = PAS + 1% HbA 
E = PAS + 5% HbA 
F = PAS + 10% HbA

A  A  A
B
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Fig. 41 AACE of 5895 Antiserum with Partially 
Purified Haptoglobin Containing 

Increasing Amounts of Term Cord Lysate (TRCL)

Sample A = Hp
B = Hp + 0.01% TRCL 
C = Hp + 0.05% TRCL 
D = Hp + 0.1% TRCL 
E = Hp + 0.5% TRCL 
F = Hp + 1% TRCL

B

5895 anti serum was raised against unfractionated term cord red



lysate, this experiment was repeated with additions of term 
lysate to PAS and with equivalent dilutions of term lysate in 
phosphate buffered saline (Figs. 38b and c). The addition of term 
lysate to PAS intensified the cathodal peak visible with additions 
of 5% and 10% term lysate. The equivalent dilutions of term lysate 
without PAS produced peaks of the characteristic haemoglobin type 
in the same position and of the same size as the cathodal peaks.

Pooled adult serum samples with additions of adult haemoglobin 
were also analysed on AACE with commercial anti-adult haemoglobin 
antisera (Fig. 39). This resulted in a very similar pattern of 
peak changes to that observed with 5895 antiserum. Similar 
analysis with anti-haptoglobin antiserum showed uniform completed 
peaks regardless of the amount of haemoglobin added (Fig, 40),

To test that haptoglobin is involved in these reactions a 
sample of haptoglobin was partially purified on a DEAE sepharose 
ion exchange column using 0.01M - 0.08 M acetate buffers pH 4.7, 
(see Materials and Methods for details). This preparation of 
haptoglobin was then tested against 5895 antiserum by AACE, in 
the presence of increasing amounts of term lysate as in Table 19.
The effect of adding term lysate to the partially purified 
haptoglobin (Fig. 41) was very similar to that observed when term 
lysate was added to pooled adult serum (Fig. 38b) although the 
haptoglobin alone did not form a precipitate arc.

At this stage it was tentatively concluded that the 
precipitate arc observed was caused by haemoglobin-haptoglobin 
complexes and that the half peak became complete when haptoglobin 
was saturated with haemoglobin. To test this hypothesis, the 
isolation of haemoglobin-haptoglobin complexes was required.
This could be achieved by gel filtration if haptoglobin of a known 
molecular weight was used. Haptoglobin occurs in three major 
phenotypes, 1,1, 2.1 and 2,2 which are distinguishable by banding 
patterns on starch gels. Haptoglobin 2.1 and 2.2 form chains of 
polymers up to 700,000 daltons M.Wt. However, haptoglobin 1.1 
exists as discrete molecules of approximately 100,000 daltons 
M.Wt. (Putnam, 1975).

Because serum from a very large number of individuals was 
pooled to form the PAS stock serum, all the 3 major haptoglobin 
types were present. Serum samples were therefore taken from 
volunteers in the laboratory for haptoglobin typing, which was
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Fig. 43 AACE of Commercial Anti-Haptoglobin Antiserum with 
Unfractionated Serum of Type 1:1, Isolated 

Haemoqlobin-Haptoqlobin 1:1 Complexes and Partially 
F^irified Haptoqlobin 1:1. (Samples run in Parallel)

Serum of 
Type Hp 1:1

Hb-Hp Complexes
A

Partially Purified e 
Hp

A



kindly performed by Mrs, Marion Stone. One of the volunteers 
(BK) had the Hp 1.1 phenotype. BK serum produced the same 
pattern of peaks (when tested on AACE with 5895 antiserum) as 
that observed with samples of pooled adult serum to which adult
haemoglobin had been added (see Fig. 38a).

To isolate haemoglobin-haptoglobin complexes, a solution 
of BK serum containing 10.04 mg/ml haemoglobin was passed over 
an Ultrogel AcA 34 column. (Fractionation range 20,000 - 350,000 
daltons). Fractions containing albumin, immunoglobin (IgG), 
haptoglobin and ^ macroglobulin were located by one dimensional 
AACE using commercial antisera. Fractions containing haemoglobin 
were located visually and the peak fractions confirmed by optical 
density readings at 413 nM. The void volume was determined by 
passing a sample of blue dextran solution over the column.
Figure 42 shows the elution profile from this experiment. 
Haptoglobin was detectable as a single peak before the IgG peak 
fractions. This indicates that the haptoglobin had a molecular 
weight of higher than 150,000 daltons. Haemoglobin was also 
detectable in these fractions although the majority of haemoglobin 
eluted off the column just after the albumin peak. The fractions 
containing haptoglobin 1:1 (M. Wt. 100,000 daltons) and
haemoglobin (M.Wt. 64,000) eluted from the column in a position
indicative of a molecular weight higher than either of the 
component proteins and approximately equal to their sum. It 
was therefore concluded that these fractions contained isolated 
haemoglobin/Aaptoglobin complexes. When these fractions were 
pooled and tested on AACE with 5895 antiserum, a uniform complete 
peak was observed (see Fig. 43, centre track).

The concentration of haptoglobin in BK serum was estimated
by one dimensional AACE using anti-haptoglobin antiserum and a
commercial human serum standard which contained 2.08 mg/ml
haptoglobin (see Figs. 4a and b in Materials and Methods). Using
this method, BK serum was calculated to contain 1.03 mg/ml
haptoglobin. The amount of addition haemoglobin required to
produce a complete peak (when tested on AACE with 5895 antiserum)
with BK serum containing 0.04 mg/ml haemoglobin was approximately
0.5 mg. Since haptoglobin and haemoglobin bind together in a
1 to 1 molar ratio (Laurell, 1960) it would be expected that
1.03 mg/ml haptoglobin would require 1.03 x 64,000 mg/ml

100,000
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haemoglobin for complete saturation. From this calculation it 
appears that 0.66 mg haemoglobin would be required by 1 ml BK 
serum for complete saturation - a similar saturation to that 
observed on AACE. This supports the theory that at equivalent 
molar concentrations a complete peak is formed and that the half 
peak observed with FAS was attributable to haemoglobin-haptoglobin 
complexes.

However, the reason for the incompleteness of the peak seen 
on AACE with adult serum alone was still perplexing. Because 
5895 antiserum was raised against a mixture of proteins in term 
lysate, it was possible that non-precipitating antibodies were 
present which were reacting with a slightly faster mobility 
protein than the haemoglobin-haptoglobin complex. This 
hypothetical protein would also move faster in the second dimension 
and might bind antibodies before the haemoglobin-haptoglobin 
complex. If these antibodies reacted with the faster mobility 
protein and the complex, this faster removal of antibodies from 
the anodal side of the complex peak might account for the peak’s 
unique shape. A possible protein which might react in this manner 
was uncomplexed haptoglobin. To test for a mobility difference 
between free and complexed haptoglobin, samples of BK serum, 
haptoglobin complex (isolated by gel filtration) and free 
haptoglobin (isolated by ion exchange) were examined with anti­
haptoglobin antiserum on a two dimensional AACE with the first 
dimension tracks in parallel, (Fig. 43). A small but distinct 
difference in mobility was noted, with the free haptoglobin moving 
slightly faster than complexed haptoglobin. BK serum, which 
contained a mixture of free and complexed haptoglobin produced a 
broader peak spanning the mobilities marked by the two separate 
components. This result supported the idea that antibodies against 
haptoglobin determinants could be involved in the formation of the 
half peak observed on AACE. To test the possibility of haptoglobin 
’interfering’ in some way with the formation of the serum half peak, 
tandem and straightforward additions of partially purified 
haptoglobin and BK serum were made on a two dimensional AACE with 
5895 antiserum. This experiment was attempted with additions of 
12.5 pg, 10 yig, 3.75 ^g, 1.25 pg and 0.125 pg haptoglobin.
Addition of 12.5 pg haptoglobin in any position (in front, together
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Fig. 44a AACE of 5895 Antiserum with Serum of Hp Type 1:1(g) 
and 12.5 nq Partially Purified Haptoglobin

'TSF'

r
Hp

"Ik,

S Hp % Hp S

Fig. 44b AACE of 5895 Antiserum with Serum of Type Hp 1:1 
and 10 ug Partially Purified Haptoglobin

H i

Hp s

5895 antiserum was raised against unfractionated term cord red cell lysate,



with or behind the serum) removed all precipitin arcs, although 
serum alone maintained its half peak (Fig. 44a). At all 
dilutions of haptoglobin below this, the half peak was unaffected 
(Fig. 44b).

Although these results are inconclusive, it was not possible 
to repeat or enlarge on these experiments, due to the termination 
of the research project.
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Table 20 A Summary of Results from Antisera Obtained 
from Immunisation with Pooled Fetal and 
Fractionated Term Cord Red Cell Lysates

FRC 1 and 2
Immunised with 150 and 300 mg 
doses of pooled fetal red 
cell lysate. Both rabbits 
injected gave similar results.

6791 and 6792
Immunised with 16 mg ion- 
exchange fractionated term 
red cell lysate (reduced 
haemoglobin red cell 
protein). Both rabbits 
injected gave similar 
results.

Reactions of Unadsorbed Antisera
5 peak reaction to adult serum 
on AACE.

15 peak reaction to adult 
serum on AACE.

Strong reaction to haemoglobin in fetal 
and term lysate. Faint adult haemoglobin 
peak on AACE. Fetal haemoglobin spurs past 
adult haemoglobin lines on ouchterlony plate.

Reactions of Antiserum Adsorbed with Adult Serum
(Both sets of antisera were adsorbed in parallel 

so dilution effect was same in both cases)
/Smobility antigen detected on AACE in adult, 
term and fetal lysate. Peaks.approximately the 
same height with both sets of antisera so 
antibody titre for this antigen approximately 
the same.

/3 mobility antigen detected 
in protein eluted from affinity 
columns.

/3 mobility antigen not detected 
in protein eluted from 
affinity columns.



A, THE RAISING OF ANTISERA

1. Comparison of Immunisation Regimes
In general, the further removed in evolutionary terms, 

the source of antigen is from the animal being immunised, the 
more extensive the response becomes. However, practical 
considerations usually result in rodents or other small mammals 
being used. Rabbits, goats and sheep are believed to be the 
best species for the production of precipitating antibodies.
Horses have precipitating antibodies with a very narrow 
equivalence zone which means that a distinct line or precipitate 
arc is produced just in the equivalence zone. This is highly 
desirable for Immunoelectrophoresis because multiple overlapping 
arcs become more distinct; but is not suitable for Antibody- 
Antigen Crossed Electrophoresis (AACE) where precipitation occurs 
in antibody excess (Herbert, 1978).

In random bred rabbits, the peak antibody titres measured 
following a simple immunisation procedure may vary by as much as 
five hundred times amongst individuals. This difference between 
individuals is probably increased by slight differences in the 
injection site of immunogen in relation to lymph nodes, and other 
external factors which make differences between even pure inbred 
stock considerable (Ganrot, 1972; Herbert, 1978).

It is therefore very difficult to draw any comparisons between 
the responses produced by the pairs of rabbits used to raise 
antisera for the experiments described in this thesis. The 
rabbits injected with 150 mg and 300 mg pooled fetal red cell 
lysate (FRC 1 and 2) produced antisera which were very similar 
(when examined by AACE) to the antisera from rabbits (6791 and 
6792) injected with 16 mg ion exchange fractionated term red cell 
lysate. These results are summarised in Table 20, which shows 
that the only major difference between FRC and 6791/2 antisera 
was the detection of the ^  mobility antigen in the protein 
eluted from the FRC affinity column. Aside from small 
unintentional technical variations between the two experiments 
(e.g. in the immobilisation on sepharose or during the treatment 
of the eluted protein) this might indicate a difference in the 
association constants of the antibodies binding the/S mobility 
antigen.
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Table 21 Summary of Results from Antisera Obtained
From Immunisation with Pooled Fetal Red Cell Lysate 

With and Without Prior Tolerisation to Adult Blood Proteins

FRC 1 and 2
Immunised with 
150 mg and 300 mg 
doses of pooled 
fetal red cell 
lysate.

7041 7043
Neonatally tolerised to whole adult blood 
prior to immunisation with:
150 mg pooled fetal 
red cell lysate

300 mg pooled fetal 
red cell lysate

Reactions of Unadsorbed Antisera
5 peak reaction to 
adult serum on 
AACE
Strong reaction to 
haemoglobin as 
observed on AACE 
and ouchterlony 
plates.

No reaction to adult serum after first 
boost. Peculiar % peak observed with 
adult serum on AACE after second boost. 
Very faint with 7043. No reaction to 
haemoglobin after first boost.
Weak reaction to 
haemoglobin after 
second boost.

No further reactions,

Reactions of Antisera Adsorbed with Adult Serum
Rounded/^mobility 
antigen detected by 
AACE in adult, terra 
and fetal lysate.

PointedcX ̂  mobility 
antigen detected on 
AACE. Sometimes 
bimodal with fetal 
lysate. Very 
erratic results.

No reaction.

Haemaqqlutination Experiments
All rabbits in both experimental regimes agglutinated adult 
and term cord red cells to approximately the same dilution 
end points.



It is probably rather simplistic to comment that 6791/2 
and FRC antisera, despite the use of different immunogens, had 
a similar response to red cell lysate proteins, since only one 
detection system (AACE) was utilised, it is possible that the 
superficial similarities in gel precipitation reactions of the 
two sets of antisera disguised more distinct differences in 
antibody specificity which tanned cell agglutination, immuno­
fluorescence or radioimmunoassay might have shown up. However, 
these techniques were not really applicable at this stage of 
the investigation because they require purified antigen for 
maximum sens itivity.

The reactions of antisera raised against pooled fetal 
lysate in adult rabbits (FRC 1 and 2) and in young adult rabbits 
neonatally tolerised to whole adult human blood (7041 and 7043) 
were apparently very different (see Table 21). It is possible 
that variation between individual rabbits might be responsible 
for the differences observed in the two types of antisera.
However, it seems more likely that the tolerisation to adult protein, 
prevented antibodies to the mobility antigen being produced in 
7041/3 antisera since there is no apparent immunological difference 
in t he mobility antigen from adult and fetal lysates. Although 
a response was produced to an adult form of the mobility 
antigen, the fetal form did appear to possess some electrophoretic 
variability and hence might be more immunologically distinctive.
The lack of response to the oĉ  mobility antigen by FRC (and 6791/2) 
antibodies might be due to a very low concentration of antigen 
in the immunogen which required tolerisation to other more 
abundant proteins, before a response was produced.

There was one experiment which showed a similarity between 
FRC, 7041 and 7043 antisera: all demonstrated similar ability to 
agglutinate adult and term cord red blood cells. No other 
antisera directly agglutinated cells, but it is not known whether 
the agglutination was due to recognition of the same membrane 
antigens by FRC, 7041 and 7043 antibodies.

2. Presentation of Immunogen
a) Composition

The presentation and composition of tissue immunogens is 
of great importance. Serum proteins, either as contaminants or 
as soluble intracellular components in tissue homogenates are
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highly immunogenic and may form the main focus of the immune 
response (Bonstein and Rose, 1971; Weir, 1973). The amount 
of serum contamination in the adult, term and fetal red cell 
lysate pools varied according to the thoroughness of the washing 
procedure (see page 21). Fetal and term blood samples were 
partially coagulated when collected which restricted the washing 
technique, and as a consequence lysates from fetal and term red 
blood cells (which were used for immunisation) contained a 
higher concentration of albumin and other serum proteins than did 
adult lysate (see Figs. 6a-c and Table 7).

The immunisations with ion exchange fractionated term lysate 
protein (rabbits 6791 and 6792) represented an attempt to extend 
the range of antibody specificities produced by increasing the 
concentration of non-haemoglobin red cell proteins relative to 
haemoglobin. The extent to which the fractionation was successful 
is difficult to assess. Some non-haemoglobin red cell proteins 
were apparently increased in concentration: the ̂ mobility antigen 
was approximately five times more concentrated in the reduced- 
haemoglobin red cell protein (rHbRCP) than in term red cell 
lysate (see Fig. 26c; page 44 ).
b) Stability

The lysates and reduced-haemoglobin red cell protein were 
lyophilised and resuspended in adjuvant for immunisation. This 
meant that the antigens were presented in particulate form 
which usually stimulate good antibody production due to their 
stability and insolubility in rabbit body fluids (Herbert, 1978). 
Particulate antigens may elicit an increased IgM response and 
since gel precipitation reactions generally involve IgG 
antibodies, some of the antibody specificities produced may 
not have been detected. (IgM antibodies are particularly 
effective at agglutination or cytolysis).

Non-persistence in the injected animal is a major reason 
for failing to produce an extensive antibody response (Herbert, 
1978). Although the particulate form of the lysate immunogen 
would encourage persistence, the majority of the non-haemoglobin 
red cell proteins are enzymes (Hennessey et al., 1962) and many 
of these, while not unstable at body temperature, might be 
metabolised by the rabbit or degraded by rabbit protease?before 
antibody production was stimulated.
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Tsunoo et al. (1974) compared the relative effectiveness of 
free adult human haemoglobin and adult haemoglobin bound to 
rabbit haptoglobin in producing an antibody response in rabbits. 
They found that the complexed haemoglobin was far more 
immunogenic although it appeared from Ouchterlony double immuno­
diffusion data that the antigenic determinants of haemoglobin 
had not been masked or modified, and that new antigenic 
determinants had not been produced. To explore the reasons for 
this increased immunogenicity, the resistance of the haemoglobin- 
haptoglobin complex to cathepsins and other proteases was compared 
with that of free haemoglobin; and found to be 50-80% higher 
with the complex. The in vivo significance of human haemoglobin/ 
rabbit haptoglobin complex formation is difficult to assess since 
it is not clear that rabbit haptoglobin would bind haemoglobin 
after it had been injected as a suspension in adjuvant, but 
these data do suggest that antigen susceptibility to proteases 
in the injected animal may have a role in modifying the antibody 
response to that antigen.
c) Dénaturation of Immunogens

When ion exchange fractionated term lysate (rHbRCP) was 
examined by AACE with adsorbed 6791/2 antisera (raiaed against 
this material) a rather indistinct peak was observed (Fig. 26a). 
Furthermore, when this rHbRCP material was analysed with sheep 
anti—adult human serum protein antiserum, several of the peaks 
observed were hazy and linked together (Fig. 20). Indistinct 
multiple peaks are frequently associated with denatured or 
antigenically altered proteins (Bjerrum and Bog-Hansen, 1975; 
Bjerrum et al. 1975; Kukulska and Sutcliffe, 1978) so it is
probable that the fractionation had partially denatured some 
of the proteins present. Albumin, and possibly other serum 
proteins, had also increased in concentration during this 
fractionation, but further processing to remove the serum 
protein contaminants would almost certainly have caused a 
further decrease in the recovery of unaltered non-haemoglobin 
red cell proteins.
d) Complexity and Number of Antigens Injected

Injection of a single antigen may induce an antibody 
response to that antigen which does not occur when the same
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produced. It is thought, for example, that in some instances 
antibody produced as a result of primary immunisation may act 
through an inhibitory feed-back mechanism in specifically 
limiting the magnitude of the secondary response to a subsequent 
antigenic challenge (Uhr and Moller, 1968; Diener and Feldmann, 
1972; Grantham and Fitch, 1975).

The molecular factors involved in tolerance induction and 
the co-operation between cells in the immune system is very 
complex and much attention has been focused on their elucidation 
(Feldmann and Nossal, 1972; Nossal, 1973, 1974; Klaus et al.,
1976; Taylor and Basten, 1976; Waksman, 1977). In the 
particular case of immunisation with tissue homogenates, it seems 
likely that non-specific suppression of an immune response may 
occur as a result of the injected animal being bombarded by a 
large number of different antigens all of which probably bear a 
basic resemblance to the injected animals’ own tissues (Weir, 
1973). Neonatal tolerance is based on the introduction of 
’foreign’ material at a time when the developing immune system 
is unable to stimulate antibody producing cells. The ’foreign’ 
material therefore effectively becomes ’self’ and subsequent 
challenges when the immune system has matured, results in an 
extremely limited response to these antigens. In these 
circumstances antibody specificities may be directed against 
minor antigenic variants to the antigens used for tolerisation.
In the present investigation, neonatal tolerance to adult serum 
and red cells (as with rabbits 7041 and 7043, see Materials 
and Methods, page 29 for details) was attempted as a method to 
detect fetal specific proteins in fetal red cell lysates. The 
extent to which the prior state of neonatal tolerance to some 
of the components in the immunogen is responsible for the variab­
ility of the gel precipitation responses of 7041 antiserum is 
unknown. A similarly tolerised littermate (which was later 
immunised with fetal liver homogenate) also produced somewhat 
variable responses to an antigen in term cord serum (Sutcliffe 
and Nicholson, unpublished data). It is possible that marginal 
variation in ionic strength of gel or electrophoresis buffers 
might cause slight variation in antigen conformation (especially 
since the bimodality of the iiiobility antigen suggested
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electrophoretic variation). Conformational changes might alter 
the affinity of 7041 antibodies which only weakly reacted with 
the antigen and caused the variability observed. Reports of such 
variability were not found in the literature, but it is possible 
that such a result would not be described in favour of other 
more successful results.
3. Conclusion

The effects of antigen dose and its timing, antibo 
suppression and tolerance have great theoretical significance, 
but are of limited application in a practical situation where 
a number of unspecified antigens of mixed immunogenicity are 
involved (Williams and Chase, 1973). There is a great range 
in concentration of red cell antigens, with haemoglobin accounting 
for approximately 95% of the total soluble protein in red cells 
and the rest of the intracellular proteins together only amounting 
to 5% (Hennessey et al., 1962). The concentration of particular 
red cell enzymes varies with cell age and between individuals, 
and although carbonic anhydrase and catalase are generally 
present in a much higher concentration than most other red cell 
enzymes together, while certain other enzymes (e.g. glycerol-1- 
phosphate dehydrogenase) are only present in trace amounts 
(Brewer, 1974). This means that it is impossible to consider 
’antigen dose' in a complex red cell lysate in any meaningful 
way. The exact amounts of antigen required to give high and 
low zone-tolerance need to be calculated from trials for 
individual antigen test-systems and so it was not known beforehand 
whether, for example, injecting 300 mg pooled fetal lysate would 
produce tolerance to haemoglobin. The pooled fetal lysate also 
contained a very small amount of serum cK-fetoprotein as a 
contaminant and it has been suggested that this protein might 
have immuno-suppressive properties in utero, as demonstrated in 
mice by Murgita and Tomasi (1975a and b), but this has been 
discounted at any significant level for human oC-fetoprotein 
(Littman et al.. 1977).

With insufficient animals and antigen available, it was 
not practically possible to investigate the optimum conditions 
of timing or the amount of complex antigen to inject to achieve
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a detectable antibody response to the maximum number of 
components present. The immunisation schedules followed were 
therefore based on generally accepted guidelines (Herbert, 1978) 
and it is not known whether the general lack of diversity in the 
antisera produced was a result of this, although it is probably 
more likely to be the result of a number of factors, of which the 
manner of antigen presentation could be one.

B. METHODS FOR DETECTING IMMUNOLOGICAL RESPOSfSES

The principal detection system used in this investigation 
was precipitation in gels. This has the advantages of being 
simple, reproducible and adaptable (see Ouchterlony and Nilsson, 
1978) although there are also a number of limitations. Gel 
precipitation techniques require precipitating or 'complete' 
antibodies (usually IgG) to be present, and in suitable specific 
concentrations for the equivalence point of the antigens under 
examination to be reached. The sensitivity of Ouchterlony 
plates also depends on there being a difference in the relative 
concentration of antibodies for different antigens so that 
precipitin lines are not superimposed. Antibody-Antigen Crossed 
Electrophoresis (AACE) has superior resolution of multiple 
precipitate arcs due to the electrophoretic separation of 
antigens in the first dimension.

The AACE technique is widely used in the study of tissue, 
tumour and membrane antigens (see Axelsen, 1973 , 1975) and the 
peak morphology is sensitive enough to distinguish between 
slightly denatured or immunologically altered antigens (Bjerrum 
et al., 1975; Kukulska and Sutcliffe, 1978). The shape of a 
one-dimensional AACE peak also varies between proteins. Albumin 
and haptoglobulin, for example, produce narrow parallel sided 
peaks (see Fig. 4a), whereas IgG, haemoglobin and the /3 mobility 
antigen detected in red cell lysates by certain antisera produced 
extremely rounded peaks (see Fig. 27), The precise reason for 
this is unknown but it is possible that a slower mobility allows 
a certain amount of sideways diffusion to occur before precipit­
ation. Backward diffusion of antibodies may be responsible for 
the occasional appearance of peaks below the antibody bed 
(see Fig. 35).
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Although gel precipitation techniques were mainly used 
in this investigation, consideration was given to other methods 
for determining antibody-antigen reactions, and although the 
limited time available prevented the investigation of immuno­
fluorescence or assays with radioactively labelled antigens, 
some haemagglutination experiments were attempted.

The antisera which were raised against 150 mg and 300 mg 
doses of pooled fetal lysate, either in normal adult rabbits 
(FRC antisera) or in neonatally tolerised rabbits (7041 and 
7043 antisera) agglutinated adult and term red cells directly.
To try to avoid reactions with the major AB blood group antigens, 
only cells of blood group 0 were used (although H substance, a 
precursor of A and B antigens, is still present on group 0 cells). 
There was apparently no fetal specificity involved since 
adsorption with adult red cells inhibited agglutination with all 
cells. The nature of the antigen or antigens recognised by 
these antisera is unknown. It may be a minor blood group 
antigen or a structural membrane antigen.

If the haemagglutination studies had been continued, it 
would have been possible to screen cells of known minor blood 
groups or inhibit agglutination by prior incubation with 
monospecific blood group antisera. To test the possibility of 
a structural antigen, it is probable that solubilisation and 
fractionation of erythrocyte membrane components would be 
required, and assayed by agglutination inhibition with controls 
for blood group antigens included. From the practical point of 
view, however, it was found that direct agglutination was an 
extremely time-consuming technique. The requirement for fresh 
blood cells meant that continuous visits to a local hospital were 
required, and the centrifugation and washing of the individual 
samples (which could only be pooled after ABO blood grouping 
analysis) was prohibitive in the ’part-time’ circumstances of 
this investigation.

The use of formalised tanned cells was much more satisfactory 
Once prepared, the cells were kept for a year at 4°C with no 
apparent loss in reactivity. The agglutination results were also 
more precise and less prone to spurious positive results.
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The failure of some adsorbed antisera to give a positive 
result with cells coated with fetal haemoglobin when reactions 
were observed by gel precipitation (although very faintly) is 
almost certainly due to insufficient or irregular coating. If 
the agglutination experiments had continued, it is probable that 
varying the coating procedure would increase the sensitivity of 
the assay. The applicability of this method to red cell components 
generally is limited unless purified antigens could be prepared.
This is the major problem with the majority of the non-gel 
precipitation techniques used for the investigation of antibody- 
antigen reactions: the sensitivity of immunofluorescence inhibition, 
radioimmunoassay, complement fixation as well as agglutination 
inhibition, depend on the certainty of a single known antigen 
being involved in the reactions observed. If this is not the 
case, the interpretations of the results and suitability of 
controls becomes a major source of concern.

C. SPECIFICITIES OF THE RESPONSES OBSERVED

1. Haemoglobin
When comparing the identities of purified adult haemoglobin 

and haemoglobin in fetal red cell lysates with unadsorbed 5895 
antiserum (raised against 20 mg doses of pooled term lysate) on 
AACE the result was a reaction of partial identity involving 
a single precipitate arc for each source of haemoglobin (see 
Fig. 8 in Results and Fig. 45 overleaf). The more intense, 
completed fetal haemoglobin peak is probably formed by antibodies 
with specificities for common haemoglobin determinants (possibly 
located on the chain) plus those which bind the special 
determinants peculiar to fetal haemoglobin (probably located on 
the Xchain). The fainter adult haemoglobin peak, on the other 
hand, may be formed by the precipitation of antibodies which are 
only recognising the common determinants of fetal and adult 
haemoglobin. The removal of the anodal half of the adult 
haemoglobin peak by the complete fetal haemoglobin peak might 
therefore be due to ’in situ’ adsorption in the gel bed of all 
anti-haemoglobin antibodies present by fetal haemoglobin. This
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Drawing of Ouchterlony Plate Shown in Fig, 9b 
Well A = HbA

B = HbF , 3a
C = Term Lysate
D = Fetal Lysate
E = Adult Lysate

Centre Well = Antiserum raised 
against term lysate

"^These superscript numbers refer to the numbered lines in 
the drawing of Fig. 9b.

A
Line 2 

Line 1

Line 3



deduction is supported by reports of the 'superior immunogenicity' 
of fetal haemoglobin which more readily induces precipitating 
antibodies (Chernoff, 1958; Heller et al., 1962) and by the 
observations of Reichlin (1970) who reported that in rabbit 
anti-HbF sera, there is always a preponderance (% to %) of 
antibodies to ^ chains compared to oC chains.

Although Antibody-Antigen Crossed Electrophoresis (AACE) 
can detect subtle changes in antigens, an occasion was found in 
this investigation when the results were not as informative 
as with the Ouchterlony Double Immunodiffusion technique. Thus 
this reaction of partial identity between adult and fetal 
haemoglobin was supported by initial Ouchterlony plate results 
(Fig. 9a) but increasing the sensitivity of the Ouchterlony plate 
by increasing the concentration of both antigen and antibody and 
increasing the distance between wells showed that more than one 
antigenic specificity was involved. Adult, term and fetal red 
cell lysates, commercially purified adult haemoglobin (HbA) and 
ion exchange purified fetal haemoglobin (HbF) were compared 
(Fig. 9b) and four different precipitate lines were formed. The 
innermost line was fused for all the samples applied and the staining 
was of equal intensity. This line could represent a determinant 
on the oCchain or in common regions of the ^  , y or J" chains. It 
is unlikely to be a serum protein or a non-haemoglobin red cell 
protein because it occurs at approximately the same relative 
concentration (as indicated by the position and intensity of the 
precipitate arc) in the unfractionated lysates and in the purified 
haemoglobin samples, which were shown on an SDS/polyacrylamide slab 
gel to contain virtually no contaminants (see right hand side
Fig. 21). Outside this fused line was a line common to adult lysate/o\and HbA.^ This suggests a p  chain specificity. Just outside 
this precipitate line was a broad, very intensely stsiined line

3which fused for fetal and term lysates and HbF. The intensity 
of the staining suggests that this is the major specificity 
recognised by 5895 antibodies and is therefore likely to be 
on the chain. Apparently fused to this very intense 
precipitate line are two very faint lines from HbA and adult 
lysate. The position and faintness of these lines suggests 
that a small number of both ant igens and antibodies is 
involved. A possible explanation for this is that there 
are some antibodies present which bind the X  chain determinant
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and also cross-react with a determinant on one of the adult 
chains. This could possibly be a determinant on the cTchain 
since Boerma and Huisman (1964) defined a population of 
antibodies reacting with isolated ^ and (Ç chains but not oi or 

chains.
Examination of the reactions of the other antisera (FRC 

6791/2 and 7041) to haemoglobin by the Ouchterlony technique 
all displayed a similar pattern: a single line fused for all 
haemoglobin and lysate samples applied with the fetal samples 
showing spurs of partial identity past the foreshortened adult 
precipitate lines. At first this suggested that there was a 
single common specificity with extra 'fetal specific' determinants 
recognised by these antisera. However, 5895 antiserum also 
produced this pattern of lines at certain relative concentrations 
of antibody to antigen, but then revealed that the fetal specific' 
spur fused with very faint lines from adult lysate and haemoglobin. 
This could have been the case with the other antisera (FRC, 6791/2, 
7041/3)except that the adult precipitate lines were not visible. 
This might be supported by the fact that adsorption experiments 
also failed to provide evidence of any fetal specificity. 
Adsorption of every antiserum with adult lysate abolished all 
precipitate lines with fetal lysate, although the possibility of 
fetal specificities being too dilute to precipitate or that 
adsorption removed 'fetal type' specificities by cross-reactivity 
cannot be excluded,

2. Haemoglobin-Haptoglobin Complex
It would appear that 5895 antiserum (raised against 20 mg 

doses of term lysate) does have specificities for haemoglobin. 
Whether these same specificities are involved in the formation 
of the peculiar half peak (e.g. Fig. 10a) observed when adult 
serum was examined by AACE with 5895 antiserum is not completely 
certain.

The reaction of unadsorbed 5895 antiserum to pooled 
adult serum was compared on AACE with the reactions of commercial 
anti-haptoglobin and anti-adult haemoglobin, and apparently 
showed identity with both, (see Fig. 11c). A single smaller 
peak was observed when anti-haptoglobin and 5895 antisera were 
added together in the same bed. This indicated that both antisera
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Fig. 46a Drawing of the AACE Peaks from the Report
of Heqelund et al. (1976)

. C^^jVlacroglobul i n G^^Macroglobulin

A dult
Serum
Alorse

O
Adult Serum plus 
A dult RCL

\

P eaklE  

%  Peak I
*H p _H b
complex'

Adult RCL 
A lone

Antiserum raised against an extract of fetal pancreas 
and partially adsorbed with adult serum, adult red cell 
lysate and extract of normal adult pancreas.

Fig. 46b Drawing of AACE Peaks from Figs. 7a and 38a in
Results Section

0
Adult
Serum
A lone

Adult Serum plus 
Adult RCL

Adult RCL 
A lone

Antiserum raised against term cord red cell lysate 
(unadsorbed).



had antibodies against determinants on the same molecular 
entity. However, the pooled adult serum has a haemoglobin 
content of approximately 0.04 mg/ml (see page 34 of Results) 
and at this concentration all the haemoglobin would be bound to 
haptoglobin, which would be in excess since it was calculated 
that a haemoglobin concentration of approximately 0.66 mg/ml 
would saturate the haptoglobin present in the serum (see page 55-6 
of Results). It was therefore possible that this apparent 
reaction of identity was caused by 5895 antibodies reacting with 
haemoglobin and anti-haptoglobin antibodies reacting with 
haptoglobin but both precipitating to produce a single peak 
because haemoglobin and haptoglobin were complexed together.
This could also account for the 'blocking' of a peak in the 
upper 5895 antibody bed by an intermediate anti-haptoglobin 
bed, or the merging of the peak from lower into the upper 5895 
bed (Figs. 11a and b).

Hegelund et al. (1976) noted a very similar half peak 
during the examination by AACE of an antiserum raised against 
fetal pancreas. Their antiserum had been partially adsorbed with 
adult serum, adult red cell lysate and an extract of normal human 
pancreas. No reaction was observed when this adsorbed antiserum 
was tested against adult lysate but examination of adult serum 
demonstrated a peak identified as macroglobulin and the 
peculiar half peak (% Peak I). Addition of adult lysate to the 
serum produced a second hazy incomplete precipitate line 
(% Peak II) which curved over the original half peak (see 
Fig. 46a). This second peak did not have the slower mobility 
and characteristic rounded appearance of haemoglobin. In this 
brief report, experimental details were excluded, but Hegelund 
et al. reported that both the half-peaks cross-reacted with both 
haemoglobin and haptoglobin and concluded that these peaks were 
therefore haemoglobin-haptoglobin complexes.

Although this conclusion might be applied to the present 
results, there are some differences between the two sets of 
data. In the present study no AACE peaks were visible if the 
antiserum was adsorbed with adult serum or adult red cell lysate. 
With 5895 antiserum, the addition of adult lysate to adult serum 
showed a second haemoglobin-type peak of slower mobility which
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fused with the cathodal side of the half-peak (see Fig. 46b).
In contrast, Hegelund's second peak (II) was of approximately 
the same mobility, and essentially pointed in outline, and was 
not clearly fused to the half peak (I) (Fig. 46a),

Despite these differences between the results, it would 
appear that the unique half peak is associated with haemoglobin- 
haptoglobin complexes and that the differences observed are 
probably attributable to variations in antibody specificity. 
Nevertheless, it was difficult to account for the creation of 
the half peak and therefore an attempt was made to try and 
find out why haemoglobin-haptoglobin complexes did not always 
form a conventionally-shaped arc,
a) Evidence for the Involvement of Haemoglobin Specificities

When increasing amounts of haemoglobin were added to adult 
serum, a point was reached when the half peak (which was 
anodally incomplete) became a conventional symmetrical peak. If 
further additions of haemoglobin were made, the peak became 
incomplete cathodally and appeared to fuse into a typical 
haemoglobin-type peak (Figs. 38a and b). This occurred when 
the serum samples were analysed by AACE with 5895 and commercial 
anti-haemoglobin antisera. Examination of the serum samples 
with commercial anti-haptoglobin antiserum showed a uniform 
symmetrical peak in all cases. These results suggest that only 
haemoglobin specificities may be involved. However, the peaks 
with anti-adult haemoglobin were noticeably thicker and more 
blurred. This may indicate that the antibodies present were 
reacting with haemoglobin which had been modified by complexing 
to haptoglobin. It has been claimed that haptoglobin does not 
modify or block antigenic determinants on haemoglobin and that 
antibodies bind to haemoglobin in different regions to 
haptoglobin (Cohen-Dix et al., 1973; Tsunoo et al., 1974; Sasazuki 
et al., 1974), This is based on the non-alteration of free 
haemoglobin precipitate patterns observed on Ouchterlony plates 
when complexed with haptoglobin, and on radioimmunoassay 
competition and saturation analysis with anti-haemoglobin 
antibodies and antibody combining region (Fab) fragments. This 
view is also maintained by Putnam (1975). However, all agree

— 70 —



that haemoglobin bound to haptoglobin of all three phenotypes 
(1:1, 2:1 and 2:2) is more immunogenic and does show increased 
precipitability with anti-haemoglobin antibodies as indicated 
by end-point titration of precipitation in solution and with 
precipitation of labelled anti-haemoglobin antibodies 
fractionated by 20% and 38% saturated ammonium sulphate (e.g.
Tsunoo et al., 1974).

Haemoglobin splits into ckyS chain dimers in order to bind 
with haptoglobin (Nagel and Gibson, 1971; Malchy et al., 1973) and 
Javid and Pettis (1975) considered that this change in the 
conformation of haemoglobin might expose 'neoantigenic' deter­
minants previously concealed. It has been argued, however, 
that this is unlikely since antibodies and haptoglobin do not bind to 
haemoglobin in the same regions. The alternative hypothesis is 
that the increased precipitability of haemoglobin bound to 
haptoglobin is due to enhanced lattice formation due to the 
increased size and molecular weight of the haemoglobin-haptoglobin 
complex (Tsunoo et al., 1974; Putnam, 1975). This idea is 
supported to some extent by the work of Javid and Pettis (1975) in 
that they showed that the increased precipitability only occurs 
when complexes of the polymeric forms of haptoglobin (i.e. Hp
2:1 and 2:2) with high molecular weights are involved.

It seems to me that a third possibility exists. In all of 
the above papers (Sasuzuki, 1971; Sasuzuki et al., 1974; Tsunoo 
et al., 1974; Cohen-Dix et al., 1974; Javid and Pettis, 1975) 
the antisera used in the investigation were raised against 
haemoglobin purified by DEAB ion exchange methods, yet no 
consideration was apparently given to the slight possibility of 
haptoglobin being present in the immunogen and antibodies with
specificities for haptoglobin or haemoglobin-haptoglobin
complexes being present in the anti-haemoglobin antisera.
Haptoglobin is very immunogenic and only trace amounts (possibly 
the result of some haemoglobin-haptoglobin complexes co-purifying 
with free haemoglobin) might be required to elicit an antibody 
response. If haptoglobin was present in the haemoglobin immunogen 
it would almost certainly be complexed, and the observations of 
Korngold (1965) that the polymeric haptoglobins have more determinants
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could be in accordance with the observation that the increased 
precipitability of haemoglobin occurs most markedly when it is 
complexed to polymeric haptoglobin. The increased precipitation 
and expression of *neoantigenic determinants’ might therefore 
be due to detection of antibody specificities for the haptoglobin 
component of a haemoglobin-haptoglobin complex.

The significance of these findings is uncertain. It has 
been established that haptoglobin does alter the conformation 
of haemoglobin so that certain characteristics are altered, but 
it is not clear whether the immunological differences that have 
been observed between free and complexed haemoglobin are due to 
determinants of haemoglobin being modified by haptoglobin or 
whether haptoglobin (either by itself or as part of the 
haemoglobin-haptoglobin complex) is an integral requirement.
b) The Possible Involvement of Antibody Specificities for

Haptoglobin Complexes
While not forming a precipitin arc by itself, partially 

purified haptoglobin does modify the pattern of haemoglobin peaks 
observed with 5895 antiserum (see Fig. 41). The presence of 
haptoglobin and haemoglobin in the precipitin arcs is indicated by the 
reactions of apparent identity with antisera to both antigens 
(see Figs. lla-c). The possible involvement of antibody 
specificities for haemoglobin-haptoglobin complexes is also 
suggested by the formation of a normal complete peak when 
complexes isolated by gel filtration were examined (see centre 
track of Fig. 43),

However, these experiments cannot really distinguish 
between antibody specificities for haemoglobin modified by 
haptoglobin or specificities for the complex as a whole. In 
order to make this kind of distinction, radioactively labelled 
isolated haemoglobin-haptoglobin complexes and components would 
be required.
c) The Cause of the Incomplete Precipitin Arc

Although partially purified haptoglobin alone did not 
produce a precipitate peak when tested with 5895 antiserum, it 
did modify the response of this antiserum to haemoglobin. It is
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therefore possible that haptoglobin was involved in the 
disappearance of the anodal half of the serum peak. It is 
possible that complex formation with haptoglobin would have a 
two-fold effect on haemoglobin: 1) the electrophoretic charge 
of the complexed haemoglobin molecules would increase, and 
2) such complex formation might block antigenic determinants on 
haemoglobin. In theory, these two effects would result in an 
incomplete peak due to a population of slightly faster mobility 
haemoglobin molecules which would not form an immune precipitate. 
However, since Cohen-Dix et al. (1973), Tsunoo et al. (1974) and
Sasazuki et al. (1974) all consider that haptoglobin does not 
*mask' any antigenic determinants on haemoglobin, a further 
possible explanation was sought.

In principle, a possible cause of the incomplete peak is 
the removal by another antigen of antibodies which would otherwise 
complete the precipitin arc. Since it is the anodal part of the 
peak that is missing, a protein of faster mobility is invoked.
This might well travel into the antibody bed faster in the 
second dimension and adsorb antibodies before they could complete 
the precipitate peak of the haemoglobin-haptoglobin complex. For 
this to happen the hypothetical protein would have to react or 
cross—react with antibodies (which would otherwise react with 
the complex) but not precipitate in the gel. Uncomplexed 
haptoglobin is a possible candidate for such a protein since it 
has a marginally faster mobility than the haemoglobin-haptoglobin 
complex (see Fig. 43).

To test whether non-precipitating antibodies for 
haptoglobin might have such an effect, direct and tandem additions 
of partially purified haptoglobin were made to serum to try to 
interfere with the formation of the remaining half of the peak 
(see diagram in Fig. 47 opposite). If this hypothesis was 
correct, the interference with the whole peak would happen if the 
haptoglobin were applied slightly behind the serum, so that at the 
end of the first dimension of electrophoresis,, the location of the 
haptoglobin and haemoglobin-haptoglobin would coincide and no 
peak would appear. Such a result would indicate that some 
antibodies were present which had specificities for haptoglobin 
(or for a protein which co-purified with haptoglobin) and the
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haemoglobin-haptoglobin complex. This experiment was attempted 
with additions of 12.5 p.g, 10 ^g, 3.75 \ig, 1,25 pg and 0.125 ]xg 
haptoglobin. Addition of 12.5 yig haptoglobin in any position 
(in front, together with, or behind the serum) removed all 
precipitin arcs, although serum alone maintained its half peak.
At all dilutions below this, the half peak was unaffected. These 
results are inconclusive and puzzling because such a major 
difference between the application of 12.5 pg and 10 \ig haptoglobin 
would not be expected in view of the positions the additions were 
made in. For example, application of the haptoglobin in front of 
the serum would carry the haptoglobin even further away from the 
serum and hence a complete serum peak should be visible (see 
diagram in Fig. 47). The lack of any kind of influence on peak 
formation of the 10 \ig haptoglobin might be due to the denaturing 
effects of storage, since this final experiment with haptoglobin 
was performed several weeks after the initial observation, and the 
protein concentration of the partially purified haptoglobin was 
moderately low (1.25 mg/ml). A further possibility is that the 
original observation when the peaks were removed, was a mistaken 
one due to some artifact. Unfortunately, it was not possible to 
complete these experiments. Had time been available, however, 
further purification and radiolabelling of the haptoglobin and 
haemoglobin would have been attempted in order to follow the reactions 
of these antigens in the formation of the peculiar half peak.

Experiments with labelled antigens would also help to 
elucidate the nature and sped ficities of the antibodies present 
in 5895 antiserum. Antibodies with any sort of specificity for 
haptoglobin have not currently been demonstrated and although 
precipitating specificities have been observed with free and 
complexed haemoglobin, it is not known whether these antibodies 
distinguish free from complexed haemoglobin and whether there 
are any antibodies specific for just bound or unbound haemoglobin.

The finding that addition of haemoglobin to pooled adult 
serum did not alter the precipitation pattern of haptoglobin with 
anti-haptoglobin antisera (Fig. 40) contrasts with the results 
of Korngold (1965) who observed that haemoglobin addition blocked 
an increasing number of antigenic determinants on haptoglobin, as 
judged by diminishing spur formation on Ouchterlony plates.
This effect was most conspicuous with haptoglobin 1:1 phenotype and
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it is possible that the mixture of haptoglobin types in pooled 
serum minimises this effect, or it is not detected by AACE,
3. The /B> Mobility Antigen

A ^  mobility antigen was recognised in red cell lysates by 
antisera raised against 150 mg and 300 mg pooled fetal lysate 
(FRC antisera) and 16 mg ion-exchange fractionated term cord 
lysate (6791/2) antisera (Figs. 14a and 25a). Both sets of 
antisera were shown to be recognising the same antigen (Figs. 28a 
and b) and there was a four-five fold increase in the concentration 
of this antigen from 13 wks gestation to adult (Figs, 15 and 27). 
Whether this antigen is red cell specific is unknown. To 
investigate this, protein extracted from cultured human tissue 
cells would be required, since it is impossible to obtain a tissue 
homogenate which is totally lacking in red cell lysis. This aspect 
of the investigation was unfortunately not completed.

If the cultured cells did contain the same^  mobility antigen, 
this would indicate a ubiquitous tissue enzyme or structural 
protein. If the fh mobility antigen was absent from non-haematopoietic 
cultured cells, red cell specificity would be indicated. Further 
identification might be achieved by using the antibodies to inhibit 
specific red cell enzyme assays, although careful correlation between 
these results and the results from gel precipitation experiments 
would be needed.
4, The 0̂ 2 Mobility Antigen

The tissue specificity of the erratic 7041 oĈ  mobility 
antigen (see Fig. 33b and Table 13) is also unknown. The 
occasional bimodality of the fetal peak suggests two electrophoretic 
forms of the same protein. The antigen in adult lysate appeared 
to have determinants in common with both fetal lysate peaks since 
addition reactions between both fetal and single adult peaks 
resulted in a single large peak. The lack of reproducible resul ts 
is puzzling and the exact cause is unknown, however it is possible 
that slight unintentional variation in the conditions of 
electrophoresis might have affected this antigen and caused the 
occasional separation of two fetal forms in the first dimension 
of electrophoresis.

75



5. Fetal Specificities
The total lack of a precipitating response when all the 

antisera (5895, FRC, 6791/2 and 7041/3) adsorbed with adult red 
cell lysate were examined by AACE indicates that no fetal specific 
red cell protein antigens were detected by the antisera in this 
investigation. It is possible, however, that such specificities 
were present but could not be detected by gel precipitation methods 
either because ’incomplete’ antibodies were formed or because the 
concentration of antibody-antigen complexes in the gel was too low 
to form a cross-linked lattice. A further possible source of 
misinterpretation is the purity or specificity of the adult red 
cell lysate adsorbent. Although fetal haemoglobin, for example, 
is not detectable in normal adult red cells, it is possible that 
trace amounts of fetal proteins might be present in sufficient 
quantity to adsort out any fetal specificities present. If a 
’fetal-type* protein had some homology with the structure of its 
adult counterpart (e.g. haemoglobin) the fetal and adult determinants 
might be very similar and hence adsorption of antisera with the adult 
protein might also remove antibodies with fetal specificities. 
Alternatively, the remaining antibodies might be at such a low 
concentration that they could not be detected by gel precipitation.

Unfortunately there was not time to investigate the 
distribution and concentration of the mobility antigen and the 
variable bimodalc<2 i^obility antigen in pathological states.
Moreover, the preliminary results were not very encouraging to this 
line of research since there was not a very distinctive difference 
in the concentration of the /3 mobility euitigen in the adult and 
fetal lysates tested; and a reproducible assay for the more 
interesting qC 2 antigen (which possibly had different
adult and fetal forms) was not achieved.
6. Affinity Chromatography

The use of affinity chromatography did not reveal any 
previously undetected fetal specificities in red cell lysates 
with serum adsorbed FRC or 6791/2 antisera (raised against pooled 
fetal lysate and ion exchange fractionated term cord lysate 
respectively). However, the protein eluted from the columns after 
adult and term cord lysates had been applied showed a different
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pattern of peaks when examined on AACE with unadsorbed FRC and 
6791/2 antisera and sheep anti-adult human serum protein (compare 
Figs. 17a, b, c and d with the Results summarised in Table 12).
It appeared that there was a higher concentration of certain 
serum proteins in the eluted protein compared with the original 
red cell lysates.

In the experiments using unadsorbed-antibody columns, this 
increase in serum proteins could have been due to non-specific 
binding of serum antigens to the immobilised antibody/sepharose 
matrix; or to specific binding, causing a concentration of antigens 
for which the antibodies had specificity. Although it was not 
possible to distinguish between specific and non-specific binding 
of antigens to the affinity columns, the possibility of contamination 
between serum and lysate samples applied to the columns could be 
excluded because of the use of separate columns for these two groups 
of samples. In the experiment in which serum-adsorbed antibodies 
were immobilised, a further possible source of serum protein was 
the polymerised serum used to adsorb the antiserum. However, 
examination on a polyacrylamide/SDS gradient slab gel of the 
material obtained from subjecting the antibody column to the 
dissociating agent prior to any samples being applied (the ’blank’ 
eluate in Track 1 of Fig. 30) revealed virtually no material had 
been lost from the column itself under dissociating conditions.

The protein eluted from the columns was dialysed, concentrated 
and lycphilised before being examined and the delay caused by this 
processing may have partially denatured certain proteins. The 
faint, blurred precipitate lines observed running together 
(Figs. 17a, b, c, and d) are typical of the type produced by 
denatured proteins (Bjerrum et al■, 1975). A modification of the 
affinity chromatography procedure described which might minimise 
the problem of dénaturation would be the immediate desalting of 
the eluted protein by G25 sephadex gel filtration. This modification 
was used with success in the partial purification by affinity 
chromatography of the pregnancy associated placental protein 
(PAPP-A) by Kukulska and Sutcliffe (1978).
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D, CONCLUSION
The results obtained during this immunological investigation 

indicate a very limited antibody response to the many proteins 
present in red blood cells. This could have been due to inherent 
non-immunogenicity of the red cell proteins, to the manner in 
which the proteins were presented to the rabbits (antigen dose, 
complexity, frequencing of boosting, etc.) or to the insensitivity 
of the methods used to detect the immune response.

Although no firm conclusions can be drawn from these results, 
they are not entirely unexpected or inconsistent with the principal 
aim of this investigation, which was to make an immunological study 
of red blood cell protein as a model for other tissue cells. Weir
(1973) comments on the apparent lack of immunogenicity of whole 
tissue homogenates compared with the antibody response to isolated 
antigens from the same homogenate. In this respect, this study 
did find red cell lysate proteins to be typical of the soluble 
proteins from other tissue cells.

The second aim of this investigation, to try to detect 
novel fetal proteins in red cells, was unsuccessful in that no 
fetal specificities were detected in the antisera produced.
Whether this was because they were undetected by the methods 
employed or because immunological differences between fetal and 
adult red cell proteins do not exist (with the exception of 
haemoglobin) is not known. Many of the apparent differences between 
fetal and adult red cells are directly attributable to qualitative 
rather than quantitative changes. For example, a combination 
or subtle differences in the activities of several enzymes is 
apparently responsible for modifying the metabolic characteristics 
of fetal erythrocytes so that they appear quite different to their 
adult counterparts. While ’fetal specific’ enzymes have been 
postulated, e.g. 2,3-diphosphoglycerate phosphorylase (Oski and 
Komazawa,1975) no conclusive proof of the existence of new fetal 
proteins has yet been produced, despite the intense research 
activity in this field.

Despite the limited number of antibody specificities detected 
in this investigation, it was felt that a great deal had been 
personally gained, and it was finally concluded that the human red 
blood cell remains a challenge to the immunologist studying tissue 
proteins.

78 -



REFERENCES

ABELEV, G.I. (1968) Production of embryonal serum -globulin 
by hepatomas: Review of experimental and clinical data.
Cancer Res., 1344-1350.

ADAMS, K.H. (1973) A theory for the shape of the red blood cell.
Biophys. J., 1049-1053.

ADLER, F.W. (1964) Competition of antigens. Progr. Allergy, 8,
41-57.

AEBI, H., SCHNEIDER, C.H., GANG, H. and WEISMANN, U. (1964)
Separation of catalase and other red cell enzymes from 
hemoglobin by gel filtration, Experientia, 20, 103-104.

ALEXANDER, P. (1972) Foetal ’antigens’ in cancer. Nature, 235.
137-140.

ALTER, B.P., RAPPEPORT, J.M., HUISMAN, T.H.J., SHROEDER, W.A. and 
NATHAN, D.G. (1976) Fetal erythropoiesis following bone 
marrow tramsplantation. Blood, 48, 843-853,

ANDRES, G.A., MORGAN, C., HSU, K.C., RIFKIND, R.A. and SEEGAL, B.C.
(1962) Electron microscopic studies of experimental 
nephritis with ferritin-conjugated antibody. J. exp. Med.,
115, 929-936.

AVRAMEAS, S. and TERNYNCK, T. (1969) The cross-linking of
proteins with gluteraldehyde and its use for the preparation 
of immunoadsorbents. Immunochemistry, _6, 53-66.

AXELSEN, N.H. (1975) Ed. Quantitative Immunoelectrophoresis -
New Developments and Applications. Scand. J. Immunol., 4,
Suppl, 2. Universitetsforlag, Norway.

AXELSEN, N.H. (1973) Ed. A Manual of Quantitative Immunoelectrophoresis, 
Scand. J. Immunol., 2, Suppl. 1. Universitetsforlag, Norway.

BARTON, T.C, and BROWN, D.A. (1964) Water permeability of the 
fetal erythrocyte. J. gen. Physiol., 47, 839-849.

BASCH, R.S. (1972) Hemoglobin synthesis in short-term cultures 
of human fetal hematopoietic tissues. Blood, 39, 530-541.

BEALL, G.N. (1963) The nature of the complement-fixing antigen 
in normal human liver extracts, J. Lab. din. Med., 61,
67-75.

BENESCH, R. and BENESCH, R.E. (1967) The effect of organic 
phosphate from the human erythrocyte on the allosteric 
properties of hemoglobin. Biochem. biophys. Res. commun.,
26, 162-167.

BENESCH, R., BENESCH, R.E. and YU, C.I. (1968) Reciprocal binding 
of oxygen and diphosphoglycerate by human hemoglobin.
Proc. natn. Acad. Sci. U.S.A., 59̂, 526-532.

BENESCH, R.E. and BENESCH, R. (1974) The mechanism of interaction 
of red cell organic phosphates with hemoglobin. Adv. Protein 
Chem., 211-237.



BENESCH, R.E., BENESCH, R. and RENTHAL, R. (1971) Co-factor
binding and oxygen equilibria in haemoglobin. Nature (New 
Biol.), 234, 174-175.

BENZ, E.J. and FORGET, B.G. (1974) The biosynthesis of 
hemoglobin. Semin.Haemat., 1̂ , 463-523.

BESSIS, M. (1961) The blood cells and their formation. In 
Brachet, J. and Mirsky, A.E, (Eds.) The Cell, Vol. 5,
Chapter 3. Academic Press, New York and London.

BIENZLE, U., EFFIONG, C.E., AIMAKU, V.E. and LAZZATTO, L. (1976) 
Erythrocyte enzymes in neonatal jaundice. Acta haemat.,
55, 10-20.

BIRD, G.W.G. (1977) Erythrocyte serology of some malignant 
diseases.

BIRD, G.W.G., WINGHAM, J., CHESTER, G.H., KIDD, P. and PAYNE, R.W. 
(1976) Erythrocyte membrane modification in malignant 
diseases of myeloid and lymphoreticular tissues. II.
Erythrocyte ’mosaicism* in acute erythroleukaemia. Br. J.
Haemat., 295-299.

BJERRUM, O.J. and BOG-HANSEN, T.C. (1975) Analysis of partially 
degraded proteins by quantitative immunoelectrophoresis.
Scand. J. Immunol., 4, Suppl. 2, 89-99.

BJERRUM, O.J., RAMLAU, J., CLEMMESEN, I., INGILO, A. and
BOG-HANSEN, T.C. (1975) An artifact in quantitative 
immunoelectrophoresis of spectrin caused by proteolytic 
activity in antibody preparations. Scand. J. Immunol., 4,
Suppl. 2, 81-88.

BJORKLUND, B. (1969) Systematic antigenic change in human
carcinoma tissues by hemagglutination techniques. Int.
Archs. Allergy appl. Immun., 2É.) 191-203.

BJORKLUND, B. and PAULSSON, J.E. (1962) Studies of hemagglutination 
as a means for assay of malignant and normal human tissue 
antigens. J. Immun., 89, 759-766.

BLUM, S.F. and OSKI, F.A. (1969) Red cell metabolism in the 
newborn infant. IV. Transmembrane potassium flux.
Pediatrics, 4̂ , 396-401.

BOERMA, F.W. and HUISMAN, T.H.J. (1964) Hemoglobins, II. Antibodies 
produced by isolated human hemoglobin types with known 
structural differences. J. Lab. din. Med., 264-278.

BONSTEIN, H.S. and ROSE, N.R. (1971) Species-specific tissue 
antigens. Clin. exp. Immun., S, 291-303.

BOWMAN, J.M. (1975) Rh erythroblastosis fetalis in 1975.
Semin. Haemat., 12, 189—207.



BRACCI, R., BENEDBTTI, P.A. and CIAMBELLOTTI, V. (1970) Hydrogen 
peroxide generation in the erythrocytes of newborn infants,
Biol. Neonat, 1^, 135-141.

BREATHNACH, C.S. (1963) Red cell diameters in human cord and 
neonatal blood. Quart. J, exp. Physiol., 47,148-156.

BREWER, G.J. (1974) General red cell metabolism. Chapter 9.
In Surgenor, D.M, (Ed.) The Red Blood Cell, Vol. 1,
2nd Edition. Academic Press, New York and London.

BRIGHT, S. and MUNRO, A. (1976) The major histocompatibility 
system. Chapter 15. In Hobart, M.J. and McConnell, I.
The Immune System: A Course on the Molecular and Cellular 
Basis of Immunity. Blackwell Scientific Publications, Oxford.

CAPP, G.L., RIGAS, D.A. and JONES, R.T. (1967) Hemoglobin Portland I: 
A new human hemoglobin unique in structure. Science, 157, 65-66,

CHERNOFF, A.I. (1958) Immunologic aspects of the human hemoglobin.
In The National Academy of Sciences Conference on Hemoglobin 
1958. National Research Council of America Publication No. 557, 
pp. 179-184.

CHERNOFF, A.I. (1953a) Immunologic studies of hemoglobins. I.
The production of antihemoglobin sera and their ummunogenic 
characteristics. Blood, 8, 399-412.

CHERNOFF, A.I. (1953b) Immunologic studies of hemoglobins. II, 
Quantitative precipitin test using anti-fetal hemoglobin 
sera. Blood, _8, 413—421.

CLARKE, H.G.M. and FREEMAN, T. (1968) Quantitative immuno­
electrophoresis of human serum proteins. Clin. Sci., 35, 
403-413.

COHEN-DIX, P., NOBLE, R.W. and RBICHLIN, M. (1973) Comparative 
binding studies of the hemoglobin-haptoglobin and the 
hemoglobin-anti-hemoglobin reactions. Biochemistry, 12, 
3744-3751.

CONNELL, G.E. and SHAW, R.W. (1961) The purification of
haptoglobin. Can. J. Biochem. Physiol., 39,, 1013-1019.

COOPER, H.A. and HOAGLAND, H.C. (1972) Fetal hemoglobin.
Mayo Clin. Proc., 47, 402-414.

CRAWLEY, J. and WAYS, P. (1964) Fetal red blood cell lipid.
Clin, Res. Proc., 1^, 222.

DAN, M. and HAGÏWARA, A. (1967) Detection of two types of 
hemoglobin (HbA and HbF) in single erythrocytes by 
fluorescent antibody technique. Exp. Cell Res., _46, 596-598.

DAWSON, R.M.C., ELLIOTT, D.C., ELLIOTT, W.H. and JONES, K.M.
(1969) Eds. Data for Biochemical Research, 2nd Edition.
Oxford University Press. Pages 625-626: Protein 
estimation by extinction at 260 m̂ i and 280 mp.



DECARVALHO, S. and RAND, H.J. (1963) Antigens in human
tumors revealed in suppressed rabbits rendered tolerant 
to normal human tissues. Expl. Mol. Path., 2, 32-39.

DIENER, E. and FELDMANN, M. (1972) Relationship between antigen 
and antibody-induced suppression of immunity. Transplant.
Rev., 8, 76-103.

DOVER, G.J., BOYER, S.H., ZINKHAM, W.H., KAZAZIAN, H.H., PINNEY,
D.J. and SIGLER, A. (1977) Changing erythrocyte populations 
in juvenile chronic myelocytic leukemia: Evidence for 
disordered regulation. Blood, 49, 355—365.

DRESSER, D.W. (1978) Assays for immunoglobulin-secreting cells. 
Chapter 28. In Weir, D.M, (Ed.) Handbook of Experimental 
Immunology, 3rd edition. Blackwell Scientific Publications, 
Oxford.

DRESSER, D.W. and WORTIS, H.H. (1965) Use of an antiglobulin
serum to detect cells producing antibody with low haemolytic 
efficiency. Nature, 208, 859-861.

ElSEN, H.N. (1974) Immunology: An Introduction to Molecular
and Cellular Principles of the Immune Responses, 2nd edition. 
Harper and Row, Maryland.

FECSIK, A.I., BUTLER, W.T. and COONS, A.H. (1967) Studies on
antibody production. XI. Variation in the secondary response 
as a function of the length of the interval between two 
antigenic stimuli. J. exp. Med., 120, 1041-1049,

FELDMANN, M. and NOSSAL, G.J.V. (1972) Tolerance, enhancement auid 
the regulation of interactions between T cells, B cells and 
macrophages. Transplant. Rev., 13, 3-34.

FRIEND, C., SCHER, W., HOLLAND, J.G. and SATO, T. (1971)
Hemoglobin synthesis in murine virus-induced leukemic 
cells in vitro: Stimulation of erythroid differentiation 
by dimethyl sulfoxide. Proc. natn. Acad, Sci. U.S.A., 68, 
378-382.

FUCHS, S. and SELA, M, (1973) Immunoadsorbents. Chapter 11.
In Weir, D.M. (Ed.) Handbook of Experimental Immunology,
2nd edition. Blackwell Scientific Publications, Oxford.

GAJDUSEK, D.C. (1957) An * auto-immune’ reaction against human
tissue antigens in certain chronic diseases. Nature, 179, 
666—668.

GANROT, P.O. (1972) How apparently identical antisera can give
apparently different results. Scand. J. din. Lab, Invest., 
29, Suppl. 124, 67-70.



CARVER, F.A., BAKER, M.B., JONES, C.S., GRAVELY, M., ALXAY, G. 
and HUISMAN, T.H.J. (1977) Radioimmunoassay for abnormal 
hemoglobins. Science, 196, 1334-1336,

GITLIN, D., SASAKI, T. and VUOPIO, P. (1968) Immunochemical 
quantitation of proteins in single cells. I. Carbonic 
anhydrase Byî̂ chain hemoglobin and ̂  chain hemoglobin in 
some normal and abnormal erythrocytes. Blood, 32, 796-808.

GOLD, P. and FREEDMAN, S.O. (1965) Demonstration of tumor-specific 
antigens in human colonic carcinomata by immunological 
tolerance and adsorption techniques. J. exp. Med., 121, 
439-462.

GOLUB, E.S. (1973) Brain associated erythrocyte antigen: An 
antigen shared by brain and erythrocytes. Expl. Hemat.,
1, 105-109.

GORDON, A.S. (1970) Plenary sessions - Scientific Contributions.
XIII. Page 7. Biochemical Mechanisms Underlying Hematopoietic 
Cell Differentiation. Lehmanns, Munich.

GORDON, A.S., ZANJANI, E.O., GIDARI, A.S. and KUNA, R.A. (1973)
Vertebrate regulatory factors. In Lobue, J. and Gordon, A.S. 
(Eds.) Humoral Control of Growth and Differentiation,
Vol, 1, Academic Press, New York and London, pp. 25-49,

GRANTHAM, W.G. and FITCH, F.W. (1975) The role of antibody feedback 
inhibition in the regulation of the secondary antibody response 
after high and low dose priming. J. Immun, 114, 394-398,

GROBSTEIN, C. (1959) Differentiation of vertebrate cells.
Chapter 11. In Brachet, J, and Mirsky, A.E. (Eds.) The Cell, 
Vol, 1, Academic Press, New York and London,

GROSS, G.P. and HATHAWAY, W.E. (1972) Fetal erythrocyte deform- 
ability, Pediat- Res., 593-599,

HAUT, A., CARTWRIGHT, G.E. and WINTROBE, M.M. (1964) Electro­
phoresis of nonhemoglobin proteins from concentrated 
hemoglobin-free hemolysates, J. Lab, din. Med., 63, 279-289.

HAUT, A., TUDHOPE, G.R., CARTWRIGHT, G.E. and WINTROBE, M.M. (1962) 
The nonhemoglobin erythrocyte proteins studied by electro­
phoresis on starch gel. J. din. Invest., 41, 579-587,

HECHT, F., JONES, R.T. and KOLER, R.D. (1967) Newborn infants with 
Hb Portland 1: An indicator of c/. chain deficiency,
Ann, hum. Genet., 31, 215—218.

HEGELUND, H., AXELSEN, N.H., BOCK, E., NORGAARD-PEDERSEN, B. and 
RODER, O.C. (1976) Immunochemical studies of the antigenic 
composition of fetal pancreas and pancreas carcinoma.
Protides of the Biological Fluids, XXIV, 525-528.



HEIDE, K. and SCHWICK, H.G. (1973) Salt fractionation of 
immunoglobulins. Chapter 6. Weir, D.M. (Ed.)
Handbook of Experimental Immunology, 2nd Edition. Blackwell 
Scientific Publications, Oxford.

HELLER, P. and YAKULIS, V. (1969) The distribution of hemoglobin 
Ag. Ann. N.Y. Acad, Sci., 165, 54-59.

HELLER, P., YAKULIS, V.J. and JOSEPHSON, A.M. (1962) Immunologic
studies of human hemoglobins. J. Lab. din. Med., 59, 401-411.

HENNESSEY, M.A., HAFFNER, A.M. and GABRIO, B.W. (1960) The separation 
of erythrocyte enzymes from hemoglobin. Fed. Proc., 3^, 65,

HENNESSEY, M.A., WALTERSDORPH, A.M., HUENNEKENS, F.M. and GABRIO, B.W. 
(1962) Erythrocyte metabolism, VI, Separation of erythrocyte 
enzymes from hemoglobin, J. din. Invest., 41, 1257-1262.

HERBERT, W.J. (1973) Passive haemagglutination with special reference 
to the tanned cell technique. Chapter 20, In Weir, D.M. (Ed.) 
Handbook of Experimental Immunology, 2nd Edition. Blackwell 
Scientific Publications, Oxford,

HERBERT, W.J. (1978) Mineral oil adjuvants and the immunization 
of laboratory animals. In Weir, D.M, (Ed.) Handbook of 
Experimental Immunology, 3rd Edition. Appendix 3, Blackwell 
Scientific Publications, Oxford.

HILLMAN, R.S. and GIBLETT, E.R. (1965) Red cell membrane alteration
associated with ’marrow stress’. J. din. Invest,, 44, 1730-1736,

HORTON, B.F., CHERNOFF, A.I. and MEADOWS, R.W. (1970) The
hemoglobin profile and erythroleukemia. Cancer, 904-910,

HOWE, C. and LEE, L.T. (1969) Immunochemical study of hemoglobin- 
free human erythrocyte membranes. J, Immun., 102, 573-592,

HOWE, C., SPIELE, H., MINCO, F. and HSU, K.C, (1970) Electron
microscope study of erythrocyte receptors with labelled antisera 
to membrane components. J, Immun,, 104, 1406-1416,

HUENS, E.R. and BEAVEN, G.H. (1971) Developmental changes in human 
hemoglobins. In Benson, P. (Ed.) Biochemistry of Development. 
Spastic International Medical Publications, London, pp. 75-203,

HUEHNS, E.R., DANCE, N., BEAVEN, G.H., KEIL, J.V., HECHT, F. and
MOTULSKY, A.G. (1964) Humaui embryonic haemoglobins. Nature,
201, 1095-1097.

HUEHNS, E.R. and FAROOQUI, A.M. (1975) Oxygen dissociation
properties of human embryonic red cells. Nature, 254, 335-337.

HUEHNS, E.R., FLYNN, F.V., BUTLER, E.A. and BEAVEN, G.H. (1961)
Two new haemoglobin variants in the very young human embryo. 
Nature, 189, 496-497.



HUNT, T. (1976) Control of globin synthesis. Br. med. Bull.,
32, 257-261.

IVANYÏ, J. and CERNY, J. (1969) The significance of the dose of 
antigen in immunity and tolerance. Curr. Topics Microbiol. 
Immunol., 49_, 114-150,

JAVID, J, and PETTIS, P.K. (1975) The modification of hemoglobin- 
antihemoglobin reaction by haptoglobin, J, Lab, din, Med.,
86, 777-784.

JERNE, N.K., NORDIN, A.A. and HENRY, C. (1963) The agar plaque 
technique for recognizing antibody producing cells. In 
Cell-bound Antibody, Wistar Institute Press, Pennsylvania, 
pp. 109,

JOHNSON, G.D,, HOLBOROW, E.J. and DORLING, J. (1978) Immuno­
fluorescence and immunoenzyme techniques. Chapter 15, In 
Weir, D.M, (Ed,) Handbook of Experimental Immunology, 3rd 
Edition, Blackwell Scientific Publications, Oxford,

KABAT, D., SHERTON, C.C., EVANS, L.H., BIGLEV, R. and KOLER, R.D.
(1975) Synthesis of erythrocyte-specific proteins in cultured 
Friend leukemia cells. Cell, _5, 331-338,

KAHN, A., BOIVIN, P., WROKLANS, M. and HAKIM, J. (1972) Nouv.
Rev, Fr, d’Hemat,, 12, 609. In Bird, G.W.G. (1977) Erythrocyte 
serology of some malignant diseases, Blut, 35, 165-169.

KALTSOYA, A., FESSAS, P. and STAVROPOULOS, A. (1966) Hemoglobins 
of early human embryonic development. Science, 153, 1417-1418.

KAZAZIAN, H.H. (1974) Regulation of fetal hemoglobin production, 
Semin. Haemat,, 11, 525-548,

KAZAZIAN, H.H. and WOODHEAD, A.P. (1973) Hemoglobin A synthesis 
in the developing fetus. New Engl, J. Med,, 289, 58-62.

KIMURA, I. and SUZUKI, K. (1969a) The antigenicity of human
hemoglobins; I. The antigenicity of hemoglobin subunit chains 
demonstrated by urea added immunoelectrophoresis. Blut, 19, 
129-138.

KIMURA, I, and SUZUKI, K. (1969b) The antigenicity of human 
hemoglobins: II. The correlation of the antigenicity among 
d - 5 /g- J X  -chains and native hemoglobins, Blut, T9, 193-201,

KITE, J.H., BARTHOLOMEW, W.R. and ROSE, N.R. (1967) Antigens of 
mammalian cell cultures, I. Species specific antigens, Lab. 
Invest,, 3^, 515-526,

KLAUS, G.G.B., HOWARD, J.G. and FELDMANN, M. (1976) Mechanisms of 
B-cell tolerance, Br. Med, Bull., 32, 141-146.



KLBIHAUER, B., BRAUN, H. and BETKE, K. (1957) Klin. W s c h r . 35,
637-638. In Betke, V.K. and Kleihauer, B. (1958) Fetaler und 
bleibender blut farbstoff in erythrozyten und erythroblasten 
von menschlichen feten und neugeborenen. Blut, 4, 241-249,

KORBER, E. (1866) Inaug. Dissertation, Dorpat. In Singer, K., 
Chernoff, A.I. and Singer, L. (1951) Studies on abnormal 
hemoglobins, I. Their demonstration in sickle cell anemia and 
other hematologic disorders by means of alkali dénaturation. 
Blood, 413-428.

KORNGOLD, L, (1965) The effect of hemoglobin bn the haptoglobin- 
antihaptoglobin reaction. Immunochemistry, _2, 103-106.

KORNSTAD, L. and ROSE, N.R. (1962) Studies on the antigenic
components of cells in tissue culture. Acta path, microbiol. 
scand. Suppl. 154, 263—264.

KRAEHENBUHL, J.P. and JAMIESON, J.C. (1974) Localisation of
intracellular antigens by immunoelectron-microscopy. Int. Rev. 
exp. Path., 13, 1-53.

KRAUS, L.M, and SASSANO, F.G. (1965) Antigenicity of the peptide 
chains isolated from human hemoglobins A and F. Proc. Soc. 
exp. Biol- Med., 118, 1037-1042.

KUKULSKA, B.M. and SUTCLIFFE, R.G. (1978) In press.
KUNKEL, H.G. and WALLBNIUS, G. (1955) New hemoglobin in normal 

adult blood. Science, 122, 288.
LAPLANE, E.S., CONDIB, R.M. and GOOD, R.A. (1962) Prevention of

secondary immune response with 6-mercaptopurine. J. Lab. din. 
Med., 542-549.

LAURELL, C.B, (1972) Ed. Electrophoretic and Electro-immunochemical 
Analysis of Proteins. Suppl, 124, Scand, J. din. Lab. Invest., 
29.

LAURELL, C.B, (1966) Quantitative estimation of proteins by 
electrophoresis in agarose gel containing antibodies.
Analyt. Biochem,, 13, 45-52.

LAURELL, C.B, (1965) Antigen-antibody crossed electrophoresis, 
Analyt, Biochem., 10, 358-361.

LAURELL, C.B, (1960) Metal-binding plasma proteins and cation 
transport. Chapter 10, In Putnam, F.W. (Ed.) The Plasma 
Proteins, Vol. 1, Academic Press, New York and London,

LEWIS, S.M., OSBORN, J,S. and STUART, P.R. (1968) Demonstration 
of an internal structure within the red blood cell by ion 
etching and scanning electron microscopy. Nature, 220, 614-616.



LÏTTMAN, B.H., ALPBRTE, E. and ROCKLIN, R.E. (1977) The effect of 
purified «^-fetoprotein on in vitro assays of cell-mediated 
immunity. Cellular Immun., 30̂ , 35-42.

LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L. and RANDALL, R.J. (1951) 
Protein measurement with the folin phenol reagent. J. biol., 
Chem., 193, 265-275.

LUCARELLI, G., PORCELLINI, A., CARNEVALI, C., CARMENA, A. and 
SXOHLMAN, F. (1968) Fetal and neonatal erythropoiesis.
Ann. N.Y. Acad. Sci., 149, 544-559.

MAGGIONI, G., lOPPOLO, C. and GERLINI, G. (1966) Contribution to
the knowledge of the immunological properties of adult and fetal 
haemoglobin and of their polypeptide chains. Acta haemat., 35, 
321-332.

MALCHY, B., RORSTAD, O. and DIXON, G.H. (1973) The half-molecule 
of haptoglobin: Studies on the product obtained by selective 
cleavage of a haptoglobin disulphide bond. Can. J. Biochem., 51, 
265-273.

MARSDEN, H.S., CROMBIE, I.K. and SUBAK-SHARPE, J.H. (1976)
Control of protein synthesis in herpes virus-infected cells: 
Analysis of the polypeptides induced by wild type and sixteen 
temperature-sensitive mutants of HSV strain 17. J. gen. Virol., 
31, 347-372.

MARSH, W.L., NICHOLS, M.B. and REID, M.E. (1971) The definition 
of two I antigen components. Vox Sang., 20, 209-217.

MAUGH, T.H. (1974) Fetal antigens: A biochemical assay for 
cancer? Science, 184, 147-148,

MAURAN-SENDRAIL, a ., de BOISSEZON, J.F. and VERDIER, J. (1973)
Immunological dosage of HbF and its correlation with the Singer 
test. Vox Sang,, 2^, 43-51,

MAURER, H.S., VIDA, L.N. and HONÏG, G.R. (1972) Homozygous sickle 
cell disease with coexistent hereditary spherocytosis in three 
siblings. J. Pediat., 80, 235-242,

McCORMICK, W.F, and WALKER, R.H. (1960) Immunologic differences 
between ’normal’ fetal and thalassemia fetal hemoglobins.
Fed. Proc., 19_, 78.

MONBRUP, M. and ANKER, N. (1975) Carbonic anhydrase isoenzymes 
in the erythrocytes of new-born, premature and full-term 
infants. Clinica chim. Acta, 127-133.

MOORE, T.J. (1968) Glycerol permeability of human fetal and
adult erythrocytes and of a model membrane. J. Lipid Res.,
9_, 642-646.



MULLER, C.J. and JONXIS, J.H.P. (1960) Identity of haemoglobin 
A^. Nature, 188, 949-950,

MURGITA, R.A. and TOMASI, T.B. (1975a) Suppression of the immune 
response by -fetoprotein, I. The effect of mouse 
o< -fetoprotein on the primary and secondary antibody response. 
J, exp. Med., 141, 269-286.

MURGITA, R.A. and TOMASI, T.B. (1975b) Suppression of the immune 
response by c<-fetoprotein. II, The effect of mouse 
c< -fetoprotein on mixed lymphocyte reactivity and mitogen- 
induced lymphocyte transformation, J, exp. Med., 141, 440-452.

NACHTIGAL, D. and FELDMAN, M. (1963) Immunological unresponsiveness 
to protein antigens in rabbits exposed to X-irradiation or 
6-mercaptopurine treatment. Immunology, j6, 356—369,

NAGEL, R.L. and GIBSON, Q.H. (1971) The binding of hemoglobin to 
haptoglobin and its relation to subunit dissociation of 
hemoglobin. J. biol, Chem., 246, 69-73,

NICOLSON, G.L., MASOUREDIS, S.P. and SINGER, S.J. (1971)
Quantitative two-dimensional ultrastructural distribution 
of Rho(D) antigenic sites on human erythrocyte membranes,
Proc. natn. Acad. Sci. U.S.A., 6S, 1416-1720,

NOSSAL, G.J.V. (1974) Principles of immunological tolerance and 
immunocyte receptor blockade. Adv. Cancer Res., 20, 93-129,

NOSSAL, G.J.V. (1973) The cellular and molecular basis of
immunological tolerance. Essays, Fundam. Immunol., 1̂, 28-43.

NUTE, P.E., PATARYAS, H.A. and STAMATOYANNOPOULOS, G. (1973)
The y and ^ ̂  hemoglobin chains during human fetal 
development. Am. J, hum. Genet., ^5, 271-276.

O'BRIEN, R.T. and PEARSON, H.A, (1971) Physiologic anemia 
of the newborn infant, J. Pediat., 79, 132-138,

OSKI, F.A, (1974) The mechanism of 2,3-Diphosphoglycerate (DPG) 
instability in the red cells of the newborn infant.
Prog. Soc. Ped. Res. page 132.

OSKI, F.A, and KOMAZAWA, M, (1975) Metabolism of the erythrocytes 
of the newborn infant, Semin, Haemat., 33, 209-221,

OSKI, F.A. and NAIMAN, J,L. (1972) Hematologic Problems in the 
Newborn. Major Problems in Clinical Pediatrics. Vol. 4,
2nd Edition. Saunders, Philadelphia.

OSKI, F.A. and NAIMAN, J.L, (1965) Red cell metabolism in the 
premature infant. I. Adenosine triphosphate levels, 
adenosine triphosphate instability and glucose consumption. 
Pediatrics, 3^, 104-112,



OSKI, F.A. and SMITH, C. (1968) Red cell metabolism in the
premature infant. III. Apparent inappropriate glucose 
consumption for cell age. Pediatrics, 41, 483-482,

OSKI, F.A. and TRAVIS, S.F. (1972) Effect of pH on glucolysis 
in the erythrocytes of the newborn infant. Prog, Soc.
Pediat, Res. Page 106.

OUCHTERLONY, O. (1958) Diffusion—in-gel method for immunological 
analysis. In Progress in Allergy, Vol. 5, Karger, Basel, 
pp. 1-78,

OUCHTERLONY, O, and NILSSON, L.A. (1978) Immunodiffusion and
immunoelectrophoresis. Chapter 19, In Weir, D.M. (Ed.) 
Handbook of Experimental Immunology, 3rd Edition, Blackwell 
Scientific Publications, Oxford,

OVARY, Z. (1964) Antigenicity of hemoglobin and its constituents. 
I, Antigenicity of human adult hemoglobin and its 
structural (o^and yg chains). Immunochemistry, 1, 241-248,

PAGNIER, J., LABIE, D. and SHAPIRA, G. (1973) Disturbed hemoglobin 
synthesis during erythroleukemia. Biochimie, 5̂ , 1245-1252.

PAGNIER, J., LOPEZ, M., MATHIOT, C., HABIBI, B., ZAMET, P.,
VARET, B. and LABIE, D, (1977) An unusual case of leukemia 
with high fetal hemoglobin; Demonstration of abnormal hemo­
globin synthesis localized in a red cell clone. Blood, 50, 
249-258.

PAUL, J. (1976) Haemoglobin synthesis and cell differentiation.
Br. med. Bull., 32, 277-281.

PEARSON, H.A. (1967) Life span of the fetal red blood cell.
J, Pediat., 70, 166-171.

PESCHLE, C. and CONDORELLI, M. (1976) Tn Congenital Disorders 
of Erythropoiesis. Ciba Foundation Symposium. No, 37, 
pp, 25-47.

PETERSON, J.L. and McCONEY, E.H. (1976) Proteins of Friend 
leukemia cells. J. biol, Chem., 251, 555—558.

PORATH, J., AXEN, R. and ERNBACK, S. (1967) Chemical coupling 
of proteins to agarose. Nature, 215, 1491-1492.

PRITCHARD, J., LONGLEY, J., CLEGG, J.B. and WEATHERALL, D.J.
(1976) Assay of thalassaemic messenger RNA in the wheat 
germ system, Br, J. Haemat,, 3̂ , 473-485.

PROSS, H,F. and EIDINGER, D. (1974) Antigenic competition; A 
review of nonspecific antigen-induced suppression. Adv. 
Immun., 18, 133-168.



PURSSON, U. (1977) Enhancement and suppression of immunoglobulin 
G-producing B cells in the presence of immune T cells.
Cellular Immun., 31, 120-129.

PUTNAM, F.W. (1975) Ed. Haptoglobin, Chapter 1. In
The Plasma Proteins, Vol, 2, Academic Press, New York 
and London.

RACE, R.R. and SANGER, R. (1975) Blood Groups in Man, 6th Edition, 
Blackwell Scientific Publications, Oxford,

RACHMILEWITZ, E.A., IZAC, G. and NELKEN, D, (1963) I. Antigenic
properties of human, canine and rabbit hemoglobin solutions. 
Blood, 566-579,

REEVES, M. and WHITMORE, R.L. (1977) A generalised theory of the 
shape of sectioned erythrocytes, Biorheology, 167-174.

REICHLIN, M. (1974) Quantitative immunological studies on single 
amino acid substitutions in human hemoglobin; Demonstration 
of specific antibodies to multiple sites, Immunochemistry,
11, 21-27,

REICHLIN, M. (1972) Localizing antigenic determinants in human 
haemoglobin with mutants; Molecular correlations of 
immunological tolerance. J. molec. Biol., 6A, 485-496,

REICHLIN, M. (1970) The distribution of specificity in rabbit
antisera directed toward human haemoglobins, Immunochemistry, 
7, 15-27.

REICHLIN, M., HAY, M. and LEVINE, L. (1963) Immunochemical studies 
of hemoglobin and myoglobin and their globin moieties. 
Biochemistry, 971—979.

RENORICCA, N.J., HOWARD, D., KUBANEK, B. and STOHLMAN, F. (1976) 
Erythroid differentiation of fetal, newborn and adult 
haemopoietic stem cells. Scand, J, Haemat,, 33, 189-195,

R0I3TT, I. (1977) Essential Immunology, 3rd Edition. Blackwell 
Scientific Publications, Oxford.

ROSS, J.D. (1963) Deficient activity of DPNH-dependent
methemoglobin diaphorase in cord blood erythrocytes.
Blood, 51-62,

ROSS, J.D. and CICCARELLI, R.F. (1962) Acquired methemoglobinemia 
due to ingestion of acetophenetidin. New Engl. J. Med.,
266, 1202-1204,

RUBIN, B. and SPARCK, J.V. (1971) Regulation of antibody 
formation against human serum albumin in rabbits,
Acta path, microbiol. Scand. B,,79, 305-313,

SASAZUKI, T. (1971) Immunochemical and physio^rchemical properties 
of haptoglobin, antihemoglobin antibody, and their complexes 
with hemoglobin. Immunochemistry, _8, 695-704,



SASAZUKI, T., TSUWOO, H. and NAKAJIMA, H. (1974) Interaction 
of human hemoglobin with haptoglobin or antihemoglobin 
antibody. J. biol. Chem,, 249, 2441-2446,

SCHNEIDER, R.G. and ARAT, F. (1964) Immunological relationships 
of various types of haemoglobin. I, Immunological relation­
ships of antisera A, F and barts to haemoglobins with 
various polypeptide chains. Br, J, Haemat,, 10, 15-22.

SCHROEDER, W.A., HUISMAN, T.H.J.,, SHELTON, J.R, , SHELTON, J.B, , 
KLEIHAUER, E.F,, DOZY, A.M. and ROBBERSON, B. (1968)
Evidence for multiple structural genes for the ^ chain of 
human fetal hemoglobin. Proc, natn, Acad, Sci,,U.S.A., 60, 
537-544.

SCHROEDER, W.A,, HUISMAN, T.H.J,, SHELTON, J.R. and WILSON, J.B.
(1970) An improved method for quantitative determination 
of human fetal hemoglobin. Analyt, Biochem., 35, 235-243.

SCHROTER, W, and WINTER, P. (1967) Der 2,3-diphosphoglycerats-
toffwechsel in den erythrocyten neugeborener und erwachsener, 
(English Summary). Klin, Wschr,, 45, 255-261.

SHAPIRA, Y., POLLIACK, A., CIUIDALLI, G. and RACHMILEWITZ, E.A.
(1972) Juvenile myeloid leukemia with fetal erythropoiesis. 
Cancer, 30, 353-357,

SHERIDAN, B.L., WEATHERALL, D.J., CLEGG, J.B., PRITCHARD, J.,
WOOD, W.G,, CALLENDER, S.T., DURRANT, I.J., McWHIRTER, W.R., 
ALI, M., PARTRIDGE, J.W. and THOMPSON, E.N. (1976) The 
patterns of fetal haemoglobin production in leukaemia.
Br. J, Haemat., 32, 487-506.

SHICHORY, M. and WEATHERALL, D.J. (1975) Haemoglobin synthesis
in humam fetal liver maintained in short-term tissue culture, 
Br, J. Haemat., 3̂ , 9-20,

SHULMAN, S, and WYPYCH, J. (1969) Kidney antigens active in
isoimmunization, I. The antigen density. Immunology, 17, 
641-652,

SILBERMAN, Z.G., CHIU, S.Y,, BUOEN, L.C., BRAND, I, and BRAND, K.G, 
(1967) Antibody response patterns in various animal species 
to human cell and tissue antigens, Z, Immun. Forsch. 134, 
23-31,

STOCKMAN, J.A, (1975) Anemia of prematurity, Semin, Haemat., 12, 
163-173.

TAUSSIG, M.J. (1973) Antigenic competition. Curr. Topics 
Microbiol. Immunol,, 60̂, 125-174,

TAYLOR, R.B, and BASTEN, A. (1976) Suppressor cells in humoral 
immunity and tolerance, Br. med. Bull., 32, 152-157.



THOMAS, E.D., LOCHTE, H.L., GREENOUGH, W.B. and WALES, M. (1960)
In vitro synthesis of foetal and adult haemoglobins by fetal 
haematopoietic tissues. Nature, 185, 396-397,

THORPE, W.P., PARKER, G.A. and ROSENBERG, S.A. (1977) Expression 
of fetal antigens by normal human skin cells grown in tissue 
culture. J. Immunol., 119, 818-823.

TSUNOO, H., SASAZUKI, T., SATO, H. and NAKAJIMA, H. (1974)
Effect of haptoglobin on immunological activity of hemoglobin. 
Immunochemistry, 11, 673-679.

TYUMA, I. and SHIMIZU, K. (1969) Different response to organic 
phosphates of human fetal and adult hemoglobins. Archs.
Biochem. Biophys., 129, 404-405.

UHR, J.W. and MOLLER, G. (1968) Regulatory effect of antibody 
on the immune response. Adv. Immun., 81-127.

VLUKUTLU, L., KLEIHAUER, E. and BETKE, K. (1966) The behaviour 
of foetal hemoglobin in the enhanced Heinz—body formation 
in the red cells of new-born infants. Acta Paediat. Scand.,
55, 473-477.

VOGT, A., BOCKHORN, H., KOZIMA, K. and SASAKI, M, (1968) Electron
microscopic localisation of the nephrotoxic antibody in glomeruli 
of the rat after intravenous application of purified nephritogenic 
antibody-ferritin conjugates. J. exp. Med., 127, 867-878.

WADA, T., ANZAI, T., YACHI, A., TAKAHASHI, A. and SAKAMOTO, S. (1970) 
Incidences of three different fetal proteins in sera of 
patients with primary hepatoma. Protides of the Biological 
Fluids, 221-226.

WAKS, M. and ALFSEN, A. (1966) Structural studies of haptoglobins.
I. Hydrogen ion equilibria and optical rotatory dispersion 
of Hp 1-1 and Hp 2-2, Archs. Biochem. Biophys., 113, 304-314,

WAKSMAN, B.H. (1977) Tolerance, the thymus and suppres 
cells. Clin, exp. Immunol., 28, 363-374.

sor T

WALKER, W., MURRAY, S. and RUSSELL, J.K. (1957) Still birth due 
to haemolytic disease of the newborn, J, Obst. Gyn. Br.
Common., 64, 573-581.

WARBURG, O. and CHRISTIAN, W. (1941) Isolierung und kristallisation 
des garungsferments enolase. Biochem, Z,, 310, 384-421,
In Dawson, R.M.C., Elliott, D.C., Elliott, W.H, and Jones, K.M, 
(Eds.) Data for Biochemical Research. Oxford University Press, 
pp, 625-626.

WEATHERALL, D.J. (1976) Fetal haemoglobin synthesis. In
Congenital Disorders of Erythropoiesis, 37th Ciba Foundation 
Symposium, Elsevier, Excerpta Medica, North Holland, 
pp. 307-323.



WEATHERALL, D.J., GARTNER, R., CLEGG, J.B., WOOD, W.G.,
MacKENZIE, A. and MacRAE, I.A. (1975) A form of hereditary 
persistence of fetal haemoglobin characterized by uneven 
cellular distribution of haemoglobin F and the production 
of haemoglobins A and A^ in homozygotes. Br. J. Haemat.,
29, 205-220.

WEATHERALL, D.J. and CLEGG, J.B. (1976) Molecular genetics of 
human hemoglobin. Am. Rev. Genet., 33, 157-178,

WEATHERALL, D.J. and CLEGG, J.B. (1972) The Thalassaemia
Syndromes, 2nd Edition, Blackwell Scientific Publications, 
Oxford,

WEATHERALL, D.J., PEMBREY, M.E. and PRITCHARD, J. (1974) Fetal 
haemoglobin. Clinics in Haemat., _3, 467-508.

WEATHERALL, D.J. and WALKER, S. (1965) Changes in the chromosome 
and haemoglobin patterns in a patient with erythro-leukaemia. 
J. Med. Genet., 2, 212-219.

WEIGLE, W.O. (1966) Persistence of immunological memory to 
soluble protein antigens. Immunology, 10, 377-382.

WEINSTEIN, R.S. (1974) The morphology of adult red cells.
Chapter 5. In Surgenor, D.M. (Ed.) The Red Blood Cell,
Vol. 1, 2nd Edition. Academic Press, New York and London.

WEIR, D.M. (1973) Immunological methods applied to the study 
of tissue antigens and antibodies. Chapter 35. In Weir,
D.M. (Ed.) Handbook of Experimental Immunology, 2nd Edition, 
Blackwell Scientific Publications, Oxford.

WEIR, D.M. (1978) Ed- Handbook of Experimental Immunology, Revised 
3rd Edition. Blackwell Scientific Publications, Oxford,

WHAUN, J.M, and OSKI, F.A. (1970) Relation of red blood cell 
glutathione peroxidase to neonatal jaundice. J. Pediat,,
76, 555-560.

WHAUN, J.M. and OSKI, F.A. (1969) Red cell stromal adenosine
triphosphatase (ATPase) of newborn infants. Pediat, Res.,
3, 105-112.

WHITE, J.M. (1972) Haemoglobin variation. Chapter 11. In
Brock, D.J.H. and Mayo, 0, (Eds,) The Biochemical Genetics 
of Man, Academic Press, New York and London,

WILLIAMS, C.A. and CHASE, M.W. (1973) Methods in Immunology
and Immunochemistry, Vol. 1, Preparation of Antigens and 
Antibodies, 2nd Edition, Academic Press, New York and London.

WOOD, W.G. and WEATHERALL, D.J. (1973) Haemoglobin synthesis 
during human foetal development. Nature, 244, 162-165,

W OO D,W .G . (1976) Haem oglobin synthesis during human fe ta l development. Br. med. B u ll. 282-287



WOOD, W.G., WEATHERALL, D.J. and CLEGG, J.B. (1976) The
interaction of heterocellular hereditary persistence of 
foetal haemoglobin with thalassaemia and sickle cell 
anaemia. Nature, 264, 247-249.

WOOD, W.G., WEATHERALL, D.J., CLEGG, J.B., HAMBLIN, T.J., 
EDWARDS, J.H. and BARLOW, A.M. (1977) Heterocellular 
hereditary persistence of fetal haemoglobin (heterocellular 
HPFH) and its interaction with 0 thalassaemia. Br. J. 
Haemat., 3̂ , 461-473.

WALKER, D.W., MURRAY, S. and RUSSELL, J.K. (1957) Still birth 
due to haemolytic disease of the newborn, J. Obst. Gyn,
Br, Common,, 64, 573-581,

YAKULIS, V.J. and HELLER, P. (1964) Immunologic characteristics 
of human hemoglobin fractions and their subunits, Ann, N.Y, 
Acad, Sci., 119, 606—615,

YOFFEY, J.M. (1971) Fetal and neonatal erythropoiesis: The 
stem cell problem in the fetus, Isr, J, med, Sci,, 7, 
825-833.

ZAN-BAR, I., NACHTIGAL, D. and FELDMAN, M. (1975) Mechanisms 
in immune tolerance. III, Immunosuppression and the 
induction of tolerance - synergism and antagonism.
Cellular Immunology, JY, 215-227,

ZAN JANI, E.D., PETERSON, E.N., GORDON, A.S. and WASSERMAN, L.R.
(1974) Erythropoietin production in the fetus: Role of 
the kidney and maternal anemia, J, Lab, din. Med,, 83, 
281-287,

ZIPURSKY, A. (1965) The erythrocytes of the newborn infant. 
Semin, Haemat., _2, 167-203.

ZIPURSKY, A. and ISRAELS, L.G. (1960) The distribution of fetal 
hemoglobin in the erythrocytes of the newborn. Am, J, Dis. 
Child,, 100, 758-759,

GLASGOW 
LIBRARY


