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Abstract

On the basis of the theory of affinity it is shown that enzyme-linked immunosorbent assay titres cannot increase as a result of proteolysis
when all the antibody proteolytic fragments have approximately the same association constants as the intact antibody for the reaction with the
antigen and with the enzyme-conjugated antibody. This finding was experimentally confirmed by proteolysis experiments carried out with a
monoclonal IgM antibody against Lewis®antigen using trypsin. The experimental results with this particular antibody confirmed that proteolysis
cannot enhance ELISA titres in hybridoma cultures with serum-free medium or with serum-supplemented medium.
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1. Introduction

Monoclonal antibodies are widely used in diagnostic and
therapeutics as a result of their antigenic determinant speci-
ficity [ 1-3]. Monoclonal antibodies are typically produced
in vitro by hybridoma cells cultivated in tissue culture flasks
or bioreactors. Occasionally, monoclonal antibodies are also
produced in vivo in ascites fluid of a mouse.

The proteolysis of immunoglobulin by proteases results in
the break-up of antibody molecules into smaller fragments.
The proteolysis yields either ‘*Fc’’ fragments which have lost
the antigen-binding capabilities of the immunoglobulin or
‘““Fab’’ assay (ELISA) is employed for the quantification of
monoclonal antibody produced in hybridoma cell cultures.
The ELISA assay uses the specific antigen-binding capabil-
ities of the immunoglobulin to be assayed. Hence, the ELISA
assay cannot cannot distinguish between an intact immuno-
globulin molecule and its Fab fragments. In many applica-
tions of monoclonal antibodies, only the intact antibody
molecules are useful, e.g. in haemagglutination assays where
the ability of an IgM molecule to bind to more than one
antigenic determinant site is important [6]. In the case of
IgM production, proteolysis becomes an importantissue [ 1].
Recently, the presence of serine proteases, which are neutral
protease (active in pH range 6.0-9.0), has been reported in
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the literature for a hybridoma cell culture supernatant from
serum-free media [7]. Acidic proteases (active in pH range
2.0-6.0), which are cathepsin D like proteases, has been
reported by many workers for different hybridoma cell lines
[8-11]. The proteolytic fragments encountered in the super-
natant of serum-free hybridoma cultures have been reported
by van Erp et al. [10].

In any ELISA assay, both the intact antibody and its Fab
fragments are capable of being captured by the antigenic
determinant site of the antigen used in the ELISA assay.
Hence, the antibody titre obtained by ELISA for a proteolysed
antibody sample is the cumulative effect of both the intact
antibody to be assayed and its Fab fragments. Obviously, this
may result in increased antibody titres. This possibility was
considered as one of the probable explanations for the unu-
sually high antibody titres obtained during the end of batch
cultures [12]. A similar possibility was considered by Mar-
tens et al. {13] to explain the higher antibody yields at low
dilution rates in their studies on chemostat hybridoma cul-
tures. The underlying assumption behind these explanations
is that the ELISA titres for the proteolysed sample of the
intact immunoglobulin must be higher than those for the
sample with intact immunoglobulin molecules.

In this paper, on the basis of the theory of affinity we arrive
at qualitative conclusions regarding the effect of the presence
of proteolytic fragments on the ELISA titres. A series of
experiments were also carried out to study the effect of pro-
teolysis by trypsin on ELISA titres of an IgM sample in
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serum-free Dulbecco’s modified Eagle’s medium (DMEM)
and in DMEM medium supplemented with 5% (by volume)
foetal bovine serum (FBS).

2. Indirect method of enzyme-linked immunosorbent
assay

This method is widely used for quantifying immunoglob-
ulins in hybridoma cell cultures. In the first step, wells of the
polystyrene microwell plates are sensitized by passive
adsorption with the relevant antigen by incubating with anti-
gen coating solution for a sufficient period of time. In some
ELISA protocols there is a separate blocking step, where the
remaining free adsorption sites on the plates are all blocked
by passive adsorption of bovine serum albumin (BSA) on
the plates. The second step is to incubate the test sample in
the sensitized plate for a fixed period of time. The antibody
present in the test sample reacts with the immobilized antigen
on the well surfaces. The third step is to incubate with the
enzyme-linked antibody conjugate (usually an IgG or Fab
fragment of IgG) for a fixed period of time. This reacts with
any antibody ‘‘captured’’ in the second step. The fourth step
is to add enzyme substrate to these wells in the plate and
incubate for some fixed time. Between each of the previously
described steps, the plates are carefully washed. The rate of
degradation of the substrate is indicated by the colour change,
which is proportional to the antibody concentration in the test
samples. The reaction is stopped and the colour change is
quantitatively assessed in a spectrophotometer.

3. Theoretical results based on the theory of antibody
affinity

On the basis of the theory of antibody affinity described
by Day [4], the amount ¢ (mol) of antigenic determinants
bound to the antibody by the reaction in step 1 of an ELISA
assay when the sample in a well of the ELISA microplate is
an amount A (mol) of intact antibody per well was found to
be related to the antibody concentration by a non-linear func-
tion [14]. When the concentrations of antigen and the anti-
body in the well are low and the binomial approximation is
used, a simple linear relationship can be obtained for the
reaction between the antigen and the sample antibody:

§=Mn/i (1)

1+K,sP
Similarly, it can be shown [14] that the amount E (mol) of
enzyme bound to the antigen—antibody complex in the well
from the previous step can also be approximated by a linear
relation with respect to £, i.e.

_KE_EL § (2)

1+K, nC

Eq. (2) gives the number of moles of enzyme attached to the
microwell surface after the washing step is carried out. If the
amount of enzyme attached to the well surface, the substrate
concentration S, and the time duration ¢ of incubation with
substrate are known, we can derive the expression for the
measured difference in absorbance in ELISA on the basis of
the linear relationship between the absorbance reading and
the coloured protein present in a well as

Al= ¢X=¢VkmEf dr (3)
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In ELISA, the samples are always diluted so as to be in the
range where the standard antibody samples give linear vari-
ation in absorbance with antibody concentration. For a par-
ticular system and ELISA protocol the following quantities
are constant: P, C, n, s, v, ¢, ky,, K, t, the valences of
antibody and its fragments, and the association constants for
all the antigen—antibody reactions. Typical values of various
variables for the ELISA protocol used are given in Table 1.
The above linear relationship between antibody concentra-
tion and absorbance reading can only be obtained when the
antigen and antibody concentrations in the well are low.

Let us now consider an ELISA well plate sensitized with
the same antigen; however, assume that the antibody sample
has undergone proteolysis. The corresponding linear rela-
tionship for the reaction between the sample containing the
proteolytic fragments of an amount A (mol) of intact anti-
body can be readily obtained for cases where the association
constants for the intact antibody and its proteolytic fragments
for the reaction with antigen as well as the enzyme conjugated
antibody are not significantly altered by proteolysis. The cor-
responding equations for the amount &, (mol) of antigenic
determinants bound to the antibody and the total amount £,
(mol) of enzyme present in well are given by

Ki,sP X
= nA; 4
bm= l—l—KlzsPZ 4)
and
K J1.C N
B~ T on Y8 (5)

Since proteolysis can only reduce the number of antigen-
binding sites of molecules and the antigenic sites in heavy
and light chains present in the attached antibody in the well,
we have

N N
Y nA;<nA and Y gé<gé (6)

i=1 i=1

Hence, if the association constants for the antigen—antibody
reaction as well as the association constant for enzyme-con-
jugated IgG and antibody’s heavy and light chain are approx-
imately the same for antibody and its fragments, on the basis
of Egs. (1)-(6) it can be inferred that the ELISA titre will
either remain the same or decrease after the sample has been
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Table 1

Typical values of various parameters obtained from literature and the assay protocol for the enzyme-linked immunosorbent assay used in this study

Parameters Units Typical values
Amount of antigen Lewis ° pg well 7! 0.05

used for coating each well

Molecular weight of Lewis Da 270 100 *
blood group substances

Amount of IgM used as ng well ! 0-40

standard in ELISA mol well ~! (0-0.44) x 10~
Molecular weight of IgM molecule Da 900 000
Valence of IgM - 10

Valence of IgG - 2

Association constants range © I mol ™! 1X10*-5x 107

Valence of antigen reported -
in literature

1-2

* Data taken from Sober [16].
* Data from Day [4].

subjected to proteolysis. These results have been obtained by
simple algebraic manipulations of the experimentally verified
relationships used by immunochemists for the determination
of the values of association constants for antigen-antibody
interactions. Detailed derivations are given elsewhere [ 14].

As far as the assumption of approximately equal associa-
tion constants, we have found in the literature reports where
both IgM and IgG antibodies have similar association con-
stants for the intact MAb molecule and its proteolytic frag-
ments [ 15,16]. There is also experimental evidence reported
in the literature for rat and mouse antibodies indicating that
the association constant for such antigenic interactions of
antibodies and its antiserum is not significantly altered by
proteolysis [5].

4. Materials and methods

The murine IgM antibody against Lewis® carbohydrate
structures used for the experiments was obtained from Chem-
biomed Ltd. (Edmonton, Alberta) as a solution of 1 g IgM
17" in 1.0% BSA. The trypsin from bovine pancreas used for
proteolysis was obtained from Sigma Chemical Co. (Lot No.
31H0420). The soyabean trypsin inhibitor was obtained from
Boehringer Mannheim (Lot No. 12890021-37). The phos-
phate-buffered saline (PBS) used in these experiments was
prepared using powder obtained from Sigma Chemical Co.
(Catalogue No. 1000-3) which contained 120 mM NaCl, 2.7
mM KCl and 10 mM of phosphate buffer salts with pH
adjusted to 7.4. The FBS was obtained from Gibco (Lot No.
42N7125). Affinity-purified synthetic antigen Lewis®
obtained from Chembiomed. Ltd. was used for sensitizing
the ELISA plates.

4.1. Enzyme-linked immunosorbent

The wells of the 96-well microplate (Nunc) were first
sensitized by incubating overnight with 100 p.l of 5 mg syn-

thetic Lewis antigen 1~ ! in PBS at room temperature. During
this period the passive adsorption of antigen molecules on
the well surface takes place. The plates are then washed with
wash buffer solution containing 1.0% Tween 20 and
1.0X 10™* mol Merthiolate (Thimerosal) 17! in PBS. The
100 pl of the ELISA samples diluted in dilution buffer (1.0%
Tween 20, 1.0% BSA and 1.0 X 10~ * mol Merthiolate) 17!
was loaded together with the dilution buffer as blanks and the
standard antibody solution in PBS in the concentration range
0-40 mg 1~ '. The wells were covered and incubated at 37 °C
for 1 h. During this time the unoccupied adsorption sites were
blocked by adsorption of BSA and the antibodies in the sam-
ple attached themselves to the adsorbed antigen molecules.
The plates were then washed with wash buffer. Subsequently,
100 pl of horseradish peroxidase conjugated antibody (goat
anti-mouse IgG {H+L] horseradish peroxidase conjugate,
Bio-Rad Laboratories Catalogue No. 172-1011) solution in
dilution buffer containing 10 mg 1~' of enzyme-conjugated
antibody was loaded in each well and the plate was again
covered and incubated for 1 h at 37 °C. The plates were
washed and the 100 pl of substrate buffer containing 3.0 g
17" of o-phenylene diamine and 668 wl of 36% hydrogen
peroxide solution in 1 ml of citric acid buffer (4.67 g citric
acid 17", 7.9 g Na,HPO, 1 ', pH 5.5) was loaded in each
well. The plates were incubated for about 5 min and the
reaction was stopped by adding 100 pl of 1 N hydrochloric
acid solution to each well and the absorbance of 405 nm
wavelength light in each well was automatically determined
using an EL 340 optical plate reader (Bio-Tek Instruments).
The calibration curve was determined using the standard solu-
tion absorbance by linear regression. The final concentration
was the average of three different measurements at two dilu-
tions (total of six measurements per sample).

4.2. Proteolysis experiments

In these experiments, the objective was to study the vari-
ations in ELISA titres obtained for the IgM antibody sample
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after it had undergone proteolysis for different periods of
time. The interest was mainly in determining whether there
is an increase in ELISA titres after proteolysis. This would
indicate that higher ELISA titres obtained during the end of
batch cultures can indeed be due to proteolysis of the antibody
molecule. Two reaction mixtures were prepared: one con-
taining 4 mg 17" of trypsin in PBS and the other containing
4 mg 1! of trypsin in PBS containing 5.0% (by volume)
FBS. To each one these mixtures the purified IgM was added
and the total volumes of the reaction mixtures were 8.0 ml
each. The reaction mixtures were incubated at 37 °C. From
each of the two reaction mixtures 1.0 ml of sample was taken
at regular intervals and poured into 1.0 ml of the 1.0 g soya-
bean trypsin inhibitor 1~! solution in PBS to arrest the pro-
teolysis reaction and stored at — 20 °C prior to analysis. Then
ELISA was carried out for each of these samples. The con-
centration of trypsin was chosen to be 4 mg 17", since exper-
imental results on the autolysis of trypsin have shown that
even after eight days there is significant trypsin activity pres-
ent and the trypsin activity is not completely lost [15].

Results and discussion

The results of ELISA of the samples of the proteolysis
experiments are shown in Fig. 1. As seen, the ELISA titres
never increased from their initial value for both the reaction
mixtures even after the treatment with trypsin has proceeded
for a considerable period of time. When no FBS is present,
the ELISA titres remained nearly constant for the samples
with up to 42 h of treatment with trypsin and then they
decreased by about 20% for the sample obtained after 118 h
of treatment with trypsin. When pure samples of IgM are
treated with trypsin at a pH value of 8.0 and an enzyme-to-
substrate concentration of 1:100 (i.e. 1 mg of enzyme for 100
mg of substrate), it requires about 18 h for complete digestion
of the IgM molecules at 37 °C [ 18]. However, in the absence
of FBS, there are two substrates whose hydrolysis is catalysed
by trypsin: the IgM antibody and the BSA present in the
sample. The purified IgM used in these experiments has 1.0
g1~ " of IgM in 1.0% (by volume) BSA solution. Hence, in
the reaction mixture for every milligram of IgM present there
will be 10 mg of BSA present. The rate of reaction for the
two substrates that are catalysed by the same enzyme is given
by [19]
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Fig. 1. Variation in ELISA titres with time for proteolysis experiments.

d[MAb] _ knianeol MADT/ Kyian
d 1+ [MAD]/Kpap+ [BSA]/Kpsa

(7

where ¢, is the enzyme concentration, ky, A, i the Kinetic rate
constant of the enzymatic reaction with the antibody and
Kuan and Kgga are the Michaelis—Menten saturation con-
stants for the two substrates, MAb and BSA respectively. The
molar ratio of IgM to BSA in the reaction mixture is 1:128.6
(taking the molecular weights of IgM and BSA to be 900
kDa and 70 kDa respectively). Hence, from Eq. (7) it can
be seen that initially the rate of proteolysis of IgM will be
less than 1% of that in the absence of BSA as the typical
values of Ky, and Kysa are in the range of 2-10 mmol 17!
[19]. By considering the first substrate to be BSA it can be
readily seen that initially the rate of proteolysis of BSA will
not be significantly affected by the presence of IgM. How-
ever, as the BSA is progressively depleted owing to prote-
olysis, the rate of proteolysis of IgM should increase at later
times. This explains the observed trend for the proteolysis
experiments in the absence of FBS. However, the changes in
ELISA titres were rather insignificant for the reaction mixture
containing 5% FBS. Hence, it can be inferred that FBS has
some inhibitory effect on the proteolysis reaction. This may
possibly be due to the presence of a,-macroglobulin and «;-
antitrypsin protease inhibitors in FBS [3,20]. From these
experimental results, the possibility of higher ELISA titres in
the death phase of a batch culture being due to proteolysis in
either the serum-free or the serum-supplemented can be ruled
out.

6. Conclusions

The reactions in indirect ELISA assays have been analysed
from a theoretical point of view. The speculation in the lit-
erature about the possibility of increase in ELISA titre due to
proteolysis was examined. From the theoretical analysis it
was concluded that for an antibody whose proteolytic frag-
ments have association constants for the reaction with antigen
and the reaction with enzyme-conjugated antibody nearly
same as those of the intact antibody itself, the ELISA titre
cannot increase as a result of proteolysis. The experimental
results with [gM antibody led us to conclude that proteolysis
cannot enhance the ELISA titre in a hybridoma cultures with
serum-free medium as well as with medium containing FBS.

Appendix A: Nomenclature

A total amount of antibody present in the well
(mol)
A, total amount of antibody fragments with valence

n; in the well (mol)

C total amount of enzyme-conjugated IgG present
in the well (mol)

e concentration of enzyme (mol 17 1)
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E amount of enzyme bound to the antigen—anti-
body complex in ELISA plate well (mol)
E. amount of enzyme bound to the antigen—anti-

body complex in ELISA plate well for proteo-
lysed sample {mol)

g number of antigenic determinant sites in heavy
and light chains per ‘‘bound’’ antigen binding
site

g number of antigenic determinant sites in heavy

and light chains per ‘‘bound’ antigen binding
site in ith proteolytic fragment

1 difference in absorbance between the standard
sample well and the blank solution well (absorb-
ance units)

ke Michaelis—-Menten reaction rate constant (1
mol 's™1)

kntab kinetic rate constant in Eq. (7) (h™")

K, association constant for antigenic determinant
site and antigen binding site reaction (1 mol ')

K,e association constant for reaction between

enzyme-conjugated IgG and the antigenic deter-
minant site in heavy and light chains of the
antibody (1 mol ")

-25

K. Michaelis—Menten constant (mol 17 1)

Kuas Michaelis—Menten constant for MAb (mol 17 ')

Kgsa Michaelis—-Menten for BSA (mol 17 1)

n valence of the antibody

n, valence of the enzyme-conjugated IgG molecule
valence of the ith fragment of antibody
number of antigen binding fragments produced
by proteolysis including the intact antibody
molecule

P total amount of antigen molecules present on the
well surface (mol)

s valence of the antigen molecules

S concentration of the substrate (mol [71)

t time (h)

74 volume of the reaction mixture per well (1)

X amount of coloured protein produced in the well
(mol)

Greek letters

v amount of enzyme per ‘‘bound’’ antigen binding
site of enzyme-conjugated IgG (mol)

I3 amount of antigenic determinant sites bound to

the antigen binding sites in intact antibody (mol)

¢ amount of antigenic determinant sites bound to
the antigen binding sites in the ith proteolytic
fragment (mol)

& amount of antigenic determinant site bound to
the antigen binding sites in a proteolysed sample
(mol)

i/ proportionality constant in Eq. (6) (absorbance
unit mol ~ 1)
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