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Abstract

This paper reviews the indications and limitations of high-resolution two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) as an aid in the analysis of the clonality of immunoglobulins (Igs) with regard to
“standard” techniques such as immunofixation electrophoresis. The 2D technique combines charge separation
through isoelectric focusing and mass separation by sodium dodecyl sulfate-PAGE. Therefore, Ig heavy chains of
different isotypes are separated from one another as well as from light chains. The 2D patterns of polyclonal,
oligoclonal and monoclonal Igs are presented. To illustrate the impact of the technique in a clinical environment,
selected situations are presented. Finally, the implications of 2D-PAGE analysis regarding the comprehension of
the immune humoral system are discussed.
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1. Introduction

Antibody repertoire is as diverse as B lympho-
cyte populations. The specificity of an immuno-
globulin (Ig) for an antigen is defined by com-
plementary determining regions in the variable
region of the heavy (H) and light (L) chains
[1-8]. Each chain can be divided into a variable
domain and constant domains that encode effec-
tor functions. Comparison of a large number of
different variable domain amino acid sequences
revealed three regions of sequence hyper-
variability (complementary determining regions)
which are separated from each other by four
intervals of relatively constant sequence
(frameworks). Heavy chain variable regions are
encoded by an exon formed by the joining of
three gene segments, V,;, D, and J; [9]. These
Ig gene segments are assembled via somatic
rearrangement, and numerous non-Ig genes have
been implicated as being involved in V(D)J
recombination [10]. The recombination-activat-
ing proteins RAG-1 and RAG-2 are both essen-
tial for this process. The L chain variable do-
mains are produced by two rearranging genes, V,
and J, . The lymphocyte displays a single combi-
nation of H and L chains with a unique set of
complementary determining regions, out of mil-
lions of possible combinations in the total reper-
toire of Ig molecules. T Cell- and antigen-depen-
dent stimulations of B cells can lead to somatic
hypermutations, resulting in the introduction of
non-germline encoded diversity into the H and L
chain variable domains [11.12]. In addition,

individual members of an expanding clone of B
cells making IgM or IgD can switch, in the
presence of appropriate cytokines, to the pro-
duction of another antibody class, i.e. IgG, IgA
or IgE [13-16]. Highly complex mechanisms
control clonal proliferation from a committed
stem cell to an Ig-secreting cell, including Ig
gene rearrangements, the programmed expres-
sion of differentiation-related genes and on-
cogenes of the B lineage, the T cell network, and
signal-transferring molecules [17-28]. Prolifer-
ation and differentiation of progenitor B cells
occurs in close contact with elements of the
microenvironment such as advential cells, reticu-
lar cells, endothelial cells, fibroblasts, and
macrophages [29,30].

A monoclonal Ig is produced by a single B cell
clone. and is an heterodimeric protein, consti-
tuted of two H polypeptide chains of the same
class and subclass and of two L polypeptide
chains of the same type. Ig overproduction by a
single expanded B cell clone is termed mono-
clonal gammopathy (MG), and can be observed
in a wide category of benign or malignant dis-
eases [31-36]. The frequency distribution of H
chain classes and subclasses as well as L chain
type of monoclonal Igs has been determined in
different series of patients with MG [37-41]. In a
number of lymphoproliferative diseases, only
monoclonal L chains, or more rarely, incomplete
monoclonal H chains are detected [42-52].

In patients with MG, the clinical mani-
festations are usually related to the underlying
disease; destruction of normal bone, hypercal-
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cemia, bone marrow replacement by the malig-
nant clone, lymphadenopathy, splenomegaly,
and the amount of Ig produced [40,44,53]. MGs
are also incidentally diagnosed after serum and/
or urine protein electrophoresis, and may be
observed in patients without evidence of multiple
myeloma, amyloidosis, macroglobulinemia or
other lymphoproliferative diseases [31,33—
36,40]. Such MGs are called “monoclonal gam-
mopathy of undetermined significance” (MGUS)
[31]. With the improvements in laboratory tech-
niques for the detection of monoclonal Igs,
MGUSs have been observed with increasing
frequency [36,54-63]. It is known that the inci-
dence of MGUS increases with age, and that
between 11 and 25% of cases eventually convert
to malignant B cell disorders [31,36,62-65].
MGs may be also detected because they have
“*perverse’” biological activities leading to unusu-
al clinical manifestations. Monoclonal Igs may
interact with several specific antigens such as red
blood cell antigens, acid polysaccharides, Fc
portions of autologous Igs, lipoproteins, phos-
pholipids, neural antigens, serum proteins or
cellular proteins [35,66—69]. Some patients pre-
sent polyneuropathy, organomegaly, endo-
crinopathy, MG, and skin changes (POEMS
syndrome) [70]. Finally, the monoclonal Ig depo-
sition disease may be observed in patients in
whom an excessive amount of monoclonal Ig is
deposited in a manner and quantity sufficient to
compromise organ function [46-50,71].
Identification of monoclonal Igs requires sensi-
tive, rapid and dependable screening methods.
Electrophoresis on cellulose acetate membrane is
satisfactory for initial screening. However, high-
resolution agarose gel electrophoresis (HRE) is
more sensitive for the detection of rare mono-
clonal proteins [72]. Confirmation of the pres-
ence of a MG should be performed using meth-
ods such as immunoelectrophoresis (IEP) or
with immunofixation electrophoresis (IFE). IEP
was described in 1953 [73], and until recently was
considered as the method of reference. As a
routine procedure, it is time-consuming, and
requires a high level of technical expertise. As a
consequence of the long diffusion process, small

amounts of protein become too dilute to be
detected, resulting in low sensitivity. The most
important drawback of IEP is the so-called
“umbrella effect” [74]. Furthermore, the demon-
stration of x and A monoclonal L chains belong-
ing to IgA or IgM isotypes is often masked by
the presence of polyclonal IgG, that, because of
faster diffusion, have migrated ahead to an area
situated between IgA and IgM. IFE was de-
scribed by Afonso [75], later modified by Alper
and Johnson [76], and was applied to the identifi-
cation of MG in clinical diagnosis by Cawley et
al. [77]. IFE, like IPE, includes two steps, but
without diffusion process. In the first step, pro-
tein fractions are separated by agarose gel elec-
trophoresis; in the second step, they are revealed
by overlaying of antiserum specific of the differ-
ent Ig H and L chains. The technique is consid-
ered as the test of choice in the routine diagnosis
of MG, because of its simplicity, speed, sensitivi-
ty [78-93]. Other advantages of the method are
easy interpretation and the absence of diffusion.
On the other hand, the enhanced sensitivity of
IFE also has yielded a more frequent detection
of low concentration MG, and what is more
important of multiple y-globulin bands or subtle
bands of restricted heterogeneity [94,95]. In such
cases, further assessment of the clonality of Igs
depends on additional techniques such as im-
munoblotting,  immuno-isoelectric  focusing
[60,96-100] or high-resolution two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE).

The 2D procedures, described by O’Farrell
[101], combines charge separation through iso-
electric focusing and mass separations by sodium
dodecyl sulfate (SDS)-PAGE. Reduced and de-
natured proteins are therefore separated accord-
ing to two unrelated biochemical characteristics.
After silver staining, several thousand polypep-
tide spots can be detected, and analyzed on a
single 2D gel. H Chains of different isotypes can
be identified according to their restricted posi-
tions in the gel. Monoclonal H and L chains can
be differentiated from polyclonal H and L chains
according to their particular 2D patterns. The
usefulness of 2D-PAGE as an aid in the analysis
of the clonality of Igs in different clinical situa-
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tions was established by a large number of
studies [102-128].

2. Experimental approaches
2.1. Patients’ samples

Blood samples were collected from healthy
blood donors, as well as from patients with
various clinical conditions. Samples were ana-
lyzed according to the following criteria: (i)
known MG (multiple myeloma, Waldenstrém’s
macroglobulinemia, MGUS, amyloidosis, biclon-
al gammopathies); (ii) samples showing am-
biguities with IFE analysis; (iii) samples with
expected clonal abnormalities (allogeneic bone
marrow transplantation, immunodeficiencies, de-
veloping infants) with or without IFE am-
biguities. Clinical data and other biological in-
formation, like bone marrow examinations were
obtained to correlate IFE and 2D-PAGE pat-
terns with patients’ diagnosis.

2.2. Immunofixation electrophoresis

This method was performed by using the
Paragon gel system of Beckman Instruments
(Brea, CA, USA), following the indications of
the manufacturer. Serum samples were diluted
(barbital buffer pH 8.6, 0.05 M) 1:2 for refer-
ence electrophoresis, and 1:10 for immunofixa-
tion [89]. Six aliquots of 3-5 ul were applied on
the 1% agarose gel using a “‘sample template™.
The samples were electrophoresed for 30 min
under 100 V. After drying, 80 ul of the protein
fixative (5% acetic acid and 5% S3-sulfosalicylic
acid) were applied to the reference protein
migration. Similarly, monospecific antisera (anti-
Y. anti-e, anti-w, anti-« and anti-A) were applied
to the other five migrations. The preparations
were then incubated for 30 min at 45°C, washed
extensively, stained, destained and dried.

When low-concentration MG was suspected.
as well as when apparently isolated monoclonal
L chain was found, the test was repeated either
with lower dilution of the serum sample or with
specific anti-6 and anti-e H chain antisera.

2.3. Purification of immunoglobulins, cold
agglutinins and cryoglobulins

IgA, IgG, IgM and IgD were purified from
serum samples by affinity chromatography as
described elsewhere [117,123]. Cold agglutinins
(CAs) were partially purified from serum sam-
ples by cold absorption on and warm elution
from group O newborn or adult red blood cells
[110,116]. CAs were isolated from blood samples
coagulated at 37°C. The serum was left for 96 h
at 4°C [127,128]. After centrifugation, the pre-
cipitate was washed with phosphate—NaCl buffer
at 4°C (three times).

2.4. Two-dimensional polyacrylamide gel
electrophoresis

2.4.1. Sample preparation

Plasma/serum sample preparation was de-
scribed by Hochstrasser et al. [129]. Briefly, 5 ul
of plasma/serum were mixed with 10 ul of a
denaturing and reducing solution (‘‘solution D”’;
SDS 1 g, DTE (dithioerythritol) 0.232 g, water
10 ml), and heated at 95°C for 5 min. After a
short cooling time, 485 wl of the ‘“‘sample solu-
tion E” (100 ug of dithiothreitol, 400 ug of
3-[(3-cholamidopropyl )dimethylammonio]-1-pro-
pane sulfonate, 5.4 g urea, 500 ul of pH 3-5-10
ampholytes and 6.5 ml of water) were added.
For routine analysis purposes, 30 ul of the final
diluted sample (0.3 w1 plasma/serum equivalent)
were loaded onto the first-dimension gels.

Purified Igs, dialyzed against water, were
either diluted or concentrated to obtained a
protein concentration of 1 mg/ml. A 50-ul
volume was mixed and heated with 20 wl of
“solution D”’. Then 430 w1 of “solution E” were
added. A 50-ul volume of the final diluted
sample (5 wng Ig equivalent) was analyzed by
2D-PAGE.

A 50-pl volume of water dialyzed cold ag-
glutinins (Ig concentrations generally less than
0.05 g/l) were prepared as described above,
except that 10 ul of “solution D”” and 440 ul of
“solution E” were added. A 60-ul volume of the
final diluted samples was loaded onto the first-
dimension gels.
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Cryoprecipitates were directly dissolved in
“solution D”. A 10-ul volume (25-50 upg of
protein) was mixed with 100 ul of *“‘solution E™.
A 50-ul volume of the final diluted sample
(12.5-25 pg of protein) was loaded on the first-
dimension gels before isoelectric focusing.

2.4.2. Isoelectric focusing (first dimension)

Until recently, isoelectric focusing was per-
formed with carrier ampholytes but was replaced
by immobilized pH gradients, to achieve better
resolution of basic proteins.

2.4.2.1. Carrier ampholytes

Isoelectric focusing was performed using pH
3.5-10 carrier ampholytes gradients (CAGs).
The equipment was from Bio-Rad (Glattbrugg,
Switzerland). The anolyte contained phosphoric
acid (6 mM) whereas the catholyte contained
sodium hydroxide (20 mM). Samples were
loaded onto the basic side of the capillary gels.
The later were prepared as described in details
by Hochstrasser et al. [129]. Diacrylylpiperazine
was used as the cross-linking agent [130,131].
Isoelectric focusing was performed at room tem-
perature with a constant voltage of 200 V for 2 h,
followed by 500 V for 5 h, and then 1000 V for
11 h.

2.4.2.2. Immobilized pH gradients

Isoelectric focusing using immobilized pH gra-
dients (IPGs) was performed as described by
Gorg et al. [132], and later modified by
Bjellgvist et al. [133]. The equipment, including
Immobiline Dry-Strip pH 3-10 NL, 18 cm, was
from Pharmacia-LKB (Uppsala, Sweden). All
samples were routinely loaded onto the cathodic
end of the rehydrated IPG strips, covered with
low-viscosity paraffin oil. Isoelectric focusing was
performed at 10°C. The voltage was progressive-
ly increased from 200 to 3000 V during the first 3
h, followed by 3500 V for ! h, and finally
increased to 5000 V for a total of 100 kV h.
Before the second-dimensional run, IPG strips
were equilibrated within the strip tray for 15 min
with a solution (100 ml) of Tris—HCI buffer (0.05
M, pH 6.8) containing 6 M urea, 30% (w/v)
glycerol, 2% (w/v) SDS and 2% (w/v)

dithioerythritol to resolubilize the peptides. SH
groups were subsequently blocked by equilibra-
tion (5 min) with the same solution containing
iodoacetamide  (2.5%, w/v) instead of
dithioerythritol and traces of bromophenol blue
[133].

2.4.3. SDS-PAGE (second dimension)

The vertical second dimension was performed
on 180 x 160 x 1.5 mm 9-16% polyacrylamide
gradient gels, also using diacrylylpiperazine as
cross-linking agent [130,131]. SDS was not in-
corporated into the gels, and stacking gels were
not employed. CAG capillary gels, rinsed with
150 wl of a transfer solution containing 8 ml of
0.5 g/1 bromophenol blue solution, 40 ml of 100
g/l of SDS solution, 20 ml of 0.5 M Tris-HCI
buffer, pH 6.8, and 72 ml of water, were loaded
onto the slab gels. They were not sealed with any
agarose. IPG strips were cut to size with second-
dimensional gels, and sealed onto slab gels with
the transfer solution containing 0.5% agarose.
The gels were run at 40 mA/gel constant current
and maintained at a temperature between 8 and
12°C.

2.4.4. Silver staining and spot identification

The silver staining protocols, based on those
described by Oakley et al. [134] and Rabilloud
[135], have been described elsewhere [129,133].
Briefly, at the end of the run, the gels were
washed in water, then soaked in ethanol-acetic
acid—water (40:10:50) for 1 h and ethanol-acetic
acid—water (5:5:90) overnight. After a water
wash, the gels were soaked (30 min) in glutaral-
dehyde (1%) buffered with sodium acetate (0.5
M) and the glutaraldehyde was removed by
water washes. The gels were then soaked ina 1.7
naphthalenenedisulfonic acid solution (0.05%,
w/v) for 30 min and rinsed again with water. The
gels were stained in a freshly made ammoniacal
silver nitrate solution [112] for 30 min and then
rinsed with water. The image was developed in a
solution containing 0.05% (w/v) citric acid and
0.1% (v/v) formaldehyde in 1 1 of water. De-
velopment was stopped with an acetic acid-
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water (5:95) solution. All incubations were per-
formed on an orbital shaker.

The gels were photographed with higher mo-
lecular masses at the top and the acidic side on
the left. Polypeptides were identified by com-
parison  with  reference  protein  maps
[120,136,137]. pf values were determined using
the reference values established by Bjellgvist et
al. [133]. Apparent M, values of polypeptide
spots were established by comparison of known
proteins used as internal standards.

3. Evaluation of results
3.1. The plasma/serum protein map

The human plasma/serum 2D profile has been
extensively studied, also during development
[120,136-159]. More than 400 spots, represent-
ing about 80 polypeptide chains or 55 proteins
have been identified so far on plasma/serum
protein maps (120,136.137]. Fig. 1 shows the 2D
pattern of a normal plasma sample. Polypeptides
are rarely detected as isolated spots, but are
observed as a series of spots, displaying charge
and size microheterogeneities. Some reflect post-
synthetic chemical modifications such as N-termi-
nal acetylation, tyrosylation, phosphorylation,
deamidation or proteolytic cleavage, while
others are due to the addition of both charged
and uncharged sugars [149]. Genetic polymor-
phism is another important factor
[120,142,145,147,149,151-153,155,157-159].

In contrast to cell or tissue samples, 2D
plasma/serum protein patterns are largely in-
dependent of the carrier ampholytes and 2D-
PAGE protocols [120,133]. Thus, plasma/serum
protein maps obtained in different laboratories
can be easily evaluated relative to previously
published data. By comparison with “‘reference”
normal plasma/serum protein maps, distinct
protein modifications can be observed on 2D-
PAGE pictures of pathological samples, allowing
the diagnose of diseases solely on the basis of the
protein profile (reviewed in Ref. [120]).

3.2. Polyclonal and monoclonal
immunoglobulins

The map locations of IgG y-H chains and of «-
and A-L chains were described by Anderson and
Anderson [138]. Based on the analysis of mono-
clonal Igs of different isotypes, the position of
IgA a chains and IgM u chains were identified
by Thorsrud et al. [102] and Latner et al.
[103,104]. The latter authors also described the
position of IgD & chain, whereas IgE € chain was
identified by Jellum and Thorsrud [106].

3.2.1. Polyclonal heavy chains

Since proteins are separated under denaturing
and reducing conditions, H chains are well
separated from L chains. In addition, H chains
of different isotypes are detected on non-over-
lapping areas of the gels (Figs. 1-3). Polyclonal
H chains are observed as “fuzzy’ zones, without
distinct individualizable spots. Polyclonal u
chains are noticed above the large albumin spot
and at the acidic side of transferrin, in an area of
the gel corresponding to p/ of 5.6 to 6.4. In
patients with normal IgM levels, u chains are
not well resolved (Fig. 1). They are clearly
detectable in patients with high IgM serum levels
(Fig. 2). Along with full length u chains, u-
chain fragments (u-S fragments [107,123,149])
as well as an IgM-associated peptide can also be
noticed (Fig. 2). The IgM-associated peptide is
an unknown protein, as shown by N-terminal
microsequencing (APPGVRLVGGLH) [128].
Polyclonal « chains are resolved at an apparent
M, lower than albumin, just above the spots of
antithrombin III. The p/ of a chains is usually
between 4.9 and 6.1. In plasma, y chains are
found under the 8 chain of fibrinogen (absent in
serum), at the basic side of the gels, and in an
area corresponding to p/ of 6.2 to more than 10.
Polyclonal & chains, as well as € chains are not
detectable.

3.2.2. Polyclonal light chains

Polyclonal L chains appear as clustered non-
discrete spots, and form cloudy zones with un-
evenly distributed densities (Fig. 1). The appar-
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Fig. 1. The normal plasma map. Polypeptides (0.3 ul of plasma) were separated by pH 3-5-10 carrier ampholytes gradient,
followed by gradient 9-16% PAGE in presence of SDS. The ammoniacal silver stained gel was photographed with the higher
molecular mass at the top and the acidic side on the left. | = a2-Macroglobulin; 2 = ceruloplasmin; 3 = Glu-plasminogen;
4= Lys-plasminogen: 5 = complement factor B; 6 = complement Cls; 7 = protransferrin; § = prothrombin; 9 = «1-B-glycoprotein;
10 = transferrin; 11 = hemopexin: 12 = a2-antiplasmin; 13 = o -antichymotrypsin; 14 = fibrinogen o chain; 15 = a2-HS-glycopro-
tein; 16 = al-antitrypsin; 17 = antithrombin III; 18 = fibrinogen B chain; 19 = extend fibrinogen y chain; 20 = Ge-globulin (the
vitamin D-binding protein); 21 = lysin-rich glycoprotein: 22 = fibrinogen y chain: 23 =apo A-IV; 24 = haptoglobin # chain;
25 =Zn-a-glycoprotein; 26 =apo J: 27 = cleaved haptoglobin B chain; 28 =apo E (phenotype E 3/4); 29 = vy chain of
complement C4; 30 = al-microglobulin: 31 = apo D: 32=apo A-I: 33 =proapo A-I; 34 = retinol binding protein; 35=
haptoglobin a1 chain; 36 = transthyretin (prealbumin): 37 = haptoglobin a2 chain; 38 = hemoglobin 8 chain; 39 = apos C-II and
C-lII; a = albumin; u = polyclonal heavy chains of [gM:; a = polvclonal heavy chains of IgA; y = polyclonal heavy chains of IgG;
k=X = polyclonal Ig light chains. First dimension: CAG.
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Fig. 2. Immunogiobulin heavy chain areas. Patient with high
IgM serum levels (21 g/1). The insets show the restricted and
non-overlapping areas in which monoclonal heavy chains can
be observed. w =IgM heavy chains; 8 = IgD heavy chains;
a =IgA heavy chains; y=1IgG heavy chains; u-S=IgM
heavy chain fragments; 1 = IgM-associated peptide. Note that
transferrin is hidden by polyclonal u chains. First dimension:
CAG.

ent M_of L chains is between 21 000 and 27 000,
whereas their p/ is between 5 and 11. The 2D
pattern of polyclonal L chains is quite uniform
between samples. Moreover, the apparent M, of
k-L chain is typically lower than that of A chains
[107].

3.2.3. Monoclonal heavy chains

In contrast to polyclonal H chains, monoclonal
H chains are detected as sets of well-resolved
spots characterized by charge microheterogen-
eity (Figs. 3-6). Microheterogeneity of mono-
clonal Ig is observed by isoelectric focusing and
immunoblot analysis, and has been primarily
attributed to post-translational sialylation and
possibly to acetylation, deamidation and
glycosylation of the H chain [95,160-162].
Monoclonal @ , y and p chains are usually
located at the same position than the corre-
sponding polyclonal H chains. There are, how-
ever, examples of aberrant H chain patterns,
most frequently detected in patients with H
chain disease [107]. An *‘abnormal” monoclonal

v3 chain is shown in Fig. 4C. In contrast to the
“usual” monoclonal y chains detected at 2D-
PAGE analysis (Figs. 3C, 4B), this particular H
chain has a larger apparent M, with size
heterogenity as well. It is possible that this
pattern corresponds to the IgG3 subclass [106].
Monoclonal IgD are infrequently observed in
patients with myeloma [37-40], but the 2D
pattern of monoclonal & chain has been de-
scribed [103,104,107,113,120,121,123]. In our
series of MGs analyzed by 2D-PAGE, we ob-
served four monoclonal IgDs. On plasma/serum
2D maps, monoclonal 8 chains are also char-
acterized by charge microheterogeneity, and to a
lesser degree by size heterogeneity. They are
detected within or at the basic side of albumin
(Fig. S). The p/ ranges of the monoclonal 8
chains that we have observed were between 5.2
and 8.

3.2.4. Limitations of 2D-PAGE in the analysis
of monoclonal heavy chains

The first and the most important limitation of
the technique is related to the absence of detect-
able monoclonal y chains on protein maps in
75% of monoclonal IgG, either due to an “um-
brella effect” of polyclonal y chains, or, more
frequently, due to the basic p/ of the monoclonal
v chains (Fig. 7) [123]. This problem was not
overcome by using IPG strips for the first dimen-
sion, in spite of a better resolution of basic
proteins compared to CAG. It is possible that
hydrophobic interactions occur between the IPG
matrix and some basic y chains leading to pre-
cipitation of the peptides of interest. The second
restraint is related to the difficulties to recognize
basic monoclonal g chain spots (p/ 6.1-6.8)
when they are resolved among the spots of
transferrin (Fig. 6). The third limitation is due to
the wide pl range of monoclonal 8 chains. We
observed a monoclonal 6 chain that migrated at
the same position as albumin, and was therefore
not detectable on the serum protein map.

Finally, as monoclonal H chains exhibit major
charge and to a lesser degree size micro-
heterogeneities, multiple clonal Igs of the
same isotypes cannot be detected individually,
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Fig. 3. Two-dimensional patterns of purified polyclonal and monoclonal Igs of different isotypes. (A) Normal serum, (B) purified
IgA, (C) purified IgG and (D) purified IgM. Insets (B—D) show purified monoclonal heavy chains. 1 = Plasminogen; 2 = factor
B; 3 = transferrin; 4 = hemopexin; 5= al-antitrypsin; 6 = «1-antichymotrypsin; 7 = Ge-globulin; 8 = a2-HS-glycoprotein; 9=
haptoglobin B8 chain; 10 = apo E (phenotype E 3/3); 11 =y chain of complement C4; 12 = apo A-I; 13, retinol binding protein;
14 = haptoglobin «1 chain; 15 = transthyretin; a = albumin; p = polyclonal heavy chains of IgM; a = polyclonal heavy chains of
IgA; y = polyclonal heavy chains of IgG; x—A = polyclonal Ig light chains; a’ = monoclonal a chain; y’ = monoclonal y chain;
@' =monoclonal x chain. Charge microheterogeneity of monoclonal heavy chains is highlighted by arrows. First dimension:
CAG. (From Tissot et al. [123]).
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Fig. 4. Pattern variations of monoclonal IgG. (A) Normal serum, (B) serum from a patient with monoclonal IgG and (C) serum
from a patient with a monoclonal IgG3 that activated complement. 1 =Glu- and Lys-plasminogen; 2 = hemopexin; 3 = al-
antitrypsin; 4 = o 1-antichymotrypsin; 5 = a2-HS-glycoprotein; 6 = haptoglobin B chain; 7 =y chain of complement C4; 8=apo
A-I; 9=retinol binding protein; 10 = haptoglobin a1 chain; 11 = transthyretin (prealbumin); 12 = haptoglobin a2 chain; a=
albumin; E3 = apo E (phenotype E3/3); E3.4 = apo E (phenotype E3/4); y = polyclonal heavy chains of 1gG; k—A = polyclonal
Ig light chains; v’ = “typical” monoclonal y chain; y” = aberrant monoclonal y chain, characterized by a higher apparent M,, as
well as by charge and size microheterogeneity. Note the absence of the y chain of complement C4 in (C). First dimension: CAG.

due to superposition of several sets of spots in a
restricted area of the 2D gel [122].

3.2.5. The spectrum of light chain patterns and
correlations with immunofixation electrophoresis

The analysis of L chain patterns provides
invaluable information on the apparent diversity
of Igs, as illustrated by several examples shown
in Fig. 8.

The study of plasma/serum samples from
patients with hypergammaglobulinemia, but
without detectable monoclonal or restricted Ig
bands at IFE, reveals different L chain patterns
when compared to the normal Ig L chain pat-
tern. In some patients, L chains appear as a wide
spread of numerous ill-defined spots (Fig. 8A,
B) or as many small but well-defined spots (Fig.
8F, G). A combination of the two patterns is
also observed (Fig. 8C-E).

L Chain pattern from patients with oligoclonal
Igs in their serum (appearing as faint bands at

IFE, as exemplified for the case shown in Fig. 9)
are detected as a limited number of well dis-
tinguishable spots (Fig. 8H-M). Oligoclonality
can be also observed in patients without IFE
abnormalities (developing infants, in some pa-
tients treated by allogeneic bone marrow trans-
plantation, as well as in some patients presenting
immunodeficiencies or with acute infections
[111,117,120,122-125)).

In about two thirds of patients with MG,
monoclonal L chains are detected as a dominant
and well-defined spot (Fig. 8N, O). In one third
of the patients, examined monoclonal L chains
disseminate in more than one spot (Fig. 7).
Microheterogeneity of L chain patterns has al-
ready been reported in the literature [95,114]. In
a study of 41 patients with MG, Harrison [114]
observed monoclonal L chains exhibiting signifi-
cant microheterogeneity in 75.6% of cases, con-
trasting with our observation of 29% [123,125].
Most likely, this discrepancy is related to the
amount of monoclonal Ig in plasma/serum sam-
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Fig. 5. 2D-PAGE pattern of a monoclonal IgD-A. (A) Serum and (B) purified IgD (anti-A Sepharose). a = Albumin;
w = polyclonal heavy chains of IgM; a = polyclonal heavy chains of IgA; y = polyclonal heavy chains of IgG; «,A = polyclonal Ig
light chains; 8’ = monoclonal & chain monoclonal; A’ = monoclonal A chain; t = transferrin. Note that in serum, polyclonal Igs are
decreased, and that the acidic part of the monoclonal & chain is hidden by albumin. First dimension: CAG. (From Tissot et al.

[123)).

ples, to the different amounts of samples that
were loaded onto the first-dimension gels, as well
as to differences in silver staining procedures.

Fig. 6. 2D-PAGE pattern of a basic monoclonal g chain.
Serum sample from a patient with Waldenstrdm’s macro-
globulinemia. The monoclonal g chain spots are observed
among the spots of transferrin, and can be easily missed.
# = Monoclonal p chain; t=transferrin. First dimension:
IPG.

3.2.6. Semi-quantitative determination of
immunoglobulin concentrations

Serial dilutions of protein-A purified mono-
clonal IgG fractions revealed that 2D-PAGE can
be used to semi-quantitatively determine the
amount of a monoclonal Ig in a sample (Fig. 10).
After 2D-PAGE of 0.3 ul of serum, L chain
spots larger than the main spot of apolipoprotein
(apo) A-I correspond to Ig concentrations great-
er than 2 g/1, whereas spots smaller than proapo
A-I correspond to Ig concentrations lower than
0.2 g/1 [117].

3.2.7. Limitations of 2D-PAGE in the analysis
of the clonality of light chains

2D-PAGE analysis of L chain patterns does
not permit definitive conclusions regarding clo-
nality on a single-case basis, since monoclonal L
chains do not always appear as single spots.
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Fig. 7. Detail region of the y chain area after 2D-PAGE of
the serum from a patient with multiple myeloma and mono-
clonal IgG. Note the absence of monoclonal y chain as well
as the almost complete absence of polyclonal y chains. The
monoclonal light chain appears as a large and well resolved
spot (large arrow), accompanied by a smaller and more acid
spot (small arrow). First dimension: CAG.

Furthermore, also due to L chain microhetero-
geneity, semi-quantitative determinations of
prominent clonal Igs according to the size of the
L chain spots underestimate the concentration of
several monoclonal Igs. In addition, the L chain
type cannot be accurately determined only ac-
cording to size differences between k and A
chains. However, based on the SDS molecular
mass discriminant values, Tracy et al. [107]
correctly assigned the L chain type in more than
75% of the cases.

Several monoclonal L chains are not detected
on the protein map because of their basic p/ by
using CAG [123]. However, the use of IPG

Fig. 8. The spectrum (from polyclonal to monoclonal) of Ig
light chain patterns. (A-G) Hypergammaglobulinemia (IFE
patterns unremarkable), (H-M) oligoclonal gammopathy
(restricted, but multiple clonal Ig bands at IFE analysis) and
(N and O) monoclonal gammopathy (single monoclonal Ig
band at IFE analysis). The most prominent Ig light chain
spots are indicated by arrows. First dimension: CAG
(adapted from Tissot et al. [123]).

Chromatogr. A 698 (1995) 225-250
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Fig. 9. Immunofixation electrophoresis showing multiple
restricted clonal IgG-« and IgG-A bands. SPE = serum pro-
tein electrophoresis.

clearly yields better resolution of basic L chains.
Fig. 11 illustrates the resolution of basic light
chains with IPG and shows an example of a
monoclonal L chain spot that was not detected
with CAG.

Finally, modifications unrelated to Ig L chains
can be observed in the L region. Such modi-
fications may be observed in patients with severe
inflammation and very high C reactive protein
levels. This protein is detected as two or three
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Fig. 10. Semi-quantitative determination of Ig concentration
according to the width of Ig light chain spots. Series of
electrophoretograms of different protein-A purified mono-
clonal IgG were performed and revealed a good correlation
(r > 0.095, semi-logarithmic plot) between the amounts of Igs
loaded onto first-dimension gels and the width of the light
chain spots. Each point represents the mean of five different
light chain spots. Insets show details of electropherograms of
three different light chain spots corresponding to (A) 1 pg:
(B) 0.1 ug; (C) 0.01 ug of purified IgG (per spot). First
dimension: CAG. (From Tissot et al. [117]).

Fig. 11. Details of the basic part of the Ig light chain area.
(A) Normal serum and, (B) serum sample from a patient
with Waldenstrom’s macroglobulinemia and monoclonal IgM.
The monoclonal light chain (arrowed) was not detected by
2D-PAGE analysis using CAG, but was clearly observed with
IPG. First dimension: IPG.

spots, above apo A-I, in an area corresponding
to p/ 5.1-5.3 (Fig. 12).

3.3. Clinical applications

To illustrate the potential impact of 2D-PAGE
analysis in a clinical environment, several select-
ed situations are presented.

Fig. 12. Details of the acidic part of the Ig light chain area.
(A) Normal serum, (B, C) serum samples from patients with
severe inflammation. 1= Amyloid P serum protein; 2=
proapo A-1; 3= apo A-I; 4 = C reactive protein. First dimen-
sion: IPG.
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3.3.1. Cold agglutinins

CAs are defined as autoantibodies capable of
agglutinating erythrocytes at temperatures below
37°C. The possible clinical importance of CAs is
best evaluated in the laboratory by determina-
tion of their thermal amplitude, defined by the
highest temperature at which the antibody is
active [163,164]. Hemolytic anemia related to
CAs may be observed in a wide variety of
diseases. Monoclonal CAs, generally belonging
to the IgM isotype are observed in patients with
lymphoproliferative disorder or suffering from
the “idiopathic” chronic cold agglutinin disease
(CCAD) [165]. Polyclonal CAs, also belonging
to the IgM isotype, may be found in patients
with various infectious diseases, but more par-

Table 1

ticularly in patients with Epstein—Barr virus or
mycoplasma pneumoniae infection. We have pre-
viously shown that the determination of the
clonality of CAs could be a useful aid in the
precocious differentiation of the CCAD and
‘“‘parainfectious”  CA-associated  hemolytic
anemia [110,116,120]. These preliminary ob-
servations are confirmed in a series of 25 con-
secutive patients with hemolytic anemia and CAs
(Table 1). The 2D-PAGE analyses of three
selected cases are shown in Fig. 13. All three
patients presented increased IgM serum levels
and unremarkable IFE analysis. The electro-
pherograms of the purified CAs display polyclon-
al IgM in two patients (Fig. 13A’, B’), and
monoclonal IgM in the third patient (Fig. 13C’).

Clinical findings, specificity and clonality of cold agglutinins in a series of 25 consecutive patients

Patient Clinical diagnosis Specificity® Clonality of the CA®
J.T CCAD* Anti-1 Monoclonal
C.C Epstein-Barr virus infection Anti-i Polyclonal
B.G. Lymphoma Anti-1 Monoclonal
E.B. Lymphoma Anti-I Monoclonal
T.E. Angioimmunoblastic lymphadenopathy Anti-I Monoclonal
A JM. Mycoplasma pneumoniae Anti-I Polyclonal
C.G. Mycoplasma pneumoniae Anti-1 Polyclonal
L.M. Waldenstrom’s macroglobulinemia Anti-1 Monoclonal
P.J.P. Type I cryoglobulinemia Anti-1 Monoclonal
G.B. Chronic lymphocytic leukemia Anti-i Monoclonal
B.A. Chronic hepatitis C Non-specific* Polyclonal
H.L. CCAD Anti-1 Monoclonal
S.M CCAD Anti-1 Monoclonal
S.L. CCAD Anti-1 Monoclonal
B.X. CCAD Anti-1 Monoclonal
K.E. Lymphoma Non-specific Monoclonal
BY. CCAD Anti-1 Monoclonal
C.J. CCAD Anti-1 Monoclonal
M.J. Lymphoma Anti-I Monoclonal
L.M. CCAG Anti-I Monoclonal
B.P. Epstein-Barr virus infection Anti-i Polyclonal
V.M. Lymphoma Non-specific Monoclonal
P.D. CCAD Anti-[ Monoclonal
C.L. CCAD Anti-1 Monocional
P.M.-L. CCAD Anti-1 Monoclonal

* Activity of the autoantibody determined with adult red cells (group O; antigen I) and with cord blood red cells (group O;

antigen 1i).
" 2D-PAGE analysis.
¢ CCAD = Chronic cold agglutinin disease.
“ Reactivity identical either with adult or cord red blood cells.
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Fig. 13. Details of electrophoretograms of plasma/serum samples (A—C) and their purified cold agglutinins fractions (A'—C’).
Purified polyclonal (D) and monoclonal (E) IgM heavy chains are shown as controls. (A, A’) Serum and purified CAs from a
patient with chronic virus C hepatitis, (B, B') plasma and purified CAs from a patient with mycoplasma pneumoniae infection and
(C, C’) plasma and purified CA from a patient with chronic cold agglutinin disease. a = Albumin; R = reference protein used to
highlight the relatively acidic pI of the monocional u chain found in patient C; mu = polyclonal x chains; MU = monoclonal p
chains. The charge microheterogeneity of monoclonal g chains is highlighted by arrows. First dimension: CAG.

The first (Fig. 13A, A’) suffered from mild
ancmia and chronic virus C hepatitis infection.
The second patient (Fig. 13B, B') presented an
acute mycoplasma pneumoniae infection and
severe anemia. Follow up investigations revealed
that the CAs observed in the second patient
were ‘“‘transient”, whereas the CAs detected in
the first patient persisted over the years. To the
best of our knowledge, persistent polyclonal CAs
have not been reported in the literature. The
third patient (Fig. 13C, C’) suffered from the
CCAD. 1t is noteworthy that monoclonal IgM
was detectable on the plasma 2D map, but was
not found at IFE analysis. By contrast, as ex-
emplified for one case in Fig. 14, when mono-
clonal CAs are detectable at IFE analysis, the

2D technique is not useful for diagnostic pur-
poses.

3.3.2. Cryoglobulins

Cryoglobulins are Igs that precipitate in the
cold. Each cryoglobulin has an individual ther-
mal curve with well-defined kinetics of precipi-
tation. Three types of cryoglobulins have been
identified [166]. Type I cryoglobulins contain a
single monoclonal Ig, whereas type II cryo-
globulins are mixture of monoclonal Igs (most
frequently IgM) and polyclonal IgG. Type III
cryoglobulins are mixture of polyclonal Igs of
different isotypes (generally I1gG and IgM). Type
I cryoglobulins are observed in patients suffering
from lymphoproliferative disorders. Type II and
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Fig. 14, Immunofixation electrophoresis of the serum (A) and
of the CAs isolated by warm absorption on and cold elution
from group O adult red blood cells (B). A monoclonal IgM-«
is clearly present in both serum and “‘purified” CAs. The
patient presented malignant B cell lymphoma.

type III cryoglobulins are found in patients with
a wide variety of diseases, including infections,
autoimmune disorders, lymphoproliferative dis-
eases, and chronic liver diseases. Type II and
type III cryoglobulins are called ‘“essential”
when they are observed in patients with no
apparent primary disease. However, recent data
strongly suggest that most of the “essential”
cryoglobulins are associated with hepatitis C
virus infection [127,167-175]. 2D-PAGE analysis
of cryoprecipitates as well as immunoblotting
analysis revealed that a number of cryoglobulins
present patterns that are intermediate between
those of type II and III cryoglobulins
[127,128,173]. In addition, the 2D technique
provides precise information on the isotypes, as
well as on the clonality of Igs, that precipitate at
low temperature. In a series of 41 cryoprecipi-
tates that were analyzed in our laboratory, we
found 29 samples presenting 2D patterns allow-
ing their identification according to the classifica-
tion of cryoglobulins proposed by Brouet et al.

[166]. We detected twelve cryoprecipitates that
showed 2D patterns that differed from those
expected [128]. Two samples were mixture of
oligoclonal IgM with trace amounts of Igs of
different isotype (tentatively named type II-
1, ... cryoglobulins), whereas ten samples
were comprised of a mixture of polyclonal and
monoclonal IgM associated with polyclonal IgG
(type II-III cryoglobulins). Upon IFE analysis,
only the most prominent IgM clone was de-
tected, or inversely, the monoclonal IgM com-
ponent was hidden by polyclonal IgM, explaining
why they appeared as type II or as type III
cryoglobulins by this technique. Fig. 15 shows
the respective 2D w chain patterns of type II,
type II-1II and type III cryoglobulins.

3.3.3. Light chain amyloidosis (AL)
Amyloidosis is a group of diseases, character-
ized by deposition of proteins in tissues, that are
stained with Congo red [46,47,71]. They are
classified according to the chemical composition
of the precursor proteins. Amyloidosis directly
related to Ig L chain deposition is called AL. AL
represents the most common form of systemic
amyloid deposition disease. It complicates the
course of 10-20% of patients with clinical
myeloma, but can also be observed without
evidence of clinical lymphoproliferative
syndrome [47,71,176]. In a large series of pa-
tients presenting MG, primary AL was found in
9% of the cases [40]. Approximately 8 to 15% of
the patients, whose serum and urine are ex-
amined in laboratories experienced in defining
MG, did not have a detectable monoclonal L
chain in either fluids [47,176]. Our experience in
2D-PAGE analysis of plasma/serum, as well as
urine from patients with AL, is summarized in
Table 2. Monoclonal L chains were observed on
plasma/serum, as well as on urine protein maps.
Interestingly, relatively acidic monoclonal L
chains (pI 5.0-5.3) were found in three cases, as
exemplified for one case in Fig. 16A. In patients
with AL and nephrotic syndrome, 2D-PAGE
analysis also permits identification of the mono-
clonal L chain as well as of other proteins that
are lost by the damaged kidneys (Fig. 16B).
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Fig. 15. Two-dimensional electrophoretic patterns of mixed
cryoglobulins. Details of the p chain areas of the protein
maps of (A) type II cryoglobulins; monoclonal p chain
pattern; (B) type II-III cryoglobulins; monoclonal g chain
pattern superimposed on polyclonal u chain pattern; (C) the
protein map of type III cryoglobulins; presence of polycional
# chains. u =pu Chains; y = polyclonal y chains; k—A =
polyclonal Ig light chains. Open arrows (panel B) highlight
prominent clonal u chain spots. First dimension: IPG.

4. Conclusions and perspectives

What are the implications of 2D-PAGE analy-
sis concerning the understanding of the immune

humoral system? With the current 2D-PAGE
technologies, individual Ig L chains can be
detected when the concentration of the mono-
clonal Ig is above 25 mg/l [117]. Even if the
technique does not permit definitive conclusions
regarding clonality on a single case basis because
of L chain microheterogeneity, 2D-PAGE analy-
sis is useful to appreciate the apparent clonal
diversity of Igs in many different clinical settings.
In patients with hypergammaglobulinemia, many
small and well-defined L chain spots can be
observed, suggesting that a limited number of
Ig-secreting B cell clones are preferentially ex-
panded (schematized in Fig. 17C). On the other
hand, in some patients, homogeneous repre-
sentation of L chains spots are observed, sug-
gesting a more polyclonal B cell stimulation
(schematized in Fig. 17D). These observations
suggest that different mechanisms are implicated
in the production of hypergammaglobulinemia in
humans.

Little pertinent information is available on the
patho-physiological importance of the micro-
heterogeneity of monoclonal L chains observed
at 2D-PAGE analysis [94,113,114,123,125]. Bio-
chemical properties of monoclonal L chains may
be important in the development of renal insuf-
ficiency that is frequently observed in patients
with multiple myeloma. Renal failure has been
reported in approximately 20-50% of patients
with multiple myeloma, resulting primarily from
the excretion of free L chains [52,177-184].
Several studies have suggested that the pl of the
monoclonal L chain is a particularly important
determinant of its nephrotoxicity, and that basic
L chains are more prone to tubular precipitation
than acidic L chains [185-187]. Other inves-
tigators have found no such relation [188-192].
Yet, the specific molecular features responsible
for the renal deposition of certain Bence Jones
proteins (L chains) are unknown [183,184].

Approximately 15 to 20% of monoclonal L
chains appear to be amylogenic in that they have
the property of precipitating as fibrillar material
resembling amyloid [191]. Nevertheless, no
specific amino acid sequence common to all
amyloidogenic L chains has yet been identified
[45-48,49,175,191]. However, a non-random ex-
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Table 2

Clinical findings in five patients with immunoglobulin light chain amyloidosis

Patient (age. sex)

52, m 41, 61, f 67, m
Cardiac manifestations + - + +
Nephrotic syndrome + - + +
Peripheral neuropathy + - - - -
Bone marrow plasmocytosis <10% <10% 30% 15% <10%
Monoclonal light chain (serum/urine) +/+ / +/ = +*+ +*+
Light chain type A K A A
pl of the light chain spot(s) 5.0 7.5 5.9 and 6.3" 53

* Monoclonal L chain only detected at 2D-PAGE analysis.
"L Chain appearing as two spots.

pression of the V,II subgroup of L chains has
been recently reported in AL, implying a rela-
tionship between V, gene usage and certain types
of lymphocytic dyscrasias [192,193]. Interesting-
ly, Bellotti et al. [194] showed that determi-
nation of the L chain class, M_ and pl allowed
prediction of the amyloidogenicity in about 81%
of the cases. The propensity of L chain nephro-

toxicity or amyloidogenicity was shown to be
related to the formation of high-molecular-mass
aggregates under physiological conditions [195].
It is possible that some particular nephrotoxic or
amyloidogenic monoclonal L chains could be
identified at 2D-PAGE analysis depending on
their apparent M_, p/ and microheterogeneous
patterns.

PN

Fig. 16. Serum (A) and urine (B) protein maps from a patient with amyloidosis and nephrotic syndrome. The same amount (0.3
ul of serum and urine were loaded). 1= Transferrin: 2 = a1-B-glycoprotein; 3 = antithrombin III: 4 = al-antitrypsin; a =
albumin; L = monoclonal light chain. The monoclonal L chain was not detected at serum IFE analysis, but was found in a

40 x concentrated urine sample. First dimension: CAG.
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Fig. 17. Schematic representation of the clonal diversity of
immunoglobulins. A = Polyclonal hypogammaglobulinemia;
B = “normal” polylconal Igs: C = heterogeneous hypergam-
maglobulinemia; D = homogeneous polyclonal hypergam-
maglobulinemia; E = oligoclonal gammopathy; F=
monoclonal gammopathy without suppression of the poly-
clonal background; G = monoclonal gammopathy with sup-
pression of the polyclonal background (myeloma pattern).
Bars represents the Ig production by a single B cell clone.
The open part of the bars (histograms E-G) arbitrarily
highlight clonal 1gs that are in sufficient amount to be
detected using standard methods. The gray bar (histogram
B) illustrates why some “‘low™ concentration monoclonal Igs
such as cold agglutinins or the monoclonal component of type
II cryoglobulins may be not detected in serum samples.
Depending on the sensitivity of the methods, pattern E can
be either diagnosed as a monoclonal gammopathy or as an
oligoclonal gammopathy.

2D-PAGE analysis of CAs and cryoglobulins is
an other fascinating area of research. About 5%
of monoclonal IgM have been identified as CAs,
and between 7 and 10% of monoclonal IgM are
cryoglobulins precipitating on cooling and redis-
solving upon rewarming. In some patients,
monoclonal IgMs are directed against determi-
nants shared by red blood cells and y-globulins,
usually carbohydrate determinants present on
the surface of erythrocytes and the constant
region of Igs [66,67]. Such monoclonal IgMs are
both cryoglobulins and CAs. CAs define au-
toantibodies characterized by their ability to
interact with red blood cell antigens at low
temperature, but they are not always monoclonal

Igs. Although they can be detected in normal
individuals and that their titers increase during
viral and mycoplasmal infections, most of the
clinical symptoms appear in the context of MG
secondary to a wide array of B cell dyscrasias,
from benign proliferation to malignant, rapidly
expanding lymphomas [66,196]. It has been
known that most anti-I CAs preferentially use «
chains, and more recent analyses narrowed this
restriction to V_III families [197-199). Regard-
less of whether the autoantibody recognizes the i
or the I red cell antigen, restriction at the V, 4-
21 gene segment is absolute for pathogenic
monoclonal CAs [200]. By contrast, naturally
occurring polyclonal anti-i/I CAs can be en-
coded to a large extend by different V,;3 genes
[201]. These results suggest that naturally occur-
ring, polyclonal CAs may derive from B cells
that are distinct from the V,4-21 expressing
cells, which can rise to B cell neoplasms. What-
ever the mechanisms involved in the production
of CAs, it is of clinical relevance to have tools
such as 2D-PAGE that allow assessment of their
clonality.

The finding of type II-IIl cryoglobulins at
2D-PAGE analysis in some patients with virus C
hepatitis may be important in the understanding
of the sequence of events leading to the develop-
ment of “‘essential” type II cryoglobulinemia. It
is likely that the persistence of hepatitis virus C
in the host leads to continuous B cell stimulation
and hyperproduction of polyclonal Igs with the
appearance of type III cryoglobulinemia in some
patients. Possibly directly or indirectly related to
infection of blood mononuclear cells by hepatitis
C virus [202,203], transformation of polyclonal
to oligoclonal and finally to monoclonal IgM may
occur, progressively leading to type II-II and
finally to type II cryoglobulinemia (Fig. 18).
Further studies are need to confirm this hypoth-
esis.

2D-PAGE analysis could also have some role
to identify useful features to distinguish patients
with MGUS who do not progress from those in
whom a malignant transformation will develop.
It must be pointed out that neither the level of
monoclonal Ig nor the percentage of bone mar-
row plasma cells had predictive value for malig-
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Fig. 18. Hypothetical representation of the evolution of type
I to type II-III and finally to type II cryoglobulins. Bars
represent the Ig production by a single B cell clone. In type
[I-1IT cryoglobulins, the most prominent clonal IgM is
detected among polyclonal IgM.

nant transformation [63]. The definition of a MG
is generally too imprecise. Radl [36,204] has
recently proposed a new classification of MG
based on clinical and experimental observations.
However, in our opinion, the term MG should
be reserved to describe monoclonal Igs that are
overproduced by a single B cell clone (Fig. 17F,
G), whereas oligoclonal gammopathy (OG)
should apply to multiple overproduced Igs (Fig.
17E). Evidently the distinction can be made
possible only by using sensitive techniques. In
patients with muitiple myeloma, monoclonal Igs
are easily detected with standard techniques such
as HRE or IFE (Fig. 17). On the other hand, in
patients with OG, only the most prominent
clonal Ig(s) (the tip of the iceberg) is (are)
detected by these techniques. Therefore, MG (or
more particularly MGUS) may be diagnosed in
these patients albeit they present OG [or oligo-
clonal gammopathy of undetermined significance
(OGUS)). In a series of 36 scra containing a
single monoclonal IgG at IFE analysis, Withold
and Rick [41] found eight samples that contained
additional monoclonal Igs by immunoblotting.
Our experience suggests that OG and MG are
found in patients presenting readily different
clinical conditions. Furthermore, as previously
proposed by Radl et al. [98], OG should be
considered as forming a separate category of

“immunoglobinopathies”. MGs are most fre-
quently observed in patients with a single B cell
clone dyscrasia, whereas OG may be detected in
patients without overt B cell malignancies (Table
3). The sequence of events directly involved in
the transformation of a normal B cell into a
malignant plasma cell is still unknown. Cyto-
kines, chromosome translocations, genetic fac-
tors as well as abnormalities of oncogenes such
as ¢-myc and N-ras probably play major roles
(reviewed in Refs. [13,204]). Separate mecha-
nisms probably contribute to the development of
oligoclonal Igs. Oligoclonality may reflect T-B
cell imbalance, with restricted B cell help
through heterogeneous T cell repertoires (e.g.,
the Wiskott—Aldrich syndrome [111], acquired
immunodeficiency syndrome [205-208], bone
marrow transplantation [117,209,210], organ
transplantation [211,212], developing infants
[124,213] or solid tumors [125]). Oligoclonality
may be also related to selective antigenic
pressures (e.g. acute or congenital infections
[125,214]) or may be the reflect of a limited
repertoire of B cell clones (e.g. developing
infants, bone marrow transplantation [209]).
Finally, oligoclonality may be due to excessive B
cell proliferation, directly or indirectly related to
outgrowth of Epstein-Barr virus-infected B cell
clones [215-218]. It is likely that several mecha-
nisms may operate simultaneously.

A possible link between MG and OG is
represented by the “double gammopathies” or
biclonal gammopathies [219-221]. Riddell at al.
[221] reported an incidence of 2.5% of double
gammopathies (at IFE analysis) in a series of
1135 patients. Eleven patients presented
myeloma, six lymphoproliferative malignancy,
five non-lymphoproliferative malignancy and six
a double gammopathy of undetermined signifi-
cance. Similarly, Kyle et al. [219] found that 37
of 57 (65%) patients with biclonal gammopathy
had no features of myeloma or lymphoprolifera-
tive disease. It has been postulated that in some
patients the monoclonal Igs arise from two
separate B cell clones while in others the Igs
behave in a concordant manner that is consistent
with class switching in a single plasma cell clone.
Multiple independent Ig class-switch recombina-
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Table 3

Conditions associated with ~“immunoglobinopathies’™

Monoclonal gammopathies

Oligoclonal gammopathies

Multiple myeloma

Isolated plasmocytoma
Waldenstrém’s macroglobulinemia
B Cell lymphoma

Chronic lymphatic leukemia
Amyloidosis

Localized plasmocytoma
Biclonal gammopathies®

Normal ontogenesis (developing infants)
Primary immunodeficiency (Wiskott—Aldrich syndrome)
Secondary immunodeficiency with T-B cell imbalance
Reconstitution of the immune system (bone marrow transplantation, immuno-
supression, organ transplantation)
- Immunosuppresion
- T Cell dyscrasia
- Sjogren’s syndrome
- Acquired immunodeficiency syndrome

- Aging

Infections (cytomegalovirus, toxoplasmosis, hepatitis)

Solid tumors

Biclonal gammopathies”

MGUS/OGUS®
With a single monoclonal compo-
nent

With multiple clonal components

“ Biclonal gammopathies derived from a single B cell clone.

® Biclonal gammopathies derived from different B cell clones.

“MGUS = Monoclonal gammopathy of undetermined significance; OGUS = oligoclonal gammopathy of undetermined signifi-

cance.

tions occurring within the same clone have been
described in 35% of myeloma, suggesting that
tumoral expansion may occur either in pre-
switch B cells or in more differentiated plasma
cells [222]. Recently, Bakkus et al. [223] showed
that the clonogenic cell in multiple myeloma
originates from a pre-switched but somatically
mutated B cell. Different Igs produced by a
single B cell clone or by distinct cell populations
have been well documented [224-237].

Finally, how should one designate monoclonal
CAs or the monoclonal component of type II
cryoglobulins that are found in patients without
clinical evidence of lymphoproliferative disease
and without detectable serum monoclonal Ig at
both IFE and 2D-PAGE analysis? In such cases,
monoclonal Igs are detected because of their
“perverse” biological activities, not because they
are overproduced (Fig. 17B). It is possible that
such clonal Igs may have similar concentrations

that have Igs produced by a single “normal” B
cell clone. This notion is important, because the
absence of a MG at IFE or at 2D-PAGE analysis
does not exclude the presence of low concen-
tration MG with biological activity.

In conclusion, though 2D-PAGE is a powerful
technique to study the clonal diversity of Igs as
well as many different “immunoglobinopathies”,
its clinical relevance has yet not been prospec-
tively evaluated. Nevertheless, the technique
certainly has a place in laboratories experienced
in defining MG, both for diagnostic and for
research purposes.
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