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CHAPTER 1
Introduction

Neither the horse, nor the elephant, definitely not the tiger, but the weak and
defenceless lamb is chosen for sacrifice - states a sanskrit observation coined
about 1B00 years ago (adiacent page). The ability to defend onesself against
external and internal aggressors is indispensable for survival. Some form of seilf-
defence is a basic requirement needed to protect oneself from a world of
pathogens that is forever evolving. In mammals, the body’s defence system is
highly evolved. In them, the non-specific innate immune system and the specific
adaptive immune system are linked together to form a formidable integrated
host defence mechanism.

1.1 Humoral immunity: the role of B cells

In mammalian adults, bone marrow is the major site of the generation of B
lymphocytes!'®* 9% The antigen-independent phase of B-cell maturation also
takes place in the bone marrow, where lymphoid progenitors commit to the B
cell lineage and subsequently differentiate into surface immunoglobulin M
positive (IgM*) B cells®?°®, The differentiation of B lymphocytes from committed
precursor cells to lg secreting plasma cells is a multiple-step procedure that can
be defined by changes in the expression pattern of lineage-specific genes'®® 152},
Mature B cells exit from the bone marrow and migrate to peripheral lymph
nodes and other peripheral lymphoid organs, where the antigen-dependent
phase of development takes place if the B cells encounter their specific
antigen''*®!, The terminal differentiation of B cells to antibody-secreting plasma
cells takes place in these organs'®®, These plasma cells are end cells with the
sole function of producing antibodies - the effectors of humoral immunity.

1.2 Helper T cells in humoral immunity

T lymphocytes are also produced by the bone marrow stem cells, but mature
in the thymus. CD4*% T cells regulate the humoral immune response by
selectively inducing antigen-specific B cells to differentiate and secrete
antibodies with different effector functions determined by the various Ig heavy
chain isotypes''*®, Antibody responses to protein antigens require specific
recognition of the same antigen complex by both B lymphocytes and CD4+ T
lymphocytes. Such antigens are called T dependent (TD) antigens and the T
cells involved are referred to as T helper (Th) cells®?’”, Protein antigens are
processed by antigen-presenting cells {APC) and presented to Th cells in the
context of MHC class I} molecules atong with costimulatory signals. The APC
also produce IL-1. Together, these two events activate the T cells. Cross-linking
of antigen receptors on cell surface along with help from activated Th cells
activates the B cells. B cells can aiso obtain help directly from T cells by acting
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as antigen-specific APC. T cell help has two components - release of cytokines
and additional signals which require cell to cell contact, i.e. cognate help‘eviewed
197 In cognitive interaction, T-B cells exchange a series of signals that result
in selection, proliferation and differentiation of the B cells. Apart from MHC
class It molecules, certain membrane molecules such as CD40L {gp39), CD28,
CTLA-4 expressed by T cells and CD40 and B7/B7-1 (CD80}, B7-2 {CD86) on
B cells are important in T-B interaction!'!? 144. 148,159 £p2g s constitutively
expressed on T celis while CD40L and CTLA-4 are expressed only on activated
T cells'™, B7-1/87-2, on the other hand, are activation antigens not
constitutively expressed while the expression of CD40 is upregulated with the
activation of B cells'?® %, CD28-B7 interaction is important in T cell stimulation,
prevention of anergy and is thought to be indispensable in T-B costimulation!'3*
272, CD40-CD40L interaction, in particular, has a role in activation of B cells,
isotype switching, the latter resulting in B cells expressing isotypes other than
IgM, and memory development!’3 8% 131244 " Ong of the important aspects of
the Th celi-B cell interaction is the receptor directed polar release of a variety
of helper cytokines in the immunological synapse, resulting in high
concentrations of these cytokines at the B cell membrane!'** %%, The balance
of cytokines produced profoundly influences the nature and magnitude of the

immune response,

Table 1 Th subsets: cytokine secretion by Tht and Th2 type CD4 1 cells

Cytokine Thi Th2
IFN-y ++

IL.-2 + +

LT ++

TNF-o + + +
GM-CSF 4 +
IL-3 + +
IL-4 . Ft
IL-5 - 4+
IL-8 . 44
IL-9 - + 4
iL-10 . +
L-13 + +

Th subsets

Th cells can be divided into two major and distinct effector subsets based on
their cytokine production profile {Tabfe 1) and therefore their function!!83 184,
The two subsets mediate distinct immune responses; Th1 type cells are
important in cell-mediated immunity, while Th2 type celis are known to
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augment the antibody response!'9% 224 263 However, this distinction is not
absolute, and some Th cells secrete both Th1 and Th2 eytokines!? 183 gnd
have been caifled the ThO cells. It is suggesied that these ThO cells can
differentiate into Th1 or Th2 phenotype after antigenic stimulation't® 259 oy
alternatively could be a third effector Th cell popuiation'?05- 269,

Flpure 1 Th1 and Th2 cell genaration I regulated by the equitibrivn betweasn different groups of cytekines. The Th1 and
Th2 responses are maintained by beth positiva and negative feedback mechanisms (modifiad from Trinchier,

1993},

It is established that cytokines are involved in the regulation of the different Th
subsets. IFN-y stimulates the proliferation of Th1 clones and inhibits the
proliferation of Th2 ciones. Even Th2 clones exposed to IL-2 and IL-4 are
inhibited from proliferation by IFN-y. However, it does notinfluence the cytokine
production by these clones!’® 76 77 Recently, endogenously produced IL-12
was shown to be an obligatory cytokine for the generation of Th1 cells!195- 271,
It also has an indirect effect in that it induces |FN-y production by T cells and
NK cells in co-operation with TNF and IL-1. IL-4, on the other hand, inhibits the
production of 1L-2 and IFN-y by naive CD4*t and CD87' T cells that are
stimulated with soluble CD3 in combination with APC259, Also, IL-4 directs the
development of ThO cells to Th2 cells resulting in an increased IL-4 production®®
262,258) |L-10 and IL-13, like IL-4, are produced by Th2 celis'5® %7}, {L-10 inhibits
the production of cytokines - especially IFN-y - by Th1 celis and promotes the
development of Th2 type cells®*°", IL-13 is similar to IL-4 in its action and is a
multi-potent cytokine'®®, Both IL-10 and IL-4 are powerful inhibitors of IL-12
production??", A balance of cytokines produced by T cells thus influences the
development of Th subsets as summarized in Figure 1. Several cytokines and
other molecules secreted by APC - especially IL-10, I1L-12 and prostaglandin E,
produced by macrophages - also influence of the pathways of Th cell
differentiation!t® 76. 78!,
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1.3 Specificity and diversity

The three remarkable and unique features of the immune system are specificity,
diversity and memory?’®, The vertebrate immune system is capable of
specifically recognizing and responding to an enormous number of antigens.
This immune recognition and interaction with antigen is mediated by the surface
lg (sig} and T cell receptor molecules expressed on the surface of the Band T

lymphocytes, respectively.

Ig polypeptides consist of separate structural domains; a variable {V} domain
that forms the antigen binding site, and three or four constant region domains
(C) that mediate various effector functions®*® (Figure 2). The specific antigen-
binding activity of lg is conferred by the complementarity determining regions
{CDR) of the V domain''2% 196.:292) Both heavy (H) and light {L) chains of the Ig
molecule make extensive contacts with the antigen, though frequently the
contact made by the H chain is more extensive?®, The antigen-binding
specificity and affinity can be influenced by the variability in the residues
involved in the V|-V, contact''!. According to a generally held view, the driving
force in protein association reactions arises from an increase in the entropy of
ordered water molecules displaced from the interface upon complex formation
i.e. hydrophobic interactions are thought to be an important driving force in
protein associations!''®, However, recent work on free and lysozyme bound Fv
fragments (a heterodimer consisting of only V|, and V| domains) of anti-
lysozyme antibody D1.3 suggests that a large number of water molecules form
an integral part of antigen-antibody interface and improve complementarity by
filling in voids not occupied by amino acid residues. Strict complementarity is
achieved not by antibody residues alone, but by the participation of an intricate
network of buried and solvent-accessible water molecules in and around the
interface®®” 178 The general consensus is that Van der Waal’s interactions,
hydrogen bonds and to a iesser extent salt bridges mediate the binding between

antibody and antigen'?,

The total number of different Ig molecules that the immune system of an
individual can produce is called the antibody specificity repertoire or the B cell
repertoire. The creation of this primary repertoire does not require exposure to
antigen, The diversity of the primary antibody repertoire is achieved through
three different phenomena: diversity present in the germline multi-gene families,
combinatorial diversity and junctional diversity. This primary repertoire is
created by V(D)J recombination of the germline sequences. Following antigenic
challenge, a process of somatic hypermutation further increases the specificity
and the diversity of the immune response'?". In mammals, though the average
affinity of the serum antibodies often increases 10 to 30 fold, individual clones
showing an affinity increase of between 103-fold or more may appear during
the course of the immune response'®®®, Additionally, further diversity in the
nature of the immune response is achieved by the process of isotype switching.
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By switching H chain C domains, class switch recombination permits the same
variable or binding domain to be deployed to several different biological
fronts!!%3,

CH2 CH2

Figure 2 Structuse of an IgG molecule Vi, €y, V, and C domains are shown as boxes and the hinge reglen is denoted H.
Location ef CDR regions and Vi, Dy, J,,, V) and J; gene segments are Indicated by different shadings.

1.3.1 The V{D}J recombination

The immune system uses DNA-targeting enzyme systems to modify antigen
receptor genes in the development of lymphoid cells'*® 288 Three foci undergo
rearrangement before ig molecules can be produced (H chain, k and A). The
variable domain exon encodes the antigen-binding pocket of the lg molecule. it
is assembied by integration of different subexons: V {variable) and J {joining)
fragments for the k and A chain and V, D (diversity} and J fragments for each
heavy chain®®. Any one V region can join to any D or J region, so that an
enormous diversity of antigen receptors can be generated from a relatively small
number of germline subexons®® 222, V(D}J recombination is the combinatorial
process by which developing lymphocytes begin to generate an enormous range
of binding specificities from a limited amount of genetic information. The
assembly process is tightly regulated, occurring in a preferred temporal order:
Dy, joins to Jy before Vy, joins DyJy; 1 segments rearrange before !7- 204 215
240 Junctional diversity further serves to increase the repertoire as the joining
of the coding ends of the V(D)) subexons is imprecise, DNA recombination
events occur during the integration of these fragments'?8%, The joining does not
occur at a fixed position; the amount of sequence contributed by each germline
segment (V, D, and J} can vary by a small {usually less than 10} number of
residues!! 76214286 Moreover, random or templated additions''®% 26, a5 well as
duplications contribute to increasing the repertoire!® 4%,
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1.3.2 Somatic hypermutation

Extensive analysis of fetal liver B lymphocytes and human cord blood cells
shows that the primary B cel repertoire in both man and mouse is essentially
unmutated 3% 182 201, 273, 287) \whilg the repertoire of lgM-expressing peripheral
blood B cells as weil as the peripheral memory B cell pool is diversified by
hypermutation!'9% 232 287! |n hoth these species antigenic activation by TD
antigen is necessary to induce hypermutation in B cells. The somatic mutations
accumulate only during the antigen dependent expansion of B-cel} clonest!': 202,
During the course of a TD antigen-specific immune response, the strength of
the binding between the antigen and serum antibodies increases with time!®':
118t This phenomenon is referred to as affinity maturation®?®, Such maturation
results from specific alterations of the structure of the antibody molecules®
{Figures 3 and 4). The predominant mechanism of affinity maturation is
hypermutation of V region genes coupled to antigenic selection!!?® 77}, This
somatic mutation occurs within restricted siretches of the DNA and serves to
further diversify the genes encoding the antibody molecules!?. 95 125, 2861
Somatic hypermutation acts specifically on rearranged lg V, D and J gene
elements and their immediate 5’ and 3’ flanking regions. Such mutations have
not been detected in the C regions of somatically mutated antibodies and only
rarely outside a region of about 1 kb surrounding the rearranged V region gene
elementst?® 7% 125 148 | non-rearranged V genes, mutations have been found

only occasionally or not at all{®4 225 28],

The mutation rate may vary depending on the stage of differentiation of the B
cells. A rate of 10°%/base pair/generation may occur at the pre-B-cell stage
aliowing for a marginal increase in the pre-immune and early immune response
repertoire!?®?, However, nucleotide exchanges are estimated to be introduced
at the very high rate of around 10-3/base pair/generation in the rearranged V
genes of antigenically stimulated cells!® ' 129177 Thig rate implies that one
mutation is introduced per second of a mitotic cycle! The expression of V-region
genes in the effector phase of the secondary response along with the rare
occurrence of mutations in myelomas and hybridomas®? suggests that the
hypermutation mechanism is up- and down-regulated in a stage-dependeint

manner!®,

Point mutations are the major class of somatic mutations seen in the murine
antibody!'?: 28 42, 80, 188, 288} though some deletions, insertions and potential
recombination events have also been reported®¥ 7% 125 Gjlent mutations not
expressed at the protein leve! are spread over the entire V region and represent
a neutral background resuiting from the nature of the intrinsic mutational
process(?!: 45 172, 202, 228} Characteristic nucleotide substitution preferences
called mutational hotspots are observed in both Vy, and V| genes®® 2%, Indeed,
racent work indicates certain codon positions {represented by amino acids at
position 30, 31, b0, b5 and 90, 113) are often mutated, even in response to
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different antigens®®'- 5% 72 82,186, 237 pggition 113 in particular may play a role
in determining antibody specificity in general, since it is modified by somatic
mutation in a variety of antibodies!®% 213 238 2621 Thg hypermutation process
seems to exhibit a preference for transitions over transversions'®'- 82 119,148,283
It also manifests strand polarity - a low frequency of mutation is seen for
thymine and cytosine while adenine and guanine mutate with a comparatively
higher frequency?"’. Also, fewer mutations are found 5’ of V(D)J as compared
to the 3’ region‘?8%,

Any mutation that causes a change in the CDR of an antibody molecule directly
affects the antigen-antibody binding since these regions are in direct contact
with the antigen. Determination of the crystal structure of the complex between
Fab of an anti-2-phenyloxazolone (phOX} antibody and its hapten showed that
many of the mutations were in the border of CDR1 and FRW (Frame work} Il
regions. The amino acids at position 34 (His) and 36 {Phe) in CDR1 seem to be
particularly prone to mutation. Alzari et al.’®! have established that amino acids
at these two positions are directly in contact with the hapten and therefore
important in phOx-antiphOx interaction. Affinity measurements showed that
amino acid exchanges in these positions resulted in an 8- to 10-fold increase in
affinity!'®. Similar preference for mutations in particular positions of the V
genes have also been reported for other antigens'®” '74 229 29 gome CDR
residues close to the antigen but not directly in contact with it as well as some
amino acids in the FRW that can influence CDR conformation and/or arientation

may also undergo mutations'?! 145 220, 228, 241

In the case of phOx, a clear mutational drift is observed in antibodies in the later
stages of the immune response. A change from two point mutations per chain
in the early stages to eight mutations in the tertiary response exemplifies this
mutational drift''* 8%, |n the secondary or later stages of the immune response,
a repertoire shift towards other germline gene combinations is observed!'?,
perhaps because it is increasingly difficult to improve the kinetics of binding as
affinity increase through somatic mutations may reach saturation?*, The later
stages of the immune response may then be dominated by antibodies bearing
a different, kinetically more favorable, antigen-binding site!*% 7%,

Despite intensive efforts, the mechanism of the hypermutation process remains
unclear. The signal for the location of the mutational target seems to be
generated by the rearrangement of V and J gene segments. For full activation
of the mechanism, signals associated with both V and J regions may be
required, since DJ rearrangements in the inactive IgH loci exhibit about ten
times less somatic mutations than do their active counterparts!® 206213,

Productively and non-productively rearranged Ig loci containing a V gene
element are mutated to a similar extent® 9% 198 Ajthough it has been
suggested that somatic mutation is linked to the origin of DNA replication'??,
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it has been shown that though B cell proliferation is clearly necessary for
induction of hypermutation, by itself it is not sufficient to induce hyper-
mutation®¥, It is generally believed that the molecular mechanism involved in
the generation of somatic mutations is random introduction of point mutations
in rearranged V genes''’®, However, the predominance of mutations in the CDR
regions and the high rate of substitutional to silent mutations argue against a
random mechanism. Also, although only some somatic mutations have a
significant effect on the' affinity for antigen!'® *¥, there seems to be a very
limited fluctuation in the pattern of somatic mutations between individual
mice!'*”!, A templated mechanism of somatic hypermutation has therefore been
suggested. But, the fact that somatic modifications are introduced in introns
and sometimes as much as those in the CDR would argue against a templated
mechanism as well”% 82, The elucidation of the mechanism must await further
experimentation. It seems certain that the effective targeting event is not the
result of a single DNA-binding factor but rather a complex series of interactions
involving more than one element scattered over a large DNA region''™,

Figure 4 Schematic representation of the consequences of hypermutation, {a) Antibody produced early in the primary
immuna rasponse, {b} Antibody prediuced in late secondary responses. Complementary improvas as a result of
hypermutaticn; consequently, the affinity of the antibody for the antigen also increases.

The time at which hypermutation occurs, relative to the process of heavy chain
switch, is not clear. In human tonsillar germinal centers {GC), most centroblasts
have already deleted their p heavy chain genes, indicating that switch signals
are delivered before centrocytes are selected and induced to differentiate!'5%,
Sequence analysis of individual V region genes expressed by the progeny of
individual precursor cells allows the construction of genealogical trees, Such
experiments indicate that somatic mutations can be introduced both before and
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after the isotype switch® '77- 212 The recovery of sequences with identical
switch recombination sites, but different patterns of somatic mutations as well
as the appearance of somatic mutations in the V regions before class switch
recombination suggests that hypermutation is active both before and after the
switch!16% 227}

Berek and Milstein!'® have analyzed the phenomenon of affinity maturation in
the murine model. They established that 7 days after primary immunization,
practically no somatic mutations are found in the V-region. Similar results have
also been reported for other antigens® 7% 2% However, in the case of lymph
node GC, the earliest time point at which mutated sequences have been
detected s between 4 and 6 days after primary immunization, indicating a more
rapid onset of hypermutation in the lymph node‘'?"- 1% 28% The frequency of
somatic mutations rapidly increases during the second week after immuni-
zation?', As certain V-region residues are critical for binding a given antigen,
specific mutations are repeatedly selected!'™ 29, By day 14 almost all
sequences contained somatic mutations®,

Sequence analysis of secondary and tertiary response antibodies has shown
that the affinity maturation in the memory response is caused by a further
increase in the number of somatic mutations''®, suggesting the reactivation of
the hypermutation mechanism after antigenic stimulation!'® 2°%_ In contrast, in
transfer experiments'®® 2% and by in vitro activation of slgG ™t cells"7®, it has
been shown that memory cells proliferate and differentiate into plasma cells
without activation of the hypermutation process. It seems therefore possible
that there are two different types of memory cells: larger sigM™* blast cells
corresponding to long-term memory cells, that could stay in the follicles for
prolonged periods of time, and which could undergo further rounds of mutation
and small resting memory cells that have undergone isotype switching, desist
from further hypermutation and finally leave GC!'% 25", There is some evidence

for both types of cells,

It is generally accepted that somatic hypermutation and affinity maturation
occurs during the proliferative phase of the B celis in the GC'''!- 189, Cells with
increased affinity have a proliferative advantage and are allowed to expand
and/or differentiate®®® *® while low affinity variants are pushed into the
pathway to apoptosis!'® %7, The salient features of somatic hypermutation are
summarized in Table 2.

1.3.3 Class switch recombination

In mice, the class switch recombination allows the variable-domain exon to be
switched from Igu-type heavy chain to any of six alternative constant domain
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Table 2 Salient features of somatic hypermutation

- Somatlc hypermutation accurs in the germinal centers and is observed only for TD antigens.

- The process of hypermutation seems to begin 4-7 days after the primary immunization.
Hypermutation occurs during a small window in the proliferative stage of B cells in the
germinal centers. Nucleotide exchanges may be introduced at a rate of 103 /base
pairfgeneration.

- it occurs in restricted stretches of DNA on rearranged V(D)J regions. Mutations are more
frequent in the CDR regions diractly in contaet with the epitope than in the FR regions.

- Point mutations are the major class of mutations observed.

- Characteristic nucfeotide substitution preferences called mutational hotspots are observed
both in V and V, regions.
Transitions {(AT—-GC) are preferred over transversions {(AT-CG). The process also exhibits
strand polarity, low frequency of mutation of thymine but not adenine and similarly of
cytosine but not guanine,

- High affinity clones are preferentially expanded, while low affinity or altered specificity
ciones undergo apoptosis.
The process of hypermutation occurs in a step-wisa manner, brief bursts of high of mutation
rates interspersed hetween periods of mutation free growth {1281,

exons (y1, y2a, y2b, v3, o and ). The fully assembled and expressed V|, gene
is coupled to a new Cy gene so that the antigenic specificity of the antibody
remains unchanged, but the effector functions vary!*®¥, The switch generally
takes place after a committed B lymphocyte has been stimulated by an antigen
or mitogen!®® 122199 byt there remains evidence that it can also occur during
early stages in B cell development® '°",

The genes encoding the different heavy chain isotypes are located in the Cyq
locus on chromosome 12 in mice. They are clustered at the 3’ end of the V-
region gene segment in the order 5'-Cp-C3-Cy3-Cy1-Cy2b-Cy2a-Ca-Ce-3'. The
entire locus spans about 200 kb%?3'!, The constant region genes except for C8
are flanked by switch regions at the 6" end. They vary in length from 1 kb (Sg)
to 10 kb {Sy1} and share homoiogy with each other, being composed of tandem
rapeats that vary both in fength and sequences'®® 98 101,

The primary mechanism for switching invelves intrachromosomal recombination,
with looping out and deletion of the C, genes between the sites of
recombination®®’ 1 %% |y photh man and mouse, switching is preceded by
transcription of the unrearranged C gene segment to which the cell will be
switching and there is a strict correlation between the expression of specific Cy
germline transcripts and subsequent switching to the corresponding gene!''% 226
233,247 These germ-line transcripts appear not to be translated and are referred
to as sterile transcripts. They are initiated at multiple sites 2 kb 5" to the S
reglon, and proceed through the S region and the C segment 181160248 pacant
experiments have shown that if a DNA segmant which contains the promoter
and first exon {germ-line exon) of the germline transcript is deleted, switching
does not occur on that chromoesome, indicating that transcription of germ-line
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transcripts is probably necessary for switching®®”.

Role of cytokines and adhesion molecules in isotype switching to IgG 1 and IgE

Unlike hypermutation, heavy chain class switch recombination is not a
stochastic event'®®, IL-4 was reported to be needed for the isotype switch to
lgG1 and |gEWM8 197, 218,219,278 |EN.y on the other hand, inhibits expression of
both ¥1 and & germiine transcripts induced by LPS and IL-4(18228) Thrge protein
complexes, one of which is constitutively expressed, have been shown to bind
to a 179-base pair LPS/iL-4 responsive germ-line epsilon promoter?'®, The early
B celi-specific transcription factor {BSAP) is found to bé involved in the
formation of this constitutively expressed complex, Moreover, this BSAP binding
site is essential for IL-4 and LPS induced germ-line ¢ transcription and class
switching to Ce gene. Recently, Delphin and Stavnezer'®” have identified three
transcription factors that appear to regulate induction of transcription of mouse
germline € promoter. Mutation in any of the sequence elements that bind these
factors, within the context of the germline £ promoter abolishes or reduces
induction by IL-4. Similar sites are also found in the mouse germline y1

promoter,

Recent studies indicate that B cells switched to IgG1 can further switch to IgE
by the process of a second {ooping out and deletion calfed sequential isotype
switching, A large hody of evidence favors such a mechanism. During the
process of isotype switching to IgE, many B cells stain doubly positive for slgG1
and slgE?3%, Other studies showed that LPS stimulation of IlgM positive B cells
leads to the formation of IgE positive cells with igG1 positive cells as
intermediates!! " 23%, Cytoplasmic staining of the intermediates revealed igG1
and IgE double positive B cells suggesting co-secretion by the double positive
cells. Recently, Van Ommen et al.?’" have shown that sequential isotype
switching to |gE indeed occurs in not only primary, but also secondary
responses of IL-4 treated mice. In human B cells, on the other hand, isotype
switch to the e locus seems to occur either directly from p to g, or by a double
step sequential switching from p to £ via v or even by a triple step sequential
switch from p to & via the o and v genes'®®® {Figure 5).

Currently, it is agreed that two separate signals are necessary and sufficient to
induce isotype switching to IgG1 and IgE. The first signal is provided by IL-4 or
fL-13, the second is provided by the physical interaction of B cells and activated
T celis?” 47, Adhesion molecules are thought to have an important role in this
process. CD40-CD40L interaction has a central role in isotype switching, /n
vitro experiments with murine cDNA for CD40L have shown that it can induce
B cell proliferation and IgE production in the presence of IL-4. In humans,
CD23-CD21 interaction seems to play a key role in the generation of IgE. CD23
interacts with CD21 on B cells driving them to IgE production.
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Figure 6 Murine isotype switching. Resting naive B cells (slgM* gD *) transcribe the u and & loci at a low rate, LPS induces
1gM secration. In the presance of IL-4, Cy1 and Ce are transcribed at a low rate preceding switching to lgG1 and

IgE {modified from Janeway and Travers, 1934).

1.4 Memory

Immunologic memory is defined as the ability to generate a more effective
immune response after a secondary encounter with antigen and can be evoked
months or years after an initial antigenic encounter® 4% W Memory cells
exhibit higher affinity receptors!?®® and have lower activation thresholds than
virgin cells!?'8 278, The development of B cell memory is a T cell dependent
process'®®. At the serum level, memory antibody responses are characterized
by the rapidity of the response, increased magnitude and time span of the
response, presence of antibodies of a higher average binding affinity and of
isotypes other than IgM.

1.4.1 Phenotype of memory B and T cells

The origin of memory B cells is controversial. One theory suggests that plasma
cells and memory B cells originate from the same daughter cell'®®, An opposing
theory states that different precursor B celis are programmed to give rise to
memory cells and plasma cells within a clone prior to antigenic exposure''?”,
The controversy regarding their lineage awaits resclution though these theories
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do agree that at some point the B celi lineages diverge to give memory cells and
plasma cells. Memory B cells can be distinguished from the naive cells on the
basis of cell surface markers"** 29% 242} (Taplg 3), Moreover, memory B cells
express surface Ig molecules of a higher affinity than the naive cells due to the
process of affinity maturation''®. They are also more efficient in antigen
trapping and processing'?’®,

Table 3 Phenotyplc characteristics of memory B cells

Marker Naive cells Memory cells
CD44 (Pgp-1) fow high
MEL-14 {L-Selectin) low high
sigD +

PNA high low
J11D high low
M17 - +

The development of memory T cells out of naive T cells is accompanied by a
number of cell-surface changes that may affect T cell triggering, interactions
with B cells or other APC, and recirculation®! 1% 162" A plathora of surface
molecules have been proposed as markers for memory T cells®7 162242 cpgs5
is one of them. It Is expressed on all leucocytes in different isoforms due to
alternative splicing®”, In humans, the CD45RA isoform is supposed to occur
on naive celis while the CD4bRO isoform is proposed to be the marker for
memory cells?? 217, 238, 261 Hawever, the work of Bell and Sparshott® and
Michie et al.!"® suggests that CD46R0O may not be stably expressed over long
periods of time, and the memory phenotype may revert to the naive phenotype.
In the murine model the CD4bRB isoform has been used to distinguish
functionaily distinct subsets of T celis. Memory T cells express low levels of
this isoform, while naive celis express high levels (Table 4}. Additionally, murine
memory T cells express high levels of adhesion molecules'@® 181200, 245 and oy
levels of the lymphocyte homing receptor L-Selectin (MEL-14)30 192, 254
Differentiation of naive and memory cells on the basis of cytokine production
in vitro following /n vivo boosting has also been investigated®*®®, Howaever,
distinguishing such responses need consideration of phenotype, activation
state, and analysis of function, making the interpretation of data difficuit®®,

1.4.2 Mechanisms of immunological memory

Two different mechanisms have been postulated to account for immunological
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memory. The conventional model holds that specialized, long-lived ‘memory
cells’ harbor memory®8 4", However, the formal demonstration of iong-lived
antigen specific memory cells has proved difficult. Most of the older studies

Table 4 Phenotypic characteristics of memory T cells

Marker Naive cells Memory cells
Cba4 {Pgp-1} low high
MEL-14 (L-Selectin} high low
CD45RB high low
CD11a/CD18 (LFA-1) fow high
CD64 {ICAM-1) low high

demonstrate the persistence of memory in the absence of cell division. Schittek
and Rajewsky‘??" have demonstrated the persistence of memory in absence of
cell division in mice by using technigues to label proliferating cells. Aiso, long-
fasting T ceil memory for M. tuberculosis has been demonstrated in mice treated
with cyclophosphamide or ionizing radiationt’®¥, In a recent study, however,
Mullbacher'®” has demonstrated that CD8* memory T cells reactive to
influenza virus can persist for 25 weeks in the absence of antigen.

The second model assumes that memory is critically dependent on continuous
stimulation by the antigen, which results in the persistence of effector-type or
activated clones*?? 65 92:191. 267 |5 adoptive transfer experiments memory B
cells have been shown to decay rapidly in the absence of antigen, while they
survived indefinitely when transferred with the antigen®> 'V Similar
dependence was reported for T cell memory as well'®™. Follicular dendritic cells
(FDC) are proposed to play a critical role in immune memory responses. FDC
within the primary follicles and GC serve as antigen depot and constantly
restimulate B cells'!7- 189, 265, 268) ' o\wever, FDC cannot process antigen and
therefore cannot participate in maintenance of T celi memory. But, it has been
shown that B cells can become effective as APC when interacting with FDC in
an antigen-specific manner'®® ¥, The fact that the survival of the memory cells
is dependent on the presence of antigen, does not necessarily imply the
memory cells engage in a chronic proliferative response to the antigen. Also, the
possibility that long-lived memory cells eventually become independent of the
antigen cannot be excluded??®, and unequivocal results regarding the necessity
of antigen for survival of memory B cells remains elusive,

Current evidence suggests that memory cells have a more rapid turnover than
virgin cells''®® 27%_ Chromosomal lesions that preclude celi division were
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followed with time after irradiation in CD45RA {naive phenotype) and CD45R0
{memory phenotype) T ceils, The CD45R0O with dicentric chromosomes
disappeared from circulation within 1 year, while CD46RA cells survived for
several years without cell division. Other adoptive transfer experiments also
support the notion that naive T cells and B cells in mice have a long life
spans®*® 279 The life span of memory cells and hence the decay of the memory
response may be related to the expression of molecules such as bcl-21%", but
the factors that influence bcl-2 levels in memory cells are alse not known.

1.5 The germinal center
It is generally accepted that the GC is the defined anatomical site of:

i. clonal expansion of B cells!!?% 119139,
ii. somatic hypermutation in B cell g V-region gene
jii. selection of B cells on the basis of their ability to receive antigen-specific
signals!'®?,
iv. induction of differentiation pathways to memory cells
cells!'3% 263 and,
v. g isotype switching

gl 121)’

#8.128) 4 plasma

(129, 135}

The main constituents of GC are activated B iymphocytes, FDC, tingible body
macrophages and CD4 ™ T lymphocytes®® 103 112,211, 248,281} The Th celis have
a Th2-like phenotype in that they produce IL-4®¥ and seem to be largely
specific for the immunizing antigen'’* ", |t was generally believed that T
lymphocytes do not require the GC micro-environment to establish memory!'*?
and that the T cell antigen receptor genes are incapable of hypermutation!®®- %7
276,281 Recently, howaever, Zheng et al.®*%? have presented direct evidence that
the small population of antigen-specific T cells that are recruited in splenic GC
acquire mutations in the variable region of the a-chains but not the B-chains. It
is therefore tempting to suggest that mutational diversification and selection of
T cells may also be accomplished in the GC,

The recruitment of virgin B cells into TD responses is confined to the first few
days after exposure to antigen; the response is subsequently maintained by
memory B cell clones®", Virgin B cells do not respond to antigen localized on
FDC but can be activated outside the follicles’®' 2%, and form GC®!- 138 1691 gy
the second day following primary immunization with a TD antigen, antigen
binding T cells may he found within the periarteriolar lymphatic sheath
(PALS)!0% 110, 169 By the fourth day of the response, antigen-specific B cell
blasts begin to fill the FDC network of the lymphoid follicle, initiating the GC
reaction!t?% 137.138. 2881 The GC response reaches a maximum by day 10-12 of
the primary response and in the absence of further free antigen, the GC decline
in size until they are no longer apparent - 3 weeks after immunization!1%% 185
%8 The analysis of GC B cells shows that the somatic diversification of the
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antibody repertoire takes place during clonal expansion!''",

1-2 days after secondary immunization, pre-existing GC dissociate prior to new
GC formation!'®* 259 Antigen in the form of immune complex is transported into
draining lymph nodes and may be seen on the FDC within hours®?®?, New GC
with cells bearing PNAN phenotype begin to develop 2-4 days later. Day 3-5
post-immunization, immune compiex coated bodies {iccosomes) are released
into the micro-environment of the GC?®” and the GC response peaks at day
1018 259 GC are initiated by a small number of precursor cells i.e. GC are
oligoclonal in origin{109: 111, 139. 142,159 ' (3, an ayerage only three B cell blasts
colonize each follicle after a single immunization. Stathmokinetic®??® and
tritiated thymidine!®® or 5-bromo-2-deoxyuridine-uptake studies!'% estimate the
cell cycle time of GC blasts to 6-7 hrs,

It is central to the function of follicles that the antigen is taken up by the FDC
in the form of immune complexes and can be held in a non-degraded form for
more than a year!'5% 172. 284 EDC are also postulated to be important for the
maintenance of memory. Follicular B cells can take up antigen from FDC,
process it and present it in the context of MHC class I molecules to CD4+ T
cells in the GC''33, Aiso, FDC show the presence of passively adsorbed MHC
class Il molecules. Peptides held in these passively adsorbed molecules can be
recognized by GC T cells®?,

A large proportion of the proliferating centrocytes die in the GC. This is seen by
the presence of intensely condensed chromatin and nuclear fragmentation that
characterizes cells undergoing apoptosist?®®, These condensed nuclear
fragments {tingible bodies) are derived from ceils which have been recently in
cycle. The tingible bodies become labeled within a few hours of starting an
infusion of tritiated thymidine'®®, Recent studies by Ziegner et al.?2%” suggest
that a strong selection for high affinity variants takes place during the
proliferative stage of B cell development in the GC and not only in the
centrocyte stage. They isolated single germinal centers and sequenced L chains
characteristic of phOx-specific antibodies of mice immunized with phOx. A
proportion of analyzed GC showed B celis in which practically all sequences
carry the amino acid substitutions characteristic of high affinity phOx
antibodies. The pattern and distribution of somatic mutations in the V,Ox1 L
chain suggest that selection for affinity already occurs during the proliferative
stage. Further work is needed to establish how this selection takes place,
Whether FDC can actively participate in the initial proliferative phase is
questionable®?®®, since mature FDC become apparent only in the late
proliferative phase of the GC reaction, when B cells differentiate into memory
cells!*®7, In the early phase, competition for progressively diminishing amounts
of the fres antigen'3®, rather than antigen presented on the FDC may determine
which B cell ciones expand''?,
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Recent experiments show that FDC influence B cell differentiation and survival
by engaging adhesion receptors on the B celis''*?, The selected cells receive
signals via soluble CD23 and IL-1u, express bcl-2, are rescued from apoptosis
and ultimately leave the GC'® 155158 gt dies by MacLennan et al.!'®? suggest
that this interaction with CD23 and IL-1u induces the differentiation to plasma
blasts and uitimately to plasma cells, while CD40 signals are necessary for the
development of memory B cells?* 89, Physiologically, the plasma blasts are still
in cell cycte when they leave the follicles and migrate to sites where they
differentiate to non-dividing plasma cells''®®, The signalling system that induces
this migration has not been identified yet. It is suggested that a proportion of
affinity selected centrocytes may even re-enter the GC and go through further
cycles of proliferation and V region gene mutation'5%,

Direct evidence that somatic hypermutation is activated in the GC is still
fragmentary, particularly in relation to the exact stage or stages of the process
of activation'®®, It has been suggested that the hypermutation in GC precursor
cells is triggered in the outer T cell area (PALS)"'*®, However, sequence analysis
of NP-specific B cells isolated from PALS-associated foci suggested that the
hypermutation mechanism is not activated in these cells!"'"", It was therefore
thought that B cells populating the follicles and initiating the GC reaction may
be derived from a different B cell subset, Berek et al.''? have suggested that the
hypermutation mechanism may already be activated before the B cells migrate
into primary follicles, so that the first somatic mutations may accumulate during
B cell proliferation in the PALS. Recent work by Ziegner et al.??” substantiates
this observation. Interestingly, they found the presence of expanded but
unmutated B cell clones in a substantial proportion of GC, leading to the
proposition that somatic mutation, like isotype switch, is not a necessary step
in the development of GC, but an option that a developing -clone may
implement. Alternatively, it is also possible, that the B cells have to reach a
certain critical clone size, before the process of hypermutation is switched on'*
29 Further work using precise markers for GC maturity needs to be done
before a firm hypothesis can be put forward.

1.6 The aim of the experimental work

The aim of the work presented in this thesis was to gain insights in the process
of affinity maturation of murine igG1 and IgE antibody responses at the serum
level. The increase in affinity of the antibodies later in the immune response is
due to the process of hypermutation and antigen driven selection in the GC. GC
are also thought to be the site of isotype switching. Interleukin 4 (IL-4) is
known to have a crucial role in the development of GC, rescue of antigen-
selected B celis from apoptosis and their continued proliferation. In mice it is
also known to selectively induce isotype switching to 1IgG1 and IgE. We were
therefore interested in studying the influence of IL-4 treatment on the process
of affinity maturation at the serum level in the murine model. The uitimate hope
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was that the insights gained could help extend our studies to humans.

Affinity refers to the strength of the interaction between a single combining site
of an antibody and an antigenic determinant and can be expressed in
thermodynamic terms such as association constant or free energy change. The
term average affinity {also referred to as avidity) is used to describe the binding
strength of a population of polyclonal antibodies with a polyvalent antigen,
Thermodynamically speaking, the association constant can only be interpreted
rigorously for an equilibrium in homogeneous solutions. When using non-
homogeneous methods, however, other experimental factors may influence the
state of equilibrium, and the stability of the complex is therefore best described
by an appropriate operational parameter that is strictly dependent on the
experimental conditions employed. Such determinations may be best described

as functional affinity.

The experimental determination of the affinity of an antibody for its antigen is
of considerable importance. It is the basic parameter which helps in
characterizing the molecule, The most ideal method of determination of affinity
requires the capability of measuring the bound and free fraction of one of the
reactants at equilibrium, without in any way disturbing the equilibrium, and
preferably without labeling either of the reactants. Equilibrium dialysis is
considered one of the most unequivocal methods of affinity determination, but
has many limitations. Until now, determination of average affinity and affinity
distributions of the antigen-specific serum antibodies has proved to be difficult
especially for large proteinic antigens.

To enable us to investigate the processes of affinity maturation, it was
necessary to develop suitable reagents and appropriate assay systems that
could determine affinity of the antigen-specific antibodies in small volumes of
the sample, even when present in small concentrations and in the presence of
a large amount of other non-specific proteins. Chapter 2 of this thesis is
focussed on methods of determination of concentration and affinity in ELISA.
The theoretical background of ELISA, critical factors influencing the applicability
of ELISA as well as the need for quality control of the reagents are discussed
in chapter 2.1, After developing a Terasaki-ELISA that allows the concentration
determination of total and antigen-specific IgE antibodies In extremely small
volumes of the sample (chapter 2.2}, we proceeded to apply this system for
affinity determinations as well. In chapter 2.3 we demonstrate the application
of Terasaki-ELISA to the determination of affinity of antigen-specific antibodies
in culture supernatants, ascitic fluids as well as serum samples, During our
investigations on monocional IgE mixtures we observed that some IgE mixtures
showed a functional affinity much higher than either of the components.
Chapter 2.4 summarizes our observations. In chapter 2.5 we demonstrate the
applicability of the equations developed in chapter 2.3 to the microtitre system
as well. The application of an inhibition ELISA to study the affinity distributions
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of polyctonal immune responses is also demonstrated,

The advent of biosensor technology promises the opportunity to determine
affinity of antigen-specific antibodies in real time. In chapter 3.1, we describe
the application of biosensor technology to concentration and affinity
determinations of antigen-specific monoclonal and polyclonal antibodies,
Various parameters that can influence measurements in the biosensor were
investigated, and are discussed in chapter 3.2. It has been established that
prolonged [L-4 treatment reduces the antigen-specific 1gG1 and IgE responses
in mice?’®. On the other hand, IL-4 is known to be important in the GC
reaction'®, The last part of chapter 3 (3.3} gives the results of our
investigations on the effect of prolonged IL-4 treatment on the process of
affinity maturation in antigen-specific IlgG1 responses.

To summarize, this thesis addresses the foliowing questions -

- Is it possible to determine the affinity and affinity distributions of serum
antibodies in ongoing immune responses?

- Does affinity maturation occur in primary and secondary IgG1/igE responses
and what is the extent of this maturation?

- Does prolonged IL-4 treatment affect this process of affinity maturation?
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CHAPTER 2.1
Quantitation of immunogiobulin concentration in ELISA
$.8. Pathak, A. Van Oudenaren and H.F.J. Savetkoul

Department of Immunology, Erasmus University Rotterdam, the Netherlands

1 Introduction

Enzyme-linked immunosorbent assay (ELISA) was first described by Engvall and
Perlmann {1971} and Schuurs and Van Weemen (1977} and provides a safe and
simple method of measuring antigen-specific and total immunoglobulins {lg).
ELISA fall under the category of heterogeneous immunosorbent assays in which
(a} the bound and free fraction of lg {ligand) are physically separated by a
washing procedure and (b} the antigen (lg) to be detected or determined is
either directly or indirectly physically attached to a solid phase.

Various types of ELISA have been developed and described in literature, The
commonly used ones can be divided into different categories depending upon -

a. The entity to be detected or determined, i.e. antigen or antibody specific,
qualitative or (semi-} quantitative ELISA,

b. The set-up of the assay - direct, indirect, compstitive, inhibitory,
non-competitive, two-site {sandwich) or amplified assays.

c. The nature of the substrate employed - fluorogenic, chromogenic,
luminogenic,

d. The amounts of reactants used - macro-ELISA performed in a tube,

micro-ELISA employing a microtitre plate or micro-ELISA needing micro
quantities (b pl} of sample performed in Terasaki trays - Terasaki-ELISA.

Moreover, the solid phase used to adsorb the protein coat can be of various
materials - glass, polypropylene, polyvinylchloride {PVC), polystyrene,
polycarbonate, nitrocellulose, silicons etc., though only polystyrene or PVC
microtitre plates are commercially available.

2 Set up of the assay

The majority of ELISA are performed in polystyrene microtitre plates using
commercially available equipment facilitating easy and automatic handling of the
system. A serum sample of 100 pl is used to determine the concentration of Ig
{laM, IgA, 1gG) in moderately sensitive ELISA, However, if simultaneous detec-
tion of a number of Ig classes {especially rare ones like IgD and IgE},
autoantibodies, anti-idiotypic antibodies etc. is required, a fairly large serum
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sample is needed. This prohlem is more pronounced in longitudinal studies on
sera of mice or children, where it is often difficult to acquire the amount of
serum needed to perform the assay. In the case of monoclonal antibody
production as well, only very small quantities of supernatants are available for
the assay, since testing for |lg production is desired as soon as possible
following fusion. We therefore adopted the Terasaki-ELISA performed in the 60
well Terasaki trays using 5 ul of sample per well, thus reducing the amount of
serum or supernatant needed. One further advantage of this method is that very
small amounts of coating and detecting reagents are required. The Terasaki
trays are made of polystyrene, so that the adsorption characteristics of these
plates can be expected to be essentially similar to those of polystyrene
microtitre piates. For the determination of total g, we use a two-site {sandwich)
ELISA system in which the antigen (Ig) is characterized by two geometrically
and molecularly distinct binding sites for the two specific antibodies employed.
Thus, the lg is sandwiched between the known anti-isotypic catching antibody
adsorbed to a solid phase and a detecting antibody, in effect rendering a much
higher degree of specificity to the overall system. The catching as well as the
detecting antibodies can be either identical or different but they must be
heterologous to the Ig determined. For antigen-specific assays, we use the
antigen as the catching moiety and a heterologous detecting antibody, After
adsorbing the antigen or catching antibody to the solid phase, all subsequent
incubations are done until equilibrium is established and competition can no
longer occur between the labeled and uniabeled ligand involved. Moreover, all
other reagents, except the sample, are in slight excess, so that only the Ig that
is bound out of the sample is the limiting step. Thus, the signal obtained is
directly related to the amount of Ig bound.

Other ELISA systems, whether competitive, homologous, one-site, homo-
geneous or non-equilibrium reaching, are well documented and will not be
discussed here. The reader is referred to the available reviews {Wisdom, 1876;
Schuurs and Van Weemen, 1977) and books (Voller et al., 1981; Avrameas et
al., 1983; Bizolion, 1984}. Some relevant points to consider before performing
heterogeneous ELISA will be described here, after which essential parameters
like sensitivity, detection limit and accuracy will be discussed.

3 Coating of the solid phase

3.1 Theoretical aspects

The coating of the solid phase ¢an be done either by covalent coupling to the
plastic matrix, or to grafted plastic surfaces or as is done generally, by simple
adsorption. Most proteins adsorb to plastic surfaces, probably due to hydropho-
bic interactions between the nonpolar (glyco)protein moieties having a net
charge of zero and the nonpolar plastic matrix. The rate and the extent of
adsorption (and therefore coating) depends upon a number of different factors.



Quantitation of immunoglobulin concentration in ELISA 49

The more important ones being -

a. The nature of the molecule being adsorbed i.e. the net charge,
hydrophobicity, size, molecular weight, diffusion coefficient, etc,

b. The concentration of the adsorbing molecule, determining the occupancy
rate,

c. The nature of the coating buffer i.e. its composition, molarity and pH; but

also the absence of detergents, adsorbed spacer molecules for peptide
binding (e.g. poly-L-lysine) or agents permitting covalent coupling of
highly charged molecules {e.g. glutaraldehyde).

d. The solid phase - the chemical nature of the solid phase will obviously
influence the extent of adsorption, so will the ratio of surface, area to be
coated to the volume of the coating solution (typically 1.5 ng/mm?2 or 6
x 10% molecules/mmZ, since a microtitre well is 33 mm? in surface this
equals maximum immobilization of 50-150 ng/well). The shape of the
wells resuiting in shearing or stress forces can be critical. Large
differences in the adsorbing properties of plates of different
manufacturers and even among different batches from the same manu-
facturer have been observed.

e. The temperature and duration of adsorption {typically overnight at 4°C,
3 hrs at 37°C or even one minute in a microwave).

Langmuir proposed an equation to fit adsorption data which implies an
equilibrium between protein molecules and a limited number of surface active
sites on the solid phase. Both the equilibrium constant K, and the maximal
surface concentration of the adsorbed molecules can be calculated from the
experimeantal data using the following equation:

1 1 1

m bK C

Where c is the molar concentration of the protein in equilibrium with m grams
of adsorbed protein per cm2, b and K, are constants. The value of b
corresponds to the maximum amount of protein that can be adsorbed to seolid
phase {saturation}. K, is the association constant corresponding to the reaction:

o K-t
P+ S<TPS ; 4 r
kg d

Where, S represents surface active sites and P the protein to be adsorbed.
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When only one kind of surface site is available and only these sites are occupied
by the protein (no protein-protein associaticn}, a monolayer is formed according
to this reaction. If two or more kinds of surface sites with different affinity for
the protein are available, more complex reactions will take place.

The main criticism directed against this approach is that the equilibrium may not
be a reversible one, as assumed by the Langmuir treatment. The basis for this
criticism is the fact that several authors could not detect protein desorption
from plastic solid phases other than plates (Cantarero et al,, 1980). Morrisey
{1977} and Lehtonen and Viljanen {1980} amongst others, on the other hand,
have reported such desorption. Anything from 30 to 68% desorption has been
reported. The underlying cause for this discrepancy might be that some proteins
may indeed be irreversibly adsorbed or may undergo conformational change
after being adsorbed, and thus escape detection by the enzyme used for the
studies, viz., horseradish peroxidase. This question needs further study since
desorption influences reliability of ELISA. it should be noted that in sandwich
techniques, since alarge excess of capturing antibody exists on the solid phase,
even an important loss may not influence the final result.

The adsorptive characteristics of polystyrene for different proteins like albumin
and Ig show that the adsorptive behaviour is not explainable enly on the basis
of simple charge differences and molecular weight and size. Adsorption is,
however, dependent on the concentration of protein in the input solution and
increases proportionally with temperature and incubation time. Beyond the
range of concentrations where the proportion of protein adsorbed is inde-
pendent of input, i.e. the region of independence, the kinetics of adsorption
change and then seem to be inversely proportional to the protein size. The
presence of competing proteins has no effect on the adsorptive characteristics
of a given protein provided the total protein concentration of the mixture was
within the range of independence. Up to a certain limit, a constant fraction of
the proteins is adsorbed to plastic surfaces. For example, 80% of the lgM but
only about 25% of BSA is adsorbed, with a limit of about 1.5 ng/mm? for both
protsins, independent of the input. According to Butler {1981}, the protein
molecules at this limit become equidistantly distributed on the surface and the
failure to exceed this coverage (about 1/3 of the surface} is due to steric
hindrance. As these data were obtained from microtitre plates having an
effective coating area of around 0.1 mmzlpl, it would imply that at maximum
0.2 pg/ml of protein can be adsorbed before steric hindrance occurs. As a rule,
under optimal working conditions a linear dose-response curve is obtained in
ELISA. At higher inputs of analyte a deviation from this linearity can occur. This
phenomenon is referred to the ‘hook effect’” and was originally wused
synonymously with the ‘prozone phenomenon’ (Nakamura et al,, 1986).
However, they are now recognized to be two independent phenomena. In
ELISA, the 'hook effect’ is commonly assumed to mean a release of coated
antigen or antibody from the plate during the subsequent washing steps.
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Howaevaer, in reality, it is the result of the release of coated antigen or catching
antibody into the solution during sample incubation. As aresuit, both the coated
(Ag® and the free (Ag®®) molecules compete for binding sites on the Ig
molecule {Ab). Therefore, two different equilibria can be established {eading to
two different affinity constants (K, and K,}.

[AQ]® + [Agl®® + [Ab]<{AgADbI°® + [AgAb]s®

AgAb)° AgAbP!
K= [ gc ] K,- [ gm]
[Ag]°[AD] [Ag]™[AD]

The ratio between these two affinity constants determines the extent of the
hook effect. As a result the plateau value of ELISA titration curves may be
lowered by increasing {but non saturating) concentrations of the coat {Pesce et
al,, 1983).

The ‘prozone phenomenon’ is said to occur when a decreased instead of an
increased signal is ebserved at higher levels of the analyte. It is presumed to be
the result of monovalent binding between the detecting antibody or the
conjugate and the analyte. It is thus a function of the affinity of the analyte and
the detecting reagents, as well as the concentration, and is independent of the
coat (Vos et al., 1987). Subsequent washings dissociate weakly bound ligands
from the plate and cause 'bleeding’. Bleeding refers to a progressive loss of
antibodies bound to the immobilized ligand due to dissociation of immune
complexes contalning antibodies with low affinities.

3.2 Practical aspects

The usefulness of an ELISA depends upon the coating efficiency and the
reproducibility of the coat. Thus, it is essential to ensure sufficient adsorption
of the protein to the plastic surface. Various strategies can be employed to
achieve this.

a. Use of coating buiffers - Engvall and Perlmann {(1971) have suggested the
use of a high pH - high ionic strength buffer {0.1 M Na,CO5, pH 9.6) for effi-
cient coating of antibodies, which is perhaps the most widely used. Recent
studles, however, have shown, that the method of passive adsorption of
proieins - especially Ig - at this high pH leads to extensive protein denaturati-
on. Only 10% of the adsorbed igG was found to retain its activity under
these conditions (Butler et al., 1992}. PBS {10 mM Na or K phosphate
buffer, pH 7.2 - 7.8} with 150 mM NaCl is also popular for coating of Ig, and
is thought to cause much less protein denaturation. For antigen-specific
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ELISA, on the other hand, a large variation in the binding of various proteinic
antigens to plastic surfaces can be expected. The choice of a proper buffer
can help increase the binding, A variety of buffers can therefore be
employed. Scott et al. (1986} for example found that 0.1 M acetic acid
increased the efficiency of coating of dietary antigens. For a new assay, a
proper investigation to establish the most suitable buffer is thus necessary.
This may not, however, increase the coating efficiency sufficiently and to
further increase the binding of the proteins, pretreatment of either the
proteins or the polystyrene surface can be attempted.

Pretreatment of proteins - Partial denaturation and/or aggregation of proteins
by heat treatment may help increase the binding of proteins. For several
antigens {myoglobin, ovalbumin, albumin, transferrine, ferritin} an increase
in sensitivity of ELISA was obtained after cross-linking by a carbodiimide
promoted condensation reaction. Pretreatment of the antibody with
glutaraldehyde was found to increase its binding by 2 to b fold. Any kind of
treatment of the proteins is likely to cause denaturation or partial unfolding
of the molecule, and therefore change its antigenic properties. Proper
controls must hence be included to avoid erroneous results.

Pretreatment of the polystyrene surface - Activation of the polystyrene
surface can be achieved by different means. Kemeny et al. {19886) suggested
ultraviolet irradiation of the plates. Boudet et al. {1991} have successfully
coated small synthetic peptides to microtitre plates by exposing them to UV
radiation for upto 20 min. Pretreatment of the plate with a freshly diluted
2% solution of glutaraldehyde for 2 trs has been found to increase antibody
binding significantly. Klasen and Rigutti {1983} have found activation of
polystyrene .by 0.0256% glutaraldehyde lead to reliable coating even by
water-insoluble proteins dissolved in urea. The effect of glutaraldehyde is
pH-dependent and is less polymerizing at low pH {pH 5.0}. Biotinylated
microtitre plates are now also commercially available, These plates can be
used to immobilize g via a streptavidin bridge. Ig thus immobilized have been
found to retain a high degree of reactivity (Butler et al., 1992}, Alternatively,
streptavidin can be passively adsorbed to the microtitre plate, and biotinyla-
ted proteins used for coating. Such methods are especially useful when
dealing with small, synthetic peptides {lvanov et al,, 1992},

For smali antigens or haptens, it is advisable to precoat the plaies with a
polylysine or polyaspartate spacer or to use a hapten carrier conjugate for
coating. Cyanogen bromide has likewise been used to increase the coating
efficiency. Linking of antigen to the plastic via an antibody bridge decreases
the variation due to differing adsorption of different antigens. Furthermore,
it may also increase the sensitivity of the assay and is therefore used by
many workers (Urbanek et al., 1985},

To detect antibodies directed against cell-surface antigenic determinants, it
is possible to coat the cells in monolayers on the solid phase using glutaral-
dehyde (0.02%, 1b min at RT}, especially since such low concentrations of
glutaraldehyde do not alter the conformation of the antigenic determinants.
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One note of caution is, however, necessary. Pretreatment of the proteins or
the polystyrene surfaces may lead to allosteric changes in the coatad mole-
cule, and thus decrease its immunoreactivity.

d. Use of various time-temperature combinations - Overnight coating at 4°C as
suggested by Engvall and Perimann {1971) is most frequently used. Various
time-temperature combinations have been suggested in literature. These vary
from 1-2 hours at 37°C to few hours at elevated temperatures followed by
overnight incubation at 4°C,

All ELISA incubation times, including coating time, can be reduced by exposing
the plates to 2.45 GHz microwaves combined with air blowing. Such usage,
however, has to be carefully regulated, as otherwise denaturation of the
proteins can occur. Coating plates by allowing them to dry completely {37°C for
1 hr, 15 min with a fan) so as to ensure maximal coating was tried by us.
However, we did not find any increase in the overall sensitivity of the assay,
perhaps because drying promotes protein denaturation {unpublished resuits),
Ansari et al, {1985) have also found that drying of plates foliowing coating fed
to a decreased activity of the solid phase bound antibody.

The concentration of proteins to be used in the coating solution has of course
to be empirically determined, Excessively high protein concentrations should be
avoided as they are likely to cause multilayers of proteins on the solid phase
dus to protein-protein interaction. Also, competition between the immune serum
and surface active sites for the antigen molecules may occur in ELISA, |f this
competition occurs, it will lead to affinity and concentration dependent
desorption, leading to a non-linear dose-response curve,

Engvall {1980} has suggested 1-10 pg/ml as optimal concentration for coating
of antigens and antibodies. This concentration can be used as a starting point.
In our own experience with the microtitre system, we have observed that higher
than optimat coating concentrations, leads to a lowering of the signal, This
phenomenon could be explained by the formation of multiple protein-protein
layers at higher coating concentrations with the consequent desorption during

the ELISA,

The coated plates can be stored either wet in PBS with 1-2 mM NaN; at 4°C
or dried in an exiccator for periods up to 4 weeks. In our experience, however,
storing wet plates coated with monoclonal antibody at 4°C for more than 12-18
hrs leads to decreased sensitivity, probably because prolonged storing at a high
pH leads to structural changes in the molecule or because of a time-related
denaturation of the protein due to adsorption to plastic. However, we have
observed that storing wet plates coated in PBS {pH 7.2} for upto 4 days has no
undesirable effect on the ELISA,

After the coating has been completed, the trays are washed thoroughly -
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generally with the same running buffer as is used in the rest of the steps. PBS
is commonly used, though Tris buffered saline can also be employed.

The washing removes ali the excess unadsorbed protein. Non-ionic detergents
such as Tween 20 (TW20) are generally used in the wash-buffer as they lower
the surface tension and thus prevent formation of new hydrophobic interactions
hetween the added protein and the solid phase. The effect of washes on
dissociation of immuna complexes is dependent on the affinity of the antibodies
employed When antibodies are immobilized on the solid phase in concentratlon
of 10 M (fairly typical for microtitre plates), low affinity antibodies (K, = 10°

- 10% M) may be rapidly dissomated and under-represented. With higher
affinities (Kp = 108 - 10% M), however, activities are representative for

concentrations,

All the remaining unoccupied binding sites are saturated with an unrelated,
non-interfering protein to control non-spectfic adsorption. An extra protein
coating aimed at saturating the plastic support not occupied by the antigen has
also been suggested. BSA {1-5%), gelatin (0.02-0.1%), or casein either in
combination with TW20 or alone are in common use. Schonheyder and
Andersen (1984} as well as Pruslin et al,, {1991} have shown that BSA post
coating and addition of BSA to serum diluent decreases background readings
and increases specific activity. However, batch to batch variation has often
been found in BSA. The likelihood of the presence of contaminating bovine
antibodies in BSA can also not be ignored. Reservations about its general appli-
cability are therefore expressed {Smith et al., 1993}, TW20 was found to be a
satisfactory blocking agent in experiments with murine monocional antibodies
and high-titre animal antisera. In contrast, high non-specific binding that was
not abolished by TW20 was found to be a major problem in experiments with
low-titre rabhit antisera as well as in some assays with human antibodies from
patient sera. So, the most suitable blocking agent will depend upon the
individual system, that is to say on the coat, the detecting reagent{s) and the
nature of the sample, and will vary widely. Blocking of e.g. rat Ig immobilization
confirms that small molecules (<10 kDa} block better than larger molscules
{>30 kDa). ig were found to be able to penetrate blocking layers of BSA giving
high background levels and early failure of blocking with dilution,

4 Choice and preparation of the ligand

4.1 Theoretical aspects

Several characteristics of the enzyme to be conjugated to the detecting
antibody need to be considered in choosing the enzyme {Table 1}. These include
the turnover number (i.e. the molecular activity), specific activity, detectability
of the product, absence of substances likely to interfere with enzyme activity
in the fluids to be measured, etc.
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Table 17 Criteria for cholce of enzyme label

1. Availability of low-cost purified homozygous enzyme preparations.

High spacific activity or turnover number,

3. Prasence of reactive residues through which the enzyme can be cross-linked to other molecules
with minimal loss of enzyme and antibody activity,

Capability of producing stable conjugates.

Enzyme should be absent from bialogical test samples,

Assay method that is simple, cheap, sensitive, precise and not affected by factors present in
the sample.

7. Enzyms, substrates, cofactors, etc. should not pose potential health hazards.

[

oak~

Table 2 lists some of the enzymes in common use. The size of the
antibody-enzyme conjugated molecule can also influence the sensitivity of the
ELISA system. The binding of the detection reagent at high concentrations of
the primary antibody appears to be sterically inhibited in direct proportion to the
size of the conjugate used, leading to a marked deviation from linearity in this
region of the binding curve (Koertge and Butler, 1985}, Conjugation reactions
involving only proteins {enzymes and antibodies) can be carried out easily by
using various bifunctional reagents as extensively reviewed (Tijssen, 1985).

Table 2 Comparison of soma enzymes avallable for ELISA

Enzyme pH Specific Mealecular Practical Substrates
optimum activity weight
{U/mg} {Da) Visual Fiuorescent

Alkaline 8-10 400 100,000 ONPP MUF-P

phosphatase FM-P

Peroxidase 5-7 900 40,000 B-AS NADH
OPD
HPA
ABTS

p-Galacto- 6-8 400 540,000 ONPG MUF-G

sidase

Abbreviations : ABTS, 2,2-azino-di-{3 ethyl benzothiazolin sulfone-6) diammonium salt; §-AS, aminosalicylic acid; FM-P,
fluorescein methyl phosphate; HPA, hydroxyphenylacetic acld; MUF-G, methyl umbseliiferyl galactose; MUF-P, methyt
umbellifaryl phosphate; NADH, nicotinamlde adanine dinugleotide; ONPG, ortho nitrophanyt gatactose; ONPP, ortho nitrophe-
nyl phosphate; OPD orthophenylene diamine.

Refer Table 3 for the most popular cross-linking metheds. Generally speaking,
use of an heterobifunctional cross-linker should be preferred since it gives rise
to conjugates free from polymeric products that are observed when using a
homaobifunctional linker. It has been suggested that the sensitivity of the ELISA
is partially influenced by the method by which the enzyme is coupled to the
detecting antibody. Tsang et ai. {1984) showed by using glutaraldehyde and
sodium periodate coupled peroxidase-anti-human conjugates that the former
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conjugates are more useful in quantitative assays where wide ranges are desira-
ble. The latter conjugates, on the other hand, are more suited to qualitative
assays where sensitivity is more important.

Table 3 Common methods used to prepare enzyme-antibody conjugates

Reactive group Bifunctional reagent

Amino residues glutaraldehyde
1,4-benzaguiinone
suecinimidyl-3-{2-pyridyldithiopropionate)(SPDP)

Sulphydryl groups N,N"-o-phenylenedimaleimide
M-maleimidebenzoyl-N-hydroxysuccinimide ester {MBS)

Carbohydrate moioties periodate oxidation

Carboxyl groups 1-ethyl-3(3-dimethyl aminopropyl) carbodiimide

After completion of the conjugation reaction, proper recovery of the enzyme-
protein conjugate is important. Moreover, it is essential to ensure that the
enzymatic activity resides only in the conjugated form and that the solution is
free of contaminating native enzyme molecules, The specific activity of the
enzyme can be measured by either endpoint or rate analysis. It is necessary to
recognize that the optimal conditions of pH, substrate concentration, activators
used etc. for the conjugated enzyme can differ from the native enzyme, Thus,
the experimental conditions for obtaining maximum activity of the conjugated
enzyme in an ELISA may differ from those observed in the fluid phase. The
proximity of the solid phase affects the micro-environment of the enzyme and
may aiso lead to conformational changes in the enzyme molecule, It is thus not
correct to optimize the conditions in a fluid phase and expect them to hold in
ELISA as well (Tijssen, 1985), Furthermore, the antibody part of the conjugate
must retain its binding affinity, and this has also to be confirmed in an assay
similar to the one for which the conjugate has been prepared, i.e. an ELISA,

The efficiency of conjugation represents the amount of immunoreactive enzyme
recovered, Factors that inflence the efficiency are: type of reaction used for
conjugation, proportion of reactants, i.e. enzyme and antibody, and
heterogeneity/homogeneity of labeling sites for preparation of the immunogen
and of the enzyme conjugate. Azimzadeh et al, {1992) have suggested
conjugating F{ab}' fragments instead of the whole antibody to the enzyme. This
approach has the advantage that the enzyme and antibody fragments are
present In the conjugate i a stoichiometric ratio of 1:1 and complications
arising from monogamous bivalent binding of the antibody to the antigen
{antibody) are eliminated {Azimzadeh et al., 1991),
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The antiserum employed in the ELISA is crucial for the specificity of the assay
and, by virtue of its affinity for the antigen to be detected in the assay, aiso for
its sensitivity and detection limit. |t is therefore evident that the antiserum
preparation should be characterized as extensively as possible. This information
is often not available for commercial antiserum preparations. Commonly, the
only information available is that they are claimed to be affinity purified i.e. to
be adsorbed onto affinity columns bearing immobilized, potentially
cross-reacting substances. Such preparations should therefore be tested elabo-
rately before use. They must be tested in precipitation based assays as well as
in inhibition ELISA. Displacement of a {abeled antigen from the complex by
competition with increasing concentrations of competing non-labeled antigen,
reveals shared or cross-reactivity, Antibodies generally have lower affinities for
cross-reactive antigens, so that higher concentrations of these antigens are
necessary to obtain maximal inhibition. The degree of maximal inhibtion is
dependent on the degree of cross-reactivity between the various antigens. In
inhibition-type ELISA a sufficient range of antibody concentrations should be
tested on a panel of purified myeloma or hybridoma proteins. The panetl should
include specimens of every isotype and some of the isotypes should be
represented by a lambda or a kappa light chain. Proteins of different idiotypes
and allotypes should also be included, certainly when testing the isotype specifi-
city of the antiserum, This is all the more necessary when the preparation is a
polyclonal antiserum induced by injecting heterologous animals with purified ig
of the appropriate (sub)class, since under these conditions a substantial part of
the antiserum raised can be directed against the allotype, light-chain or idiotype.
When tested under such stringent criteria, not ali commercially available sera
turn out to be suitable for sensitive assays like ELISA,

The methodology for the induction and the purification of the 1gG fraction of a
specific antiserum by the use of monoclonal antibodies is essentially routine,
Monoclonal antibodies are sensitive to purification procedures and the three
dimensional structure of the antibody can easily be distorted. Moreover,
monoclonal antibody preparations often consist of incomplete chains, This could
result in the use of partially denatured and/or incomplete Ig preparations' in the
raising of the antiserum. The quality of the antibody response can depend upon
the immunization conditions and the type of adjuvant used. These factors can
therefore affect the quality of the antiserum raised and should be considered
while raising antisera for use in ELISA,

Apart from antibody-enzyme conjugates, other ligand-enzyme conjugates are in
current use, The biotin-avidin system with a high affinity constant of 101% M1
is one such example (Bayer and Wilchek, 1978). Thus, a system wherein the
biotin is conjugated to the specific or detecting antibody or antigen and the
avidin is linked to the end-product developing enzyme can be used, especially
since biotin bound to a macromolecuie retains its high affinity for avidin.
Alternatively, biotin can be conjugated to both the detecting antibody and
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enzyme and avidin then employed as a bridge between these biotinylated pro-
teins. The use of biotin and avidin ensures that a high degree of enzyme is
bound specifically to the Ig in the sample, In recent years the biotin-streptavidin
system has found wide appfication. Biotinylated conjugates of polyclonal and
monoclonal antibodies as well as enzymes conjugated to streptavidin are now
commercially available, increasing the popularity of the system. Using this
system we have achieved a sensitivity of 1-10 ng/ml for our isotype specific
microtitre ELISA.

S. aureus protein A and protein G of group G streptococci react with the Fc part
of many mammalian species. It is especially useful as it can behave as a purified
anti-antibody of restricted specificity with no spscies specificity. Enzyme-protein
A conjugates can therefore be used to detect lg from samples in ELISA., A sand-
wich ELISA with enzyme labeled protein A and unlabeled isotype-specific
detecting antibody having a high affinity for protein A is currently in use. This
method can be useful in assaying Ig with no binding affinity for protein A; e.g.
rat monoclonal antibody directed against mouse cell-surface determinants or
antigen specific as well as total human or mouse Igk antibody.

4.2 Practical aspects

In our fluorimetric Terasaki-ELISA assays, we have chosen the enzyme 3-galact-
osidase from E. coff (E.C. 3.2.1.23.) for a number of reasons. Though both
atkaline phosphatase and [B-galactosidase are widely used in combination with
fluorigenic substrates, B-galactosidase is mostly used if high detectability is
required, Also, alkaline phosphatase has the further disadvantage of producing
reagent blanks which are 50-fold higher than those of R-galactosidase, due to
the spontanecus degradation of the substrate. Moreover, 3-galactosidase has
a high specific activity (400 U/mg), a high turnover number {12,500 substrate
molecules transformed per moie of enzyme per min) and can be linked to the
antibody by a number of chemical methods with a good degree of retention of
its enzymatic activity without altering the immunological activity of the
antibody. The conjugate is soluble and stable under the assay conditions and
can be stored for prolonged time at 4°C. Last but not least, the enzyme itself,
its substrate or factors that interfere with enzyme activity such as inhibitors, are
all absent from the samples assayed.

The enzyme is conjugated to the antibody with the one-step glutaraldehyde
method of Avrameas et al. {1978; 1983). The antibody to be coupled is
extensively dialysed against 0.1 M potassium phosphate buffer (pH 7.8) and a
final protein concentration of 4 mg/ml is achieved. 2 mg of l3-galactosidase
{specific activity 30 U/mg; Boehringer, Mannheim, FRG) is dissolved in 1 ml of

the above buffer and a reaction mixture is prepared by mixing 1 ml of enzyme
solution with 1 ml of antibody solution and 50 pl of 26% (v/v} glutaraldehyde
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solution (stored in the dark at 4°C; TAAB laboratories Ltd; Reading, England}.
The reaction is allowed to occur for 30 min at RT on an end-over-end mixer and
thereafter blocked by the addition of 1 ml lysine {Sigma, St. Louis, MO) in the
same phosphate buffer and stored overnight at 4°C, After extensive dialysis
against PBS, additives such as 0.1% BSA, or 0.2% gelatin or 0,2% glycerol are
added to give a 50% (v/v) final concentration. The conjugate is stored at 4°C,
The additives make it possible to store the conjugate for a few months, while
without them the shelf-life is reduced to few weeks. lons can act as activators
or inhibitors of enzymes. In the case of R-galactosidase, NH,* and MnZt jons
activate the enzyme while high concentrations of Na* and heavy metal ions are
inhibitory. Also B-mercaptoethano! can cause dissociation of the enzyme
molecule in the absence of Mg2*, while it is an excellent activator in its
presence. These facts therefore need to be taken into account in choosing the
conjugate and the substrate buffer {refer Table 4).

Tahle 4 Physicochemical properties of B-galactosidase

Name -D-galactoside galactohydrolase (EC 3.2.1.23}
Mass 465,000 Dalton
Molecular form tetramer {165}

monomers at pH 3.5 or 11.5 or with mercurials
Stability > 30 min at 40°C with pH 6-8

in 100 mM 2-mercaptoethancl and 10 mM MgCl,
Inhtbitor 2-marcaptosethanol alone
isoalectric point 4.6
Specific activity 400 U/mg

B Substrate reaction and product detection

Assays that utilize enzymatic markers offer the potential for a high degree of
assay sensitivity and detectability. However, the detectabllity of enzyme
immunoassays which utilize substrates that generate visibly colored molecules
upon enzymatic activation is limited by the detection limit of these relatively
low-energy markers, For example, while enzymes in common use have turnover
rates of approximately 10° substrate molecules transformed per mole of enzyme
per min, the fact that some commonily used substrates require concentrations
of 10°® mol/l to be detectable by colorimetric instruments limits the usage of
standard enzyme immunoassays to 10"t mol/l {Ishikawa et al., 1983). The
recent availability of a iarge number of substrates which generate fluorescent
molecules upon enzymatic interaction offers the possibility of the development
of an enzyme assay, which utilizes the fluorimetric measurement of the reaction
end-point. Moreovaer, fluorimetry measures a signai increase above relatively low
background luminescence while colorimetry measures a small decrease due to
absorbance from a large amount of transmitted light. The detection limits of
fluorimetry are frequently limited by background fluorescence such as that



60 CHAPTER 2.1

arising from serum or other biologicai_samples. For this reason, fluorimetric
ELISA methods have become practical only for heterogeneous systems,
preferably when a solid phase bound antibody is used to facilitate washing.

This system thus offers the advantage both of the stability and quantitative
nature of fluorescence measurement and the catalytic magnification inherent in
enzyme-substirate interaction. Since, as discussed above, the detection limit of
a fluorigenic substrate can be orders of magnitude lower than that of a
chromogenic substrate, this advantage can be used to increase the sensitivity
of ELISA, thereby reducing sample sizes, using more dilute reagents, and/or
shortening incubation times.

Most researchers using fluorimetric ELISA have employed conventional
flucrimeters which require the manual transferring samples to cuvettes and
measuring their signals individually. Simply adding a flowcell and autosampler
or sipper to a conventional fluorimeter can significantly decrease the labor

involved.

Because it is emitted in all directions, there is more versatility in designing
detectors for fluorescence than for absorbance. For example, reflectance
fluorimetry has been used with thin layer chromatography. A similar detector
design couid be used for fluorescence measurements directly from the wells of
microtitre plates. With laser excitation, fluorescence can be measured from
sub-microliter sample volumes. When choosing a fluorigenic substrate, there are
several important considerations -

The substrate should be readily available in a pure and stable form,

It should be nonfluorescent under the detection conditions to.be used.

It must be efficiently converted by the enzyme label.

The resultant product must be stable and highly fluorescent.

It should exhibit a large Stokes shift, that is, a significant wave length
difference between the product’s excitation and emission maxima.

It is also preferabte to have a jong excitation wavelength for the product
fermed, as there will be lower background fluorescence at lower excitation
energies {Mitby, 1985), -

pPLRroTe

—

The most widely used substrates are those which generate the highly
fluorescent ketone 4-methyl-umbelliferone (MUF) upon enzymatic cleavage,
since this molecule can be measured at concentrations of 1071 to 10718 mol/.
We use MUF-G (4-methyl-umbelliferyl-@-D-galactoside; Sigma) as our substrate.
This ELISA compares favorably with equivalent systems using chromogenic
substrates like ortho-nitrophenyl-B-galactoside that is detectable only at
100-fold higher concentration. The latter has a minimum detection limit of
around 10 to 100 ng/ml. In the fluorigenic assay the minimum detection limit
has been described to be 107'® mg/m! of 1gG (Shalev et al., 1980) and 1010
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ma/ml of IgE {Savelkoul et al., 1989). Crowther et al. {1990} have compared
a number of enzyme substrate combinations in ELISA, They have established
that the combination of B-D-galactosidase and MUF-G resuited in maximum
sensitivity, The substrate {0.25 mg/ml} is dissolved in 0.05 M potassium phosp-
hate buffer, pH 7.8, with 10 mM MgCl, by rapid heating tili 60°C.

Caution hés to be exercised in the heating process as the substrate tends to
disintegrate at temperatures higher than 80°C. Alternatively, the substrate can
be dissolved to 0.5% in NN-dimethylformamide and diluted to 0,1 mM with 10
mM sodium phosphate, pH 7.0, containing 0.1 M NaCl, 1 mM MgCl,, 0.1%
NaN5; and 0.1% ovalbumin. Foliowing solubilization the substrate solution is
rapidly cooled, aliquotted and stored at -20°C, Such aliquots can be used for a
few months provided they are reheated till 60°C and rapidly cooled to RT before
use, In our experience repeated freezing and thawing of the substrate leads to
erraneous results. Also, freshly prepared substrate solution gives less interplate
variation. We therefore prefer preparing fresh substrate solution each day.

One of the major points to consider when performing fluorescence based ELISA
is the dependence of the resultant fluorescence on the pH of the substrate
solution and possible quenching by contaminating impurities. It is of crucial
importance to regulate the pH in the substrate solution since by changing the
pH, the emission wavelength can shift up to 200 nm or fluorescence can be
completely iost by formation of non-fluorescent ions. For MUF-G, the
wavelength used for excitation and emission analysis are 360 and 440 or 450
nm, respectively. Secondly, the length of the substrate incubation step and the
temperature (60 min, 37°C) are also critical for the fluorescent product
formation. Hence, these parameters should be kept exactly constant in order to
be able to compare the fluorescence measurements of various ELISA performed

on different days.
6 Expression and quantitation of data
6.1 Untransformed data

The most common modes of expressing ELISA resuits are untransformed
absorbance reading at a single sample difution, end-point antibody titre obtained
by direct determination on calibration curves, and antibody-activity unit from a
calibrated dose-response curve. Such dose-response curves can be computed
employing empirically transformed standard curves or by using equations
derived from the Law of Mass Action. Furthermore, for quantitation the data
can be expressed in a variety of ways, eg. semi-logarithmic plots, log-log plots,
log-togit transformations etc, We shall briefly consider each of these. Any
method that one chooses should fulfill two basic criteria:
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1. Stability of data under varying conditions such as changes in assay design
and minor variations in the experimental conditions.

2. Linearity of response with dilutions of positive sera over a reasonably large
interval,

The optimal response and shape of dilution curves are both defined by a
multitude of factors related to the main methodological choices made in
establishing the ELISA structure as well as to within-method variables such as
reagent characteristics and assay conditions which are subject to modifications
and not always easy to predict and control. Assay conditions in the ELISA
affect the shape of the dilution curve (Malvano et al., 1982}, Even with
identical assay conditions the shape of the dose-response curves of different
serum samples varies in some ELISA {Gripenberg et al,, 1979). Also, it is known
that antibody avidity and affinity differ between different sera giving ditferent
kinds of dose-response curves {De Savigny and Voller, 1980). Thus useful
information about antibodies may be lost if ELISA results are derived from a
single serum dilution (Lehtonen and Eerola, 1882).

Besides the dependence of signal intensity upon experimental conditions, the
non-linear correlation of signal with antibody activity in some regions of the
dose response curve sets limits to the use of non-transformed optical
responses, despite its immediate availability and wide acceptance in practice.
Nevertheless, a simple algorithm is proposed by Franco et al. {1984), wherein
multiple categorization of non-transformed absorbance values from ELISA plates
is performed under a microprocessor controi. The printed output is a pictoral
emulation of a 96-well plate with the color intensities represented for each reac-
tion. This method is particularly suited for the screening of mouse hybridoma
culture supernatants.

Quantitation by the use of different equations derived from the Law of Mass
Action has been extensively tried; but, as a general conclusion, no adaptation
has been found suitable to the specific principles of ligand binding assays. Such
efforts of obtaining an absolute concentration dependent equation consisted of
adapting the Langmuir adsorption isotherm and its consequence: the Scatchard
equation. Further adaptation, e.g. the Sips equation, couid also not be used
with sufficient success.

6.2 End-point titres

Titration of antibody is an established and easy-to-comprehend quantitation
method, even for ELISA, If standards calibrated in 1.U./m| are not available,
titration is often the only generally accepted method.

The need for sequential dilutions of sampies for definition and control of a
cut-off value are evident disadvantages intrinsic to titration. Other adverse
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features are less obvious: the range over which measurements can be made is
rigidly defined by the detection system. The readings become increasingly
insensitive at either end of this range. The assay precision relates to the sample
dilution scale chosen and, when the least dilution still yielding a response above
the cut-off value is taken as the titre, the measurement is made close to the
detection limit, thus exaggerating the response uncertainty. Moreover, the
dilution at” which the ‘extinction’ of response occurs, depends upon the
sensitivity of the assay, so that end-point titres reflect variations of sensitivity
tevel under different circumstances.

The expected parallelism between titres and antibody activity appears
insufficient to counterbalance the unfavourable aspects, i.e., the high
susceptibility to systematic and random variability, the amount of laboratory
work involved and the cost of the reagents. This suggests that caution is
necessary in considering absorbance readings and end-point titrations as
suitable modes of expressing results. The resuits obtained by the titration
method could at best be said to be semi-quantitative,

Dopatka and Giesendorf {1992) have suggested a new method for antibody
quantitation in ELISA. Here, the sample is tested in a single dilution and the OD
obtained is used in the equation

log, g titer = . 0DP

where o and B are constants to be determined for each batch of reagents. Since
a single dilution is tested, the criticism above seems to hold for this method as
well. Further testing needs to be done before the method can find general

application.
6.3 Reference standards

Since most quantitative ELISA are based on the use of calibrators, it is prudent
to realize the importance of the standard for determining the quality of the
assay and allowing a comparison of the readings made with those obtained
previously or in different circumstances. The recovery of the standard ig is
particularly dependent on the diluent used: a regtiar buffer or a similar matrix
in which the sample lg occurs {serum, liquor, etc.). Therefore, the sampie and
the standard should preferably be diluted in similar medium. Lyophilized
reference samples are more prone to deteriorate, denature and accumulate
turbidity as compared to fiuid reference standards. It is therefore generally
advisable to filter-sterilize, aliquot and freeze the standard samples.

It Is also a common practice to prepare standard samples for use In routine
assays that are cailibrated occasionally on internationally standardized reference
preparations. Such routine lg standards should contain highly purified (sub)class
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preparations that have been checked for intact Ig. Generally such standards are
obtained by purifying myeloma or hybridoma proteins from which the recovery
of intact material is all the more difficult. The ig preparation should preferably
contain members of the particular {sub)class that carry the different light chains
and as many allotypes as possible, Also, in the case of hybridoma proteins,
different specificities of the Ig produced should be included into the panel. Such
sample mixtures can subsequently be tested in various assays for the purity and
reactivity against the antiserum preparations used in the ELISA. Nexi, the
protein content in the reference sample can be established and a calibration
graph can be constructed by running this standard in the ELISA. Also a standard
plot can be obtained in which the sample readings are plotied against the
standard concentration. The latter plot can be the basis for further treatment
of the data by employing mathematical transformations.

6.4 Data transformation

The use of a reference scale eliminates systematic components of error and
gives analytical consistency to the measurement. In this way, normalization
bhetween runs, between laboratories and between methods is achieved.
Availability of international reference sera greatly facilitates the use of
calibration curves. In their absence, however, provisional arbitrary scales for
antibody activity can be used. Such progedure based upon interpolation on a
calibration curve of a standard sample is, however, hampered by the weak
reproducibility of the standard graph, the limited number of standard points to
draw graphs and the uncertainty of the geometry of the graph at lower
precision of the exparimental resulfs.

The calibration curves can be plotted in various ways. Commonly a calibration
curve of OD versus log dilution of the standard is plotted. In our experience,
however, probably because of differing affinities of the polyclonal Ig for a
monoclonal coat, the standard and the sample curves often have different
slopes complicating interpretation of the data obtained. Butler et al. {1985;
1992) considered the logarithmic transformation of the Mass Law and arrived
at the conclusion that the system can become independent of affinity within
certain limits when log-log plots are used, Such log-log plots are also used in
the 'Multiple Of Normal Activity method’ {Ritchie et al., 1983). This method
considers an approximately parabolic relationship between concentration of
antibody and the absorbance {A; of sample 1 at dilution 1 and A, of sample 2
at dilution 2} that will result in a straight line on a log-log plot. The log-log plot
will have a slope, m, and this factor is used for the calculation of the dilution
factor. This factor can be defined as the number of times a serum should be
diluted (D,) over a reference serum (D) to obtain the same absorbance as the
reference serum {= D,/Dy).
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Characterization of the dose response curve by approximating the dilution curve
by a second degree polynomial or a higher degree spline function is also used.
Gripenberg and Gripenberg (1883) approximate the function y{x}, that is the
absorbance (or fluorescence) vaiue obtained in ELISA when the serum dilution
factor is 1/x, by the polynomial

pR)=ay,+ax+ax’

using the least squares method, with equal weights at the discrete
measurement values of x. Lehtonen and Viljanen {1982} have used the function

kxl[mx
Gordon et al. (1886} on the other hand have suggested the use of
y=a+bfx+cfx?

Both are empirically found equations where k, m and a, b and c are constants
to be arrived at by an iterative process. One advantage of using a polynomial
ties in the simplicity of the calculation, since one has only to take a linear
combination of the reading values., On the other hand, these polynomials lack
monotonicity of the curves and are distorted by outlying values. Alternatively,
the standard curve can be transformed into a four-parameter log-logit fit from
which the sample Ig concentration can be determined.

6.5 Logistic transformation

For quantitative determination of the lg concentration, the measured response
is plotted in a semi-logarithmic plot versus log dilution (i.e., absolute
concentration) of the standard. Such dose-response curves are smooth,
symmetrical, and sigmoidal in appearance. The measured response may be in
terms of OD (chromogenic microtitre ELISA) or AFU {Arbitary Fluorescence
Units; Terasaki-ELISA). The semi-logarithmic curves may be described by the
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four-parameter logistic equation
a-d

———+d
1+(xfc)® '

Here, vy represents the response variable, x is the arithmetic dose {absolute Ig
concentration}, d is the response at high dose (upper response plateau), ais the
response at zero dose {lower response plataeu}, c¢ is the dose resulting in a
response halfway between a and d, and b is a slope factor that determines the
steepness of the curve. In this equation, y can never exceed d. Therefore, the
denominator must be greater than 1, and {x/c) has to be restricted to positive

values,

The quantity y increases monotonically since the differential equation, of which
the logistic function is the general solution,

dy
=my(d-
I my(d-y)

implies that dy/dt >0. For t — -, y tends to zero, and for t -» +«, y tends to
d. The growth starts slowly, then becomes faster and finally tapers off. Growth
of the signal is fastest in the neighbourhood of the point of inflection. To get
its location, the second derivative y = y(f) has to be equated to zero.

2
d_ =”1(dm2y).c_ix
dt? dt

This expression can only vanish if d-2y = 0 or y = d/2, that is, the point of
inflection is halfway between the lines y = O and y = d. To get the abscissa,
let y = d/2 in the logistic equation and solve it with respect to t:

t:l._.....]}_.k
dam

This particular abscissa is positive or negative depending on whether k<1 or
k>1.
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The four-parameter logistic eguation is not fitted to data directly to estimate all
four parameters, but a transformation of this equation is commonly used. A
new variable Y is defined as Y = {y-d)/{a-d) from which can be derived:

By taking the natural logarithm, a linear transformation is derived

logit(Y) =m~(~i§%)- ~-In(x/c)’=In c®-bln x

Before this linearized equation can be used, estimates of the parameters a and
d must be obtained.

Standard linear regression is performed on the logit values of the response
versus the log of the standard dilutions. The dilutions of known and unknown
samples at which the logit is equal to zero are then compared to determine the
concentration of the unknown. The latter plot is also useful to determine the
dilution of the standard that gave a half-maximum reading (D). Given a
constant amount of coated protein and constant affinity of the bound Ig versus
the coat, the Ig concentration bound to the coat at Dy, (Cg,) should be equal to
the Ig concentration in the sample {C,} that is bound to the coat at a certain
ditution (D¢} Thus, Cg = Cg,. From the sample response versus dilution factor
a similar transformed curve is prepared and the translation factor reifative to the
dilution factor of the standard that resuited in half-maximum response is
determined. By comparison with the known ig content in the standard, from this
translation factor the absolute Ig content can be calculated -

Csa =(Csf *DSﬂ)lDﬂ

The complete data handling is generally microprocessor controlled,

The four parameter log-logit transform takes into account the non-Gaussian
error distribution of the multiple readings of every standard concentration
tested. For every standard concentration tested, unequal weighted arithmetic
means of the readings are to be taken, resuiting in increasing standard
deviations along the standard curve for higher concentrations of standard as
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described by Rodbard {1971}). This complicates to a large extent the linear
regression analysis that has to be performed while constructing a standard
graph. For this reason microprocessor-based procedures have been designed to
reduce the deviation of the fitted values from the actual readings.

Since it was found that essentially identical resuits couid be obtained by using
equal weighted means as well as by unegual weighting, a simplified two
parameter log-logit transform was proposed. This method has, however, some
serious drawhacks like the strict dependency upon reaching equilibrium at every
incubation step and its large systematic errors at either end of the curve. These
effects can easily result in non-linear log-logit plots.

6.6 Concentration determination

Controversy has arisen over whether the ELISA measures antibody
concentration or antibody affinity. On the one hand, ELISA has been claimed to
measure antibody concentration (Engvall and Perimann, 1971; Butler, 1981;
Butler et al., 1985; 1992} and on the other hand to be a measure of antibody
affinity or avidity. Moreover, as a discontinuous solid-phase assay comprising
of cycles of washes and a second antibody step during which time the first
antibody may dissociate, it would not be surprising from first principles that low
affinity antibodies may not be detected in this system. It is all the more
important to resolve this controversy because low affinity antibodies may
predominate early in an immune response (and hence play a role in the early
diagnosis of infections) and may be important immunopathologically,

It appears that correlation of ELISA with affinity is assoclated with the form of
data expression chosen. Those reports indicating that ELISA measures antibody
concentration use the end-point titration approach, whereas those suggesting
that ELISA measures antibody affinity use the direct absorbance approach.
From the work of Lehtonen and Eerola (1982} it can be concluded that ELISA
absorbances read at low antibody dilution (i.e. antibody excess) preferentially
reflect the binding by high affinity antibodies in the preparation whereas
absorbances read at high antibody dilution (e.g. antigen excess) allow the
detection of low affinity antibody subpopulations as well. It has also been
reported that high epitope density minimizes the influence of affinity and should
be employed wherever possible. In our opinion, expressing the data in log-logit
plots, along with the use of a standardized pure Ig as a reference standard
minimizes the influence of affinity and allows normalization between runs. The
reference standard is obtained by mixing several purified hybridoma lg of the
same isotype. For antigen specific ELISA the calibrator should consist of a
mixture of monoclonals of the same antigenic specificity.



Quantitation of immunoglebulin concentration in ELISA 69

7 Important parameters

Some common characteristics of ligand-binding immunocassays determine the
quality and the final applicability of such an assay. These are the specificity,
sensitivity, precision and reproducibility, and practicability.

The specificity of the assay depends to a large extent on the quality of the
detecting antibody employed. Three points need to be borne in mind whilst
selecting the detecting reagents -

a. In our experience polyclonal antibodies are better detecting reagents than
monoclonals.

b. Generally speaking, the use of enzyme linked Flab’), or, better still, Fab
fragments is recommended.

c. All the Ig employed in the assay should be explicitly tested for monospeci-

ficity,

As mentioned earlier, the detecting antibodies are purified out of hyperimmune
sera and need to be of a high affinity to be of use as a detecting reagent. For
production of such high affinity sera, some knowledge of affinity maturation is
required. |t was not until studies of Eisen and Siskind (1964} using the defined
DNP-hapten system, that thermodynamically precise measurements of antibody
affinity were made. These studies clearly illustrated that the affinity of antibody
produced following immunization increases progressively and the rate of affinity
maturation is related inversely to antigen dosage. However, affinities do not
always mature, as indicated by the persistence of a low affinity population
throughout the antibody response, especially in the case of weak immunogens
{polysaccharides etc.). These facts should be borne in mind while raising

hyperimmune sera.

The direct binding of the conjugate to the solid phase, which is only to some
extent reduced by the use of detergents, should be avoided. The conjugate
should thus be employed at the highest possible dilution. In a sandwich or
two-site assay as described a much better sensitivity is reached by the double
recognition of the Ig carrying at least two separate determinants, by the
catching antibody or the antigen immobilized on the solid phase and the

detecting antibody,

The sensitivity of an assay is usually defined as the lowest concentration giving
a response which differs significantly from the zero concentration response
(detection limit). It would be more appropriate to define sensitivity as the
change in response {dR)} per unit amount of reactant (dC) and equals dR/dC
{Tijssen, 19856). Therefore, on a sigmoid dose-response curve, sensitivity
decraeases at either end of the curve resulting in an increasingly large error in the
estimation of the analyte. Detectibility reflects the confidence with which it can
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be stated that a certain response is larger than this error. Factors affecting
specificity influence sensitivity to a large extent. Assay sensitivity is a function
of the analyte concentration, detector sensitivity, and assay imprecision. Other
assay conditions also have a role to play in determining the sensitivity. These
include washing buffers and the performance of washing steps, nature and
molecular weight of the antigen {for antigen-specific assays}, ionic strength and
pH of the diluent, incubation period and temperature, and the molar ratio of
enzyme label per detecting antibody molecule in the conjugate. Ekins {1990)
has proposed that maximum sensitivity is dependent on 2/K, where % is the
experimental error of measurement and K is the affinity constant. Ekins (1990)
has further developed mathematical arguments which show that "non-spacific’
binding is one of the important factors that limit the sensitivity of non-com-

petitive ELISA.

The optimal reagent dilutions will also greatly influence the sensitivity and
detectability of the assay performed. Firstly, the quantity of immobilized antigen
or antibody is critically important. In all probabitity at high concentrations of the
coat protein multilayers are formed so that the actual quantity of protein
exposed to the antibodies is not increased. Moreover, the molecules may be
packed too close together and therefore are antigenically non-effective due to
steric hindrance. On the other hand, when the concentration of the antigan or
antibody immobilized is too low, the specific binding capacity is small and the
sensitivity of the assay will be low. The optimal coating concentration for each
assay system, as well as the optimal dilutions of all the other reagents to be
employed in the assay, therefore need to be empirically determined by checker-
board titrations. The efficiency of the reading of the high-energy product formed
determines the sensitivity of the assay. Most of the sensitive and quantitative
assays described reach detection limits for antibody varying from 2-20 x 10°18
mole per ml. The sensitivity in terms of dR/dC, however, is rarely stated in such

studies,

The precision and reproducibility of the assay are reflected by the slope of the
log dose-response curve and the standard deviation of the individual reading at
a certain dose of antigen. The steeper the log dose-response curve and the
smaller the standard deviation of this line, the higher wiil be the precision of the
assay. The general use of standard deviation {SD} is, strictly speaking, not valid
since ELISA values for negative reference samples are distributed with a
positive skew. Due to this skewness, false positives occur with a significantly
higher frequency than expected from a normal distribution. Non-parametric
methods would be more accurate but are hardly used since they require larger
sample sizes. SD is generally employed, but with a rather limited practical use.
More replicates in the assay will only increase the reliability of the estimate for
SD, but the spread of the individual remains in principle unchanged. A more
practical alternative is to estimate the 95 % confidence interval of the arithmetic

mean.
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The use of ELISA in large scale studies, eg. epidemiological surveys,
necessitates adequate assay precision, since in these situations it is not possible
to evaluate all samples of interest in a single assay and between-assay variation
must be minimised. Sources of between-assay variation include differantial
adsorptive charactersitics of polystyrene {or PVC} plates, fluctuations in pH and
temperature of buffers, errors in reagent praparation, reagent instability,
variability in the washing procedurs, timing of reactions and volumetric pipetting

errors.

Several methods are available for reducing between-assay variation in ELISA.,
These include - expressing resuits as a ratio of OD of test sera and the OD of
reference sera; expressing results as units read from a standard curve
constructed from control samples tested on each plate; use of a plate correction
factor (PCF} calculated as the ratio of a single or more control serum’s target
OD to its actual OD and multiplying the OD of the test sera by the PCF,

Reproducibility of the ELISA method used can be further increased by defining
a list of criteria for the standards on which quantitation in the assay is based.
Such a list should include: stability, homogensity, absence of contaminants,
accurate division into smaller aliquots, moisture content, identity of properties
with the test substance etc. Moreover, guality control samples should be
included in the tests to monitor variations at different concentration tevels and
to ensure the quality of the tests. For regular ELISA users, a quality control
chart plotting the results of the control sampies over time can provide a simple
means of monitoring trends and hence a drift in assay parameters.

The practicabifity of the assay refers not only to the speed and the ease to
perform of the assay, but also to the possibility of automation of monotonous
steps like washing, addition of reagents whether sample, conjugate, substrate
etc., and especially the measurement of the signal and calculation and compu-
tation of the results. A range of automated washing as well as measuring
systems alongwith software packages for camputation of results are available
for the microtitre system. For Terasaki-ELISA, on the other hand, only few
automation equipment is available. All these parameters must be taken into
account while choosing and performing ELISA.
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Terasaki-ELISA for murine IgE

I1. Quantitation of absolute concentration of antigen-specific and total IgE
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A Terasaki tray-based ELISA system was developed for the quantitative measurement of antigen-specific
and total IgE antibodies in 3 pl samples of mouse serum dilutions. The assay was based upon
non-competitive binding of mouse IgE antibodies between the immobilized appropriate antigen or capture
antibodies and the detecting rabbit antibodies. A conjugate of protein A-labelled 8-galactosidase and the
fluorigenic substrate methylumbelliferyl-8-p-galactoside were used as a detecting system. The resulted
fluorescence could be measured rapidly and automatically using an inverted micro-fluorimeter. These
measurements were automatically transformed into absolutle concentrations by a microprocessor-based
program using a four-parameter logistic function and an absolute IgE standard, The assay was shown to
have a detection limit of 0.04 ag/ml and a range of linearity of 0.04—-20 ng/ml, which is sufficient to

measure IgE concentrations in mouse serum.

Key words: IgE. mouse; Terasaki-ELISA; ELISA, inhibition; Antiserum, commercial; Western blotling

Introduction

In a previous study we have described the
production and specificity testing of several mouse
IgE-specific antisera that were found to be suita-
ble for enzyme-linked immunosorbent assays
(ELISA) of murine IgE (Savelkoul et al, 1989),
Using similar approaches, other investigators have
also produced heterologous mouse IgE-specific
antisera and developed approprate IgE-specific

Correspondence to; HLF.J. Savelkoul. Department of Im-
munology, Erasmus University, P.O. Box 1738, 3000 DR Rot-
terdam, The Netherlands.

Abbreviarions: |1gE, immunoglebulin E; ELISA, enzyme-lin-
ked immunosorbent assay; MUF-G, methylumbelliferyl-
galactoside; MUF, methylumbelliferon; AFU, arbitrary fluo-
rescence unil.

ELISA systems {Hill and Liu, 198%: Beohn and
Konig, 1982; Bozelka et al,, 1982; Giallongo et al.
1982; Maekawa and Ovary, 1984; Coffman and
Carty, 1986; Gavériaux ¢t al, 1986). Quantitation
of IgE in all of these studies was based on semi-
logarithmic standard graphs using the untrans-
formed absorbance readings.

Results obtained in ELISA are generally ex-
pressed as graphically determined end point tifres
(Malvano et al,, 1982; Caulfield and Shaffer, 1984},
titres based upon linear regression analysis (Hili
and Liu, 1981; Sancho et al, 1986) or absolute
concentrations using transformed data (Beatty et
al,, 1987). Probably the most general applicable
transformation is based upon a four-parameter
logistic equation (Rodbard and McLean, 1977; De
Lean et al,, 1978; Fernandez et al., 1983),

0022-1759,/89/503,50 D 1989 Elsevier Science Publishers B.V. (Biomedical Division}
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So far all ELISA systems for detecling murine
Igt have been pecformed in 96-well microtitre
plates using at least 100 pl serum dilutions. ft is
often difficult to measure the very low IgE con-
centrations since only low dilution factors ¢can be
used and a relatively large amount of serum is
required. This problem is even more pronounced
in longitudinal studies when only limited amounts
of serum are available. Therefore, we adapted an
ELISA for use in 60-well Terasaki trays so that 5
pl serum dilutions suffice (Pateraki et al, 1981,
Van Soest et al,, 1984; Labrousse and Avrameas,
1987). Using fluorimetric analysis of S-galactosi-
dase, the sensitivity of the ELISA is sufficient to
allow quantitative determination of both antigen-
specific and total IgE in mouse serum.

Materials and methods

Mice

Groups {n = 6—10) of female mice, 6-12 months
of age, were used for serum collection. BALB /¢,
C57BL/6 and SJL mice were purchased from
Bomholtgard (Ry, Denmark}). A /J and (C57BL /6
X DBA /2)F, mice were purchased from Olac (Bi-
cester, Oxon, U.K.). C3H/HeJ and C3HeB/FeJ
mice were obtained from Jackson (Bar Harbor,
ME) and AKR mice were purchased from the
Radiobiological Institute TNO (Rijswijk, The
Netherlands).

Serum samples and standard preparations

Sera from mice were collected and stored at
—20°C. Before use, the samples were spun down
in a mierofuge. The primary IgE standard used
consisted of a mixture of highly purified hy-
bridoma IgE prepared as described before
{Savelkoul et al,, 1989).

Antisera

The rabbit (RAM/IgE) and goat (GAM /IgE)
antisera to murine IgE were produced by immuni-
zation with mixtures of several highly purified
hybridoma IgE preparations. The 1gG fraction of
the GAM/IgE and RAM/IgE antisera reacling
exclusively with the Fc portion of IgE molecules
were purified and used as described elsewhere
(Savelkoul ¢t al, 1989), The purified antiserum

preparations were adsorbed repeatedly to the re-
ciprocal affinity columns: GAM/IgE and RAM/
IgE linked to CNBr-activated Sepharose 4B as
prescribed by the manufacturer (Pharmacia, Upp-
sala, Sweden). Samples were loaded on to the
columns in 20 mM Tris-HCI {pH 8.2) and eluted
with 0.1 M glycine-HCi {(pH 2.3) and washed with
10 mM phosphate-buffered saline (PBS, pH 7.2)
containing 0.15 M NaCl. Apart from this adsorp-
tion to remove contaminating cross-reacting anti-
bodies, the antisera were adsorbed on a protein
A-Sepharose column {Pharmacia), This was pru-
dent since a conjugate of protein A-coupled en-
zyme was used for detection. For the goat capture
antibody the effluent of this column was collected
while for the rabbit-detecting antibody the eluted
fraction was retained. Both samples were dialysed
and concentrated in an ultrafiliration cell equipped
with a Diaflow YM-10 membrane (Amicon,
Danvers, MA), filter-sterilized through a 0.22 um
filter (Millex GV, Millipore, Milford, MA) and
stored in aliguots at —20°C. In some experi-
ments, a rat monocional antibody (mAb} specific
for mouse IgE (EM9S5) (Baniyash and Eshhar,
1984) was used. This mAb was purified {rom
hybridoma supernatant on a goat anti-rat Ig affin-
ity column.

ELISA for guantitation of murine Igk

Clear polystyrene 60-well standard Terasaki
trays (type 653180, Greiner, Nirtingen, F.R.G.)
were coated with 5 pl/welt of 0.5-10 pg/ml of
the GAM /IgE antiserum as capture antibodies in
0.1 M carbonate-bicarbonate buffer (pH 9.6) or
the mAb EM95 in PBS. Alternatively, wells were
coated with 0.5-10 pg/ml of the relevant antigen
in coating buffer. In this and every other incuba-
tion step distilled water was applied o the tray to
prevent drying. The lid on each plate was closed
and plates were incubated overnight at 4°Cor 3 h
at 37°C. After coating, plates were used im-
mediately. Trays were washed with PBS contain-
ing 0.05% (v/v) Tween 20 (Sigma, St. Louis, MO),
with PBS containing 0.02% gelatin (UCR, Brus-
sels, Belgium, PBS-Gel) and wells were {illed with
PBS-Gel and incubated for 30 min at 37° C, After
washing with PBS containing Tween 20 and gela-
tin (PBS-Tw-Gel) the plates were dried. The wells
were then filled with dilutions of the serum or the



standard preparations. PBS-Gel was added to some
wells as a control for non-specific reactions. In
this and all subsequent incubation steps plates
were incubated for 30 min at 37°C., For the
routine testing of sera 2 or 3.3-fold serial dilutions
(in four steps) ®ere made while for standard curves
eight serial dilution steps were assayed. After ex-
tensive washing and removal of liquid from the
wells, a conjugate was applied of the enzyme
B-galactosidase (Boehringer, Mannheim, F.R.G.)
linked to protein A. This reagent was either pre-
pared in-house (Van Soest et al., 1984) or obiained
commercially (Amersham, U.X., or Zymed. San
Francisco, CA} and was used at an optimal dilu-
tion (1/200-1/1000) in conjugate buffer (PBS
containing 0.05% Tween 20, 10 mM MgCl, and
50 mM  2-mercaptoethanol, Eastman Kodak,
Rochester, NY). After extensive washing with
PBS-Tw-Gel and aspirating the liquid from cach
well, 5 pl/well (=37 uM) of a solution (0.25
mg,/ml) of the highly fluorogenic substrate 4-
methylumbelliferyl-8-p-galactopyranoside (MUF-
G. Sigma) was applied and plates were incubated
for precisely 60 min at 37°C. Finally, to each well
5 pl stopping solution (¢ M Na,CO,, pH 10.4)
was added and the resuiting fluorescence was de-
termined in an automatic scanning inverted micro-
ftuorimeter (Leitz, Wetzlar, F.R.G.). The instru-
ment was equipped with a photomultiplier and an
average value current meter {De Josselin de Jong
et al., 1980) and the measured fluorescence inten-
sity was recorded in arbiteary fluorescence units
(AFU). A 60 channel 5 pt/well replicator (Biotec,
Basel. Switzetland) and a 6 channel Terasaki dis-
penser (Hamilton, Bonaduz, Switzerland) were
used as pipetting devices throughout. For washing
the plates a device was constructed consisting of a
bottle containing washing buffer and a spraying
device that ensured individual washing of every
well,

Data analysis and representation

Far quantitative determination of IgE con-
centrations, the measured AFU values were plotted
on semi-logarithmic graph papers versus log dilu-
tions {Le., absolute concentration) of the standard.
This yielded dose-response curves which were
smooth, symmetrical. and sigmoidal in ap-
pearance. These curves may be described by the
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four-parameter logistic equations:

—d
ygtu )+d

1+(§)h

where y represents the response variable (AFU),
x is the arithmetic dose (absolute IgE concentra-
tion), a is the response at high dose (upper AFU
plateau}, d is the response at zero dose (lower
AFU plateau), ¢ is the dose resulting in a response
halfway between a and 4, and 5 is a slope factor
that determines the steepness of the curve. From
this standard plot, log-togit transformation is pes-
formed:

I

—y

Jogit ¥ = ln( : )=k+(b %lnx)

in which ¥ is the percentage response at dilution
i(Y = WOAFU, /AFU_,,.), and & is an unknown
constant {De Lean et al, 1978; Beatty et al.,
1987). The siope of the log-logit plot corresponds
o the slope factor b of the sigmoidal dose-re-
sponse curve. As a function of the AFU response,
the logit equation can be rewritten as:

|0git Yﬂ—ij
(AFU,., —AFU)

Standard linear regression was performed on the
logit values of the AFU versus the log of the
standard dilutions. The dilutions of known and
unknown samples at which the logit was equal to
zero were then compared to determine the con-
centration of the unknown, This was based on the
notion that the logit zero point represents half the
maximum binding of the standard (D,,) as well as
the sample (D). Given a constant amount of
coated protein and constant alfinity of the bound
IgE antibodies to the coat, the IgE concentration
bound to the coat at D, (C,) should be equal to
the IgE concentration in the sample (C, at the
dilution D). Thus at logit zero C,=¢,. By
comparison with the known IgE content in the
standard, the absolute IgE conient can be calcu-
lated according to:

Ca=(CX D,)/D,
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The complete data handling process was micro-
processor controlled.

Results

Optimal ELISA conditions

The sample volume (5 pl) used for performing
ELISA in wells of a Terasaki tray, is only 5% of
that used in a well of a regular microtitre plate
(100 pl). Other parameters also play an important
role in establishing useful concentrations of re-
agents in a Terasaki-ELISA. When comparing a
well of a standard Terasaki tray with a round
bottom well of a microtitre plate with respect to
the effective surface arca available for coating
{Table I), it can be concluded that a ‘different
geometry exists in a Terasaki well. Because of the
ten times Jarger effective coating area per volume
in a Terasaki well, apart from the optimal coating
conceniration, the concentrations of all subse-
Tuent reagents for performing an ELISA will also
differ significantly from those used in the micro-
titre plate-based ELISA. Therefore, the optimal
concentrations of all reagents to be used in a
Terasaki-ELISA need to be determined em-
pirtcally,

The optimai dilutions of all reagents were de-
termined by simple titration and were further re-
fined by chequer-board titrations, The effective
coating area per unit volume was such that over a
broad range (0.5-8 pg/ml) of coating concentra-
tions of either the capture antibodies (GAM /IgE}
or antigen (DNP-BSA) similar readings were ob-

TABLE {

COMPARISON OF SOME PHYSICAL CHARACTFERIS-
TICS OF ROUND BOTTOM WELLS OF A MICROTITRE
PLATE AND THE WELLS OF A STANDARD TERASAKI
TRAY

Figures were calculated according 1o the manufacturer's speci-
fications,

Micro-  Tera-

titre saki

well weld
Liquid capacity /well {p1) N7 11.4
Available surface area/well (mm®) 225 128
Effective coating area/volume {mm>/k1) 011 1.14

T — T T T T
19 r 11

tima
Fig. 1. Determination of the ELISA binding kinetics, Terasaki
trays were charged with the IgE standard () and after varous
time intervals the amount of bound IgE was determined.
Simiarly, RAM/IgE was added for various times to plates
coated with either IgE standard {0) or IgE standard bound 1o
the coated GAM/IgE capture antibodies (@), Subsequently,
the bound RAM/1gE fraction was determined. The results are
expressed as AFU obtained from the bound fractions.

tained when testing serial dilutions of several
DNP-specific monoelonal TgE antibedies. Optimal
concentrations of either coat were therefore set to
2 ug/ml. In a similar fashion we established the
optimal concentration (12.5 pg/ml) of the detect-
ing antibedy (RAM/IgE) as well as the optimal
working dilution of the protein A-enzyme con-
jugate (1 in 1500},

Kinetics of the binding

Next, it was established that equilibrium was
reached in this Terasaki-ELISA employing in-
cubation times of 30 min at 37°C. To this end, a
regular ELISA was performed for total IgE in
which the sample incubation times were increased
from 1 min up to 60 min. All other incubation
steps remained constant at 30 min, The resulis
(Fig. 1) showed a logarithmically increased signal
reaching a plateau value of AFU within 10 min
reaction time at 37°C.

Kinetic studies of the substrate incubation times
showed a linear increase in time of the reading
value of a standard IgE sample in a concentration
high enough to reach the plateau value (Fig. 2).
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Fig. 2, Kinetics of the product formation (expressed in AFU)
by incubating plates charged with a maximum conceniration of
TgE standard (40 ng/ml) for varous perieds of time (0). As a
negative control plates were charged with PBS-gelalin (@),

This increase was not accompanied by an increase
in the negative control. From this experiment an
optimal substrate incubation of exactly 60 min
was selected in order 1o be able to compare read-
ings from different experiments. The optimal sub-
strate conceniration was determined to be 3.7 pM
of MUF-G {data not shown),

500 o
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100 - ¥=5420. 72

b
(r =0.92)
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IgEingimi) In FLURAM

100

’ '0 100 200 e 400 500
IgE(ng/ml) in ELISA

Fig. 3. Standard curve of the absolute IgE standard, The [gE

content in various dilutions of the standard was assessed by

both the flucrescamin based protein determination and the
quantitative Terasaki-ELISA,
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Fig. 4. Standard curve of the absolute IgE standard on plates

coated with GAM /1gE capiure antibodies. The data represent

a serni-logarithmic plet of the various concentrations (0.01-40

ng/ml) of IgE and the extent of binding {expressed in AFUY) as
determined by Terasaki-ELISA,

Stendard ctirves

An absolute (primary) standard of hybridoma
IgE was prepared to permit quantitation of total
1gE. This IgE standard contained 40 pg/mi, based
upon protein measurement of the purified IgE
content (Fig, 3). From the readings of such a
standard, a semi-logarithmic plot (Fig. 4) as well
as a log-logit plot (Fig. 5) were constructed, show-

lagit

A T T T T T T
-09 on 0.6
log concentratien (ngiml)

Fig. 5. Log-logit transforms of the data of the siandard curves

plotted in Fig. 4. Logarithms of the IgE-concentrations at

various dilutions of the standard (0.01-40 ng/ml) are plotted
apainst the logit of the comresponding AFU readings,
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TABLE IT

MONOCLONAL AND POLYCLONAL IgE CONCENTRA-
TION AS DETERMINED IN TERASAKI-ELISA

All Agures represent the arithmetic mean of the 1gE content in
ng/ml+1 SD (n=d).

Sample Origin 1gE content
(ng/mi+ SD)
IGEL ad 6.3 Culture supemnatant N+ 12
TGEL a4 6.5 Culiure supernatant 55+ 14
IGEL b4 1 Ascites 125+ 25
[GEL bd 14.2 Ascites 82501167
B33/A4 Culture sepernatant 4+ 9
[gE 14-205 Ascites 9+ 16
NMS BALB/c 328+ 38
NMS C3H/Hel 421+ J6
NMS C3HeB/Fel 4% 1
NMS DBA/2 1250+ 26
NMS C578L/6 24+ 9

ing a straight portion over a sufficiently large
range of IgE concentrations (0.04-20 ng/ml). For
routine determinations of IgE concentrations in
mouse sera a secondary standard consisting of a
mixture of partially purified hybridoma IgE was
employed in every assay.

In order o test the reproducibility of the
Terasaki-ELISA, intra- and interplate variation
were repeatedly determined. This was done for the
antigen-specific as well as the total IgE standards,
It was found that the coefficients of the calculated
concentrations were consistently less than 5%,

Concentration of serum IgE antibodies

The Terasaki-ELISA was used to measure IgE
concentration in a number of pooled serum sam-
ptes from mice of several strains (Table 1), The
results showed that the IgE levels differed signifi-
cantly amongst the various strains.

Discussion

This paper describes a Terasaki-ELISA for the
quantitative determination of murine IgE which
combines the measurement of absclute concenira-
tion with a small sample size of only 5 pl. The
ELISA is performed as a sandwich ELISA em-
ploying two non-cross-reacting antiséra and a con-
jugate of protein A linked to the enzyme S-galac-

tosidase. Using a fluorigenic substrate and auto-
matic fluorescence measurement and micro-
processor-based data acquisition and transforma-
tion, the assay proved to be sensitive and repro-
ducible. The quantitative measurement was based
on a standard composed of purified moncclonal
IgE proteins frem six different hybddomas carry-
ing different idiotypes and allotypes.

The results obtained show that Terasaki trays
are well suited to act as a matrix for the perfor-
mance of an ELISA as was shown previously
{Pateraki et al., 1981; Van Soest et al, 1984;
Labrousse and Avrameas, 1987). More imporiant,
this study reveals that because of the largely in-
creased effective coating area (Horejsi and
Matousek, 1985), the Terasaki-ELISA is especially
useful for the determination of IgE antibodies that
occur at low concentrations.

It has been claimed that up to a certain limit, a
constant fraction of the proteins is adsorbed to
plastic surfaces with a limit of about 1.5 ng/mny
for proteins such as IgM and BSA (Butler, 1981).
As these data were obtained in microtitre plates
having an effective coating area of around 0.1
mm’/pl (Table 1), lhis would imply that a maxi-
mum protein concentration of 0.2 pg/ml can be
employed for coating before steric hindrance oc-
curs. For Terasaki trays, however, the maximum
protein concentration for coating is ten times larger
and it was this value of 2 pg/ml that was selected
for routine coating in this Terasaki-ELISA system,
Moreover, this would explain the broad range of
coating concentrations thal can be used. This and
the fact that only seldomly were prozone phenom-
ena observed in the Terasaki-ELISA, led us to
believe that a largely increased density of anti-
genic epitopes is available for binding on these
trays compared to microtitre plates. This is in
contrast to the prozone phenomenon caused by
monovalent binding of antibodies to microtitre
plates and observed at similar antigen concentra-
tions {(Kemp and Morgan, 1986; Vos et al,, 1987).

Although we have tested relatively few batches
of trays from one manufacturer, we never ob-
served any vadation in the binding capacity of
different coating proteins. However, such vatia-
tion has frequently been described as an edge
effect with microtitre plates (Murphy et al., 1980;
Shekarchi et al., 1984).



Blocking with gelatin was found to be essential
afer the coating. Using the same approach as that
described for microtitre plates by Yogt et al. (1987)
we have tested several blocking agents and found
a low concentration of gelatin most efficient.

The sensitivity as wetl as the specificity of an
ELISA assay are largely dependent upon the de-
tecting antibody employed. As described in detail
in the accompanying paper (Saveikoul et al.,, 1989),
the specificity of the RAM/IgE antiserum em-
ployed has been tested extensively in an inhibition
type Terasaki-ELISA. In addition to demonstrat-
ing that the antiserurn employed was specific for
1gE, it was shown that it is also {ree of any
cross-reactivity based on anti-idiotypie, anti-al-
lotypic or anti-light chain contamination.

Detection in this Terasaki-ELISA is based on a
conjugate of B-galactosidase-labelled protein A.
Protein A is especially useful in ELISA as it can
behave as a purified anti-antibody of restricted
specificity without species specificity (Engvall,
1978 Surolia and Pain, 1981; Langone, 1982).
Such an ELISA can be used for assaying g without
binding affinity for protein A, e.g., rat monoclonal
antibodies directed against cetl-surface determi-
nants {Van Soest et al., 1984) or murine IgE {this
study).

The present study showed that an incubation
time of 30 min at 37°C was sufficient for all
binding steps to reach binding eguilibrium in this
system. This, together with the higher coating
efficiency of Terasaki trays, allowed determination
of the affinity censtants of IgE antibodies in
ELISA as described in the accompanying paper.

By employing fA-galactosidase-labelled con-
jugates and fluorimetry as a measuring procedure,
the ELISA can be made quantitative to the fevel
at which IgE antibodies occur in mouse serum. It
has been claimed that fluorimetric methods offer a
1000-fold higher sensitivity than colorimetric
methods (Shalev et al., 1980). In choosing a suita-
ble combination of a flucrigenic substrate and one
of the enzymes alkaline phosphatase or S-gatac-
tostdase as a label, Ishikawa and Kato (1978) and
Neurath and Strick (1981) chose the Ilatier al-
though the fS-galactosidase activity for 4-methyl-
umbelftferyl-8-p-galactoside (MUF-G) is lower
than the alkaline phosphatase activity for 4-meth-
viumbelliferyl phosphate (MUF-P}. The reason
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that they preferred 8-galactosidase in combination
with MUF-G was that MUF-P has a significantly
higher fluorescence background levet than MUF-
G. This is probably due to non-enzymatic hydro-
lysis of MUF-P (Neurath and Strick, 1981).

A further necessity for quantitation in ELISA
is an absolute standard for calibration of the
assay. Such a standard should consist of a known
amount of highly purified and intact IgE
(Savelkoul et al.. 1987).

in order to adapt the method for broad appli-
cability, microprocessor-based analysis is neces-
sary to compare essentially sigmoidal dose-re-
sponse curves (when the dose is porirayed on a
logadthmic scale) of standard and individual test
samples. Irrespective of the type of ELISA and
probably generally for ligand-binding assays, a
logistic equation is applicable (Redbard and Mec-
Clean, 1977; De Lean ¢t al., 1978 Fernandez et
ab., 1983), Therefore, this method has become
standard for radioimmunoassays and was recently
also adopted for quantitative analysis in ELISA
(Rodbard and McClean, 1977; Fey. 1981; Beatty
et al, 1987). The method has the advantage that
the absolute concentration of IgE in a sample
translates the position of the dose-response curve
on the log scale. The method niinimizes the in-
fluence of the affinity of the sample to the coat
and for this reascon the shape of the dose-response
curve is not significantly different between a sam-
ple and the standard or between various samples.
This Ferasaki-ELISA system has a detection limit
that is low enough and a linear measuring scale
that is large enough to allow quantitative de-
termination of IgE in mouse serum based upon
the log-logit transformation of the data.

[t is anticipated that this Terasaki-ELISA sys-
tem is applicable to a range of situations in which
low concentrations of protein molecules have (o
be quantitatively determined in small sample
volumes in an accurate and reliable manner,
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Terasaki-ELISA for murine IgE

II. Determination of concentration and functional affinity
by sequential equilibrium binding analysis
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A simple Terasaki tray-based ELISA technique with a fluorescent detecting system has been used to
determine the affinity of murine IgE antibodies. The system was shown 10 be sensitive enough to measure
affinities in the range of 107%-107'% M as well as detect IgE antibodies down to a limit of 0.1 ng/ml, The
results, expressed as arbitrary fluorescence units (AFU), were compared with those obtained using
equilibrium dialysis for several DNP-specific IgE monoclonal antibodies of known affinities yielding X,
values. The relationship between K,p; and K, established a conversion factor which could then be used
to compute K|, from K,py, provided the detection system remained identical. Based on the equations
proposed, an alternative method for the quantitation of murire IgE is described which is independent of

the affinity of IgE for (he coated antigen,

Key words; Terasaki-ELISA; Sequential equilibrium binding analysis; Alfinily; Quantitation

Introduction

Antibody affinity is of crucial importance in
the performance of immunoassays, Enzyme-linked
immunosorbent assays (ELISA) are generally
thought to be too insensilive to detect antibodies
of very low affinity (Steward and Lew, 1985}, The
affinity of an antibody is determined at a state of
equilibrivm and is expressed as a binding con-

Correspondence 10: H.FJ. Savelkoul, Department of Im-
munelogy, Erasmus University, P.O. Box 1738, 3060 DR Rot-
terdam, The Netherands,

Abbreviations: ELEISA, enzyme-linked immunosorbent as-
say; AFU, arbitrary fluorescence units; MUF-G, methylumbel-
liferyl-g-galactopyranoside; MUF, methylumbeltiferone; IgE,
immuncglobulin E; mAb, monoclonal antibody; RAM/IgE,
rabbit-anti-mouse-IgE antiserum; OA, ovalbumin; cpm, counts
per minute,

stant, This binding constant (X) is a measure of
the strength of the interaction between antigen
and amtibody, and is a suitable parameter for the
specificity of the antibody (Metzger et al.,, 1984).
It therefore directly influences the detection limit
of an immunoassay, 1.¢., the ability to distinguish
a low analyte concentration as being statisticaily
different from background,

Several techniques are available for the de-
termination of affinity. Most of these utilize the
mathematical theory of Feldman (1972) as a gen-
eralization of that of Scatchard (1949). This theory
characterizes the equilibrium composition of a
multicomponent ¢cross-reactive ligand-binding sys-
tem by solving the mass action equations. It there:
fore requires the measurement of bound and free
antigen (or antibody) concentrations and the de-
termination of their ratios over a range of antigen
(or antibody) concentrations, Equilibrium dialysis

0022.1759/89,/803.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)
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is considered to be the most unequivecal of these
methods, although it can only be used to de-
termine the affinity of antibodies to small haptens
(Steward and Steensgaard, 1983).

Many studies have been conducted on the ef-
fect of antibody affinity on ELISA measurements
(Lehtonen and Eerola, 1982; Lew, 1984; Nimmo
et al,, 1984; Steward and Lew, 1985), Compelitive
ELISA techniques were among the first to use
differing input concentrations in the coating solu-
tion (Nieto et al, 1984; Beatty et al, 1987). In
general non-competitive ELISA have been used
for quantitation and avidity determinations are
also possible without the need to label the anti-
bodies, However, these techniques require rela-
tively large concentrations of antigen (Lehtonen
and Viljanen, 1982; Matikainen and Lehtonen,
1984; Friguet et al,, 1985} Alternatively, binding
constants may also be estimated from adsorption
measurements (Li, 1985).

For the determination of IgE antibedies in
ELISA it is common practice (o employ sandwich
systems because of their increased sensitivity com-
pared 1o direct ELISA systems (Savelkoul et al,
1989b). We propose that it should be possible to
use a simple Terasaki tray-based ELISA technique
(Savelkoul et al,, 198%a,b) to detcrmine the affin-
ity of murine IgE antibodies without prior purifi-
cation and even when present in minute quantities
as in normal serum. An apparent equilibrium con-
stant (K ,py ) was meausred by using the data in
two different formulae derived from Lthe Law of
Mass Action (see appendix).

Materials and methods

Mice

C57BL/6, DBA /2 and B6D2F1 mice were ob-
tained from Bomholigard (Ry, Denmark}. A/J
mice were purchased from Olac (Bicester, Oxon.,
U.K.). Groups of female mice (n=6-10), 6-12
months old, were used for serum collection. Serum
samples were collected and stored at —20°C,
Before use, the samples were spun in a microfuge,

Reagents
Monoclonal anti-DNP IgE antibodies (mAb)
(clone IgE 53.169) and anti-ovalbumin IgE (clone

IgE 14-205) (Boticher and Hammerling, 1978) were
obtained from Sera Lab (Crowly Down, Sussex,
U.K.). Anti-TNP [gE IGEL b4 14.2, b4 1, ad 6.3,
a4 6.5 (Rudolph et al,, 1981) were a kind giflt from
Dr. MR, Wabl (San Francisco, CA, US.A.).
Anti-DNP IgE Hl-e-26 (Liu et al, 1980} was
kindly provided by Dr, S.B. Lehrer (New Orleans,
LA). Anti-DNP IgE B53 /A4 (B6ticher et al,, 1930)
and rat-anti-mouse IgE EM95 (Baniyash and Esh-
har, 1984) were kindly donated by Dr. R.L. Coff-
man (Pato Alto, CA) and Dr. Z. Eshhar (Isrzel),
respectively.

The samples used were either crude super-
natants, ascitic fluids or purified IgE as indicated
in the results section. Purification was performed
as previously described (Savelkoul et al., 1987).

A conjugate of sheep anti-rabbit-B-galactosi-
dase (ShAR-B-gal) was obtained from MIAB
Laboratories (Uppsala, Sweden). Bovine serum al-
bumin (type V, Sigma Chemicals, St. Louis, MQ)
was dinitrophenylated to a level of 27 DNP mole-
cules {DNP27-BSA) per protein molecule (as de-
termined spectrophotomeltricaily) using dinitro-
benzenesulfonic acid (Eastman Kodak Co.,
Rochester, NY) as described (Koch et al, 1981).
Fraction VII ovalbumin {OA) was obtained from
Sigma Chemicals. 2,4-{3,5-H]dinitrofluoroben-
zene was obtained from NEN Research Products
(NET 363, Dreieich, FR.G.).

Terasaki-ELISA

The Terasaki-ELISA was performed as de-
scribed by Savelkoul et al, (1989b). Clear 60-well
Terasaki trays were coated overnight at 4°C with
2 pg/ml of DNP27-BSA, OA or the capture mAb
rat anti-mouse IgE EM95 (Baniyash and Eshhar,
1984) in 0.05 M phosphate-buffered saline, pH 7.2
(PBS), Plates were blocked with PBS containing
0.05% Tween 20 {Sigma) and 0.02% geiatin {UCB,
Brussels, Belgium) for 30 min at 37°C. The same
buffer was also used to wash the plates between
each incubation step. Next, 5 pul replicates of serial
dilutions of the sample were added to the plates.
Plates were incubated in a humidified atmosphere
for 30 min since it has been shown previously that
this time is sufficient to establish binding equi-
librium in these plates {Savetkoul et al., 1989b),
Subsequently, the plates were treated with the
detecting antibody RAM/IgE diluted optimally



(1/200) and the conjugate ShAR-B-gal, diluted
1,/1000 in PBS containing 10 mM MgCl, - 6H,0
and 0.02% Tween. The fluorigenic substrate 4-
methylumbelliferyl-8-galactopyranoside {(MUF-G,
Sigma) was added to the wells and the plates were
incubated at 37° C for precisely 60 min, The reac-
tion was terminated by adding 1 M Na,CO; stop
buffer, pH 10.4. The resulting {luorescence was
measured in an automated microflucrimeter (Leitz,
Wetzlar, F.R.G.}. The data obtained were subse-
quently presented as mean arbitrary fluorescence
units {(AFU). Controls for non-specific binding of
reagenls to the coat (negative control) and non-
specific substrate reactions (background) were also
included.

The detecting antibody used was a polyclonal
RAM/IgE antiserum (2 mg purfied IgG frac-
tion/mt), It was prepared, purified and tested for
its affinity as previously described (Savelkoul et
al., 1989a), Morcover, the monospecificity of the
antiserum was assessed in immunoblotting and in
inhibition ELISA employing purified hybridoma
and myeloma proteins of IgE as well as other
(sub)classes, including both heavy and light chains.

Binding analysis and determination of Kypy

The Terasaki-ELISA as described above was
adapted for affinity determinations. Following the
first incubation with the sample, the liquid in the
wells was carefully removed with an automatic
replicator (Biotec, Basel, Switzerland) and trans-
ferred to a fresh plate that had been previousiy
identically coated and blocked for non-specific
interactions. The second plate was then incubated
at 37°C for 30 min to allow the equilibrium to be
reached eonce again, Sequential transfers were per-
formed a number of times to establish the validity
of appendix equation 9. The plates were further
treated with the devetoping reagenis identically as
described above. The fluorescence developed
{AFU value) in the {irst plate was a direct measure
of the paratopes that had complexed with the
epitopes, i.e., x; of equation 8 (see appendix). The
sum of x, {AFU value in the second plate) + x;
(AFU value of the third plate) + ..x, (AFU value
in the #'" plate) gave the Zx, value of equation 8
for every dilution of the IgE containing sample
tested,
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Equilibrium dialysis

Equilibrium dialysis was performed essentially
as described by Fazekas de St. Groth (1979) and
Lehtonen and Eerola (1982). Briefly, 1 ml screw-
capped tubes (Numc, Roskilde, Denmark) were
used as dialysis chambers. These were treated
overnight with PBS-Tw-Gel containing 0.1 M
sodium azide (NaN,) 1o reduce non-specific bind-
ing and to prevent microbial growth, The tubes
were then shaken dry and 1.3 mi of a range of
various concentrations of the labeled hapten di-
nitrofluorobenzene in PBS-NaN; was added to
them. 200 gl of various concentrations of DNP-
specific IgE {B53 /A4) diluted in PBS-NalN, were
added to the lids. They were then covered with a
double layer of the dialysis membrane (cut-off
6-8 kDa, BRL, Bethesda, MD) and closed tightly,
taking care to exclude air from the reaction cham-
bers, The tubes were then sealed carefully and
incubated at 37°C with intermittent shaking for
48 h. The liquid in the chambers was then checked
for volume and 50 pl of the liquid from both of
the compartments were transferred to 20 ml In-
stagel (Packard, IL, U.S.A)), shaken and the cpm
measured in a liquid scintillation counter (Tricarb,
Model 1500, Packard, IL, U.S.A.}. A plot of the
ratic of bound (x) to free hapten ( £ — x) versus
the bound hapten {x) was then constructed and
the K, of the antibody was calculated from the
slope of the curve. Considering £ total antigenic
epitopes and » paratopes per antibody molecuie
{ P = nA), the equilibrivm equation used was:

(E—x}(nif—x) -
X

(Fazekas de St. Groth, 1979).

Results

Determination of K ¢y

Based on equations 7 and 8 of the appendix, we
determined in sequential binding steps the affinity
of & monoclonal anti-DNP IgE (B33/Ad) for
DNP-BSA. It was observed that the signal reached
& plateau in the first few dilutions of the IgE on
the first plate (Table I}. The x, and x, values
were almost equal at the highest input concentra-
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TABLE 1

RESULTS OF SEQUENTIAL BINDING ANALYSIS OF A
MONOCLONAL IgE ON DNP-BSA COATED TERASAKI
PLATES

Sample Arbitrary fluorescence units (AFU) b
dilution * Y PN % 5x,
1/2 17210 16962 12753 43503
1/4 17621 15065 9357 28422
1/8 17663 14266 8411 26213
1/16 16490 11781 5890 19671
1/32 14639 8890 3720 12590
L/64 11248 5463 1910 7373
1/128 9825 4390 - 4380
1/256 6333 2226 - 2226

2 Dilutions of the sample were added to the coated and
blocked plate and incubated at 37°C for 30 min, The sample
was then carefully removed and added to a4 second identicatly
coated and blocked plate. The sequential transfers were con-
tinzed until the AFU in the highest TgE inpul reached the level
of the negative control. The AFU value in the first plate was
Xy, in the second one x5, in the third x,...etc. The summation
of x5, X3...X, gave Tx,.

® All figures were corrected for background and non-specific
fluorescence,

tion. The ¥, value remained on the same plateau
over a range of sample dilutions whereas x; was
already decreasing within this range. This sug-
gested that aC, the concentration of antigenic
sites avaitable in the wells, was limiting at these
input concentrations of IgE and x, tending to-
wards nC. This gave the approximate vaiue of nC
in AFU. Using this value of nC, a plot of
(nC—x M(nC — x,3} vs. (x| — x;)}/x; was con-
structed (Fig. 1). The slope of this graph is
K, py*nC as outlined in appendix equation 7,
The K, obtained was 4.2 X 10

If a plateau is not reached at the highest input
concentration of the IgE, the value of »C cannot
be estimated and equation 7 is inapplicable. In
order to apply equation 8, a series of equilibria
between the mAb IgE (B53/Ad4) and the DNP-
BSA coal was established 1o meet the condition
(P —x)=x,+x,... +x, of equation 7a. The
plot of x, vs. x,/Zx, was then constructed (Fig.
2). The inverse of the stope of this graph vielded a
Kypu of 4.5 %107,

100+

80+

80

40

InC - %41 [nC - X % 107%

204

O-4p—A 8 T T T T T
02 04 06 08 1.0 1.2
Xy~ %30

X2

Fig. 1. Determination of X,py based upon approximation of
aC, Dilutions of anti-DNP IgE B53/A4 were added to DNP-
BSA coated trays. Following the first incubation, the sample
was removed, added te a second identicaliy coated tray and
reincubated. The signal obtained in the first tray was x,
{AFU) and that oblained in the second was x,. The AFU
valug of the piatean region of the dilution curve gave the
approximate value of aC. A plot of (aC— x)(nC —x,)
(%107 %y vs, {x; = x,)/%, was then constructed.

28+
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Y
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Fig. 2. Determination of K,py without the use of 2C, Sequen-

tial equilibria were established between DNP-BSA (coat) and

the IgE sample. The AFU obtained in the first plate was x,.

The summation of AFU for the remaining plates was Tx,. A

plot of x/Zx, vs, x, was then constructed. The inverse of
the slope of this graph gave the K, py)-



X (AFL 2 1073
8
i

T T T T T T T
0 02 04 08 08 10 1.2

Xi - Xy
X3

Fig. 3. Sequential equilibria for the prediction of Zx,. The x,

and %, values were determined as outlined in the legend to

Fig. 1. A plot of x; vs. (x; ~ x,}/x, was then constructed,
Such plots weze used to predict the values of xy, x4... X,

Determination of Zx,

As an alternative to the sedes of sequential
equilibria required for equation 8, the empirical
equation 9 may be used to obtain the x, value,
The AFU values obtained after the first and the
second incubations, x; and x,, were used to con-
struct a plot of x, vs. {(x, —X,)/x,. Fig. 3 shows
a typical result of this analysis for the mAb
B53 /A4, Such plots were used to predict the x,,
X45..., X, values for equation 8. Plotting the log
of dilution of the samples against these predicted
and expenmentally determined values of Zx,
shows the close agreement between these values
(Fig. 4). Similar resuits were obtained with other
mAb: anti-TNP IgE (IGEL ad 6.5, bé 14.2), ani-
OA IgE (14-205), anti-DNP IgE (53.169) as well
as with polyclonal IgE antibodies (sera of DBA /2
and B6D2F1 mice) on various different coats {(mAb
anti-IgE EM95, DNP-BSA and OA}. These results
established the applicability of the equation (data
not shown),

Determination of K,y of a different IgE mdb

The K, values of the complete panel of six
mAb anti-DNP IgE were then computed by de-
termining the x; and x, values of these mono-
clonals on a DINP-BSA coat. The data were fitted
in equations 7, 8 and 9. Table I lists the K,g
values obtained.
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Fig. 4, Companson of actual and predicied Zx, values.
Sequential equilibria were established between IgE samples
and the coat. A summation of AFU values of plates 2, 3,
4...n, gave the experimental Zx, (closed symbols), The AFU
values of the first and the second plates were inserted in
equalion 9 to arrive at the predicted 2x,; values (open sym-
bols). A plot of Xx, vs. log dilution was then constructed. The
IgE samples were mAb IGEL b4 1 on a DNP-BSA coat (4, a),
normal serum from A/J mice on EM95 ceat (8. O), and
anti-ovalbumin IgE {clone [gE 14-205) ¢n EM95 coal {@, O).

<

Appiicabifity

The method was also vsed to determine the
equilibrium constant of a reaction invelving two
immunoglobulins, Plates were coated with 2 ug/ml
of EM95. They were charged with various mono-

TABLE 1
Kary AND K, OF A PANEL OF ANTI-DNP BE FOR
DNP-BSA AT 37°C AS DETERMINED IN TERASAKI-
ELISA

Monoclonal  Nature Kppy * Kp®

leE per equa- per equa-
tien 7 tion &
IGELb41  Supermatant 33107 36x10° 69%1077

IGEL b4 14.2 Ascites NDC sk 1sx107d
IGEL a4 6.5 Supernatant 3.2x10° 35x10° 67x10°°
20%10° 40xtg?

22x10% 44x107*

IGEL ad 6.3 Supematant ND

Clone 53169 Purified ND
E4x10* 1L6x10% 30x10°%

HI-¢-26 Purified

* Alt K,py values are an average of three readings obtained
on three separate oecasions.

b Kp is equal to K,z *conversion factor (2107 ), has the
dimensions of mol /1 and is an average of the two K, gy values
wherever applicable.

¢ Not determined.
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TABLE {T[

Karu AND K, OF IgE FOR THE MONOCLONAL ANTE-
IgE ANTIBODY EM95 AT 37°C AS DETERMINED IN
TERASAKI-ELTSA

Sample Nature Kapp * Kgp**

IgE BS3/A4  Purified 29x10°  58x107°
IGELad46.5  Supernatant  40x107  80x107?
[GEL b4 1 Supernatant  3.0%10%  60x107°
CS57BL/6 Serum 62x10%  12x1077
DBA/2 Serum 13%10¢  26x107¢
B6D2FL Serumn 25%107  sox10®
AST Serum 10x10° 20%x1078

* AH values are an average of threg readings obtained in three
independent experiments,

b K is equal to K,pqy * conversion factor (2% 107'%) and
has the dimensions of mol/l.

clonal and polyclenal samples. The x, and x,
values obtained after developing the plates were
then used in equations 7, 8 and 9. Table T lists
the K,y values obtained. In general polyclonal

IgE had a lower affinity for EM 95 than the
monoclonals tested. The monoclonal [gE tested
had an affinity in the range of 1077 M,

Effect of various coat concentrations on K ,p;

Essentially simitar results were obtained when
analyzing the effect of various inputs of the anti-
gen and antibody in the coating solutions. The
shape of the dilution curve, the plateau reached,
and the K, were not significantly affected by
the input concentration in the coating solutions
over the range of concentrations investigated (data
not shown). The K,z values for these different
coating concenirations were found to be 3.6 X 102,
4.3 1%, 4% 10% at input concentrations of (.5,
2, and 8 pg/ml of DNP-BSA, respectively.

Equilibrivm dialysis

A Scatchard plot of the experimental data (data
not shown) gave a K, value of 8.6 X 107° M for
the mAb IgE B33/Ad. This value was used to

25

20 1

60

AFY x 1073

40

30 A

Q T ¥ T 3 T 3
0.2 07 1.2 1.7 22 27 3.2

37 02

Log ditulion
Fig. 5. Comparison between x; (AFU on the first plate) and £x (total AFU) generated for the quantitation of 1gE samples, The
AFU generated on the fiest plate were plotted apainst she log of dilution as a curve (A} and in the lincarty regressed form (B). The
total AFU generated (x,+ x; + ... +x,) weree simifarly plotted in S5C and SD, respectively, The IgE samples used wese mAb
1153 /A4 on the DNF27-BSA (0) and EMSS coat (8), normal serum from DBA /2 mice on the EM95 coat (a), and anti-ovalbumin
IgE {clone 14-205) on the ovalbumin coat (0},



calculate the conversion factor required to estab-
lish the relationship between Kp (in mol/l) and
Kpy (in AFU), The conversion factor was 2 X
10712, Tables IT and III list the K, values of
mAbs and polyclonals caleulated on the basis of
this conversion factor. Equilibrium diaiysis was
also performed on a sample of the anti-DNP
HI-e-26 IgE hybridoma. A K, value of 7.3 % 10~*
M was obtained which resulted in a similar con-
version factor {data not shown),

Quantitation

The appendix equation 7a can be used to ob-
tain the total AFU generated by the original con-
centration of the Ig {P] added to the wells. This
valug — Zx - can therefore be used in quanti-
tation of the Ig independent of the affinity for the
coat, Figs, 54-5D are plots of log dilution vs,
either AFU obtained in the first plate, ie., x,
(Figs. 54 and 5B) or Zx ie., x,+ Zx,, the total
AFU values (Figs. 5C and 5D). The parallellism
observed in Figs. 5C and 5D indicates that the
system measured the total AFU for a given IgE,
independent of the affinity for the coat. The lines
in the lincarly regeessed plot shown in Fig. 5D
have similar slopes which permit the determina-
tion of IgE concentration. The absolute concentra-
tion of IgE in the DBA /2 mouse serum (Fig. 5D)
on the EM95 coat was calculated on the basis of
the IgE standard {B53/A4) and was found to be
1.08 pg/ml.

TABLE IV
INDEX OF AFFINITY OF IgE FOR VARIOUS COATS

Index of affinity °
EM 95 coat DNP-BSA coal
395,34, >4,36 ND®

Sample Nature

DDA /2 Serum
IGEL 641 Super-
natand 2,05, > 4,277,075 2375, > 4325

[gE B53/

Ad Purified 04, > 4 29,035,186
anti-OVA

1gE ¢ Super.

natant 315, 3.6, 2,12, >4 ND

* The figures indicate results obtained on different days.
® Mot determined.
© Anti-OYA gE clone IgE 14-205.

91

Discussion

Antibody affinity measurement may be in-
fluenced by immunoassay methodology. 1t is
therefore important to determine this parameter
under the conditions of the assay used. The
sequential equilibrium binding analysis in Tera-
saki-ELISA necessitated the setting up of a series
of binding equilibria between the antigen and the
antibody and determining the concentrations (in
AFU) of the complexes formed. In the plateau
region of the dilution curve (at the highest input
concentration of IgE), the value of x, was some-
times lower than at lower IgE concentrations {the
steep part of the dilution curve}, In this region, x,
may also be greater than x,. This may be due to
the plateaun region of the dilution curve being the
antibody excess zone with only one antibody bind-
ing site complexed with the antigen (Vos et al.,
1987). Alternatively, due to steric hindrance, de-
tegting reagents cannot bind or bind weakly to the
IgE, leading to a deviation from linearity in the
dose-response curve on the first plate (Butler et
al.,, 1986},

The nature of ELISA determines Lhat in every
sequential incubation more Hgand binds to the
coat nonspecifically than specifically (Butler.
1988). The washing procedure, however, ensures
that the nonspecifically bound ligand is not de-
tected, Moreover, as in every ELISA only that:
proportion of the total antibody population pres-
ent is detected which is able to bind under the
particufar assay conditions. For this reason, Zx,
is generally much smaller than the total antibody
coneentration applied. From the data presented in
Table I it is clear that the ratio Zx,/x, decreases
linearly with the concentration of x|, indicating
that with regard (o the detectable specific anti-
body binding the assumption P, =P —x, {ap-
pendix equation 3) is valid.

Tt has been described that the upper plateau in
ELTSA ditution curves is more dependent on anti-
body affinity than concentration, with high-affin-
ity antibodies reaching higher plateau values than
antibodies of lower affinity (Butler, 1988). There-
fore, this plateau value would not be a useful
estimate for nC. However, IgE antibodies, whether
mono- of polyclonal, generally tend to be of rela-
tively high affinity (Liu et al., 1980; Prahl and
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Nexo, 1982). Moreover, employing both Terasaki
trays with a high effective coating area (Savelkoul
et al,, 1989b) and high epitope density hapten-car-
rier proteins establish conditions for bivatent
binding, provided that no prozone phenomena
occur {(Vos et al, 1987). These conditions were
found to be responsible for losing differential
upper plateau levels when employing mAb of
identical isotype, differing 100-fold in their affin-
ity for the same antigen (Lew, 1984; Nimmo et al,,
1984). These considerations and the fact (hat
markedly different upper plateau levels were not
observed in the dilution curves of IgE Terasaki-
ELISA (Savelkou! et ai., 1989b), validated the
assumption that the intercept of the plot of x, vs.
X,/Zx, can be used to estimate the value of aC.

When the concentration of the antibody is not
high enough, an estimate of #C cannot be made
on the basis of the data available, Appendix equa-
tion § is then again used. This makes it necessary
to determine {in AFU) the amount of paratope
that remains unreacted at each successive equi-
librium, until the value reaches that of the nega-
tive control, i.e., the detection limit of the system,
The values of x,;, X4...%, can either be de-
fermined practically or predicted using the em-
pirical equation 9. In Fig. 3 the close agreement of
these values determined in both ways is dem-
onstrated,

The K,p values obtained have to be further
converted to the dimensions of mol/1 (K ;) using
a conversion factor. This factor {2 X 10712} was
determined by equilibrium dialysis on an IgE sam-
ple {(B53/Ad). The K, value oblained was 8.6 x
107° M at 37°C, which was in close agreement
with the 33X 107% M at 37°C established by
RIA (Hirayama et al, 1982). The conversion fac-
tor was found to be dependent on the detecting
and measuring system used and will be unique for
a particular assay design. The K, values of
another IgE sample (anti-DNP IgE HI-¢-264 IgE)
for its hapten was found, using equilibrium dial-
ysis and (his conversion factor, lo be also in close
agreement with its reported value {Liu et al., 1980).
Using this procedure the K value of the reaction
between various mAb IgE samples and the mAb
anti-lgE EM95 were determined. The values ob-
tained were again found to fall within the range
reported (Baniyash and Eshhar, 1984), Using the

conversion factor the method was capable of de-
termining K, values in the region of 107% M, the
range within which human and murine IgE anti-
bodies often fall (Liu et al., 1980; Prahl and Nexo,
1982).

Equation 7a also contains useful information
for the quantitation of [P], independent of the
affinity of the paratope for the epitope. A semi-
logarithmic plot of log dilution against the re-
sponse obtained in the first plate {x, of equation
2} in an ELISA results in a sigmoid curve and is
concentration as well as affinity dependent. Within
lmits, logistic transformation can be uwsed for
concentration determination as this reduces the
effect of the affinity of the antibody for the coat
by taking into account only the slope of the dilu-
tion curve. Again, using Terasaki trays and high
epitope density hapten-carrier proteins different
upper plateau lfevels are not markedly present
(Butler, 1988; Savelkoul et al., 1989b),

As shown in Figs, 5C and 5D, this method is
independent of the influence of the coat and ap-
plicable in both monoclonal and potyclonal sitva-
tions for the determination of IgE concentration,
since the slope of the graph depends on the affin-
ity of the detecling reagents only. By carefully
selecting these detecting reagents for a sufficiently
high affinity and specificity, the slope of the graph
remains similar for different antibody populations
(Savelkoul et al, 1989b). The method presented
here will therefore have more general applicability
for the determination of affinity constants and
concentrations of rare serumn antibodies, such as
IgE.

Appendix

The gquantitative relationship of the interaction
between antigen and antibody at equilibrium is
governed by the Law of Mass Actton. This can be
represented in various forms, oné of them being
{Fazekas de St. Groth, 1979)

[nC-xjfp-x]

5} =Kg ()
where [C]= original concentration of antigen
molecules with # epitopes/molecule; [P) = original



concentration of paratopes; [x] = concentration of
complex formed at equilibrium; and K=
equilibrium constant, All the concentrations are
expressed in mol/l. K has the dimension of
mol /1, Thus, when [rC] is constant, but [P] varies,
we arrive at, -

[nC—x ][ — 5] - [nC—x, 1P =%}

[x] [x]

=Kp (2)

where [x,], {x,] = the concentrations of complexes
formed at {P,] and [P,] concentrations of the
paratopes, respectively.

Imposing the condition that (Pz]=[P,Lx]],
equation {2) can be rewritten as

{nC—x, [P, —=x] - fnC-x, ][ -x,—x,]

[x] (2] " O
or,
R @
and
[Pl—xl_le:[h;%'_[:ig &)

Subtracting equation (5) from equation (4) results
in:

Kp*[x] Kpelx,}
[nC 0] " TaCx, )

[x2]= (6)

or,

[nC—xl][nC“-xl]nKDmC-[%Ej—zl (7

TFhis equation can be employed in practice
within certain limits. Though theoretically [nC}
will never be equal to [x,], practically [nC} tends
towards [x,] when {nC) is [imiting and (x,] and for
fx;] tend to zero at the upper and the lower
plateaus of the dilution curve, respectively, Thus
there is a suilable range within which this equa-
tion can be vsed, Also, reconsidering equaltion 2,
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and extending the condition

[ -5 ] =[R].

[f: =] =[B],

(B —x5) = [P, [By]

where [x,] — 0, we arrive at

[Pi=xi] = [x2]+ x5+ [xa] (7a)

[%2) [%5)...[x,]} being the concentrations of
the complexes formed at successive equilibrium
steps, with the original concentration of para-
topes, {P;}. The tofal conceniration of epitopes
[nCj is being kept constant at each step. Therefore
equation 2 can be rewritten as,

[nC-x J[xy +x3+..]
s = K,
[%]

or,

(e Il ml_ ix]

Ki Ko [xe+m+..]  [Zxy]

(8

Both equations 7 and 8 give a straight line in
the range under consideration. They can be used
to determine the value of XK. Thus the slope of
the plot of (nC — x)(nC — x,) vs. (X, — X,)/X,
will be nC * Kp. The inverse of the slope of the
plot of x/Zx, vs, x; will give the K. The
intercept on the y axis ¢can be used 10 arrive at the
value of nC. The first condition of equation 2 can
be met in an ELISA by transferring the liquid in
the wells after equilibrium has been reached to a
fresh plate, previousty coated and blocked as in
the initial case and incubating the second plate
until equilibrium is once again established, The
process can be repeated a number of times to get
the values required for equation 8, However, in
the repeated transferring of the sample the sys-
tematic error in the measurement will be amplified
and the loss of minute amcunts of the sample
(from an original 5 pl sample) in each successive
transfer wilt further distort the signal obtained,
We therefore suggest the use of an empirical equa-
tion that can be used to predict the values of x,,
Xy4,...81c,, once the values of x, and x, have been
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established. This equation is of the form y = mx
+c

Xy X
(x1=2) |
X;

e (%}

=+

All the variables in equations 8 and 9 are
expressed in tesms of arbitrary fluorescence units
(AFU), The K,p; value so determined therefore
will also be in these lerms and a conversion factor
will have to be determined to arrive at a K, in
mol/l using mAb with predetermined affinity
censtanis for their haptens based upon equi-
librium diabysis.

A number of assumplions have to be made
when applying the above equations to ELISA,

(1) The binding of antibody to the antigen coat
is governed by the Law of Mass Action.

{2) The reaction reaches an equilibrium.

(3) The antigenic epitopes remain essentially
unaitered after adsorption to the solid phase, so
that the behavior of the paratopes and therefore
tie Ky remains unaffected.

(4) The epitopes bound to the solid phase be-
have independently of each other and there is no
cooperation between the two identical binding
sites of the antibody.

(5) The coating of the solid phase is uniform,
i.€., the average number of epitopes that can react
with the paratopes/well is the same for a given
antigenic input in the coating solution.

Acknowledgements

We thank Prof. R. Benner for his continuous
support and Ms. G. D¢ Korte for typing the
manuscript,

This study was supported by the Netherlands
Asthma Foundation,

References

Baniyash, M. and Eshhar, Z. {1%84) Inhibitien of IgE binding
1o mast cells and basophils by monoclenal antibedies 10
muging IgE, Eur, J. Immunol. 14, 79%.

Beatty, D1, Beatty, B.G. and Vlahos, W.G. (1987} Measure-
ment of monoclonal antibody affinity by non-competitive
enzyme immunoassay. J. Immunol. Methods 100, 173,

Bottcher, 1. and Hammerling, G, ¢1978) Continuous produc-
tion of monoclonzl mouse IgE antiboedies with known
allergenic specificity by a hybrid czll line, Mature 275, 751.

Boticher, 1, Utnch, M., Hirayama, N. and Ovary. Z. (1980)
Production of monoclonal mouse [gE antibodies with DNP
specificity by hybrid cell lines. Int, Arch. Allergy Appl.
Immunol. 61, 248,

Butler, J.E. (1988) The amplified ELiSA (a-ELISA): Im-
munachemistry and applications, In: D.M. Kemeny and
5.J. Challacombe (Eds.), ELISA and ©Other Solid Phase
Immunoassays. Wiley, London, p. 107.

Butler, J.E., Spradling, J.E., Suter, M., Dierks, S.E., Heyerman,
H. and Peterman, J.H. (1986) The immunochemistry of
sandwich ELISAs, I The binding characterstics of im-
munogicbulins te monoclonal and polyclonal capture anti-
bodies adsorbed on plastic and their detection by symmet-
rical and asymmetrical antibody-enzyme conjugates. Mol
Tmniunol, 23, 97%,

Fazekas de St. Groth, 5. {1979} The quality of amibodies and
cellular receptors, In; [. Lefkovits and B. Pemis (Eds.),
Immunelogical Methods, Vol 1. Academic Press, New
York, p. 1.

Feldman, H.A, (1972) Mathematical theory of complex ligand
binding systems at equilibrium. Some methods fer parame-
ter filling. Anal, Biochem, 48, 317,

Friguet, B., Chaffote, A.F., Lisa, D.-0. and Goldberg, M.E.
(1985) Measurements of true affinity constant in solution
of antigen-antibody complexes by enzyme-linked immuno-
sorbent assay, J. Immunol. Methads 77, 305.

Hirayama, N., Hirano, T.. Kdler, G., Kurata, A.. Okumura, K.
and Ovary, Z. {1982) Biological activities of antitri-
nitropheny! and antidinitrophenyl mouse monoclonal anti-
bodies. Prog, Natl. Acad. Sci. U.S.A. 79, 613,

Koch, G.. Osmond. D.G.. Julius, M.H. and Benner, R. (1981)
The mechanism of thymus-dependent antibody formation
in bone marrow, J, Immunol. 126, 1447,

Lehtonen, O.P. and Eerola, E. {1982) The effect of different
antibody affinities on ELISA absorbance and titer, J. Jm-
munol. Methods 54, 233,

Lehtonen, O.P, and Viljanen, M.K. (1982) A binding function
for curvefitting in enzyme-linked immunosorkent assay
(ELISA) and its use in estimating the amounts of total and
high affinity antibodies. Int. J. Bio-Med. Comput, 13, 471,

Lew, A.M. {1984) The effect of epitope density and antibody
affinity on the ELISA as analysed by monoclonal antibod-
ies, J. Immunol. Methods 72, 171,

Li, C.K.N. (1985} ELISA-based determination of immunologi-
cal binding constants. Mok Immunol. 22, 32,

Liu, F.-T.. Bohn, IW ., Ferry, EL., Yamamoto, H., Melinaro,
C.A., Sherman, LA, Klinman, N.R. and Katz, D.H. {1950}
Monoclonal dinitrophenyl-specific murine IgE antibody:
Preparation, isolalion and characterization. J. Immunol.
124, 2728.

Matikainen, M.-T. and Lehtonen, O.-F. (1984) Relation be-
tween avidity and specificity of monoclonal anti-chlamydial
antibodies in culture supernatants and ascitic fluids de-
termined by enzyme immunoassay, J. Immunol. Methods
72, 341,



Metzger., D.W., Chong, L.-K., Miller, A. and Sercarz, E.E.
(1984) The expressed fysozyme-specific B cell repertoire, 1.
Heterogeneity in the monoclonal anti-hen egg white lyso-
zyme specificity repertoire, and its difference from the in
situ repertoire. Eur. J. Immunol. 14, 87.

Nieto, A., Gaya, A, Jansa, M,, Moreno, C. and Vives, J. {1984)
Direcl measurgment of antibedy affinity distribution by
hapten-inhibition enzyme immunoassay. Mol. Immunotl, 21,
537,

Nimmao, G.R., Lew, A.M,, Staniey, C.M. and Steward, MW,
(1984} Influence of antibody affinity on the performance of
different assays. J. lnmunol, Methods 72, 177,

Prahl, P, and Nexo, E. {1982) Human serum IgE against two
major allergens from cow hair and dander. Allergy 37, 49,

Rudolph, A K., Burrows, P.D. and Wab}, M.R, (1981) Thirteen
hybridomas secreting hapten-specific immunogicbulin E
from mice with Ig? or Ig® heavy chain haplotype. Eur, J.
Tmmunol. 11, 527,

Savetkoul, H.F.J., Pathak, §.5, and Van der Linde-Pressman,
A.A. (1987) Occurrence of damaged heavy chains during
purification of murine 1gE antibedies by fast protwein liquid
chromatography (FPLC) and their effect on the determina-
tion of concentration and affinity in ELISA, Prot. Biol,
Fluids 33, 375.

956

Savelkoul, H.FJ., Soeting, P.W.C,, Radl, I and Van der
Linde-Preesman. AA. (1989a) Terasaki-ELISA for murinsg
IgE antibodies. 1. Qualily of the detecting antibody: Pro-
duclion and specificity testing of mouse epsiion-chain anti-
sera. J. Emmunol. Methods 1186, 265,

Savelkoul, H.F.J,, Socting, P.W.C., De Josselin De Jong, LE.
and Pathak, S.5, (1989b) Terasaki-ELISA for murine 1gE
antibodies, I, Quantitation of absclute concentration of
antigen-specific and total IgE. J. Immunol. Metheds 116.
277,

Scatchard, G. (1949} The attractions of proteins for small
molecules and jons, Ann. NY, Acad. Sci., 51, 660

Steward, M.W. and Lew, AM. (1985) The importance of
antibody affinity in the performance of immunoassays for
antibody. J. Immunel, Methods 78, 173,

Steward, MW, and Steensgaard, J. (1983) Antibody affinity.
Thermodynamic aspects and biological significance. CRC
Press, FL.

Vos, Q., Klasen, E.A. and Haaijman, J.J. (1987) The effect of
divalent and univalent binding on antibody Iitration curves
in solid-phase ELISA. J. Immunol. Methods 103, 47,






97
CHAPTER 2.4

Mixing of two monoclonal igE antibodies increases the functional
affinity of the mixture for the antigen

S.8. Pathak and H.F.J, Savelkoui

Department of Immunology, Erasmus University Rotterdam, The Netherlands

Abstract

Using a simple, rapid and reliable method, the relative affinity of mixtures of
monoclona! I1gE for DNP was determined in Terasaki-ELISA. Some of the
mixtures {notably a mixture of IGEL b4.1 and Bb53/A4) showed a relative
affinity at least ten-fold greater than either of the individual components
while others (e.g. IGEL a4 6.5 and b4.1) do not. A decrease in the hapten
density did not affect the K, of the individual mAbs, but did affect the K,
of the mixtures, The relative affinity of these mixtures for the cross-reacting
antigen NIP was also determined. Our results peint towards non-specific
interaction of the Fc regions of the purified |gE molecules as a possible
reason for the increased affinity.

Introduction

Determination of the affinity of a monocional antibody {(mAb) for its antigen
is of considerable importance as it is the basic experimental parameter which
serves to characterize the strength of the antigen-antibody reaction {Gold-
berg and Djavadi-Ohaniance, 1993}, The interaction between one antigen-
combining site of an antibody molecule with the corresponding antigenic
determinant can be expressed in guantitative, thermodynamic terms. The
energy of the interaction is referred to as the equilibrium constant (Kp).
However, it is not possible to make measurements at the level of a single
site and interacting with a single determinant, but measurements are done
using populations of sites and determinants, by allowing them to interact
under controlled conditions of temperature, ionic strength etc. The final
result, the antibody affinity represents an average of all interactions in the
system (Macario and de Macario; 1975}, Thermodynamicaily speaking, Ky
can only be interpreted rigorously for an equilibrium in homogenous soluti-
ons. When it is being determined with methods such as ELISA or RIA, other
factors may influence equilibrium, and the stability of the complex is best
described by an appropriate operational parameter that is strictly dependent
on experimental conditions and is best described by the word 'functional
affinity’ (Goldberg and Djavadi-Ohaniance, 1993).
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We have earlier developed an ELISA based method for the relative affinity
{K,q) ranking of mAb (Pathak et al., 1989). Initial observations made during
investigations of the K., of 1gE mAb indicated that some of the IgE mAbD,
when mixed together, displayed a functional affinity that is much greater
than that of the individual components. This phenomenon has been noted
earlier. Howard et al. (1979} have reported that certain mixtures of mAb
result in a much greater lysis of erythrocytes than the individual components.
The fact that some mAbs show synergistic activity has been used in the
deveiopment of radioimmunometric assays of increased specificity (Haber et
al., 1981). Ehrlich et al. {1982) have reported an increased functional affinity
of mAb mixtures and suggested that this was due to a non-specific co-
operative interaction of the Fc region involving multi-antibody-antigen
complexes. In this paper we report on the behaviour of purified DNP-specific
igE mADb mixtures in ELISA.

Materials and methods

Monoclonal antibodies

IGEL b4.1, IGEL a4 6.5, IGEL b4 14.2, and IGEL a4 6.3 hybridomas {Rudoiph
et al., 1981), were the kind gift of Dr. M.R. Wabl (University of California,
San Francisco, CA). The hybridomas were maintained /n vitro. The IgE-rich
supernatant of the B53/A4 hybridoma as well as the rat-anti-mouse IgE mAb
EM 95 (Banivash and Eshhar, 1984}, were the kind gift of Dr. R.L, Coffman
(DNAX, Palo Alto, CA). The mAbs were purified as described {Savelkoul et
al., 1987). The mAbs were combined in varicus molecular ratios for testing
{1:1, 1:5,..t0 1:100},

Preparation of antigen

Bovine serum albumin {BSA; type V; Sigma, St. Louis, MO} was dinitrophe-
nylated to levels of 28 or 17 dinitrophencl {(DNP)}) molecules per protein
molecule {as determined spectrophotometrically} by using dinitrobenzenesul-
fonic acid (Eastman Kodak Co., Rochester, NY) according to Koch et al,
{1981). 4-hydroxy-b-iodo-3-nitropheny| protein (NIP,3BSA} was prepared by
using NIP-succinimide ester (Biosearch, San Rafel, CA) in dimethylformamide
{BDH, Poole, England) as described {Hudson and Hay, 1976; Haas, 1979).

Sequential equilibrium binding analysis

Sequential equilibrium binding analysis was performed to determine the K
of the reaction as described previously {Pathak et al., 1989}, Briefly, clear 60
well Terasaki trays {Type 653180; Greiner, Nirtingen, FRG) were coated
overnight at 4°C with 2 pg/ml of protein {DNP-BSA, NIP-BSA or the rat
anti-mouse IgE EM 95}, The trays were washed, biocked for non-specific



Relative affinity of IgE mixtures 99

interaction with 0.02% {w/v) gelatin in PBS, charged with & ul of dilutions of
the IgE samples and incubated at 37°C for 30 min for the equilibrium to be
reached. Following the first incubation with the sample, the liquid in the
wells was removed carefully using an automatic replicator (Biotec, Basel,
Switzertand) and transferred to an identically coated and blocked plate. The
second plate was also incubated at 37°C for 30 min for the equilibrium to be
re-established, Subsequently, the plates were developed using the detecting
antibody (rabbit anti-mouse IgE; RAM/IgE}, enzyme-antibody conjugate sheep
anti-rabbit-B-galactosidase {MIAB Lab., Uppsala, Sweden) and the substrate,
4-methylumbeliiferyl-R-galactopyranoside (MUF-G; Sigma). The resulting
fluorescence was measured as arbitrary fluorescence unit (AFU) on a Leitz
inverted automated microfiuorimeter {Leitz, Wetzlar, FRG}). We have previ-
ously established that this ELISA has a detection limit of 0.04 ng/ml and a
linearity range of 0.04 ng to 20 ng/ml (Savelkoul et al., 1989a), The RAM/
IgE has been extensively tested in our laboratory, and has been established
to be free of anti-idiotypic antibodies (Savelkoul et ai,, 1989b). The fluores-
cence developed in the first plate {x,} as well as that in the second plate (x,)
for every dilution of the sample was then fitted in an equation derived from
the Law of Mass Action to obtain the K value. We have previously establis-
hed that 2% ethanol helps disperse aggregates formed by IgE as detected by
ion-exchange chromatography (Savelkoul et al., 1987). The mixtures that
showed an increased K, as well as the individual mAbs were diluted in 2%
ethanol and sequential binding analysis performed as above.

The sequential equilibrium binding analysis is based on equations derived
from the Law of Mass Action,

[nCl _ X3 _ %
K, fa,+x,+. . . +x, ] Zx, o
Where,
nC is the concentration of antigen molecules adsorbed to the piate.

X1, Xa2...X, are the complexes formed at equilibrium by Py, P,....P concen-
trations of paratopes with the epitopes respectively, provided the
concentration of nC is kept constant and Py - Xy = Py, Py - X5 =
P3,.Py.q - X1 = Py P, and therefore x, -> 0.

Xy is the summation of Xy + X5 +... + X,

Kp is the equifibrium constant,.

Multiple sequential transfers of the liquid in the wells following the attain-
ment of equilibrium is necessary to satisfy the condition P; - x4, = P,, P, -
X, = Pg, etc. This can be circumvented by using the empirical formula {eq. 2
below) to predict the x5, x4, X, values, once x; and x, are determined.
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(x,-X,)
Xizm*_..j.'_z_.+c

%2 (2)

x4 and X, being the AFU values obtained for every dilution of the sample in
the first and second plate, respectively, while m and C are constants,

The inverse of the slope of the graph of x; versus x,/Zx, {eq. 1)} gives the
Kp value. All the concentrations in this equation are molar, K, therefore has
the same dimension. When applying this equation to the Terasaki-ELISA ali
the values are in AFU and the K has these dimensions. Lower the K
greater the affinity. A conversion factor has to be used to convert the K, to
Kp: Thus, Kp = K, * conversion factor. However, we find the value of this
conversion factor to be very large, increasing the chances of distortions
and/or amplification of small errors. We therefore restrict the use of sequenti-
al equilibrium binding analyisis for relative ranking only.

Results

Determination of K,,; of monoclonal IgE and their mixtures for DNP,gBSA and
EM 95

Sequential equilibrium binding analysis of five DNP-specific IgE mAb as well
as their combinations over a wide range of concentrations was performed to
determine their relative affinity for DNP-BSA. Some mixtures of Ig mAb
showed an increased relative affinity for the antigen (b4.1 + B53/A4, a4 8.6
+ Bb3/A4, b4.t + b4 14.2, cf, Table 1). This increase was calculated with
respect to the component displaying the greatest affinity for the hapten. The
mixture b4.1 + BE3/A4 in particular showed a 16 times increased affinity
for DNP,gBSA. Figure 1 shows a typical plot of x1 vs x1/Ex2 of the mAbs as
well as their mixture. The inverse of the slope of this graph gave the Ky of
the samples. The enhanced relative affinity was observed over a range of
proportions of the components, with a particular combination showing the
maximum enhancement (Table 2}. Thus, in the case of b4.1 + B53/A4, a
maximum enhancement was observed when the two mAbs were added in
the proportion of 50:1. When sequential equilibrium binding analysis was
performed with PBS + 2% ethanol as the diluent, the K, of the individual
mAbs was not affected by the diluent employed indicating that the functio-
nal sites of the antigen and antibody remained undisturbed. In the case of
the mixtures, however, the plot of x,/Zx, was curvilinear suggesting that the
mixtures behaved as a combination of antibodies with differing affinities
{data not shown).
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Table 1‘ K,qy of monoclonal igE and their mixtures for DNP-BSA and NiP-BSA®?

Kre!
Ig& DNP,BSA DNP;,BSA NIP,4BSA?
b4.1 3.5 x 103 3.3x 103 8.0 x 103
ad 6.5 3.3x 103 3.3 x 108 8.0x 10%
a4 6.3 2.0x 103 n.d.b n.d,
B53/A4 4.3x10°% 4.2 x 103 5.0x 108
b4 14,2 1.2 x 104 1.1 x 10* 2,5 x 10°
a4 6.5 + b4.1° 4.1 x 103 nd. n.d.
b4.1 + b4 14.2 {1:10) 4.4 x 102 4.5 x 10° 4,0 x 103
{7.944 <1 <1
b4.1 + B53/A4 (1:50) 2.1 x 102 4,1 x 103 8.0 x 10%
[16.4)9 <1 <
a4 6.3 + BE3/A4S 2.8x10° nd. nd.
<1
a4 8.5 + BE3/A4 (1:20) 1.2 x 10° 1.0 x 108 5.0 x 102
(2.9)9 {3.3)4 (10

a. All tho readings ase the averaga of threa experiments performed on three different days.

b. n.d. = not done

¢, All combinations tested
d, Figures in brackets Indicate sphancement factor calculated against tha mAb showing the greatest affinity,

10

1
:’:Xz

% (AFU X 10'3)

Figuie 1 Sequential equilibrium binding analysis of individual IgE mAk specific for DNP,gBSA and thelr mixtura. The
mAb used were bd.1 {0}, bd 14.2 {1) and thalr mixture {®}.
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Table 2 K, of mixtures of the gk mAb b4.1 and B63/A4 for DNP,4BSA

|QE Kre’

5.5 x 102
1.6 x 103
5.0 x 102
2.1 x 102
6.0 x 102
0 8.0 x 102

—

o
o
L LGOI

All the readings are the average of three expariments perfermad on three differant days.

5,
4,
ol 37 o
< |25 e

2]

! O\‘it\‘\\@

0‘]‘7/ T T T — L T —

0 10 20 30 40 50 60

X{ (AFU X 10-3)

Figure 2 Sequential equilibrium binding analysis of Individuat 1pE mAb and thelr mixture for rat anti-mouse anti-igE EM
95, Tha samples used wera B53/A4 {0}, b4.1 (=), BEI/A4 + bd.1 (4}, and ad 6.5 + BBEI/A4 (e},

To confirm that the Fc regions of the mAb used in this study were function-
ally intact, we performed an ELISA with immobilised mAb EM95 that
interacts with the Fc region of IgE. Further, sequential equilibrium binding
analysis was also performed. Figure 2 shows a typical piot of X; vs X4/ZX5
obtained for two mAb {B53/A4, b4.1) and two mixtures (B53/A4 with b4.1,
and Bb3/A4 with b4 14.2). The K, of the individual mAbs as well as the
mixtures for EM 95 were not significantly different, all of them being in the
range of 2.0 to 4,5%103.

The influence of hapten density on K,

After first establishing that the hapten density/protein molecule did not
significantly affect the K, of the individual mAb {Table 1}, we proceeded to
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determine its effect on the relative affinity of the mixtures. As appears from
Table 1, antigen density affected the K, of the mixture to a varying degree.
A fall in the hapten density from 28 to 17 DNP molecules led to a decreased
relative affinity in the case of two of the mixtures {viz. mixture of b4.1 + b4
14,2 and b4.1 + BbB3/A4) suggesting the described aggregation of the
antibody molecules as a possible mechanism underlying the increased

affinity.
Determination of K, ,, of monoclonal IgE and their mixtures for NIP;,8SA

The influence of mixing the mAbs on their K, to the cross-reacting antigen
NIP;3BSA was next Investigated. The resuits {Table 1) showed a lowered
affinity of the mAb for NIP, though the mixtures varied in this respect. Two
out of the three combinations that showed an increase in relative affinity for
DNP, displayed an increased affinity for NIP as well, The iack of increase in
the case of the third mixture may be attributed to the lower hapten density
of NIP on BSA (13 units/BSA} since this mixture also showed a decrease in
relative affinity for DNP at a density of 17 DNP units/BSA molecule,

Discussion

ELISA based methods of affinity determination offer many advantages over
conventional methods such as equilibrium dialysis in that they require only
minute quantities of the mAb, do not need costly equipment, eliminate the
need to label the primary reactants, and can be used to determine the
affinity of a mAb to macromolecular antigens (Beatty et al., 1987; Nieto et
al., 1984; Fedorov et al,, 1992}, We have previously described a Terasaki
tray based non-competitive ELISA system that allows determination of
relative affinity binding constants by sequential equilibrium binding analysis
{Pathak et al., 1989). In this paper we show the application of this method
to study relative affinities of mixtures of IgE mAb. We found that some
mixtures show an increase in the relative affinity.

Monoclonal IgE antibodies directed against either TNP or DNP were used in
the present study, [t was observed that mixing these IgE sometimes resuited
in a far greater relative affinity for DNP,gBSA than would be expected from
the K, of the components. Previous reports suggested either complexes
formed via the Fc¢ region or formation of ¢ircular complexes between antigen
and antibody molecules as possible explanations for the apparent increase Iin
the average affinity {Ehrlich et al., 1982, 1983; Moyle et al.,, 1983}). The
antigen-antibody interaction, like any other biochemical reaction, undergoes a
continuous association-dissociation process. The multiple bonds formed by a
complex will not separate synchronously, making it less likely that the
complex becomes separated, thus giving a higher equilibrium constant
{Tijssen, 19856}, However, we think formation of circular complexes as an
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unlikely mechanism of the apparent increase in functional affinity for a
number of reasons. In the present study, we have studied the functional
affinity of a mixture of mAbs to an antigen with a high density of identical
epitopes {28 molecules of DNP per molecule of BSA). The increase in
functional affinity of the mixture was affected by the hapten density, while
that of the individual mAbs were not. A fall in the density of DNP units from
28 to 17 led to a decrease in the functional affinity of 2 of the 3 mixtures.
This would not be expected to happen if circular compiexes were formed
between the antigen and the antibody. Moreover, we find the phenomenon
selective, |f formation of circular complexes between antigen and antibody
was indeed responsible for the apparent increase in the functional affinity of
the mixture, all the combinations tested should show this increase, which is
at variance with our results, We therefore favor the Fc interaction hypothe-

sis.

The functional intactness of the Fc region of the IgE mAb used in the
mixtures was first established. EM 9b is directed against the Fc region of igE
{Baniyash and Eshhar, 1984}, hence, the binding of the EM 95 {0 IgE mAb
was taken as indicative of a functionally intact Fc region. In addition, we also
established the K, of the mixtures for cross-reacting antigen. Furusawa and
Ovary {1988) have reported cross-reactivity between anti-DNP/anti-TNP IgE
and NIP. This is not surprising as 1 in every 20 splenic B cells in normal mice
is NIP specific, while 1 in every 100 is TNP specific (Hooijkaas et al., 1983).
The mixtures showed an increased affinity for this antigen as well, when
compared to the component mAb. Only aggregate formation via the Fc
region can explain the observed results.

Murine IgE is a heavily carboxylated glycoprotein with a carbohydrate
content of about 13%. We have previously established that some of these
carbohydrates are stripped off from the molecules during the process of
purification (unpublished observations}. Removal of the glycoside side-chains
may lead to a conformational change in the molecule and different mAbs will
show such changes fo a varying degree. Such conformational changes due
to the loss of COOH-terminal glycosyiation with a concomitant increase in
affinity have been reported for lgM p chains (Bazin et al., 1992), i such
changes indeed occur, they may promote aggregate formation between
particular mAb combinations and not others. The extent to which the K, is
affected will then depend upon the nature of the aggregation. It has been
previously shown by us, that the use of 2% ethanol in the buffer effectively
decreases the extent of aggregation of lgE as seen on fast protein liquid
chromatography columns {Savelkoul et al., 1987). When 2% ethanol was
used in the buffer, a curvilinear plot of x,/Ex, was obtained. This curvilinear
nature could be attributed to partial breakdown of the aggregates, so that
the mixture behaved as a combination of antibodies with different affinities.
Thus, the observed increase in functional affinity seems to be due to a
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potential artefact due to the method of purification. Further studies at the
molecular ievel are bsing undertaken in our laboratory to confirm our hypo-
thesis,
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CHAPTER 2.5

Determination of relative affinity and affinity
distributions in ELISA

S.S. Pathak and H.F.J. Savelkoul

Department of Immunology, Erasmus University Rotterdam, The Netheriands

Abstract

Quantitation of immune memory responses is important in developing new
vaccines and demonstrating the phenomenon of affinity maturation. Develo-
ping immune responses can be analyzed by ranking the average affinities of
the serum samples during the response. For a detailed insight into the affinity
maturation, however, the distribution of antigen-specific antibodies over
predefined affinity classes should be determined at various time points. Also,
when developing hybridomas for monoclonal antibody production, a simple
method is desired for relative ranking of affinities of the different monoclonal
antibodies produced. In this paper, we describe simple microtitre ELISA
based methods that permit determination of relative affinity as well as
affinity distributions of serum antibodies. The relative affinity determination
was done by sequential equilibrium binding analysis that permits both con-
centration and affinity determination in the same aliquot of the sample. A
simple competitive ELISA was used for determining the affinity distributions.

Introduction

The development of an immune response to T cell dependent antigens
involves both antigen-dependent seiection of particular gene segment
combinations and a selection of structural variants i.e. somatic mutants
{(Manser et al., 1985). It is now clear that antigenic activation is necessary to
induce hypermutation in B cells and that somatic mutations accumulate only
in the antigen-dependent expansion of B cell clones {Berek, 1993). As a
result of hypermutation and affinity selection, the average affinity of antigen-
specific antibodies produced later in the immune response is greater than in
the initial phase. Though the phenomenon of affinity maturation has been
studied at the molecuiar level, determining the absolute value of the affinity
of the serum as well as affinity distributions of serum antibody sub-
populations requires special methodology (Steward and Steensgaard, 1983;
Berek et al., 1991; Randen et al., 1992; Yee, 1991). Often only relative
ranking of the sera or supernatant from hybridoma celi lines is desired and
special instrumentation or methodology for affinity determinations proves
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expensive,

in this paper we report the use of simple ELISA-based techniques to measure
the concentration, relative affinity as well affinity distributions of antigen-
specific serum IgG1 antibodies. The relative affinity of the serum TNP-
specific 1gG1 was determined by sequential equilibrium binding analysis as
described earlier {(Pathak et al., 1989), The method is essentially similar to a
normal sandwich ELISA. However, once the equilibrium is reached in the first
plate, the liquid in the wells is transferred to a second identically treated
plate. The optical density {OD) developed in sach plate can then be fitted in
equations to arrive at the relative affinity of the sampie, For determining
affinity distributions we have adapted a simple hapten inhibition ELISA that
permits determination of affinity distributions in serum samples (Rizzo et al.,

1992),
Materials and methods
Mice

Female BALB/c mice (age 12-16 weeks) were bred and maintained in the
animal facilities of our own department under conventional conditions under
a protocol approved by the local Animal Welfare Committee.

Reagents and immunization

Kaeyhole limpet hemocyanin {KLH; Pierce, Rockford, IL) was trinitrophenyla-
ted to a level of 26 TNP residues per 10° Da molecular mass of KLH as
determined spectroscopically {Hudson and Hay, 1976) by using. trinitroben-
zenesulfonic acid (Eastman Kodak, Rochester, NY]).

Mice were injected i.p. with 0.2 ml phosphate buffered saline (PBS) con-
taining 100 pg/ml of TNP-KLH adsorbed on 2 mg alum (n=5}. Sera were col-
lected on days 14 and 120, Secondary immunization followed after 4
months with a booster of 0.2 mi PBS containing 10 pg/ml TNP-KLH (adsor-
bed on 2 mg alum) i.p. Serum was collected on day 30 thereafter,

Evaluation of relative affinity of antigen-specific serum lgG1 antibodies

96 well microtitre plates {Nunc, Roskilde, Denmark) were coated overnight
with TNP-KLH (0.3 pg/ml}, biocked with PBS containing 1% bovine serum
albumin (BSA) and incubated with 100 pl of appropriate dilutions of the
serum for 3 hrs at room temperature. The samples were then removed
carefully and added to an identically coated and blocked plate and incubated
for a further 3 hrs. After washing with PBS containing 0.1% BSA and 0.1%
Tween 20, both sets of plates were treated with biotinylated goat anti-
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mouse-lgG1 (GAM/IgG1; Southern Biotechnology, Birmingham, AL}, strepta-
vidin-horseradish peroxidase (SA-HRP) (Jackson Immunoresearch, West
Grove, PA) and the substrate 2,2’-azino-bis{3-ethylbenz-thiazoline-6-sulfonic
acid) {ABTS; Sigma, St. Louis, MO}. The OD developed in the first plate was
called the x4 value while that in the second piate the x,. These values were
then fitted in the following equations to arrive at the K ;. The equations have
already been validated (Pathak et al., 1989},

[nCl X X1 - %

K, KDM [3,+x,+. .. +3,] - Lx,

(nm

where

nC - is the concentration of antigen molecules adsorbed to the plate,

X1, Xa....X, - @re the complexes formed at equilibrium by P,, P,.... P, con-
centrations of paratopes with the epitopes, respectively, provided the
concentration of nC is kept constant and the condition Pj - x4 = P,; Py - X,
= Pg,0..P.1 - X1 = P Py, and therefore x,, — 0O is fulfilled.

EXZ = X2 + X3 +... +Xn.

Kp - is the equilibrium constant.

Multiple sequential transfers of the liquid in the wells following the attain-
ment of equilibrium is necessary to satisfy the condition Py - x; = Py P, -
X, = P etc. This can be circumvented by using an empirical formula (eq. 2
below) to predict the x5, X4...X, values, once x; and X, are determined.

X, —X
Xl =m* (—1X.....%..)_ +7
2 (2)

X; and X,, being the OD values obtained for every dilution of the sample in
the first and second plate, respectively, while m and C are constants.

The inverse of the slope of the graph of x; versus x,/Zx, ({eq. 1} gives the
Kp value. When all the concentrations in this equation are molar, K, has the
same dimension. When applying this equation to microtitre ELISA, all the
values are in OD and a conversion factor can be used to convert the K, to
Kp. However, the use of this large conversion factor is likely to introduce a
large error and we use the method essentially for the relative ranking of
affinities,
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Determination of affinity distributions

The affinity distributions of anti-TNP IgG1 antibodies were determined in a
TNP-specific isotype specific competitive ELISA (Rizzo et al., 1992}, Diluti-
ons of serum samples were incubated overnight {(4°C} with increasing con-
centrations of the monovalent hapten N-g-DNP-L-tysine HCI (DNP-lys; 10
to 10711 M; Sigma) in PBS. The mixtures were transferred to ELISA plates
coated with TNP-KLH. After incubation for 3 hrs the plates were washed and
the amount of TNP-specific antibody established by using GAM/IgG1, SA-
HRP and ABTS. The high affinity antibodies are inhibited from binding to the
plates by low concentrations of free hapten. As the free hapten concen-
tration increases incremently, lower affinity antibody is inhibited until
theoretically, at sufficiently high hapten concentrations, all DNP-specific
antibody binding is inhibited.

Results
Determination of concentration and K,

The concentration of the serum TNP-specific 1gG1 was determined using the
OD developed in the first plate. The concentration of serum antigen-specific
IgG1 increased in relation to time after immunization with TNP-KLH. It was
below the detection limit {0.2 pg/ml} on day 0. At day 14 the response
reached 248+36 pg/ml and remained at that level till day 120 of primary im-
munization. At day 30 after the secondary immunization the concentration
was found to be 2.4+1.6 mg/ml {data not shown).

In the sequential equilibrium binding analysis, data for the relative affinity of
the serum can be derived from the same aliquot of sample used for concen-
tration determination by applying equation 1. To arrive at the value of Zx,,
needed for equation 1, we use equation 2. The validity of this equation was
established in the Terasaki system by performing a series of sequential
transfers and comparing the actual and predicted values {Pathak et al.,
1989}, Essentially similar results were also obtained in the microtitre system
(data not shown). The relative affinity of the serum antibodies (K is
essentially a reflection of Kp; affinity increases as the K, decreases. Figure
1 shows a typical plot of x4 vs x4/Ex, for a serum sample of a single animal,
Similar results were obtained for the other animals in the group. As is
observed from the plot, the relative affinity of the sera increased in the
primary immune response {from 5.5 on day 14 to 1.1 on day 120} and
urther increased to 0.34 in the secondary response; i.e. an increase of 16
fold over the value for day 14 of the primary immune response.
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Figure 1 Determination of K . Sequential equitibrium binding analysis was perfarmed on serum samples cobteined at
different time points after primary immunization {days 14 and 120} and secondary Immunization (day 30).
Microtitre plates were coated with TNP-KUH, blecked and Incubated with serum dilutions for 3 hours. The
samples were then carefully removed end added to an identicalty coated and blocked plate and incubated for a
further 3 hrs, The plates were developed with GAM/igG1, SA-HRP and ABTS. The signal develepad In the first
plate was x; while that in the second plate was x,. These values were fitted In equations 1 and 2. The inverse
of tha slope of the graph of x; vs x;/Ex; gives K.

Determinatfon of relative affinity distributions

In the competitive ELISA for affinity distributions, increasing amounts of the
hapten DNP-lys was added to serum aliquots and incubated overnight. The
mixture was then run in a regular ELISA using a coat of the same hapten
conjugated to a protein. High affinity antibodies will be inhibited from
reacting with the coat at low concentrations of the free hapten, while low
affinfty antibodies will require a much higher concentration of free hapten for
inhibijtion, The affinity distributions of the serum subpoputations of antigen-
specific antibodies at various time points after immunization are shown in
Figure 2. The histograms clearly establish that affinity maturation occurred
both in the primary and secondary immunization scheme empioyed. Primary
day 14 serum contained a major fraction {68%) of antibodies that were
inhibited only at the high free hapten concentration of 10% M DNP-lys,
Affinity increased thereafter as seen from the emergence of high affinity
subpopulations at day 120, The primary day 120 serum showed a pre-
dominance of a single high affinity group (489%) that is represented by
inhibition by 108 M free DNP-lys. At day 30 in the secondary response the
serum showed a small fraction of low affinity antibodies, along with a
population of antibodies {20%) of a very high affinity.
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Flgura 2 Afﬂn}ty distributions of serum TNP-specific 1JpGt antibodies. Serum samples were collected on days 14 and
120 after primary Immunization and day 30 after secondary immunization and run in a compestitive inhibition
ELISA. The abscissa indicates the cencentration of frea DNP-lys {—log M} used for inhibition. Affinity increases
to tha right. The ordinate shows the percentage of antibedy present in each affinity sub-group. Each histogram
represents the sasults of a typical analysls of serum of one animal,
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Discussion

In this paper we demonstrate the application of simple ELISA-based metho-
dology to determine the concentration, increase in relative affinity as well as
affinity distributions of anti-DNP IgG1 antibodies in sera of immunized mice,
Quantitation of immune memory responses is important in developing new
vaccines and demonstrating the phenomenon of affinity maturation. One of
the parameters often used to establish memory is the concentration determi-
nation. But, it is not enough to establish an increase in the concentration of
antigen-specific antibodies during immunization, one must also show an
increase in the average or functional affinity of the antibodies produced.
However, this value by itself may not be sufficient to demonstrate affinity
maturation as it is an average value that does not reflect the affinity distribu-
tions of antibody subpeopulations present. The efficacy of immunization can
only be demonstrated by the appearance of antibody populations with an
increased affinity later in the response, i.e. by determining the affinity
distributions in ongoing immune responses.

Determining average affinity and affinity distributions in sera is difficult,
especially for large proteinic antigens, A variety of mathematical functions
have been used to determine the heterogeneity index (Scuitto et al.,, 1987;
reviewed in Day, 1990). These are based on the assumption that the affinity
distributions are Gaussian in nature. Attempts have also been made to
determine affinity distributions from data obtained in RIA, fluorescence
quenching etc. (Flanagan et al., 1978; Munson and Rodbard, 1980; Thakur
et al., 1980). It is virtually impossible to determine true affinity distributions
in polyclonal sera since it requires the separation of the different antibody
subpopulations, a process that is highly labor intensive and expensive in
terms of the amount of serum and reagents required. Using the simple
hapten-based ELISA proposed by us, it is possible to determine the relative
affinity distributions in polyclonal immune responses, Using this technigue,
we have established that the immunization protocol used by us was suc-
cessful in inducing affinity maturation as judged from the affinity distributi-
ons of serum DNP-specific 1gG1 antibodies.

We have previously demonstrated the use of sequential equilibrium dialysis
for affinity analysis in Terasaki-ELISA. We now demonstrate that it is equally
applicable in the microtitre system. In the case of Terasaki-ELISA, the K
determination is not sighificantly affected by the input concentrations of the
coating solutions (Pathak et al., 1989}, In the mictotitre system, however,
we found the input concentration in the coating solution important for
reproducible affinity determinations (data not shown). Terasaki trays have a
higher coating efficiency and a Terasaki-ELISA shows a relative indepen-
dence of the coating concentration {Savelkoul et al., 1989). However, the
microtitre plates have a 10 times less coating area so that at high input
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coating concentrations, multiple protein layers are likely to be formed. In
performing sequential binding equilibrium analysis in the microtitre system,
therefore, careful titration of the input concentration is needed.

This method is being used routinely in our laberatory to evaluate immunizati-
on protocols, as well as for the relative ranking of paneis of monocional
antibodies. Here, we show that the immunization protocol used led fo an
increase in the concentration of the antigen-specific antibodies. it was also
successful in inducing affinity maturation in both primary and secondary
immune responses. This is reflected in the average affinity value as weli as
the affinity distributions of the sacondary serum sample. The method calls
for no special equipment, and determines both relative affinity and affinity
distributions in small amounts of the sample.
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CHAPTER 3.1
Determination of antibody affinity and affinity distributions
S.8. Pathak, G.J.M. Tibbe and H.F.J. Savetkoul

Department of Immunology, Erasmus University, P.O. Box 1738,
3000 DR Rotterdam, The Netherlands

1 iIntroduction

Like any other biochemical reaction antibody-antigen reactions are reversible
and can be characterized by measuring both association and dissociation
constants. In the case of a monovalent antibody site reacting with a
monovalent determinant, the equilibrium constant is conventionally defined as
the 'affinity’ of the antibody. It is therefore a ratio of the molecular association
and dissociation rates, Thus, if we consider the equation

k1
Ag + AB<Ag.Ab
ka
. i k, 1
then, the affinity = equilibrium constant = 2= Kd=w
k K
1 a

When both the antibody and the antigen are multivaient the equilibrium
constant has been termed the “avidity’ of the antibody. Avidity, thus, depends
upon affinity but also involves other contributing factors such as valency, the
method of measurement etc., that are not necessarily concerned with the
primary antibody-antigen reaction. {n a polyclonal situation, eg. estimation of
the affinity of antisera, the situation is further complicated by the fact that the
serum is a mixture of antibodies of different affinities. Thus, the affinity of the
serum is a kind of ‘average affinity’ or the ‘functional affinity’. The fuctional
affinity is influenced by the affinity distribution of the various antibodies capable
of reacting to the same epitope in the serum as well as the method of determi-

nation,

The experimental determination of the affinity of a monocloal antibody for its
antigen is of considerable importance. it is the basic experimental parameter in
a variety of studies, eg. the use of monoclonal antibodies as conformational
probes, the thermodynamical approach to the study of the molecular basis of
the antigen-antibody interaction etc. (Goldherg and Djavadi-Ohaniance, 1993).
Antibody screening as well as ranking of antibodies with regard to their
reactivity to a tumor associated antigen is a common assay in the production
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of monoctonal antibodies for diagnosis and therapy. The knowledge of the
functional affinity as well as the affinity distribution patterns of the various
antibody populations in the serum is important in the study of ongoing immune
responses and especially the phenomenon of affinity maturation.

The possibility that variation in the binding affinity of antibody can influence the
hiclogical properties of antisera was recognized several years ago. A range of
factors are known to influence antibody affinity. These include the dose and
nature of the immunogenic stimulus, the immunization scheme, genetic factors,
qualitative and quantitative aspects of lymphocyte function, dietary and
hormonal factors, reticulo-endothelial function and the effects of free antibody
and antigen-antihody complexes in the micro-environment, The mechanisms by
which these factors affect affinity are not clear, particularly since the cetlular
basis of the contro! of affinity has not been fully characterized,

2 Methods of affinity determination

It is clear from the equation above, that the determination of antibody affinity
requires the measurement, at equilibrium, of antibody-bound and free antigen
or the measurement of antigen-bound and free antibody. The methods used
must obviously not disturb the equilibrium and should not preferentially detect
antibodies of a particular affinity. In practical terms the analysis requires the
availability of large amounts of purified labeled (radio-, enzyme- or
fluorescence-labeled) ligand, undamaged by the labeling procedures,

A variety of methods have been used to measure antibody avidity or average
affinity. The most accepted amongst them is equilibrium dialysis, in which the
reactants are separated by a semi-permeable membrane which allows
movement of one of the reactants {the labeled antigen), but not the other
(antibody). The amount of iabel at either side of the membrane at equilibrium
is then quantitated. Affinity can then be calculated by the Scatchard equation,
The obvicus disadvantage of this method viz. the strict requirement for small
haptens, however, limits its usage.

A number of different methods have therefore been employed to generate the
data required for the Scatchard analysis. These include precipitation by ammo-
nium sulfate or polyethylene glycol, electrophoresis in agarose gels, radio-
immuno assay and, recently, ELISA (Gaze et al.,, 1973; Nimmo et al,, 1984;
Friguet et al., 1985; Heegaard and Bjerrum, 1991). However, strictly speaking,
the K, can be rigorously be determined only for an equilibrium in homogeneous
solution and no straight forward thermodynamic theory can describe the
equilibrium in heterogeneous phase systems.

A different approach to the determination of antibody avidity is the use of
agents that disrupt the already formed antigen-antibody complexes, eg.
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temperature, chaotropic ions such as thiocyanate, perchlorate, iodide, low pH
buffers etc. (Les et al., 1974; Germuth et al., 1979). Especially chaotropic ions
exhibit a remarkable capacity to modify ionic forces responsible for stabilization
of the tertiary structure of many molecules and can disrupt or modify the inter-
molscular interactions between antigen and antibody that are mediated by such
forces and have been recognized as promising for the study of antibody affinity.

Lately, the biosensor technology has made it possible to measure antigen-
antibody reactions in real-time as they are occurring (refer section 4.},

3 Affinity determination

3.1 Calculations

In calcufating the affinity constant for polyclonal serum antibodies and more
recently for monoclonal antibodies, the most frequently used method has been
that of Scatchard {Scatchard, 1949; Soos and Siddle, 1982; Steward and Lew,
1986}, Scatchard analysis allows estimation of antlbody affinity by the
regression analysis of bound over free ligand {antigen) concentration versus the
bound ligand concentration, under circumstances where the ligand concentra-
tion is variable and the antibody concentration is constant. From the application
of the Law of Mass Action to antigen-antibody interaction, the following form
of the Langmuir Adsorption Isotherm may be derived

[Ab-Ag] _._ nk [Ag]
[A4b] 1+K [Ag]

where r = moles antigen bound per mole of antibody; [Ab-Ag] = bound antigen
concentration; [Ab] = free antibody concentration; {Agl = free antigen
concentration (at equilibrium); n = antibody valence; K, = association constant
or affinity. From this eguation we arrive at

r
——=nK -rK =K (n-r)
[Ag] — °

being the Scatchard equation. Therefore, a plot of r/[Ag] versus r over a range
of free antigen concentrations allows values of K, and n to be assessed. When
half the divalent antibody {n=2) binding sites are bound {r=1} then
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1
—_=2K -K =K
[Ag] a a a

and thus K, equals to the reciprocal of the free concentration at equilibrium
when half the antibody sites are antigen-bound. Alternatively, the free antigen
{IAg]) at equilibrium is determined by subtracting the bound antigen from the
total antigen. The reciprocals of bound antigen {1/[Ab-Agl} and free antigen
{1/lAg)) are plotted according to the Langmuir equation '

1 1 1
= +
[Ab-Ag]l K, .[Aglldb] [Ab]

to obtain a value for the total amount of antibody present, expressed as total
antigen binding sites Ab,. Thus, when 1/{Ag] = O, then (1/[Ab-Ag] = {1/Ab,)};
Ab, may be determined by extrapolation of the linear portion of the plot directly
by determining the value of 1/{Ag] when 50% of the total antigen binding sites
are bound. The relationship must be linear over a range of ligand concentration,
at least one order of magnitude on either side of the K, value, If linearity is not
cbserved over this range, the assumptions made in deriving the Scatchard
formula do not apply and the calculated K, value is not meaningful. Regrettably,
frequently a portion of the plot, often covering only a narrow range of antigen
concentration, is found to be roughly linear and arbitrarily chosen for the
calculation. Furthermore, even when using isolated and purified anti-hapten
antibodies, these plots frequently deviate from linearity due to the existence of
heterogeneity of antibody affinities within an antibody population. This
heterogeneity makes it necessary for the equilibrium concentrations of bound
and frea antigen (or antibody} to be determined over a range of free antigen {or
antibody) concentrations. The interpretation of the results is thus based on the
overall affinity estimation and is therefore often called 'average’ affinity,
although the value estimated empirically may not represent the mean, mode or
median.

3.2 Affinity determination in ELISA

Though many studies have been conducted on the effect of antibody affinity
on ELISA measurements, application of non-competitive ELISA for affinity
measurement has been limited {Nimmo et al., 1984, Steward and Lew, 1985},
ELISA have been mainly used for quantitation. Friguet et al. {1985) have used
this technique to determine the amount of unreacted antibody that is left in the
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reaction mixture after the antigen-antibody reaction in the fluid phase and
performed Scatchard analysis on the data obtained. Alternatively, a mathe-
matical approach involving curve fitting procedures for estimating avidity from
ELISA dilution curve data has bean explored. Binding constants have also been
estimated from adsorption kinetics data {Matikainen and Lehtonen, 1984, Li,
1985}, Recently, Beatty et al. (1987a; 1987b) have used the approach of
determining relative affinities by varying the input concentration in the coating
solution, Competitive ElIA techniques have also been employed [Nieto et al.,
1984), These methods, however, require special methodology and are not
universally applicable, especially where the antibody is present in minute
quantities as is the case with IgE { <1 pg/m! in normal mouse serum). Moreover,
some of these technigues are laborious and often require partial purification and
concentration determination of the Ig involved.

The major drawback of applying general ELISA techniques for affinity
measurement is the fact that though it is possible to determine the input
concentration of the ligand in the coating solution, it is almost impossible to de-
termine the amount of ligand that has been actually adsorbed to the wells, even
if one assumes such adsorption to be uniform all over the plate and therefore
the concentration of ligand/well to be identical. The approach of Scatchard
requiring the determination of bound over free antigen or antibody ratios cannot
be easily adapted to the ELISA system since the molar concentration of
antibody that complexes with the antigen cannot be easily computed. The
reaction developed is proportional to the complex formed, so that it is not
possible to determine the amount of free antibody (antigen) on the solid phase.
Moreover, iow affinity antibodies are said to be preferentially underestimated
in ELISA. Also, independent of its affinity, subpopulations of <10% concent-
rations could not be detected in ELISA. |t is especially difficult to measure the
affinity constant of a reaction where both the reactants are Ig. Nevertheless,
because of its ease and simplicity, ELISA remains a popular method of
quantitation and affinity determination,

We have proposed the use of a simple binding analysis - sequential equilibrium
binding analysis to determine the "functional affinity’ of Ig without prior purifica-
tion and even when present in minute quantities (Pathak et al., 1988}. An
apparent equilibrium constant - K,e,, is measured by fitting the ELISA data in
two different formulae derived from the Law of Mass Action. The relation
between the K, and K;, the conversion factor, is then established, Once
established the relation can be employed for computing Ky from K, provided
the detection system remains identical.

The quantitative relationship of the interaction between antigen and antibody
at equilibrium is governed by the Law of Mass Action {Fazekas De St. Groth,
1979). it is represented in various forms, one of them being
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[nC-x][P-x] _ K
[x] ‘ (1)

where

C - original concentration of antigen molecules with n epitopes/moleculs.

P - original concentration of paratopes.

X - concentration of complex formed at equilibrium.

Kq4 - equilibrium constant = 1/K,

All the concentrations are expressed in Moles/litre. K; has the dimension of

Moles/litre,

Thus, when the concentration of [nC] is constant, but the concentration of {P}
varies, wae arrive at

[nC-x I[P, ~x,] _ [nC-x,}IP,~x,] X

[x,] [x,] ¢

(2)

[x41,[x,1 - are the complexes formed at [P} and [P,] concentrations of the
paratopes, respectively,

Upon imposing the condition that [P,] = {P, - x4}, equation (2} can be rewritten
as

[rC-x I[P, -x/] ) [(nC-x,}[P,-x,-x,] X

[x,] [x,] ¢

(3}

or

K xix)]

Py 1=—d L
[Py7] [nC-x,] (4)
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and

K *[x)]

[P —x,—X))=———
T C-xy] (5)

Subtracting eq. (5) from edq. {4) results in

Kyl Kl
2 [nC-x,] nC-x,] (6}

or

[x1 _xg]

[nC-x 1 nC-x,]=K *nC
[x,] (7)

This equation can be employed in practice within certain limits. Though
theoretically nC will never be equal to x4, practically nC tends towards x; when
nC is limiting and x4 and/or x, tend to zero at the upper and the lower plateaus
of the dilution curve, respectively. We thus have a range within which this

equation can be used.

Also, reconsidering eq. {2}, and extending the condition

Py - x41 = Psl,
[Py - Xz} = [P3]:
[P, - X3l = [Pg1...[IP,]
where [x,] = O,

we arrive at [Py - x4] = [X5] + [x3} + ....[Ix,) (7a)

[x,], [x3l ...Ix,} being the complexes formed at successive equilibrium steps,
with the original concentration of paratopes [P4], and the total concentration of
epitopes InC] kept constant at each step. Therefore eq. {2) can be rewritten as

[nC-x]x,+x;+..] ~

[x,]

d

or
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el Ixl_ bl
K, K; [x,+x,+..] {8)

Both eq. {7) and {8) give a straight line in the range under consideration. They
can be used to determine the value of Ky, Thus the slope of the plot of
[x1-x51/%5 v8 [nC-x41NC-x,] will be nC+K,. The inverse of the slope of the plot
of x1/Xx, vs x; will give the Ky, the intercept on the Y axis can be used to
arrive at the value of nC (Figure 1). The first condition of eq. (2} can be met in
an ELISA by transferring the liquid in the wells after equilibrium has been
reached to a fresh plate previously coated and blocked as the intial. one and
incubating the second plate until equilibrium is once again established.

20

X; (AFU X 10-8)

Figure 1 Sequential eguitibrium binding anatysis for alfinity ranking in ELISA, Four Individuat monoclonal anti-TNP antibody
preparations were tested on plates coated with the antigen. The praduct develeped in each plate {OD or AFU) was
fitted in oq, B. Affinities can be ranked In decreasing order (¢, @, B and 4},

It is essential to determine the value of nC - the maximum number of epitopes
that are available for reaction with the paratopes in each well in order to allow
the aplication of eq. (7). When nC becomes limiting, i.e. in the plateau region
of the dilution curve, x, tends towards nC, and the values of x1' and x, are
approximately equal. These values of x; remain unchanged over a range of
decreasing concentrations of P, while the value of x, decreases. The response
value of x4 in this region is approximately equal to nC. The value of x; in the
plateau region of the dilution curve (at the highest concentration of lg) is
sometimes lower than that obtained at lower g concentrations {the steep part
of the curve). Similarly, x, is sometimes found to be greater than x, in this
region. On purely theoretical grounds, two explanations are possible. Firstly, the
plateau region of the dilution curve is the antibody excess zone so that only one
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antibody site can complex with the antigen, leading to a loose binding. Some
of this Ig will be lost in the subsequent washing steps giving a reduced sighal.
Alternatively, the detecting reagents either cannot bind or bind loosely to the
lg due to steric hindrance, feading to a deviation from linearity in the dose
response curve on the first plate.

The process of liquid transfer can be repeated a number of times to get the
values required for eq. {B). However, the repeated transfer of the liquid is a
tedious and laboriocus process, The systematic error in the measurement will
also be amplified and loss of minute amounts of the liquid in each successive
transfer will further distort the signal obtained. We therefore suggest the use
of an empirical equation that can be used to predict the values of x5, x4, etc.,
once the values of x; and x, are established. A close agreement of the
predicted and the experimentally determined values is generally observed (Figure
2).
X, X, o

Xy (9)

X =m*

All the variables in equations (8} and {9) are expressed in terms of response
{e.g. optical density). The K, value so determined therefore will also be in
these terms and a conversion factor will have to be determined to arrive at K
in Moles/litre. This conversion factor is dependent on the detecting and
measuring system used and will be unique for a particular system.

xp (AFU X 10-3)
8 8 8 g g

s

A\@

1 15
log dilution

[=
o
o
tn

Flgure 2 Comparison of the actual and pradicted Ix, values, Sequential equilibria were established between a coat and three
diffarent monoclonal antibodles. A summation of the respense values [0D or AFL) of plates 2,3,4....n, gave the
exparimental Ix; (closed symbelsh, The rasponse values of the first and second plates were fitted In eqys to arrive
at the predicted Zx, valuas (open symbals). A plot of Zx; vs log ditution was then constructed.
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A number of assumptions have to be made for applying the above equations to
ELISA -

1. The antigen-antibody interaction wherein the antigen is bound to the solid
phase and the antibody is in the liquid phase is governed by the Law of
Mass Action.

2. The reaction reaches an equilibrium and this equilibrium is not substan-
tially affected by the binding of the antibody to the immobilized antigen
and it's consequential removal from the fluid phase.

3. The antigenic epitopes remain essentiatly unaltered after adsorption to the
solid phase, so that the behaviour of the paratopes and therefore the K
remains unaffected in this system.

4. The epitopes bound to the solid phase behave independently of each
other and there is no cooperative binding between the two identical
binding sites of the antibody.

b, The coating of the solid phase is uniform, i.e. the average number of
epitopes that can react with the paratopes/well is the same for a given
antigenic input in the coating solution.

It is possible to determine the K, {and K4 of reactions between antigen and
antibody as well as between anti-lg antibodies and Ig by the sequential
equilibrium binding analysis. A large conversion factor is required to arrive at the
Kq4 from K, However, the use of this large factor is likely to introduce/amplify
errors and we restrict the usage to relative ranking only. We have used this
system extensively for evaluating immunization protocols as well as relative
ranking of monoclonal antibodies, In our experience, the system works best for
monoclonal antibodies and for polyclonal sera consisting of relatively simple
affinity distributions. When the serum consists of a wide range of affinities, e.g.
late secondary or tertiary responses, the K,; can only be determined over a very
small range of dilutions, and caution needs to be exercised in evaluating the

results.
3.3 Determination of affinity distributions

It is known that the binding of antibodies produced by the immune system in
response to ‘foreign’ antigens is heterogeneous and that the distribution of
association constants of the antigen-antibody reaction evolves in time under
various circumstances {Eisen and Siskind, 1964}. The study of the antibody
distribution pattern as a function of time after immunization is useful for the
quantitation of the immune memory (Yee, 1991).

The affinity constants of polyclonal serum antibodies represent the overall
hinding properties of a normaily heterogeneous population of antigen-specific
antibodies and have limited usage (Bruderer et al,, 19982). An accurate
assessment of affinity distributions within polyclonal populations of antigen-
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specific antibodies depends either on the isolation of antibody populations
according to differences in affinity, or on the detectability of these populations
in the presence of additional populations with the same specificity. Such
isolation and quantitation of antigen-specific antibodies requires large samples
and is difficult and labor intensive. Moreover, an accurate detection of the
affinity populations in polyclonal samples is problematic due to the complexity
of the popllations to be analyzed and the multiplicity of the possible interac-
tions,

Several ELISA based assays have been described for the measurement of
affinity distributions (Nieto et al., 1984; Rath et al., 1988; Van Dam et al.,
1989). We have adapted a simple competitive inhibition ELISA method for the
relative determination of affinity distribution patterns in & polycienal serum using
a previously described protocel (Rizzo et al., 1992). Increasing amounts of the
hapten are added to serum aliquots and incubated overnight. The mixture is
then run in a regular ELISA using the same hapten-protein conjugate as the
coat. In this type of an assay, the high affinity antibody is inhibited from binding
to the ELISA plates by the low concentrations of the free hapten. As the free
hapten concentration is incremently increased, lower affinity antibody is
inhibited, until at sufficiently high hapten concentrations all hapten-specific
antibody is inhibited. The results are expressed in an histogram {Figure 3}.

40

35

30 A

25

20 -

% of the response

q 5 6 7 8 9 10 1 12 12
DNP-lysine (-log M)

Figure 3 Histogram of the affinity distributions of DNP-specllic serum antibogios. Sera ware collected at certaln days after
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in each affinity subgroup.
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4 Application of biosensors to interaction kinetics

For the understanding of structure-function relationships in biomolecular
interactions and for the technical use of these biomolecules, the characteristic
propertiss of the interaction must be known, Ideally, it should be possible to
characterize the reaction between uniabeled reactants, but this has proved
difficult by traditional methods (Karlsson et al., 1991). Evanescent optical
sensing techniques are finding increasing applications for the monitoring of
biomolecular interactions. They offer the ability to perform real-time quantitative
assays allowing for the kinetic analysis of interactions, and are generic
techniques applicable to a wide range of assays. They exploit the ability to
perform assays at solid surfaces and use evanescent fields to probe changes in
refractive index, layer thickness, absorption or fluorescence caused by reactions
occurring within a few hundred nm of the sensor surface.

Two main types of optical evanescent sensors are commercially available: those
based on surface plasmon resonance (SPR}, and those based on waveguiding
techniques (resonant mirror). Here we focus on the resonant mirror biosensor,
The basic principle of the evanescent sensors is similar. When light travels
through an optically denser medium, e.g. a glass prism, it is totally reflected
back into the prism when reaching an interface to an optically less dense
medium, provided that the angle of incidence is larger than the critical angle.
This phenomenon is known as total internal reflection, Although the light is said
to be totally reflected, a component of the incident light momentum, called the
evanescent wave penetrates a distance of the order of one wavelength into the
less dense medium to give the evanescent field. Both the commercially available
optical biosensor types {lAsys'™ biosensor, Fisons plc, Applied Sensor
Technology, Cambridge, UK; BlAcore'™ biosensor, Pharmacia Biosensor AB,
Uppsala, Sweden) exploit this phenomenon of evanescent wave generation,

4.1 The resonant mirror biosensors

In the wave guiding technique devices, the sensing layer is placed in the
evanescent region of guided mode propagating in a dielectric waveguide
structure. The resonant mirror biosenser is essentially similar in structure to an
SPR device. Light is totally internaily reflected from the sensing surface by
means of a prism. At the sensing surface, a dielectric resonant layer of high
refractive index that is separated from the prism by a layer of low refractive
index, is present. This low refractive index layer is sufficiently thin {around 1
um) that light may couple into the resonant layer via the evanescent field.
Efficient coupling occurs only for certain resonant angles, where phase
matching between the incident beam and the resonant modes of high index
layer is achieved. At the resonant point, light couples into the high index layer
and propagates some distance along the sensing interface before coupling back
in the prism. The angle of excitation of resonance is sensitive to changes at the
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sensing interface., By monitoring shifts in the resonance angle, changes
occurring as a resut of binding or dissociation of biomolecules can be measured
in real-time. The |Asys biosensor is a cuvette system based on the resonant
mirror waveguiding technique (Figure 4). It includes a sensor device with
integrated optics incorporated in a reinsertabie micro-cuvette sample cell, a
resonance angle detector and a microprocessor hased system controller. A
micro-stirrer in the instrument ensures efficient transport of reagents and
analytes to the sensor surface for kinetic analysis on the instrument. The inner
surface of the micro-cuvette, i.e. the sensor surface, is coated with
carboxymethylated dextran (CMD). This provides a hydrophilic and flexible
matrix suitable for studies of biomoiecular interactions and for efficient
immobilization of ligands through covalent linkage of target molecules,
Alternatively, cuvettes coated with silane are also available, The cuvette design
minimizes sample requirements and offers the possibilities of sample recovery
and re-insertion of the sample cells. The ccoated sample celis can be stored at
refrigeration temperatures in between runs. This design also permits the
operator to use a range of ligate volumes {50 to 200 ui), The change in the
angle of resonance can be directly related to the presence and concentration of
biomolecules in real-time. The instrument records this change in resonance
angle in terms of arc-sec.

1Asys - resonant mirrar sensing device

gvanascent field /hydrogel

TIR boundary

High 20y I8 Forant tyer
resorand glructory
fow s epbng teyer

reffacted light

Y/

prism block

Figure 4 Schematic representation of tha fAsys resonant mirror sensing device built in a disposable cuvette,

4.2 Immobilization of the ligand

For the biosensor, it is possible to immobilize various molecules to the CMD
layer by conventional chemical methods. The ligand may be one of the
reactants in the interaction of Interest or a capture antibody having a high
affinity for one of the reactants. In order to optimize the immobilization
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procedure, the electrostatic uptake characteristics of the ligand should be
avaluated with respect to concentration and immobilization pH. This allows
sufficient concentration of protein available for immobilization onto the matrix.
Buffer selection is dependent on the iso-electric point of protein to be
tmmmobilized. Generally, proteins are coupled most efficiently at pH close to their
fsoelectric point {pl}. Proteins or peptides of interest can be immobilized by
using simple carbodiimide chemistry (Lofas et al,, 1991). The dextran surface
is activated by adding a mixture of N-ethyl-N' (dimethyl-aminopropylicarbo-
diimide and N-hydroxysuccinimide. Next, the protein/peptide of interest is added
to the dextran layer, A covalent bond is formed betwsen the free amines (e.g.
lysine, arginine, histidine} or N-terminus on the peptide and the reactive ester
group. The remaining activated groups are then deactivated by reaction with
ethanolamine, A final wash with acid/alkali removes any unreacted but non-
specifically bound molecules and the sensor is ready for studying biomolecular
interactions, The immobilization step itself can be monitored in real-time
allowing quantitation of the surface concentration of the immobilized ligand

{Figure b}.
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Figuse 5 Profile of immobilization of ligand lprotein} to CMD coated cuvette. The CMD is activated by the addition of EDC
and NHS. The primary amino groups in the protein bind covalently to the carboxyl groups on the CMD, The surface
is deactivated with ethanctamina and regenesated with HCL

Ligand purity and homogeneity, proper choice of immobilization buffer, the
extent of the electrostatic uptake, concentration of the ligand and the time of
incubation of the various immobilization reagents are all critical for the
successful application of biosenser and have to be carefully standardized. The
immobilized cuvette can be used for multiple runs, An appropriate reagent
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(acid/alkali/urea) can be used for regeneration. The measurement of the
respnance signal is volume-dependent up to a volume of 50 pl per cuvette after
which the measurement becomes volume-independent. We therefore consider
it essential to consistently use a constant volume in the cuvette, Moreover, a
total volume exchange for running buffer with sampie has to be avoided as it
causes extensive baseline shifts.

The binding stoichiometry is calculated by the formula:

analyte response ligand response
analyte MW~ ligand MW

analyte:ligand =

Multiple parameters are important in studying interaction analysis with the
biosensor -

a. The quality of the ligand - Apart from factors iike purity and homogeneity,
the sensitivity of the ligand to the process of immobilization will affect the
quality of the assay. The extent of denaturation and/for alteration in
conformation may result in non-homogeneous ligand sites.

b. Immobilization - The gentleness and randomness of immaobilization will
affect the quality of the analysis. The level of immobilization is also
important and will be dictated by the ligand-ligate system to be studied
as waell as the desired application,

C. The quality of the ligate - Purity of the ligate is not essential but desirable.
Various proteins may react non-specifically with the coat, and the
absence of such reaction must be ensured. If the preparation contains
aggregates or fragments, the ligate may display a heterogeneity with
respect to binding properties and complicate data interpretation. Non-
specific binding is of special importance when the ligate is present in a
complex protein mixture such as serum or supernatant.

d. Controls - Proper positive and negative controfs must be included in the
experiments. These can be used for correction of the non-specific binding
as well as ensuring quality of immobilized cuvette even after multiple
runs, ‘

e, Method of regeneration - ldeally regeneration should be as gentle as
possibie, but at the same time, the agent must regeneraie the entire
surface. Repeated regenerations may affect the quality of the immobilized
ligand. Often, for complex protein mixtures, one reagent may not be
sufficient, and a combination of reagents could be investigated (HCI,
EDTA, urea, high salt buffers, etc.).

f. Method of data analysis - It is possible to use either linear or non-linear
regression for data analysis. However, the reaction between the
immobilized ligand and the solution phase ligate can not be described by
a simple linear equation and hence non-linear regression analysis is to be
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preferred.
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Flgure 6 A typleal dose response curve obtained on a biosensor. Goat anti-mouse-lgG was immobilized to tha sensor
surface. After establishing abase lina, 50 pg/mi of mouse-1gG was added to it. Tha sample was replaced with PES
and allowed to dissociate for 4 min. The sensor surface was regenerated with an acld wash.

4.3 Interaction kinetics

Antigen-antibody interactions have been traditionally measured using a variety
of methods such as radioimmunoassay, ELISA, fluorescence quenching, etc. All
these approaches have many theoretical and practical drawbacks {Nygren et al.,
1987; Malmborg et al., 1992). When information regarding the kinetics of the
reaction per se is required, e.g. for studying affinity maturation, the binding
characteristics of recombinant antibody fragments, the selection of monoclonal
antibodies etc., rapid kinetic measurements are desired and the traditional
methods are not suitable {Lofas et al., 1991). Biosensors have been succes-
sfuily used for such measurements (reviewed in Malmqvist, 1993). Various
dilutions of the ligate are added to the ligand-immobilized cuvette and the
association kinetics foliowed in time. Replacing the ligate with buffer aliows the
dissociation kinetics to be studied in real-time as well, Figure 6 shows a typical
dose-response curve obiained on a biosensor, This primary biosensor data can
be treated in various ways to arrive at the kinetic constantis, Most of the
published studies use the traditional method involving linear transformations of
the primary biosensor data for the determination of kinetic constants. However,
linear transforms also transform the parameter-associated errors (Malmqvist,
1993}, Accordingly, the use of non-linear regression are increasingly in use
(O'Shannassy et al., 1993; Edwards et al., 199b).
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4.4 Theoretical considerations

A detailed theoretical consideration of kinetic analysis is given elsewhere
{Karlsson et al., 1991; O’Shannessy et al., 1993}. Here, only the linear and
non-linear regression analysis methods are briefly outlined. The monovalent
homogeneous binding between monoclonal antibody {B) and its antigen (A} to
form the complex {AB)} can be expressed by the equation

kﬂSS

[A] [B} +=[ABI (10)

diss
The net rate of complex formation is given by

APt AV B JAB],

d {11)

When A is immobilized on the sensor surface, and the concentration of B is in
large excess and continuously replenished at the boundary layer, a pseudo first
order reaction results. The complex AB is monitored by the biosensor directly
as the change in response against time, and the rate of change of response (R}
with time can be given by

dR
Ezka.&s[B](Rmax —Rt)_kdis t
‘ {12)
where
IBI - is the concentration of the ligate in the free solution
Rinax total number of binding sites for B on the immobilized ligand A

expressed in the biosensor response R,
Ry - number of binding sites on A occupied at time t expressed as

biosensor response
the rate of formation of the complex AB expressed as response

R per second.

dR/dt
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Rearrangement of the equation gives

@ =kass[B ]R -k [B]Rt_kdisth

max ass

dt (13)

When the response R is measured for varying dilutions of the sample (thus
varying [B]), dR/dt can be calculated. The slope of a plot of dR/dt vs R, K’ =
Kass[Bl + Kgese When these K’ values are plotted against {Bl, a straight line
results. The slope of this line is k,,. and the intercept is ky;.c. The units of the
association constant k., are M s, In general, when the kgiss 1S €xpected to
be low (as is the case for antigen-antibody reactions) the intercept value is too
close to zero and the error on the value too large to give a true k.. The
dissociation of the complex [AB] is observed as a decrease in response when
sample is replaced by a buffer. At this point the concentration of the free
molecule [B] is zero, and from the above equation we arrive at

dR
- kdisth

dt (14)

When the conditions at the sensor are such that it can be assumed that there
is no reassociation of the complex AB from the released B

RII
]'n_E“ :kd!‘ss(tn_tl)

tn

{15)

where
Ryy - response at starting time 1.. t,,
Ryw - response at time n..t,

A plot of decrease in response vs time yields a slope = kg, in st

The association constant can be calculated as K, = k, /Ky in M7,

As noted earlier, linear transforms, such as those described above, also
transform the errors in the primary data. In addition, little information is
obtained to define the reproducibility or the certainty of the derived parameters.
Non-linear regression helps circumvent these problems. It is not necessary to
rearrange the original experimental results prior to analysis and so there is no
distortion of the original error distributions {Leatherbarrow, 1990}.
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For non-linear regression analysis, the integrated form of the rate equation has
to be used. in the cuvette {B) can be considered constant as it is added in large
excess, and efficient stirring ensures that the concentration remains constant
throughout the cuvette. Then, the concentration of antigen at time t ([Al,) is

given by

[A],=[A],-[AB],

(16)
4IAB] 4 [BY(14], -[ABI) -k, [AB],
dar
17)
%"ﬂ ~k_{BIIAL -[AB)(k,[B] +k )
f (18)
Separating the terms in [AB], and t and integration yields
AB
[ p 48], = [ at
ass[B] [A]o —[A B]t(kass[B] +kd;lss) (19}
In(k, [BI[A],-[AB](k,  [Bl+k; ) e
~(k o B +h ) (20}

At

_ Inth, [B][41,)
~(Ryosl Bl K ) (21)

t=0, [AB]=0 ,
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(ko [BIIAL,~[AB] (ko[BI +ky,)) Il [BlIA])
~(k, [B+h ) o [ Bl ey (22)
or
kass[B] [A}o“[AB] r(kass[B ] +kdc'ss) e (R (Bl et
km[B][A]a {23)
B][A
(4], - k. [BllA], (1-¢ CaclB1 Kty
kas.:[B] +kdt'.s:s‘ {24)
The term
k. [BI[A],
ka.s‘s [B ] +kdiss
can be rearranged as
k, [B][A], _ [BliA], _ [B][A],
kBl i o K IBIK,
Kass {25)

This is equivalent to the Michaelis-Menten equation, and gives the [AB] at
equilibrium {[AB].)

[AB],=[AB], (1-¢ ") (26)

where k,, is the observed pseudo first order constant.

[AB] at equilibrium can be termed the extent (E} of the reaction. Thus the
association of the antibody with the immobilized antigen can be described by
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the following pseudo first order equation

kot
R=R,+E(1-¢") (27)

where Ry is the initial response and E is the extent of the change in response.

However, the instrument response does not always increase in a single
exponential manner, and frequently at least two distinguishable phases are
observed. This biphasic response is better described by

kot kot
R =R+ Ey(1-¢" )+ Ey(1-¢*oo) (28

where E; is the extent of the first association phase characterized by the rate
constant kg, and E, is the extent of the second association phase
characterized by the rate constant k.

To facilitate the calculations, the biosensor comes along with the necessary
software packages that allow the use of non-linear regression analysis to fit the
association phase of the interaction profiles to the equations above, eliminating
the need for equilibrium binding to occur. The appropriate association phase
data are selected and monophasic and biphasic fits are performed to arrive at
an apparent on rate (k,,}. The residual error plot, also produced by the program,
allows the selection of the k,,. By determining the k,, for various concentrati-
ons of the ligate {minimum 6), a linear regression plot of k= vs [B] is
constructed. The slope of this plot is k. as described by the equation

kon :kass[B] +kdt'ss {29)

The intercept of the plot is k... However, as suggested earlier, calculation of
Kgiss from such plots is likely to be erroneous. Data transformation needed in
the linear regression analysis also transforms the error in the primary data. [t is
therefore better to calculate k., by non-linear regression analysis using the
integrated rate equation
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o Rt
Rt-‘E.e +Rf {30)
where
R, - is the instrument response at time t after replacing ligate with buffer,
R; - is the final response after dissociation is complete, and
E - is the extent of change in response.

Edwards et al. {1995) have investigated in details the application of biosensors
to biomolecular interaction analysis, They have investigated the Kkinetic
behaviour of biomolecules in biosensors and compared them to the behaviour
in liquids. It is suggested that the biphasic responses observed in biosensors
seem to be intrinsic to CMD surfaces {Malmaqvist, 1993). The observed biphasic
interaction is most probably due to steric hindrance caused by ligate binding to
ligand immobilized to the CMD on the sensor surface. In such cases, the fast
phase of the binding profiles should be directly comparable to the situation in
free solution,

A number of precautions need to be taken while determining kinetic constants
in hiosensors. However, with an understanding of the possible artefacts that
can interfere with biosensor measurements, it is possible to obtain relevant
kinetic information even with unpurified material, Association rate constants in
the range 10% t0 10% M 'sec”! and dissociation rates of 10 to 102 sec’! are
within the instruments capability, whereas determining equilibrium constants of
molecules with high dissociation rates is especially difficult with conventional
techniques {Nygren et al., 1987}.

5 Conclusions

Biosensors can be defined as devices that combine a biological recognition
mechanism with a suitable transducer, which generates a measurable signal in
response to changes in concentration of a given biomolecule at the detector
surface, They offer the possibility of characterizing biomolecular interactions in
real-time without the need to label either of the reactants. Furthermore, due to
the possibility of visualizing each step, complex assays can be relatively easily
performed and controlled. In the conventional techniques, the quality of such
assays can only be judged by the final step, and the defects, if any, in the
intermediate steps cannot be identified easily. With adequate precautions and
proper knowiedge of the possible artefacts, this technology promises to open
avenues of research that were hitherto inaccessible or couid he approached only

very indirectly.
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For the determination of functional affinity and avidity of lg specific for
macromolecular antigens, both ELISA and biosensor technology are available,
Under these conditions conventicnal affinity determination by equilibrium
dialysis is not feasible, ELISA-based affinity measurement is particularly helpful
when ranking large series of e.g. monoclonal antibodies for their affinity for the
same antigen. This method is less suitable for functional affinity determination
because of the need for a generaily large conversion factor. This conversion
factor is based upon a comparison between the K, arrived at in ELISA with
that measured in equilibrium dialysis or some such unequivocal method. Again
this is not feasible for macromolecular antigens. The advent of the biosensor
technology has enabled absolute affinity determination by permitting kinetic
binding analysis by highly sensitive measurement of binding events on a sensor
surface. This combined with the development of software enabling non-linear
regression analysis of binding data has made measurements of association and
dissociation rate constants possible. We see multiple appiications of this
methodology in typing monoclonal antibodies, following ongeing immune
responses, characterization of receptor-ligand interactions and the binding of

molecules to living celis, etc.
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