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The antigen-antibody reaction is widely used in
laboratory diagnostics, including immunohaematology. It
is areversible chemical reaction:

antigen + antibody S antigen-antibody complex (1)

The forces joining the antigen-antibody complex are
not strong covalent bonds but weaker bonds, appropriately
named "weak interactions"'.

Types of weak interactions

According to quantum mechanics, all chemical bonds
are based on electrostatic forces. A list of types of weak
bonds is shown in table I, together with their strength
(energy). Van der Waals forces are the weakest, but they
are able to attract all kinds of molecules. Hydrogen or ion-
dipole bonds require oppositely charged atoms. Hydrogen
bonds are very important in aqueous solutions because
water easily forms strong hydrogen bonds. Actually,
"hydrophobic" bonds are simply the result of the exclusion
from water molecules of other molecules that cannot
participate in good hydrogen bonds. These molecules are
called "non-polar” because their atoms do not form electric
dipoles. At 37 C, water molecules have an average kinetic
energies higher than the weakest bonds. Moreover, the

TableI- Types of weak interactions. Their strength is equal
to the change in free energy that takes place during
binding. By comparison, the average kinetic energy
of water molecules at 37 Cis 2.6 kJ/mol.

Bond Energy
(kJ/mol)
Van der Waals 4 (1-20)
Hydrogen 20 (5-40)
"Hydrophobic" <40
Ton-dipole 20 (10-50)

kinetic energy is not distributed uniformly. Therefore, even
the strongest single weak interaction has an ephemeral life
of afraction of a second at physiological temperatures. For
a stable binding, several weak bonds must be present
contemporaneously and this requires steric
complementarity between the molecules'.

Weak interactions involved
in epitope-paratope binding

The specific binding between the antigenic
determinant on the red cell (epitope) and the antigen-
combining site on the immunoglobulin molecule (paratope)
involves very small portions of the molecules?, comprising
just afew amino acids and a surface area between 0.4 and
8 nm?. Specific binding must overcome an overall repulsion
between the two molecules. As presently understood,
events at a molecular level occur as follows?: when the
epitope and the paratope casually come to a distance of
several nanometres, they are attracted by long-range forces,
such as ionic and hydrophobic bonds. These attractive
forces locally overcome the hydration energies of the two
molecules, water molecules are expelled and the epitope
and the paratope approach each other more closely. At this
distance, van der Waals forces prevail, but ionic groups
still play a role. At that point, the overall strength of the
binding depends on the goodness of fit between the two
surfaces (van der Waals forces are very short-range and
decay with the seventh power of the interatomic distance?)
and their total contact area.

The law of mass action

At the beginning, a chemical reaction proceeds
predominantly in one direction, but the reverse rate
progressively increases until the forward and reverse
speeds are equal. At this point, the reaction is said to have
reached its equilibrium.
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According to the law of mass action* :

[complex] k,

=4 =K
[antigen]x[antibody] ky «a @

atequilibrium, the ratio between the concentrations of the
product ([complex]) and the reactants ([antigen] and
[antibody]) is constant. qu is called the equilibrium
constant and is equal to the ratio between the association
(k) and the dissociation (k) rate constants.

In order to improve antibody detection, the ratio

[complex]

between bound and free antigen ( ] should be

[antigen]

increased as much as possible. Rearranging (1):

M =K, x [antibody]
[antigen] “
we note that this can be obtained in two ways: increasing
either the equilibrium constant or the antibody
concentration®*.

The greater the strength of the bond, the higher its
equilibrium constant. This relationship is expressed by the
following formula*®* :

m(k,,)= 6)

" RXT
where /n means the natural logarithm, A G is
the change in free energy, R is the universal gas constant
(=8.314472 J-K'-mol") and T'is the absolute temperature
(310K at37 C).

Table I shows a list of values of equilibrium constants
and the corresponding free energy changes.

In order for a reaction to proceed spontaneously, the
free energy change must be negative.

As shown by the following formula:

AG = AH —-T xAS

free energy change has two components: enthalpy (H), i.e.
the energy contained in the chemical bonds of reactants

* Concentrations are shown in square brackets.

ok K«/ in formula (3) must be expressed in (mole fraction)™ rather than in units of
L/mol, as usually reported in the immunohaematological literature (and this article)’.
The conversion formula is LL/mol = 55.56(mole fraction) . In fact, a litre of water
contains 55.56 moles of H,0.
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TableII- Equilibrium constants and their associated free energy
changes (AG) at 37 C. Chemical reactions only occur
spontaneously when AG is negative

K, AG
(L/mol) (kJ/mol)
10° -40
10¢ -46
107 -52
108 -58
10° -64
10" -70

and products, and entropy (S), i.e. the degree of randomness
of the system (the symbol A indicates the change in the
variable that occurs when the reactants are transformed
into the products).

Hydrogen bonds are exothermic® and the heat derives
from the energy released with the formation of the chemical
bonds of the product. Thus, hydrogen bonds
predominantly form because of the enthalpic factor. In
contrast, hydrophobic bonds are endothermic and
probably driven by the entropic factor’. However, others
disagree and believe that the entropic and enthalpic
contributions to the hydrophobic interaction vary in
relation to the individual organic compound?.

Equilibrium constants of red cell antibodies

The equilibrium constants of a few samples of red cell
antibodies have been measured experimentally. They are
listed in Table I11.

Comparing Tables I, Il and I, it is easy to conclude
that two or more weak bonds must be involved in the
formation of red cell antigen-antibody complexes.

Detailed thermodynamic data are available for anti-c®
and anti-D° (one sample each): in both cases, most of the
free energy change was due to an increase in entropy.
Moreover, it was estimated that for anti-D there were three
or four pairs of oppositely charged ionic groups involved
in the reaction'.

Judging from Table III, anti-D seems to be more variable
than the others, but this is, probably, just a reflection of the
far greater number of samples studied.

On average, the equilibrium constants of anti-c and
anti-K antibodies are 10-fold lower and 10-fold higher,
respectively, than that of anti-D.

As an explanation for the high affinity of anti-K, it has
been suggested that it has a particularly large binding site’.



TableIII - Equilibrium constants of red cell antibodies, as
measured experimentally at normal ionic strength
(1=0.16-0.17)>'*. Values for anti-C, -E and € were
estimated on single samples®'3, anti-c on three
samples>®, and anti-D on more than 50 (some were
anti-D immunoglobulin preparations) 2.

Antibody Ke(l
Anti-D 2x107 -3x10°
Anti-C 0.5x107
Anti-c 1.9x10” -5.6x107
Anti-E 4x108
Anti-e 2.5x108
Anti-K 6x10° —4.5x10 '©

Limitations of the measurement of the
equilibrium constant

Polyclonal antibodies are in fact mixtures of
antibodies with different affinities. A single value for the
equilibrium constant is just an average and fails to convey
the extent of heterogeneity.

For this purpose, an index of heterogeneity (a) may be

calculated!'®, which is the slope of the curve obtained

log [antibody bound ]

plotting [

antibody maximum)— [antibody bound | against

loglantibody free], where [antibody bound] is equal to

[complex] and [antibody maximum] is the total number of

antigen sites available to the antibodies. A value close to 1
indicates no heterogeneity. The few values concerning red
cell antibodies, published in the past, ranged from 0.5 to
0.98781013 with an average around 0.77. However, the values
reported more recently do not deviate significantly from
unity'4.

This may not be a matter of chance and highlights a
significant source of error in the measurement of equilibrium
constants: up to recently, it was necessary to label the
primary antibody or the anti-IgG with radioiodine.
Unfortunately, radioiodination interferes with the binding
properties of the antibody!”-'8. When the primary antibody
is radiolabelled, the equilibrium constant may be
underestimated by 50-65%?!.

Moreover, the extent of radioiodination is not uniform
and this may conceivably result in an apparent heterogeneity
of antibody affinity. However, the equilibrium constants of
22 anti-D samples, measured without radioiodination'4,
remained within the range shown in table I11.

Another problem relates to the antibody valence. IgG
molecules have two antigen binding sites. When both sites
bind to the same red cell, the equilibrium constant increases
by three orders of magnitude'. Anti-D, both IgG and IgM,
apparently binds monovalently?*2!. In contrast, IgG anti-
A, -B, and -M bind by both sites ?°. In these cases, the
dissociation does not follow first-order kinetics, but two
reactions occur at the same time: one involving the
monovalently bound antibodies, and the other those bound
by both sites?>. Moreover, the proportion of the antibodies
in the two states varies according to usually insignificant
experimental conditions??, making the assumptions behind
the law of mass action invalid.

A similar problem arises when the heterogeneity is on
the part of the antigen: for example a monoclonal anti-C*
reacted with a small number of high affinity sites
K, = 2-10x10®) and a large number of low affinity sites
K, = 1.2-5.5x107)%.

Affinity maturation

Affinity maturation is the progressive increase in the
equilibrium constant of antibodies produced during the
immune response. Typically, early antibodies have
equilibrium constants of around 10°-10°; those produced
after a few months show 100-fold greater affinities?. The
structural basis of affinity maturation seems to be a decrease
in the conformational flexibility of the antigen binding site
of the antibody®. The whole process can be described in
this way: B-cell antigen receptors are able to recognise an
enormous repertoire of different antigens because their
binding sites cross-react with a variety of antigens and the
activation process has a low threshold. Therefore, low
affinity interactions are sufficient to induce a primary
response?®. Afterwards, antibody-producing B cells
undergo rapid cell divisions in the germinal centres, during
which the diversity of the binding sites is greatly amplified
by casual mutations (somatic hypermutation). B cells
producing high affinity antibodies are then preferentially
selected for proliferation. In fact, early antibodies are coded
by genes identical to those found in the germline, while
mature antibodies are the product of somatically acquired
point mutations®*. Therefore, both affinity maturation and
the seemingly impossible task of recognising a potentially
infinite epitope repertoire with a finite paratope array, are
fulfilled by the same mechanism, i.e. the modulation of the
conformational flexibility of the antigen binding site®: the
initial high flexibility permits cross-reactivity, but at the
expense of low affinity, because of the unfavourable entropy
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changes (antigen binding entails a restriction in the
conformational freedom). Conversely, the increased rigidity
of the binding site of the mature antibody abolishes cross-
reactivity but entails favourable entropic changes during
antigen binding?, although enthalpic factors may also be
involved?.

Re-stimulation of anti-D with D-positive red cells in
immunised volunteers was accompanied by an increase in
the equilibrium constant from 0.5x10® (range 0.3-1.3) to
2.1x108 (range 0.6-4.5)'2. However, affinity maturation of
red cell antibodies produced by non-deliberate
immunisation has not been documented by reaction
kinetics studies.

Factors affecting the
antigen-antibody reaction

Many factors influence antigen-antibody reactions.
They can be conveniently classified in two groups,
according to whether they act on the equilibrium constant
ornot (Table IV).

Table IV - Factors affecting the antigen-antibody reaction

Factors acting on the equilibrium constant

- Temperature

- pH

- Ionic strength

- Enzyme treatment of red cells

Other factors

- Concentrations of antigen and antibody
- Zygosity (number of antigen sites per cell)
- Duration of incubation

Factors acting on the equilibrium constant
Temperature

Red cell antibodies are traditionally divided into "cold"
and "warm" types, in relation to the thermal optimum of the
antigen-antibody reaction. However, the thermal optimum
probably depends on the chemical nature of both the
epitope and paratope?’ or, better, on the types of weak
bonds involved. Hydrogen bonds are exothermic and are
more stable at low temperature®. They are particularly
important when the antigen is a carbohydrate®. Conversely,
the strength of the hydrophobic bond increases with
temperature®. Even in the case of warm antibodies, antigen-
antibody reactions are expected to be stabilised at low
temperature. However, the effect on the equilibrium
constant is minimal or absent and is exceeded in practice
by a decrease in the association rate: an example of anti-c
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showed equilibrium constants around 2.2x107at 15-19 C
and 1.8x107at 37-40 C 3; no change in the equilibrium
constant between 2 and 40 C was found in an example of
anti-D °. On the other hand, at4 <, anti-D needs 20 times
longer to reach equilibrium than at 37 T*4.

pH

The effect of pH on the equilibrium constant of anti-D
is characterised by a symmetrical curve around a maximum
lying between pH 6.5 and 8.4 528, At both sides of the
maximum, the antigen-antibody reaction is strongly
inhibited. For example, at pH 5.0 or 9.5, the equilibrium
constant is 100-fold lower than at 6.5-7.0 '°. In fact, this
property has been exploited to elute antibodies from red
cells®3°, Extreme pH values induce marked conformational
changes in the antibody molecule that probably destroy
the complementarity with the antigen®®. Although no other
red cell antibody has been evaluated with reaction kinetics
studies, most of them should behave like anti-D, at least
judging from serological results of acid elution?'.

Ionic strength
Ionic strength (/) is defined as follows:

1 Jo.2
1 =EZ([1]><VI. )

where [{] is the molar concentration of each ion in solution
and v, isits valence. When there are only monovalent ions,
1 is equal to half of the sum of their molarity. The rate of
decay of ionic interactions with distance strongly depends
on [: e.g., at a distance of 0.8 nm in 0.15 mol NaCl
(physiological saline), ionic bonds have the same strength
as at 10 nm in 0.001 mol NaCl?. Ionic strength does not
influence other weak interactions. Probably, ions bind to
charged groups of epitopes or paratopes, obstructing their
combination®. Early kinetic studies!*>*! on ionic strength
and red cell antibodies concerned anti-D and found a
pronounced effect on the initial rate of association: reducing
Ifrom 0.17 to 0.03 increased the association rate constant
1000-fold’. It was calculated that a reaction that needed 1
hour to reach equilibrium at /=0.17, would be completed in
4 seconds at /=0.03". Plotting the log , of the association
rate constant against the square root of the ionic strength,
astraight line was obtained from /=0.17 to /=0.03; then the
curve reached a plateau'®. The initial rate of dissociation
was also influenced, but to a lesser degree: from 8x10° to
2.5x107 sec'! %, Early serological studies** extended the
first observations and demonstrated that low ionic strength



increased the titre of most antibodies tested, with the
exception of anti-A and anti-B. Lewis antibodies were
apparently enhanced in one study* but not in the other™®.
Further experience revealed other notable exceptions: anti-
K was not enhanced?® and a short incubation (10 min) could
fail to detect weak examples*. The same was true for anti-
k, -Kp* and —Kp®°3>¢: therefore, all common Kell system
antibodies behave similarly with respect to ionic strength.
This is not surprising, because single base substitutions
are responsible for the different Kell phenotypes®’.
Evidently, ionic bonds make no contribution to the specific
binding of Kell system antibodies. Moreover, it is not
surprising that antibodies against carbohydrate epitopes
(ABH, Lewis) are not enhanced by low ionic strength, as
the weak interactions involved are mainly hydrogen bonds?.
Another characteristic of anti-K may be involved in its
unusual behaviour at low ionic strength: its high equilibrium
constant at normal ionic strength’. As already noted in one
of the first studies on this subject, only low affinity
antibodies (or the low affinity fraction of a polyclonal

antibody) should be expected to be significantly enhanced
by low ionic strength®. In fact, at equilibrium, low titre-high
affinity antibodies already have most of the molecules
bound to antigen. Therefore, even a marked increase in the
equilibrium constant would produce a negligible increase
in the number of antibody molecules per cell. This situation
isillustrated in figure 1.

False positive reactions at low ionic strength

False positive reactions were noted in the first
serological studies on low ionic strength*2, particularly at
1<0.04 (final concentration).

Further studies confirmed the first findings and showed
that false reactions were mostly due to complement
attachment®*. The nature of this phenomenon had been
independently investigated in a completely different field,
albeit still related to transfusion medicine: red cell
freezing*>*!. When exposed to a very low ionic strength,
gamma globulins aggregate and form a reversible complex
with the lipoproteins of the red cell membrane. This causes
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Figure 1- Effectofincreasing the equilibrium constant on three representative red cell antibodies. The y-axis
on the left shows the number of IgG per red cell. The y-axis on the right is the agglutination strength
corresponding to the number of IgG/cell (the correlation is based on a study by Merry et al.**and
must be intended as a gross approximation; it is shown for illustrative purposes only). Anti-D, -c,
and —K are supposed to have an equilibrium constant of 2°10%,4.4°107, and 1.510'°, respectively
(typical values, see Table III) and a concentration below the minimum detectable in the antiglobulin
test. If the equilibrium constant is increased 10 to 1,000 times, anti-D and anti-c are greatly enhanced
but anti-K is not. The reason is that, in the initial conditions, anti-D and anti-c only have 17 and 13%,
respectively, of the antibody molecules bound to the red cells, while anti-K already has 79%.
Therefore, in the latter case, increasing the equilibrium constant 1,000-fold results in a mere 20%
increment in antibody uptake, too small to be appreciated in the antiglobulin test.
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the aggregation of the red cells, which rapidly sediment
without centrifugation. Such a "reversible agglomeration”
formed the basis of one of the first techniques for washing
frozen glycerolised red cells*?. Returning to
immunohaematology, in the presence of active complement,
aggregated immunoglobulins on the surface of red cells
provoke the attachment of complement fractions. When
the red cells are washed (at normal ionic strength) before
adding the antiglobulin serum, immunoglobulins are
removed but complement fractions are not and react with
the anti-complement portion of broad-spectrum antiglobulin
reagents. False positive reactions are not a problem with
commercially available techniques, because the final ionic
strength is usually around 0.09 and never falls under 0.06.
However, when [ is decreased to 0.03, so as to exploit the
full effect on the association rate, anti-IgG must be
substituted for a broad-spectrum antiglobulin®®, or, as an
alternative, complement must be inhibited using plasma
instead of serum.

Enzyme treatment

Many proteolytic enzymes are known to enhance the
antigen-antibody reaction, but the most used are papain,
ficin and bromelin. Enzymatic pre-treatment almost doubles
the amount of anti-D bound to D-positive red cells*. A
detailed kinetic study showed that ficin increased the
equilibrium constant of the D-anti-D reaction and that this
effect was due to an increase in the association rate, while
the dissociation rate was almost unaffected®. It has been
suggested that enzymes expose D or D-like antigenic
determinants**S. Scatchard plots of equilibrium curves
obtained in different studies gave contrasting results: in
one study*, the maximum number of antibody molecules
per cell (equivalent to the number of available antigens)
was the same in enzyme-treated and control cells; in the
other*, it was 46% more. In the last study, similar results
were obtained with low ionic strength, but this finding is
not easy to explain. Other antibodies known to be
potentiated by enzymes are those directed against the other
Rh antigens, Kidd, Colton, Dombrock, Lewis, P.L andi.
Conversely, antigens of the Duffy and MINSs systems are
destroyed or weakened, as are Xg?, Ge, Ch, Rg and others®.

The effects of enzymes and ionic strength are not
additive?!. This suggests a common mechanism of action.
However, a situation similar to that depicted in figure 1 is
also possible: once the equilibrium constant is elevated,
further increases would go unnoticed. Probably, enzymes
actby removing obstructing molecules or charged chemical
groups around the combining site**. Enzymes are also
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capable of inducing direct agglutination by incomplete
antibodies. However, the effects on antibody binding and
agglutination are independent, because normal D-positive
cells do not agglutinate with anti-D, even though sensitised
with a much greater amount of antibody than necessary
for enzyme-treated cells*®.

Polymers and other potentiators

Most chemical substances used for improving red
cell antibody detection do not act on the first stage of
agglutination, the antigen-antibody reaction, but on the
second, agglutination proper. Typical examples are the
polycations: polybrene*’, protamine*?, methylcellulose.
Albumin and polyethylene glycol (PEG) are exceptions.
Reagents containing 20-33% bovine albumin were used
for many years in antiglobulin tests, before being supplanted
by low ionic strength solutions. In retrospect, it appears
probable that the effect of albumin reagents was due to
their relatively low ionic strength, rather than to the
properties of albumin.

PEG is the only potentiator also known to improve the
detection of anti-K, although Kell antibodies are less
enhanced than Rh and Kidd antibodies**. PEG must be
used with an anti-IgG (or with plasma instead of serum)
because, otherwise, false positive reactions due to the
attachment of complement fractions would ensue®. There
are no thermodynamic studies of its effects on the antigen-
antibody reaction. PEG decreases the solubility of plasma
proteins, a property due to the very unfavourable free
energy of its interaction with proteins (steric exclusion)>.
It is speculated that in this way, antigen and antibody
behave as if they were more concentrated, increasing the
probability of a contact®’. In any case, the mechanism of
action is probably not the same as that of low ionic strength.
In fact, reagents have been described that combine PEG
and low ionic strength>2. Unfortunately, PEG at low ionic
strength tends to precipitate plasma proteins in samples
with hyperproteinemia or cryoglobulins. Apparently, this
does not interfere with red cell sensitisation, but makes it
difficult to re-suspend the cells if they are centrifuged
before washing. PEG-enhanced tests are among the most
sensitive manual antibody screening assays available
today. Unfortunately, up to now, PEG has not been
integrated in any automated test.

Other factors
Concentrations of antigen and antibody

The left terms of the law of mass action (2) are
concentrations. This means that a simple dilution or



concentration of the system, without changing the
absolute quantities, can markedly affect the number of IgG
per cell. An example is shown in figure 2: three antibodies
(anti-D, -c, and —K), with typical equilibrium constants, are
supposed to have such a concentration in the sample as to
give a'++'in the antiglobulin test. If the system is diluted
1:2 or 1:4 by adding an appropriate medium, so as not to
change temperature, pH, or ionic strength, the equilibrium
constant does not change, but part of the antigen-antibody
complex will dissociate. This happens because (2) has a
product in the denominator and [antigen] or [antibody] or
both must be increased to maintain the result of the fraction
constant. As shown in figure 2, the dilution effect is much
more pronounced for low affinity antibodies: both anti-D
(supposed to have an equilibrium constant of 2x108) and
anti-c (with an equilibrium constant of 4.4x107) would give
anegative or doubtful reaction in a diluted system. On the
other hand, anti-K (Keq: 1.5x10'%) would still be easily
detectable.

Serum/cell ratio

Similar considerations apply, when the serum/cell ratio is
modified. This may be obtained in two ways: either by
increasing the volume of serum/plasma or decreasing the
volume or the concentration of the red cells. It is advisable
to increase the serum/cell ratio in order to improve the
sensitivity of the antiglobulin test*. However, only high
affinity antibodies, such as anti-K, should be expected to be
enhanced in this way, as shown in figure 3. These theoretical
expectations about the behaviour of anti-D, -c, and -K have
been confirmed in kinetic*® and serological studies.

Antigen zygosity

Many red cell antigens are present in different numbers
in homozygous and heterozygous cells**. The effects of
antigen zygosity and red cell concentration are distinct:
even when the concentration of the antigen in the reaction
system is equal in both cases, and, for this reason, the
concentration of the antigen-antibody complex too, the
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Figure 2 - Effect of the dilution of the reaction system on antibody uptake. Y-axes are the same as in figure 1.
Antibodies are also the same, but they are supposed to have an initial concentration corresponding
to a'++'in the antiglobulin test. If a suitable medium is added, which dilutes the system without
changing temperature, pH, or ionic strength, anti-D and anti-c are markedly affected and the antibody
uptake may be insufficient to be detected. A high affinity antibody, such as anti-K, is much less

affected.
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Figure 3- Effect of an increased serum/cell ratio on antibody uptake. Y-axes and antibodies are the same as in
previous figures. In the initial conditions, antibodies are supposed to have a concentration equal to
half of the amount necessary to give a'+' in the antiglobulin test. A serum/cell ratio of 40 corresponds
to two volumes of serum/plasma for one volume of 5% red cells. Higher ratios are obtained by adding
more serum/plasma. Anti-K is greatly enhanced. In contrast, the uptake of low affinity antibodies
(anti-D and anti-c) is only modestly increased.
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Figure 4- Effectof antigen zygosity on the number of antibodies per cell. Y-axes and antibodies are the same as
in previous the figures. Dark and light bars represent homozygous and heterozygous red cells,
respectively. Calculations are based on the following estimates for the number of antigen sites per
cell: homozygous cells: D: 27,000, c: 78,000, K: 5,000; heterozygous cells: D: 12,000, c: 40,000, K:
3,000%. The antibodies (anti-D, -c, -K) are supposed to have such a concentration as to give a ‘++’
in the antiglobulin test with homozygous cells. In the case of low affinity antibodies (anti-D and anti-
¢), the use of heterozygous instead of homozygous cells causes a marked decrease in the number of
IgG/cell. The high affinity antibody (anti-K) is much less affected.
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number of antibodies per cell changes and favours
homozygous cells. An example is shown in figure 4. Once
again, the behaviour of the antibodies is determined by
their affinity: the two low affinity antibodies (anti-D,
anti-c) are greatly influenced by zygosity, while the high
affinity example (anti-K) is not.

Duration of incubation

For maximum sensitivity, the antigen-antibody reaction
should be allowed to reach equilibrium. However, this may
take 4 hours at normal ionic strength and at a temperature
of 37 °C?°. Luckily, the kinetics is not linear and in the first
hour the uptake is already 87% of the maximum (40% after
15 min)®. Atlow ionic strength, the reaction is faster but
how much faster depends on how low the ionic strength is
and on how sensitive the antibody is to its effect. For fear
of false positive reactions, the ionic strength has usually
been decreased only moderately (/=0.09). In such
conditions, the uptake of Rh and Kell antibodies increased
at least up to 20 min (longer incubations were not
reported)*®. After 20 min at low ionic strength, Rh antibodies
gave values 72% higher than after 45 min at normal ionic
strength. After 10 min, they were already 40% higher. Anti-
Fy* and anti-Jk* were also enhanced, but not so strongly.
On the other hand, Kell antibodies gave slightly lower
values (-5%) after 20 min than after 45 min at normal ionic
strength, and after 10 min they were about 25% less™®.

Another study employed almost the same experimental
design, but only serological tests were performed and the
reference method was a 60 min incubation at normal ionic
strength. After 5 min at low ionic strength (/=0.09), 24%
of the antibodies gave weaker reactions than with the
reference method and 2 out of 17 anti-K did notreact at all.
A case of anti-K, which caused a haemolytic transfusion
reaction and had not been detected after 10 min at low
ionic strength, has been cited above*. In a comparison
between low (/=0.10, 20 min incubation) and very low
(I=0.04, 5 min incubation) ionic strength, serological results
showed that the very low ionic strength test gained
sensitivity for Rh antibodies, notwithstanding the very
short incubation®.

Duffy and Kidd antibodies gave almost equal results
with both techniques, but Kell antibodies were clearly
weaker in the very low ionic strength, 5 min incubation
technique®. In a further experiment, eight examples of anti-
K were incubated for 5, 20 or 60 min at normal (/=0.16), low
(1=0.10) or very low (/=0.04) ionic strength.

There were no significant differences between the ionic
strengths, but results were clearly better after 20 min than

after 5 min. By prolonging the incubation up to 60 min, the
score improved slightly but the difference was not
statistically significant™.

In liquid phase tests, red cells sediment during
incubation. The sedimentation rate depends on the
viscosity of the medium, but after 20 min this phenomenon
isusually clearly evident. The antigen is more concentrated
and the antibody less in the sedimented layer. This
decreases the number of antigen-antibody complexes per
cell. Although no quantitative study has specifically
addressed this point, unless the reaction mixture is mixed
regularly, there should be no advantage from prolonging
incubation beyond 20 min.

Overall sensitivity of a test method

The incubation phase is just one component: the
washing step and the way the reaction is read are also
important. During washing, the antigen-antibody complex
partly dissociates, because free antibody is removed and
the washing solution is usually at normal ionic strength
and does not contain any potentiator. However, washing
isusually performed at room temperature and this decreases
the dissociation rate. Low affinity antibodies should be
more affected by this problem. This probably explains why
Rh antibodies are particularly enhanced by polycations,
which bring about agglutination without washing being
necessary****, The gel test, which avoids washing through
the use of a gradient, should also be particularly
advantageous for low affinity antibodies. In any case, the
steps following incubation should be as fast as possible.

Conclusions: optimal conditions for red cell
antibody detection

Affinity is the most important factor governing the
behaviour of antibodies. It depends on the genetic system
(Kell antibodies generally show a high affinity, Rh
antibodies a low one) and on how mature the immune
response is (affinity maturation). Low affinity antibodies
are particularly sensitive to antigen and antibody
concentrations and antigen zygosity. On the other hand,
high affinity antibodies are sensitive to the serum/cell ratio.
The second most important factor is the activity at low
ionic strength: Rh antibodies are particularly enhanced,
most other antibodies are less enhanced, but Kell antibodies
are not enhanced at all.

A technique suitable for all clinically significantred cell
antibodies should meet a series of requirements.
- Incubation at very low ionic strength (/=0.03-0.04) orin

the presence of PEG.
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- Duration of incubation not less than 20 min.
- The highest serum/cell ratio.

- The minimum amount of red cells.

- Homozygousred cells.

In practice, volume limitations force a compromise
between low ionic strength and the amount of serum/plasma:
to reach an ionic strength of 0.04, serum must be diluted at
least 1:4 with a low ionic strength solution. Moreover, the
minimum amount of red cells depends on the detection
system: tube tests require more red cells than gel or solid
phase tests.

Keywords: antibody, antigen, antigen-antibody reaction,
equilibrium constant, antibody affinity.
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Appendix A —Derivation of the formulae

An intuitive derivation
of the law of mass action

During the course of the antigen-antibody reaction,
the association rate (v ) is proportional to the probability
of contact between free epitope and paratope molecules.
That is, in the ideal case where there is only one epitope
per antigen molecule and one paratope per antibody

molecule, and they are in solute form: v, = k, X [a g]x [ab] s

where [ag] and [ab] are the concentrations of free antigen
and antibody, respectively, and k_is a proportionality
constant called the association rate constant.

Similarly, the dissociation rate (v ) is proportional to
the concentration of the antigen-antibody complex

([complex]): v, =k, x[complex|, where k, is the
dissociation rate constant. At equilibrium v, =v,; and
k, X[ag]x [ab] =ky X[complex].

Rearranging, we obtain the law of mass action:

[complex] _ka
lagelab] Tk, ®

where K, is the equilibrium constant.

Keq and the number of antibody molecules
bound at equilibrium

The left terms of (1) are concentrations (mol/L). Let us
suppose that we are performing a gel test, with 25 uLL of
serum/plasma and 50 uL. of red cells at a 0.8% concentration.
Serum contains anti-D with a K, = 2710%in the test
conditions and red cells have 12,000 antigen sites per cell.
Letus suppose, moreover, that the concentration of anti-D
is sufficient to bind 100 antibody molecules per cell, at
equilibrium. This amount would not be enough to give a
positive reaction®. The final antigen concentration ([ag] )

i 1.063°10° mol/L.
0.8

_ 9 98 0.005333
50+25 100 parts of

red cells in the final suspension, i.e. 5.333 mL per litre.

As there are 10" red cells per mL, the antigen sites are
5.333710'°°12,000=6.4"10" per litre.

Therefore the concentration is

In fact, there are

6.4x10"

m =1.063x10° mol / L , where 6.022°10% is

Avogadro’s number.

The concentration of the antigen-antibody complex is

100x5.333x10"

6.022x10%
antibody concentration (4.202°10!! mol/L) is obtained
rearranging (1):

=8.856x10"%mol/L and the free

[complex]

[ab] - ([ag]tot = [complex]) XK,y

Thus, only 17% of the antibody molecules are bound
atequilibrium.

The total antibody concentration ([ab] ) is equal to
the sum of the concentrations of the free antibody and the
antigen-antibody complex: [ab],ot = [ab] +F [complex].

If we repeat the calculations keeping constant [ag],
and [ab] - and increasing Keq 10 times, equation (1)
becomes:

[complex]
([ag ], = [complex]) X ([ab]m, = [complex])

=K, =2x10°

Solving for [complex] we obtain a second degree
equation:

1
[complex]2 - [[ag]m, + [ab]m, + = jx [complex]+ [ag]m, X [ab]m, =0

el

that has two apparent solutions:

%x[[ag]w +[ab],, +K%,]i \/{—;X[[ag]w +[ab),, +KLH ~[agl, xlatl,, (2)

Only one of the solutions is correct, the one which is
positive and less than [ag],  and [ab], . The concentration
of the antigen-antibody complex is now 3.423°10"! mol/L,
which corresponds to 387 antibody molecules per cell or
67% of all antibody molecules. This amount of antibody
per cell would give a “++++’ reaction’®.

Formula (2) can be used to calculate the concentration
of the antigen-antibody complex, whenever [ag], , [ab]
and Keq are known.

o’
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Effect of the dilution of the reaction system?’

Let us suppose that an antigen-antibody reaction has
already reached its equilibrium. At that point, we dilute the
system with an appropriate medium so as not to change
the temperature, pH or ionic strength. The concentrations
of both the numerator and the denominator of the left term
of (1) will be affected in the same way, but the denominator
is a product and therefore the result of the fraction will not
be equal to the equilibrium constant, which is supposed to
be unchanged. In other words, the system is no longer in
equilibrium:

[complex]x R, .
(lag]xR,)x ([ab]xR,) Keg

V.
where Ry = ﬁ V. is the initial volume and Vfis the final
volume of the system.

Part of the antigen-antibody complex will dissociate to
increase both the free antigen and the free antibody
concentrations:

[complex]x R,—d 5
Taslx R, + d)x(ab <R, +d) =

Solving for the dissociated portion (d) we obtain a
second degree equation:

d? +{([ag]+[ab])><Rv + Kl

eq

]xd+Rv X{[ag]x[ab]va —[CUZM] =0

eq

that has the following two possible solutions:

,%x{([agh[ab])xk“ %Ji \/[%x{([agh[ab])x}?“ ”ﬂ] &, x{[ag]x[ab]xku o]

eq

Obviously, the system would reach the same equilibrium
if the reactants were diluted since the beginning. The
example is only meant to show that dilution necessarily
entails a decrease in the ratio between bound and free
antibody.

Appendix B —Programming a spreadsheet *

(The reader is referred to the first article®” of this series for a

brief introduction to spreadsheets).

How to calculate the antibody concentrations
at equilibrium, the equilibrium
constant and the number of antibody
molecules bound per cell are known

Open a new sheet. Enter the text, values and formulae
listed in Table V. Cell B12 contains the number of red cells
per litre; B13 contains the total antigen concentration (mol/
L); B14, the antigen-antibody complex concentration (mol/
L); B15 and B16, the free antibody and the total antibody
concentrations (mol/L), respectively; B17, the antibody
molecules bound per cell, expressed as a percentage of the
total antibody concentration.

when

How to calculate the number of antibody
molecules bound per cell at equilibrium,
when the equilibrium constant and the total
antibody concentration are known

Open a new sheet. Enter the text, values and formulae
listed in Table VI. Cell B12 contains the number of red cells
per litre; B13 contains the total antigen concentration (mol/
L); B16, the antigen-antibody complex concentration (mol/
L); B17, the free antibody concentration (mol/L); B18, the
antibody molecules bound per cell, expressed as a
percentage of the total antibody concentration; B19, the
number of antibody molecules bound per cell.

" Italian readers using the local (Italian) versions of the spreadsheets should follow
the instructions in the Italian translation of this paper, which is available on line

at http://www.transfusionmedicine.org/. Briefly, “potenza’ should be substituted
for “power” and *“;”” should be substituted for *“,”.
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TableV - Instructions to calculate antibody concentration,

when the equilibrium constant and the number of
antibody molecules bound per cell are known.

Cell Text to be entered

Al Antibody concentration, when the equilibrium constant
and the number of antibody molecules bound per cell
are known

A3 Volume of serum/plasma (uL)

A4 Volume of RBC suspension (uL)

AS [RBC] (%)

A6 Volume of diluent/potentiator (uL)

A7 Antigen sites per cell

A8 Equilibrium constant

A9 Antibody molecules bound per cell

A10  Avogadro’s number

A12  Number of RBC per litre

Al3 Total antigen concentration (mol/L)

Al14  Antigen-antibody complex concentration (mol/L)

AlS Free antibody concentration (mol/L)

Al6 Total antibody concentration (mol/L)

Al7 Bound antibody (%)
Value to be entered

B3 The volume of serum/plasma in the test system (uL),
e.g. 25

B4 The volume of the RBC suspension (uL), e.g. 50

BS5 The concentration of the RBC suspension (%), e.g. 0.8

B6 The volume of the diluent/potentiator (if not included
in the RBC suspension) (uL), e.g. O

B7 The number of antigen sites per cell, e.g. 12,000

B8 The equilibrium constant§, e.g. 2E8

B9 The number of antibody molecules bound per cell,
e.g. 130

B10 Avogadro’s number§: 6.022E23
Formula to be entered

B12  =B5/100*B4/(B3+B4+B6)*POWER(10,13)

B13  =B7*B12/B10

B14  =B9*B12/B10

B15 =B14/((B13-B14)*BS)

B16 =B14+BI15

B17 =B14/B16*100

§ 2E8 and 6.022E23 are short-hand ways to write 2x10® and
6.022x10%, respectively.

Table VI - Instructions to calculate the number of antibody

molecules bound per cell, when the equilibrium
constant and the total concentration of the antibody
areknown

Cell Text to be entered

Al Number of antibody molecules bound per cell, when the
equilibrium constant and the total concentration of the
antibody are known

A3 Volume of serum/plasma (uL)

A4 Volume of RBC suspension (uL)

AS [RBC] (%)

A6 Volume of diluent/potentiator (uL)

A7 Antigen sites per cell

A8 Equilibrium constant

A9 Total antibody concentration (mol/L)

A10  Avogadro’s number

A12  Number of RBC per litre

Al3 Total antigen concentration (mol/L)

Al14  First solution

Al15  Second solution

A16  Antigen-antibody complex concentration (mol/L)

Al7 Free antibody concentration (mol/L)

Al8 Bound antibody (%)

A19  Number of antibody molecules bound per cell
Value to be entered

B3 The volume of serum/plasma in the test system (uL),
e.g. 25

B4 The volume of the RBC suspension (uL), e.g. 50

BS The concentration of the RBC suspension (%), e.g. 0.8

B6 The volume of the diluent/potentiator (if not included
in the RBC suspension) (uL), e.g. O

B7 The number of antigen sites per cell, e.g. 12,000

B8 The equilibrium constant, e.g. 2E8

B9 The total antibody concentration (mol/L), e.g. 6.63E-11

B10 Avogadro’s number: 6.022E23
Formula to be entered

B12  =B5/100*B4/(B3+B4+B6)* POWER (10,13)

B13  =B7*B12/B10

B14  =(B13+B9+1/B8)/2+ POWER (POWER ((B13+B9+1/
B8)/2,2)-B13*B9,0.5)

B15  =(B13+B9+1/B8)/2- POWER (POWER ((B13+B9+1/
B8)/2,2)-B13*B9,0.5)

B16 =IF(OR(B14>B9,B14<0),B15,B14)

B17 =B9-B16

B18 =B16/B9*100

B19 =B16*B10/B12
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