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Abstract

The basic methodology of two major affinity immunoelectrophoresis techniques, i.e., crossed affinity immuno-
electrophoresis and lectin affinity electrophoresis with immunoblotting, is described. This review covers the use of
these procedures in the study of the mechanisms regulating protein glycosylation of several serum proteins from
humans and animals. Applications of these techniques in fields of biochemical and clinical interest, such as
inflammation, cancer, pregnancy and foetal development, are discussed.
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1. Introduction specifically during electrophoresis [1]. These
techniques have been applied to many systems
Affinity electrophoresis refers to any tech- and particularly to serum proteins interacting
nique in which two or more components interact with lectins. After the electrophoresis the com-
- ponents are often revealed by specific immuno-
* Corresponding author. chemical methods. In this case, the techniques
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should be named affinoimmunoelectrophoresis
(AIE). Several reviews that covered the princi-
ples and general applications of the affinity
electrophoresis techniques have been published
[1-5].

Most serum proteins contain one Or more
oligosaccharide glycans attached to O-(serine/
threonine) or N-(asparagine) glycosylation sites
in their polypeptide backbone [6,7]. The glycan
structures of numerous isolated plasma proteins
have been determined [6]. The N-glycan struc-
tures more frequently found in mammalian
serum proteins [6] are summarized in Fig. 1.
Major glycan heterogeneity [7] depends on the
number of N-acetyl lactosaminyl substitutions
in the peripheral mannoses (bi-. tri- or tetra-
antennary glycans principally), and on the pres-
ence or not of bisected N-acetylglucosamine
(GIcNAc) bound to the central mannose.
Changes in sialic acid (NeuAc) or fucose (Fuc)
content produce the so-called minor heteroge-
neity [7]. The glycans of serum proteins could
present both major and minor heterogeneities.
Therefore, the number of glycoforms for a
particular protein increases greatly with increas-
ing number of glycans on its molecule. The
heterogeneity found in the glycan moiety of
serum proteins is the result of the action of
many glycosylation enzymes, whose activities
depend on the type and the physiological state
of the cells synthesizing the serum proteins
[8,9]. Homologous serum proteins from difter-
ent species often possess glycans with similar
structures [5,6], although for some proteins.
such as a-fetoprotein (AFP) and «-acid glyco-

The analysis of the complex-type glycans
(N-glycans) of serum proteins and other glyco-
proteins is difficult and requires previous isola-
tion of the protein and the use of sophisti-
cated chemical and instrumental techniques
[13]. However, a partial, although significant,
characterization of the glycan structures can be
easily obtained using lectin affinity chromatog-
raphy or even better using AIE. With these
methods, the glycoproteins could be directly
determined in complex mixtures, such as
blood serum, without being isolated. The
serum protein glycoforms fractionated using af-
finity electrophoresis can be revealed and
quantified with specific reactives, such as anti-
bodies. As there are available lectins, i.e.,
sugar-binding proteins, which can recognize
specifically most of the differences in the
glycan structures [14], AIE can be applied al-
most without restriction to the analysis of
serum protein mixtures.

Two major techniques will be discussed here
in relation to serum proteins: (a) crossed af-
finity immunoelectrophoresis (CAIE), which
uses a second-dimension immunoelectro-
phoresis to identify single proteins [15,16],
and (b) lectin affinity electrophoresis (LAE)
combined with  antibody-affinity  blotting
to detect the fractionated proteins [17]. AIE
has been applied to the determination of
several proteins from human serum and in
sera of other species, both in normal and in
pathological conditions. We centre the review
on recent results and on the general applica-
tions of AIE to the determination of serum

protein (AGP), the number of glycans per proteins in physiological and pathological
molecule can be different [10-12]. states.
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Fig. 1. More frequent N-glycan structures found in serum proteins. Major heterogeneity referred to the number of antennae (in

brackets). Variations in Fuc and NeuAc add further heterogeneity.
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2. Affinoimmunoelectrophoresis (AIE):
principles and methodology

2.1. Lectins used in AIE

Lectins represent a key tool in AIE. There is
considerable information about the biochemical
properties of numerous lectins and the type of
glycan structure that they can recognize [14,18,
19]. The lectins can be used in AIE of serum
proteins when their p/ is near to the alkaline pH
(around 8.2-8.6) that is often used in electro-
phoresis [5]. This condition is achieved by
numerous lectins, but in practice only a few of
them have been systematically used in AIlE.
Concanavalin A (Con A), the first and the most
often used lectin in AIE (ConA-CAIE), recog-
nizes mainly biantennary glycans (Fig. 1) and
oligomannosidic-type glycans (uncommon). Tri-
or polyantennary glycans or B1—>4 GIcNAc
bisected glycans (Fig. 1) are not recognized by
the lectin. The interaction of Con A with serum
proteins becomes stronger as the number of
biantennary glycans in the protein increases [16].
Lens culinaris agglutinin (LCA) or lentin lectin
interacts mainly with bi-. GlcNAc bisected and
some triantennary complex-type glycans posses-
sing al—6 1-Fuc linked to the innermost
GlcNAc (that are bound to N-asparagine, Fig.
1). Phaseolus vulgaris isolectin E-4 (E-PHA)
recognizes GlcNAc bisected biantennary glycans
or GlcNAc bisected triantennary glycans with
terminal galactose (Gal). Aleuria aurantia ag-
glutinin (AAA) is a Fuc-binding lectin, which
preferentially binds to complex-type glycans with
Fuc in an al—6 linkage to the innermost
GIcNAc. Additional Fuc, «l1—3 linked, en-
hances the affinity of AAA for these glycans.
This lectin is particularly useful to discriminate
different  L-Fuc-substituted glycans.  Pisum
sativum agglutinin (PSA) is a good tool to
distinguish @1— 6 Fuc-substituted biantennary
glycans from other fucosylated derivatives.
Wheat germ agglutinin (WGA) interacts mainly
with bisected biantennary complex-type glycans
(Fig. 1) and with other less frequent bisected
hybrid-type glycans with a polymannose bound
to the core B-mannose. For other lectins used in

AIE and for a more detailed description of the
glycan specificity of the lectins above mentioned,
extensive reviews are available [14,18,19].

2.2. Crossed affinity immunoelectrophoresis
(CAIE)

CAIE was first described by Bgg-Hansen et al.
[15,16] and, although other technical modifica-
tions have been developed since then [5], the
original description [16], with minor modifica-
tions, is the most often used method. The serum
proteins are separated by electrophoresis in
agarose gels containing an appropriate amount
of a lectin, solubilized either in Tris—veronal-
calcium lactate buffer (pH 8.2-8.6) or other
comparable buffers (first-dimension gel). Under
these experimental conditions most serum pro-
teins migrate to the anode whereas the lectins
have no mobility. During this first electropho-
retic run, the proteins are fractionated into
different microforms depending on the affinity
degree of each microform for the lectin. Pro-
longed electrophoresis is necessary for the analy-
sis of serum proteins with low electrophoretic
mobility, such as transferrin. Alternatively, this
type of protein should be chemically modified,
for instance by succinylation or carbamylation
[20]. Then the separated components are run in
a second-dimension agarose gel, of moderate
electroendosmosis, containing antibodies against
the proteins to be analysed. In this second-di-
mension gel an appropriate amount of soluble
oligosaccharide that competes with the lectin
should be included, e.g., 50-100 mM methyl
a-p-glucopyranoside for Con A [21] or 10 mM
Fuc for AAA [9]. Alternatively, the gel con-
taining the antiserum can be separated from the
first-dimension gel by an intermediate gel (about
| cm wide) containing the competitor oligosac-
charide [5]. As a result of the electroendosmotic
effect the competitor oligosaccharide moves into
the first-dimension gel and favours the dissocia-
tion of the glycoprotein-lectin complexes and
the redissolution of the glycoprotein—lectin pre-
cipitates. These precipitates are frequently ob-
served when sera or other complex samples are
used in the first electrophoresis. In addition, the
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specific oligosaccharide displacer allows the de-
tection of glycoforms, which are undetectable or
underestimated without the displacer [21,22].
Artifactual peaks of low electrophoretic mobility
could be generated owing to ill-defined precipi-
tates formed in the first-dimension gel [1,22,23].
These artifactual peaks, which are probably
produced by coprecipitation and entrapment
phenomena, could be eliminated either by
modifying the glycoprotein to lectin ratio during
the first electrophoresis [22,23] or by the addi-
tion of the oligosaccharide competitor in the
application well before the first electrophoretic
run [23]. Good results can be obtained if the
CAIE is performed with the purified glycopro-
teins [5].

The analysis of many serum glycoproteins
revealed the formation of fused precipitation
peaks (microforms) in the second-dimension gel.
The amount of each microform is related to the
corresponding immunoprecipitation area. This
can be calculated by planimetry or by triangula-
tion [5]. Image-processing systems allow an easy
and more accurate determination of precipitation
peaks [24]. It is always advisable to perform a
parallel run with the sample in the absence of the
lectin, because differences in the sialic acid
content can modify per se the mobility of the
glycoprotein [25,26]. A practical parameter to
compare the pattern of microforms is the ratio
between the sum of the areas of the reactive
forms to that of non-reactive forms, defined as
the reactivity coefficient (RC) [27].

In general, the patterns of microforms ob-
tained by CAIE or by lectin affinity chromatog-
raphy are similar, although higher resolution is
obtained by CAIE [26,28]. A variant of CAIE
used on a semi-preparative scale should be
preferable to affinity chromatography for the
1solation of glycoforms [29].

As an example of CAIE, the Con A patterns
and their crossed immunoelectrophoresis con-
trols (without Con A) for two serum proteins,
transferrin (Tf) and «,-antitrypsin (PI) from
foetal pig, are shown in Fig. 2. PI shows a
multi-peak pattern (Fig. 2B). The different
peaks have been labelled in decreasing order of
mobility [30]. This form of designation will be

Fig. 2. Con A-CAIE patterns of (A) Tf and (B) PI from
foetal pig serum. Top, control without lectin; bottom, with
Con A. The microforms are numbered in decreasing order of
mobility. First electrophoretic run from left to right.

used later for other glycoproteins. The first peak
(C1) is the microform that did not react with the
lectin. The other three microforms are weakly
reactive (C2), reactive (C3) and strongly reactive
(C4) with the lectin. In contrast, Tf shows a
single component, which corresponds to a mi-
croform reactive against the lectin (Fig. 2A).

The CAIE patterns, such as those in Fig. 2,
should be made visible after staining of the
immunoprecipitates with Coomassiec Blue or
other protein dyes, which have a relatively low
sensitivity. This is not a limitation for the major
serum proteins. With some proteins, such as
AFP, whose concentration in serum or in other
biological fluids is often lower than 1 pwg/ml [31],
CAIE can only be performed if more sensitive
techniques are used to detect the protein after
the first-dimension gel. The use of radiolabelled
proteins as markers [32,33] or immunoenzymatic
methods [34,35], although more time consuming,
provides the sensitivity required.

2.3. Lectin affinity electrophoresis (LAE) with
immunoblotting

LAE combined with immunoblotting, which
allows the analysis of human AFP glycoforms
with high resolution and sensitivity, has been
described [17,36,37]. In this technique the mi-
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croforms of human AFP were first separated by
electrophoresis in lectin-containing agarose gels,
then the separated microforms were transferred
to nitrocellulose membranes containing equine
antibodies against AFP. After incubation of the
membranes, the protein was revealed first with
rabbit antiserum to AFP, and then with a second
antibody, goat anti-rabbit immunoglobulin G
(IgG), labelled with horseradish peroxidase.
With this technique, microforms of AFP in
samples at a concentration of 2 ng/ml or less can
be easily determined. Fig. 3 shows the applica-
tion of this method to the analysis, against
several lectins, of human AFP [31]. Protein
samples were collected from cord serum and
from sera of patients with different pathologies.
The number of microforms detected varied from
two, with Con A, to five in the presence of
E-PHA or Datura stramonium agglutinin (DSA).
It is possible to discriminate with almost total
confidence the different pathologies comparing
the patterns obtained with each lectin [31,38,39].
The results obtained by LAE with immunoblot-
ting and by CAIE are similar for the same
concentration of human AFP [40]. Although this
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type of LAE has been applied to the study of
human AFP microforms, it might be used to
analyse the microheterogeneity of other low-con-
centration serum proteins, ¢.g2., Tf produced by
cultured cell lines [41]. In addition, two-dimen-
sional LAE, using different lectins in each di-
mension, might provide a lot of information
about the glycan heterogeneity of serum proteins
[42,43].

3. Determination of serum proteins by AIE
3.1. wa-Fetoprotein (AFP)

AFP is a major component in the serum of
foetal and neonatal mammals [44,45]. This pro-
tein is synthesized in early embryos by the yolk
sac and then by the foetal liver, principally [44].
Later the expression of the AFP gene is re-
pressed and the protein disappears from circula-
tion. The concentration of AFP reported in
healthy human adults is always lower than 6
ng/ml [31]. An increased serum concentration of
AFP in human patients is associated mainly with
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Fig. 3. Representative pattern of AFP glycoforms obtained by LAE. with different lectins and combined antibody-affinity

blotting. for benign and malignant discases. From Ref. [31].
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embryonic cancers, hepatocellular carcinoma
and other hepatic pathologies such as liver cir-
rhosis, chronic hepatitis and hepatitis B [31].
Changes in the normal concentration of human
AFP in maternal serum and amniotic fluid,
during foetal development, are related to neural
tube defects [46].

The physico-chemical and biochemical prop-
erties of AFP have been extensively studied [45].
Human AFP is a single-chain polypeptide with
M_=70000, containing one asparagine-linked
glycan [47]. Bovine and rat AFP possess two of
these glycans [10,11]. The physiological function
of this protein is still unknown. AFP, as albumin,
can transport fatty acids, preferentially arachi-
donic and docosahexaenoic fatty acids [48-50].
These fatty acids are characteristic components
of the phospholipids from neural tissues and they
accumulate there during ontogenesis. Therefore,
AFP may be the physiological carrier of these
fatty acids during development [50].

AFP shows high heterogeneity in its molecule
owing to the ligand content [48] and to the
glycan composition. Glycan heterogeneity can
change greatly depending on the species and
their physiopathological states. The glycan of
human AFP from foetal serum [51] or produced
by hepatomas [52] is mainly biantennary; a high
proportion of GIcNAc bisecting glycan appears
in AFP from yolk sac tumours [47]. Additional
heterogeneity is produced by al— 6-linked Fuc
to innermost GlcNAc and by the content of sialic
acids [43,51,52]. The structure of the two glycans
in rat AFP is similar to that in human AFP [10].
In bovine AFP the glycans with triantennary
structure predominate [11].

The glycan heterogeneity of AFP can be

revealed by AIE [31,46]. Fig. 4A shows a typical
Con A-CAIE pattern of AFP from human am-
niotic fluid. The major component (93%), which
interacts with the lectin, is accounted for by AFP
variants with biantennary glycans [51,52]. The
minor component corresponds to AFP with
GIcNAc bisecting biantennary glycans [47,52].
The pattern of AFP from foetal pig serum is very
similar to that of human AFP from amniotic fluid
(Fig. 4B). The pattern of rat AFP from neonatal
serum shows three components (Fig. 4C), which,
in ascending order of mobility, correspond to
AFP variants with two biantennary glycans
(strongly reactive component), with one bianten-
nary glycan (weakly reactive component) and
with two bisected biantennary glycans (non-reac-
tive component), respectively [10]. A similar
pattern has been reported for mouse AFP
[53,54].

The CAIE pattern of AFP using other lectins
is different [53,54]. With LCA the CAIE pattern
for human AFP shows three components, strong-
ly, weakly and non-reactive forms [53-55]. The
glycans of the strongly reactive fraction have Fuc
bound to the first GlcNAc [56]. The fraction
weakly reactive is also Con A non-reactive [36]
and, therefore, might correspond to glycans
containing bisecting GlcNAc [31]. The non-
reactive fraction corresponds to AFP with non-
fucosylated glycans. The rat and mouse AFP also
showed three microforms using CAIE with LCA
[53,54]. Using CAIE with E-PHA human AFP
might present as many as five different micro-
forms depending on the origin of the sample
analysed [57].

As indicated previously, CAIE can be routine-
ly applied to samples containing AFP at con-

Fig. 4. Con A-CAIE patterns of AFP from (A) human amniotic fluid, (B) foetal pig serum and (C) neonatal rat serum.
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centrations greater than 1 ug/ml. These con-
centrations are easily found in human umbilical
cord serum and in sera from some cancer pa-
tients [31]. However, for most cancer patients,
and also for patients with other hepatic
pathologies (cirrhosis, chronic hepatitis and hep-
atitis B) or in serum and amniotic fluid from
pregnant women, the typical AFP concentrations
ranged between 20 ng/ml and less than 1 ug/ml
(reviewed in Ref. [31]). As we shall discuss later,
the analysis of AFP glycan heterogeneity could
be of greater clinical interest. This is centred on
the establishment of diagnosis criteria to dis-
tinguish different pathological situations. For
example, CAIE has been used to discriminate
between hepatocarcinoma from other less harm-
ful hepatic diseases or between normal foetuses
and those with neural tube defects. LAE com-
bined with immunoblotting [17,36] can be ap-
plied to differentiate the several pathologies
mentioned above, as illustrated in Fig. 3. Among
the lectins used in this technique, E-PHA might
add particularly useful information in the analy-
sis of AFP glycoforms. The AFP-P4 microform is
characteristic of hepatocellular carcinomas and
AFP-P5 increases in yolk sac tumours (Fig. 3).
The glycan structure of these and other micro
forms of human AFP detected by E-PHA have
been determined recently [43,58].

3.2. a,-Acid glycoprotein (AGP)

AGP (orosomucoid) is a highly glycosylated
serum protein in mammals whose concentration
varies greatly depending on the species and the
physiopathological states [59,60]. The protein

from human serum has been extensively studied.
The human protein consists of a single poly-
peptide chain of 181 amino acids and five N-
linked glycans [12,59]. AGP shows sequence
homology with other serum proteins, especially
with immunoglobulins [61] and with epidermal
growth factor [62]. AGP has been characterized
as an acute phase protein, because for human
and other species its serum concentration in-
creases substantially in response to infection and
inflammation [60]. However, in pigs the serum
concentration of AGP did not increase acutely
after experimentally induced inflammation [63].
The biological role of AGP is still unknown,
although some immunoregulatory properties for
this protein have been suggested [9,64].

AGP shows multiple heterogeneity: its poly-
peptide chain presents genetic isoforms with
several amino acid substitutions and numerous
variations in the structure of their constitutive
glycans [59,65]. All genetic forms of AGP pres-
ent similar glycosylation patterns [65]. The
glycan heterogeneity of AGP from human and
rat, which possesses six N-linked glycans [12], is
mainly due to the number of antennae (two,
three and four) in each glycan and also to the
Fuc and sialic acid content, as occurred in other
glycoproteins [66,67].

AGP has been largely studied by Con A-
CAIE. Fig. 5 illustrates the Con A-CAIE pat-
terns of AGP from (A) normal human, (B) pig
and (C) rat sera. The proteins from human, rat,
pig and bovine species present a similar
glycosylation pattern, with three or four com-
ponents [67-72]. The microform with higher
electrophoretic mobility contains tri- or tetra-

Fig. 5. Con A-CAIE patterns of (A) human AGP from serum of healthy individuals, (B) isolated AGP from normal adult pigs

and (C) AGP from normal adult rats.
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antennary glycans [66,73]. However, this mi-
croform might possibly possess biantennary
glycans with a2— 6-linked sialic acids that do
not react with the lectin. This structure has been
observed in rat AGP [73]. The other fractions
correspond to microforms with one or more
biantennary chains [66]. The use of AAA in the
analysis of human AGP by CAIE allows the
detection of glycans with a sialyl Lewis-X struc-
ture, which increase significantly in inflammatory
processes [9].

The microheterogeneity patterns of AGP, ana-
lysed by CAIE, are altered in diverse physiologi-
cal and pathological states. An increased propor-
tion of the Con A-reactive AGP microforms has
been observed, for example, in patients with
acute inflammatory diseases, burns, surgical
trauma and acute infection [68,69,74-77]. These
microforms may also increase in AGP from
patients with different tumours [75,78]. On the
other hand, a decrease in the Con A reactivity of
AGP is found in patients with liver cirrhosis,
severe rheumatoid arthritis, ankylosing spon
dylitis and chronic bacterial infections, and also
in estrogen treatments, pregnancy and some
tumours [76,78-80]. As discussed later, the anal-
ysis of AGP by CAIE is useful for clinical
diagnosis and management of patients with in-
flammatory processes and perhaps in some can-
cers [77,78,81,82]. In addition the increasing
clinical application of the analysis of AGP by
CAIE, this technique has been used to study the
effect of hormones and cytokines on the mecha-
nisms that regulate the glycosylation of this and
other serum proteins [83—88].

3.3. a-Antitrypsin (PI) and a,-HS glycoprotein

Pl is a major serine proteinase inhibitor in sera
from human and other animal species [89]. This
protein contains three complex-type glycans [90].
These glycans possess biantennary, triantennary
and bisected biantennary structures [90-92]. The
physiological function of PI could be related to
its capacity for inhibiting serine proteinases [89].
Individuals with severe deficiency in PI develop
pulmonary emphysema at an early age [89]. In
human and rat. PI is a moderate acute-phase

protein [60], but this protein did not increase in
pigs with acute inflammation [63].

By Con A-CAIE, PI exhibits high hetero-
geneity. Human PI shows a pattern containing
from three to five components [25,27,69,84,
85,93,94]. The Con A weakly reactive fraction
clearly predominates in normal serum [69,94].
The PI produced by cultured hepatocytes and
hepatoma cells presents a different CAIE pat-
tern, particularly in the presence of cytokines
which stimulate the synthesis of acute-phase
proteins [27,84,93]. A representative Con A-
CAIE pattern of pig PI is shown in Fig. 2B. This
protein may contain four microforms, pre-
dominating the Con A-reactive forms [71]. In the
pattern of rat PI, with four components, the
reactive glycoforms also predominate [67,95].
The glycosylation of human PI has been studied
in the serum of patients with different diseases,
although the changes observed are of lower
intensity than for AGP [69,94].

a,-HS glycoprotein is a protein from human
serum with M, =~ 49 000. It has been reported to
be implicated in a number of physiological func-
tions such as brain and bone tissue development
[96]. It is known that this protein is the human
analogue of bovine fetuin [97], a protease inhib-
itor found in high concentration in serum from
bovine foetuses and also in other foetal rumin-
ants and pigs [98]. Fetuin possesses three N-
glycans and three O-glycans [99]. Although the
function of fetuin is ill-defined, it has been
reported that a phosphorylated form of fetuin
may inhibit the activation of insulin receptor
[100]. a,-HS glycoprotein and its homologous
pig fetuin may be considered as negative acute-
phase proteins [63,96].

Using CAIE against Con A, a,-HS glycopro-
tein shows two major reactive peaks and a minor
non-reactive peak [69,86,101]. In adult pig fetuin
the stronger Con A-reactive fraction predomi-
nates (see Fig. 8A and C) [71].

3.4. Transferrin (Tf) and other serum proteins
Tf is an iron-binding protein with M, =79 000

and constituted by two N-linked glycans [102]. In
normal serum the glycans of Tf are mainly bi- or
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triantennary fully sialylated and without Fuc
[103,104]. Combinations of these glycan types
can also be observed in the Tf microforms [104].
Tf is required for all proliferating cells in vitro
and in vivo [105] and is synthesized mainly by
the liver [105], although synthesis of Tf by other
cell types has been described [106].

The analysis of human Tf by Con A-CAIE
results in the formation of three peaks, which
correspond, according to the ascending order of
mobility in the gel, to microforms containing
two, one or no biantennary glycans, respectively
[23,24,104,107]. Frequently an artifactual peak is
produced near the application well, but it might
be avoided [23,24]. Changes in the Con A-CAIE
pattern of human Tf have been observed, for
example, in alcoholics [24], in pregnancy [104]
and in the Tf produced by hepatomas (107].

a,-Antichymotrypsin is a highly glycosylated
protein, characteristic of human serum. This
protein inhibits chymotrypsin-like proteases [89]
and its serum concentration increases during the
acute phase [60]. Using Con A-CAIE, «,-anti-
chymotrypsin from normal serum, which con-
tains four glycans [108], should present three
components in about the same proportion
[69,108,109]. The microforms interacting with
Con A, as occurred for other serum proteins,
increase in acute inflammatory pathologies
[69,108].

In addition to the proteins described above,
affinity electrophoretic methods have been used
in the analysis of other serum proteins: hapto-
globin [110], ceruloplasmin [27], antithrombin
IIT [111], pregnancy-associated plasma protein-A

[112], prothrombin [113], serum cholinesterase
[114] and serum alkaline phosphatase [115].

4. Biomedical applications of AIE

AIE has been applied to the analysis of the
microheterogeneity of several serum glycopro-
teins in many pathological states. Therefore, in
the last few years a lot of information has been
obtained about the relationship between changes
in the microheterogeneity and the evolution of
diseases. Moreover, AIE has been used as a
simple tool to understand better the mechanisms
implicated in the glycosylation of serum proteins.
In this section we comment on the most relevant
fields in which AIE of serum proteins has been
applied: inflammation, cancer, pregnancy and
foetal development. As an example, Fig. 6 shows
the Con A-CAIE analysis of human AGP in (A)
inflammatory processes, (B) umbilical cord and
(C) hepatoma ascites.

4.1. Inflammation

In response to tissue injury and infection, the
liver greatly modifies the synthesis of serum
proteins. Acute-phase proteins are those pro-
teins whose concentrations in the serum increase
greatly as a result of these processes [60]. C-
reactive protein, serum amyloid A, AGP, PI,
haptoglobin, «,-antichymotrypsin, ceruloplasmin
and fibrinogen, among others, are acute-phase
serum proteins in humans. The serum concen-

Fig. 6. Con A-CAIE patterns of human AGP from (A) serum of patients with inflammatory processes, (B) umbilical cord serum

and (C) ascites of patient with a hepatocarcinoma.
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trations of albumin and «,-HS glycoprotein, on
the other hand, decrease during inflammation
and therefore they are considered as negative
acute-phase proteins [60]. The synthesis of acute-
phase proteins by hepatocytes and hepatomas
could be induced by glucocorticoids and by
cytokines, principally interleukin-1  (IL-1),
tumour necrosis factor (TNF) and interleukin-6
(IL-6). These cytokines are released by mono-
cytes and other cells in the early phase of
inflammation [116,117]. Most of the acute-phase
proteins are glycosylated and the pattern of
glycosylation also changes during inflammation.
Early studies using Con A-CAIE showed in-
creases in the biantennary microforms of AGP
from patients with acute inflammation, as de-
fined by high levels of C-reactive protein in
serum. A characteristic Con A-CAIE pattern of
AGP during inflammation is shown in Fig. 6A
(control in Fig. 5A). Similar changes were ob-
served in a,-antichymotrypsin, PI, a,-HS glyco-
protein and ceruloplasmin [68,69]. Moreover,
CAIE analyses have been carried out for pro-
teins in serum from animals with induced ex-
perimental inflammation [26,65.,67,83,87,88,118]
and in culture media from normal or tumoural
cells [26,27,65,67,83,84,86,93]. The results ob-
tained in these experimental models were similar
to those observed in human patients. Fig. 7
shows the glycosylation patterns of AGP, using
Con A-CAIE, from rats injected with (A) com-
plete Freund’s adjuvant, (B) turpentine oil and
(C) dexamethasone. In the three treatments the
more interactive glycoforms increased as com-
pared with the control (see Fig. 5C), and strik-

ingly in rats injected with dexamethasone and
turpentine oil.

The information now available allows some
generalizations of clinical interest. The Con A-
CAIE pattern of AGP [119] and other serum
glycoproteins from normal subjects is fairly con-
stant. The Con A interactive or Con A highly
interactive glycoforms of AGP, described accord-
ing to the RC parameter, increase in patients
with surgical trauma [69,75], bacterial sep-
ticaemia and infection [69,76,77], burns
[65,74,78], acute rheumatoid arthritis [81],
rheumatoid arthritis with intercurrent infections
[78], acute pancreatitis [69] and also in systemic
lupus erythematosus with intercurrent infection
[120]. All these diseases are characterized by an
acute response. In patients with HIV infection,
but without open AIDS symptoms, both the
concentrations of AGP, PI and ceruloplasmin
and the RC for AGP (Con A-CAIE) were
normal. However, RC increased at the beginning
of AIDS (when infection with Preumocystis
carinii was detected). This could be also consid-
ered as an acute-phase reaction [121]. On the
other hand, the RC of AGP was normal in
systemic lupus erythematosus [120] and is-
chaemic heart desease [79] and lower than nor-
mal in subjects with rheumatoid arthritis [77,120]
and ankylosing spondylitis [76,122]. Con A-
CAIE patterns have also been obtained for other
serum glycoproteins in inflammatory processes,
but the data are not sufficient to make practical
generalizations [9,27,69,84,108,110].

The Fuc content in the glycans of serum
proteins increases during inflammation, as de-

Fig. 7. Con A-CAIE patterns of AGP from sera of adult rat injected with (A) complete Freund’s adjuvant, (B) turpentine oil and

(C) dexamethasone.
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termined by CAIE [123]. For AGP, this increase
is mainly due to new sialyl Lewis-X-containing
glycans which were detected by CAIE in the
presence of AAA. This is an interesting observa-
tion, because the above-mentioned structure has
been found to be a ligand for some adhesion
molecules involved in the traffic of leukocytes
to inflammatory areas [9,124]. Thus, the sialyl
Lewis-X glycans of AGP could be implicated in
the regulation of the intensity and persistence of
inflammation [9].

Inflammatory cytokines regulate the hepatic
synthesis of the acute-phase proteins [116,117].
As the protein glycosylation also changes during
inflammation, several experiments have been
carried out, in vivo and in vitro, to make
connections between both processes. In human
hepatoma cell lines, IL-1, TNF and IL-6 broadly
reproduced the changes in glycosylation of PI
observed in acute-phase serum [27]. Treatments
of human hepatocytes cultures with IL-1 and
IL-6 in the presence of dexamethasone resulted
in an increase in the Con A strongly reactive
AGP microforms [83]. These three cytokines
produced a comparable effect on rat AGP in
vivo [83,88]. In addition, other factors such as
transforming growth factor 81, leukaemia inhib-
itory factor and interferon y, might also be
implicated in the glycosylation of AGP and other
serum proteins [84,88,93,125]. In rat AGP from
serum of transgenic mice, carrying highly ex-
pressed rat AGP genes, the Con A strongly
reactive forms predominate. In contrast, in rat
AGP produced by cultured hepatocytes isolated
from the transgenic mice, a shift towards Con A
moderately reactive forms was observed [87].
IL-1 and IL-6 restore the Con A pattern of rat
AGP observed in vivo [87]. In conclusion, cyto-
kines involved in inflammation affect the
glycosylation pattern of acute-phase and other
serum glycoproteins. The effects of these cyto-
kines on the synthesis of acute-phase proteins
and on the glycosylation of serum proteins seem
to be different. Probably the cytokines affect the
expression or the activity of glycosylation en-
zymes. These enzymes may glycosylate the newly
synthesized proteins during their transit in the

lumen of endoplasmic reticulum and in the Golgi
network, independent of the synthesis rate of
each particular protein [27,84,86].

4.2. Cancer

AIE has been applied to study the glycan
heterogeneity of AGP and AFP, and also other
serum proteins from cancer patients [31,82]. The
results obtained for AGP are, however, of lim-
ited clinical interest. For most cancer patients
the synthesis and glycosylation of serum proteins
produced by the liver are independent of the
tumoural activity. For example, only a moderate
increase in the RC for AGP has been observed,
using Con A-CAIE, in individuals suffering from
yolk sac tumours [78]. In other types of tumours,
RC for AGP was either unaffected [69,78] or
even decreased [78,82], as compared with the
RC for AGP in healthy individuals.

The serum levels of AFP may increase in
patients with hepatocellular carcinoma and yolk
sac tumours (reviewed in Ref. [31]). Therefore,
AFP should be a reliable tumour marker for the
diagnosis of these harmful diseases. However,
moderately increased AFP has also been de-
tected in serum of patients with diverse hepatic
pathologies and other types of cancers [31]. The
glycan analysis of AFP, using CAIE and LAE,
was a useful tool to differentiate among these
diseases. In general, tumoural cells and their
analogous foetal tissues produce similar glycan
microforms of AFP. Thus, the Con A reactive
fraction predominates either in AFP from pa-
tients with hepatocellular carcinomas or in the
AFP synthesized by the foetal liver. In contrast,
the Con A non-reactive microform greatly in-
creases in AFP from yolk sac tumours (see Fig.
3) and in AFP synthesized by the yolk sac. An
intermediate Con A glycosylation pattern ap-
pears in the AFP produced by other tumours.
Comparable results have been obtained in the
analysis of the protein with LCA. In yolk sac
tumours, the LCA reactive fractions, and par-
ticularly the weakly reactive fraction, increase.
The LCA patterns of AFP from hepatocellular
carcinoma expressed both the reactive and the
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non-reactive fractions. In AFP from patients
with hepatitis and cirrhosis, the Con A pattern is
comparable to that of AFP from hepatocellular
carcinoma. Further discrimination should be
obtained using E-PHA and other lectins. For
example, the fraction AFP-P4, according to the
nomenclature used by Taketa [31], increases in
hepatocellular carcinoma. Detailed information
about the clinical applications of AFP analysis
using AIE techniques can be found elsewhere
[31,34,36,39,126-128].

4.3. Pregnancy and foetal development

Several serum proteins have been studied by
AIE in relation to pregnancy and foetal develop-
ment [46,69-71,129,130]. It is well known that
AIE analysis of AFP from amniotic fluid, using
Con A and other lectins, can detect with almost
total confidence defects in the neural tube de-
velopment (reviewed in Ref. [46]). In these cases
the Con A non-reactive fraction of AFP de-
creased [131]. The LCA analysis of AFP pro-
duced similar results to those using Con A [46].
In human pregnancy a complete change in the
Con A-CAIE pattern of AGP and other serum
proteins was observed [69,104,130]. The princi-
pal trend observed was a large increase in the
Con A non-reactive fraction. The Con A-CAIE
patterns for AGP were similar in maternal sera

Fig. 8. Con A-CAIE patterns of (A) and (C) fetuin from
foetal and adult pig serum, respectively, and (B) and (D)
AGP from foetal pig serum at middle and term gestational
age.

and amniotic fluid, but different in foetal serum
in which the Con A reactive fraction predomi-
nates [129]. The Con A non-reactive fraction
also increases in the first part of the menstrual
cycle and in women receiving estrogen—proges-
togen treatment [132]. In other species, as illus-
trated in Fig. 8, significant differences between
the Con A pattern of AGP and other proteins,
during foetal development, have been observed
[70-72].

§. Conclusions

AIE with lectins can be applied almost without
restriction to the glycosylation analysis of pro-
teins in biological fluids. Methods of increased
sensitivity to detect proteins combined with
powerful affinity electrophoretic techniques will
extend this type of analysis to glycoproteins
present in the serum at very low concentration.
Up to now, the major clinical application of AIE
in the field of serum proteins has concerned
AGP and AFP. The results obtained with these
proteins have been useful in differential diag-
nosis and management of inflammatory pro-
cesses and in the study of foetal development
anomalies.

The number of lectins widely applied in AIE is
small. However, the growing information about
the properties of other lectins will provide new
insights into subtle differences in the glycan
structures of proteins. This is particularly excit-
ing in the field of AIE analysis because, in spite
of the wide biochemical knowledge of glycan
structures, the function of the glycan moieties is
still ill-defined. The changes in the glycosylation
of many glycoproteins will be implicated in the
regulation of inflammation, cellular communica-
tion and in general immune responses.

Abbreviations

AAA = Aleuria aurantia agglutinin
AFP = a-fetoprotein

AGP = a,-acid glycoprotein

AIE = affinoimmunoelectrophoresis



F. Lampreave et al. / J. Chromatogr. A 698 (1995) 107-122 119

allo A = Allomyrina dichotoma lectin

CAIE = crossed affinoimmunoelectrophoresis

Con A = concanavalin A

ConA-CAIE = CAIE with Con A

DSA = Datura stramonium agglutinin

E-PHA = Phaseolus vulgaris isolectin E-4

Fuc = fucose

Gal = galactose

GlecNAc = N-acetylglucosamine

IL-1 = interleukin-1

IL-6 = interleukin-6

LAE = lectin affinity electrophoresis

LCA = Lens culinaris agglutinin or lentin lectin

NeuAc = sialic acid

N-glycans = complex-type glycans located in N-
(Asparagine) glycoprotein sites

O-glycans = complex-type glycans located in O-
(serine/threonine) glycoprotein sites

PI = a,-antitrypsin

PSA = Pisum sativum agglutinin

RC = reactivity coefficient

TNF = tumour necrosis factor

Tf = transferrin

WGA = wheat germ agglutinin
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