
^ST NEUROLOGY

19  0 4 1 1 0 3 1  4

A study of the relative-affinity of CSF 
antigen-specific IgG in patients with 
multiple sclerosis and patients with 

encephalitis.

Thesis submitted for the degree of 
DOCTOR OF PHILOSOPHY 

in the
Faculty of Science (Biochemistry), University of London

by

Richard William Luxton

September 1992 Institute of Neurology 
University of London



ProQuest Number: U063876

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U063876

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Patients with multiple sclerosis and patients with a viral encephalitis are known to 

synthesise antigen-specific immunoglobulins within the central nervous system. This 

antibody can be shown to be of limited heterogeneity, which manifests itself as 

oligoclonal bands on an antigen immunoblot. To test the hypothesis that in multiple 

sclerosis the antibody production is a secondary, anamnestic response, a method was 

developed to study the relative affinity of antigen-specific IgG in cerebrospinal fluid. 

This was then used to compare the relative affinities of antigen-specific IgG in 

patients with multiple sclerosis and patients with a viral encephalitis. No statistical 

difference between the two groups was found when studying intrathecal synthesis of 

antigen-specific IgG oligoclonal bands. In contrast to this, there was a highly 

significant difference between the two groups when the relative affinity of antigen- 

specific IgG was measured. Patients with multiple sclerosis had an absence, or 

reduced level of high affinity antigen-specific IgG compared with patients with 

encephalitis. These results supported the hypothesis that the antigen-specific antibody 

from patients with multiple sclerosis is indeed produced as a result of a secondary 

activation of the B-cells. In comparison antigen-specific IgG in patients with 

encephalitis was of higher affinity, indicating that it is the product of a primary 

stimulation of the immune system.
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Introduction

Cerebrospinal fluid (CSF) is the fluid surrounding the brain, giving it buoyancy and 

some protection. A human brain weighing 1500 g in air has an effective weight of 

only 50 g when floating in CSF. The CSF is continually being replaced, bringing 

some nutrients to the brain and removing waste metabolites. In a normal adult there 

is approximately 135 ml of CSF being formed at the rate of 350 /xl/min (Cutler et al, 

1968), giving an average turnover time of six hours.

The choroid plexuses lying in the third and fourth ventricles (blood-CSF-barrier), 

produce approximately two thirds of the CSF (Milhorat et al, 1971), the remaining 

CSF is formed in several extrachoroidal sites (Sato and Bering, 1967) such as the 

cerebral capillaries (blood-brain-barrier), and dorsal root ganglia. CSF flow is from 

the ventricles, over the cerebral cortex before being absorbed into the venous blood 

through the cranial and spinal arachnoid villi. The villi act like a valve only allowing 

fluid flow in one direction, and thus preventing back flow of blood into the CSF 

(Welch and Pollay, 1961). The lumber sac containing the spinal cord is a cul-de-sac 

in which CSF turnover is much slower than ventricular CSF. Using radiolabelled 

albumin, it has been shown to be 2-4 days (Tourtellotte et al, 1980). For simplicity, 

in this thesis both barriers are referred as the blood-brain-barrier (BBB).

The normal circulation of lumbar CSF is aided by external compression of the durai 

sac with respiration and movement; pulsing of parenchyma due to arterial pressure 

change; and movement of CSF at the ependymal surface by ciliary motion in the 

ventricles.

The concentrations of proteins that pass into the CSF from the plasma, across the 

BBB depend on several factors. There are physical factors: the molecular radius of 

the molecule, smaller molecules passing more easily into the CSF (Felgenhauer and 

Renner, 1977); the molecular charge has also been shown to affect the passage into 

the CSF (Griffen et al, 1982). Two physiological or pathological factors affect the 

concentration of protein in the CSF, the first is the plasma concentration of the
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protein, the higher the plasma concentration the greater the transfer of protein across 

the BBB. Secondly, the functional state of the BBB will affect the amount of protein 

transferred; if there is damage or inflammation of the barrier then there will be 

increased leakage of protein from the plasma into the CSF (Fishman et al, 1958).

Immunoglobulin-G (IgG) in the CSF is thought to be passively transferred across the 

BBB, which in a normal individual is approximately 500 times less concentrated than 

in serum. The concentration of IgG in the CSF can be increased due to higher 

amounts of plasma IgG getting into the CSF from a primary increase of the plasma 

IgG concentration, or from damage to the BBB allowing more protein across. 

Another source of elevated IgG concentrations in the CSF is from local synthesis of 

IgG within the central nervous system (CNS). Local synthesis of IgG is seen in many 

different diseases affecting the brain (McLean et al, 1990), including primary 

demyelinating diseases like multiple sclerosis (MS), and infections of the nervous 

system (Tourtellotte and Parker, 1966; Link, 1972). To distinguish between local 

synthesis and leakage of IgG it is necessary to measure the ratio of IgG in CSF and 

serum, which is then compared with the CSF/serum ratio of a different reference 

protein. The most commonly used reference protein is albumin (Tourtellotte, 1970; 

Ganrot and Laurell, 1974; Link and Tibbling, 1977). Other reference proteins have 

been used, including (X2-macroglobulin (Schliep and Felgenhauer, 1978; Felgenhauer, 

1982) and haptoglobin (Baark et al, 1983). If an elevated IgG level in the CSF is due 

to leakage from the blood, there will be a proportional leakage of reference protein. 

Therefore dividing the CSF/serum IgG ratio by the ratio for the reference protein 

corrects for the blood derived IgG and the integrity of the BBB. The CSF/serum IgG 

ratio divided by the albumin CSF/serum ratio is known as the IgG index (Ganrot and 

Laurell, 1974).

leG  W o r= ^ Serum Albumin
Serum IgG CSF Albumin

A number of other formulae have been published in the literature to assess whether 

IgG in the CSF is derived from local synthesis within the CNS, or the serum.
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Examples of these are the Tourtellotte formula (Tourtellotte, 1970); the Schuller 

formula (Schuller and Sagar, 1981); the Reiber formula (Reiber and Felgenhauer, 

1987). The IgG index, and most of the other formulae, need four quantitative 

measurements, each of which has an analytical and biological variance. This can lead 

to imprecision of the calculated index.

When using electrophoretic techniques to study IgG, it is normally seen as a 

polyclonal distribution, the product of many clones of plasma cells, which merge 

giving an evenly stained "smudge” when visualized. In the CSF, locally synthesised 

IgG stains as several discrete bands. These bands are known as oligoclonal bands 

(OCBs), as they are thought to represent the product of a few plasma cells, each 

secreting a single clone of IgG (Link, 1967). The most sensitive qualitative method 

available is isoelectric focusing (lEF), followed by immunodetection of IgG (Livrea 

et al, 1981; Kostulas et al, 1987; Gallo et al, 1988; McLean et al, 1990). In a study 

of 1007 patients, McLean et al (1990) found only 58% of patients who have local 

synthesis of OCBs, by lEF, had an increased IgG index. Other studies of MS 

patients have shown the IgG index increased in 79.1% (Gallo et al, 1988) and 72% 

(Kostulas et al, 1987) of the patients where as qualitative detection of locally 

synthesised OCBs was positive in 99% and 100% of the patients respectively.
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Methods used to study IgG

IgG methods can be divided into two categories; qualitative techniques that detect the 

presence of OCBs and quantitative methods that are used in the calculation of the IgG 

index and other formulae.

Detection of oligoclonal bands

Electrophoresis was first used to study CSF in 1942 (Kabat et al, 1942), using a free 

electrophoresis technique. With the introduction of agar gel electrophoresis it was 

shown that patients with MS , SSPE and other neurological diseases had bands present 

in the gamma region. These bands were called oligoclonal bands by Laterre in 1964 

(Laterre et al, 1964). There have been many different electrophoretic techniques 

described in the literature using various support media; cellulose acetate (Glasner et 

al, 1979; Goodland and Thompson, 1983), agar (Link, 1973; Verheecke, 1975), 

agarose (Laurenzi and Link, 1978; Keir et al, 1985), polyacrylamide gel (Thompson 

et al, 1979; Stibler, 1979; Johnson and Thompson, 1982). The resolution of 

polyacrylamide gel electrophoresis is greater than agar or agarose electrophoresis 

(North and Chapel, 1987). The highest resolution technique is isoelectric focusing 

(lEF). lEF uses ampholytes to generate a pH gradient in a polyacrylamide or agarose 

gel when subjected to an electric field (Vesterberg and Svensson, 1966). Whereas 

the choice of medium used for the study of CSF proteins will influence the resolution 

of the separated OCBs, the sensitivity of the detection of the separated OCBs is 

dependent on the method used to stain the proteins. Many methods have been 

described that stain the total protein using dyes, such as Coomasie Blue (Johnson and 

Thompson, 1982), silver staining techniques (Confavreux et al, 1982; Mehta and 

Patrick, 1983; Roos and Licher, 1983; Lubahn and Silverman, 1984) and gold 

staining (Keir and Thompson, 1988). Silver and gold stains are extremely sensitive 

and require only one or two microlitres of unconcentrated CSF. The big disadvantage 

in using a total protein stain when looking for locally synthesised IgG is that of 

selectivity, since all proteins are visualized. Proteins synthesised within the CNS
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such as jS-trace and 7 -trace, can possibly be confused with locally synthesised IgG 

oligoclonal bands. For a method to be sensitive and specific for IgG an 

immunostaining technique must be used.

Immunostaining involves the detection of IgG using specific antisera for IgG that is 

either labelled with an enzyme or radionuclide, alternatively the anti-IgG is detected 

with a labelled second antibody (Stibler, 1979; Mattson et al, 1980; Kostulas and 

Link, 1982).

With the arrival of nitrocellulose membranes for immobilizing proteins (Towbin et 

al, 1979), blotting techniques, with immunostaining, have become widely accepted 

as the most sensitive method available for detecting OCBs (Walker et al, 1983; Keir 

et al, 1990). A blotting technique involves transferring the separated proteins from 

the gel, by either squashing the gel or electrophoresing the proteins from the gel, on 

to a nitrocellulose membrane. Agarose gels are readily squashed, and collapse under 

an applied weight, resulting in a near 1 0 0 % transfer of protein from the gel on to the 

membrane (Koch et al, 1985). Polyacrylamide gels, which have a more rigid 

structure, do not squash easily resulting in an inefficient transfer of protein on to the 

membrane. Electrophoretic transfer is often used to force the protein from the gel 

on to the membrane, for which there are several commercial systems available.

It is thought that nitrocellulose binds proteins by hydrophobic interactions. This is 

supported by the fact that non-ionic detergents such as Triton X-100 or Nonidet P-40 

can elute up to 90% of bound protein (Gershoni and Palade, 1982). Ionic interactions 

are unlikely as the nitro group is uncharged and the binding still occurs in the 

presence of high salt concentrations. Hydrogen bonding may also contribute to the 

total binding energy.

Disadvantages of nitrocellulose membranes are their fragility and tendency to crack 

when dry if handled roughly; nowadays nitrocellulose membranes with an unreactive 

plastic mesh core are available, which have a much enhanced mechanical strength.
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Gershoni and Palade (1982) reported a relatively low binding capacity for protein on 

nitrocellulose (80 /xg/cm^); Millipore technical data reports a protein binding of 251.7 

^g/cm^ for IgG, using their nitrocellulose. Hoffman and Jump (1986) demonstrated 

that the use of Tween 20 in an immunoblot technique can lead to loss of protein 

immobilized on the nitrocellulose membrane, as much as 97% being lost in some 

cases. DenHollander and Befiis (1989) showed that blocking with non-fat milk also 

led to loss of bound protein, the loss being dependent on the concentration of the milk 

and the length of time blocking. It was thought that this loss was due to replacement 

of bound protein with milk protein. To minimize this loss, methods have been 

described that attempt to fix the protein to the membrane with glutaraldehyde (Jahn 

et al, 1984; Sharief et al, 1989).

Other membranes have been used for blotting methods such as nylon (Gershoni and 

Palade, 1982), polyvinylidene difluoride (PVDF) (Nespolo et al, 1987) and epoxy 

membranes. These have the advantage of being mechanically stronger, and bind 

proteins with a higher avidity. These membranes can be charge modified, giving a 

cationic, anionic or hydrophobic membrane and thus they can be selective to which 

type of molecule will bind. Membranes which bind proteins covalently are now 

available commercially. These have the great advantage that proteins are not lost 

during the washing and incubating stages. Manufacturers are reluctant to divulge the 

nature of the binding reaction; the membranes are a modified PVDF or epoxy 

membrane. These membranes have the disadvantage of being very expensive relative 

to nitrocellulose membranes.

After transfer of protein from the gel to the membrane, the free binding sites 

remaining on the membrane must be blocked to prevent non-specific binding of the 

probe antibody to the membrane. Some commonly used blocking agents are bovine 

serum albumin, gelatine, non-fat milk, Tween-20 and glycine. It is important that the 

blocking agent does not cross-react with the antibody probe.

Immobilized protein is detected immunochemically using a labelled anti-IgG or an 

unlabelled primary antibody followed by a labelled second antibody, detecting bound
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anti-IgG. Often enzyme labels are used in the detection system. Horse-radish 

peroxidase, alkaline phosphatase and glucose oxidase are examples of commonly used 

enzymes. Other labels used include radiolabels; biotinylated antibodies that form a 

complex with avidin, giving an increased signal (Kostulas et al, 1987); and 

luminescent labels that are very sensitive (Laing, 1986).

Quantitative Methods

Local synthesis of IgG in the CNS can be determined from quantitative measurements 

of IgG in CSF and serum, by applying one of the formulae discussed earlier. The 

measurement of another protein maybe required. There are many methods that have 

been used to measure IgG, and other proteins, in CSF and serum, some of which 

have been automated (Salden et al, 1988). Some methods used in various studies are 

listed below:

Automated immunoprécipitation and nephelometry;

Kinetic nephelometry;

Electroimmunodiffusion ;

Radial immunodiffusion; 

Electrophoresis followed by scanning;

Kostulas et al, 1987 
Gallo et al, 1988

Wurster, 1988

Laurell, 1966 
Hershey and Trotter, 1980 
Caroscio et al, 1983 
Keir and Thompson, 1986 
Schuller et al, 1987 
Luxton et al, 1990

Hische & Van der Helm, 1987

Schuller et al, 1987 
Thompson et al, 1983

A disadvantage of immunoprécipitation techniques, whether the precipitate is 

measured by turbidometry or nephelometry, is the prozone effect. In samples with 

high IgG, there is an excess of antigen (here the antigen being the human IgG). 

Antigen excess causes the immune-precipitate to redissolve, giving a lower reading.
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Thus, if care is not taken, samples with high levels of IgG are recorded as having 

lower values. Immunodiffusion techniques; radial immunodiffusion and 

electroimmunodiffusion (rockets) are not prone to this effect, since these techniques 

form a precipitin line at the antibody-antigen equivalence point.
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Methods used to study antigen-specific IgG

The amount of a particular antigen-specific IgG normally present in blood or CSF is 

a very small fraction of the total IgG. When a single B-cell is stimulated to divide 

and produce antibody, as in response to an infection, the antigen-specific IgG 

synthesised may become a major component of the total IgG. As the concentration 

of antigen-specific IgG is considerably lower than the concentration of total IgG, 

more sensitive methods have to be used for its study.

Methods used can de divided into the same categories as the methods used to study 

total IgG; quantitative and qualitative methods. Qualitative methods involve blotting 

techniques, usually on to a coated membrane, and give information about the antibody 

present, that is whether it is polyclonal, oligoclonal or monoclonal. Quantitative 

methods involve the measurement of concentration or relative concentration, or the 

titre of antigen-specific IgG. Interest is focused on the presence of locally synthesised 

IgG within the CNS, therefore antigen-specific IgG is measured in CSF and serum.

Qualitative Techniques

Several techniques have been used that give information about the quality of the 

antigen-specific antibody present in the CSF. These methods involved 

immunoprécipitation or immunofixation after separation by electrophoresis or 

isoelectric focusing. Many studies have been reported using an immunoprécipitation 

technique followed by autoradiography (Nordal et al, 1978; Vandvik et al, 1979 and 

1982; Vartdal et al, 1980; Rostrôm et al, 1981; Link et al, 1981; Vartdal and 

Vandvik, 1982). This method involved the separation of the CSF or serum proteins 

by either agarose electrophoresis, polyacrylamide electrophoresis or polyacrylamide 

isoelectric focusing. When separation was complete the gel was overlaid with an 

agarose gel into which antigen had been incorporated (1.5%). The agarose gel was 

left in contact with the underlying gel for 5 to 10 minutes, during which time 

antibody diffuses from the separating gel into the antigen containing gel forming
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immune-complexes with the antigen. When polyacrylamide gels were used to 

separate the CSF or serum proteins, up to five different agarose gels, each containing 

a different antigen, could be used for antibody transfer. After an overnight wash in 

saline the agarose gels were pressed under filter paper and rewashed in saline. The 

press/wash procedure was repeated four times before the gel was incubated with 

*^I-anti-human IgG for 12 hours. The plates were washed and dried, the precipitated 

immune-complexes were visualized by autoradiography for 3 to 24 hours.

Immunoblotting is another widely used technique for the study of antigen-specific 

IgG. Similar to immunofixation, CSF and serum samples are electrophoretically 

separated, but then the separated proteins are passed through an antigen coated 

membrane. Antigen-specific antibody binds to the immobilized antigen, the 

remaining sample is washed from the membrane leaving the bound antibody ready to 

be visualized. Some studies have used polyacrylamide gels for the separation step 

(Karcher et al, 1981; Knisley and Rodkey, 1986; Roos et al, 1987). Other workers 

have used agarose gel isoelectric focusing followed by immunoblotting which has the 

great advantage, over polyacrylamide techniques, that there is almost a 100% transfer 

of sample from the gel to the membrane with no problems of prozoning. The 

immobilized antigen-specific IgG is visualized using radiolabelled or enzyme labelled 

anti-human IgG (Moyle et al, 1984; Bukasa et al, 1988; Dôrries et al, 1988; Von 

Wulffen et al, 1988;).

In other similar techniques, separated CSF and serum proteins are transferred on to 

an uncoated membrane, which is then probed with a labelled antigen. Commonly a 

radio-label is used, which is visualized by autoradiography. Several different radio

isotopes have been used, for example ^̂ Î (Grimaldi et al, 1988) and ^̂ S (Roos et al,

1987). Other workers have separated the antigen proteins using isoelectric focusing 

or polyacrylamide electrophoresis. The separated antigen proteins were blotted on 

to a membrane, which was then blocked. The membrane was then incubated with 

diluted CSF or serum, antigen-specific antibody binds to the immobilized antigen. 

The bound antibody was then detected with a labelled anti-IgG antibody, with either 

radiolabels or enzyme labels being used. With this method it is possible to ascertain
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which particular antigen proteins have antibody raised against them. All the other 

techniques described show the presence of anti-viral or anti-bacterial IgG, but give 

no information which viral or bacterial proteins are reacting with the antibody. 

Another method used to demonstrate the antigen specificity of oligoclonal bands is 

that of antibody absorption. Here, antigen-specific antibody is removed by the 

addition of antigen to an aliquot of the sample prior to analysis, by one of the above 

techniques (Vartdal and Vandvick, 1982; Vandvick et al, 1982). This is then 

compared with another aliquot which was not adsorbed, looking for differences 

between the bands. Antigen-specific OCBs would be visible on blot of the non

adsorbed sample but absent from the blot of the adsorbed sample.

Figure 1.1 shows diagrammatically, three of the commonly used qualitative 

techniques; immunofixation in agarose, immunoblotting of separated antibody and 

"Western" blotting of separated antigen. Table 1.1 shows examples of different 

techniques described in the literature; their separation methods and immunodetection 

systems. Examples of the different antigens used in the methods are also given.
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Antigen agarose gel

Y Y Y Y
Separated antibody 

A. Immunofixation in agarose gel

immune complexes formed
in agarose gel

Separated antibody 
binds to  antigen

Immobilized antigen on membrane

B, Immunoblot o f separated antibody

Antibody in sample binds to 

separated antigen

Separated antigen immobilized on membrane

C. "Western" blot o f separated antigen

Figure 1.1 Three methods used to study antigen-specific IgG.
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Separation
Method

AG-EP

Blotting
Method

Detection
System

AG-IF (A)

Antigen

Measles
Rubella
Mumps, VZ
HSV, CMV
Vaccinia
Adenovirus
Streptococcus

Workers

Vandvik et al, 1979 
Vartdal et al, 1980 
Vandvik et al, 1982 
Vandvik et al, 1985

PG-ffiF NC i^I-Antigen HSV Grimaldi et al, 1988

SDS PG-IEF 
of antigen

NC(C) Enzyme Campylobacter Von Wulffen et al, 1988

AG-IEF

PG-IEF

coated NC (B) Enzyme

coated NC (B) Enzyme

Measles
HIV

Tetanus
Diphtheria

Moyle et al, 1984 
Dôrries et al, 1988 
Bukasa et al, 1988

Knisley and Rodkey, 1986

PG-IEF AG-IF (A) HSV, Munq)s Link et al, 1981
Rubella Rostrôm et al, 1981
Measles Vartdal and Vandvik, 1982
Rotavirus, VZ Sandberg-Wollheim et al, 1987

PG-IEF NC ^^S-antigen TMEV Roos et al, 1987

SDS PG-EP NC (C) Enzyme Sendai virus Kahlon et al, 1987
of antigen HSV Sigmund et al, 1988

SDS PG-EP 
of antigen

PVDF (C) Enzyme Measles Neumann et al, 1991

AG=agarose E P= electrophoresis

PG= polyacrylamide IF= immunofixation

NC= nitrocellulose PVDF= polyvinylidenedifluoride

IEF=isoelectric focusing 

SDS= sodium dodecyl sulphate

Table 1.1 List of some methods used to separate CSF and serum, immobilize and 
detect antigen-specific IgG, for different antigens in the literature. The letters in 
brackets refer to the blotting method in figure 1.1.
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Quantitative Techniques

The detection and quantification of antigen-specific IgG is frequently performed using 

a solid phase immunoassay technique, where the antigen concerned is coupled to the 

solid phase. In a solid phase immunoassay antigen is attached non-covalently or 

covalently to a solid surface (Wood and Gadow, 1983; Hobbs, 1989). Examples of 

solid phases that have been used in the analysis of antigen-specific IgG are: 

polystyrene balls (Skoldenberg et al, 1981), polystyrene tubes and cuvettes (Pesce et 

al, 1977; Leinikki et al 1982), submicron polystyrene particles (Peterson et al, 1989), 

sepharose (Felgenhaur et al, 1982), polystyrene microplates (Vandvik et al, 1985), 

polyvinyl microtitre plates (Watt et al, 1988) and nitrocellulose discs (Brankin et al,

1988). Diluted sample, containing antibody, is placed in contact with the solid phase 

and incubated to allow antibody to bind with the immobilized antigen. After a 

washing step, when all the unbound antibody is removed from the solid phase, the 

antigen-specific IgG is detected using a labelled anti-human IgG antibody. Unlike 

qualitative methods, the intensity of the signal obtained from the captured antigen- 

specific IgG is measured, giving an indication of the amount of captured antibody on 

the solid phase.

Popular labels that have been extensively used include radiolabels (Ilonen et al, 1981; 

Skoldenberg, 1981; Johansson and Blomberg, 1986), enzyme labels, and a method 

using a fluorescent label has been described (Peterson et al, 1989). Of the enzyme 

immunoassays, for specific antibodies, the ELISA (Enzyme Linked ImmunoSorbant 

Assay) is the most popular (Engvall and Perlmann, 1972). It is generally performed 

using a coated, microtitre plate. This format is easy to use with modem liquid 

handling technology and ELISA plate readers, enabling a quick assay with rapid data 

acquisition.

33



Quantitative methods have been used for:

•  Monitoring levels, and measuring the persistence of antigen-specific 

IgG, over time, in diseases such as herpes encephalitis (Skoldenberg 

et al, 1981; Vandvik et al, 1985; Johansson and Blomberg, 1986) and 

SSPE (Chiodi et al, 1986).

•  The comparison of binding activity of antibody to different proteins or 

peptides (Makela, 1989).

•  The comparison of binding activity of antibodies to different antigens 

in diseases such as multiple sclerosis (Leinikki et al, 1982; 

Felgenhauer et al, 1985; Hofstad et al, 1987; Persson et al, 1989; 

Salmi et al, 1989; Dhib-Jalbut et al, 1990).

•  A screen for a specific infection, for example TB (Watt et al, 1988), 

SSPE (Dôrries et al, 1988) and Brucellosis (Araj et al, 1986).

As with total IgG measurement, the ratio of antigen-specific IgG in CSF and serum 

can be calculated. This in turn can be divided by the total IgG CSF/serum ratio, to 

correct for leakage of the BBB, as well as differences in IgG concentration in serum 

versus CSF, which gives the antigen-specific index (ASI).

ASI= —  
RT

RAS = ratio of antigen-specific IgG in CSF and serum 

RT = ratio of total IgG in CSF and serum.
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This approach has the advantage of comparing "like with like," when correcting for 

BBB function: antigen-specific IgG being compared with total IgG. They are 

processed identically at the BBB, this is not so for the total IgG index, where total 

IgG ratio is compared to the ratio of a different protein, for example albumin.

An "idealized" total IgG ratio has been used by Reiber and Lange (1991), which has 

been produced from an albumin ratio on a theoretical hyperbolic curve, derived from 

the analysis of normal CSF. This method uses albumin concentrations in the CSF 

and serum, to produce the "idealized" total IgG ratio, to compare with antigen- 

specific IgG measurements. As such, this method is not comparing "like with like."

The ASI is a numerical value indicating the amount of local synthesis of antigen- 

specific IgG. If all the antigen-specific antibody in the CSF is derived from the 

serum, the ASI will equal 1.0. A value greater than 1.0 would indicate local 

synthesis of antigen-specific antibody in the CSF. Due to the analytical errors 

associated with the measurement of the four parameters used to calculate the ASI, 

different workers have used different threshold values, above which they define the 

presence of local synthesis of antigen-specific IgG. For example the values of 4.0 

(Skoldenberg et al, 1981; Vandvik et al, 1985), 2.0 (Johansson and Blomberg, 1986), 

1.5 (Felgenhauer et al, 1988; Neumann et al, 1991) and 1.0 (Mathiesen et al, 1988) 

have all been used as cut-off values.

Using ELISA, there are two methods for obtaining the CSF/serum antigen-specific 

IgG ratio. In the first, CSF and serum are diluted to give identical concentrations, 

and the ratio is calculated from the resulting optical density (OD). The other 

technique is to assay doubling dilutions of the CSF and serum, and then calculate the 

ratio from the dilution values that give an equivalent OD.
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In addition to ELISA techniques, there are several methods described that quantify 

the amount of antigen-specific IgG after separation by an electrophoretic technique. 

Schadlich et al (1988) described a technique in which antibodies, separated by 

isoelectric focusing, are quantified by slicing the gel into narrow strips and extracting 

the antibody. The eluted antibody is measured by ELISA. The areas of anti-measles 

activity were matched with blots of total IgG. This process was made simpler by the 

scanning technique called Immunoblot for Densitometric Estimation of Antibodies 

(IDEA), described by Neumann et al (1991). In this technique antigen was separated 

by SDS electrophoresis and transferred to a PVDF membrane. Samples of CSF and 

serum were incubated with a strip of antigen coated membrane and subsequently 

stained. The intensity of the colour reaction for each band was quantified in a 

scanning densitometer. The ASI has also been calculated from the areas under 

densitometric scans of immunoblots of CSF and serum for total IgG and antigen- 

specific IgG. Appropriate factors were then used to correct for the dilution of serum 

samples used in the immunoblot technique (Davies, 1988; Paluch et al, 1984).

A semi-quantitative method for assessing antibody activity to many antigens 

simultaneously has been described called a Line ImmunoBlot Assay (LIBA), (Aeppli 

et al, 1989). A nitrocellulose sheet had lines of different antigens applied across its 

width. When they had dried, the sheet was cut into strips, each strip having a line 

of different antigen. Different dilutions of sample were incubated with a coated strip. 

After immunostaining and visualization, a titre of antigen-specific antibody could be 

estimated from the intensity of the lines of colour.
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Pathological significance of antigen-specific IgG in the CSF

Antigen-specific IgG is found in CSF from patients with infections of the CNS, as a 

result of the immune system responding to the stimulus of a foreign protein. The 

production of large amounts of antigen-specific IgG is seen as a response to a primary 

infection in diseases such as herpes simplex virus encephalitis (HSVE) (Vandvik et 

al, 1982; Grimaldi et al, 1988), subacute sclerosing panencephalitis (SSPE) (Link et 

al, 1973; Vandvik et al, 1976), varicella-zoster encephalitis (VE) (Mathiesen et al,

1989), chronic human immunodeficiency virus-encephalitis (CHIVE) (Felgenhauer et 

al, 1988), and mumps meningitis (Salmi et al, 1989). In these conditions, oligoclonal 

intrathecal synthesis of antigen-specific IgG has been demonstrated, with most of the 

oligoclonal bands reacting against the antigen causing the primary infection. It has 

been shown that after HSVE there is a long term persistence of anti-HSV IgG 

(Vandvik et al, 1985). The presence of antigen-specific antibody directed against 

antigens other than the primary infective agent has been demonstrated by some 

workers, who suggest that these other antigen-specific antibodies are due to a "non

specific” or "by-stander" immune response during the acute infection (Vandvik et al, 

1982; Vandvik et al, 1985; Persson et al, 1989; Salmi et al, 1989).

Multiple sclerosis (MS) is an inflammatory disease of the CNS of unknown aetiology, 

but is associated with intrathecal synthesis of viral antibodies (Norrby et al, 1974; 

Norrby, 1978; Rostrôm, 1982; Salmi et al, 1983; Walsh et al, 1987; Vandvik and 

Norrby, 1989). Despite the presence of local synthesis of IgG oligoclonal bands in 

95% of patients with MS (McLean et al, 1990) no primary infective agent has been 

identified. There have been many antigens that have been implicated in the patho

genesis of MS, for example measles (Adams and Imagawa; 1962), Paramyxovirus 

SV5 (Goswami et al, 1987) and Mycoplasma pneumoiae (Maida, 1983). Recently 

interest has turned to retroviruses (Reddy et al, 1989; Perron et al, 1991). It is 

postulated that antigen-specific IgG production is due to a secondary, or non-specific, 

activation of B-cells by another immune mediated event, such as an infection by a 

hitherto unidentified agent.
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Antibody affinity

The strength by which an antibody binds to an antigen is described as its affinity for 

that antigen. Much work has been performed over the past thirty years to understand 

and measure antibody affinity. An antibody with a high affinity for a particular 

antigen will bind tightly and be difficult to dissociate from it, whereas a different 

antibody, with low affinity for that antigen, will bind less firmly and be easier to 

dissociate.

The terms affinity and avidity are often thought to be equivalent; there is in fact a 

clear distinction between the two terms. Affinity relates to the strength of binding 

between a single antibody binding site and its homologous epitope on the antigen. 

Avidity, on the other hand, relates to the binding strength of the immunoglobulin 

molecule to the whole antigen, and takes into account antibody and antigen valency, 

ie. other binding sites, and other secondary factors affecting the binding reaction, for 

example, interaction between contiguous antibodies which can lead to their mutual 

stability in the bound state, and therefore are less likely to dissociate.

The terms intrinsic affinity and functional affinity are used by Homick and Karush 

(1972) to mean affinity and avidity respectively.

Antigen Binding Sites

The antigen binding sites on IgG molecules are found near the N-terminal end of the 

F(ab) portions of the molecule, between the variable regions of the heavy chain (H) 

and light chain (L). These variable regions are comprised of the 110 N-terminal 

amino acids of the H and L chains. Within these variable regions are six 

hypervariable regions, three on the L chain and three on the H chain, designated LI, 

L2, L3, HI, H2 and H3 respectively. These six hypervariable regions, also called 

complementary-determining regions (CDR) (Wu and Kabat, 1970), are connected by 

a conserved jS-sheet frame work (Alzari et al, 1988). It is the combination of these
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hypervariable regions which forms the antigen binding site and dictates the specificity 

and affinity of the antibody (Jones et al, 1986). Recent work suggests that at least 

five of these hypervariable regions have only a few main-chain conformations, or 

canonical structures. Changes in the amino acid sequence at a few specific sites 

would switch the main-chain to another canonical form. Most sequence changes 

would only modify the surface provided by the side chains on the main-chain of the 

canonical structure (Chothia et al, 1989). These sequence changes shift the canonical 

structures, relative to one another, a small but significant amount. Figure 1.2 shows 

diagrammatically an IgG molecule with the different domains, and an enlargement of 

the antigen binding site with the hypervariable loops attached to the ends of /3-sheets, 

represented by the open circles.

Using X-ray crystallography, the shape of the binding site between the L and H 

chains has been found. Amit et al (1985) have shown the binding site for lysozyme 

on a hybridoma F(ab) fragment is a concave surface between the H and L chains, 

which is irregularly undulating. This binding site measures 2 x 3 nm and will take 

six amino acids or monosaccharide units. On another antibody, the binding site for 

phosphoryl choline, a small hapten, is in a deep interdomain pocket, probably formed 

from the /3-sheets (Segal et al, 1974).

For an antibody to capture an antigen its binding site has to "fit" the epitope on the 

antigen in a complimentary manner: for example a convex antigen will fit a similarly 

shaped concave binding site on the antigen. In addition to this complementary 

topography of the two molecules, a number of intermolecular non-covalent bonds 

must be formed before antibody binding will take place. The number, and strength 

of these bonds are important in determining the affinity of the antibody to that 

antigen. There are several different types of intermolecular bond important in the 

binding of antigen by an IgG molecule. These chemical bonds, or intermolecular 

forces, can be categorized in two main groups; attractive forces and repulsive forces.
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L3

H2

H2 H2

H3 H3

Figure 1.2 Diagram of an IgG molecule showing the antigen binding 
site with the six hypervariable loops, held in place by strands of jS- 
sheets (open circles).
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Attractive Forces

Electromagnetic interactions between neighbouring molecules give rise to a number 

of different non-covalent chemical bonds between the molecules. The most important 

ones involved in antibody-antigen binding reactions are: those involving electrostatic 

and induced interactions; attractions due to the dispersion effect, for example Van der 

Waals forces; special electrostatic interaction in the formation of hydrogen bonds; and 

the interaction between hydrophobic molecules in water. Table 1.2 shows the relative 

energies in each type of molecular interaction.

Type of bond Typical dissociation 
energies KJmol'^

Typical intermolecular 
distance nm.

ion-ion 680 0.23

ion-dipole 80 0.24

dipole-dipole* 15 0.28

hydrophobic 4 0.30

dispersion 0.25 0.33

* including hydrogen bonds

Table 1.2 Attributes of the non-covalent bonds described in the text, 
(from Laidler and Meiser, 1982).
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Electrostatic interactions

Electrostatic, or coulombic, interactions include:

1) Long ranged coulombic interactions between molecules, or groups, with a net 

charge.

2) Shorter ranged coulombic interactions between noncharged molecules with an 

uneven charge distribution, known as dipoles.

3) The interaction between molecules, or groups, which have an induced 

polarized charge due to fields set up from neighbouring molecules.

One example of an electrostatic interaction, important in protein-protein reactions, is

seen between an ionized amino acid and an ionized carboxylic acid.

-NH3 +------ 0 0 c-

The attractive force between two opposite charged ions is proportional to the strength 

of the charge on the ions, and inversely proportional to the square of the distance 

separating them.

Where F is the intermolecular force, and Zg are the charges on the two ions and 

r is the distance separating them.
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The attractive force between two dipoles is inversely related to the third power of the 

distance.

4xr^

Where and are the dipole moments.

In general the interaction energy between multipoles of order n̂  and ü2 is described 

by the formula

Typical potential energies for an ion-ion bond would be in the order of 680 KJmol"  ̂

and for dipole-dipole interactions, 15 KJmol'\ It is seen that ion-ion interactions are 

over forty times stronger, and the bond interaction forces drop less rapidly than with 

dipole interactions. Despite this high bond energy it is thought that coulombic 

interactions are not the most important types of non-covalent bond in forming a stable 

antibody-antigen complex (Karush, 1962).
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Dispersion Forces

These forces arise from molecules without permanent dipole moments, and their 

origins are described by quantum mechanics. The attractive force arises when two 

molecules with zero dipole moments are in close proximity. On average the electron 

cloud is symmetrical, but at any instant a temporary dipole can occur. This 

temporary dipole will induce a dipole in a neighbouring molecule, at this instant both 

molecules will have dipoles that will attract each other. The electron clouds 

surrounding the molecules are in rapid motion and temporary dipoles rapidly 

fluctuate. There is intermolecular attraction at every instant a dipole is formed, 

inducing a complementary dipole in a neighbouring molecule. The intermolecular 

force is proportional to the polarizability (a) and ionization energy of the molecule 

(E), and inversely proportional to the sixth power of the intermolecular distance.

Dispersion forces in polar molecules are known as Van der Waals forces, and London 

dispersion forces between non-polar groups. This type of interaction is often the 

major source of attractive force between many types of molecules.

Hydrogen bonds

The hydrogen bond is a special type of dipole-dipole bond. It is thought that 80% 

of this bond energy is due to electrostatic interaction, as previously described, the 

remainder being due to some covalent contribution. A hydrogen bond is formed 

between a hydrogen atom covalently bound to an electronegative atom, such as 

oxygen, nitrogen or a halogen, when it interacts with an unshared electron pair from 

a second electronegative atom. The bond energy is typically between 12 and
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30 K J m o l T h e  predominant hydrogen bond formed in antibody-antigen binding 

reactions is that formed between an amino group and a carboxyl group on the 

different protein strands.

 C==0 : —H-N--------

If a hydrogen bond is formed between X-H and Y (X and Y are electronegative 

atoms) then the strength of the bond is proportional to the X-H dipole moment (ji) 

and the difference between the ionization potential on atom Y and the noble gas of 

the same period (A/y), and inversely proportional to the distance between X and Y 

at equilibrium (r).

The contribution that hydrogen bonds make towards the total attractive force in 

antibody-antigen binding is small, especially considering the to competition with water 

in forming this type of bond.

Hydrophobic bonds

Hydrophobic (or apolar) binding arises between hydrocarbons and other non-polar 

molecules in an aqueous environment. Examples of these types of bonds are found 

between the hydrophobic side chains of amino acids like leucine, isoleucine, valine 

and phenylalanine. The attraction between these molecules is greater than would be 

expected by dispersion alone. The intermolecular interaction arises because of a net 

change in energy and entropy of the molecule, due to local decreases in hydrogen 

bonding between water molecules leading to a rearrangement of the water structure. 

As hydrophobic groups approach one another, water molecules are excluded causing 

energy to decrease, and entropy to increase resulting in a net attraction. The energy
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of the hydrophobic bond is an order of magnitude greater than dispersion energy and 

operates over a range of up to 10 nm. The bonds are important in determining the 

conformational structure of protein molecules, and are the most important forces in 

antibody-antigen reactions.

Repulsive forces

In addition to the number of forces described above, which all result in attraction 

between two molecules, there are repulsive forces at work between molecules.

Repulsive forces operate over a much shorter range than attractive forces and arise 

when two molecules approach so close, as to cause their electron clouds to 

interpenetrate and de-shield the nuclei causing separation between the molecules. As 

the distance separating the molecules decreases the repulsive force % )  increases:

Where B and n are constants and r is the distance separating the molecules. For 

many molecules the value of n is 12. The shape of the electron clouds of the two 

molecules is therefore important in determining how close the two molecules can 

approach before being repelled. This is especially important in the binding of 

antigen by antibody. If the electron clouds are of a complementary shape at the 

binding site then the repulsive forces will be kept to a minimum. Conversely where 

there is a non-complementary 'Tit” the repulsive forces will be high and the attractive 

forces will be minimized.

The affinity of an antibody, therefore, can be considered as the summation of all the 

attractive forces and repulsive forces. High affinity antibodies will have low 

repulsive forces and high attractive forces through complementary groups on the
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A) High Affinity

^  Antigen 

Antibody

B) Low Affinity

Figure 1.3 Diagram to show the binding site of an antibody that 
demonstrates high affinity binding (A) and low affinity binding (B).

protein molecules, whereas antibodies with lower affinity will not engage the antigen 

with such a good "fit", giving a fewer number of intra-molecular bonds to be formed 

and a greater repulsive force between the two molecules. This is seen in figure 1.3, 

which shows an antibody binding site with high affinity for an antigen (A) and the 

same antibody binding site that shows low affinity towards a similar antigen (B), 

which does not exhibit such a good "fit" to the binding site.
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As an antibody molecule binds to an antigen, a number of non-covalent bonds are 

formed and there is a change in the Gibbs free energy of the system (AG°), at 

equilibrium Gibbs free energy is at a minimum. The thermodynamic equilibrium 

constant (K) is related to the change in the standard Gibbs free energy by the 

equation:

AG° = -RT.lnK

where R is the gas constant and T is the absolute temperature. Here ^  is a 

dimensionless variable. This relationship expresses the equilibrium constant in 

thermodynamic terms, measuring changes in energy of the system.

An alternative approach is to calculate the equilibrium constant, by studying the rate 

reactions of the equilibrium equation. For an antibody-antigen binding reaction this 

equilibrium can be expressed by the relationship:

A+B^Z

From these rate reactions a "practical" equilibrium constant can be calculated. In 

antibody-antigen reactions this equilibrium constant is measured in units of 1/mole.

The affinity of an antibody to an antigen can be viewed in terms of the dynamics of 

the binding reaction. The equilibrium constant is calculated as the ratio of the 

association constant to the dissociation constant. Results from a number of different 

workers (Steward, 1977) have shown that affinity is determined largely by the 

dissociation constant. Froese (1968) showed a ten-fold difference in equilibrium 

constant was due to differences in the dissociation constant rather than the association
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Association constant 
M'^ sec'^

Dissociation constant 
sec'i

Equilibrium constant 
M*

1.4 X 10’ 410 1.0 X 10̂

1.6 X 10’ 80 1.5 X 10̂

8.0 X 10’ 1.4 5.9 X 10̂

1.8 X 10* 760 5.8 X 10̂

1.3 X 10* 53 2.0 X 10^

1.3 X 10’ 6.4 X 10'̂ 3.5 X 10^

1.7 X 10’ 3.4 X 10"* 1.9 X 10*®

Table 1.3 The relationship of the association constant and 
dissociation constant with the equilibrium, or affinity, constant. Data 
from Steward (1977).

constant. While the association constant of many different antibodies are all within 

one order of magnitude of 10* M'^sec'\ the dissociation constant showed great 

variation, see table 1.3.
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Calculation of affinity constant

There are several different formulae used in the calculation of the affinity constant 

for an antibody binding reaction. They are based on the antibody-antigen binding 

reaction that can be expressed by the equilibrium equation:

Ag+Ab^^AbAg

Where Ag and Ab are the concentration of free antibody and free antigen binding sites 

respectively; AbAg is the concentration of antibody-antigen complex, is the 

association constant and is the dissociation constant: this equation does not include 

antibody or antigen valency, so is a measure of intrinsic affinity of the binding site. 

At equilibrium the rate of formation of complex is equal to the rate of dissociation; 

from the law of mass action, which states the rate of formation is proportional to the 

concentration of reactants, this can be represented thus:

k^[Ab^[Ag]=k^[AbAg^

This can be rearranged to give

^  -K  equation 1
K  {Ab\\Ag^

where K  is the equilibrium constant of the reaction, or otherwise known as the 

affinity constant, when describing antibody binding reactions.
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The concentration of total antibody (Abj) is the sum of free and bound antibody,

[Abj\ = [Ab] + [AbAg] equation 2

likewise the concentration of the total antigen,

[Ag^^[Ag]-^[AbAg]

These basic equations are combined to produce the Langmuir adsorption isotherm, 

from which methods for calculating the affinity constant are derived.

Combining equations 1 and 2 and rearrange to obtain:

[AbAg] =K{Abj][Ag]-K\AbAg][Ag] 

rearrange and divide by [AbAg] to give:

K[Abj][Ag]
\^K [Ag]- [AbAg]

this equation is rearranged to give:

[AbAg] _ K[Ag]
[Abj] 1 ^K\Ag]

another form of this equation uses the ratio of bound antibody to free antibody and 

includes a term for antibody valency in).

= equation 3
[Ab\ 1
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Scatchard plot

Scatchard derived his transformation when studying the reaction between small 

molecules and proteins (Scatchard, 1949). The Scatchard plot is widely used for 

studying the affinity of antibodies. The equation for the Scatchard plot is derived 

from the basic equilibrium reaction as follows.

The ratio of bound to free antibody is called r:

[AbAs]

Combine this equation with equation 3 and rearrange to give:

r + rK[Ag]=nK[Ag]

divide by [Ag] and rearrange to give:

=nK-rK

this equation has the form of a straight line.

y=Mx + C

An ideal Scatchard plot, for IgG, is seen in figure 1.4 and shows the linear 

relationship between r/[Ag] and r (line A). Here the affinity constant (K) is equal to 

minus the slope, and the intercept on the X-axis is equivalent to the number of 

binding sites on the antibody (n). This ideal, linear plot is seen when a monoclonal 

antibody is used against haptens where both binding sites on the IgG molecule are 

occupied. When polyclonal antibody is used a curve is obtained (line B), which 

reflects the heterogenous distribution of affinities.

52



r/[Ag]

2.521.50.5 1G

Figure 1.4 Idealized Scatchard plot of hapten bound by monoclonal 
IgG (A), and polyclonal IgG (B).

When half the total number of binding sites on divalent antibody are occupied, r = l .  

Then the Scatchard equation becomes:

1
[Ag]

= 2K-K

Thus affinity can also be defined as the reciprocal of the antigen concentration when 

half the number of antibody sites are occupied (r=l) .

This is only true for monovalent haptens binding to divalent antibody where both 

binding sites can be occupied. This relationship can be easily seen in equation 1, 

when bound and free antibody have equal concentrations.
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Langmuir plot

The Langmuir equation is derived from equation 5 to give:

1
r K [Ag] n n

1 1 L i

Plotting 1/r against l/[Ag] gives a straight line with a slope of 1/nK and a Y intercept 

of 1/n, see figure 1.5. From this plot the antibody valence and affinity 

constant can be obtained.

1 / r

S lope=  1 /n K

y i n t e r c e p t = l / n

l / [A g ]

Figure 1.5 Langmuir plot showing an ideal linear response.
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Also the Langmuir plot can be obtained using the concentration of bound and total 

antibody:

[AbAg] [Abj] [Ab^

As with the Scatchard plot, this approach to measuring antibody affinity will yield 

linear results only when using a monoclonal antibody directed against a small 

hapten. When a heterogenous antibody is used the plot is non-linear. This non- 

linearity is due to the heterogeneity of affinity constants in the antibody population.

Sips plot

This is a method to quantitate the degree of heterogeneity in an antibody population, 

which is derived from the logarithmic transformation of the Sips function (Sips, 

1948).

n{K[Agl[)- 
1 ^(KiAgyf

The logarithmic transformation is:

Log-J—  =aLog[Ag] +aLogK 
{n-r)

where a is the heterogeneity index and is given by the slope of the line obtained when 

Log r/(n-r) is plotted against LogfAg]. Here K  is the average affinity constant for the 

antibody population, which is found when:

Log— =Q
n -r

then

1K=
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An example of a Sips plot is shown in figure 1.6.

A monoclonal population of antibody will give a heterogeneity index of 1. Values 

less than 1 indicates a heterogenous population, smaller values representing more 

heterogenous mixtures of affinity constants. This method assumes there to be an 

unimodal distribution of affinity constants, similar to a Gaussian distribution.

Log r / ( n - r )

s lo p e  = a

- 2

Log [Ag]

Figure 1.6 Sips plot showing an ideal response.
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These methods of measuring antibody affinity assume the antibody and antigen 

concentrations can be measured accurately and the number of sites on an antibody 

molecule reacting with the antigen are known; for example, two small hapten 

molecules react with one molecule of IgG. Much of the investigation into antibody 

affinity was performed using monoclonal antibodies to hapten molecules like di- 

nitrophenol.

When studying viral-specific antibody produced in response to an infection there are 

several factors which cause great problems in measuring antibody affinity. The most 

difficult problems are the quantitation of viral-specific antibody and viral antigen. 

Assumptions have to be made, regarding the valency of that antigen, and the 

distribution of antibody affinities within that population of viral-specific 

immunoglobulins.
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Calculation of Affinity Distributions

The previous section described how the affinity constant of an antibody can be 

calculated, but as intimated these methods are best suited to homogenous antibody 

populations. The Sips equation gives an indication of antibody heterogeneity and an 

average affinity constant. This average affinity value assumes a normal distribution 

of affinity values within the given antibody population. There is evidence that 

suggests that this assumption is invalid. Werblin and Siskind (1972) demonstrated 

that the affinity distributions of antibody molecules are not generally symmetrical and 

the data could not be approximated using a Gaussian or Sipsian distribution.

In their study, Werblin and Siskind (1972) used a computer model to calculate the 

affinity distribution. They divided the antibody population into a number of 

subpopulations of antibody molecules, each with a different assigned affinity. Using 

the following equation they calculated the amount of bound antibody (B):

........

where:

equilibrium constant for the subpopulation of antibody.

= concentration of antibody sites with affinity constant K̂ .

C=equilibrium concentration of free hapten or antigen. 

m=number of antibody subpopulations.

This equation was used as a mathematical model to produce a theoretical binding 

curve. To compare with this theoretical ’bestfit’ curve, an experimental binding 

curve was obtained using a fixed amount of serum and different concentrations of 

hapten. Log C was plotted against Log B/(N-B) (here N  is the total concentration of 

antibody binding sites).
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The mathematically modelled curve was produced using the following iterative 

procedure. Initially the number of subpopulations and affinity of each was decided, 

the concentration of antibody in each subpopulation was assumed to be equivalent. 

The concentration of antibody in each subpopulation was increased and decreased by 

50% of its initial value, this gives two new concentrations for each subpopulation. 

Using the experimental values of free hapten for each point on the dilution curve the 

total bound antibody (the sum of bound antibody from each subpopulation) for that 

point was calculated using every permutation and combination of the subpopulation 

antibody concentrations. For each of these permutations and combinations, a 

theoretical curve was produced and compared with the experimental curve by 

calculating the sum of the squares of the distances between the experimental and 

theoretical points at each free hapten concentration. The calculated curve with the 

closest fit to the experimental data was selected. The concentrations of the 

subpopulations of antibody from this first approximation were then increased and 

decreased by 50% to give another two new sets of concentrations, which were 

compared to the experimental data in the same manner. This process was repeated 

until no further improvement in the curve fit could be achieved. At this point the 

percentage change, used to alter the subpopulation concentrations, was reduced by 

half; 50% was reduced to 25%; 25% to 12.5% etc. The process was repeated until 

the percentage change was further reduced by half. The whole process was repeated 

until a fixed number of approximations, or iterations, had been achieved. Werblin 

and Siskind used twenty data points, nine subpopulations and nine iterations. With 

these values 2 0  seconds of computing time was required, using a mainframe computer 

(CDC 6600), to calculate the affinity distribution, which was expressed as percentage 

of the total specific-antibody concentration for each subpopulation affinity. For seven 

iterations, twelve subpopulations and between eighty and two hundred measurements, 

five minutes of computer time was required. The greater the number of 

subpopulations and iterations dramatically increased the computation time. This 

technique assumes that no intra- or inter-molecular interaction occurs which affects 

the binding affinity.
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Another approach used to calculate affinity distributions, not involving long iterative 

procedures, has been the use of a competitive technique (Nieto et al, 1984; Vos and 

Benner, 1989). Using immobilized antibody in a microtitre plate well these 

techniques measured the amount of bound labelled antigen in the presence of different 

concentrations of unlabelled, inhibiting, antigen. The response from the label is 

converted into an antigen concentration from a predetermined standard curve. Using 

a fixed amount of labelled antigen with a number of different concentrations of 

unlabelled antigen, and using a well with no unlabelled antigen to represent 1 0 0 % 

binding, a binding curve of percentage bound antigen versus inhibitor concentration 

was constructed. The average affinity was assumed to be the reciprocal of the 

concentration of unlabelled antigen that reduced the signal from the labelled antigen 

to 50% of maximum. Several binding curves were obtained from a range of different 

labelled antigen concentrations. Each affinity value derived from each binding curve 

was assumed to represent the affinity of a subpopulation of antibody. The 

concentration of each subpopulation was found by taking the difference in 

concentration of maximum bound labelled antigen for one concentration of inhibitor 

and the next, and expressing it as a percentage of the total concentration of specific- 

antibody, found using wells with no inhibitor. As is seen, this method is rather 

labour intensive and only one sample could be analysed on a single microtitre plate.
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Techniques used for measuring affinity

All the previous methods described for calculating antibody affinity are based on the 

antibody-antigen equilibrium reaction and the measurement of free, bound or total 

antibody or antigen, at equilibrium. To measure free and bound antibody or antigen 

it is essential that they can be distinguished from each other without disturbing the 

equilibrium of the reaction. This can be achieved by techniques in which the bound 

and free are physically separate, when measured, or by techniques that use different 

properties in bound and free enabling one to be measured in the presence of the other. 

Measurements are made using a range of different antigen concentrations to ensure 

all the antibody binding sites are saturated. The results can be plotted using one of 

the techniques previously described.

Equilibrium dialysis

Equilibrium dialysis (Eisen and Karush, 1949) is a very popular technique when the 

antibody is against a hapten or a small dialysable antigen. This technique involves 

antibody being placed on one side of a semi-permeable membrane, usually in the 

form of a small bag, and radio-labelled hapten on the other. The hapten diffuses 

across the membrane and binds to the antibody, this continues until equilibrium is 

reached, and the concentration of free hapten in both compartments is equal. The 

radioactivity on one side of the membrane will represent both bound and free hapten, 

and on the other side only free hapten. Subtraction of one from the other will give 

the bound activity. Concentration of bound hapten is calculated from the specific 

activity of the label. This procedure is repeated for several different hapten 

concentrations with equal antibody concentrations for each. Antibody affinity is then 

calculated using one of the methods already mentioned. This technique measures the 

intrinsic affinity, and requires purified antibody.

61



Ammonium sulphate precipitation

In 50% saturated ammonium sulphate solution antibody and antibody-hapten 

complexes are precipitated (Farr, 1958; Steward and Petty, 1972). Using labelled 

hapten, bound and free concentrations can be easily derived from the radioactivity 

measurements in the precipitate and supernatant. This technique is rapid and does not 

require purified antibody, but can only be used with antigens that are not precipitated 

with 50% ammonium sulphate.

Fluorescent techniques

There are a number of methods that have been described, which use the fluorescent 

properties of an antigen or antibody. Velick et al (1960) described a technique that 

measured the reduction of fluorescence by quenching. When irradiated with ultra

violet light of a wavelength between 280 and 295 nm proteins will fluoresce, emitting 

light between 330 and 350 nm. Most of the fluorescence is due to tryptophan 

residues in the protein, despite phenylalanine and tyrosine groups also being 

fluorescent. If the binding site is occupied by a hapten or antigen, which can absorb 

the emitted light, the fluorescence is quenched. They used antibodies to 2,4 

dinitrophenyl (DNP) and DNP-lysine as the hapten. Measurements were made with 

increasing hapten concentrations until the antibody binding sites were saturated, at this 

point maximum quenching was achieved, which may have been equivalent to 70% of 

the fluorescence. The degree of quenching was proportional to the fraction of 

combined sites, so in this case the concentration of hapten that gave 35% quenching 

was equivalent to half the antibody binding sites being occupied, the free 

concentration being the difference between the total concentration and the 

concentration of the bound. This method is quick and only requires small amounts 

of antibody. The disadvantage of this technique is the need for highly purified 

antibody and a hapten with the ability to quench the fluorescence.
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Some haptens instead of quenching light emitted from fluorescent amino-acid groups 

in the antibody, become fluorescent when bound to an antibody. This technique, 

known as fluorescence enhancement, was first demonstrated by Wrinkler (1962), 

when he used the hapten 4-anilinonaphthalene-1 -sulphonate (ANS), which is virtually 

non-fluorescent in aqueous solution but becomes highly fluorescent in hydrophobic 

solvents. When ANS is bound by antibody in aqueous solution it becomes highly 

fluorescent, indicating the binding site is a hydrophobic region. Other haptens used 

are those with a dimethylaminonaphthalene-sulphonamide (DANS) group (Parker et 

al, 1967), for example DANS-lysine which fluoresces maximally at 520 nm. The 

intensity of the fluorescence at 520 nm is related to the number of hapten molecules 

bound. Making measurements with different concentrations of hapten, saturation is 

reached and ratios of bound and free hapten, at equilibrium, can be calculated. This 

technique has the advantage over fluorescence quenching methods in that it does not 

require highly purified reagents because it is an attribute of the hapten that is being 

measured. The other major advantage of this technique is its usefulness in measuring 

very low affinity binding reactions because large amounts of hapten can be added to 

the system, which is non-detectable until it becomes bound to the antibody. Yoo et 

al (1967) demonstrated that the binding of isolated L chains from rabbit antibody 

against 4,1-ANS had a binding constant of 1(P 1/mole. L chains from non-specific 

IgG showed much weaker binding. This technique is only useful for haptens or small 

antigens that have groups with these particular properties.

If plane polarized light is used to excite fluorescent molecules bound to a hapten, the 

emitted light is depolarized due to high molecular tumbling rates, if the hapten is 

bound to an antibody the molecular tumbling rate is much lower and the emitted light 

is polarized. This is because the large complex has moved minimally in space during 

the time it takes for the excited molecule to lose energy by emitting a photon of light, 

which is polarized in the same plane as the excitation light. The motion of a free 

molecule is far greater, resulting in a new orientation in space before the photon of 

light is emitted, which will be in a different plane of polarization. Dandliker et al 

(1964) used this technique to study ovalbumin antibodies, and then penicillin 

antibodies (Dandliker et al, 1965). The polarization signal was obtained by taking
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the difference between the vertically polarized signal and the horizontally polarized 

signal, divided by their sum. Values ranged from zero, when the vertical component 

equalled the horizontal, to one, when the signal was entirely due to the vertical 

component. Using vertically polarized illumination the emitted intensity was low, so 

unpolarized illumination was used to excite the sample, thereby giving a more intense 

signal although the degree of polarization was lower. The greater the polarized signal 

the more labelled antigen is bound to the antibody. By making a number of 

measurements at different antigen concentrations, until saturation of antibody is 

achieved, bound and free ratios can be calculated. This method is useful for haptens 

and small antigens labelled with a fluorescent label like fluorescein or DANS. Larger 

antigens have low molecular tumbling rates resulting in a polarized signal, even for 

free antigen.

Solid phase techniques

The introduction of plastics on to which proteins can be absorbed has dramatically 

changed immunoassays, replacing separation steps requiring precipitation, 

centrifugation or equilibrium filtration, with a simple washing step. Frankel and 

Gerhard (1979) described a method for estimating the affinity constant of anti-viral 

protein, which did not require knowing the concentration or valency of the virus. A 

fixed concentration of virus was absorbed on to a well of a microtitre plate; a number 

of different concentrations of anti-viral antibody were allowed to react. The amount 

of bound antibody was detected indirectly using a radiolabelled species specific 

detector antibody. The amount of radioactivity detected was proportional to the 

amount of bound antibody. By using different known concentrations of pure antibody 

a standard curve could be constructed, relating the amount of radioactivity to the 

concentration of anti-viral antibody.
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Using the equation

anA

a=proportion of available paratopes (antibody binding site).

/i=antibody valence. 

y4=concentration of total antibody.

virus valency. 

y=  concentration of total virus particles, 

association constant.

A plot of the left hand side of the equation against anA will give a straight line with 

a slope of -K^ and an intercept on the x-axis of sV.

This has been a popular approach to measuring affinity of anti-viral antibody but 

relies on a number of assumptions. One assumption is that the detector antibody has 

an equal affinity for all anti-viral antibodies. To avoid this, some assays have been 

described that use radiolabelled protein-A as the detector (Monath et al, 1986), but 

this binds to some IgG molecules; for instance, mouse IgGl antibodies with very low 

affinity. The other assumption made is that no dissociation of the anti-viral antibody 

occurs during the washing steps or subsequent incubation with detector antibody. 

Nygren et al (1985) demonstrated that antibodies that bind bivalently do so as to be 

practically irreversibly bound and Underwood (1985b) showed much low affinity 

antibody, binding monovalently, was lost during washing and incubation with detector 

antibody, resulting in underestimation of the affinity constant. In recent years 

radiolabelled detector systems have been replaced by enzyme labels for ELISA based 

techniques.

There has been much controversy as to what ELISA techniques actually measure 

(Steward and Lew, 1985). Some workers claimed ELISA methods measured antibody 

concentration (Engvall and Perlmann, 1972; Svenson and Larsen, 1977) while others
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claimed that ELISA methods primarily measured antibody affinity or avidity (Butler 

et al, 1978). In 1982, using antigen coated microtitre plates, Lehtonen and Eerola 

found that the use of low sample dilutions, and antibody excess, only those antibodies 

with higher affinity bound to the antigen. When higher dilutions of sample were 

used, ie. antigen excess, antibodies with lower affinities would also bind to the 

immobilized antigen. They also found that antibody with affinity less than 6.3 x 10̂  

M'^ could not be measured, presumably due to loss during the washing stages. Using 

this information Lehtonen and Meurman (1982) developed an assay for total and high 

affinity IgG and IgM against rubella virus.

Beatty et al (1987) measured the affinity of monoclonal anti-CEA with an ELISA 

technique using serial dilutions of antigen-specific antibody at two different dilutions 

of antigen, one being half the other. They showed that the total antibody 

concentration at 100% binding (OD-100) is equivalent to 50% binding (OD-50) when 

twice as much antigen is used to coat the plate and could use this to calculate the 

affinity. The affinity constant for the monoclonal antibody was calculated according 

to the formula

K =  ^
2(2[^6']j.-[^6]j.)

[Ab]j is the antibody concentration calculated from the OD-50 and [Ab^j is the 

antibody concentration calculated from the OD-50 for wells coated with half the 

amount of antigen. This method gives an estimate of the affinity based solely on the 

concentration of antibody at OD-50 for plates coated with antigen at two 

concentrations, one half the other. It is quick and practical but only gives good 

results for monoclonal antibodies.

Other methods have used different labels to detect and quantify the bound antibody. 

Vos and Benner (1989) describe a method using time resolved fluorescence with 

europium labelled insulin to determine the affinity of mouse anti-human insulin IgG.
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Several other techniques have been described for measuring antibody affinity in which 

other methods of separating the bound from the free are used, for example; 

ultracentrifugation (Normansell, 1970) and gel filtration in sephadex (Stone and 

Metzger, 1969).

Stanley et al (1983) showed that measurement of antibody is complicated by extreme 

heterogeneity of the antibody population, and even a very small amount of high 

affinity antibody in a population of predominantly low affinity antibody will cause an 

over-estimation of the average affinity and under-estimation of total antibody.

Measurement of relative affinity

There are a number of problems and uncertainties in the measurement of affinity for 

anti-viral antibodies and many assumptions are made, which may or may-not be 

correct. Especially when measuring anti-viral, IgG many workers now estimate 

relative affinity, which involves measuring a quality of the antibody-antigen binding 

reaction that is affinity dependent and ranking the results on an arbitrary scale. 

Methods for determining relative affinities can be divided into three groups: 

dissociative methods, competitive methods and antibody binding methods. Since these 

methods show relative affinities of subpopulations of antibody within a given 

population they are more readily adapted to show the distribution of affinities within 

that population.

Dissociative methods

These methods involve binding antibody to immobilized antigen and measuring the 

change in the amount of antibody bound, associated with a change in the chemical 

environment. The affinity is inversely proportional to the degree of dissociation. A 

protein de-naturant, guanidine hydrochloride was used by Inouye et al (1984) to study 

antigen-specific IgG against Japanese encephalitis virus, rota virus and rubella virus.
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Antibody dilution curves were constructed in the presence and absence of between 0.5 

and 1.0 M guanidine hydrochloride. The resulting optical densities of the two 

dilution curves were plotted against the dilution, the degree of shift of the dilution 

curve, in units of log2 was taken to be a measure of affinity. The smaller the shift 

the greater the overall, or average, affinity. Devey et al (1988) used diethylamine 

in a similar technique to study anti-tetanus toxoid antibodies.

Other techniques used chaotropic agents to dissociate bound antibody from an 

immobilized antigen. An example being ammonium thiocyanate in the study of 

avidity of human anti-rubella antibodies (Pullen et al, 1986). In this technique a 

number of precoated wells, on a microtitre plate, were incubated with fixed dilution 

of a serum sample. Before detection of bound antibody with a labelled antibody, the 

wells were washed with increasing strengths of ammonium thiocyanate, 0, 0.5, 1.0, 

2.0 and 3.0 mol/1. The optical density in the absence of ammonium thiocyanate was 

assumed to represent total binding. The optical densities in the presence of the 

different concentrations of ammonium thiocyanate were expressed as a percentage of 

total binding. Log^g percentage binding was plotted against the molarity of 

ammonium thiocyanate. Using a linear regression, the molar concentration of 

ammonium thiocyanate required to reduce the observed optical density to 50% of the 

total was taken to be the affinity index. Data was rejected if the optical density of 

the total binding was less than 0.5 or if the correlation coefficient for the line of best 

fit was below 0 .8 8 .

MacDonald et al (1988) used this approach to study six monoclonal antibodies against 

dinitrophenol, and compared the relative affinity, measured using ammonium 

thiocyanate, against the value obtained by equilibrium dialysis. He ranked the affinity 

values of the monoclonal antibodies, see table 1.4 for a summary of their results.
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MAb
number

Affinity
1/mole

Rank affinity by 
equilibrium 

dialysis

Rank of affinity 
index using 

NH4SCN elution

1 2 .0 0  X 10* 2 2

2 1.87 X 10̂ 5 4

3 3.80 X 10» 6 6

4 2.90 X 10* 1 1

5 7.68 X 10* 3 3

6 1.54 X 10̂ 4 5

Table 1.4 Comparison of the ranking of affinity values by equilibrium 
dialysis and ammonium thiocyanate elution. From the study by 
MacDonald et al (1988).

The elution technique inverted two of the monoclonal antibodies with close affinity 

values by equilibrium dialysis, otherwise the rankings were equivalent, with a Kendall 

rank correlation r =0.867, P<0.02.

Competitive techniques

Similar to dissociation methods, these techniques involve the change in binding of 

antibody to immobilized antigen, in the presence and absence of antigen in free 

solution. Devey et al (1988) used this technique to measure the relative affinity of 

IgGl and XgG4 antibodies to tetanus toxoid (TT). To a TT coated microtitre plate, 

a fixed dilution of serum was incubated with serial dilutions of free TT. One set of 

wells had no free TT, this represented total binding. After incubation the plate was 

washed and the antibody detected with anti-subclass detector antibodies. The optical 

density versus competitor concentration was plotted; the concentration of free TT that 

gave 50% inhibition of optical density was taken as a measure of antibody affinity.
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By plotting the percentage inhibition for each concentration of inhibitor a histogram 

of the heterogeneity of the antibody was also shown.

Rath et al (1988), using a similar technique studied anti-DNP monoclonal antibodies 

and compared the affinity value, which was the concentration of free DNP-lysine that 

reduced the total binding by 50%, to the affinity of the monoclonal measured by 

equilibrium dialysis. There was a 100% agreement between the ranking of affinity 

values by the two methods. A histogram of the affinity distribution was plotted as 

the percentage inhibition achieved by each concentration of free DNP-lysine.

Antibody binding methods

It has been reported that maximum amount of antibody bound to immobilized antigen 

in a microtitre well can be used for measuring relative affinity (Stone and Nowinski, 

1980). Using a fixed concentration of murine leukaemia virus to coat a microtitre 

plate well, a series of antibody dilutions were set up. Detection of the antibody was 

with radiolabelled protein A. The maximum amount of antibody that could bind to 

the coated well was taken as an indicator of the relative affinity of the serum sample. 

Maximum binding is achieved when all the epitopes on the virus are filled. Any 

increase in antibody concentration above this point will not increase the observed 

maximum binding. The fact that different maximum plateaux are observed with 

different antibodies suggests that this technique is measuring the degree of 

dissociation that takes place during the washing and detection steps in the assay. 

Thus the higher the observed maximum binding plateau, the slower the dissociation 

of antibody. It has been demonstrated that as the coating concentration of virus 

increases, the sensitivity towards differences in affinity decreases (Nimmo et al, 

1984).
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The practical consequences of antibody affinity in solid phase assays

Since the early 1960’s many immunoassay systems have been developed. There have 

been many different labels used in, heterogenous assays, homogenous assays, assays 

with labelled antigen, assays with labelled antibody and in recent years solid phase 

immunoassays have become increasingly popular. One factor all these assays have 

in common is the use of an antibody to bind to a specific antigen. The importance 

of antibody affinity in determining the efficiency and sensitivity of an immunoassay 

has only really been recognized in the last ten years. A study, investigating affinity 

(Lew, 1984), using a number of anti-DNP monoclonal IgG antibodies with a wide 

range of affinities, showed that for a fixed coating density of antigen in a microtitre 

well the maximum optical density achieved using equivalent amounts of the different 

monoclonal antibodies was different for each. An antibody dilution curve showed that 

low affinity antibodies produced lower maximum optical densities than the antibodies 

with high affinity.

The observed optical density for each monoclonal antibody was highly dependent on 

the epitope density on the well surface. At lower epitope densities the optical density 

was significantly correlated with the monoclonal antibody affinity measured by 

equilibrium dialysis, but at high epitope densities there was no significant correlation. 

This was explained by monogamous bivalent binding of the monoclonal antibodies at 

high epitope densities (DeLisi, 1976). Lew (1984) showed the sensitivity of the 

method was affinity dependent; using a high epitope density the minimum 

concentration of high affinity monoclonal antibody detected was less than 1 ng/ml and 

between 2 and 4 /ig/ml for a low affinity antibody. These results were confirmed by 

Underwood (1985 a and b) and Griswold (1987) by mathematical analysis to identify 

the factors controlling sensitivity in immunoassays. Studies by Wérthen and Nygren 

(1988) also demonstrated affinity dependence of the optical density at low epitope 

densities on the well surface but not at high epitope densities. They also showed, 

using gold immunostaining with electron microscopy, that high affinity antibody 

bound to immobilized antigen as a discrete single particle, whereas low affinity 

antibody was seen as groups of clusters, suggesting other factors, besides the
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thermodynamics of antibody-antigen binding, maybe important in the binding of low 

affinity antibody. These clusters have been shown to be dependent on epitope density 

(Nygren, 1988).

The results from these studies show that it is impossible to quantitate antibody levels 

using an ELISA technique without first making an assumption about the affinity of 

the antibody being measured. A large amount of low affinity antibody will give the 

same optical density as a very much smaller amount of high affinity antibody. In 

heterogenous populations of antibody the situation is even further complicated.
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The biological aspects of antibody affinity

Antibody affinity is known to be influenced by several factors including genetic 

factors, the nature of the immunogenic stimulus, antibody and antigen valency, 

lymphocyte function, reticuloendothelial function, dietary and hormonal factors. The 

mechanisms controlling antibody affinity are complex and not fully understood.

The genetic control of antibody affinity has been demonstrated in mice and rats 

(Soothill and Steward, 1971; Petty et al, 1972; Kim and Siskind, 1978). By selective 

breeding, strains of mice have been produced, one producing high affinity antibody 

to human serum albumin and human transferrin, the other strain producing low 

affinity antibody. As the two strains were produced using selective breeding methods 

over several generations it was assumed the genetic control of antibody affinity is 

under the control of several genes. When the mice were immunized using antigen in 

saline they produced antibody of high or low affinity, according to their strain. If 

immunization was carried out with Freunds complete adjuvant all the strains bred 

with similar high affinity, greater than l(f  1/mole.

Adjuvants cause an antigen depot effect, releasing antigen over long periods resulting 

in full maturation of antibody affinity. Immunization with antigen in saline results 

in a rapid elimination of antigen and termination of antigen stimulation. Another 

observation attributed to immunization with saline is the fall of antibody affinity late 

in the immune response, possibly due to the short-lived, high affinity, antibody 

producing cells. Gray and Skarvall (1988) demonstrated that B-cell memory is short 

lived in the absence of antigen. With Freunds complete adjuvant a long lived high 

affinity antibody was produced (Petty et al, 1972). These results suggest the way in 

which the antigen is presented to the immune-system is important in determining the 

affinity of the antibody.

Increases in the antibody affinity after immunization, or infection, is known as 

affinity maturation and has been well known for a number of years. In 1964 Eisen 

and Siskind demonstrated an increase in affinity in antibody against 2,4-dinitrophenol
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as time progressed after immunization. Werblin et al (1973) found the same results. 

Other workers have demonstrated increasing affinity to many different antigens 

including rubella virus (Lehtonen and Meurman, 1982; Pullen et al, 1986), Japanese 

encephalitis virus, rota virus, rubella virus (Inouye et al, 1984), tetanus toxoid in 

patients with systemic lupus erythematosus (SLE) (Devey et al, 1987) and anti-insulin 

antibodies (Vos and Benner, 1989). This maturation is due to changes in cell 

population producing antibody rather than selection of high affinity antibody by 

antigen (Steiner and Eisen, 1967).

It is thought that lymphocytes secreting high affinity antibody are stimulated on the 

basis of the affinity of their receptors for antigen (Siskind and Benacerraf, 1969). 

Low affinity receptors require more antigen to stimulate the lymphocyte into secreting 

antibody than do high affinity receptors. The increase in antibody affinity after 

immunization arises from continued stimulation of high affinity receptors on 

lymphocytes as antigen concentration decreases. Despite the general trend for 

increasing affinity, a gradual decrease, after a rise, has been observed, also 

alternating high and low affinity antibodies have been described (Macario and 

de Macario, 1973).

The persistence of low affinity antibody populations has been found during the 

immune response in rabbits (Werblin et al, 1973) although the "average " affinity 

increased due to increased production of high affinity antibody. This persistence of 

low affinity antibody has been explained by the presence of IgD receptors on the 

B-lymphocytes (Pangbum and Muller-Eberhard, 1980). The first B-memory cells to 

appear after antigenic stimulation are IgD^, which give rise to mature memory cells 

that are IgD . The IgD"*" cells lead to production of low affinity antibody while IgD 

cells lead to a high affinity antibody response. These observations suggest that there 

maybe two populations of memory cells; IgD cells that undergo affinity maturation 

in response to limited antigen and IgD^ cells that maintain a pool of low affinity 

cells, which are capable of reacting broadly to related antigens, which can give rise 

to a high affinity antibody, and possibly act as a first line of defence against another 

similar antigen.
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Another important factor in the reactivity of antibody for antigen is the valency of 

antibody and antigen. Affinity is the general term for the interaction of a single 

antibody binding site with a monovalent antigen (intrinsic affinity). In vivo functional 

affinity, or avidity, is the more important factor since stimulating antigens are often 

bacteria and viruses with repeating antigenic structures. The greater the number of 

binding sites on the antigen, the greater the avidity. In experiments with anti-DNP 

IgG the intrinsic affinity was measured and found to be 10  ̂ M'^’ which showed a 

1000 fold enhancement to 10*® M * with bivalent attachment (Homick and Karush, 

1972) Anti-DNP IgM molecules, with 10 binding sites per molecule, showed an 

intrinsic affinity of between ICX* and 10̂  M * and a functional affinity of 10** M'*, an 

enhancement of a million fold. This greater polyvalency has been correlated to the 

fact that IgM antibody, against 3-iodo-4-hydroxy-5-nitrophenyl acetyl conjugated to 

a T2 bacteriophage, was superior in neutralizing the phage than IgG molecules (Sarvas 

and Makela, 1970).

The valency of the antigen is also important in determining the function affinity of 

the antibody response. The binding of receptors on antigen sensitive cells has been 

shown to be 100-300 fold greater with multi-valent DNP-conjugate compared with a 

uni-valent DNP-hapten (Bystryn et al, 1973).

Antigen processed by macrophages is more highly immunogenic than unprocessed 

antigen (Unanue, 1972). Studies of macrophage function, for example measuring the 

clearance of colloidal carbon (Passwell et al, 1974a) or *^^I-polyvinylpyrolidone 

(Morgan and Soothill, 1975) have shown that poor macrophage function leads to 

antibody production with low affinity, but does not affect the amount of antibody 

produced, whereas normal macrophage function leads to high affinity production. 

Compounds which stimulate macrophage function, like oestrogens, cause an increased 

carbon clearance time, and in mice that normally form low affinity antibody, high 

affinity antibody is produced (Passwell et al, 1974a). Suppressed macrophage 

function resulting from protein deprivation causes low affinity antibody to be 

produced in mice that normally produce high affinity antibody (Passwell et al, 

1974b).
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The immune system selects high affinity antibody to protect the body from foreign 

antigen, which suggests high affinity antibody has better biological functions than low 

affinity. High affinity antibody has been shown to be more effective than low 

affinity antibody for several different biological reactions, including; complement 

fixation (Fauci et al, 1970), haemolysis (Warner and Ovary, 1970), immune 

elimination (Alpers et al, 1972) and virus neutralization (Blank et al, 1972).
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Antibody affinity and immunopathology

Studies in animals have demonstrated low affinity antibody is important in causing 

chronic antigen-antibody complex disease (CAACD). Two strains of mice, one high 

affinity antibody producer, the other a low affinity producer, were given daily 

injections of human albumin. The mice producing low affinity antibody suffered 

more severely from CAACD than high affinity producers. Low affinity producers 

had higher levels of circulating complexes, with more antibody-antigen complexes and 

complement deposited on the basement membrane in the glomeruli and more severe 

impairment of glomerular filtration (Soothill and Steward, 1971).

Immune-complex glomerulonephritis, resulting from serum sickness, can be graded 

as mild, moderate and severe. Studies by Noble et al (1987) demonstrated an 

association between the degree of serum sickness and quality of antibody. In rats that 

were injected daily with bovine serum albumin, those with mild serum sickness 

showed a rapid removal of immune-complexes from the circulation, no evidence of 

renal disease and maintained a strong immune response. Immune deposits were only 

found in the mesangium. Changes from mild to moderate serum sickness were 

associated with proteinuria and the disappearance of precipitating antibody. The 

immune deposits started to accumulate on the basement membrane during the 

moderate phase. In severe serum sickness antibodies were of significantly lower 

affinity, compared to normal controls. High affinity antibodies were absent and 

circulating immune-complexes were only marginally elevated and immune deposits 

were found only on the basement membrane.

Koyama et al (1986) found the deposition of immune-complexes in the glomerulus 

was influenced by the size and charge of the antigen, small immune-complexes, such 

as formed with low affinity antibody, and cationic complexes precipitated on the 

basement membrane.

A comparison between two groups of patients with abnormal immune-regulation was 

described by Devey et al (1987). Patients with rheumatoid arthritis failed to show
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affinity maturation after immunization with tetanus toxoid, where patients with 

systemic lupus erythematosus (SLE) showed affinity maturation, although the total 

amount of anti-tetanus antibody was similar in both groups. The affinity maturation 

of antibodies in the SLE group was in fact greater than a normal control group.

The long term presence of low affinity antibodies seems to contradict the idea that 

low affinity antibody is an intermediate in a pathway leading to high affinity antibody. 

It seems that the presence of low affinity antibody is more important than first 

thought. Cells with low affinity receptors are more resistant to becoming tolerant 

than cells with high affinity receptors (Theis and Siskind, 1968), and may provide the 

first line of defence against antigens in producing antibody with low intrinsic affinity 

but high functional affinity, especially IgM.
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Aim of study

The aim of this study was to develop a method to measure the affinity distribution of 

antigen-specific IgG in the CSF. This was then used to compare the affinity 

distributions of antigen-specific IgG from patients with MS and patients with an 

encephalitis. This was done to test the hypothesis: there is a difference in the 

affinities of IgG produced in the two groups of patients. It is thought that in MS, 

antigen-specific IgG is produced as a secondary response to the activation of the 

immune system, and consequently the B-cells produce antibody, which is of low 

affinity. By contrast antibody produced in patients with encephalitis is made as a 

direct consequence of an antigenic stimulus; namely, an infective agent. This primary 

immune response, results in antibody of high affinity.
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Section Two

Methodology, evolution and evaluation of 

techniques used to study antigen-specific

IgG
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Introduction

With the aims of the thesis defined, methods needed to be modified and developed 

with which to study antigen-specific IgG. This section details the materials and 

techniques used in this study. Following a description of the common reagents and 

equipment used, there are two subsections describing the techniques. First, the 

established routine methods are described; including measurement of total proteins 

and specific proteins in CSF and serum, and isoelectric focusing for the detection of 

total and antigen-specific IgG. In the second, there is a description of methods that 

were specifically developed for use in this study. This second section also includes 

the evaluation of these methods, and further observations and appraisal of the 

improved antigen-specific IgG immunoblot technique.
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Materials

This section details reagents and equipment that are common to many of the 

techniques used. Special reagents or modifications are noted in the relevant method 

sections.

Saline

Unless otherwise stated normal saline (0.9% w/v sodium chloride) was used in all 

experiments.

Blocking solution

Blotting techniques used 2% (w/v) dried milk (Safeway; Kent UK) in normal saline 

as the blocking agent; the ELISA based techniques used 1 % w/v gelatine (Sigma; 

Poole UK) in normal saline.

Washing solution

Blotting techniques used 0.2% dried milk in normal saline for all washing stages; the 

ELISA based techniques used 0.1% gelatine in saline.

Colour reagent

To visualize the presence of detector antibody labelled with Horse Radish Peroxidase 

(HRP) on blotting membranes, 3-amino-9-ethylcarbazole (Sigma; Poole UK) was 

used as the oxygen acceptor, which forms an insoluble precipitate on the membrane. 

The reaction took place in an acetate buffer at Ph 5.2 with hydrogen peroxide (BDH; 

Lutterworth, UK) used as the substrate for the HRP label. The colour reagent was 

made from 30 mg 3-amino-9-ethylcarbazole dissolved in 10 ml methanol and the 

volume made to 50 ml with 0.05 M acetate buffer, pH 5.2 and 50 fil hydrogen 

peroxide (30% v/v).

ELISA techniques requiring a soluble coloured product used o-phenylenediamine 

(OPD) as the oxygen acceptor. The colour reagent was made by dissolving 10 mg
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OPD (Sigma; Poole UK) in 10 ml 0.05 M acetate buffer pH 5.2 and adding 10 

hydrogen peroxide.

Both colour reagents were made fresh when required and used immediately. 

Antibodies

Antibodies were used to detect the presence of human IgG, immobilized on to a solid 

phase. The immunoblotting methods employed a double antibody technique with goat 

anti-human IgG, Fc specific, (Incstar; Winnersh UK) as the first antibody. The 

second antibody, was rabbit anti-goat HRP conjugate (DAKO; High Wycombe UK). 

Both antibodies were used at a dilution of 1/1000 in 0.2% milk solution in saline 

unless otherwise specified.

ELISA methods used one antibody, an F(ab’)2 fragment of an anti-human IgG-HRP 

conjugate (Dako; High Wycombe UK). This antibody was used at a dilution of 

1 /2 0 0 0  in 0 .1  % gelatine in saline, unless otherwise specified.

Antigens.

Eight different antigens were used in this study; these were: measles, HSV I, 

varicella, rubella, CMV, toxoplasma, mumps and TB. The antigens used were all 

commercially available (Behring; Middlesex UK) except TB, where PPD was used 

as the antigen. These antigens were chosen as they were readily available and were 

causes of neurological disease. Antibodies to these microorganisms are also found 

in MS.

Except mumps and PPD, all the antigen preparations were supplied freeze dried and 

reconstituted with 2 ml de-ionised water and then centrifuged for 5 min (Eppendorf 

microcentrifuge 5413). The supernatant was stored at 4 °C and used as the source 

of antigen for all the experiments. Mumps and PPD, supplied as a liquid, were used 

neat.
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Control antigens (Behring; Middlesex UK), consisting of virus free cell preparations 

used in antigen production, were prepared in the same manner. The total protein of 

the antigen preparations was approximately 1 0  g/1, by the benzethonium chloride 

method.

Positive control

A positive control for the ELISA screen was made using a mixture of diluted CSF 

from patients with SSPE and HSVE, with diluted commercial, positive control serum 

(Behring; Middlesex UK). The CSF and control serum were diluted to give a final 

OD on the ELISA plate of approximately 1.0.

Blotting membranes

Three types of membrane were used in this study, nitrocellulose (pore size 4.5 fxm) 

and nylon membranes both from Sartorius (Epsom UK), and a polyvinylidene- 

difluoride (PVDF) membrane (Immobilone-P) from Millipore (Watford UK).

Equipment

The more important pieces of equipment used were as follows:

Isoelectric focusing was performed on a Pharmacia lEF 3(KX) system, rockets were 

electrophoresed in a home-made electrophoresis tank.

The ELISA plate reader used was an Anthos 2001 (Anthos laboratory technique 

instruments: Austria) and shaken on a Dynatech vari-shaker (Dynatech: Billinghurst 

UK).

Sample handling for the ELISA tests was performed on a Quatro 200 liquid handling 

system (Probas Biomedical; Manchester UK).

All the ELISA methods were performed in flexible, PVC (high activated) microtitre 

plates (ICN Flow; High Wycombe UK). The CSF total protein assays were 

performed in rigid polystyrene microtitre plates (ICN Flow; High Wycombe UK).
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Established methods

CSF total protein

Total protein in CSF was measured by a turbidometric technique using benzethonium 

chloride as the precipitating agent (Luxton et al, 1989). This method equally 

precipitates albumin and globulins. The method was semi-automated on the liquid 

handling station. The machine took 10 /il of CSF (or standard) and diluted it into a 

rigid microtitre plate with 190 /xl freshly prepared benzethonium chloride (BTC) 

reagent (5 g/1 BTC, 20 g/1 EDTA, 10 g/1 NaOH in deionised water). When the 

samples had been diluted, the microtitre plate was shaken gently and was then 

allowed to stand for 10 min before being read in the ELISA plate reader at 405 nm. 

Results were calculated using a second-order curve-fit programme, comparing test 

optical density with the optical density from standards of known concentration. The 

total protein result was used to calculate loading volumes for isoelectric focusing.

IgG and albumin measurements

IgG and albumin concentrations in CSF and serum were determined using a 

’monorocket’ technique (Ganrot and Laurell, 1974). For IgG a 1.5 mm thick gel was 

used (1% HEEO agarose, 0.5% ME agarose (SeaKem, Rockland ME, U.S.A), and 

3% PEG 6000 (BDH; Lutterworth, UK) in 0.075M barbitone buffer pH 8 .6 ) and for 

albumin a 1 mm thick gel (1% ME agarose, and 3% PEG 6000 in 0.075M barbitone 

buffer pH 8 .6 ). The volume of anti-IgG and anti-albumin (Atlantic Antibodies; 

Winnersh UK) used was adjusted for each batch of antisera to give a peak of 

approximately 30 mm for a concentration of 200 mg/1 IgG or 500 mg/1 albumin. The 

volume used varied between 80 and 1 2 0  /d depending on the batch of antisera. 

Serum samples were diluted 1/200 in saline and ran in adjacent wells to their 

corresponding CSF samples. A sample volume of 2 fd and 4 fil was used for albumin 

and IgG respectively. The plates were run overnight at 80-100 mA with 0.075M 

barbitone buffer, pH 8 .6  as the electrode buffer. After washing the gel twice in
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saline, squashing dry between washes, the peaks were stained using Coomassie 

brilliant blue G-250 (BDH; Lutterworth, C.I. 42655). Results were calculated using 

a second-order curve-fit programme, comparing test peak heights with standards of 

known concentration.

Isoelectric focusing

lEF was performed on a 22.6 x 11.5 cm agarose plate (Keir et al, 1990); this was 

made by taking 3.6 gm sorbitol (Sigma; Poole UK), 3.6 gm agarose (lEF grade, 

Pharmacia, Milton Keynes UK) in 30 ml 10% glycerol (BDH; lutterworth, UK), and 

heating in a boiling water bath until dissolved. When the mixture had cooled to 

60 °C, 2 ml pH 3.0-10.0 and 0.5 ml pH 8.0-10.5 ampholyte (Pharmacia, Milton 

Keynes UK) was added, and then mixed well (being careful not to introduce any air 

bubbles). Using a sample application foil (Pharmacia), approximately 100 ng of IgG 

was applied to the gel surface, giving a typical loading volume of between 2  and 

15 ix\ CSF. The samples were focused for 1250 volt-hours (maximum volts, current, 

and power were set at 1250, 150, and 18 respectively, per plate). When the run was 

complete, the separated sample was passively transferred to a nitrocellulose 

membrane by squashing the gel for 30 min. IgG was detected immunochemically by 

first immersing the membrane in blocking solution for 30 min, incubating with goat 

anti-human IgG (diluted l/KXX)) for 30 min. Finally incubating with horse-radish 

peroxidase labelled rabbit anti-goat immunoglobulins (diluted 1/10(X)) for 30 min, 

with adequate agitation with washing solution between steps. The colour was 

developed, after washing with water, by incubating the membrane in 50 ml colour 

reagent. After 10 to 15 min the membrane was washed in tap water and dried using 

hot air. CSF samples were initially run, and if positive for oligoclonal bands, then 

5 fil diluted serum (1/500 in distilled water) was run with the CSF in an adjacent 

lane.
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Isoelectric focusing of antigen-specific IgG

In order to detect antigen-specific IgG, antigen was first immobilized on to a 

polyvinylidenedifluoride membrane. To achieve this, the membrane was cut to size 

and immersed in methanol; this ’wets’ the membrane. Methanol was gradually 

removed by washing the membrane with four changes of saline. Approximately 

60 fig protein/cm^ membrane was used to coat the membrane. The appropriate 

amount of antigen (usually 300 fil for a 60x90 mm membrane) was added to 25 ml 

saline in a polythene air tight container. The membrane was taken from the saline 

bath and plunged into the antigen solution, then left overnight at room temperature 

on a rocker.

Samples were separated by isoelectric focusing in the same way as previously 

described for total IgG. While the samples were being focused, the coated membrane 

was incubated in blocking solution at room temperature. A few minutes before the 

end of the run, the membrane was washed twice and left in saline ready for the 

protein transfer.

When the focusing run had finished, the surface of the gel was pre-blotted with a 

piece of dry nitrocellulose for about 20 seconds. This sheet of nitrocellulose was 

discarded. After taking the coated membrane from the saline, and the smooth side 

identified, the membrane was blotted gently on blotting paper and carefully placed on 

the surface of the gel, smooth side in contact with the gel, and any air bubbles 

present were carefully removed. A sheet of damp nitrocellulose, followed by a sheet 

of damp filter paper (Whatman No 50) was then placed on top of the membrane, 

again removing any air bubbles. Several layers of dry filter paper were then placed 

on top of this followed by a glass plate. The gel was then squashed for 15 minutes 

under a 1.5 kg weight.

After the gel had been pressed for 15 minutes, the weight, glass plate and filter 

papers were removed. The membrane was washed 5 times with saline for a total 

duration of 1 0  minutes, and then given a final wash in 2 % milk solution for a further
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5 minutes. The antigen-specific IgG was then stained as for total IgG, except the 

membrane was incubated in first antibody for one hour.
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Development and assessment of new techniques

During this study several methods and techniques were developed, or refined. These 

techniques fell into two main categories; those based on ELISA and those involving 

immunoblotting. To study the affinity of antigen-specific IgG in CSF, it was 

necessary to select samples that showed antibody activity against the particular antigen 

of interest. This was achieved by developing a screening test using an ELISA 

technique. From this method the other ELISA techniques were developed; these were 

the measurement of the antigen-specific index and the affinity distribution of the 

antigen-specific IgG. The immunoblot techniques discussed in this section are those 

in which antibody affinity is important in producing the final pattern seen on the 

membrane.

ELISA screen and method evaluation

To select positive CSF samples for further study, a technique was required to screen 

CSF samples for the presence of antigen-specific IgG. The method had to be quick, 

simple, low cost, reproducible, specific and have good discrimination between 

positive and negative samples. An ELISA technique was developed that fulfilled all 

these requirements. The following description is the ELISA method used for the 

experiments. Changes in this prototype method are described in the relevant 

subsections.

Previously prepared antigen was diluted 1/50 in 0.05 M carbonate buffer pH 9.2; 

each row of wells was coated with 50 ^1 of one of the eight antigens, allowing up to 

twelve different samples to be tested for each antigen.

After an overnight incubation at 4 °C, the remaining sites on the well surface were 

blocked by adding 150 /zl ELISA blocking solution to each well. The plate was left 

to stand for 30 min at room temperature. The contents of the wells were shaken out 

into a sink, and the wells washed twice with 225 fxl washing solution, shaking out
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the washing solution between washes and tapping the inverted plate vigorously on a 

piece of blotting paper.

Then 50 /*1 of diluted CSF (1/10 in 0.1% gelatine in saline) was placed in the coated 

wells, one column of wells per patient. At least 40 fd of CSF was required to test 

against all eight antigens. The diluted samples were shaken gently for 2 hours, 

before washing with eight changes of tap water followed by three changes of washing 

solution, with vigorous tapping of the inverted microtitre plate on blotting paper 

between washes. Next, 50 id anti-human IgG/HRP F(ab’)2 (diluted 1/3000) was then 

added to each well, and the plate shaken gently for 1 hour. After washing, using the 

same procedure as described above, 50 ^1 of colour reagent was added to each well. 

The colour was allowed to develop for 15 - 20 min in the dark before stopping the 

reaction with 50 /xl 2.0 M hydrochloric acid. The optical density of the coloured 

product was measured at 405 nm, and 620 nm as a reference wavelength on the 

ELISA plate reader.

Antigen coating time

The effect of time on coating the microtitre plate was investigated, in order to 

establish a suitable and convenient coating time for the plate, for use in a screening 

test. For this experiment measles virus was used as the antigen.

At recorded times, 50 /xl of diluted measles antigen (1/40 in 0.05 M carbonate buffer 

pH 9.2) was added to each well in one column on a microtitre plate. Column one 

was coated at 17.00 hr and left overnight at 4 °C. The following morning columns 

were coated at 09.15, 09.45, 10.15, 10.45, 11.15, 11.45 and 12.15 hr, which gave 

coating times for columns 1-8, of 1160, 185, 155, 125, 95, 65, 35 and 5 min 

respectively. All wells on the microtitre plate were blocked by the addition of 

150 /xl blocking agent for 30 min, then washed twice with wash solution before 

adding 50 /xl diluted serum (1/250 in normal saline) from a patient with SSPE. The 

plate was incubated at room temperature, with gentle shaking, for 2 hours. Washing,
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incubation with antibody and colour development were carried out as previously 

described.

For each column the mean, standard deviation and coefficient of variation were 

calculated. The average optical density for the overnight incubation was chosen as 

a reference value. The average optical density for the remaining columns was 

expressed as a percentage of the reference optical density, and are shown in Fig 2.1.

For the interpretation of the results from this experiment it is assumed that the 

amount of antigen bound to the microtitre plate well surface at the end of the whole 

experimental procedure is reflected by the intensity of the coloured product formed. 

Also it is assumed that the overnight incubation represents maximum binding to the 

well surface.

As seen in Fig 2.1 after three hours incubation with antigen, the optical density is 

approximately 90% of that achieved after 19 hours incubation with antigen. There 

is an initial rapid uptake of antigen in the first few minutes, to slightly more than 

50% of the final value after five minutes.

As 90% of total binding takes place within the first 15% of the maximum incubation 

time of 19 hours in the experiment, it was assumed that maximum binding to the well 

surface would take place during an overnight incubation. Therefore an overnight 

incubation for antigen coating was adopted. It also was convenient to prepare the 

plate the day before, so that they were ready, for blocking, first thing in the morning.
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Figure 2.1 Effect of Antigen coating time on optical density.

The effect of antigen concentration on well coating

The optimum concentration of antigen for coating microtitre wells was determined to 

maximize colour production and to ensure the use of antigen was cost effective. In 

this experiment, CSF samples from three different patients with high levels of 

antigen-specific antibody was used; one from a patient with SSPE, another from a 

patient with herpes encephalitis, and the third from a patient who had varicella 

encephalitis.

Doubling dilutions of measles, herpes, varicella and their respective control antigens 

were made from 1/5 to 1/10240 in 0.05 M carbonate buffer pH 9.2. To rows A and 

B, on the microtitre plate, 50 /xl of the diluted measles (row A) and control antigen 

(row B) were added, the most concentrated in column 1 and the least concentrated in
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column 12. In the same manner 50 fil of herpes antigen and control were dispensed 

into rows C and D, with the varicella dilutions being placed into rows E and F.

The plate was incubated overnight at 4 °C. After blocking and washing as previously 

described, 50 fil of diluted CSF samples (1/10 in 0.1 % gelatine in saline) were placed 

in the microtitre plate wells; CSF with anti-measles into rows A and B, anti-herpes 

into rows C and D, with anti-varicella into E and F. The plate was incubated at 

room temperature with gentle shaking for 2 hr. Washing, incubation with detecting 

antibody and the colour reaction were carried out as previously described.

The control antigen optical densities were subtracted from the test antigen optical 

densities, the resulting optical densities were plotted against the dilution of the 

antigen, and is shown in Fig 2.2.

The three antigens showed that the maximum optical density was achieved with an 

antigen dilution between 1/10 and 1/20. There are two possible explanations as to 

why an antigen concentration greater than this leads to a lower optical density. The 

first explanation is that of steric hinderance; the antigen being so densely packed on 

the well surface that antibody was unable to bind to all the available epitopes on the 

antigen. The second interpretation is that the antigen forms multiple weakly bound 

layers, or aggregates on the well surface, instead of a regular monolayer. During the 

incubation stages, particularly with the detecting antibody and washing stages, weakly 

bound antigen is lost taking with it bound detector antibody, leaving behind antigen 

on the well surface with free binding sites.

To test which of these two possible interpretations is more likely, a plate was coated 

in the same manner with measles antigen, with dilutions of 1/5 to 1/340. The 

experiment followed the same procedure except for the incubation stage with detector 

antibody. The plate was incubated with equally diluted detector antibody for 30 min 

and then washed in the usual way. Then 50 ^1 of fresh detector antibody was added 

to the wells and incubated for a further 30 min after which the plate was again 

washed and a final 50 fil of fresh antibody was added to all the wells for another
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Figure 2.2 Effect of antigen concentration on optical density for 
measles, herpes and varicella.

30 min. The plate was washed and the colour developed.

If steric hinderance was the cause of the lower optical densities at high antigen 

concentrations, then a similar result would be obtained. If it is due to loss of weakly 

bound antigen aggregates, along with coupled detector antibody, then the fresh 

detector antibody will occupy the remaining free binding sites. This would result in 

a change in shape of the curve, at higher concentrations of antigen giving a higher 

optical density.
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Figure 2.3 Effect of antigen concentration on optical density after 
multiple incubations with detector antibody for measles antigen.

Figure 2.3 shows the optical density increasing with higher antigen concentrations, 

giving support to the theory of weakly bound aggregates causing the inversion curve 

seen in figure 2 .2 .

To keep the method simple, with a minimum number of stages, a single incubation 

with detector antibody was used at a dilution away from the area of inversion on the 

dilution curve, but still allowing a good colour response. A dilution of 1/30 was 

chosen to fulfil these requirements, and was used for the ELISA screen, for 

measurement of specific index and for the affinity distributions of antigen-specific 

IgG.
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Sample incubation time

The incubation time of the CSF samples was investigated to ensure that maximum 

binding to the immobilized antigen was achieved, and that the optimum incubation 

time was used in the ELISA techniques.

A plate was coated for the prototype ELISA method as previously described, except 

no TB antigen was used. Then 45 fil 0.1 % gelatine was added to all the wells. At 

preset times 5 fil of positive control was added to all the wells in one colunrn. The 

first column had sample added first, so it represented the longest incubation. Column 

1 2  had no sample added, and thus represented an incubation of zero minutes. 

Addition of sample to the columns of wells was arranged to give the following 

incubation times: 0, 15, 30, 45, 60, 90, 120, 150, 180, and 210 minutes.

The incubation was halted by washing the wells 210 minutes after the first addition 

of sample. The detection and visualisation of antigen-specific IgG was carried out 

as previously described. The optical density was plotted against incubation time, 

which is shown in figures 2.4 and 2.5.
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Figure 2.4 Optical density versus sample incubation time for 
measles, herpes and varicella.

From the graphs it can be seen that the optical density rises rapidly over the first 

15 min and reaches a plateaux by 60 min. This indicates, either, antigen binding sites 

in the wells have been saturated, or all the antigen-specific IgG in the CSF has been 

captured by the antigen. It is interesting to note that anti-herpes and anti-measles 

IgG, in the positive control, both give a greater optical density than the IgG directed 

against the other antigens. This could be because the sources of anti-measles and 

anti-herpes IgG, for the positive control, were from the CSF of patients with SSPE 

and herpes encephalitis respectively, whereas the source of antibody against the other 

antigens was from a commercial control serum.
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Figure 2.5 Optical density versus sample incubation time for 
rubella, CMV, toxoplasma and mumps.

A period of 120 minutes was chosen for the sample incubation time for all the ELISA 

based techniques used in this study.

Detecting antibody

The ELISA techniques used in this study detected human IgG, bound to immobilized 

antigen, using a horse-radish peroxidase labelled antibody. The different performance 

characteristics of anti-human IgG, whole molecule, and anti-human IgG F(ab’)2 

fragment, were investigated. Also, the optimum antibody dilution and incubation 

time was determined.

To investigate the performance characteristics of different detecting antibodies, pairs 

of adjacent rows in a microtitre plate were coated with one of four antigens: measles 

(rows A and B), varicella (rows C and D), CMV (rows E and F) and mumps (rows
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G and H). Three different samples were used as the source of human antigen-specific 

IgG, a sample from a patient with SSPE, a sample from a patient with varicella 

encephalitis and a sample from a patient with MS. Three different detector antibodies 

were used, two were F(ab*)2 fragment preparations, one a freshly opened bottle, the 

other had been opened for a month (both from Sigma; Poole UK), and a labelled 

whole IgG molecule (Dako; High Wycombe UK).

The three diluted samples were placed into the wells on the microtitre plate that had 

been divided into four areas: columns 1-3, 4-6, 7-9 and 10-12. They were placed in 

alternate rows, so for each antigen there was one row with sample and one row 

without, acting as a sample blank. After incubating with sample, and washing the 

plate, each of the detector antibodies was added to one of the marked areas. The 

fourth area had no detector antibody added, only saline, and thus acted as a reagent 

blank.

The mean sample blank, of all the antigens, was calculated for each detector 

antibody, along with the mean reagent blank, these can be seen in table 2 . 1 .

Antibody Sigma old 
F(ab’)2

Sigma new 
F(ab’)2

DAKO
whole
molecule

Reagent
Blank

Mean Optical 
Density x KXX)

85.17 52.87 2 2 0 .0 0 26.75

Table 2.1 Mean blank optical densities for three different detector 
antibodies.

These results show the whole molecule detector antibody gave higher non-specific 

binding (NSB) with the immobilized antigen than either of the two F(ab')2  detector

99



antibodies. This is probably due to binding of the Fc portion of the molecule, which 

has the complement binding sites. Old Sigma P(ab’)2 antibody showed a higher 

background signal than the fresh conjugated antibody. This observation was 

accompanied by a loss of sensitivity in the method. The optical density obtained for 

the SSPE sample against measles, using the old Sigma antibody, was only 33% of 

that obtained using the new. A similar figure (38%) was seen for the varicella 

encephalitis sample against varicella antigen.

Since the Sigma F(ab')2  antibody appeared to be unstable, a DAKO F(ab’)2-HRP 

conjugate was tried. This antibody showed no evidence of aging when undergoing 

a similar experiment. Following these observations, DAKO F(ab’)2 enzyme conjugate 

was used in all the subsequent ELISA studies.

The optimum dilution of labelled antibody (DAKO F(ab’)2-HRP) was determined by 

using doubling dilutions of antibody in 0 . 1 % gelatine (dilutions from 1 /1 0 0  to 

1/51200 were made). A microtitre plate was coated with measles antigen in two rows 

of wells (A and B) and measles control antigen in two rows (C and D). A further 

two rows of wells were left blank to be coated with blocking solution only. All the 

wells were washed and blocked as previously described. A CSF sample from a 

patient with SSPE was diluted 1/20 and 50 ^1 of this was placed in the six rows on 

the microtitre plate; two coated with measles, two coated with control antigen and the 

last two blocked only with gelatine. After a 2 hr incubation, the plate was washed 

as previously described, 50 /xl of diluted antibody was added to the plate, and each 

dilution was added to a separate column of wells.

The plate, with detector antibody, was incubated for 90 min, after which it was 

washed, and the colour developed as previously described.
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Figure 2.6 Dilution curves for detector antibody for anti-measles 
IgG in wells coated with measles, measles control antigen and 
blocking agent.

The mean values of the duplicate optical densities were plotted for measles coated 

wells, control antigen coated wells and the blank wells for the different antigen 

dilutions. Their results are shown in figure 2.6. It is seen that with higher 

concentrations of detector antibody, a maximum optical density is reached, which 

represents saturation of all available binding sites derived from this sample. 

Concomitant with this increase in optical density at higher detector antibody 

concentrations, was an increase in the background optical density seen in the control 

wells. The wells coated with control antigen showed a similar response to the blank 

wells; indicating there was no cross reaction with the culture medium used to grow 

the virus. At the highest detector antibody concentration the blank wells showed 

highest optical densities, which probably reflects replacement of blocking protein on 

the well surface with detector antibody.
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Figure 2.7 Plot of signal-to-noise ratios against dilution of detector 
antibody.

The background optical density can be likened to noise in the system. As the 

background noise increases against a stable signal so the signal-to-noise ratio 

decreases.

The signal-to-noise ratio is defined as the quotient:

TEST OPTICAL DENSITY
BLANK OPTICAL DENSITY

A plot of signal-to-noise ratios is seen in figure 2.7, which clearly shows a maximum 

signal-to-noise ratio with a detector antibody dilution between 1 /1 0 0 0  and 1/2 0 0 0 . 

In the ELISA based tests, used for this study, the second antibody was diluted 

1/2 0 0 0 .
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Figure 2.8 Graph to show the effect of the incubation time of 
detector antibody, on optical density.

The incubation time for the detector antibody was also optimized using a microtitre 

plate with duplicate rows of measles, control measles antigen and blank wells, into 

which diluted CSF (1/20) from a patient with SSPE was placed. After incubation 

with the CSF sample, and washing, as previously described, 25 /xl 0.1% gelatine was 

placed in all the wells. At predetermined times 25 ^1 detector antibody (1/1000) in 

0.1% gelatine was placed in one column of wells, giving the final dilution of antibody 

at 1/2000 in the microtitre plate well. The additions of antibody were calculated to 

give final incubation times of 15, 30, 45, 60, 95, 120, 150, and 180 minutes. After 

15 minutes from the last antibody addition to the final column of wells, the plate was 

washed, and the colour developed according to the protocol.

The mean optical density of the duplicate wells was plotted against incubation time 

and are shown in figure 2.8. After an initial rapid rise in optical density over the 

first 40 min, the rate of increase became less steep and constant, with the highest 

optical density recorded at 3 h, the maximum time allowed for the experiment. The
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wells coated with control antigen and the blank wells both gave very similar readings, 

as expected from the results of the previous experiment. But these blank readings did 

increase with longer incubation times. Again this was thought to be due to 

replacement of proteins on the well surface with detector antibody. The constant rate 

of increase of the signal may suggest that all binding sites are occupied by detector 

antibody and the increase in optical density after this time is due to protein exchange 

on the well surface.

The plot of signal-to-noise ratio seen in figure 2.9, shows an increase in the blank 

signal (or noise), after about 120 min, the signal-to-noise ratio decreases as the blank 

signal increases. Consequently an incubation time for the detector antibody of 120 

min was used in all the ELISA tests used in this study.

Measles was chosen as a representative antigen because there was sufficient CSF 

available from this patient for these experiments; it was assumed that other antigens 

would give similar results.

Precision studies

A number of different precision studies were carried out with the optimized ELISA 

technique. A CSF sample from a patient with herpes encephalitis was diluted 1/5, 

1/10, 1/20 and 1/40 in 0.1% gelatine in normal saline. Then 50 /xl of each dilution 

was placed in two rows of wells (24 wells) on a herpes coated plate that had been 

blocked and washed. Following the assay, the mean, standard deviation and 

coefficient of variation of the optical densities, resulting from the anti-herpes IgG, 

were calculated. These are summarized in table 2.2.
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Figure 2.9 Plot of signal-to-noise ratio against incubation time of 
detector antibody.

Dilution Mean OD x 1000 Std Deviation Coefficient of 
Variation

1/5 1061 74.0 6.98

1/10 682 30.2 4.43

1/20 458 25.1 5.49

1/40 300 19.3 6.44

Table 2.2 Within batch precision studies on dilutions of anti-herpes 
IgG, n=24.

A similar experiment was performed with a measles coated plate and using a CSF 

sample diluted 1/5 and a matched serum sample diluted 1/500. In this experiment 28 

wells were used for each sample. The results are shown in table 2.3.
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Mean OD x 1000 Std Deviation Coefficient of 
Variation

CSF (1/5) 637 39.3 6.1

Serum (1/500) 553 29.1 5.2

Table 2.3 Precision studies on anti-measles IgG in CSF and serum, 
n=28.

A check on the precision of plate-coating was carried out and compared with the 

precision of the whole method. Rabbit anti-goat conjugated with horse-radish 

peroxidase (diluted 1/000 in 0.1 % gelatine: DAKO; High Wycombe UK) was treated 

as the antigen to coat two microtitre plates at 4 °C overnight. Both plates were then 

blocked with 150 fi\ 1% gelatine in normal saline for 30 min. One plate (method 

plate) then underwent the assay procedure using 0.1% gelatine in normal saline in 

place of sample and detector antibody. While this plate was taken through the ELISA 

protocol the other plate (control plate) was left standing on the bench with 0.1% 

gelatine in the wells. The enzyme activity of the immobilized labelled antibody was 

measured after the method plate had undergone the last washing stage. The control 

plate was also washed before the colour reagent was added. The mean, standard 

deviation and coefficient of variation for each plate are shown in table 2.4.

Mean OD Std Deviation Coefficient of 
Variation

Method Plate 602 35.0 5.8

Control Plate 891 33.4 3.7

Table 2.4 Comparison of precision of coating stage with precision of 
whole method, n=96.

The average coefficient of variation on the six measurements, of the virus coated 

wells was 5.8% (tables 2.2 and 2.3), which was remarkably close to the coefficient 

of variation of the method plate, which had been coated with labelled antibody as a
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substitute viral antigen. It can be concluded from these results that the within batch 

coefficient of variation of the method is 5.8% with a standard error of 0.37.

The control plate had a coefficient of variation for coating of 3.7%; this suggested 

that most of the variation in the assay arose from the coating procedure, probably due 

to slight differences in the wells and errors in pipetting. No noticeable edge effect 

was seen in these assays (Chessum and Denmark, 1978).

The other important observation to be made from these results, was that the method 

plate showed only 67.5% of the activity seen in the control plate. The implication 

of this finding was that during the incubation and washing procedures approximately 

30% of the immobilized antigen is lost.

Specificity

The specificity of the method was confirmed for measles, herpes and varicella using 

CSF from patients with SSPE, HSVE and VE; it was shown that only the antigen to 

which antibodies were directed gave a strong positive result. The specificity of the 

assay, for all antigens, was demonstrated using commercial control serum diluted 

1/100 in saline. This showed only reaction for the antigen of interest.
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Summary

As a consequence of the preceding experiments, the basic ELISA method was 

modified as follows for routine use and all the ELISA based techniques:

•  Antigen was diluted 1/30 for coating the microtitre plates.

•  Detector antibody was diluted 1/2000 for use.

•  The second incubation, with detector antibody, was 120 min.
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Antigen-Specific index

The ELISA screen detects the presence of antibody activity in the CSF sample, but 

does not give information about the origin of this antibody, that is whether it comes 

from the serum or is locally synthesised in the CNS. Calculating the antigen-specific 

index (AST) gives an indication of the origin of the antibody. Antigen-specific 

antibody in the CSF either originates from the blood, or is locally synthesised within 

the CNS. Antibody originating in the blood has equilibrated across the blood brain 

barrier, thus the concentration of the antibody in the CSF is a proportion of the serum 

concentration. Antigen-specific antibody in the CSF that originates in the blood will 

have the same ratio of the CSF to serum concentration as the ratio of the 

concentration of total IgG in the CSF and serum. Therefore, when the antigen- 

specific IgG ratio is divided by the total IgG ratio a value of 1.0 is obtained. If the 

ratio of antigen-specific IgG is increased, relative to the total IgG ratio, the index is 

greater than 1.0, indicating local synthesis of antigen-specific antibody within the 

CNS.

The ratio of antigen-specific IgG in CSF and serum was measured using a method 

based on the ELISA screen, described in the last section. Each well on a flexible 

microtitre plate was coated with 50 /xl diluted antigen (1/30 in coating buffer) and left 

overnight at4°C.  The wells were blocked for 30 min and then washed twice. CSF 

samples were diluted 1/2 and serum samples diluted 1/50 in 0.1 % gelatine in saline. 

If, from the ELISA screen, a very high activity was detected for a particular sample, 

a greater initial dilution was made; 1/10 for CSF and 1/100-1/200 for serum. From 

these dilutions eleven further doubling dilutions were made, making twelve dilutions 

in total. Each dilution of CSF or serum was placed in a coated well, so that one row 

of wells contained all the twelve dilutions. The preparation of serial dilutions was 

performed on a Quatro 200 liquid handling station in a rigid microtitre plate. The 

initial dilutions were placed in the first column of wells on the plate, from which the 

instrument prepared the remaining eleven dilutions and then transferred 50 /xl of each 

dilution to the coated flexible microtitre plate. Two rows were required for each 

patient, one for the CSF and one for the serum. The plate was incubated for two
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Figure 2.10 Dilution curves of CSF and serum used to calculate 
antigen-specific index.

hours at room temperature with gentle agitation, washed, incubated with detector 

antibody, the colour developed and measured in an identical manner to the ELISA 

screen method.

The optical density of each dilution was plotted against the reciprocal of the dilution 

using semi-logarithmic graph paper. Typical dilution curves for CSF and serum are 

shown in figure 2.10. The CSF dilution curve is on the left and the serum dilution 

curve is towards the right of the graph.

The ratio of the CSF dilution and serum dilution, for a given optical density was 

calculated. Usually an optical density of between 0.5 and 0.9 was chosen to compare 

CSF and serum. This ratio was taken to be the ratio of antigen-specific IgG in the 

CSF and serum. The ratio was then divided by the ratio of the total IgG in CSF to

110



total IgG in serum, measured by a monorocket technique, to give the antigen-specific 

index.

A SI-  IgG ^Total serum IgG
Specific serum IgG Total CSF IgG

In a few patients, the two samples gave non-parallel dilution curves. No ratio could 

be calculated from these dilution curves as the ratio varied according to the optical 

density chosen. An ASI of 1.0 indicated the antigen-specific antibody in the CSF was 

due to leakage, a value greater than 1.0 indicated local synthesis. A value less than 

1.0 indicated local synthesis of antigen-specific IgG other than that being studied. 

Results of patient studies using this method are discussed in the next chapter.

An alternative technique was used to calculate the ASI, by using the immunoblots to 

quantitate the total and antigen-specific IgG. It has been shown that the intensity of 

coloured product deposited on the membrane is proportional to the amount of IgG 

loaded on to the gel (Paluch et al, 1984; Davies, 1988). By scanning the membranes 

from the CSF and serum patterns of total and antigen-specific IgG, the ASI can be 

calculated. A Joyce-Loebel Chromoscan 3 was used to scan the membranes, using 

a wavelength of 592 nm. The ASI was calculated from the total integral of the 

focusing patterns for CSF and serum of total and antigen-specific IgG. In the 

calculation, a correction for the dilution of serum and the volume of sample used, was 

applied. The volume of CSF and serum applied to the gel was the same for antigen- 

specific IgG blots, but the total IgG blots often had different volumes of CSF and 

serum loaded. CSF was usually applied neat, but occasionally diluted CSF was used 

when the sample had a very high IgG level. Serum was diluted 1/100 for antigen- 

specific IgG blots and 1/500 for total IgG blots. Thus the formula used to calculate 

the ASI from the scans was:

111



ASI = A ie  
(AISx 100)

TIS %500
VS

TIC
VC

Where AIC and AIS are the integrals of the CSF and serum scans of the antigen- 

specific IgG respectively, TIC and 775 are the integrals of the total IgG. V5 and VI 

are the serum and CSF volumes loaded on the gels.
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Measurement of antibody affinity

To calculate the affinity of an antibody, the amount of free and bound antibody and 

antigen present at equilibrium needs to be measured, then a Scatchard, Langmuir or 

Sips plot can be constructed. The affinity of the antibody is then read from the 

graph. This is straight forward when studying monoclonal antibodies directed 

against haptens. When a polyclonal distribution of antibody is studied an "average” 

affinity and an indication of the degree of heterogeneity can be calculated from a Sips 

plot if the amount of bound and free antibody and antigen are measured. This is not 

difficult when pure antibody against haptens is used, the method of choice being 

equilibrium dialysis. When antibodies directed against larger antigens are being 

studied, this method is not suitable.

A quick, simple, high-through-put method that used the available equipment was 

required. Therefore a method based on the ELISA screen using solid phase antigen 

in microtitre plates was developed. To calculate an affinity constant, the amount of 

antibody binding to antigen had to be evaluated. Assumptions were made that 

detector antibody bound equivalently to different clones of IgG molecules, and the 

intensity of colour produced corresponded to the amount of human IgG in the well 

at the end of the test procedure. To calibrate the intensity of colour with the 

concentration of human IgG in the well, a standard curve was constructed using 

purified human IgG (Sigma; Poole, UK). A 100 mg/1 stock solution in normal saline 

was prepared. From this stock solution, working dilutions were made to give seven 

standards, see table 2.5 for the concentrations and the amount of IgG present in each 

well.

Antigen-specific IgG, in the sample, when placed in coated wells would bind to the 

antigen leaving their Fc pieces pointing "outward" allowing the detector antibody, 

which is Fc specific, to bind to all the human antigen-specific IgG. Using standard 

IgG samples for calibration in uncoated wells, the IgG molecules would be randomly 

orientated on the well surface resulting in some Fc pieces being inaccessible to the 

detector antibody. To solve this problem, a method was developed in which the wells
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were coated with protein A (Seralab, Sussex UK). After blocking with 1% gelatine 

in saline, 50 /*1 goat anti-human F(ab) (Cappell, Sussex UK) was added and incubated 

at room temperature for one hour. The goat anti-human F(ab) would capture human 

IgG F(ab) leaving their Fc pieces in a similar orientation to the bound antigen-specific 

IgG in antigen coated wells. See figure 2.11.

Standard number IgG concentration 
mg/1

Amount of IgG present in 
wells. Moles x 10̂ ®̂

1 0.03 2 . 0

2 0.06 4.1

3 0 .1 2 8.3

4 0.25 16.6

5 0.5 33.3

6 1 .0 6 6 .6

7 5.0 333.3

Table 2.5 Concentration (mg/1) and the amount of IgG present in the 
well (moles x 10" ®̂) for the seven IgG standards.

The amount of anti-F(ab) antibody had to be sufficient to saturate all the binding sites 

on the protein A, immobilized on the well wall. This was essential, otherwise any 

vacant protein A sites would capture standard IgG. The optimum concentration of 

protein A was found to be 5 mg/1, and the optimum dilution of anti-human F(ab) was 

1/25 in 1 % gelatine.
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Figure 2.11 Diagram showing sandwich technique used in the 
standard wells to calibrate the amount of antigen-specific-IgG 
remaining in the well after the assay procedure.
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Quantitation of bound antigen-specific IgG

Using a flexible microtitre plate, columns 1 and 2 were coated with 50 (A protein A 

(1  mg/1 diluted 1 /2 0 0  in coating buffer) while the remaining wells were coated with 

antigen. After an overnight incubation all the wells were blocked with 1 % gelatine 

in saline for 30 min. Columns 1 and 2 were incubated with 50 fd anti-human F(ab) 

(1/25 in 1 % gelatine) for 60 min at room temperature, the remaining wells were left 

with blocking solution. After washing the plate twice, 50 ^1 of the seven standards 

and a saline blank were placed in duplicate in colunms 1 and 2. In the antigen coated 

wells, 50 fd diluted CSF or serum was added. From the CSF samples a series of 

nine doubling dilutions were made; 1/2 to 1/512. Nine serum dilutions were made; 

1/10, 1/50, 1/100 and then double dilutions to 1/64CX). The nine dilutions with a 

saline blank were added to the remaining ten wells in each of the rows on the 

microtitre plate. The plate was incubated for 2 hr at room temperature, washed, 

incubated with detector antibody and the colour developed as for the ELISA screen.

From the optical densities, molar concentrations of bound antibody could be 

determined from the standard curve. Figure 2.12 shows a typical standard curve.

Using the molar concentration of the bound IgG a number of different plots could be 

drawn. An "average" affinity could be obtained using Scatchard, Langmuir or Sips 

plots by making two assumptions. The first assumption is that in the well with the 

least concentrated sample dilution, all the antibody binds due to a vast antigen excess, 

thus multiplying the concentration by the dilution factor will give the total antibody 

concentration. The second assumption is that in the well with the most concentrated 

serum sample there is vast antibody excess, which will saturate all the antigen binding 

sites and thereby giving the concentration of antigen binding sites.

To obtain an indication of the distribution of affinities within the antibody population 

a mathematical method was developed that was based on the technique used by
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Figure 2.12 Typical IgG standard curve. IgG concentration is in 
Moles X 10"̂ °.

Werblin and Siskind (1972). A computer was used to construct a theoretical dilution 

curve which was then compared to the observed dilution curve found by plotting 

sample dilution against molar concentration of bound antibody. In this technique the 

antibody population was divided into a number of regions of increasing affinity, for 

this study eight affinity regions were chosen. In effect, the whole antibody 

distribution comprised of only eight subpopulations of antibody with known affinity 

but with unknown concentrations. At the beginning of the calculation each affinity 

region had an assigned affinity value and antibody concentration. The assigned 

antibody concentration for each region (or subpopulation) was the same. On the 

microtitre plate there were nine dilutions for each sample, so there were nine points 

on a dilution curve (optical density versus sample dilution), each point composed of 

eight subpopulations. The concentration of antibody was first assigned to the least 

dilute point, the assigned values for the remaining points was the concentration of this 

least dilute point divided by the dilution factor. The total antibody concentration for
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each point would be the sum of the antibody concentrations of all the subpopulations 

of that point. Likewise, the total bound antibody for any point is the sum of bound 

antibody in each subpopulation. For each affinity region of each point on the dilution 

curve the amount of bound antibody was calculated, using the assigned values, from 

the following equations.

Concentration of: bound antibody= /XMg/; total antibody=//4frj/î 

total antigen=//4gT/.

The affinity of subpopulation (region)=^.

If [AbAg]=z, [Abj]=x, K=y, [AgjJ=a

Then

(x-z)(a-z)

from this:

-  =(x-z)(a-z) =ax-zx-za+z"
y

rearrange to give:

z^ -z (a + x + l )+ a x = 0
y

this can be solved for z by numerical iteration using the relationship:

z =---------—
z - ( a + x + l )

y

by initially setting z = l.
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The total bound antibody (B) for each point is the sum of the bound antibody from 

each subpopulation (zj) where i is the i’th subpopulation.

In the equation x  and y  have assigned values, a is assumed to be equivalent to the 

concentration of bound antibody found in the well with the most concentrated serum 

sample. The total bound antibody was calculated for each point (sample dilution).

High affinity antibody binds the most strongly, and making the assumption that it 

binds the most rapidly, the concentration of bound antibody is calculated for the 

highest affinity region first. The concentration of bound antibody in that region is 

subtracted from the total antigen concentration to give a new total concentration of 

antigen that would be available to the lower affinity subpopulations; and so on for 

each region. The concentration of antigen binding sites assumes only one IgG 

molecule binds to each binding site and CSF antibody has a similar reactivity to its 

paired serum sample.

To calculate the affinity distribution the following steps are performed by a computer, 

see appendix A for a listing of the programme. The initial total antibody 

concentrations for each subpopulation of each point was increased and decreased by 

50% to give two further concentration values for each subpopulation. The total 

bound antibody was calculated for all the points using every combination and 

permutation of the three total antibody concentrations for each subpopulation. Using 

the values obtained for each point from the different combinations and permutations, 

a theoretical dilution curve was produced. From all the theoretical curves produced, 

the one that gave the best least-squares fit to the observed curve was kept. The initial 

concentration values of the eight subpopulations were replaced with the new values 

from the best-fit curve. The new concentration values were then increased and 

deceased by 50%, and the procedure repeated; selecting the best-fit theoretical curve. 

The computer repeated this routine until no better fit curve could be found, at this 

point the concentrations of the eight subpopulations were increased and decreased by
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25 %, and the whole process repeated until no better-fit curve could be found. Then 

the antibody concentrations of the subpopulations were changed by 12.5%, then 

6.25% and so on until a set number of iterations had been completed or the 

percentage change fell below a predetermined level.

This was a rather tedious, long calculation requiring a great deal of computing time. 

A 4 MHz 8086 computer took over twenty four hours to perform one calculation. 

Consequently the programme was run on the University of London mainframe 

computer (Amdahl), which took five and half minutes processor time for the 

calculation. The mathematics of this method suffered from exponential divergence 

resulting in extreme sensitivity to the initial concentrations assigned to the 

subpopulations of each point. This was demonstrated by using the same dilution 

curve produced from the readings from a microtitre plate, and running the affinity 

distribution programme twice. Theoretically there should be no difference in the final 

affinity distribution, no matter what initial seeding value was chosen. The only 

difference between the two calculations was the initial assigned concentration; 5.0 x 

10'*® for the first calculation and 5.5 x 10'̂ ® for the second. Table 2.6 shows the 

relative concentrations of the eight regions of the affinity distribution for identical 

data, but using the two different initial antibody concentrations to seed the calculation.

These mathematical techniques all make the following assumptions:

•  The antigen-specific IgG can be measured accurately; the detector 

antibody binds equivalently with standard and test IgG in the wells.

•  The total number of antigen binding sites is equivalent to the 

concentration of the IgG bound in the well with the most concentrated 

serum dilution, and the serum and CSF react identically.

•  Bound antibody is not lost during the washing and detection stages 

of the method.
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•  Low and high affinity antibody react equivalently to the bound 

antigen.

Since all these assumptions do not hold true, especially the final one, and the 

computation was unpredictable it was decided to change from attempting to calculate 

an absolute affinity value, or distribution of values. The measurement of relative 

affinity was chosen as potentially more reliable.

Subpopulation Relative percentage 
antibody 

concentration. 
Initial concentration 

5.0 X 10-̂ ®

Relative percentage 
antibody 

concentration. 
Initial concentration 

5.5 X 10-1®

1 17.6 16.7

2 70.0 6 . 6

3 0.26 4.5

4 7.8 2.4

5 1 .0 4.6

6 2.3 44.6

7 0 . 6 10.9

8 0 .1 9.7

Table 2.6 The affinity distributions of an antibody population using 
two different initial antibody concentrations to seed the calculation.
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Computer Modelling

Using the equation and the iterative technique described in the previous section, a 

simple computer model was developed for the binding of antibody to antigen, see 

appendix B for the programme. Figures 2.13 and 2.14 show graphs obtained from 

this programme. In figure 2.13 the concentration of bound antibody binding sites is 

plotted against antibody affinity, with total antibody concentration (1 x 10'̂ ® M) and 

total antigen binding sites (1 x 10̂ ^̂  M) being kept constant. It can be seen that at 

low antibody affinities not all the antigen binding sites are occupied, despite there 

being antibody excess. At higher antigen affinities the binding sites are saturated, the 

concentration of bound antibody binding sites levelling off at 1 x 1 0 '^ ,̂ the total 

antigen binding site concentration.

Figure 2.14 shows the concentration of bound antibody, against the total antibody 

concentration, at four different affinities (1  x 1 0 ,̂ 1 x 1 0®, 1 x 1 0 ®̂, 1 x 1 0 ^̂ ), with 

constant antigen concentration (1 x 10̂ ®̂ M). It can seen that low affinity antibody 

requires much higher levels of total antibody to saturate the binding site on the 

antigen, while high affinity antibody saturates the antigen binding sites very rapidly. 

When there is antibody excess, with higher affinity antibodies, practically 100% of 

the antigen binding sites are occupied, but lower affinity antibody will only occupy 

a fraction of the available binding sites.
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Figure 2.13 Graph to show computer model of 
concentration of bound antigen against affinity; with 
constant antigen concentration of 1 x 10’*® M.
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Figure 2.14 Graph to show concentration of bound 
antibody against total antibody concentration, for 
different affinities: A=1 x 10 ,̂ B=1 x 10®,
C=1 X 10̂ ®, D=1 X 10̂ ®.
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Measurement of relative affinity

To measure the relative affinity, a dissociative technique was developed using sodium 

thiocyanate to elute bound antibody from an immobilized antigen. The method was 

based on the ELISA screen, see appendix D.

A flexible microtitre plate was coated with antigen and control antigen in alternate 

rows, using the method described for the ELISA screen. After the plate had been 

incubated with 150 /d of blocking solution for 30 min at room temperature, diluted 

sample was added. The dilution of CSF and serum used was chosen to give an 

equivalent optical density, found from the titration curves used to calculate the 

specific index. Typical dilutions for samples with low CSF activity were 1/2 or 1/3; 

samples with high activity were diluted 1/10 or 1/20. 50 /xl diluted CSF was placed 

in all the twenty four wells of the first two rows; one row coated with antigen the 

other with control antigen. Then 50 /xl diluted serum was added to the wells of the 

next two rows. Thus two CSF/serum pairs could be investigated on each plate. The 

plate was incubated at room temperature for 2  hr with gentle agitation, then washed 

twice with washing solution. A different concentration of sodium thiocyanate was 

then added to each column of wells; to the first column only 2 0 0  /xl saline was added, 

this represented total antibody activity. The next eleven columns had 200 /xl of 

increasing strength of sodium thiocyanate added, these were 0.25, 0.5, 1.0, 1.5, 2.0,

2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 molar. The second column of wells received the 

lowest concentration of sodium thiocyanate and the twelfth column received the 

highest. The addition of sodium thiocyanate was performed on a Quatro 200 liquid 

handling station that took different ratios of 0.45% saline and 5.0 M sodium 

thiocyanate to deliver the correct molarities of sodium thiocyanate to the relevant 

wells. After 10 min the sodium thiocyanate was discarded and the plate was washed 

with copious amounts of tap water, and then left to stand with 225 /xl 0.1 % gelatine 

in saline for 10 min. Following a further two washes with wash solution, 50 /xl 

detector antibody was added, the plate was then treated as for the ELISA screen 

method.
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For all dilutions of CSF and serum the control optical density was subtracted from 

the test optical density, the result for the wells in the first colunm was taken to be 

equivalent to the total antigen-specific IgG (having no sodium thiocyanate added). 

The difference between the optical densities in a well and its following well, was 

divided by the optical density for the total antigen-specific IgG, and multiplied by 1(X) 

to give the percentage change between the wells. If the optical density in a following 

well was greater, then it was assumed to be equivalent and the percentage change was 

recorded as zero. Differences between adjacent wells were calculated until the optical 

density in the test well was equal or lower than the optical density of the control well. 

If the twelfth well still had a positive optical density (compared to its control) then 

the following optical density (equivalent to a fictitious thirteenth well) is considered 

to be zero; thus the final difference is between the optical density in the twelfth well 

and zero. This was considered to represent the high affinity antibody, which was not 

removed with 5.0 M sodium thiocyanate. The percentage change between adjacent 

wells was the percentage of IgG removed by the highest concentration of sodium 

thiocyanate used in the two wells. For example the difference between optical 

densities in columns 1 and 2 represents the amount of IgG removed by 0.25 M 

sodium thiocyanate, the difference between columns 11 and 12  represents the amount 

of IgG removed by 5.0 M sodium thiocyanate, and the optical density of wells in 

column 12 represents the amount of IgG remaining after treatment with 5.0 M sodium 

thiocyanate. A BASIC programme was written to calculate the relative percentage 

antigen-specific IgG for each thiocyanate concentration (see appendix C). Figure 2.15 

shows an example of an affinity histogram, with the relative percentage change 

representing the relative percentage IgG concentration on the Y-axis. The relative 

affinity (RA) is plotted on the X-axis, 1 being the equivalent to the lowest strength 

of sodium thiocyanate, and 12  the strongest.

During the development of this method, it was noted that sodium thiocyanate 

interfered with the colour development reaction if the wash following the thiocyanate 

incubation was inadequate. To investigate the effect of sodium thiocyanate on the 

colour reaction two experiments were performed. The first experiment placed 50 fil 

of detector antibody diluted 1 /2 0 0 0  in 0 . 1 % gelatine in saline, in the wells of a
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Figure 2.15 Example of an affinity histogram for anti-herpes IgG.

microtitre plate. Six batches of 10 ml colour developing reagent were prepared, 

which had increasing amounts of 10 M sodium thiocyanate added to each, giving a 

final concentration of 0, 10, 20, 50, 100 and 200 mM sodium thiocyanate. Each lot 

of colour reagent was added to two columns of wells containing the diluted detector 

antibody. After 10 min, 50 /xl of 2.0 M hydrochloric acid was added to all the wells 

and the colour read. The mean of each group of sixteen wells, was plotted against 

the molarity of its associated sodium thiocyanate concentration in the colour reagent 

and is seen in figure 2.16.

It was also noticed that in the remaining colour developer, not used in the experiment, 

the reagent with sodium thiocyanate had developed colour after a few minutes, in the 

absence of enzyme. The colour observed was stronger in the reagents with higher 

concentrations of sodium thiocyanate. In the second experiment, a further six batches 

of colour reagent were prepared and sodium thiocyanate added as before. To six 

groups of four wells on a microtitre plate, 50 1̂ of colour reagent was added, one
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Figure 2.16 Graph to show effect of sodium thiocyanate on the 
colour reagent.

sodium thiocyanate concentration to each group of four wells, no detector antibody 

was present in any of the wells. After 5 min two of the wells had 50 fi\ 2.0 M 

hydrochloric acid added, the remaining two wells had acid added after 15 min, the 

colour was then read. The optical density for each acid addition was plotted against 

thiocyanate concentration, the results are shown in figure 2.17. The results from 

these two experiments show clearly that the presence of sodium thiocyanate in the 

colour developer causes the formation of coloured product, this emphasises the need 

for careful and thorough washing to remove all traces of sodium thiocyanate from the 

wells before the colour is developed.
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Figure 2.17 Graph to show effect of sodium thiocyanate on the 
optical density, after 5 and 15 min incubations, without detector 
antibody.
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The effect of sodium thiocyanate on antigen coating

Sodium thiocyanate is a strong chaotropic agent, causing the disruption of non- 

covalent bonds between antibody and antigen. Antigen coated on the well surface 

may also be affected by sodium thiocyanate, so an experiment was performed to study 

how increasing strengths of this chaotropic agent affected the immobilized antigen.

A microtitre plate was coated with three antigens, measles, herpes and varicella, two 

rows per antigen. The remaining two rows of wells were used as blanks, with 

coating buffer only. After an overnight incubation the plate was blocked for 30 min 

with 1 % gelatine in saline. The plate was incubated as previously described, with 

increasing strengths of sodium thiocyanate in each colunm of wells; 0, 0.25,0.5, 1.0,

1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 M. After 10 min the sodium thiocyanate 

was removed and the wells were washed with copious amounts of water followed by 

0.1% gelatine in saline. To each well on the plate 50 (i\ of positive control, diluted 

1/10 with 0.1% gelatine in saline, was added. After 2 hr of gentle shaking at room 

temperature, the plate was washed and detector antibody added for a further 2  hr 

before the colour was developed and measured.

For the three antigens, the optical density of each pair of wells, which had sodium 

thiocyanate added, was expressed as a percentage of the optical density of the first 

pair of wells (no sodium thiocyanate added). A plot of percentage optical density 

against sodium thiocyanate concentration is seen in figure 2.18.
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Figure 2.18 The effect of sodium thiocyanate on antigen and 
blocker (blank) on the well surface.

If sodium thiocyanate had no affect on the immobilized antigen, the resulting optical 

densities, for each antigen, would be similar for all sodium thiocyanate 

concentrations. The blank wells (blocker only) had a 100% optical density of 0.163. 

The washing procedure with sodium thiocyanate had little affect on the blocker. 

Higher concentrations of sodium thiocyanate produced a slightly lower background. 

The three antigens used showed different results. Herpes antigen showed a similar 

optical density for all concentrations of sodium thiocyanate used, showing antigen was 

not lost, and indicating herpes is bound to the plastic well with high avidity. Both 

measles and varicella showed loss of antigen with higher concentrations of sodium 

thiocyanate. Anti-measles activity was reduced to 50%, and anti-varicella activity 

was reduced to 70% with 5.0 M sodium thiocyanate. These results suggest that 

50 % of the available measles binding sites are bound to the well surface with low 

avidity and are being eluted with low concentrations of sodium thiocyanate, leaving 

a constant amount of antigen, bound with high avidity, on the well above 1.0 M 

sodium thiocyanate. Varicella is bound to the well surface with higher avidity than
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measles, losing activity with 2.0 M, and stronger, sodium thiocyanate. When 

calculating the affinity distribution, these results suggest that the relative concentration 

of high affinity antibody may be underestimated for some antigens.

An interesting observation was the higher activity noted for herpes, varicella and the 

blank with low concentrations of sodium thiocyanate. This could be due to the 

sodium thiocyanate removing molecules binding non-specifically to antigen, revealing 

more sites able to react with antibody in the sample. An increase in activity would 

be seen until the concentration of sodium thiocyanate removed more bound low 

affinity antibody than that which would bind to the revealed antigen binding sites.

The effect of sample dilution on affinity distribution

To study the effect of sample dilution on the affinity distribution a CSF sample from 

a patient with varicella encephalitis was used. The CSF sample was diluted 1/10, 

1/40 and 1/160 in 1% gelatine in saline. These dilutions were applied to a varicella 

coated plate and the affinity distribution was calculated for each sample dilution as 

previously described. Table 2.7 shows a summary of the results.

From these results, it is shown that the patient has high affinity IgG against varicella 

antigen. The distribution starts at the same relative affinity for all the dilutions. 

Taking the high affinity end of the distribution, by summing the high affinity 

components (relative affinity 1 0 , 11 and 12), there is little difference between the 

1/10 and 1/40 dilutions at 42.7% and 41.0% respectively. At the highest sample 

dilution the high affinity component dropped to 33.3%. This is explained by the low
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Relative
affinity

1 2 3 4 5 6 7 8 9 10 11 12

1 /1 0  dil 0 0 0 0 7.7 15.9 5.5 28.2 0 2.7 10.0 30.0

1/40 dil 0 0 0 0 13.1 12.0 19.7 7.7 6.6 2.7 0 38.8

1/160 dü 0 0 0 0 11.5 15.6 12.5 6.3 20.8 0 17.7 15.6

Table 2.7 The relative percentage IgG concentration for each relative 
affinity using three dilutions of CSF, showing change of affinity 
distribution at each dilution.

value for relative affinity 10. The 1/160 dilutions had low optical density values, 

compared with the other two dilutions, amplifying any small error in the optical 

density reading resulting in larger effects on the final distribution. At high dilutions, 

or in samples with low activity the affinity distribution would be subject to greater 

errors. A sixteen-fold difference in dilution did not alter the affinity distribution 

dramatically for this CSF sample. The distributions for all the dilutions started at the 

same relative affinity, with a central peak and an area with no antibody followed by 

a large proportion of high affinity antibody.
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Blotting methods for antibody affinity

As previously described, blotting techniques were used to study antigen-specific OCBs 

in CSF and serum, during this study it was noticed that a few patients showed a 

different pattern of bands on the front surface (the surface in contact with the gel) of 

the coated membrane when compared to the reverse side. Bands could be observed 

on a second coated membrane placed on top of the first (see appendix E).

A hypothesis to explain these observations is that the differential patterns are due to 

the affinity of the antibody forming the oligoclonal bands, and the physical thickness 

of the membrane acting as an affinity chromatography column. As the agarose gel 

is squashed by the weight, fluid is forced through the coated membrane. The 

separated bands are carried through the membrane with this flow of liquid. High 

affinity antibody will bind rapidly and avidly, occupying the antigen binding sites. 

Lower affinity antibody binds less avidly, and is easily washed off forcing it further 

through the membrane before binding, especially if higher affinity antibody binding 

has already taken place, occupying binding sites. The squashing procedure does not 

produce a constant flow of liquid through the membrane. There is an initial rapid 

flow of fluid that progressively becomes slower as the gel is squashed, until there is 

very little flow of fluid. As the flow of liquid slows, there is less chance of low 

affinity antibody being washed from binding sites on the membrane, allowing 

unbound low affinity antibody greater chance of binding. Figure 2.19 shows, 

diagrammatically, a coated membrane and three types of band seen. The first 

diagram (A) represents a coated membrane with no bands; the second (B) shows 

binding of a limited amount of high affinity antibody, which when stained, will only 

be seen on the front surface of the gel. If larger amounts of high affinity antibody 

were present then all the binding sites throughout the thickness of the membrane will 

be occupied, giving a band seen on both sides of the membrane, as shown in the third 

diagram (C). The fourth diagram (D) shows the binding of a low affinity band, 

which is only seen on the reverse side of the membrane when stained. To test this 

hypothesis a number of experiments were performed.
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Figure 2.19 Diagram showing structure of coated membrane (A); 
a band formed from a limited amount of high affinity antibody (B); 
a band formed from a larger amount of high affinity antibody (C); 
a band formed from low affinity antibody (D).
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The effect of weight

To study the effect of the weight used to squash the agarose gel, four membranes 

(40 X 90 mm) were coated with 200 measles antigen overnight (60 /xg 

protein/cm^). Three CSF/serum pairs with known differential OCB patterns to 

measles, were loaded on to an agarose gel, replicated four times, and then separated 

by isoelectric focusing. During the focusing run, the four membranes were blocked 

in 2% milk solution in saline. Following the focusing run and pre-blot, the agarose 

gel, on Gelbond, was cut into four pieces, each containing the separated CSF and 

serum samples. Then each gel was overlaid with a coated membrane, a piece of 

damp nitrocellulose, blotting paper and a glass plate. On top of this was placed a 

conical flask containing water. The volume of water was adjusted to give the desired 

weight. The total weight of papers, glass, flask and water on each membrane was 

noted, these were 520 g, 1026 g, 1512 g and 1972 g. The plates were squashed for 

15 min after which the bound anti-measles antibody was detected as previously 

described.

When the membranes had been stained they all showed very similar patterns and 

staining intensities. The patterns on the membrane with the heaviest weight were 

marginally fainter than the others. Bands on the reverse side were also slightly 

fainter with the heaviest weight, bands only on the front surface remained on the 

front. These results indicate that the weight used to squash the membranes is not 

critical and that most of the flow through the membrane is probably due to the 

capillary action of the blotting paper, soaking up the buffer as it crosses through the 

membrane.

The effect of time

To study the effect of time (of blotting) on the OCBs, four membranes (40 x 90 mm) 

were coated with 200 fxl (60 fig protein/cm^) overnight. The three CSF/serum pairs 

were separated as described in the previous experiment. After focusing and pre
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blotting the gel was cut into four, and blotted as before but the volume of water in 

each flask was adjusted to give a total weight of 1600 g on each gel. Blotting was 

stopped after timed intervals, which gave blotting times of 3, 6 , 12, and 24 min. 

When the weight and papers were removed from the gels after 3, 6 , and 12 min, the 

coated membrane was left in contact with the squashed gel for a total time of 24 min, 

when the final gel had finished squashing. The IgG bands were then visualized on 

each membrane in the normal way.

As in the previous experiment similar patterns and intensities were seen on all the 

membranes. These results show that squashing times longer than 3 min do not 

significantly affect the final pattern. This suggests that the protein molecules, in the 

surface layer of the agarose gel, move through the coated membrane very rapidly 

when squashing commences, thus the time for an IgG molecule to bind to an antigen, 

as it travels through the membrane, must be very short.

The effect of antigen density

To show the effect of antigen density on the OCB pattern four membranes were 

coated with measles antigen (see appendix E). Two membranes were coated with 

28 fig protein/cm^, the other two membranes were coated with 1 1 0  fig protein/cm^. 

After an overnight incubation the membranes were blocked with 2% milk solution. 

Two CSF samples with anti-measles activity were used, each being loaded twice on 

to an agarose gel and then separated using lEF. Following the pre-blot, one 

membrane of each coating density was placed on the gel, with the second membrane 

of the same coating density on top of the first. The gel was then squashed with the 

two membranes for 10 min. The four membranes were then immuno-stained for IgG.

On the membrane with an antigen density of 110 fig protein /cm^, OCBs were clearly 

seen on the lower surface (nearest the gel) of the bottom membrane, while the same 

pattern of OCBs was only observed on the upper surface of the membrane coated with 

28 fig protein/cm^. This observation indicated that increased coating densities of
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antigen on the membrane retards the progress of antigen-specific IgG through that 

membrane, giving support to the hypothesis that a difference in OCB pattern between 

the lower and upper surfaces of the membrane is due to the affinity of the antibody 

to the antigen. Lower antigen concentration on the membrane gave better differential 

patterns.

In order to supply additional evidence that differential OCB patterns were indeed due 

to the affinity of the antibody, an experiment using sodium thiocyanate elution from 

coated membranes was performed. As sodium thiocyanate had been used to elute 

antibody of increasing affinity from coated ELISA plates, a similar technique of 

washing coated membranes with increasing strengths of sodium thiocyanate was 

developed.

For each 10 x 20 cm lEF gel, six Immobilon-P membranes were cut, each 25 x 90 

mm. These six membranes were incubated with 100 /xl antigen (approximately 44 /xg 

protein/cm^) overnight, and blocked the following morning. Two CSF/serum pairs 

were used, the samples were applied to the gel six times. Following lEF and pre

blotting the six membranes were positioned on to the gel (using the marks on the 

Gelbond, as a guide), with a damp sheet of nitrocellulose overlying all the 

membranes. The gel was squashed for 15 min using a 1.5 Kg weight. The 

membranes were labelled 1 to 6 and placed in individual plastic boxes containing 

50 ml saline. The saline was discarded from each box and the membranes washed 

with three changes of tap water followed by two changes of saline, in order to 

remove sample trapped within the matrix of the membrane. The saline was discarded 

and to each box 20 ml of sodium thiocyanate was added, a different concentration 

in each. The concentrations used were; 0, 1, 2, 3, 4 and 5 molar. The membranes 

were left for 10 min, after which they were washed with copious amounts of tap 

water for 3 to 4 min, followed by two washes in saline for 2 min each and finally 

with one wash of 0.1 % milk solution in saline for 4 min. IgG was then detected as 

previously described. An example of the result obtained is shown in plate 2.1. 

Bands seen on the upper surface of the membrane were removed with low

137



concentrations of sodium thiocyanate, leaving bands on the lower surface. Bands 

with high concentrations of higher affinity antibody are seen on both surfaces 

of the membrane and some of the bands were still present even when washed in 

5 molar sodium thiocyanate. These observations strongly suggest that bands 

appearing on the reverse side of the membrane have lower affinity than bands 

appearing only on the front surface or both sides of the membrane. These results 

again indicate that it was low affinity antibody seen on the reverse side of the 

membrane.
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Plate 2.1 Low affinity oligoclonal bands, seen strongly on the reverse 
side of an antigen coated membrane (see arrows), are removed with 
1 molar sodium thiocyanate. The numbers are the molarities of the 
sodium thiocyanate used in the wash.
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Section Three

Results from Patient samples
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Introduction

During this investigation into differences between the affinity of antigen-specific IgG 

in the CSF of patients with MS and the CSF from patients with an encephalitis, 695 

CSF samples and paired serum, were studied; using the techniques described in the 

previous chapter. All the samples used in the study were selected from the routine 

workload of the Special Chemical Pathology Department in the National Hospital for 

Neurology and Neurosurgery, over the three year period 1987-1990.

An initial study was performed on all the samples, with sufficient volume, which 

came into the laboratory over a period of two months. This totalled 232 samples, 

approximately 50% of which arrived from other hospitals outside the National 

Hospital group. These 232 samples were used, primarily, to assess the ELISA screen 

and antigen blot methods.

A further 463 CSF and serum pairs were then studied. These samples were selected 

from patients attending the National Hospital for Neurology and Neurosurgery, but 

also included patients with an identified viral encephalitis from other hospitals. The 

CSF was chosen from a number of different groups of samples which included: 

samples with and without oligoclonal bands in the CSF; samples from patients with 

an encephalitis due to measles, herpes or varicella; patients with MS; CSF from 

patients without inflammatory neurological disease, for example patients with 

prolapsed disc or hydrocephalus, to act as a control group.

From these 463 samples only those with a proven diagnosis of MS, subacute 

sclerosing pan-encephalitis, herpes encephalitis, or varicella encephalitis were 

assigned a code for further analysis of data between patients with MS and those with 

an encephalitis. The number of patients in each group is shown in table 3.1. Not all 

the patients’ samples were used for each of the tests; whether or not a test was 

performed depended on the volume of sample available.

141



Patient Group Number of samples

Multiple sclerosis 91

SSPE

Encephalitis HSVE

VE

5

23

6

Controls 24

Table 3.1 Numbers of samples coded into each diagnostic group.

All the samples were first screened for antibody activity against measles, herpes, 

varicella, rubella, cytomegalovirus (CMV), toxoplasma, mumps and TB using the 

ELISA screen. Samples which were positive for a particular antigen were selected 

for further study using antigen blotting, measurement of specific index and the 

production of an affinity histogram. Due to the volume of sample available not all 

tests were performed on all the samples, for example an antigen blot may have been 

performed, without an initial screen, on a very small sample where HSVE was 

reported clinically. Table 3.2 shows the total number of tests performed using each 

technique. The number of affinity histograms includes both CSF and serum tests 

analysed as pairs; there were 54 paired and 7 CSF only tests. The results on the 

patients’ samples for each test will be presented in turn.

Only nonparametric statistics were used to analyse the data due to its high degree of 

skewness, and in some cases its categorical nature.

Test Number of tests

ELISA Screen 695

Antigen Blots 368

Antigen-Specific Index 73

Affinity Histogram 115

Table 3.2 Numbers of patient samples tested by each technique.
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Initial Study

Primarily, the initial study was used to calibrate the ELISA screen and antigen blot 

technique for use in the main study. During the initial study with 232 samples, the 

optical densities of the ELISA screen were recorded. The distribution of the optical 

densities was divided into five categories into which an optical density was assigned. 

In the main study of 463 samples the ELISA screen results were recorded as: Trace 

(T), + , 4-4-, 4-4-4- and 4-4-4--H. Optical densities of the blanks ranged from 0.1 

to 0.2, if the blanks were greater than 0.2 the plate was repeated. Table 3.3 shows 

the range of optical densities assigned to each category.

Category Optical Density Range

Trace 0.3 - 0.4

4- 0.4 - 0.7

4-4- 0.7- 1.0

4-4-4- 1.0- 1.5

4-4-4-4- >1.5

Table 3.3 The assignment of optical density to a categorical group for 
the ELISA screen.

Of the 232 samples, 211 had total protein measurements. Figure 3.1 shows 

scattergrams for total protein against optical density of ELISA screen for measles, 

herpes and varicella. Due to the skewed nature of the data a Spearman Rank 

correlation test was performed to assess the influence of total protein on the optical 

densities produced by the ELISA screen. The null hypothesis states that there is no 

association between the total protein and optical density of the ELISA screen. Table 

3.4 shows the Spearman Rank Correlation Coefficient, the associated t value and the 

level of significance.
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Antigen r t Significance

Measles 0.2553 4.2769 < 0 .0 0 1

Herpes 0.3095 5.3845 < 0 .0 0 1

Varicella 0.3859 7.119 < 0 .0 0 1

Table 3.4 Results of Spearman Rank Correlation test for total protein 
against optical density of the ELISA screen.

Despite the low r values, the t value shows a significant association between total 

protein and the optical density produced by the ELISA screen. Any sample with a 

total protein greater than 150 mg/dl was diluted.

A similar exercise was performed with the total IgG level in the CSF. Measurements 

were performed on 230 samples. Figure 3.2 shows the scattergrams of the CSF IgG 

level against the optical density of the ELISA screen for measles, herpes and 

varicella. The results of the Spearman Rank correlation test is shown in table 3.5. 

As with total protein there appears to be a relationship between the intensity of the 

colour produced in the ELISA screen and the level of IgG in the CSF. Despite these 

results it is interesting to note that the highest optical densities are not associated 

with the highest protein levels. This was seen when the CSF total protein and CSF 

IgG were compared in patients with MS and patients with encephalitis, for both 

assays no significant difference between the two groups was found, by a Mann- 

Whitney test (p=0.109 for CSF total protein, p =0.244 for CSF total IgG).
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Figure 3.1 Scattergrams of CSF total protein concentration against 
optical density for: A. Measles, B. Herpes and C. Varicella.
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Figure 3.2 Scattergrams of CSF IgG concentration against optical 
density for: A. Measles, B. Herpes, C. Varicella.

146



Antigen r t Significance

Measles 0.3648 6.911 < 0 .0 0 1

Herpes 0.2241 3.841 < 0 .0 0 1

Varicella 0.3888 7.509 < 0 .0 0 1

Table 3.5 Results of Spearman Rank Correlation test for total IgG 
against optical density of the ELISA screen.

The 232 samples were also used to evaluate the antigen blot method. In total 78 

measles, 85 heipes, 38 varicella, 11 rubella, 9 CMV, 11 toxoplasma and 12 mumps 

antigen blots were performed. From the results a method of assessing the intensity 

and pattern was devised, enabling the blot to be categorized and entered into a 

database. The intensity of the blot was assigned a value between 1 and 5; the manner 

in which the intensity of the blot was evaluated was as follows:

1 Just visible

2 Faint

3 Easily seen

4 Strong

5 Extremely strong

In addition to the intensity, the pattern of the blot was also categorized using a prefix 

letter as follows:

O Local synthesis of OCBs in CSF, no bands in serum

G Bands in serum and CSF, plus local synthesis of OCBs in the CSF

M Local synthesis of monoclonal IgG

P Polyclonal IgG in CSF and serum

L Identical pattern of bands in the CSF and serum

N Bands in the CSF but no serum was available for analysis
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Finally, the blots which showed low affinity OCBs, seen on the reverse side of the 

coated membrane, were identified by the addition of *A* to the category code. If 

intermediate affinity bands were seen the letter *1’ was used. Where no low or 

intermediate bands were seen the symbol was added to the category code.

Examples of some typical codes would be:

04- Local synthesis of bands in CSF which were strongly stained 

G3A Bands in serum and CSF with additional locally synthesised bands in 

the CSF which were easily seen, with some bands seen only on the reverse side of 

the membrane.

Samples which showed a polyclonal (P) response were considered "normal", i.e no 

activation of B-cells in the CSF. Samples with an identical pattern in the CSF and 

serum were considered to represent a systemic response to the antigen of interest, and 

having no intrathecal component, the bands in the CSF being a result of the serum 

bands leaking across the BBB. The codes O, G, and M were all considered to 

demonstrate activation of B-cells within the CNS. When a sample had OCBs but no 

serum (N) no comment could be made as to any intrathecal synthesis. Using these 

systems of categorizing the ELISA and antigen blots the main study was performed 

on 463 samples.
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Antigen-Specific IgG ELISA screen

Of the 463 samples studied, 280 (60.4%) showed antibody activity against one or 

more antigens. Table 3.6 shows the number of positive results for each antigen, and 

the intensity of the antibody activity. Table 3.7 compares the number of positive 

results for each antigen against the focusing pattern of the total IgG.

Measles was the most common antigen to which a positive result was found (58.2% 

of all positives) followed by herpes (52.5%) and varicella (31.4%). The majority of 

the study concentrated on these three antigens, because most of the encephalitis 

samples were caused by one of these viruses. These were then compared with samples 

from MS patients.

From the samples which showed only local synthesis of total IgG, 70.3% gave a 

positive reaction against measles and 41.4% against herpes. The majority of which 

gave only a trace or 4- reaction. Of the samples which showed identical total IgG 

OCB patterns in the CSF and serum, 46.7% were positive against measles and 71.1% 

against herpes. Samples with no OCBs showed roughly equivalent percentage 

positive reactions to measles and herpes, 47.2 and 50.6% respectively. A Chi- 

squared test for independent samples showed no significant difference (Chi- 

squared =13.31, degrees of freedom=7, p =0.067) between numbers of samples 

giving a positive ELISA screen, whether the total IgG lEF showed local synthesis or 

not.

The number of antigens which gave a positive result in MS patients and encephalitis 

patients are shown in table 3.8. There was a significant difference (p < 0.001) 

between the MS and encephalitis groups, in the number of antigens which were 

positive, when "no antigens" were included in the analysis. This reflected that all the 

encephalitis patients were positive for at least one antigen. There was no significant 

difference between the MS and control groups (p=.659). When comparing only MS 

patients and encephalitis patients with a positive ELISA screen to at least one antigen, 

there was no significant difference between the two groups (p=0.271). This indicates
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that there is not a significant difference in the number of antigens which were positive 

by the ELISA screen in the two groups.

Table 3.9 shows the number of samples which were positive for each antigen. 

Approximately half the patients (51.6%) with MS had antibody activity against one 

or more of the antigens; the most common being measles. In the group of MS 

patients with a positive ELISA, 78.7% were positive against measles; 36.1% against 

herpes and 29.8% against varicella. In the group of patients with encephalitis all the 

samples tested, with the exception of one, gave a positive result against the causative 

agent. This one exception was an early sample from a patient who clinically had 

HSVE and was treated with acyclovir, but was positive against three other antigens. 

Patients with VE and SSPE had a strong ELISA screen against varicella or measles 

(at least +  +  +  ), the other antigens were only weakly positive. Likewise the HSVE 

patients showed the strongest response to herpes with all other antigens only weakly 

reacting (T or +). In the control group only nine samples showed any reaction, in 

all except one sample this was only a trace reaction. The exception had a 4-4-4- 

reaction against measles. It must be stressed that in the encephalitis group, the 

response to antigens other than the causative antigens was only weak (T or +). The 

positive reaction against the causative agent was strong and easily seen against the 

others. Exceptions to this were in six samples from patients with HSVE whose 

ELISA screen gave weak reactions.
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Antigen

Intensity of ELISA screen

Trace 1 2 3 4 5 Total

Measles 39 68 25 19 12 5 163

Herpes 32 61 26 22 6 0 147

Varicella 18 38 21 6 5 0 88

Rubella 10 15 5 4 1 0 35

CMV 14 28 12 7 2 0 63

Toxoplasma 6 18 12 2 1 0 39

Mumps 20 28 12 4 2 0 66

IB 26 32 14 6 3 0 81

Table 3.6 The number of samples which gave a positive reaction 
against a particular antigen, and the intensity of that reaction.

Antigen

Pattern of Total IgG OCBs by lEF

C+,S + 
(45)

C + ,S- 
(111)

C+,SO
(17)

C + > S  + 
(16)

C-,SO
(89)

Para
(2)

Total
(280)

Measles 21 78 11 10 42 1 163

Herpes 32 46 10 12 45 147

Varicella 13 36 6 4 28 1 88

Rubella 3 14 8 4 5 1 35

CMV 16 19 6 4 17 1 63

Toxoplasma 11 10 5 2 10 1 39

Mumps 16 23 5 5 16 1 66

TB 13 27 9 6 25 1 81

Table 3.7 The number of samples giving a positive reaction against 
a particular antigen, classified by the total lEF pattern. C +,S +  = 
identical pattern in CSF and serum, C +,S-=  local synthesis, C+,SO= 
bands in CSF but no serum results, C + > S + = m o re  bands in CSF 
than serum, C-,SO= no OCBs in CSF, Para= monoclonal pattern. 
The numbers in brackets are the number of samples which had both 
ELISA screen and total IgG blot.
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Pt Group

The number of Antigens which were positive

0 1 2 3 4 > 4

MS 44 23 15 2 1 6

HSVE 0 5 8 1 0 4

SSPE 0 1 3 1 0 0

VE 0 1 3 0 0 1

Control 15 5 4 0 0 0

Table 3.8 The number of samples positive for different number of 
antigens by ELISA screen in each patient group.

Pt Group

Antigen

M H V R C To Mu TB

MS 37 17 14 9 6 5 9 1 0

HSVE 11 17 5 2 6 3 4 2

SSPE 5 1 0 1 0 0 1 2

VE 1 2 5 1 0 1 2 1

Control 6 1 1 0 0 0 2 3

Table 3.9 The number of samples positive for each antigen in each 
patient group, by the ELISA screen.

The intensity of the ELISA screen was divided into two groups, <34- and >34-; the 

number of samples which fell into each group for each patient category is shown in 

table 3.10. The data was analysed using a Chi-squared test, where there was 

insufficient data a Fishers exact probability was used. When comparing the MS 

group, for all antigens, and the sum of the encephalitis groups for their own antigens, 

there was a strong, statistically significant difference between MS patients and
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encephalitis patients (p< 0 .0 0 1 ), with the encephalitis patients giving higher screen 

intensities. For anti-measles IgG there was a significant difference between the MS 

and SSPE groups (p=0.001), which was not seen between the MS and HSVE, or 

control groups. No significant difference was seen between the MS group and VE 

group for anti-varicella IgG (p=0.058, by a Fishers exact probability test). For anti

herpes IgG, there was a significant difference between the MS and HSVE groups 

(p=0.028), again showing encephalitis patients gave a stronger result. All the 

samples giving a herpes screen greater than 3 were from the HSVE group.

Antigen and Patient group
intensity of screen

MS HSVE SSPE VE Ctrl

Measles <3 30 1 0 0 1 5

>3 7 1 5 0 1

Herpes <3 14 6 1 2 1

>3 3 8 0 0 0

Varicella <3 14 5 0 3 1

>3 0 0 0 2 0

Table 3.10 The numbers of samples from each patient group divided 
into two ELISA screen categories according to the strength of reaction. 
Ctrl= control group.
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Antigen blots

Following the ELISA screen, samples which had a positive reaction greater than, or 

equal to for a particular antigen, were then further studied by performing an 

antigen blot for that antigen. Of the 695 patients (from the initial and main studies), 

368 (52.9%) patient samples had at least one antigen blot. Blots were also performed 

on 42 samples which had a trace result for the ELISA screen, to check the number 

of positive blots that would be missed by not testing trace results from the screening 

test. There were 207 measles blots, 229 herpes, 106 varicella, 17 rubella, 34 CMV, 

25 toxoplasma, 36 mumps and 33 TB blots performed.

Of the samples which were negative for total IgG OCBs, 62.7% were also negative 

for antigen-specific IgG OCBs; thus 37.3% had antigen-specific IgG OCBs when 

OCBs were not seen on the total IgG blot: of these samples 8.4% showed local 

synthesis, 24.2% showed similar bands in the CSF and serum and 2.3% had more 

OCBs in the CSF than the serum. In the samples which showed local synthesis only, 

of total IgG OCBs, 25.8% were negative for antigen-specific OCBs and 25.4% 

samples showed local synthesis of antigen-specific IgG. Table 3.11 shows a full 

breakdown of the number of samples which had an antigen blot, categorized by the 

result of that blot, and the result of the total IgG blot.

The samples which showed a trace reaction, by ELISA, against an antigen were 

studied to determine the number of samples with local synthesis which would be 

missed by not blotting those samples, using antigen blots as the reference method. 

From the 695 patient samples, 42 had a trace reaction for a particular antigen with 

a follow-up antigen blot; the total number of blots performed were 16 measles, 16 

herpes, 5 varicella, 1 rubella, 1 CMV and 3 mumps.
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Total IgG blot 
result

Antigen-specific IgG blot result

L M P 0 G

L 35 4 30 1 0 7

0 44 6 54 53 52

G 1 0 0 12 7 6

P 52 5 135 18 5

M 0 1 1 0 0

Table 3.11 The number of samples grouped into their antigen-specific 
IgG and total IgG blot results. L — identical pattern in CSF and 
serum, 0 =  local synthesis, G= more bands in CSF than serum, P=  
no OCBs in CSF, M = monoclonal pattern.

Antigen

Antigen-specific IgG blot result

G L 0 p

Measles 0 9 1 6

Herpes 2 1 0 1 3

Varicella 2 1 0 2

Rubella 0 0 0 1

CMV 0 0 0 1

Mumps 0 1 0 2

Table 3.12 The number of samples which were trace by ELISA and 
their antigen blot results.
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Table 3.12 shows the number of samples which had a trace result by ELISA and their 

blotting pattern. Only 6  of the 42 blots showed evidence of local synthesis, 4 of these 

were "greater than" patterns, 3 of which were faint, 1 was strong, the other 2 

samples showed bands only in the CSF, 1 was faint the other easily seen. Thus, of 

the 42 samples which had a trace reaction by the ELISA screen 2 clearly showed 

local synthesis of OCBs by the blotting technique.

All the patients with SSPE or VE had a strong or very strong pattern of OCBs. One 

sample from each of these groups had a similar pattern of OCBs in the CSF and 

serum. From patients with HSVE, 20 of the 23 samples had blots, all these samples 

had OCBs, 4 of them had only faint patterns and 4 had a similar pattern of bands in 

the CSF and serum.

In the MS group, 46 of the 91 patients had antigen blots against 1 or more antigens. 

Table 3.13 shows the intensity of the antigen blots in each of the patient categories; 

first for all the antigens (table 3.13 A), and then for measles, herpes and varicella 

individually (tables 3.13 B-D).

It can be seen that 85.1% of the MS samples had an antigen blot with an intensity 

less than 4. Against herpes, 57.1 % of patients with HSVE had a blot intensity of less 

than 4. Patients with SSPE and VE had no blots with an intensity less than 4, against 

their particular antigen. Patients with encephalitis had low intensity blots against 

antigens other than the causative antigen. Tables 3.13 B-C show that MS patients had 

an average blot intensity of 2.51, 2.18, and 2.71 for measles, herpes and varicella 

blots respectively. With measles blots, the average blot intensity for patients with 

HSVE and VE were 2.75 and 2.50 (not significantly different from the MS group), 

while SSPE patients had an average blot intensity of 4.4 (significantly different from 

MS patients; p<0.(X)l). Herpes blots showed the highest blot intensity from patients 

with HSVE (significantly different from the MS patients; p<0.(X)l) while patients 

with VE had an average blot intensity of 2.0 (not significantly different from the MS 

group). Likewise VE patients, on varicella blots had the highest average blot 

intensity of 4.67 (significantly different from the MS group; p<0.001), all other
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patient groups had an average blot intensity of 3.00 or less. The MS group of 

patients had a similar average blot intensity for all other antigens tested: rubella 3.00, 

toxoplasma 2 . 0  and mumps 2.17.

Table 3.14 shows the number of samples which had local synthesis of antigen-specific 

antibodies and the number in which local synthesis was absent (this includes samples 

with leakage, polyclonal and monoclonal patterns). The encephalitis groups were for 

their own antigens only, the MS group was for all antigens. The SSPE and VE 

groups only had 1 patient sample in each, which did not show local synthesis, in 

both cases the sample showed a very strong leakage pattern. The HSVE group had 

15 samples showing local synthesis, 4 had a similar pattern in CSF and serum, and 

1 sample had a polyclonal distribution of anti-herpes IgG. With the exception of one, 

all the samples which did not show local synthesis, in the encephalitis groups, had a 

strong blot intensity. Comparing the MS group with the encephalitis group, there was 

a significant difference (p < 0 .0 1 ) in the numbers of samples which showed local 

synthesis.
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Patient group

Specific antigen blot intensity

1 2 3 4 5

MS 29 2 2 29 5 9

HSVE 1 3 7 6 3

SSPE 0 0 0 3 2

VE 0 0 0 2 4

A. MS against all antigens.

Patient group

Specific antigen blot intensity

1 2 3 4 5 Mean

MS 7 9 14 4 1 2.5

HSVE 1 3 6 2 0 2.7

SSPE 0 0 0 3 2 4.4

VE 1 0 0 1 0 2.5

B. Measles

Table 3.13 A-B, Number of samples with a particular blot intensity 
for MS patients against all antigens (A) (HSVE, SSPE and VE patients 
were against herpes, measles and varicella respectively), and measles 
(B).
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Patient group

Specific antigen blot intensity

1 2 3 4 5 Mean

MS 8 6 6 0 2 2 .2

HSVE 1 3 7 6 3 3.2

SSPE 0 0 0 0 0

VE
2 0 0 1 0 2 . 0

c. Herpes

Patient group

Specific antigen blot intensity

1 2 3 4 5 Mean

MS 2 3 7 1 1 2.7

HSVE 1 4 0 0 0 1 .8

SSPE 0 0 1 0 0 3.0

VE 0 0 0 2 4 4.7

D. Varicella

Table 3.13 C-D, Number of samples with a particular blot intensity, 
against herpes (C), and varicella (D).
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A small number of antigen blots showed a different pattern of OCBs on the reverse 

side of the membrane, compared to the other side which had been in contact with the 

gel. These were considered to be low affinity OCBs. There were 44 (6.4%) blots 

from the 687 blots; 22 measles, 5 herpes, 8  varicella, 4 rubella, 3 toxoplasma, 1 

mumps and 1 TB which showed these low affinity OCBs. Nineteen of these blots 

were from samples in one of the patient groups; 16 MS, 3 encephalitis. This showed 

a significant difference between the two groups (p=0.028, using the Fisher’s exact 

probability test). Of the 22 measles blots, 15 had an associated diagnosis, 13 were 

in the MS group, 1 SSPE and 1 other, again this showed a significant difference 

between the MS and encephalitis groups (p=0.013). It was interesting to note that 

only oligoclonal bands were seen on the reverse side of the membrane, never 

polyclonal antibody.

Patient group LS no LS

SSPE 4 1

HSVE 15 5

VE 5 1

MS 49 46

Table 3.14 The number of samples showing local synthesis (LS) by 
antigen blotting, the encephalitis group was tested against their own 
antigens, the MS group was tested against all antigens.
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Antigen-specific index

A total of 73 samples had antigen-specific indexes measured. Some samples had the 

ASI measured for more than one antigen, giving a total of 47 measles, 29 herpes and 

7 varicella measurements. An index of 1 indicates that the antigen-specific IgG in the 

CSF is due to equilibrium of serum derived IgG across the blood-brain-barrier. 

Values greater than this indicates a component of local synthesis within the CNS. 

Due to analytical errors in the measurement of anti-specific and total IgG a cut-off 

value of 2 . 0  was adopted, above which local synthesis is indicated.

Using the qualitative lEF technique as the reference method for detecting local 

synthesis of IgG in CSF, no relationship was found between ASI and IFF patterns, 

for total IgG blots or antigen-specific blots. Table 3.15 shows the number of samples 

in which the ASI for measles, herpes and varicella indicated local synthesis of 

antigen-specific IgG (or otherwise) in the CSF and the numbers of these which were 

also positive (or not) by IFF for total and antigen-specific IgG. Approximately 50% 

of samples for measles and varicella do not show local synthesis by ASI when 

positive results were found by IFF techniques. All three antigens which showed local 

synthesis by IFF had a high level of false negative results by ASI, but the level of 

false positives was much lower, see table 3.16, suggesting that a positive result for 

local synthesis by ASI is more likely to be correct than a result which is negative for 

local synthesis.
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Antigen ASI result Total IgG IFF result ASIgG lEF result

LS NOLS LS NOLS

Measles LS 18 4 14 7

NOLS 17 6 1 2 9

Herpes LS 6 1 5 1

NOLS 15 7 8 11

Varicella LS 3 0 3 0

NOLS 3 1 3 0

Table 3.15 The number of patients with and without local synthesis 
(LS and NO LS) of measles, herpes or varicella IgG by the antigen- 
specific index (ASI), compared to the number of them which were 
positive by lEF for total and antigen-specific IgG (ASIgG).

Total IgG IFF ASIgG IFF

False negative Measles 

Herpes 

Varicella

35.5 30.0

51.7 32.0

42.9 50.0

False positive Measles 

Herpes 

Varicella

8 .8 17.5

3.4 6 .2

0 . 0 0 . 0

Table 3.16 The percentage of false negative and false positive results 
for local synthesis of antigen-specific IgG by ASI when compared with 
the results for local synthesis by total and antigen-specific IgG lEF 
blots; for measles, herpes and varicella.
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Intensity Range of ASI for Measles Range of ASI for Herpes

Trace 0.86 - 27.97 1.15-3.57

1 0.18-26.90 0 .18-2 .03

2 1.60 - 13.78 1.36 - 26.66

3 0.48 - 29.51 0.40 - 7.84

4 0.70 - 23.90 6.89

Table 3.17 The range of ASI results found, for measles and herpes 
specific IgG compared to the ELISA screen intensity.

No relationship was found between the intensity of the ELISA screen with the ASI 

result, table 3.17 shows the range of ASI results against the screen intensity for 

measles and herpes.

There were 11 samples from patients with encephalitis, who had an ASI calculated. 

All three samples from patients with SSPE had an ASI greater than 2. Of the two 

patients tested with VE, one had an ASI greater than 2 (9.66) the other had a low ASI 

(0.69) despite the antigen blot for varicella showing a strong "greater than" pattern. 

There were six patients with HSVE where an ASI was measured, three had an ASI 

greater than 2, the other three had a value less than 2 (1.48, 1.05, 1.26). Two of 

these (1.48 and 1.26) showed local synthesis by herpes antigen blotting, the other 

sample (1.05) had a similar pattern of bands in both CSF and serum of herpes 

specific IgG.

Twenty four patients with MS had a total of 27 ASI measurements, 22 measles, 4 

herpes and 1 varicella. Table 3.18 shows the number of samples with an ASI less 

than or equal to 2 and greater than 2 for the MS patients and patients with 

encephalitis. When all the encephalitis results are combined and compared with the 

MS group there was not a statistically significant difference between the two groups 

(p=0.135 by a Chi-squared test).
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Patient group ASI <  =2.0 ASI >2.0

MS 17 1 0

SSPE 0 3

HSVE 3 3

VE 1 1

Table 3.18 The number of samples with an ASI less than or equal to 
2 , and greater than 2 , for the different patient groups.

Result Blot Scan Index ELISA Index

Local Synthesis 2 1 2 1 12

Leakage 6 6 15

Table 3.19 The number of samples which gave the result of local 
synthesis or leakage by immunoblot (reference method), ASI calculated 
from scan data and the ASI calculated from ELISA data. An ASI 
greater than 2 . 0  was considered to represent local synthesis.

The ASI results measured by ELISA (ELISA index) were compared with an ASI 

calculated from scan integrals of serum and CSF total and antigen-specific IgG(scan 

index); 27 patients with a known diagnosis (16 MS and 11 encephalitis) had their 

specific index calculated by both methods. Figure 3.3 shows the scattergram of 

results, ELISA index and scan index for both groups of patients. The ASI calculated 

from the scan data reflected the interpretation of the antigen-specific IgG blots, see 

table 3.19. The ASI was also calculated using the Reiber transformation (Reiber and 

Lange, 1991). The total IgG ratio was corrected according to his published graph. 

The corrected ratio was used in place of the measured ratio. This was performed on 

both ELISA and scan data. The Reiber transformation had the effect of elevating all
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Figure 3.3 Scattergrams for antigen-specific index calculated from ELISA and scan 
data, for MS and encephalitis patients.
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the ASI values in the MS group, for both methods. In the encephalitis group, 50% 

of the ELISA ASI values were increased, 50% decreased; on the scanning data the 

transformation lowered 75 % of the ASI values.

Despite a large overlap in the ASI values there was a significant difference between 

the values from the MS group and encephalitis group, when measured by both the 

ELISA method (p=0.036) and the scanning method (p=0.035). Following the 

Reiber transformation there was no significant difference found between the two 

groups when the ASI values were calculated using ELISA data (p=0.440) or the 

scanning data (p=0.749).

There was a significant difference between the values of ASI results, calculated from 

the scan and ELISA data, for the MS groups, with results calculated from scan data 

being slightly higher than results calculated from ELISA data (p=0.042). There was 

no significant difference between ASI values calculated from the scan or ELISA data, 

for the encephalitis groups (p=0.26).
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Affinity histogram

The affinity distribution technique required relatively large volumes of CSF, the exact 

volume depended on the intensity of the ELISA screen. This limited the number of 

samples which could be studied. Affinity histograms were prepared on 115 samples, 

54 CSF and serum pairs, and 7 samples of CSF without a paired serum. From these 

there were 21 CSF/serum pairs and 2 CSF only samples in the MS group; 14 

CSF/serum pairs and 3 CSF only samples in the encephalitis group.

Affinity histograms were prepared for all the samples. As part of the evaluation, 8  

samples with a monoclonal pattern by lEF were studied (4 measles and 4 varicella 

samples from 3 CSF/serum pairs and 2 CSF samples; the varicella samples were two 

CSF/serum pairs, one from the MS group; the measles samples were one CSF/serum 

pair, from the MS group, and two single CSF samples). These samples had a 

monoclonal antibody of homogenous affinity, which should be readily identified on 

the affinity histogram as a prominent peak. In all the samples studied these 

prominent peaks were observed in the CSF and serum pairs, showing equilibration 

across the BBB. Figure 3.4 (a and b), show examples of the affinity distribution of 

antigen-specific IgG seen in samples with a monoclonal pattern by lEF, figure 3.4a 

an anti-varicella IgG and figure 3.4b an anti-measles IgG. Figure 3.5 shows a typical 

heterogenous affinity distribution for comparison; this sample was from a patient with 

VE, who had a "greater than" pattern by lEF. It could be argued that the locally 

synthesised antibody in this sample is of middle to low affinity.

All the samples from the encephalitis group had high affinity antibody against the 

causative antigen, in the CSF and serum. Some also had low affinity antibodies, 

while others lacked the low affinity component. In the MS group 13 of the 23 CSF 

samples had a complete lack of high affinity antibody (RA > 10), in the remainder 

(11/23) there was high affinity antibody, but this was present in only small amounts, 

10 samples had less than 7% (mean 5.8%), the remaining sample had a value of 

21.8% (the outlier in figure 3.7). A slightly higher proportion of serum samples had 

high affinity antibody (1 2 /2 1 ), again only in small amounts, 11 of the samples had
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less than 8 % IgG (mean 4.9%), the other sample had a value of 15% (outlier in 

figure 3.7). These two outliers were samples from different patients.

Figure 3.6 (a to d) shows affinity distributions from two patients, one with MS, one 

with HSVE, for two antigens. The patient with HSVE shows high affinity antibody 

against herpes virus, but the antibody reacting against varicella is low affinity, this 

may imply that some of the anti-varicella IgG could be cross-reacting anti-herpes 

antibody. The patient with MS has a general lack of high affinity antibody with only 

a small amount of high affinity antibody present, in this case against measles.

To allow further analysis of data from the affinity histogram, an affinity ratio was 

calculated. A number of different formulae were investigated to determine the best 

method of calculation, to differentiate between the MS and encephalitis groups. The 

affinity histogram data was analysed using five different formulae. The formula 

which gave the best discrimination between the two groups was that which gave the 

least probability of the two groups coming from the same population, using a Mann- 

Whitney test. The formulae were designed to discriminate between low and high 

affinity antibody. The five formulae investigated were:

Equation 1

Affinity Ratio -
( E  * ^ 1 -4 ) * 0 -1

xioo

Equation 2

Affinity Ratio = E ̂ 10-12 

( £  RA,.
xlOO

Equation 3
Affinity Ratio =52 ̂ 10-12
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Equation 4
Affinity Ratio= i ^ y  X y) for  y = 11 -12

Equation 5
Affinity Ratio= (Æ4}̂  X 3;) 3;=9 -12

Where is the relative percentage IgG at that affinity number, read from the 

histogram.

The first two formulae gave the ratio of low to high affinity antibody in the sample. 

Higher proportions of high affinity antibody present in the sample gave a larger ratio. 

The first formula had more low affinity and less high affinity antibody, compared 

with the second formula, which calculated the affinity ratio using the three lowest and 

three highest relative affinity classes. The figure of 0.1 in the denominator was to 

enable a result to be calculated when there was no antibody in the relative affinity 

classes of the denominator.

The last three equations measured the amount of high affinity antibody present. The 

third Equation was simply the sum of the percentage IgG in the three highest relative 

affinity groups. The last two equations were the sum of the percentage IgG which 

had been multiplied by the corresponding relative affinity. Equation 4 was the two 

highest affinity groups (11 and 12), and equation 5 was the sum of the four highest 

relative affinity regions. For each formula the MS group was compared with the 

encephalitis group using a Mann-Whitney test, table 3.20. The null hypothesis states 

that there is no difference between the two populations, MS and encephalitis. All the 

formulae showed a highly significant difference between the two groups (p< 0 .0 0 1 ), 

equation 1 gave the highest degree of discrimination, i.e. the lowest chance of being 

wrong when rejecting the null hypothesis. Therefore equation 1 was used for 

calculating the affinity ratio in all calculations.

The affinity ratio was calculated for patients with encephalitis and compared with the 

affinity ratios from patients with MS. Figure 3.7 shows scattergrams of affinity

169



Probability Mean Rank 
Encephalitis

Mean Rank 
MS

Equation 1 C 

S

8.22 X 10-’ 33.00 14.08

2.14 X la* 28.93 13.34

Equation 2 C 

S

1.55 X 10-* 32.18 13.84

1.58 X 10-* 28.78 13.04

Equation 3 C 

S

1.85 X 10-® 32.72 14.28

9.01 X la® 28.53 14.06

Equation 4 C 

S

2.86 X 10-® 32.44 14.48

9.13 X Id® 28.50 14.09

Equation 5 C 

S

1.22 X Id® 32.94 14.12

7.82 X Id® 28.62 14.00

Table 3.20 The probability of the null hypothesis being correct for the 
five equations, for CSF (C) and serum (S) samples from the MS and 
encephalitis groups. The mean rank for each group is also shown.

ratios in the MS and encephalitis groups for CSF and serum. There was a large 

significant difference between the two groups (p < 0.001) by a Mann-Whitney test (see 

table 3.20). By combining the CSF and serum affinity ratio using a logical AND 

statement, good discrimination between the two groups was obtained. With a cut-off 

level of 15, a result was defined as positive if both the CSF and serum affinity ratios 

were greater than 15, otherwise a negative result was recorded. Using this method 

only one MS patient was positive, but 4 encephalitis patients were negative. The 

results of this "dichotomous" method divided the patients into only two groups, 

positive and negative (for high affinity antibody). Another technique investigated was 

combining the CSF and serum relative affinity ratios to give a "continuous" numerical 

result, which could be further analysed.
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At the end of the 18^ century Carl Frederick Gauss invented, what he called, the 

arithmetico-geometric mean (AGM) (Stewart, 1991). A pair of numbers "a" and 

have an arithmetic and geometric mean. These two "means " are used to replace the 

initial values of "a" and ”b”, to give a new pair of numbers, as follows:

(a,b) =

As this process is repeated a number of times, the two numbers rapidly converge to 

a limit. The AGM of the CSF and serum affinity ratios gives a single value, which 

was called the relative affinity value (RAV), and behaved like a logical OR statement 

when the CSF or serum affinity ratio was zero, resulting in the AGM being zero also. 

For example a CSF affinity ratio of 3.6 and a serum ratio of 0 would have a RAV 

of 0; whereas a CSF with a ratio of 5.3 and a serum ratio of 10.7 would give a RAV 

of 5.5. This technique gave very good discrimination between the two patient groups 

(p < 0.001, with a Mann-Whitney test); with a cut-off level of 15, only one MS 

patient had a RAV greater than 15 (equivalent to being positive) but none of the 

encephalitis patients had a RAV less than 15, when tested against the causative 

antigen. When two patients with HSVE were tested against different antigens, one 

patient against measles and the other against varicella, the RAV in both cases was 

zero. The outliers in the MS group in figure 3.7 both had a RAV of zero. The one 

patient with a RAV greater than 15 had a value of 21.5, against herpes antigen; only 

two encephalitis patients had a lower RAV than this. A scattergram of the RAV’s 

is shown in figure 3.8 for the MS and encephalitis groups.
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Figure 3.4a A limited distribution of antibody affinity in CSF and 
serum from a patient who had a monoclonal IgG pattern by IFF, for 
anti-varicella IgG.
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Figure 3.4b A limited distribution of antibody affinity in CSF and 
serum of measles IgG from a patient who had a monoclonal pattern by 
antigen blot.
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Figure 3.5 An example of a heterogenous affinity distribution in CSF 
and serum, this was a case of varicella encephalitis which had a 
"greater than" pattern by antigen blot.
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Figure 3.6a Affinity distribution of anti-herpes IgG in CSF and serum
from a patient with HSVE.
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Figure 3.6b Affinity distribution of anti-varicella IgG in CSF and
serum from the same patient in figure 3.5a, with HSVE.
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Figure 3.6c Affinity distribution of anti-measles IgG in CSF and
serum from a patient with MS.
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Figure 3.6d Affinity distribution of anti-herpes IgG in CSF and serum
from the same patient with MS as shown in figure 3.6c.
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Figure 3.7 Scattergrams of patient group against the affinity ratio for 
CSF and serum.
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Figure 3.8 Scattergram of patient group against RAV.
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Section Four

Discussion and Conclusions
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Discussion

The work for this thesis can be conveniently divided into two distinct areas, the first 

being method development, the second the analysis of patient samples. Affinity 

measurements could not have been made on all samples as this would have been time 

consuming and wasteful. To optimize the best use of samples, a screening test was 

used to eliminate samples that had no antibody activity against a particular antigen. 

An ELISA method was developed and optimized for this purpose. Following each 

positive test by the ELISA screen, and where there was sufficient CSF remaining, an 

antigen blot and antigen-specific index was then performed. Figure 4.1 shows the 

work flow. The results from these techniques were compared with the measurements 

of affinity to decide which was the best method for discriminating between the IgG 

produced by MS patients and encephalitis patients.

ANTIGEN
BLOTS

ELSA

ANTIGEN
SPECIFIC

INDEX
AFFINITY
STUDIES

Figure 4.1 Schematic diagram of the work-flow for antigen-specific IgG 
studies.
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ELISA screening test

The method developed, fulfilled the requirements of being quick, simple, cheap, 

reproducible, and specific with good discrimination between positive and negative 

samples. An overnight coating was used to immobilize antigen on the well surface. 

The dilution of antigen had to be optimized to prevent the formation of multiple, 

weakly bound layers on the well surface. If the antigen concentration was too great, 

a lower optical density was observed, when a single incubation stage with detector 

antibody was used. The incubation time of sample and detector antibody was 

optimized to give maximum coloured product. A big difference was observed 

between the background optical density when whole labelled detector antibody was 

used, as opposed to labelled F(ab’)2  fragments. The later gave lower blank readings, 

presumably due to the lack of an Fc portion of the molecule, which contains non

specific binding sites for complement and other proteins.

It was interesting to note the change in the signal-to-noise ratio when the detector 

antibody concentration was increased. The more detector antibody placed in the 

wells, the higher the background signal became in the blanks. This reached 

approximately 25% of the test signal, suggesting that the high concentration of 

detector antibody replaced proteins on the microtitre well surface. The optimum 

dilution of detector antibody was between 1/1000 and 1/2000. The optimized ELISA 

assay gave acceptable precision of approximately 5.8%. The precision of the coating 

procedure was 3.7%, indicating that a significant proportion of the imprecision, in 

the method, was due to the coating procedure. This could be due to a number of 

reasons, for example slight differences in the well geometry across the plate, 

inconsistencies in the plastic composition, or errors in pipetting.

As HSVE, SSPE and YE were the only diseases in the encephalitis group studied, the 

main emphasis of the study was directed towards antibody against measles, herpes and 

varicella. In the initial study a correlation was found between CSF total protein and 

the intensity of the ELISA screen, this was most noticeable for herpes antigen.
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A similar result was found when comparing CSF total IgG levels with the intensity 

of the ELISA screen. It is important to note that these results come from a complete 

mixture of patients, and appear to fall into clusters. These clusters may relate to 

different disease groups within the population studied. Notwithstanding the general 

trend of increasing optical density with increasing total protein or IgG level, the 

highest optical densities were not always associated with the highest total protein or 

IgG concentration. There was no significant difference between MS and encephalitis 

patients for CSF total protein nor CSF IgG, using a Mann-Whitney test. Neither was 

there a significant difference between patients showing local synthesis of total IgG, 

by lEF, and those patients giving a positive ELISA reaction to one or more of the 

antigens in the screen.

Of all the samples tested by the ELISA screen 60% were positive to at least one 

antigen. The most common positive antigen was measles (58% of the positive 

samples), followed by herpes and varicella. Rubella was the least commonly positive 

antigen (12.5%). Similar results were found for the MS group of patients, but 

toxoplasma was the least often positive antigen, table 4.1 shows the percentage MS 

patients who were positive against the different antigens. The percentage of patients, 

in each group studied, which were positive for at least one antigen was; 52% MS 

patients, 38% control patients compared with 100% for encephalitis patients. 

Measles was the most commonly positive antigen in the MS group (41%) compared 

with 25% in the control group. Felgenhauer et al (1985) found 53% of the MS 

patients in his study produced locally synthesised anti-measles IgG, which is not 

dissimilar to the findings of this study. The second most frequent antigen, to 

which MS patients were positive in their study, was rubella (37%) followed by 

varicella (30%), mumps (12%) and herpes (9%). In the study for this thesis, herpes 

was the second most positive antigen (19%), while rubella was only positive in 10% 

of the MS patients. It must be stated that the ELISA screen only detects the presence 

of antigen-specific IgG in the CSF, while Felgenhauer et al (1985) reported the 

percentages of patients who locally synthesised antigen-specific antibody.
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Antigen Percentage of all MS 
patients (91)

Measles 41

Herpes 19

Varicella 15

Rubella 1 0

CMV 7

Toxoplasma 6

Mumps 1 0

TB 11

Table 4.1 Table to show the percentage of MS patients with antigen- 
specific IgG against the different antigens studied.

It was shown here, that approximately 60% of patients with a positive ELISA screen 

demonstrate local synthesis by antigen-blotting. This does not explain the large 

difference between the two sets of data concerning the frequency of positive results 

against rubella and herpes. In addition to differences in technique (including methods 

of calculating results as significant or "positive”) this could be a result of differences 

in the population studied, and/or the difference between German and British exposure 

to different antigens. Table 4.2 shows the frequency of MS patients who were 

positive to a number of different antigens, from studies by other workers. It can be 

seen that there is a wide variation in the observed frequencies for the different 

antigens. This wide variation probably also reflects geographical and methodological 

differences.
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Measles Herpes Rubella Varicella Authors

76 36 1 2 Rostrom et al, 1981

1 0 0 83 Vartdal and Vandvik, 1982

94 1 0 0 Leinikki et al, 1982

53 9 37 30 Felgenhauer et al, 1985

50 4 2 0 Schuller et al, 1988

41 19 1 0 15 ELISA screen

Table 4.2 The percentage frequency of MS patients with antigen- 
specific IgG against measles, herpes, rubella and varicella, as reported 
by other workers, compared to this study.
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Antigen-immunoblots

The antigen blots were all performed using a PVDF membrane (Nespolo et al, 1987), 

with slight modification of the original method described by Moyle et al (1984). This 

was the method of choice to detect local synthesis of antigen-specific IgG, as it had 

been demonstrated to be superior to other techniques measuring antibody binding 

alone (McLean et al, 1990; Livrea et al, 1981; Gallo et al, 1988).

A positive result was defined as the presence of bands seen in the CSF, which were 

not seen in the parallel serum sample. Bands which were seen both in CSF and 

serum were defined as coming from the serum across the BBB. As the results were 

taken as qualitative data, identical amounts of Total IgG were not loaded. This was 

also because total IgG measurements were not available for all the samples. To be 

strictly correct the antigen-specific IgG would have to be measured in both, which in 

itself is a technique not without difficulty and misinterpretation. Similar, but not 

identical amounts of total IgG were loaded on to the gel (neat CSF and serum diluted 

1/100), and in most cases, this gave equivalent staining intensities in CSF and serum.

As only those samples with an ELISA screen greater than " +  " had an antigen 

immunoblot test, a study to check the number of "false negatives" by the ELISA 

method was performed. This was carried out on samples that gave only a trace result 

on the ELISA screen. A negative result on the antigen-immunoblot was considered 

to be one showing a weak polyclonal or very weak leakage pattern. Two samples 

showed local synthesis of OCBs in the CSF, one specimen had an easily seen pattern, 

the other was faint. Four samples showed "greater than" patterns, three were faint, 

while the remaining one was a strong pattern. The ELISA test failed to pick up two 

(5 %) samples that had an easily seen pattern by the antigen-immunoblot method. The 

other samples were all polyclonal or leakage patterns, which were just visible or 

faint. This was rather unexpected, as the ELISA method uses a 2 hr incubation, 

allowing the antibody to react with antigen; whereas in the immunoblot method the 

antibody is in contact with the antigen only briefly, as the antibody passes through the 

membrane. It would be expected that the ELISA method would be the more sensitive
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method of the two. It was consistently noted that the blotting method gave a stronger 

staining score than did the ELISA method. This points to the difference in the 

detection systems used by the two methods. The ELISA method used a single, 

labelled P(ab’)2  fragment, while the blotting method used a double antibody method.

When comparing the lEF results for total and antigen-specific IgG, 37% of the 

samples had OCBs visible on the antigen-specific blots but had no bands on the total 

IgG blots. This demonstrated the enhanced sensitivity of the antigen-specific blot 

method. There are two factors that contribute to this enhanced sensitivity. Firstly, 

only antigen-specific IgG is captured on the membrane, allowing faint bands which 

when stained for total IgG, were such an insignificant proportion of the total IgG that 

they were lost in the polyclonal background. Secondly, because antigen is 

immobilized on the membrane, antigen-specific IgG binds with its Fc portion 

uppermost, allowing all this bound antibody to react with the detection system. On 

a total IgG blot, the antibody binds to the uncoated membrane in a random 

orientation, thus not all the Fc portions would be available for binding with the anti

human IgG antibody.
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Antigen-specific Index

Antigen blots give qualitative information about the presence and production of 

locally synthesised antigen-specific IgG in the CNS. There are methods using ELISA 

data from CSF and serum analysis, which give a numerical result for the presence 

and degree of local synthesis of antigen-specific IgG. To determine the use of such 

a technique in the investigation of MS and encephalitis, an ASI was calculated using 

an ELISA technique.

The method chosen was one based on the optimized ELISA screen. From each CSF 

and serum, a series of doubling dilutions was prepared and placed in the coated wells 

of a microtitre plate. From the resulting optical densities, dilution curves were 

constructed for CSF and serum. The ratio of the dilutions, from CSF and serum, 

which gave an equivalent optical density, was itself divided by the ratio of total IgG 

in CSF and serum, to give the ASI.

This was in preference to the more popular method of calculating the ASI, which 

dilutes the CSF and serum to an equivalent IgG concentration, and performing the 

ELISA test on the dilutions. The index is then calculated using these two results. 

This approach has the advantage of being quicker with a higher through-put per plate. 

If the CSF antigen-specific antibody is derived from the serum, then it would be 

expected that the antigen-specific antibody is present as an equivalent proportion of 

the total IgG in CSF and serum. Local synthesis of antigen-specific antibody would 

increase the proportion of this antibody in the CSF relative to the serum, giving a 

higher ASI. This method neglects the effect of antibody affinity on the colour 

produced in the well, and assumes that locally synthesised antibody is of the same 

affinity as that in serum. As has been shown by the computer model, the higher the 

affinity of the antibody the greater binding will take place. Antibodies will continue 

to bind to the antigen until equilibrium is reached. If there is a large excess of 

antigen binding sites, practically all high affinity antibody will bind, while only a 

proportion of low affinity antibody will bind. When the antibody is in excess, all the 

antigen binding sites are occupied if it is high affinity, but if it is low affinity there
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still may be unoccupied antigen binding sites. If locally synthesised antibody is of 

very different affinity to that of the serum, then misleading results could be obtained.

As the aim of this study was the investigation of antibody affinity; the method used 

to measure the ASI was chosen to give more information about the binding of 

antibody in CSF compared to serum. Also the results of the dilution curves were 

required for the affinity histogram method.

In this study, the ASI was calculated from the dilution curves of CSF and serum. 

Ideally they should be totally parallel. This was so in the majority of the patients, 

but in the few cases where the two lines were "nearly" parallel, the ASI was also 

calculated. In 16% of the patients, the gradient of the two lines were so dissimilar 

that it was impossible to calculate an ASI. In these cases the ASI would vary 

according to which optical density was chosen to obtain the dilution factors for CSF 

and serum. In one sample, for example, an ASI between 0.7 and 0.43 could be 

obtained. No statistical correlation between the intensity of the ELISA screen and the 

ASI result was found.

Local synthesis of antigen-specific IgG was defined as being present when the ASI 

was greater than 2.0. Using the immunoblot method as the reference method, it was 

found that many ASI values were false negatives, ie were less than 2.0 when the 

immunoblot showed locally synthesised bands in the CSF. This high level of false 

negatives was seen when the ASI was compared with both the antigen-specific and 

total IgG immunoblot. When the ASI was compared with total IgG immunoblots it 

was not surprising that there were so many false negatives (the total IgG blot being 

taken as the reference method); the locally synthesised OCBs seen on the blot could 

be against any antigen, not just the antigen being studied by the ELISA technique. 

More unexpected was the large number of false negatives found by ASI when 

compared with antigen-specific immunoblots.

Excluding analytical errors, the many low ASI values recorded (less than 1.0) could 

be explained by local synthesis of IgG directed against antigens which were different
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from the particular antigen-specific IgG being studied. The locally synthesised IgG 

(against an unknown antigen) is included in the total measurement, increasing the IgG 

ratio, but not in the antigen-specific IgG measurements which give a normal ratio, 

resulting in a low ASI. Another possible explanation is one based on antibody 

affinity. The ASI is calculated from dilution factors, of CSF and serum, that give an 

equivalent optical density. From the computer modelling of antibody binding, it was 

seen that a greater concentration of low affinity antibody is required to give an equal 

optical as a much smaller amount of high affinity antibody. If the locally synthesised 

antibody was of lower affinity than serum antibody, there would be more antigen- 

specific antibody in the CSF than the diluted serum giving an equivalent optical 

density. Measurements of total IgG would measure this difference, resulting in a 

higher total IgG ratio, and a lower ASI.

The ASI measurements failed to show a statistically significant difference between 

the proportion of patients in the two groups (MS and Encephalitis) with an ASI 

greater than 2.0. This is not unexpected, since the ASI is a measure of local 

synthesis, and it is well known that this occurs in both patient groups. When the 

magnitude of the ASI results were compared in the two groups, there was a slight 

significant difference (p=0.036). This showed the encephalitis patients were more 

likely to have higher ASI results than MS patients but there was still a large overlap 

between the groups.

The ASI was also calculated using data from scanning the immunoblots of total and 

antigen-specific IgG. As expected, these ASI results reflected the immunoblot 

interpretation, with respect to the samples which demonstrated local synthesis (table 

3.19). There was a large overlap between the two patient groups, but there was a 

statistically significant difference in the magnitude of the ASI result (p=0.035).

These significant differences between the patient groups became not significant when 

the Reiber transformation was applied to the data. This was because the Reiber 

transformation elevated all the MS ASI results, and generally decreased the 

encephalitis ASI results (50% of the ELISA ASI and 75% of the scan ASI results).

191



The Reiber transformation uses an ideal IgG ratio obtained from the measured 

albumin ratio. This ideal ratio does not take into account local synthesis of IgG. 

When local synthesis occurs in the CSF, the ideal IgG ratio is lower than the 

measured value, leading to an increased ASI, as seen with the MS patients and some 

encephalitis patients. In patients with an infection in the brain, there is destruction 

of the BBB leading to greater leakage of serum protein into the CSF. As albumin is 

smaller than IgG the leakage of albumin is greater than that of IgG. The Reiber 

transformation uses the albumin ratio to predict the IgG ratio, which is then used in 

the calculation of the ASI. The decreased ASI values seen following the Reiber 

transformation could be explained by this increased leakage of albumin into the CSF, 

giving a larger albumin ratio (the increase of which would be greater than the 

increase in IgG ratio), which in turn will give a larger ideal total IgG ratio than 

would be measured. When this ratio is used in the ASI calculation a lower result 

would be obtained. This situation, seen in moderate damage to the BBB, where there 

is greater leakage of albumin than IgG shows the importance of comparing "like-with- 

like".

From these experiments, it seems that the use of ASI gives little information beyond 

that found by immunoblotting. In many cases misleading results would be obtained. 

Therefore this test was of little use in differentiating between MS and encephalitis 

patients.

192



Affinity studies

Initially an attempt was made to calculate the affinity distribution of the antigen- 

specific IgG using the method of Werblin and Siskind (1972). It was found that this 

method suffered from extreme sensitivity to the initial seeding values in the 

calculation, leading to exponential divergence of the predicted affinity distributions. 

Consequently this approach was abandoned, in favour of an experimental approach 

measuring relative affinity, using a chaotropic agent to remove bound antibody from 

an immobilized antigen.

In the studies by Lew (1984), it was found that low affinity monoclonal antibody gave 

lower optical densities than an identical amount of high affinity antibody, in wells 

with an identical amount of antigen on the well surface. These results are consistent 

with those of the computer model. The mathematical model predicted that low 

affinity antibody would eventually saturate all the binding sites, if present in a high 

enough concentration. Lew’s results did not show this, experimentally. This could 

be due to an insufficient concentration of low affinity antibody to saturate the antigen 

binding sites in his experiment. Another reason could be that the computer model is 

very simplistic, and in practice a more complicated interaction is involved.

Other methods for measuring affinity could not be readily employed. In this study 

the antigen was a large virus, so techniques such as equilibrium dialysis, ammonium 

precipitation and fluorescent techniques could not be used. The restriction on the use 

of radio-labels limited the choice of labels, an enzyme label was chosen for ease of 

use, and simplicity of measurement. Not knowing the concentration of virus particles 

and virus valency, it was not possible to use the method of Frankel and Gerhard 

(1979). Due to this lack of information a method measuring relative affinity was 

chosen. The antigens used in this study were commercially available and were not 

purified to any extent. It would be difficult to use these antigen preparations in a 

competitive technique so a dissociative technique was chosen, with immobilized 

antigen, similar to the method of Pullen et al (1986), who used ammonium 

thiocyanate. This approach has been shown to produce results that ranked well with
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equilibrium dialysis, when studying monoclonal antibodies (MacDonald et al, 1988). 

In the studies by Pullen et al (1986) the relative affinity was defined as the 

concentration of ammonium thiocyanate required to reduce the observed optical 

density to 50% of the total. This resulted in a single value for the sample. In this 

thesis, the difference in the optical density between adjacent wells, washed with 

increasing strength of sodium thiocyanate, was used to produce a histogram of the 

relative IgG concentration against the molarity of sodium thiocyanate.

The method adopted was based on ELISA, and used increasing concentrations of 

sodium thiocyanate to remove antigen-specific IgG of increasing affinity from 

immobilized antigen. The technique depended on the ability of the antigen to remain 

on the surface of the microtitre plate well, which in turn depended on which antigen 

was used. Herpes antigen did not seem affected, while the amount of varicella 

antigen remaining on the well surface was reduced by 30% only after 5.0 M sodium 

thiocyanate. This would cause the underestimation of the concentrations of higher 

affinity antibody, and emphasising the amount of low affinity antibody. Measles 

antigen showed that 50% of the antigen was lost with only 1.0 M sodium thiocyanate, 

above that concentration no further antigen was lost. The nine higher affinity values 

had an equivalent amount of antigen in the wells, thus only the lowest two values may 

be overestimated (relative to the top nine values). In practice the method was 

reliable, especially when high affinity antibody was present.

A sixteen fold dilution of the sample did not radically alter the shape of the affinity 

histogram, but the results did suggest that for best results only samples with high 

levels of antibody should be used.

Using samples that showed monoclonal patterns by lEF, the affinity histogram 

technique was evaluated, to ensure it detected a homogenous affinity distribution, 

associated with the monoclonal antibody. In all the samples studied a prominent peak 

was found in the affinity distribution, giving further confidence in the technique.
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Early in the study it was apparent that encephalitis samples all had high affinity 

antibody present, often with high relative proportions; multiple sclerosis samples 

generally lacked this high affinity component. When high affinity antibody was 

present in these MS samples, it was present at only very low levels. This difference 

could not be explained by differences in the amount (or activity) of the antibody 

present in the CSF of encephalitis and MS patients, because the samples were diluted 

to give equivalent antibody "activity" for all patients, as determined by the CSF and 

serum dilution curves used to calculate the ASI.

Being difEcult to analyse graphical data statistically, a method was developed to 

reduce the affinity distribution for each sample to a single value. A number of 

different methods were studied. The method that gave the best discrimination 

between MS and encephalitis patients was chosen. This was basically, the ratio of 

high to low affinity IgG present in the sample, and was called the affinity ratio. The 

affinity ratio was calculated for all the CSF and serum samples where affinity 

histogram had been produced. Most the MS samples had no high affinity antibody, 

the remainder had only low levels of high affinity antibody (mean level 6%). This 

was also reflected in the serum results. All the encephalitis samples had high affinity 

antibody present. There was a very significant statistical difference between the 

affinity ratios from MS patients and encephalitis patients in both CSF and serum 

(p< 0.0001, by a Mann-Whitney test).

By selecting a threshold value of 15, the samples were classified into two groups, 

nominally designated positive (greater than 15) or negative (less than or equal to 15) 

for the presence of high affinity antibody. Good discrimination between MS and 

encephalitis patients was found when both the CSF and serum affinity ratios were 

taken into account. A sample was deemed positive only if both serum and CSF 

affinity ratios were greater than 15. Using this threshold value only 1 MS sample 

was positive, but 4 encephalitis patients were negative.

A single figure was calculated that combined the CSF and serum affinity ratios, called 

the relative affinity value. This was the AGM of the two ratios, and acted in a
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similar way to a logical OR statement. The two histograms of the affinity 

distributions for each patient (CSF and serum) had been reduced to a single value. 

With the same threshold of 15, no encephalitis patients were negative (RAV less than 

or equal to 15) and only one MS patient was positive (RAV greater than 15). The 

one MS sample that fell into the positive group had an affinity ratio 21.4 in the serum 

and 21.6 in the CSF; only two encephalitis samples had a lower RAV’s than these.

These results clearly showed that in the MS group the antigen-specific IgG had a 

lower affinity than antigen-specific IgG in the encephalitis group. This clear 

difference in the affinity of the antibody would explain the observations seen in the 

ELISA screen and antigen-specific IgG immunoblot methods, regarding the 

differences of staining intensities. The intensity of coloured product by the ELISA 

and antigen-specific IgG immunoblots depended on, not only the concentration of 

antigen-specific IgG, but also on the affinity of that antibody, as shown by the 

computer models of antibody binding. It is possible that the affinity influences the 

final colour intensity more than was first thought. When the ELISA tests were 

divided into those giving a screen of less than " +  -H + " and those with a screen 

greater than or equal to "4-4-4-", there was a highly significant difference between 

MS patients and encephalitis patients. Likewise the antigen-specific IgG immunoblot 

showed a significant difference between the staining intensities from MS patients and 

encephalitis patients. As there was no observed significant difference between the MS 

and encephalitis groups for CSF total protein or CSF IgG, it suggests that the 

significant differences in the staining intensities cannot be explained in terms of 

antibody concentration. Taken with the results of the affinity studies, it would appear 

that the differences in staining intensity between the MS and encephalitis groups can 

be attributed to differences in affinity.

A small percentage of antigen blots showed a different pattern of OCBs on the reverse 

side of the membrane when compared with the front. These bands were shown to be 

of low affinity. Of the samples that were assigned to a patient group, 86.6% of the 

patients with low affinity OCBs were from the MS group. This also supported the 

theory that MS patients produce lower affinity antibody. The one SSPE patient who
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had low affinity bands, had a RAV of only 23.7, suggesting there was low affinity 

IgG being produced along with high affinity. The percentage of MS patients with 

their affinity distribution measured, who had low affinity OCBs, was 26%. This 

figure suggests that the OCBs seen only on the reverse side of the membrane were 

of very low affinity. Experiments with sodium thiocyanate elution of bands, have 

shown that the bands on the reverse side of the membrane are eluted with low 

strengths of thiocyanate (less than 1 molar). Polyclonal antibody always remained on 

the front surface, suggesting it was of higher affinity.

Measurement of the IgG in patients with an infection depends on allowing sufficient 

time to pass before taking the sample, allowing the immune system to switch antibody 

synthesis to IgG production. In HSVE, the earliest time for an antibody response to 

be observed was 4 days (McLean, 1990) after the onset of symptoms. The samples 

that showed a weak antibody response to herpes, were samples that had been taken 

early in the disease process. All the samples in the SSPE and VE groups were from 

patients who had symptoms for a number of weeks; they all showed a very strong 

response. Unfortunately it was not possible to demonstrate affinity maturation in 

patients with encephalitis. This was due to lack of samples taken at the appropriate 

times, also it was very unusual for more than one lumbar puncture to be performed 

on any individual patient. In the cases where multiple samples had been taken, these 

were after a number of weeks when the IgG response had already undergone affinity 

maturation. Where there was sufficient CSF sample to make an analysis on these 

sequential samples, from the same patient, the affinity distributions were similar.

It has been shown that these patients produce high affinity antibody against the 

causative agent of their encephalitis. This antibody is produced in response to a 

primary challenge to the virus. Antibody reacting to other antigens, other than the 

causative antigen, was shown to be of low affinity, indicating it was cross-reacting 

antibody produced as a "by stander".

In multiple sclerosis patients, there was a lack of high affinity antibody, which was 

typical for the encephalitis group. This suggests that the antibody being measured has
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not arisen as a consequence of a primary antigen stimulus. The B lymphocytes are 

not being selected for affinity maturation, and consequently only produce low affinity 

antibody. This may suggest that there is another, yet unidentified, antigen responsible 

for the immune activation seen in MS patients. An alternative explanation is that MS 

patients have a genetic inability to make a high affinity antibody. In animal studies 

this has been postulated to be a form of immunodeficiency (Soothill and Steward, 

1971).
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Conclusions

In summary, the best method, of those investigated to differentiate between MS 

patients and encephalitis patients, was the measurement of the affinity of antigen- 

specific IgG. Table 4.3 shows the list of p values from a Mann-Whitney test for a 

few of the different techniques studied. The p value is used here as an indicator of 

the amount of overlap between the two populations. Higher p values point to larger 

overlaps; lower p values indicate better discrimination between the two populations. 

It can be seen that the RAV gave the best discrimination, approximately twice as 

good as the measurement of affinity ratio in CSF.

Test p value from Mann- 
Whitney Test

ASI from Reiber transformation of scan data 0.75

ASI from Reiber transformation of ELISA data 0.44

ASI from ELISA data (untransformed) 0.036

ASI from scan data (untransformed) 0.035

Affinity ratio of serum 2.14 X 10-5

Affinity ratio of CSF 8.22 X 10-̂

RAV 4.05 X 10-̂

Table 4.3 A comparison of p values from a Mann-Whitney test for 
different techniques, to differentiate between patients with MS and 
patients with encephalitis.

As a result of this study it was concluded that MS patients produce lower affinity 

antibody to a given antigen, than a patient with encephalitis caused by that same 

antigen. This supports the hypothesis that the antibody produced by MS patients is 

only secondary, as an anamnestic response. This method for measuring the affinity 

distribution would be useful for differentiating between with patients multiple sclerosis 

and those with a suspected encephalitis.
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From the results of this thesis the following statistical observations were made 

between MS patients and encephalitis patients.

There was a statistically significant difference between MS patients and encephalitis 

patients on the following points:

•  All encephalitis patients had a positive ELISA screen to 

at least one antigen, whereas MS patients were positive 

to at least one antigen in only 52% of cases.

•  Encephalitis patients had a more intense reaction in the 

ELISA screen than MS patients.

•  Encephalitis patients had a stronger staining intensity in 

the antigen-specific immunoblots than MS patients.

•  Encephalitis patients were more likely to show local 

synthesis of antigen-specific IgG by the immunoblot 

method.

•  MS patients are more likely than encephalitis patients to 

have low affinity OCBs and to show a differential 

pattern on the immunoblot.

•  For the encephalitis patients, the ASI was likely to be 

greater than for MS patients; but there was a large 

overlap between the two groups.

•  Encephalitis patients had a higher affinity ratio in CSF 

and serum, than MS patients.
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•  Encephalitis patients had a much higher RAV than MS 

patients; no patient with encephalitis had a RAV less 

than 15. Only one of the MS patients had a RAV 

greater than 15.

There was not a statistically significant difference between MS patients and 

encephalitis patients for the following points:

•  The levels of CSF total protein or IgG.

•  In the number of antigens for which the MS and 

encephalitis patients were positive, by the ELISA 

screen, when the MS patients were positive to at least 

one antigen.

•  The intensity of the ELISA screen against antigens,

other than the causative antigen for a particular 

encephalitis case.

•  The intensity of the antigen-specific immunoblot, other

than the causative antigen for a particular encephalitis 

case.

•  The ASI following the Reiber transformation to the

ELISA and scan data.
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Future work

The methods used in this thesis were developed using techniques based on non- 

covalent immobilization of antigen to a solid phase; microtitre plate wells or PVDF 

membranes. Future techniques would involve the use of covalent-binding techniques, 

where antigen is bound covalently to the solid phase. Work is in progress using a 

modified PVDF membrane, which is reported to bind proteins covalently. There are 

some technical difficulties to overcome, but the use of this membrane is promising 

for the development of further tests, for example an affinity dot-blot screening 

method.

In this thesis, only two groups of patients were studied, those with MS and 

encephalitis. In future studies it would be useful to investigate patients with other 

diseases where IgG is produced against an antigen, for example Guillain-Barré 

syndrome.
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Appendix A; PASCAL programme for calculating affinity distribution

This PASCAL programme was written to calculate the relative percentage antigen- 

specific IgG distribution at eight predefined affinity values. It does this by calculating 

the bound antibody concentration at each affinity value; summing all the 

concentrations to give the total bound antibody for a given point on a theoretical 

dilution curve. After the theoretical curve was compared with an experimental curve 

a new theoretical curve was made by changing the initial conditions of the first curve. 

The worst fit curve was discarded and a new theoretical curve was constructed. This 

process was repeated until a no better fit curve could be found. The relative 

percentage proportion of IgG at the different affinity levels was printed, giving the 

theoretical affinity distribution for the sample.

The programme first created three data arrays. The first held the experimental data, 

read from a file. It was a (12 x 5) array, columns 1 to 4 held bound antibody 

concentrations at, up to four different antigen concentrations. Column 5 held the 

dilution factors for each antibody dilution.

The second array, (5 x9 ), was used to hold the predicted antibody concentrations of 

each point. Column 1 held a copy of the current "best-fit" curve while columns 2 

and 3 held the next curves to be tested, one having a percentage increment, the other 

having a decrement. Column 4 held the current "best-fit" curve. Each row 

represented the antibody concentration at 8 different affinity values, the sum of the 

eight gave the total bound antibody concentration. The programme set the affinity 

values to 1 X 10  ̂to 1 x 10̂  ̂ in ten-fold steps.

The third array, (1 x 8 ), held the new calculated bound antibody concentrations. If 

these concentrations gave a "better-fit" than the previous curve then they were 

substituted into column 4 of array 2.

Following the definition of the three arrays, the programme next defined two 

procedures. The first, called "change", moves data from the third array to column
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4 in the second array when the calculated curve is a closer-fit to the experimental data 

than the previous theoretical curve.

The second procedure, called "evaluate", calculated the bound antibody concentration 

for each affinity value, according to the equation described on page 118. This is then 

compared with the experimental data and an average difference for all the points on 

the curve was calculated. If the current theoretical curve was a closer fit than the 

previous calculated curve, the old values were replaced with the newer ones. If the 

old values gave a better fit than the new ones then the percentage change of the 

increments and decrements was reduced.

Following the two procedures was the main body of the programme. This read the 

experimental data from a file called datainp; this file contained the number of 

antibody and antigen dilutions,the dilution factors, the bound concentration at each 

dilution and the antigen concentration. The initial values of the IgG concentration at 

each affinity level was loaded into the second array; the initial value loaded was the 

total antigen-specific IgG concentration, found experimentally, divided by eight.

The IgG concentration at for each affinity value was individually increased or 

decreased by, initially, 50% and then the curve was tested for goodness of fit with 

the experimental curve. The best-fit curve being retained and the process was 

repeated. If there was no better-fit curve then the percentage change (pc) for new 

curves was reduced by half. The percentage change was set at 50% at the beginning 

of the programme, this value was reduced to 25, 12.5 e.t.c. as the programme ran. 

The programme continued to run while the pc> 0.05.

When pc dropped below 0.05 the programme printed the bound concentration of 

antigen-specific IgG and its relative percentage concentration for each affinity value, 

of the theoretical curve which had the closest fit to the experimental curve.
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pasclg program = %h? data = .datainp 
program affhistl (input,output);

var x: array[l ..12,1. .5] of real; 
d: array[1..9,1..5] of real; 

ix: array[1..8] of real;

var con,n,nag,itt,z,zz,zl,z2,z3,z4,z5,z6,z7,z8,aco:integer; 
pc,a,ag,dmin,dmin2,tag,di,r,ia,irl,ir:real;

procedure change; 
var z.-integer;

begin
for z: = 1 to 8 do 
begin
d[z,4]:=ix[z];
end;

dmin:=di;
end;

procedure evaluate;
var aco,z,zz,con:integer;

begin 
di: =0;
for aco: =0 to nag-1 do 
begin 

for z: = 1 to n do 
begin 
r:=0;
a: =ag/exp(ln(2)*aco); 

for zz: = 11 downto 4 do 
begin
ia: = (ix[zz-3]/x[z,5])+ a +( 1 / (exp(ln( 10) *z))) ; 
irl: = a*ix[zz-3]/x[z,5]; 
ir: =  l; 

for con: = 1 to 10 do 
begin
ir: =(-l*irl)/(ir-ia); 

end; 
r: =r-kir; 
a: =a-ir; 
end;

di: =di+abs((r-x[z,(aco+ l)])/x[z,(aco+1)]);
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end;
end;

di: =di/(n*nag); 
end;

begin

a: =0;aco: =0;ag: =0;di: =0;dmin: =0;dmin2: =0;ir: =0;irl: =0;r: =0;con: =0; 
ia: =0;z: =0;zz: =0;tag: =0;zl: =0;z2: =0;z3: =0;z4: =0;z5: =0;z6: =0;z7: =0 
;z8:=0;

readln(n,nag); 
pc: =50; 
itt: = l;
for z: = 1 to n do 
begin 

readln(x[z,5]); 
end;

for z: = 1 to nag do 
begin 

for zz: = 1 to n do 
begin
readln(x[zz,z]);

end;
end;

readln(a); 
for z: = 1 to 8 do 
begin
d[z,l]:=(x[l,l]*x[l,5])/n; 
d[z,2]: =d[z, 1]+(d[z, l]*pc/100); 
d[z,3]: =d[z,l]-(d[z,l]*pc/100); 

end; 
ag: =a;
dmin: = 100000; 
dmin2: = 1000000;

while (pc>0.05)do 
begin
for zl: = l to 3 do 
begin
for z2: = l to 3 do 
begin
for z3: = l to 3 do 
begin
for z4: = 1 to 3 do 
begin
for z5: = l to 3 do 
begin
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for z6: = 1 to 3 do 
begin
for z7: = l to 3 do 
begin
for z8: = 1 to 3 do 
begin

ix[l]:=d[l,zl] 
ix[2]: =d[2,z2] 
ix[3]:=d[3,z3] 
ix[4]: =d[4,z4] 
ix[5]: =d[5,z5] 
ix[6]: =d[6,z6] 
ix[7]: =d[7,z7] 
ix[8]:=d[8,z8]; 
evaluate;
if (di<dmin) then change;

end;
end;

end;
end;

end;
end;

end;
end;
itt:= itt+ l;
if (dmin2=dmin) then pc:=pc/2; 

dmin2: =dmin; 
for z: = 1 to 8 do 
begin 

d[z,l]:=d[z,4];
d[z,2]: =d[z,4]+(d[z,4]*pc/100); 

d[z,3]: =d[z,4]-(d[z,4]*pc/100); 
end;

tag: =0;
for z: = 1 to 8 do 

begin
tag:=tag+d[z,4];

end;

for z: = 1 to 8 do 
begin
writeln(d[z,4] ,d[z,4]/tag* 100) ; 

end; 
end; 

end.
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Appendix B: BASIC programme for calculating the concentration of bound antibody

This BASIC programme calculates the concentration of bound antibody for an 

antibody of a given affinity constant, at a given total antibody and antigen 

concentration. It is based on the equation described on page 118.

The programme inputs the total antibody, total antigen concentrations and antibody 

afBnity. After twenty iterations the total antibody and bound antibody concentrations 

are printed, the original total antibody concentration is divided by four and the 

process repeated with the new total antibody concentration. The programme 

calculated bound antibody concentrations for fifteen four-fold dilutions of the total 

antibody concentration entered.

10 INPUT "TOTAL ANTIBODY="; ABT
20 INPUT "TOTAL ANTIGEN="; ACT
30 INPUT " AFFINITY="; K
35 CLS
40 B=(ABT+AGT) + (1/K)
50 C=ABT * AGT
60 X=1
70 D1=D1-H
100 FOR Z=1 TO 20
110 X=(-1*C) / (X-B)
120 NEXT Z
130 PRINT ABT,X
140 ABT=ABT/4
150 IF D l = 15 THEN 170
160 GOTO 40
170 END
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Appendix C: BASIC programme for calculating relative percentage IgG for the 

affinity histograms

This short BASIC programme for calculating the relative percentage IgG which is 

then used to calculate the affinity ratio and plotting the affinity histograms. The 

optical density values of the test and blank are entered for each concentration of 

thiocyanate wash. The first entries are for the wells without thiocyanate, and is 

considered to represent 100% binding of antigen-specific IgG to antigen. The 

percentage relative IgG concentration is calculated using this value.

The programme then tests the optical densities entered for each thiocyanate 

concentration. The values obtained from the difference of test minus blank should 

decrease across the plate as the higher concentrations of thiocyanate elute more bound 

IgG. If a particular test minus blank value is greater than the previous value then the 

programme makes them equal, indicating no more IgG was eluted with the higher 

concentration of sodium thiocyanate. If a blank optical density is greater than a test 

optical density the difference is set at zero and the calculation is terminated, it is 

assumed that all the IgG has been removed.

The programme calculates the relative percentage IgG concentrations and prints it 

along side the relative affinity. A check is made to ensure the total (T in the 

programme) relative percentage IgG is 100%.

10 DIM A(12)
20 INPUT "AFF1",X,"BLK”,Y
30 P=X-Y :S=P
40 IF Y > X T H E N P = 0
50 F 0 R Z = 1  TO 11
60 PRINT -A F F ^Z + l; :INPUT X
70 PRINT "BLK";Z+1 ; :INPUT Y
80 Q=X-Y
90 IF Y > X T H E N Q = 0
100 IF Q > P T H E N Q = P
110 A(Z)=(P-Q)/S*100
120 T=A(Z)+T
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130 IF Q > =0 THEN GOTO 180
140 P=Q
150 NEXT Z
160 A(12) = =P/S*100
170 T=T+A(12)
180 PRINT "AFFHIST RESULTS
190 FOR Z=1 TO 12
200 PRINT "AFF";Z;" = ";A(Z)
210 NEXT Z
220 PRINT ”T=";T
230 END
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Affinity distributions of antigen-specific IgG in patients with 
multiple sclerosis and in patients with viral encephahtis
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We report a method for displaying the affinity distribution of a polyclonal antibody population using 
sodium thiocyanate elution followed by an ELISA detection technique. We have used this method to study 
the affinity distribution of antibodies in samples of CSF and serum from patients with MS, and compared 
the results to those obtained from patients with viral encephalitis. Patients with MS had predominately low 
affinity antibody against a particular antigen whilst patients with a primary viral infection had predomi
nantly high affinity antibody against the causative organism.

words: Affinity; Specific IgG; Multiple sclerosis

Introduction

The strength by which an antibody binds to an 
antigen is measured by the affinity of that anti
body for the antigen. Simply, an antibody with 
high affinity will bind firmly, whereas an antibody 
with low affinity for that antigen will bind weakly 
and is thought to be non-specific. Early on in an 
infection the antibody produced is low affinity. As 
the infection progresses with time, there is a 
‘maturation’ of the immune response, causing the 
affinity of the antibody to increase (Eisen and 
Siskind, 1964; Werblin et al., 1973; Inouye et al., 
1984). This phenomenon is thought to be due to a 
‘selecting out’ of high affinity clones. Antibody 
with a low affinity to the infective agent is not 
selected, its binding to the antigen is considered to

Correspondence to: R.W. Luxton, Department of Special 
Chemical Pathology, 9th Floor, Institute of Neurology, N a
tional Hospitals for Nervous Diseases, Queen Square, London 
W CI 3BG, U.K.

be due to cross-reaction, and its production sec
ondary to the production of the high affinity 
clones.

From the results of animal studies Soothill and 
Steward, (1971) suggested that the continual pro
duction of low affinity antibodies is due to a state 
of immunodefficiency, where an individual is 
genetically unable to produce a high affinity anti
body to a particular antigen. Animals which pro
duce low affinity antibody do not remove the 
antibody-antigen complex from the circulation, 
resulting in renal damage (Kyriyama, 1973; 
Koyama et al., 1986 and Noble et al., 1987). It is 
thought that other tissue damage seen in animals 
producing only low affinity antibody, is due to the 
deposition of the antibody-antigen complexes 
which are not effectively removed from the circu
lation.

It is well known that patients with a primary 
viral infection of the CNS produce locally synthe
sised antibody to the infective agent (Vandvik et 
al., 1978; Felgenhauer et al., 1982). Patients with 
multiple sclerosis (MS), a chronic degenerative

0022-1759/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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disorder, are also known to produce locally 
synthesised antibody against one or more viral or 
bacterial agents (Vartdal et al., 1980; Rostrom et 
al., 1981). Despite much work, there has been little 
evidence to link the presence of locally synthesised 
anti-viral antibody, with a role in the aetiology of 
MS. One theory to explain this failure to find a 
link between the presence of specific antibody in 
the CNS and the antigen being the causative agent, 
is that the production of this anti-viral antibody is 
due to non-specific reactivation of B lymphocytes, 
secondary to the main immunological challenge.

In our laboratory we have studied the presence 
of antigen specific antibody in patients with MS, 
viral encephalitis and other diseases where the 
presence of an infective agent is suspected. We 
have developed a method to measure the distribu
tion of the affinities of antigen-specific IgG in 
these patients, and investigated whether patients 
with MS produce low affinity antibody against a 
particular antigen. This method uses the principle 
by which molecules with a low binding energy can 
be easily eluted by changing the ionic strength or 
pH, for example using sodium thiocyanate (Pullen 
et al., 1986; Macdonald et al., 1988). Our method 
also employs sodium thiocyanate and the results 
are displayed graphically to show the distribution 
of the relative affinities of the antibodies produced 
in response to a particular antigen.

In this investigation we studied 19 patients 
known to have MS, four patients with sub-acute 
sclerosing pan-encephalitis SSPE, three patients 
with herpes simplex 1 encephalitis (HSVE), and 
three patients with varicella encephalitis.

Materials and methods

lovirus, toxoplasma, mumps and TB (all antigens 
were from Behring, except TB where tuberculin 
PPD (Evans) was used). Freeze dried antigens 
were reconstituted with 2 ml distilled water and 
centrifuged before use. Mumps antigen and TB 
antigen, supplied as a liquid, were used neat. PVC 
microtitre plates (Falcon 3912, Becton Dickinson) 
were coated with 50 jtil antigen diluted 1/50 in 
0.05 M carbonate buffer pH 9.2. Each antigen was 
placed in a different row of the microtitre plate, 
giving eight rows each containing a different anti
gen and permitting 12 patients to be screened for 
all the antigens on one plate. After an overnight 
incubation at 4°C , the plate was blocked (1% 
gelatin in physiological saline) for 30 min after 
which it was washed twice (0.1% gelatin in physio
logical saline). 5 jal samples of diluted CSF (1/10 
in 1% gelatin in saline) were placed in the wells 
and incubated for 2 h at room temperature, after 
which the plate was washed three times. 50 /xl 
anti-human IgG F (ab '); fragments conjugated to 
horseradish peroxidase (Sigma, Poole, U.K.) di
luted 1/1000 in 1% gelatine were added to all the 
wells and incubated at room temperature for 1 h. 
Following four washes the specific IgG was de
tected by adding 50 fi\ of freshly prepared colour 
reagent (30 mg o-phenylenediamine in 10 ml 0.05 
M acetate buffer pH 5.2 with 10 fi\ 30% hydrogen 
peroxide added). The colour reaction was stopped 
after 15 min by adding 50 /il 2 M hydrochloric 
acid. The colour intensity was read on an ELISA 
plate reader using dual wavelength at 490 nm and 
630 nm as the reference wavelength (Dynatech 
M R 700). A positive control was run on each plate 
as a quality control. Any sample with a positive 
response to a particular antigen was then used for 
the relative affinity distribution studies.

After a preliminary specific antibody screen, 
using an ELISA technique, we determined a rela
tive affinity distribution histogram on those pa
tients who showed a positive response, for that 
particular antigen.

E L I S A  screen
The initial ELISA screen was performed on all 

patients, and CSF was tested for the presence of 
specific immunoglobulin G (IgG) against measles, 
herpes simplex 1, varicella, rubella, cytomega

Relative affinity distribution
A microtitre plate was coated as described 

above with antigen and supematarit from virus- 
free cells (Behring, reconstituted and used as for 
the antigens above) in alternate rows of wells on 
the plate. After overnight incubation and block
ing, as described above, 50 jul dilute sample was 
placed in each well in the row for one antigen and 
the row coated with the control antigen. Thus, for 
one sample, two rows of 12 wells were used, one 
row coated with antigen, the other with control
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antigen. The results from the ELISA screen were 
used to d ilute the sam ples to give an equivalent 
optical density. Following the 2 h incubation and  
washing, as in the ELISA m ethod, 250 jx\ of 
differing concentrations of N aSC N  were added to 
each colum n of wells on the plate. The d ifferen t 
concen trations of N aSCN  used were; 0, 0.5, 0.75,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 M. T he 
N aSC N  was added to the wells using an au to 
m ated liquid handling sta tion  (Probus Q uatro), 
which added different p roportions of 0.4% saline 
and  5 M N aSCN  in 0.4% saline to m ake the 
correct final concentration. The N aSCN  was 
w ashed from  the wells w ith copious am ounts of 
tap  w ater after 10 min. The p late was then in 
cubated  with 200 fi\ 0.1% gelatin in physiological 
saline for a further 10 m in before washing twice 
m ore with 0.1% gelatin. Specific IgG was detected  
and  visualized as for the ELISA screen.

To produce the d istribu tion  histogram , the con 
trol absorbances were sub tracted  from  the co rre
sponding test values. T he value ob tained from  
colum n 1, which had no N aS C N , was considered 
to represent total specific IgG. The differences 
betw een each of the derived values in each of the 
colum ns were then expressed as a percentage of 
the total (the value in colum n 1). The value in the 
last colum n (colum n 12) therefore represented re
sidual antibody  which had not been rem oved w ith 
5 M N aSCN . In the histogram s the x axis rep re
sented the relative affinity value from 1 to 12; 1 
being the IgG of lowest affinity  IgG and 12 the 
highest. The y  axis was the relative p roportion  of 
IgG, expressed as a percentage.

A num erical evaluation of the activity of high 
affinity  antibody was calculated  from the data . 
This was perform ed by first m ultiplying the rela
tive percentage IgG by the relative affinity value. 
The products, for relative affinity  values 9 -1 2 , 
were then sum med to give the relative high a ffin 
ity value (RH AV ).

Results

Of the 19 MS patients, 13 patien ts screened 
positive for one or more antigens; ten were posi
tive for measles, six for HSV, six for varicella, two 
for rubella, two for toxoplasm a and  one for m um ps

Rdolive 7, IgG

5 6 7 8 9

Relative Affinity

Relotive 7, IgG

5 6 7

Relotive Affinity
1 0  11 12

Fig, 1. CSF affinity distnbutions of measles-specific IgG from 
a patient with SSPE ( A  ) and a patient with MS ( fl ).

and CM V . Five p a tien ts  were positive for one 
antigen, fou r p a tien ts  for two antigens, three pa
tients for th ree  an tigens and  one patien t was posi
tive for six antigens. O f the 13 M S patien ts with a 
positive screen, only seven had  sufficient C"^^ to 
m easure the affin ity  d is tribu tion .

T he pa tien ts  w ith encephalitis showed very 
strong  reaction  in bo th  C SF  and  serum  samples

TABLE I

THE RANGE OF RELATIVE HIGH AFFINITY VALUES 
(RHAVs) FOUND IN THE CSF AND SERUM OF PA
TIENTS WITH MULTIPLE SCLEROSIS (MS), AND PA
TIENTS WITH A v ir a l  e n c e p h a l i t is

MS {n  = 9) Encephalitis (n = 10)

CSF 0-53.4 187.8-727
Serum 0-273 120.2-829

2 4 0
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against the infective agent, while show ing no or 
m inim al reaction  against the o th er an tigens used 
in the screen.

O nly one of the MS patien ts stud ied  had an ti
gen specific IgG  with a relative affin ity  value 
greater than  8, w hereas all o f the pa tien ts with 
encephahtis dem onstrated  antigen  specific IgG  
w ith relative affinity  values greater th an  8. Sim ilar 
d istribu tions were ob tained  on repeated  analysis. 
Exam ples, from  three d ifferent pa tien ts , are shown 
for m easles (Fig. I), herpes (Fig. 2), an d  varicella 
(Fig. 3), an d  com pared with d is trib u tio n s from 
patien ts w ith  encephalitis.

T he relative high affinity  values (R H A V ) were 
calculated  for each sam ple and the range of R H A V  
results are show n in T ab le  1. O nly one  m ultiple 
sclerosis pa tien t had a C SF  R H A V  greater than  
zero, this p a tien t and two o thers h ad  serum

Relative 7. IgG

Relative 7. IgG

5 6 7 8 9

Relative Affinity

Relative % igG

5 6 7 8 9

Relative Affinity

5 6 7

Relative Affinity

Fig. 3. CSF affinity distributions of varicella-specific IgG from 
a patient with varicella encephalitis { A )  and a patient with MS

(5).

Relative % IgG

Relative Affinity

Fig 2. CSF affinity distributions of herpes-specific IgG from a 
patient with HSVE ( A ) and a patient with MS ( B ).

R H A V s g rea te r than zero. All o f the o ther CSF 
and serum  sam ples gave a R H A V  of zero. All 
sam ples from  pa tien ts with encephahtis show ed a 
R H A V  g rea te r than  120.

Fig. 4 show s the d is tribu tion  o f affinities for 
anti-m easles IgG  from  C SF and serum  in a patient 
w ith MS.

D isc u s s io n

In Figs. 1 -3 , a low relative affin ity  value corre
sponded  to IgG  eluted with lower N aSC N  con
cen tra tions. A n tibody  eluted w ith low strength 
N aSC N  w as low affinity  and conversely antibody 
rem ain ing  a fte r treatm ent w ith 5.0 M N aSCN  
(relative a ffin ity  12) was of high affinity. It was
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Fig. 4. CSF affinity distnbutions of measles-specific IgG from 
CSF ( A )  and serum ( fi) in a patient with MS.

observed that IgG  from  patien ts with MS required  
lower strength  N aSC N  for elution than  IgG  from  
patien ts w ith a viral encephalitis. Figs. 2 and  3, 
dem onstrated  tha t pa tien ts w ith encephalitis po s
sessed very high affin ity  an tibody  (the  an tigen  
specific IgG was not rem oved even w ith 5 M 
N aSCN ). These findings were m irrored  by the 
RHAV results. T able  I shows that there w as no 
overlap in the C SF  results for the two groups of 
patients. In con trast there was a slight overlap  in 
the serum  R H A V s betw een the two groups. A 
M ann-W hitney test show ed that there was a s ta tis 
tically significant d ifference betw een the two 
groups at the 5% significance level.

It is of in terest to  note that Fig. 4 suggests local 
synthesis of low affin ity  an tibody  w ithin the C N S. 
The C SF d istribu tion  was sim ilar to the serum  
d is tribu tion  except for the the large increase of

low affinity  antibody. If leakage alone was re
sponsible for the antigen specific antibody present 
in the CSF, then the two histogram s should be 
sim ilar. This suggests tha t this pa tien t with MS 
was producing low affinity  in trathecal anti-m ea- 
sles IgG. Some patien ts with encephalitis also 
show ed local synthesis of low affinity antibody in 
add ition  to the presence of high affinity antibody.

T he absence of high affinity  an tibody in CSF 
from  patien ts w ith MS, together w ith the dem on
stra tion  of local synthesis o f low affinity IgG 
suggests tha t the an tibody  m ay be produced as the 
result of an im m une-reaction  but the B lym pho
cytes are not being ‘selected’ for an tibody  m atura
tion, and high affinity  an tibody  production. This 
can  be contrasted  w ith the response seen in the 
patien ts with viral encephalitis, where high affinity 
an tibody  is seen. This is expected when B 
lym phocytes producing  anti-viral antibody are 
‘selected’ and undergo affin ity  m aturation . G iven 
the fact that all MS pa tien ts so far studied showed 
an absence of high affinity  IgG , it is unlikely that 
we have found an early, im m ature, antibody re
sponse in all the patien ts. The patien ts with en
cephalitis all had the sym ptom s for at least two 
weeks when we stud ied  their C SF, enough time for 
m atu ra tion  of an tibody  affinity.

An alternative exp lana tion , in the light of 
anim al studies, w ould suggest tha t these results 
ind icate  a genetic inability  to produce high affin
ity antibody. This im plies tha t patien ts with MS 
are unable to produce high affin ity  antigen specific 
IgG , suggesting an im m unodeficiency in the qual
ity of an tibody  produced .

This present technique appears to be suitable 
for studying the affin ity  of a population  of an ti
gen-specific antibodies. O ther techniques for 
calculating  an tibody  affin ity  (such as the Scatchard 
p lo t of Langm uir p lo t) are usually used for m ono
clonal antibodies. W ith heterogeneous populations 
of antibodies a single value is ob tained  and this is 
assum ed to be the ‘average’ affin ity  (U nderw ood, 
1988). O ther m ethods, such as the Sips plot, give a 
heterogeneity  index, which gives an idea of the 
com position of the an tibody  response in terms of 
affinity. However, the Sips m ethod makes the 
assum ption that the affin ities of the antibody 
popu la tions are norm ally  d is tribu ted  and this is 
probably  incorrect (W erblin  et al.. 1973) when
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there are a few restricted clones of B lymphocytes 
secreting antibody.

In this study we have demonstrated the absence 
of high affinity antibody the patients with MS. 
The seven MS patients so far tested in this way 
produced similar results, irrespective of the anti
gen. The samples from the ten patients with en
cephalitis showed the presence of predominantly 
high affinity antibody which was not present in 
MS patients. These observations demonstrate that 
the anti-viral IgG in patients with MS is of low 
affinity and its production could be considered to 
be secondary to an as yet unidentified antigenic 
stimulus. Thus the anti-viral IgG would not be 
important in the pathophysiology of MS. The 
results of the ELISA screen also support this idea, 
and are consistent with the findings of Vartdal et 
al. (1980).

The method described here would seem to be 
appropriate for the study of the ongoing normal 
immune response, as well as studies of other dis
eases with their putative ‘causative’ antigen.
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We report a novel observation which has been reproducibly noted whilst studying immunoglobuUn G 
binding to antigen immobilized on polyvinyldifluoride membranes. In some samples we have observed a 
difference between the pattern of oligoclonal bands on the front surface when compared to the reverse side 
of the membrane. We postulate that this observation results from differing affinities of the specific 
antibody binding to the antigen immobilised on the membrane. High affinity antibody will bind to antigen 
on the surface of the membrane next to the gel, while lower affinity antibody appears to diffuse through to 
the reverse side of the membrane.
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Introduction

Nitrocellulose membranes have previously been 
used to capture antigen-specific immunoglobulin 
G  (IgG) with antigen bound to the membrane 
(Moyle et al., 1984). Immobilon, a membrane made 
from polyvinyldifluoride (PVDF), manufactured 
by Millipore, has a smooth side and a textured 
side consisting of regular indentations produced 
during the manufacture of the membrane. Im
mobilon is slightly thicker than nitrocellulose (150 
and 130 /I m respectively), has greater mechanical 
strength and a higher retention capacity for pro
tein molecules bound to its surface. Nespolo et al. 
(1987) reported a 16-fold increase in sensitivity for 
the detection of protein using the PVDF mem
brane compared with nitrocellulose membranes
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although Immobilon initially binds quantitatively 
less protein.

Oligoclonal bands (OCB) of IgG are commonly 
observed in the cerebrospinal fluid (CSF) from 
patients with demyelinating diseases such as mul
tiple sclerosis (MS) (Kostulas et al., 1987), in
flammatory diseases such as the Guillain-Barré 
syndrome (Segurado et al., 1986) and infectious 
diseases of the central nervous system such as 
subacute sclerosing panencephalitis (SSPE) and 
herpes simplex encephalitis (Vandvik et al., 1985). 
OCB in the CSF can be due to local synthesis, 
when there are no equivalent bands in the serum, 
or due to leakage of proteins from the serum 
across the blood-brain barrier.

In recent years interest has been focused on the 
specificity of the OCB present in the CSF. In 
SSPE a majority of the OCB are directed against 
measles virus (Vandvik et al., 1976). OCBs against 
many different viruses have been demonstrated in 
patients with MS (Vartal et al., 1980).

In our laboratory we have studied CSF from 
patients with OCB and examined the specificity of
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these bands against a variety of antigens. Initially 
nitrocellulose was used for these studies but we 
were attracted to Immobilon by its reported super
ior retention of proteins and its enhanced sensitiv
ity.

Methods and materials

Focusing
Focusing was performed on agarose gel using 

the method of Walker et al. (1983). After the 
surface of the gel had been dried using a sheet of 
nitrocellulose (Sartorius), approximately 100 pg of 
IgG was applied to the gel surface using a sample 
application foil (Pharmacia). Typically, this 
method of sample application used between 2 and 
15 fi\ of sample. Another method of sample apph- 
cation was used to produce ‘mini-blots’, exploiting 
the wells formed by the perforated edge of a 
previously processed 35 mm black-and-white film, 
which had been soaked in alkali to remove the 
gelatine from the base. A fixed 3 /il volume of 
sample was applied to the ‘mini-blots’.

The plate was focused for 1250 V /h  using a 
volt-hour integrator (Pharmacia) with limit set
tings adjusted to 18 W /plate, 150 mA and 1250 V. 
When approximately 900 Vh remained the sample 
application foil was removed.

Coating the membrane
Immobilon membrane (Millipore) was first cut 

to size and immersed in methanol. The membrane 
was then washed in saline until all the methanol 
has been removed, and the membrane was left in 
saline.

Freeze-dried antigens (Behring) were recon
stituted with 2 ml distilled water and centrifuged 
before use. The antigens used were measles, herpes, 
varicella, rubella, cytomegalovirus and toxoplasma. 
Mumps virus supplied as a hquid was used undi
luted.

Approximately 60 ng  protein/cm^ Immobilon 
was used to coat the membrane. The appropriate 
amount of antigen was added to 50 ml saline, or 
25 ml for the ‘ mini-blots’, in a polythene air tight 
container. The membrane was taken from the 
sahne bath and plunged into the antigen solution, 
then left overnight at room temperature on a slow

rocker. To demonstrate that antibody had passed 
through the membrane, two membranes were pre
pared for each run.

Transfer o f protein onto the coated membrane
Whilst the samples were being focused, the 

coated membrane was blocked in a 2% solution of 
dried skimmed milk dissolved in saline. Just be
fore the run had finished, the membrane was 
washed twice and left in saline ready for the 
protein transfer.

When the focusing run had finished, the surface 
of the gel was preblotted with a piece of damp 
nitrocellulose (Sartorius) for about 20 s. This sheet 
of nitrocellulose was discarded. After taking the 
Immobilon membrane from the saline, the smooth 
side identified. The membrane was then blotted 
gently on blotting paper and carefully placed on 
the surface of the gel, smooth side in contact with 
the gel, and any air bubbles present were carefully 
removed. The second sheet of Immobilon was 
then blotted and placed over the first sheet, again 
being careful to exclude all air bubbles. A sheet of 
damp filter paper (W hatman no. 50) was then 
placed on top of the Immobilon sheets, carefully 
removing any air bubbles. Several layers of dry 
filter paper were then placed on top followed by a 
glass plate. The gel was then squashed for 15 min 
under a 1.5 kg weight.

Staining procedure
After the gel had been pressed for 15 min, the 

weight, glass plate and filter papers were removed. 
The Immobilon sheets were marked ‘ top’ for the 
top sheet and ‘ bottom ’ for the bottom  sheet, and 
placed in saline. The membranes- were washed five 
times with saline for a total duration of 10 min, 
and then given a final wash in 2% milk solution 
for a further 5 min. The membranes were in
cubated for 30 min at room temperature, on a 
rocker, with anti-human IgG (Atlantic) diluted 
1/1000 in 0.2% dried milk in saline.

The membranes were then washed five times 
with saline followed by a 5 min wash with 2% milk 
solution before adding goat anti-human im- 
munoglobuUns/HRP (Dako) diluted 1/1000 in 
0.2% milk solution. Incubation was for 30 min at 
room temperature on a rocker, after which the 
membranes were washed six times in distilled
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Fig, 1. Staining intensities of equivalent samples on Immobilon ( / )  and nitrocellulose (2) coated with equal amounts of measles 
antigen. Lanes A  show the front surface and lanes B  show the reverse side.

w ater. D uring the w ashing period , the colour re
agen t was prepared  by dissolving 10 mg 3'-arm no- 
9 -e thy lcarbazo le  (Sigma) in 6 ml m ethanol and 
then add ing  50 ml sodium  aceta te  buffer 0.2 M 
pH  5.1 w ith 10 ^1 30% hydrogen peroxide.. This 
so lu tion  was added to the m em branes and  in 
c u b a ted  for about 15 min. T he antigen specific 
IgG  sta ined  re d /p in k  on a pale p in k /w h ite  back
g round .

Specimens
T he sam ples used in this study  were random ly 

selected C SF  and  serum  sam ples which were posi
tive for oligoclonal bands by our rou tine focusing 
m ethod  for the detec tion  of to ta l IgG.

R e s u lts

C om pared  to nitrocellulose, Im m obilon showed 
m uch higher sta in ing  intensities (see Fig. 1). The 
d ifference  in pa tte rn  which was seen in some 
p a tien ts  betw een the front and back surfaces of 
the m em brane is clearly seen in Fig. 2. A repre
sen ta tive  heavy band, m arked by an arrow, is not 
visible on the front surface bu t is clearly visible on 
the reverse side and has passed through onto  the

B B
Fig. 2. Measles blot showing oligoclonal bands passing through 
a first sheet of Immobilon ( I ) and being picked up by a second 
sheet (2). Lanes A show the front surface and lanes 8  show 
the reverse side. The arrow shows a typical band seen on the 

reverse side of the membrane but not on the front.
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Fig. 3. Paired CSF (C) and serum (S) samples of a Toxoplasma 
blot (7 ) and a Rubella blot ( 2 ) ,  showing the differences 
between the front surface (lanes A ) and the reverse side (lanes 

B) .

second m em brane. Fig. 2 also dem onstrates a d if
fuse polyclonal response w hich is only visible on 
the front surface of the m em brane. Fig. 3 shows 
paired  C SF  and serum  sam ples and  are an exam 
ple of the ‘ m ini-b lo t’. O ne can  clearly see bands 
presen t on the front surface in  Fig. 3.1. A which 
a re  absen t from  the reverse side (Fig. 3 .1 .B).  Lane 
Fig. 3.2. A  shows a m onoclonal pa ttern  leaking 
from  serum . Stain on the fron t surface has 
pene tra ted  the m em brane and  is seen on the re
verse side a t an equal in tensity , but in addition  
there  is an  oligoclonal response in the C SF only 
seen on the reverse side. Fig. 4 dem onstrates the 
effect o f coating  w ith d ifferen t am ounts of a n ti
gen. T he m em branes in lanes A  (Fig. 4) were 
loaded w ith 110 /xg p ro te in /cm ^  w hereas lanes B 
received only  28 /xg p ro te in /cm ^ . As show n in Fig. 
4 there is a difference in the in tensity  of the 
oligoclonal pa ttern  seen on the front surface (Figs.
4 .1 .T and  4 .1 .5 ) , bu t the fron t surface of a sec
ond  coated  m em brane shows an oligoclonal p a t
tern  o f sim ilar intensity.

D isc u ss io n

W e have dem onstrated  tha t when using an Im 
m obilon m em brane, som e p a tien ts  with specific

Fig. 4. Measles blot using a loading of 110 t i g protein/cm" (lanes A )  and 28 f i g protein/cm^ (lanes B) .  The numbers identify the 
front ( I ) and back ( 2) of the first sheet and the front ( i )  and back ( 4 ) of the second sheet.
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IgG OCB displayed a pattern of bands on the 
front surface of the membrane (the side of contact 
with the agarose gel) which was different to that 
seen on the reverse side. This was also seen in 
some patients when using nitrocellulose but was 
less obvious. We found on the same plate that one 
sample might have no bands on the front while 
there were many on the reverse side. In contrast 
another patient might have OCB only on the front 
surface or one might see the same pattern going 
through the membrane. A small number of pa
tients had OCB which could not be seen on the 
surface of either side of the membrane but was 
only visualized by transillumination of the mem
brane. This observation was reproducible for a 
given sample. Using a second membrane on top of 
the first, it was shown that bands pass through the 
first membrane and are then captured by the 
second membrane. We have tried using more than 
two sheets of Immobilon, but lateral diffusion 
made it difficult to see any pattern. It is interest
ing to note that polyclonal antibody always stains 
the front surface of the membrane and it seems 
that only banded patterns travel through the 
membrane. This was true of all the cases we have 
seen.

We postulate that this phenomenon results from 
the differing affinities of the specific IgG. Unlike 
immunoassay techniques where antigen is in
cubated with antibody for long periods of time, 
usually allowing equilibrium to be reached, the act 
of squashing the gel forces antibody through the 
membrane and into the absorbent paper on top of 
the membrane. High affinity antibody will bind 
very rapidly and occupy the antigen binding sites. 
Lower affinity antibody will not bind so rapidly 
and will be forced further through the membrane 
before binding, especially if higher affinity anti
body binding has already taken place. It should be 
noted that the squashing process does not produce 
a constant flow of fluid across the membrane. 
There is an initial rapid flow of fluid through the 
membrane (carrying antibody) which becomes 
progressively slower as the gel is squashed until 
there is very little flow of liquid across the mem
brane. Low affinity antibody may be forced 
through the membrane before it has chance to 
bind. When the flow of fluid has slowed, the low 
affinity antibody has more chance of binding to

antigen without being washed through the mem
brane.

If antibody affinity does affect the migration of 
the bands through the membrane, then the loading 
of antigen on the membrane will affect the pat
tern. This was demonstrated in Fig. 4, were higher 
antigen loading results in a polyclonal and an 
oligoclonal pattern seen on the front surface of the 
membrane. When a lower loading was used the 
intensity of the oligoclonal pattern was much re
duced. This, presumably, was because there were 
fewer antigen binding sites available, and these 
would have been occupied by higher affinity poly
clonal antibody. Thus, antibody passes through 
the membrane, higher affinity antibody is im
mobilised on the membrane leaving the lower 
affinity antibody to pass through to the reverse 
side and the second membrane. High concentra
tions of higher affinity specific antibody will show 
up as having the same pattern on the front surface 
as the back surface.

More work is needed to further explain these 
observations and their clinical significance, but it 
is interesting to note the fact that some patients 
demonstrate what appears to be low affinity, lo
cally synthesised, oligoclonal bands, whereas poly
clonal responses seem always to be of higher affin
ity in this system.
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