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(57) Abstract

The present invention provides in its first aspect modified IgG3 containing human constant regions which has a shorter to-
tal-hinge region compared with normal human IgG3. In second aspect the invention also extends to a method for assaying an an-
tibody against a specific antigen or hapten for its effectiveness in complement activation in an animal species wherein the antib-
ody is contacted with the immobilised antigen or hapten to form an immobilised antibody/antigen or hapten complex which is
then contacted with complement from the relevant animal species followed by assay of components of the complement thereby
formed and bound to the antibody/antigen or antibody/hapten complex, whereby the extent and nature of complement activa-

tion by the antibody in the sample may be determined.
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I1gG3 antibodies with shortened hinge region and a complement
activation test.

This invention relates to modified IgG3 antibodies
having human constant regions, and to a novel antibody
assay system.

Human IgG consists of four subclasses which show
95% homology in the amino acid sequence of the constant
domains of their heavy chains. However, the hinge
regions of these molecules differ both in length and in
sequence. The length of the hinge is 15 amino acids for
IgGl, 12 amino acids for IgG2 and IgG4, while it is 62
amino acids for IgG3, and the sequence homology is
approximately 60%. The hinge region of IgG3 is encoded
by four exons separated by short introns, and consists
of a NH,-terminal 17 amino acid residue segment followed
by a 15 amino acid residue segment which is
consecutively repeated three times [1-3].

The subclasses show differences in effector
functions, and it has been suggested that some of these
could be due to differences in the flexibility of the
antibody molecule, and that this in turn depends on the
length of the hinge, as well as interplay between the
first domain in the constant heavy chain (Cy1) and the
hinge [3-7].

It has been shown, both with myeloma protein [8]
and with a set of recombinant IgG molecules with
identical V regions [3,9,10] that among the four IgGs,
IgG3 is the most efficient in the first step of the
classical complement activation pathway, namely Clg
binding. Clg binding to the antibody is the first step
in the complement cascade which leads to cell lysis.
This effect or mechanism is of particular importance in
combating microbial infection and has a role in the
destruction of cancerous cells.

It is thought that the upper part of the hinge
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determines the flexibility of the Fab arms relative to
one another, allowing rotation of the Fab arms [11].
This flexibility may facilitate efficient aggregation of
antibody molecules on an antigenic surface with several
epitopes, resulting in several Clqg binding sites coming
in close proximity and thereby increasing the affinity
of Clqg for antibody. The middle of the hinge contains
cysteines (which participate in interchain disulphide
bridges) and a high content of proline, and therefore
probably adopts a relatively rigid structure, separating
the Fab and Fc portions of the molecule.

In order to establish whether the efficient binding
of Clg to human IgG3 is due to the structure of its
particular hinge region, we have made genetically
engineered chimeric IgG3 antibodies containing human
constant regions, the hinges of which have been
shortened and in which the amino acid sequence may have
been altered.

Surprisingly, we found that where the amino acid
composition of the hinge region was unmodified Clg
binding was substantially independent of both the total
hinge length and the length of the so-called upper hinge
of IgG3. The upper hinge is defined as the stretch from
the end of the C,1 domain to the first inter-heavy chain
disulphide bridge [12]. An IgG3 mutant with a hinge of
15 amino acids bound Clg just as efficiently as one with
a hinge of 47 amino acids. Both these IgG3 variants
bound more Clq than the wild-type, and much more than
IgGl.

By modifying the amino acid sequence of the
shortened hinge region however we have found that Clg
binding, and thus complement mediated cytolysis can be
further improved. In particular in IgG3 molecules
having human constant regions, where the hinge region
has been modified to approximate the sequence of a human
IgG4 hinge region, improvements of up to 100 times

greater complement-mediated cytolytic capacity have been
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obtained. Thus as little as '/100th of the concentration
of this mutant antibody is required to give 50% lysis of
target cells, compared to the wild type.

A first aspect of our invention therefore provides
modified IgG3 antibodies containing human constant
regions which have a shorter total-hinge region compared
with normal human IgG3.

The IgG3 may be modified by reducing the number of
repeats of the 15 amino acid residue segment or by
removing the 17 amino acid residue segment or a
combination of these deletions. This produces what are
referred to herein as "truncated variants". For
example, the hinge region of such a truncated IgG3
variant according to the invention may consist of only
one 15 amino acid residue segment.

The shortened IgG3 variants may also be modified by
altering the amino acid sequence of one or more hinge
region segments for example by substituting or deleting
certain amino acids.

The modified IgG3 may be chimeric and may be
expressed by monoclonal human hybridomas.

The use of monoclonal antibodies with defined
specificity has been suggested for the detection and
treatment of a variety of human diseases. For many
reasons, human Ig is expected to be superior to mouse Ig
in human therapy. Several groups have employed genetic
engineering techniques to construct chimeric antibodies
consisting of mouse variable regions joined to human
constant regions [13-16]. Such antibodies have been
shown to retain their antigen specificity while
retaining the effector functions of the human antibody.

Accordingly, as a second aspect of the invention,
we provide a chimeric IgG3 comprising variable antigen
binding domains from a non-human species, a shortened
total hinge region which optionally has been altered,
and human constant regions.

A preferred method of obtention of modified IgG3
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according to the invention involves the use of genetic
engineering techniques although chemical modification
may be possible. Genetic engineering involves the
manipulation of nucleic acids which code for the IgG3
and can involve deletion of certain coding sequences,
the combination of others, or amino acid deletion or
substitution for example by site-directed mutagenesis.
Genomic DNA for human IgG3, as for other IgG subclasses,
consists of a number of exons and introns and the
invention extends to modified DNA, with or without some
or all of the introns, which DNA encodes modified IgG3
according to the invention. In addition to
recombinantly modified DNA on sequences with amino acid
substitutions or deletions, such DNA includes wild-type
DNA lacking one, two or three exons coding for segments
of the total hinge region. The invention also extends
to RNA which codes for the modified IgG3 according to
the invention. The invention also includes the modified
DNA according to the invention when incorporated into a
vector permitting expression in mammalian cell-lines and
to such cell-lines when transfected with such vectors.

With regard to DNA coding for human IgG3 it is
known that the hinge region is coded for by four exons
hl to h4 separated by three introns. These exons lie
between the exons of the IgG3 gene which code for Cy1 and
Cy2 domains; the latter being involved in complement
fixation.

Preferred modified IgG3 molecules according to the
invention include truncated variants where the hinge
region has been reduced to a single repeat of the 15
amino acid sequence, and particularly those where, as
indicated above, this 15 amino acid sequence has been
modified by site-directed mutagenesis to resemble the
human IgG4 hinge region sequence.

The preferred modified IgG3 molecules therefore
have the following hinge region sequences:
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(1) Glu-Pro-Lys-Ser-Cys-Asp-Thr-Pro-Pro-Pro-Cys-Pro-
Arg-Cys-Pro

(2) Glu-Pro-Lys-Ser-Cys-Asp-Thr-Pro-Pro-Pro-Cys-Pro-
Ser-Cys Pro

(3) Glu-Pro-Lys-Ser-Cys-Asp-Cys-Pro-Ser-Cys Pro

(4) Glu-Ser-Lys-Tyr-Cys-Asp-Cys-Pro-Ser-Cys Pro (m3)

Sequence (1) is the unmodified 15 amino acid sequence of
human IgG3 and sequence (4) corresponds to the hinge
region of human IgG4.

To evaluate the efficiency pf 1q binding as a means
of comparing the modified IgG3's of the invention we
have developed a new assay system for antibodies, which
however, can be usefully applied to any antibody.

When complement reacts with an antibody/antigen
complex and is "activated", it triggers a cascade of
reactions involving many components of the complement
system, for example Cl (Clqg), C3, C4, C5 and culminates
in the formation of the TCC complex, the terminal (or
"lytic") C5-g complement complex which causes cytolysis
to occur. Our new assay is based on the concept of
contacting the antibody with the antigen and a
complement preparation free from the relevant antibody,
followed by assay of the amount of one or more such
components, notably TCC, and forms a further aspect of
the present invention.

Thus, according to a third aspect of the present
invention we provide a method for assaying an antibody
against a specific antigen or hapten for its
effectiveness in complement activation in an animal
species wherein the antibody is contacted with the
immobilised antigen or hapten to form an immobilised
antibody/antigen or hapten complex which is then
contacted with complement from the relevant animal
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species followed by assay of components of the
complement thereby formed and bound to the
antibody/antigen or antibody/hapten complex, whereby the
extent and nature of complement activation by the
antibody in the sample may be determined.

When an aqueous sample, for example human serum, is
tested quantitatively or qualitatively by conventional
methods to determine the presence and the concentration
of an antibody, for example after vaccination or
exposure to infection, the result gives no indication of
the effectiveness of the antibody, that is its ability
to combat infection. Similarly a monoclonal antibody
may show good antigen binding but be inefficient in
complement activation and thus in antigen elimination.

Since one of the principle mechanisms whereby
antibodies are able to eliminate foreign antigens is by
activation of the complement system after binding to the
antigen, the advantage of the new assay of the
invention lies in enabling the effectiveness of an
antibody in eliminating an antigen to be assessed, for
example, the level of the immune response after initial
vaccination or exposure to infection.

The antibody to be assayed will most commonly be
present in a serum sample from a human or animal. As
indicated below such serum may also serve as the source
of complement. The invention thus provides a convenient
and rapid method of assay of protective immunity which
may be carried out, in many instances, under field
conditions.

The method may be applied to a wide range of
species including not only humans but animals such as
domestic animals, and fish.

Although the assay according to the invention only
directly measures complement activation by the antigen/
antibody or hapten/antibody complex, it will be
appreciated that this provides an indication of ability

to effect lysis of cells carrying the antigen or hapten
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and also ability to effect phagocytosis by effector
cells.

Thus in addition to proving useful in comparisons
of modified antibodies, the antibody assay method
according to the invention enables the efficiency of
complement activation of an antibody to be compared with
that of a standard, known antibody against the source
antigen or hapten. This enables vaccines to be
evaluated, the level of immune response of human and
animals to be determined when exposed to infection and
the mode of action of different antibodies against the
same antigen to be investigated.

The complement components so immobilised can
readily be assayed using available antibodies against
each component, which antibodies may be labelled before
or after binding. It is convenient to react unlabelled
anti-complement antibodies, e.g. anti-Clg or anti-TcCC
from one animal, e.g. rabbit or mouse, and to label
these subsequently by addition of anti-rabbit or anti-
mouse antibodies conjugated to a label e.g. an enzyme
such as horseradish peroxidase. The assay of the
complement components may be effected directly on the
immobilised material or in the fluid phase after
liberation from the support, e.g. by proteolysis of
protein binding the antigen or hapten to the support.
Any method of immunoassay may be employed, including
sandwich and competitive binding assays, using such
labels as radionuclides, enzymes, dyes etc, in
homogeneous or heterogeneous assay systems.

The support may take a number of forms. ELISA
plates or microtitre wells may be used in the
conventional way. Beads or particles also represent
useful supports, particularly magnetic beads such as the
monodisperse, supermagnetic beads sold by DYNAL AS
(Oslo, Norway).

The complement source may conveniently be fresh
serum, e.g. human serum where the antibody is a human
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antibody, or a chimeric antibody comprising a
significant human region e.g. the constant region.

Where the antibody under study is raised in vivo, the
serum so obtained may serve as the source of both
antibody and complement. It will be appreciated that
complement activation will only begin when the antibody
reacts with the immobilised antigen or hapten. The
serum may be frozen at -70°C immediately after blood-
coagulation and thawed prior to use. Alternatively, the
simplicity of the procedure enables the assay to be
carried out on fresh serum under field conditions.

The immobilisation of the antigen permits thorough
washing between each of the stages of antibody binding,
labelling and assay. -

It is desirable to run a control assay in parallel,
using an inactivated sample of the serum used as source
of the antibody and/or complement. Non-specific binding
can be reduced by washing with a blocking agent such as
gelatin or a non-ionic surfactant such as Tween 80.

The loading of the antigen on the support may
influence the effectiveness of complement activation. A
suitable loading can readily be determined by trial and
error.

The immobilisation of the antigen or hapten may be
effected by conventional methods. Where the antigen is
a cell wall antigen, the whole cell may be bound to the
immobilising support, e.g. via an antibody against a
different cell-wall antigen, the antibody being bound
covalently or by affinity to the support. Where the
antigen is not bound to a cell, it may readily be bound
covalently to the support using a conventional coupling
agent. Similarly, a hapten may be immobilised by a
suitable coupling agent binding to the support. a
further possibility is to bind a second antibody or an
antibody fragment, e.g. Fab'2 against the antigen or
hapten to the support and to bind the antigen or hapten
to this, thus providing a sandwich form of
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immobilisation. 1In the case of haptens, this permits
liberation of the antibody by addition of excess hapten
(or hapten analogue) and assay of the complement
components bound to the antibody in the fluid phase.

This invention will now be described by way of non-
limiting examples with reference to the drawings in
which:

Figure 1 shows a gene map for IgG3;

Figure 2 shows the results of a mutant
hybridisation experiment;

Figure 3 shows a gene map for a chimeric IgG3
according to the invention;

Figure 4 shows graphically the Clg binding of
various IgG3 and IgGl molecules;

Figure 5 shows amino acid residue sequence data for
three different hinge regions;

Figure 6 is a schematic drawing showing five
different IgG3 molecules;

Figure 7 shows graphically the level of complement
mediated cytotoxicity associated with IgG3 and IgGl
molecules;

Figure 8 shows graphically the level of complement
activation obtained with site~directed IgG3 mutants;

Figure 9 graphically the level of complement
mediated cytolysis associated with mutagenised IgG3
molecules;

Figure 10 shows graphically the binding of IgG3 to
solid phase absorbed antigen;

Figure 11 to 13 shows the binding of complement
components to antibody/antigen complexes;

Figure 14 shows the effect of increasing antigen
concentrations on ICC formation;

Figure 15 shows the complement binding of
antibody/antigen complexes in a sandwich away; and

Figure 16 shows fluid phase activation and TCC

formation.
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EXAMPLE 1

Materials and Methods

1. Immunological reagents. Anti-Clg was supplied by
Daco (Copenhagen, Denmark). All the other antibodies
and conjugates were made in our laboratory.

2. Buffers

Isotonic veronal-buffer (IVB) at pH 7.3 was
prepared with 1 mM MgCl, and 1 mM CacCl,.
3. Cloning procedures and gene mapping.

The human y3 constant region gene used in this
study codes for a G3m(b°) variant [2] generously provided
by Dr. M. P. Lefranc (Laboratoire d'Immunogenetique,
Universite des Sciences et Techniques du Languedoc,
France). The construction of the mutant Cy3 genes will
be described later. They were subsequently cloned into
a pSv2gpt plasmid vector containing a variable murine
heavy-chain region gene, pSV-V,, [10] thus creating
complete 43 heavy chain genes. The Vi 9gene segment
codes for a variable heavy chain characteristic of )1
light chain bearing mouse antibodies with specificity
for the hapten 4-hydroxyl-3-nitrophenyl acetic acid (NP)
and also binds to the hapten analogue NIP (5-iodo-4-
hydroxy-3~nitrophenyl acetic acid) [17]. pSV-V,, was a
gift from Dr. M. S. Neuberger (Medical Research Council
Laboratory of Molecular Biology, Cambridge, England).

The mutant Cy3 genes were analysed for the presence
of the first hinge exon, hl, by dot-blotting as follows:
Samples of 0.5 pg plasmid DNA were spotted on a nylon
membrane, and subjected to hybridization with a hil
specific synthetic probe. This deoxynucleotide, 5'-
GACACAACTCACACATGCCC-3', was made by the phosphoramidite
method on an Applied Biosystems DNA synthesizer model
381A. Before hybridization the probe was 5'-labelled
with 32p ATP. Hybridization was for 16 hours in 6xSSC
AT 57°C.

The filter was washed in 6xSSC, 0.1% SDS for 1 hour
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at 57°C followed by 1xSSC, 0.1% SDS for 1 hour at room
temperature.

The recombinant DNA work was performed by standard
procedures [18].

3.1. Cell growth and gene transfer.

J558L is a murine myeloma cell line which secretes
a 1 light chain, but does not produce any immunoglobulin
heavy chain [19]. The cells were obtained from Dr. S.
L. Morrison (Dept. of Microbiology, College of
Physicians and Surgeons, Columbia Univ., New York).

They were grown in Dulbecco's modified Eagle's medium
with 10% fetal calf serum supplemented with 2 mM
glutamine, 1 mM sodium pyruvate, 50 IU/ml penicillin, 50
pg/ml streptomycin, and 100 pg/ml gentamicin sulfate
(all from GIBCO).

pSV2gpt vectors containing complete mutant
immunoglobulin heavy chain genes (PSV-V,,C 3APstI) were
transfected into J558L cells by electroporation [20].
Approximately 10’ cells and 20 pg plasmid in 0.8 ml of
PBS at 0°C were subjected to an electric field of 3.5
kV/cm using a capacitance setting of 25uF. The DNA was
linearized at the Pvul site within the pBR322 sequence
prior to electroporation. After incubation at 37°C for
48 hours in growth medium, the cells were transferred to
growth medium supplemented with 1 pg/ml mycophenolic
acid (GIBCO) and 250 pg/ml xanthine to select for
transfected cells. Clones were visible after 1-2 weeks.
Individual clones were selected by limiting dilution.
3.2. Quantification of secreted Chimeric IgG3.

The amount of IgG3 secreted by transfectants was
measured by a catching ELISA method. Microtitre plates
(Nunc) were coated with affinity purified sheep anti-
human IgG which reacts equally well with all IgG
subclasses. After being left overnight 4°C, the plates
were washed with PBS/0.05% Tween 20 (PBS/T). Sample of
150 uL cell supernatant supplemented with Tween 20 to a

final concentration of 0.05%, were added to the wells
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and incubated at 37°C for 2 hours. The next layer
consisted of biotin-labelled sheep anti-human IgG or
IgG3 (hinge specific) mixed with streptavidin-alkaline
phosphatase made by the one step glutardialdehyde method
[21]. The anti-IgG antibodies were diluted 1:4000, and
the streptavidin-alkaline phosphatase 1:6000 in PBS/T.
After a 2 hour incubation at 37°C the wells were washed
and the substrate NPP added. The plates were incubated
at 37°C for 30 min before absorbance at 405 nm was
measured using an ELISA reader (Dynatech MR 500).
Standard curves were constructed by measuring the
absorbance of serial dilutions of purified IgG3 myeloma
proteins. The method accurately measured antibody
concentrations in the range from 10 ng/ml to 1 pg/ml.
3.3. Hapten labelling of BSA

BSA was labelled with NIP by using NIP-caprylate-o-
succimidylester (Cambridge Research Biochemicals,
Cambridge, England). To one ml of 20 mg/ml BSA
(Behring, Marburg, F R G) dissolved in 0.1 M NaHCO; pH
8.5 with 0.15 M NaCl was added 200 £l 20 mg/ml NIP-Cap-
O-Su in dimethylformamide and left at room temperature
for 2 hours before the addition of 100 pl 1M
ethanolamine pH8.5 and dialysed over night against PBS
PH7.3 with 0.02% NaN;. The NIP:BSA molar ratio was
calculated to be 54:1 by measuring absorbance at 405 nm
and at 280 nm.
3.4. Clg binding assay

The Clg binding activity of the different chimeric
antibodies was measured as will be fully described
below. Briefly, microtitre plates were coated with BSA-
NIP (150 pl, 1 pg/ml), washed, and serial dilutions of
chimeric antibodies were added to the wells. 1:20
diluted normal fresh serum was used as diluent. After 1
hour at 37°C the plates were washed and rabbit anti-Clq
(Daco; Denmark) 1:2000 diluted in PBS/T was added to
each well. The plates were incubated at 37°C for 2

hours, washed again and a mixture of biotinylated sheep
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anti-rabbit IgG and Streptavidin-alkaline phosphatase
conjugate made by the glutardialdehyde method was added.
After another incubation at 37°C for 2 hours the plates
were washed, and bound Clq was revealed by addition of
the substrate NPP (para-nitrophenylphosphate). The
reaction was carried out for 30-60 min at 37°C before
the plates were read at 405 nm in a microplate reader.
4. Results

4.1 Construction of human y3 constant region deletion
mutants.

The full length Cy3 gene is contained on a 2.6 kb
HindIII, SphI fragment cloned into the polylinker of
pUC19. This plasmid was subjected to partial digestion
with the restriction enzyme PstI. Each of the four
hinge exons has a PstI site in the intervening sequence
immediately upstream of its coding region (Fig. 1). The
digested plasmid was run on an 0.8% agarose gel, and
linearized plasmid of approximately 5 kb was isolated
from the gel, ligated and introduced in E.Coli JM85.
Plasmid preparations of individual colonies were
analyzed by digestion with appropriate restriction
enzymes. Deletion mutants that had lost one, two or
three hinge exons while retaining the remaining coding
sequences intact were thereby identified (Fig. 1).

Since the digested plasmid was size fractionated on an
agarose gel before ligation, "shuffling" of the hinge
exons was an unlikely event.

To test whether the deletion mutants contained the
large 17 amino acid hinge segment, hl, samples of
plasmid DNA were spotted on nylon membrane and
hybridized to a *%p end-labelled synthetic
oligonucleotide probe, complementary to the hl sequence.
The results are shown in Figure 2 in which the lettering
represents the following
H: pUC19, G: wild-type Cy3, F: Cy3 mutant containing h4
only, D: Ey3 mutant containing two hinge exons, A-D: C+v3

mutant containing three hinge exons.




WO 91/01335 PCI/EP90/01172

10

15

20

25

30

35

14

Wild-type Cy3, one mutant containing two hinge
exons and three mutants containing three hinge exons
hybridized with the probe, and hence carry the exon
coding for the 17 amino acids hinge segment in addition
to exons coding for the 15 amino acid segments. These
mutant genes should code for constant heavy chains with
hinge segments of 32 and 47 amino acids respectively.
The plasmid containing a Cy3 with only one hinge exon
did not hybridize with the probe, as this exon is
certainly h4, which codes for a 15 amino acids hinge
segment. Also, one of the mutants containing three
hinge exons did not hybridize with the probe. This gene
has lost its large hinge exon, and consequently has
three identical hinge exons each coding for a 15 amino
acid segment, and should give rise to a heavy chain with
a hinge segment of 45 amino acids.

4.2 Construction and transfection of complete chimeric
mouse/human heavy chain games.

The mutant Cy3 genes (Cy3APstl) were introduced in
a derivative of the selectable shuttle vector pSV2gpt
[22]. This vector, called pSvV-V,, [10] (Fig. 3a)
contains a mouse variable region gene in addition to
regulatory sequences for immunoglobulin gene expression
in lymphoid cells. The transcription enhancer element
(hatched area), which normally lies between V, and C,,
has been removed and inserted upstream of the variable
gene segment. It has previously been shown that the
enhancer is active on the Ve promoter at this position
[17]}. Downstream of the variable gene a polylinker in
the HindIIT site was introduced (Fig. 3b). The
polylinker was introduced in the Hind III site of pSv-v,,
in such a way that the Hind III site at the 3' end was
destroyed. Restriction enzyme cleavage sites are shown
as: B, Bam HI; Bg, Bgl II; H, Hind III; R, Eco RI: X,
Xba I. The various Cy3APstI genes were removed from
pPUCL9 and inserted into the polylinker on HindIII, BamHI
fragments, thus complete chimeric immunoglobulin heavy

Lod
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chain genes (VypCy3APstI) were made (Fig. 3c).

The heavy chains encoded by these genes in
combination with the A1 light chain expressed by the
J558L myeloma, produce antibodies specific for the
hapten NP. Thus, the various pSV-V,,Cy3APstI plasmids
were introduced in J558L cells by electroporation. The
transfection efficiency was between 1073 and 10 in
different experiments.

Figure 4 shows schematically wild-type IgG3 and
four modified hinge region IgG3 molecules formed by PstI
digestion and expressed in J558L cells, as described
above.

4.3 Quantification and serological characterization of
chimeric antibodies.

Culture supernatants of individual transfectants
were assayed for production of chimeric IgG3 antibodies
by an ELISA method using polyspecific anti-IgG
antibodies. The antibody yields were 2-10 ng/ml.

All mutants reacted with both polyclonal and
monoclonal IgG3 hinge specific antibodies. This result
was also confirmed by ELISA inhibition experiments.
Thus the basic hinge antigenic structure was conserved

in the mutant molecules.

4.4 Binding of Clq.

The Clg-binding activity of the four mutant
variants were tested in an ELISA assay and compared with
wild-type IgG3 and IgGl with the same variable region in
parallel experiments (Fig. 5). In order to verify equal
quantities of antibodies were used, parallel wells with
the same dilution of chimeric antibodies were assayed by
adding biotin-labelled anti-human IgG and streptavidin-
alkaline phosphatase and developed as described in
section 3.2. The dose response curves of all the
subclasses were parallel and superimposable
demonstrating the same quantity of all the subclasses
was present in each case. Wild-type IgG3 was found to
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bind Clqg more efficiently than IgG1l. Surprisingly, all
the truncated IgG3 mutants were at least as efficient as
the wild-type IgG3 in Clq binding. We also found that
the most truncated IgG3 variant with only one 15 amino
acid hinge segment bound more Clg than IgGl, which also
has a 15 amino acid hinge segment as shown in Figure 6.

Figure 6 shows a comparison of hinge sequences of
wild-type human IgG with 15 mer and 17 mer modified
hinge region IgG3 molecules. The first cysteine
participating in interchain disulphide bridging is
marked by an asterix thus showing the end of the upper
hinge [12].

' We have made recombinant IgG3 antibodies with
shortened hinge regions and measured how hinge length
correlates with binding of the complement component Clg.
The antibodies have murine Vi heavy chain region, and
human heavy chain constant regions. The corresponding
A1l light chain is expressed by the recipient murine cell
line, J558L. Other groups have shown that it is
possible to "humanize" murine antibodies in this way,
and that chimeric antibodies secreted from J5581 cells
behave like their human counterparts in SDS-PAGE
analysis, binding to protein A and a series of
serological assays, in addition to showing human
effector functions [3,9,10].

The mutant IgG3 molecules were recognized by both
polyclonal and monoclonal IgG3 hinge specific
antibodies, indicating that the basic hinge antigenic
structure was conserved in the mutant molecules. The
mutant antibodies all had the same variable region.
this suggests that the effect of shortening the hinge
can be studied independently of any effects due to
difference in antigen specificity and affinity.

Our results confirm that wild-type IgG3 binds Clqg
more effectively than IgGl [3,8]. Surprisingly Clg
binding was found to be independent of IgG3 hinge
length. All the mutants with shortened hinge were as
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efficient, or even more efficient than the wild-type in
Clg binding.

In the hl segment of IgG3 the upper part of the
wild-type hinge consists of 12 amino acids and this
might allow a greater flexibility than the corresponding
hinge of IgGl which is 10 amino acids long (Fig. 6).
However, two of the IgG3 variants have upper hinges of
only 4 amino acids, namely the one with a 15 amino acids
hinge segment and the one with a 45 amino acids hinge
segment. Both these variants showed Clq binding at
least as effective as the wild-type IgG3. Consequently,
Clq binding is independent both of the length of the
upper hinge and the length of the middle hinge.

We have also found that not only do modified IgG3
molecules according to the invention give enhanced Clqg
binding but that complement mediated cytotoxicity is

also enhanced up to 20-fold as shown in figure 7.
EXAMPLE 2
Methods

The method of site directed mutagenesis according to
Kunkel was followed (T.A.Kunkel. Rapid and efficient
site-specific mutagenesis without phenotypic selection.
proc. natl. Acad. Sci. USA, 82:488-492, 1985).

A 1.37 kb Pst I gene fragment containing sequences
encoding the h4, CH2 and Ch3 regions of IgG3 chains was
subcloned in M13 mp 19. Single stranded template DNA
was prepared from recombinant phage that had been
propagated in the E.coli strain CJ236 which is dut-ung-
and therefore substitutes QUTP for dTTp in DNA. 1In
vitro mutagenesis was performed by annealing an 24-29
base long synthetic oligonucleotide (made by the
phosphoramite method on an Applied Biosystems (Foster
City, CA) DNA synthesizer model 381A) coding for the
desired mutant amino acid sequence to the single
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stranded template DNA and preparing covalently closed
circular double stranded DNA by incubating with T4 DNA
polymerase and T4 DNA ligase in an appropriate buffer
containing the four ANTP's. The double stranded DNA
product was introduced in MV1190, a bacterial strain
which is dut® ung®, and therefore degrades the uridine
containing template DNA, which codes for the wild type
sequence. The in vitro synthesized DNA containing the
mutant sequence, served as template for new phage DNA
synthesis in MV1190. Single stranded and double
stranded phage DNA was prepared from MV1190. The
mutants were analyzed by DNA sequencing. Oonly the
planned mutations were obtained. The remaining DNA
sequence outside the hinge was as in the wild type. The
remaining DNA sequence outside the hinge was as in the
wild type. The mutant gene fragments were subcloned in

pSV-Vnp as described in Example 1 for the hinge truncated
mutants.

Results

Modified IagG3 molecules having the following hinge

region sequences were obtained:

(1) Glu-Pro-Lys—Ser—Cys-Asp-Thr—Pro-Pro—Pro—Cys-Pro—
Arg-Cys-Pro (origin)

(2) Glu—Pro-Lys—Ser-Cys-Asp—Thr—Pro-Pro—Pro—Cys—Pro—
Ser-Cys Pro (Ml)

(3) Glu-Pro-Lys-Ser-Cys-Asp-Cys-Pro-Ser-Cys Pro (M2)

(4) Glu-Ser-Lys-Tyr-Cys-Asp-Cys-Pro-Ser-Cys Pro (M3)

Sequence (1) corresponds to a single repeat of the
unmodified 15 amino acid segment of the IgG3 hinge and

”
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is the "origin" sequence for the site-directed
mutagenesis procedure. Sequences (2) to (4) are the
hinge region sequences of the site-directed mutants,
sequence (4) corresponding to the hinge region sequence
of IgG4.

Biological activity of the site directed hinge mutants

The mutants were tested for complement activation
activity as described in Example 1 and the results are

shown in figures 8 and 9.

As can be seen in Figure 8, the site-directed mutants M1
to M3 are slightly more active than the mutant carrying
the "origin" sequence. When these mutants were tested
for capacity to induce complement mediated cytolysis,
the site-directed mutants were all better than the
"origin" mutant and in particular the mutant M1 was
particularly active (Fig 9). This mutant was about 5x
more active than the origin mutant, which on the other
hand was up to 20x more active than the IgG3 wild type.
The first site directed mutant (M1) is therefore
expected to be about 100x more active in inducing

complement cytolysis than the IgG3 wild type.

Example 3

Materials and Methods

Antibody preparations. The following polyclonal
rabbit antisera against human complement proteins were

used: anti-Clqg, anti-C1, anti-C3d and anti-Cc5 from
Dakopatts, Copenhagen, Denmark and anti-C3e from
Behringwerke AG, Marburg, FRG. The mouse monoclonal
antibodies aEll against a C9 neoepitope expressed on
TCC, and bH6 against a C33 neoepitope on C3b, iC3b and
C3c were produced as described by Mollnes et al. in
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Scand. J. Immunol 22 183 and Garred et al. in Scand. J.
Immunol 27 319, respectively. Mouse monoclonal antibody
against S-protein/fibronectin was provided by Cytotech,
San Diego, Calif., USA. Peroxidase conjugated anti-
rabbit Ig and anti-mouse Ig were obtained from Amersham
International, Bucks., U.K. The construction and
production of the chimeric human-mouse IgG3 against NIP
have been described in detail in Neuberger et al.
(Nature 1984). The chimeric antibodies were purified
from culture supernatants by affinity chromatography.
The affinity column was made by adding 10 ml AH
Sepharose (Pharmacia, Uppsala, Sweden) washed with cold
3% (w/w) NaHCO; and suspended in 25 ml cold 3% NaHCO; to
20 mg NIP-caproate -0O-succinimide. (Cambridge Research
Biochemicals, Cambridge, U.K.) dissolved in 1 ml
dimethylformamide (Pierce, Oud-Beijerland, Netherlands).
The mixture was rotated head over head at 4°C overnight
and washed with phosphate~buffered saline (PBS), pH 7.3
until the effluent had no absorption at 280 nm. Free
NIP in excess was used as eluent. The hapten was
removed from the antibodies by extensive dialysis
against PBS.

The specificity of all the polyclonal anti-
complement antibodies was tested in sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
with subsequent western blot analysis. It was revealed
that the anti-C4, anti-C3 and anti-C5 antisera had some
activity against IgG. This was further tested in the
present assay by omitting the complement source. The
influence of the anti-Ig activity was successfully
abolished by adding human IgG (Kabivitrum, Stockholm,
Sweden) to the anti-complement antibody buffer. 1In
crossed immunoelectrophoresis the precipitation lines
were found in characteristic positions.

Preparation of NIP-BSA. The NIP hapten was coupled
to BSA by mixing 200 pl at 0.5 mg/ml NIP-capioate-0-
succinimide with 2 ml 10 mg/ml bovine serum albumen (BSa
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Behring) dissolved in 0.1 M NaHCO; and 0.5 M NaCl pH 8.5.
The mixture was left at room temperature for 2 hrs, then
0.5 ml 1 M ethanolamine pH 8.5 was added and the
solution was dialysed overnight against PBS pH 7.3 with
0.02% NaNS.

Solid phase complement activation enzyme immuno
assay. Polystyrene plates (Nunc immunoplate II,
Teknunc, Copenhagen, Denmark) were coated with 100 upl of
1 pug/ml of NIP conjugated BSA at room temperature
overnight. In TCC and S-protein experiments 10 ug/ml,
100 pg/ml, and 1 mg/ml NIP-BSA were also used. The
chimeric IgG3 antibody diluted in PBS with 0.2% Tween 20
in appropriate concentrations (0.062-1.00 ug/ml) was
then added. Normal human serum was used as the
complement source; the serum was frozen immediately at -
70°C after coagulation and after thawing the serum was
diluted to a final concentration of 1% in veronal
buffered saline (VBS) with 0.2% Tween 20 and added to
the wells. In the subsequent steps anti-complement
antibodies in appropriate dilutions were used to detect
complement deposits. Finally, peroxidase conjugated
anti-rabbit or anti-mouse IgG was used. Each step was
incubated at 37°C for 1 h. Between each step the
polystyrene plates were washed extensively in phosphate
buffer saline with 0.1% Tween 20, Substrate was 2,2'-
azido-di-3-ethylbenzthiazoline sulphonic acid
(Boehringer, Mannheim, FRG) and the results were read on
Dynatech MR 580 at 405 nm. Parallel experiments to
control the chimeric antibody binding were performed
with peroxidase conjugated anti-human Ig. Further
control experiments were performed with 10 mM ethylene
diamine tetraacetic acid (EDTA) in the complement buffer
or inactivated serum heated at 56°C for 30 min.
Additionally, 0.2 mM NIP was added at different
incubation steps in order to elute the chimeric
antibody. The displacement of IgG in the presence of

free NIP was calculated by using the diminished
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absorbency seen at 1 pg/ml of IgG. This was correlated
to the similar absorbency on the IgG curve to which no
free NIP was added and referred to the actual
concentration of IgG. Background in the system was
defined as the signal achieved with all the reagents
except the chimeric antibody. 0.2% Tween 20 was used as
sole blocking agent unless otherwise stated. Aall
experiments were performed at least three times. Data
shown are representative experiments indicated as means
of duplicates.

To investigate the influence of Tween 20 on TCC
deposition, Tween 20 was used in concentrations from
0.4% to 0.0025%. Experiments without blocking agents
were also performed. Furthermore, Tween 20 was replaced
with 0.2% gelatine (Chemie Brunschwig, Basle,
Switzerland) as blocking agent in all steps in some
experiments.

To study the deposition of complement on another
protein, 100 uL 1 pL/ml rabbit Fab fragments haptenized
with NIP in a similar way as described for BSA were
coated to the polystyrene wells.

Sandwich complement activation assav. An

alternative complement activation assay was constructed
to further investigate the TCC binding. 100 pl 0.5
kg/ml of the IgG3 chimeric antibody was adsorbed to
polystyrene wells overnight at room temperature. 100 ©l
10 pg/ml NIP-BSA diluted in PBS with 0.2% Tween 20 was
then added and incubated for 45 min at 37°C.
Subsequently an additional portion of the chimeric
antibody (0.5 pg/ml) was added. Serum diluted to 1% VBS
with 0.2% Tween 20 was used as complement source. The
rest of the assay was performed as described for the
solid phase complement activation assay. In control
experiments NIP-BSA was added to uncoated plates.
Additionally, the NIP-BSA step was omitted and also the
second chimeric antibody portion. Moreover, the

complement source was incubated in 10 mM EDTA-VBS and
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all experiments were also performed with 0.2 % gelatine
as the only blocking reagent. In order to elute the
NIP-BSA complex from the antibody two different
procedures were used: 1) 0.2 M NIP was added either
before or after the serum step. 2) Pepsin (Sigman, St.
Louis, MO, USA) in acetate buffer pH 4.0 was added after
the serum step and incubated for 45 min. The substrate
ratio was 1:50 (w/w). To investigate the proteolytic
and pH effect on TCC bound to the plastic surface,
zymosan activated serum diluted 1:10,000 was adsorbed
over night to polystyrene plates. Moreover, the elution
of BSA was investigated, by using polyclonal anti-human
serum albumin (Dakopatts) crossreacting with BSA instead
of anti-TCC. To control for classical complement
activation, binding of Clg, C4, C3 and C 5 was also
investigated. All experiments were performed at least
three times. Data shown are representative experiments
indicated as mean of sixplicates.

Analyses of fluid phase complement activation
products. Complement activation was assessed in two
enzyme immuno assays specific for neoepitopes
specifically expressed on activation products. One was
specific for C3 activation products, thus evaluating the
initial part of the complement cascade. In brief,
polystyrene plates were coated with a mouse monoclonal
antibody (bH6) specific for a C3 neoepitope expressed on
C3b, ig3b and C3c, but not on native C3. A rabbit anti-
human C3c antiserum (Behring) was used in the second
antibody layer. Finally, a peroxidase conjugated anti-
rabbit Ig was added (Amersham). The rest of the assay
was performed as described for the solid phase
complement activation assay and referred to a standard
of zymosan activated serum defined to contain 1000
AU/ml. The other assay detected the fluid phase SC5b-9
terminal complement complex (TCC),. 1In brief,
polystyrene plates were coated with a mouse monoclonal
antibody (aEll) specific for a neoepitope expressed in
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activated C9. A rabbit anti-human C5 antiserum
(Dakopatts) was used in the subsequent antibody stop.
The rest of the assay was performed as described for the
C3 activation assay.

Results

Binding of chimeric antibody to NIP-BSA. A dose-
dependent binding curve was obtained after addition of

different concentrations of chimeric IgG3 anti~-NIP to
NIP-BSA absorbed to polystyrene (Fig 10). By adding 0.2
mM NIP to the wells before or after addition of serum
only 4% (0.04 pg/ml) and 6% (0.06ug/ml) of the antibody
remained bound to the NIP-BSA aggregates, respectively.
No elution of anti-NIP was obtained if NIP was added
after the detection antibodies. Similar binding of the
anti-NIP antibody was observed with or without the
presence of normal human serum, with EDTA-serum, or with
heat-inactivated serum. No nonspecific binding was
observed when the anti-NIP antibody was added to

uncoated wells in the presence of 0.2% Tween 20.

Clg binding. Microplates coated with NIP-BSA were
incubated with the anti-NIP antibody and subsequently
with normal serum, serum diluted in EDTA-VBS, or heat
inactivated serum (Fig. 11)). A dose-dependent binding
of Clqg was observed when normal serum was added. The
binding was significantly diminished when 10mM EDTA-
serum was used. Clgq binding was completely abolished
when the anti-NIP antibody was eluted by addition of NIP
before serum. When the anti-NIP antibody was euted
after the addition of serum a reduction in the binding
of Clg was found comparable to that found for EDTA-
serum. No clg binding was obtained when the anti-NIP
antibody was coated directly to the polystyrene surface

or when heat-inactivated serum was used as C source.
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C4 and C3 binding. Virtually identical dose-dependent
binding patterns were observed for C4 and C3 (Fig 12).
This binding remained unchanged when elution of the
antibody with soluble NIP was performed after addition
of serum. When NIP was added before the C source no
binding was seen as observed for Clg. No binding was
observed when EDTA-serum or heat inactivated serum was

used.

TCC formation. The formation of TCC on the AG-antibody
complex was investigated. A similar dose-dependent
curve was obtained both for the anti-C5 antibody and the
anti-C9 neoepitope mAb (Fig 13). The latter recognizes
activated C9 incorporated in TCC. The results were
virtually identical to those obtained for C4 and C3. To
further examine whether TCC was associated with the
protein or with the polystyrene surface, increasing
amounts of NIP-BSA were adsorbed to the polystyrene
plates (0 pg/ml, 1lpg/ml, 10ug/ml, 100ug/ml and 1 mg/ml.
An aliquot of 1 ug/ml anti-NIP was then added before the
C source. Increased deposition of TCC correlating with
the NIP-BSA were (Fig. 14) TCC did not bind when the
NIP-BSA coat was omitted. Furthermore, if the antibody
was adsorbed directly to the plastic overnight, no

binding of TCC was seen.

We then tested for deposition of S-protein in
association with TCC. The S-protein was found to bind
very well directly to the plastic surface. With
increasing amounts of anti-NIP/NIP-BSA on the plates a
decreased binding of the S-protein was found (Fig 14).
The S-protein bound equally well in normal serum and in
EDTA-serum, indicating that the binding was independent

of C activation.

Control experiments were performed to exclude a
possible binding of TCC to Tween 20. When Tween 20 was
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replaced by 0.2% gelatin as blocking reagent in all
steps, the specific TCC signal was fully maintained and
no unspecific binding was observed. We did not observe
any diminished binding of TCC by reducing the
concentration of Tween 20 sequentially in all buffer
steps. On the contrary, a slight increase in the
binding of TCC was observed when the Tween 20
concentration was reduced below 0.05% and by excluding
Tween 20 completely from the buffers an increased
nonspecific binding of TCC was observed in the well with
no chimeric antibody added.

The binding patterns for Clq,C4 and TCC were
similar for NIP rabbit Fab fragments as described for
BIP-BSA above.

C binding to immune complexes in the sandwich
assay. Clq, C4, C3 and TCC bound in the alternative
sandwich C activation assay consisting of a first layer
of anti-NIP antibody, a second layer of NIP-BSA and a
third layer of anti-NIP antibody. However, by
subsequently excluding each of these layers this binding
was completely abolished. Similar results were observed

with Tween 20 and gelatine as blocking reagents.

In this model we are not able to elute NIP-BSA by
adding free NIP after serum. However, if NIP was added
before serum no C binding or BSA was observed. Binding
of TCC to the immune complexes was further studied in
addition of pepsin (Fig. 15). TCC and BSA were removed
when pepsin was added, but remained bound in the buffer
control. In similar experiments with zymosan activated
serum passively adsorbed to polystyrene plates the

of pepsin.

Fluid phase C3 activation and TCC formation. To
investigate whether the C activation by the immune
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complexes was reflected in the fluid phase, we tested
the supernatants from the solid phase C activation
assay. A dose-dependent curve was obtained of fluid
phase C3 activation (Fig.16) which was almost parallel

5 to the C3 deposition on the solid phase. The EDTA-serum
control was negative. The TCC deposition on the solid
phases was not reflected by a dose response increase of

TCC in the fluid phases.

10
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Claims

1. Modified IgG3 antibodies containing human IgG3
constant regions which have a shorter total-hinge
5 region compared with normal human IgG3.

2. Modified IgG3 as claimed in claim 1 being a
truncated variant in which the number of repeats of
the 15 amino acid sequence in the hinge region has

10 been reduced and/or the 17 amino acid sequence in
the hinge. region has been deleted.

3. Modified IgG3 as claimed in claim 2 wherein the
hinge region comprises a single repeat of the
15 nature 15 amino acid sequence.

4. Modified IgG3 as claimed in Claim 2 or Claim 3 in
which the amino acid sequence of said shortened
hinge region has been modified.

20
5. Modified IgG3 as claimed in Claim 4 wherein said

sequence has been altered by site-directed
mutagenesis.

25 6. Modified IgG3 as claimed in claim 4 or claim 5

comprising a hinge region sequence selected from:

Glu—Pro-Lys—Ser—Cys—Asp—Thr—Pro-Pro—Pro—Cys-Pro—
Ser-Cys Pro;

30 Glu—Pro-Lys-Ser—Cys—Asp—Cys—Pro-Ser—Cys Pro;
and

Glu—Ser—Lys—Tyr—Cys—Asp—Cys—Pro—Ser—Ser-Cys Pro.

7. Modified IgG3 as claimed in anyone of claims 1 to 6
35 which is a chimeric IgG3 comprising variable
antigen binding domains from a non-human species
and human constant regions.
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Modified IgG3 as claimed in claim 7 comprising

mouse variable regions and human constant regions.

A recombinant DNA molecule encoding modified IgG3

as claimed in any one of claims 1 to 8.

An expression vector permitting expression within a
mammalian cell line, comprising a recombinant DNA
molecule as claimed in claim 9 operatively linked

to an expression control sequence.

A mammalian cell line transfected with a
recombinant DNA molecule as claimed in claim 9 or

an expression vector as claimed in claim 10.

A method for assaying an antibody against a
specific antigen or hapten for its effectiveness in
complement activation in an animal species wherein
the antibody is contacted with the immobilised
antigen or hapten to form an immobilised
antibody/antigen or hapten complex which is then
contacted with complement from the relevant animal
species followed by assay of components of the
complement thereby formed and bound to the
antibody/antigen or antibody/hapten complex,
whereby the extent and nature of complement
activation by the antibody in the sample may be
determined.

A method as claimed in claimed in claim 12 wherein
said bound complement components are assayed by an

immunoassay method.

A method as claimed in claim 12 or claim 13 wherein
said antigen or hapten in immobilised on a solid
support selected from plates, tubes, beads or
particles.
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A method as claimed in claim 14 wherein said

antigen or hapten is immobilised on magnetic beads.
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