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Introduction

Antibody development after administration
of native or recombinant produced pharma-
ceutical proteins has been reported for many
proteins, e.g., insulin, human growth hor-

mone (hGH), coagulation Factor VIII and
Factor IX (Reeves 1983 and 1985 and 1986;
Okada et al. 1987; Kaplan et al. 1986; Schem—

thaner et al. 1983; Roberts & Cromatie 1984).

The formation of insulin antibodies was re-

ported shortly after the introduction of insu-
lin therapy. Impurities were the main reason
for antibody formation, but even with the
highly purified insulin’s now available insulin
antibodies are still detected in patients (Ka-
sama et al. 1981; Root et al. 1972; Schlicht-

krull et al. 1972; Van Haeften 1989). Insulin
antibodies have been reported to play a role

in insulin allergy, the development of injec-
tion site lipoatrophy, insulin resistance and

poor glycemic control due to altered insulin
pharmacokinetics (Reeves 1 983; Van Haeften

1989). Antibodies against hGH have been

reported to cause growth attenuation
(Okada et al. 1987; Kaplan et al. 1986). Anti-
bodies against FVIII and FIX have resulted
in FVIII/FIX resistance with prolonged

bleeding time (Roberts & Cromatie 1984).
It must be a requirement that efforts are
made to evaluate the potential immunogeni-
city of a new pharmaceutical protein before
the protein is administered to patients in cli-
nical trials.
It is desirable to have a model where the po—

tential immunogenicity of new pharmaceuti-

cal proteins can be evaluated in order, to en-

sure that a protein to be used in clinical trials
has been tested in the best possible way.

Transgenic mice have been used extensively

as a way to elucidate how the immune system
is capable of distinguishing between self and
non—self and several comprehensive reviews

are available (Adams 1990; Miller et al. 1991;

Lo et al. 1990 and 1991; Basten et al. 1991)

In this review results obtained using transge-
nic mice to evaluate the potential immuno-
genicity of recombinant proteins and the mo~

dels advantages and drawbacks will be dis—
cussed.

Traditional Immunogenicity Models

One approach to test the potential immuno—
genicity of pharmaceutical proteins has been
to use newborn mice that are artificially

made tolerant by single or repeated injection
of the native protein, followed by subsequent

challenge with the protein that one wishes to
test the immunogenicity of (Nassal 1989; Si—

skind 1984). The newborn mouse model has
the disadvantage that the tolerance estab~
lished has little resemblance to the tolerance
seen in animals that have tissue specific ex—
pression of physiological levels of the protein

from early stages of embryonic development
(Lipes & Eisenbarth 1990).
The cellular immune response to insulin has
been evaluated in different in vitro systems
using peripheral blood lymphocytes from hu-
mans to assay for T cell proliferation (Parkar
& Reeves 1989; Nell & Thomas 1983). Since

there is considerably heterogeneity in the
lymphocyte responses in human individuals,
it has been difficult to standardize these as—
says.
In the absence of more appropriate models,
laboratory animals (e.g., mice, rats, guinea

pigs, rabbits and primates), in which the en-
dogenous protein do not deviate to much
from the protein to be tested, has been used

to evaluate the immunogenicity of pharma-

ceutical proteins before administration to

patients. Since rabbit insulin only differs
from human and porcine insulin at one ami-

no acid residue (Schlichtkrull et 411.1974), a
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rabbit model has been used to evaluate the
influence of varying levels of impurities in

early insulin preparations (Root et al. 1972;
Schlichtkrull er al. 1972 and 1974).

Finally, although it cannot be classified as an
immunogenicity model, the only way to dis—
cover the immunogenicity of pharmaceutical

proteins has sometimes been retrospective
evaluation in patients.

Transgenic Mice as Immunogenicity Models
The idea of using transgenic mice as immu—

nogenicity models has been suggested based
on the hypotheses, that a mouse transgenic
with a human gene, is not expected to pro-
duce antibodies against the human protein
that the gene is coding for, because the im-
mune system will recognize the protein as
self (Stewart et al. 1989; Mikkelsen et al. 1992;

Ottesen er al. 1994).
The main advantage of using transgenic mice
is that tolerance to the native protein has
been induced from early embryonic develop-
ment. In contrast to the traditional laborato-
ry animals, the transgenic immunogenicity
model includes a positive control in the non—
transgenic littermates, whereas the only posi-
tive control in conventional laboratory ani—
mals consists of known immunogenic prepa-
rations. Different mouse strains must be
carefully evaluted before the model is used,
because the MHC haplotype in itself may
cause tolerance to a given protein in the non-
transgenic mice, which should serve as a

positive control.

Human insulin
Insulin has been used for many years for ba-

sic immunological research. The main rea-
sons to use insulin have been that it is avail-
able in highly purified form; the primary and
tertiary structure has been known for many
years; several useful analogues have been
prepared and the fact that insulin is highly
conserved among species, e.g., human, por-
cine, bovine, horse and rabbit insulin differ

by only 1-3 amino acids (Keck 1975 and 1981;
Reeves 1983).
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The insulin preparations used for treatment
of diabetic patients cannot mimic the normal
physiological rapid increment of the insulin
level in the blood at the time of meal con-
sumption, probably because the insulins are
mostly assembled as zinc—containing hexa—
mers, which may limit the rate of absorption

from the injection site. DNA technology has
made it possible to make human insulin ana-
logues with amino acid substitutions or dele-
tions designed to prevent hexamer forma—
tion. This was done by introducing amino
acids that results in charge repulsion in the
monomer-monomer interface without desta-
bilizing its own three-dimensional structure
or interfering with its biological activity
(Brange er al. 1988 and 1990).
No matter how great in vivo advantages the
analogues possess, there will always be the
possibility that an immunogenic epitope has
been created. Antibodies directed against
such immunogenic epitopes might cross react
with the native protein and have a neutraliz—
ing effect on both the analogue and the en-

dogenous protein and thereby aggrevate the
patient’s condition.
In a recent paper Ottesen et al. (1994) use hu-
man insulin transgenic mice and non-trans-
genic control mice (H-Zd’b) immunized with
human, porcine, bovine and rat insulin and
12 human insulin analogues with substitu-
tions/deletions at 1-3 amino acid residues, to

evaluate the potential immunogenicity.
Bovine insulin differs from human insulin
(Fig. 1) at position 8 and 10 in the A-chain
and position 30 in the B-chain. Porcine insu-
lin differs from bovine insulin at residue B30.
Rat insulin was used to show that the mouse
immune system is self-tolerant since rat and
mouse insulin are identical. Sera from the
immunized mice were assayed in radio im-
mune assay (RIA) and ELISA with similar
results. The RIA results (Fig. 2) show that to-
lerant transgenic mice develop antibodies
against bovine insulin and human insulin
analogues with amino acid substitution at
position 8 and 10 in the A-chain loop. The re-
sults with human, porcine and bovine insulin
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Fig. 1. Primary Structure Of human insulin. Putative sites interacting with the insulin receptor are indi—
cated with grey residues (Brange et al. 1990). The analogues shown in Fig. 2 are named after the positions
in the A and B chain where the substitutions or deletions have been made; e.g., in the analogue A21G/
B3D/BZ7— the amino acids asparagine (N) in human insulin at position A21 and B3 have been substituted
with the amino acids glycin (G) and aspartate (D), and threonine (T) at position B27 have been deleted.
Amino acid differences between human insulin and animal insulin: Bovine (A8A/A10V/B30A); Porcine
(B3OA); Mouse/Rat I (A4D/B3K/B9P/B305); Mouse/Rat II (A4D/B3K/B29M/B3OS).
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Fig. 2. Antibody responses to insulins and insulin analogues in transgenic mice and non-transgenic con-
trols (Ottesen et al. I 994). RIA data are presented as the groups mean %-binding of 1251 labelled insulin/
analogue (9-16 mice in each group). Standard error of mean was 0.1-7.0 for transgenic groups and 0.1—12.8
for non—transgenic groups. Except for rat insulin, bovine insulin and the analogues ASA, ASH and A10V
there are significant difference between transgenic and non-transgenie groups (p<0.03).
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reflect the clinical situation (Jensen & Kapp
1984; Schemthaner et al.,1983). Keck have

shown that the bovine epitope in the A-chain
loop (A8-A10) elicit an antibody response in
responder mice (Keck 1975 and 1977), and
the antibody response in transgenic mice
against the 3 analogues with single amino
acid substitutions in the A-chain loop gives
the first in vivo indication, that only one sub-
stitution in the A-chain loop is enough to eli-
cit an antibody reSponse.
It is further demonstrated that the antibodies
developed against the various insulins are ex-
tremely cross reactive against human insulin.
The non-transgenic control mice developed
antibodies against all insulins and analogues
except against rat insulin (Ottesen et al.
1994).

Human tissue plasminogen activator
(htPA)
Stewart 6! al. (1989) has used transgenic mice,
that express human tissue plasminogen acti-
vator (htPA) to which the mice are shown to
be immunologically tolerant. as a model to
evaluate whether an immune response could
be produced against an analogue in which a
single amino acid had been altered. The
transgenic mice and their non—transgenic sib-

lings were injected with htPA and a htPA
analogue where arginine at position 275 were
replaced by glutamic acid (htPA-E275).
None of 21 transgenic mice developed htPA
antibodies when injected with htPA in con-
trast to the non—transgenic controls where 40/

42 developed htPA antibodies. When inject-
ed with the htPA—E275 analogue 8/44 trans-
genic mice and 79/80 non—transgenic mice de—

veloped antibodies against this analogue. It
was further shown that the antibodies devel—
oped in the 8 transgenic mice against htPA—
E275 cross-reacted with htPA. In a parallel
setup Stewart et al. showed that when trans-
genic and non-transgenic mice where immu—
nized using Freunds adjuvant with htPA or
the analogue all the control mice developed
antibodies against both htPA and the ana-
logue, whereas 50% of the transgenic mice
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produced antibodies against the analogue,

but the tolerance against htPA was maintain-
ed in transgenic mice immunized with htPA.

Human growth hormone (hGH)
Martin et al. (1993) reports that changes in
tertiary structure of hGH can be detected in
hGH transgenic mice. These mice makes no
detectable antibodies following challenge
with monomeric hGH, but produce anti-

hGH antibodies after immunization with
misfolded hGH. This suggests that tolerant
transgenic mice could be used as a model to
ensure similarity between recombinantly
produced protein and the native protein.

Non—transgenic mice will develop antibodies
against both the pharmaceutical protein and
possible contaminants, whereas an antibody
response in tolerant transgenic mice (deter—
mined using ELISA plates coated with the
preparation used for immunization), are rais-
ed only against misfolded protein or against
contaminants. Verification can be obtained
in a western blot. If monoclonal antibodies
can be produced by the transgenic mouse
strain, these antibodies can be used for spe—
cific removal of the contaminants.

Future Transgenic Immunogenicity Models

Other models may be developed which aim

at making the mouse response more »hu—
man<<. Research with immunodeficient SCID
mice, which have neither functional T cells

nor B cells, has demonstrated that these im-
munodeficient mice allows reconstitution
with neonatal elements from the human im—

mune system. i.e., fetal liver, bone marrow,

thymus and peripheral lymphoid organs such
as lymph node, spleen and skin7 without the
development of graft—versus-host symptoms
(Kaneshima et al. 1990; McCLme 1991). SCID
mice engrafted with human hematolymphoid

organs (SCID-hu) have been immunized
with test antigens and been found to gener—
ate specific human antibodies against these
antigens (Kaneshima et al. 1990). If further
research with the SCID—hu mice proves that
these mice can mimic the human immune sy—



stern, it should be possible to produce a
transgenic SCID-hu mouse that expresses

human insulin and use them as described in
this paper. Such transgenic SCID—hu mice

should, in theory, react with a human im—
mune response. Future experiments will
show whether this theory will prove to be
valid.

In mice transgenic with human insulin only 4
amino acid residues differ between mouse
and human insulin, but in other trangenic
models there will be less similarity between
the amino acid sequence of the mouse pro
tein and the protein coded by the transgene.
If human analogues are developed where
substitutions resemble epitopes on the endo-
genous mouse protein, the mouse immune
system Will recognize the epitopes as self,

and no antibody response Will be elicited. If
the gene sequence of both the mouse and the
human gene is known, this problem could be
overcome by knock out of the endogenous
mouse gene by gene targeting in embryonic

stem cells (Capecchi 1989; Sedivy & Joyner

1992). Using this approach one could for ex-

ample make a transgenic mouse that produce
human insulin but not mouse insulin.

It is important to emphasize that, as with all
other models with the aim of predicting the
potential immunogenicity of pharmaceutical
proteins, the transgenic immunogenicity mo-

del should be carefully validated before it is

used. Special attention has to be taken to the
MHC haplotype of the mice used, the immu~
nization protocol and the detection assays.
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Summary
The development of antibodies after administra-
tion of pharmaceutical proteins is not only of aca«
demic interest. Antibodies can be responsible for
local and systemic allergic reactions. injection site
lipoatrophy and have effect on the dose require»
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ments.Tolerant transgenic mice are used to evalu—
ate the potential immunogenicity of pharmaceuti-
cal proteins, e.g.. human insulin. human tissue
plasminogen activator and human growth hor—
mone. The results indicate that transgenic mice
should be useful as an in vivo model to map im—
munogenic epitopes. Transgenic mice with tissue
specific expression of human insulin that are toler—
ant to human insulin (in contrast to their non—
transgenic littermates that produce antibodies)
are able to respond with antibody formation
against human insulin With substitution of single
amino acids, if the substitutions results in immu-
nogenic epitopes.
Finally potential future immunogenicity models
are discussed.

Sammendrag
Dannelse af antistoffer efter indgift af pharma—
ceutiske proteiner har ikke kun akademisk inte—
resse. Antistoffer kan resultere i lokale 0g syste-
miske allergiske reaktioner, lipo-atrofi, og have
en effekt pa dosisbehovet. Tolerante transgene
mus benyttes til at vurdere den potentielle immu—
nogenicitet af pharmaceutiske proteiner, f.eks. hu»
man insulin, human tissue plasminogen activator
0g human vzekst hormon. Resultateme indikerer,
at transgene mus kan benyttes som en in vivo mo—
de] til at mappe immunogene epitoper. Transgene
mus med vzevsspecifik ekspression at human in su-
lin, der er tolerante overfor human insulin (imod—
szetning til deres non~transgene kuldseskende der
danner antistoffer), danner antistoffer mod hu-
man insulin med substitution af en enkelt amino—
syre, hvis substitutionen har resulteret i en immu-
nogen epitop.
Potentielle fremtidige immunogenicitetsmodeller
diskuteres.
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