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Summary Transgenic mice with tissue-specific ex-
pression of the human insulin gene in the beta cells
of the pancreas do not produce insulin-specific anti-
bodies when injected with human insulin. Tolerant
transgenic mice injected with human or porcine insu-
lin reflect the clinical situation. When injected with
bovine insulin the transgenic mice produce anti-
bodies. The potential immunogenicity of 12 recombi-
nant human insulin analogues has been tested in this
transgenic model. The analogues were designed ei-
ther to prevent hexamer formation or to improve
chemical stability or both. The analogues have ami-
no acid substitutions or deletions at residue 8, 10 and
21 in the A-chain and residue 3, 9, 27 and 28 in the
B-chain. The results show that substitution of single
amino acids in the A-chain loop of human insulin for
the corresponding amino acids in bovine insulin at
residues A8 or A10 is sufficient to elicit an antibody

response in responder mice. Only human insulin ana-
logues with substitutions at residues 8 or 10 in the A-
chain elicit antibody formation in the transgenic
mice, whereas non-transgenic control groups re-
spond to insulin and all analogues. Antibodies devel-
oped against the human insulin analogues are cross
reactive with recombinant human insulin. Anti-
bodies developed against an immunogenic analogue
could therefore neutralize both the analogue and the
native insulin and thereby aggravate the patient’s
condition. This transgenic mouse immunogenicity
mode] should be useful as an in vivo model to map
immunogenic areas of recombinant proteins. [Dia-
betologia (1994) 37: 1178-1185]

Key words Transgenic mice, tolerance, insulin, analo-
gue, immunogenicity.

With the widespread use of recombinant DNA tech-
nology it has become common to produce second
generation products (analogues) with altered in vivo
characteristics, e. g., half-life, receptor binding affin-
ity, stability, and absorption rate. Antibodies toward
proteins administered for therapeutic purposes have
been reported to play a role in allergic reactions and
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lipoatrophy at the injection site [1]. Moreover, anti-
bodies directed against epitopes on the analogue
could cross react with epitopes on the corresponding
endogenous protein and lead to a neutralizing effect
of both the analogue and the endogenous protein
[2]. It is important to evaluate whether or not the ad-
ministration of such analogues results in antibody for-
mation in patients. It would be useful to have a model
where the potential immunogenicity of analogues, to
be used in clinical trials, could be evaluated. Such a
model would also avoid extensive research on analo-
gues that, though they possess outstanding advan-
tages in vivo, would be ultimately discarded because
they are immunogenic in patients.

The immune response to insulin in mice is under
the control of MHC class II genes in the H-2 region
on chromosome 17 [3, 4]. Several reports have
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shown that mouse strains with different H-2 haplo-
types can be divided into responders and non-respon-
ders, dependent on the species of insulin used for im-
munization [3-6].

Transgenic mice have already made possible the
evaluation of numerous hypotheses on how immuno-
logical tolerance to self proteins is developed, main-
tained or broken and several comprehensive reviews
are available [7-12]. The use of transgenic mice in
the study of the pathogenesis of insulin-dependent
diabetes mellitus has also been reviewed [13]. In this
report we evaluate the use of transgenic mice that
have tissue-specific expression of human insulin in
the pancreatic beta cells [14-16] and are tolerant to
human insulin, as a model with which to evaluate the
potential immunogenicity of recombinant-produced
insulin and insulin analogues. We did not aim to de-
termine whether the tolerance in transgenic mice to-
ward human insulin is due to T-cell tolerance or B-
cell tolerance, or both, but focused entirely on anti-
body production as a parameter to evaluate the im-
mune response. The results indicate that transgenic
mice are useful as in vivo models for mapping immu-
nogenic areas of recombinant proteins.

Materials and methods

Mice. Adult female BALB/c mice used for breeding and 6-
week-old inbred male mice (BALB/c (H-29), DBA/2 (H-29),
C57BL/6 (H-2%), CBA/T (H-2¥) and SIL/N (H-2%)) and F1-hy-
brids (C57BL/6 x CBA/J (H-2Y%) and BALB/c x C57BL/6 (H-
29%)) used for immunization experiments were obtained from
Bombholtgaard Breeding and Research Centre Ltd., Ry, Den-
mark. The inbred and Fl-hybrid mice were acclimatized
3 weeks before entering the immunization study at an age of
9 weeks. The transgenic mouse line (line 171) used for breed-
ing in this study has previously been described [14-17]. Brief-
ly, the transgenic mice are the progeny of the original founder
mouse produced by microinjecting an 11-kilobase human chro-
mosomal DNA fragment including the insulin gene (1430 base
pairs) into fertilized mouse eggs [14]. The human DNA frag-
ments, arranged in head-to-tail arrays, are located on chromo-
some 18 [15]. The transgenic mice from line 171 are C57BL/
6 x CBA F2 mice backcrossed for more than 10 generations
with C57BL/6 (H-2Y). The transgenic mice have tissue-specific
expression in the pancreatic beta cells [16]. Expression of hu-
man insulin measured as percent of total insulin in the islets
of Langerhans is approximately 50 % [17]. For this study the
transgenic mice were backcrossed with normal BALB/c mice.
Transgenic F1 offspring were identified by either dot-blot as-
say or polymerase chain reaction (PCR) on tail DNA purified
as described elsewhere [18]. DNA samples from selected mice
were further analysed by digestion with the restriction en-
zyme BgIII and Southern blot analysis using standard proto-
cols [19]. Both dot-blot and Southern blot were hybridized
with a probe radiolabelled by random priming [20], using a
1.1 kilobase HindlIll fragment, containing the 875/ + 241 seg-
ment of the human insulin gene [21].

PCR screening was performed using standard methods
[22]. The amplification of the mouse proinsulin gene II was
used as the internal control for the PCR reaction. The 5 prim-
er for the human insulin gene (GGGGCGGGGGAAG-
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GAGG) and for the mouse insulin IT gene (TAAGGGGC-
GAGAAAACCTGGGGTAG) are sequences located in the
intron 2 of the corresponding genes. The 3’ primer (AGTTG-
CAGTAGTTCTCCAG) was common for the two genes and
located in the exon 3. A two-step PCR cycle was used, with an-
nealing temperatures of 59°C and 58°C. Amplification prod-
ucts were 248 base pair for the mouse gene and 359 base pair
for the human gene. The expression of the human insulin
gene was verified by measuring human C-peptide in urine or
blood using a commercially available radioimmunoassay kit
(Novo Biolabs Denmark, cat.no. 735 143 7) with %I labelled
synthetic human Tyr-C-peptide and anti-synthetic human C-
peptide guinea-pig serum.

Non-transgenic controls were either non-transgenic F1 lit-
termates or BALB/c x C57BL/6 F1-hybrids. No differences
were detected between these two control groups.

All mice were maintained under controlled temperature
(20-22°C), light (lights on 06.00-18.00 hours) and relative hu-
midity (50-70 %). The mice were fed ad libitum with Altro-
min 1324 (Chr. Petersen, Ringsted, Denmark).

Antigens and immunization. Rat VII (2:1), bovine and porcine
insulins were prepared chromatographically from material of
pancreatic origin. The highly purified recombinant human insu-
lin and insulin analogues studied are molecules for which sub-
stitutions have been engineered by oligonucleotide directed
mutagenesis or by total gene synthesis and produced in sacchar-
omyces cerevisiae. The sites A8 and A10 represent the differen-
ces between bovine insulin and porcine insulin. Substitution of
A21 and B3 was performed to obtain chemical stability [23,
24]. Substitution of B9, B27 or B28 and deletion of B27 were en-
gineered to obtain monomeric analogues [25, 26]. All insulins
were dissolved in phosphate buffered saline to a concentration
of 17.5 umol/l. The amino acid differences between the insulins
and insulin analogues used in this study are shown in Figure 1.

Each group of mice was immunized intraperitoneally with
3.5 nmol insulin per mouse, given in a volume of 400 yl in a
1:1 ratio with complete Freund’s adjuvant (Difco Laborato-
ries, Detroit, Mich., USA). A secondary immunization with
3.5 nmol insulin per mouse was given intraperitoneally on day
21 without adjuvant in a volume of 200 ul. On day 0 and day
30, blood was taken from the retro orbital sinus and sera pre-
pared for assay.

Antibody assay. Using a radioimmunoassay (RIA) insulin anti-
bodies were monitored in serum samples, that were centri-
fuged at 2620 g for 10 min at 4 °C before analysis. Ten ul was in-
cubated with 200 pl of %I monoiodoinsulin preparation (hu-
man, rat, bovine, porcine or one of the analogues). For all
preparations the tyrosine-residue Al4 was labelled. The tra-
cer preparations contained approximately 40000 cpm (10
fmol) in 0.040 mol/l phosphate buffer, pH 7.4 with 0.10 mol/l
Na(Cl, 0.01 mol/l EDTA and 0.25 % bovine gammaglobulin.
After 18 h at 4°C, incubation was stopped by the addition of a
precipitating reagent containing 17.5% polyethyleneglycol
(PEG) 6000 and 0.1 % Tween 20 in 0.05 mol/l 5,5-diethyl barbi-
turic acid buffer, pH 8.4. Subsequent centrifugation was car-
ried out at 4660 g for 20 min at 4°C. After removal of the su-
pernatant and washing of the precipitate with 1.4 ml of precipi-
tating reagent, the centrifugation procedure was repeated.

The fraction of total radioactivity in the pellet represents
bound antigen. Day 30 samples were considered to give a posi-
tive result, if they were more than twice the value of the day 0
sample.

To determine antibody class a colorimetric enzyme linked
immunosorbent assay (ELISA) was used. In short, the rele-
vant insulin or analogue was coated to microtitre plates
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Fig.1.(A,B) The amino acid sequence in A) the A-chain and
B) the B-chain of human insulin and the amino acid differen-
ces in mouse, bovine and porcine insulins [28] and insulin anal-
ogues used in this study. The analogues are named after the
positions in the A and B chain where the substitutions/dele-
tions have been made; e. g., in analogue B9D/B27E the amino
acids serine (S) and threorine (T) in human insulin at position
9 and 27 in the B chain have been substituted with the amino
acids aspartate (D) and glutamate (E). Putative sites interact-
ing with the receptor are indicated with grey residues [33]. /,
Amino acid deletion

(Cat.no. 439454, Nunc, Roskilde, Denmark) at a concentration
of 0.5 ug/ml in 0.1 mol/l Tris buffer pH 8.6. Incubation on a
shaker for 60-75 min at room temperature (20-22°C) was per-
formed with the plasma sample diluted 1:500. Affinity isolated
antibodies to either mouse IgG y-chain (Sigma A3673
1:10000) or IgM p-chain (Sigma A8786 1:10000) were used
for qualitative estimation of sub-class. The conjugates were la-
belled with peroxidase and the enzyme was monitored by incu-
bation for 10 min with 2 mg 3,3’,5,5’-tetra-methyl-benzidine
(Sigma T-3405) per plate, dissolved in 14 ml 0.0032 mol/l per-
borate in 0.04 mol/l acetate buffer pH 5.0. Colour develop-
ment was measured at 450 nm using a microplate reader. Day
30 samples were considered positive if the optical density
(OD) value at 450 nm was more than twice the OD value for
day 0 samples (both diluted 1:500).

Statistical analysis

Mann-Whitney U test was used for each group to compare the
antibody response in transgenic mice with the antibody re-
sponse in non-transgenic controls.
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Fig.2. Antibody responses to recombinant human insulin.
Inbred strains of mice and F1 hybrids were immunized intra-
peritoneally on day 0 and on day 21 with human insulin. Sera
were collected on day 30. The numbers of mice per group are
shown above the error bars and the H-2 haplotypes are shown
in parentheses. Data are presented as the groups’ mean
%-binding of '»I labelled human insulin £ SEM.
(B6 x CBA)F1: (C57BL/6 x CBA)F1; (CxB6)F1: (BALB/
¢ x C57BL/6)F1

Results

Immune response to insulin in mice. In order to verify
that the non-transgenic control mice were responders
(positive control), i.e. produce antibodies against hu-
man insulin, different mouse strains and F1-hybrids
were immunized with human insulin. It has been
shown that normal H-29, H-29% and H-2" mice re-
spond to human insulin, whereas H-2° and H-2¥ mice
do not [27]. Our results (Fig.2) show that inbred
mice with haplotype H-29 respond, whereas inbred
mice with haplotype H-2° H-2* and H-2° do not re-
spond with insulin antibodies to human insulin. We
also found that the Fl-generation, after a cross be-
tween a nonresponder (H-2°) and a responder (H-
29), responds with antibody production, whereas the
F1-generation after a cross between two non-respon-
der mice (H-2° x H-2¥) does not respond with insulin
antibodies.

Since the F1 generation obtained from a cross be-
tween non-responder and responder haplotypes was
shown to be able to produce antibodies against hu-
man insulin, further experiments used F1 animals ob-
tained by crossing the transgenic mice with BALB/c
mice yielding a H-2%® responder haplotype.

Tolerance to human insulin in transgenic mice. In an
initial experiment 27 transgenic F1 mice and 15 non-
transgenic littermates were immunized with human
insulin. None of the 42 mice possessed antibodies
against insulin in the serum samples on day 0. The
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RIA results (Table 1) showed that only 1 of 27 trans-
genic mice responded with antibodies against human
insulin, whereas 11 of 15 non-transgenic mice pro-
duced insulin antibodies. These results were con-
firmed in the IgG ELISA test except for a single
transgenic mouse, where a small titre was detected
in the ELISA test (data not shown). To demonstrate
that the non-responding transgenic mice have the
capability of producing antibodies against other pro-
teins, 10 of the transgenic mice, which were tolerant
to human insulin, were immunized with bovine insu-
lin. All 10 transgenic mice responded with antibodies
against insulin in the serum samples on day 30, when
tested with ELISA and RIA (42.2 + 10.4 %-binding
of T labelled insulin), indicating that the tolerance
to human insulin was not due to a generalized defect
in the immune system.

Immunization with insulin analogues. Twelve insulin
analogues, which only differ from human insulin in
1-3 amino acid residues (Fig.1), were chosen to eval-
uate whether transgenic mice tolerant to human insu-
lin would produce antibodies directed against these
amino acid substitutions in human insulin. Human in-
sulin was used as a negative control in transgenic
mice. Rat insulin was used to show that the mouse im-
mune system is self-tolerant since rat and mouse insu-
lins are identical [28]. Bovine insulin was tested as a
positive control, and porcine insulin was used as an
example of an insulin preparation with only one ami-
no acid different from human insulin.

The RIA results (Fig. 3) showed that the transgenic
mice only developed antibodies when they were im-
munized with bovine insulin and the three analogues
A8A, A8H and A10V. All nontransgenic control
groups produced antibodies to all insulins and analo-
gues with the exception of rat insulin. Two out of 14
transgenic mice responded to porcine insulin (re-
spectively 2.9 and 39.3 %-binding of > labelled por-
cine insulin). The ELISA test for IgG antibodies con-
firmed these results, apart from two transgenic mice
which responded with a small titre to the analogue
A21G/B3D/B27-. Most of the IgG antibodies were
found to be of the IgG1 isotype (data not shown).

When analysed in ELISA for IgM antibodies all
groups except those immunized with porcine insulin
had mean OD values (dilution 1:500) on day 30
which were more than twice the mean value of day 0
samples (Table 2).

In order to demonstrate whether the IgM anti-
bodies were developed because of the strong unspeci-
fic stimulation of the immune system using adjuvant,
10 transgenic and 10 non-transgenic mice were immu-
nized with Freund’s complete adjuvant and phos-
phate buffered saline instead of insulin (see Meth-
ods). Sera from these mice were analysed for IgG
and IgM antibodies against human insulin, rat insu-
lin and mouse albumin (Sigma A3559) by ELISA;
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Table 1. Antibody response against human insulin after im-
munization of transgenic mice and control mice

Transgenic Non-transgenic
Response 1/27 (63.7) 11/15 (51.9£9.1)
No response 26/27 (0.8 £ 0.04) 4/15 (1.1 £0.2)

Twenty seven transgenic mice and 15 non-transgenic mice
were immunized with human insulin. The mean %-binding of
125 labelled human insulin + SEM is shown in parentheses
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Fig.3. Antibody responses to insulins and insulin analogues in
transgenic mice ([ll) and nontransgenic controls (). The
numbers of mice per group are shown above the error bars.
Data are presented as the groups mean %-binding of '°I la-
belled insulin/analogue + SEM. Asterisks above transgenic
groups indicate that these groups are significantdy different
from the corresponding non-transgenic groups; * p < 0.03;
** p <0.001; no asterisk p > 0.05

No IgG antibodies were detected. The IgM results
(Table 3) show that IgM antibodies cross-reactive
with human insulin and rat insulin developed,
whereas no antibodies developed against mouse al-
bumin when adjuvant was used.

Cross-reacting antibodies. To test whether antibodies
produced against analogues were cross-reactive with
human insulin, sera from two non-transgenic mice
from each of the 12 groups immunized with analo-
gues, and sera from four transgenic mice immunized
with analogue A10V were tested. The RIA and ELI-
SA were performed as described in Methods with
the exception that human insulin instead of the rele-
vant analogue was used as tracer or used to coat the
microtitre plates, respectively. The results (Table 4)
show that all 24 non-transgenic serum samples from
day 30 contained antibodies cross-reactive with hu-
man insulin by both RIA and ELISA. Serum from
the four transgenic mice that developed antibodies
against analogue A10V also contained cross-reactive
antibodies.
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Table 2. Number of transgenic mice and non-transgenic control mice responding with an IgG and/or IgM antibody response

against insulins and analogues in ELISA

Immunogen Transgenic Non-transgenic
IgG IeM IeG IsM

Human 0/10 (1.0) 6/10 (2.7) 9/10 (17.9) 5/10 (3.7)
Rat 0/10 (1.0) 510 (3.0) 0/10 (1.1) 4/10 (2.5)
Bovine 15/16 (32.6) 16/16 (7.9) 15/15 (38.0) 7115 (3.0)
Porcine 2/14 (4.2) 1714 (1.2) 10/14 (18.6) 0/14 (1.4)
A21G 0/10 (1.1) 2/10 (2.2) 7/10 (18.6) 2/10 (2.1)
A21A 0/10 (1.1) 6/10 (2.2) 9/10 (23.7) 7110 (2.7)
B28D 0/10 (1.1) 5110 (2.4) 9/10 (21.9) 6/10 (2.1)
B27- 0/9 (0.9) 7/9 (4.3) 8/10 (19.4) 8/10 (2.4)
A21G/B3D/B27- 2/10 (1.8) 8/10 (3.2) 7/9 (22.8) 519 (2.3)
A21G/B3T/B27- 0/10 (0.9) 5110 (2.6) 8/10 (15.1) 6/10 (4.1)
B27E 0/10 (1.0) 6/10 (3.7) 10/10 (39.2) 8/10 (4.1)
B9D/B27E 09 (1.1) 4/9 (3.6) 9/10 (29.2) 7/10 (3.3)
B9D 0/10 (1.0) 6/10 (2.8) 10/10 (37.4) 8/10 (3.0)
ASH nd nd 8/10 (25.8) 7110 (5.8)
A8A nd nd 10/10 (41.7) 6/10 (4.5)
Al0V 4/5 (21.6) 4/5 (4.6) 8/10 (32.5) 8/10 (4.5)

The ratio between the mean OD value for day 30 samples and the mean OD value for day 0 samples in a 1:500 dilution is shown in
parentheses. The mean OD value + SEM for all day 0 samples was 0.072 + 0.001. nd, not done

Table 3. Number of transgenic mice and non-transgenic con-
trol mice responding with IgM antibodies that cross-react
with human insulin, rat insulin and mouse albumin in ELISA
after immunization with adjuvant

Table 4. Cross-reacting antibodies against human insulin in
sera from two non-transgenic mice from each of the 12 groups
immunized with analogues (Table 1) and sera from four re-
sponding transgenic mice immunized with analogue A10V

ELISA plate coating Transgenic Non-transgenic
1gM IeM

Human insulin 8/10 (2.9) 2/10 (1.7)

Rat insulin 6/10 (2.5) 3/10 (1.9)

Mouse albumin 0/10 (1.2) 0/10 (1.1)

The ratio between the mean OD value for day 30 samples and
the mean OD value for day 0 samples in a 1:500 dilution is
shown in parentheses

Discussion

The production of insulin antibodies after insulin in-
jection has been reported to play a role in the devel-
opment of local and systemic allergic reactions, injec-
tion-site lipoatrophy and some types of insulin resis-
tance as well as having more subtle effects on the
dose requirement and on the pharmacokinetics of in-
jected insulin [1]. It is therefore of paramount impor-
tance to document that therapeutic insulin is unlike-
ly to cause antibody formation. Availability of recom-
binant techniques to produce analogues, with better
in vivo characteristics, has highlighted the need for
assessment of the potential immunogenicity of these
second generation proteins.

Traditionally, the potential immunogenicity of re-
combinant or native insulins has been tested in lab-
oratory animals (e.g., mice, rats or rabbits) with sub-
sequent evaluation of the antibody response in the
animals, based on previous experience of how the an-
imals respond to known immunogenic and non-im-

Immunogen RIA ELISA
A21G 547 749 145 270
A21A 502 412 386 135
B28D 69.6  68.0 39.1 415
B27- 77.6 702 204 411
A21G/B3D/B27- 575 333 289 102
A21G/B3T/B27- 784 557 386 183
B27E 838 874 404 476
B9D/B27E 183 389 20 132
BID 862 628 446 123
ABH 874 844 39.5 366
A8A 772 573 421 373
AlQV 872 720 28.7 397
TG: 404 285 235 195
TG: 641 541 371 339

The RIA data are presented as %-binding of '**I labelled hu-
man insulin (the mean %-binding of I labelled human insu-
lin in the 28 preimmune serum samples was 1.1 +0.06). ELI-
SA-data are presented as the ratio between the OD value for
the day 30 sample and the OD value for the day 0 sample in a
1:500 dilution. TG, Transgenic mice

munogenic preparations [1, 3, 29-31]. Historically a
high antibody titre in rabbits immunized with an insu-
lin preparation is known often to predict a similar re-
sult in humans injected with the same preparation
[29, 30, 32]. In the absence of a more appropriate
model, rabbits have therefore been used to evaluate
the potential immunogenicity of recombinant insu-
lins and insulin analogues [33].

The main advantage of using transgenic mice as
immunogenicity models is that tolerance to the na-
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tive protein has been induced by physiological levels
of the protein from early stages of embryonic devel-
opment. Sometimes the only way to discover the im-
munogenicity of a protein has been to retrospective-
ly evaluate the response after administration of the
protein to patients.

Anin vitro priming assay in which peripheral blood
lymphocytes from normal humans are primed with
insulin prior to challenge with insulin in conjunction
with autologous antigen-presenting cells has been
reported as a model with which to evaluate the cellu-
lar immune response [34]. Since there is considerable
heterogeneity in the lymphocyte responses in human
individuals, it is difficult to standardize this assay.

The results obtained with different mouse strains
and F1-hybrids immunized with human insulin con-
firm the observations by Whiteley et al. [27] and ex-
tend the knowledge of how various inbred strains of
mice respond to human insulin. Our observation that
the Fl-generation after a cross between two non-re-
sponder mice (H-2°x H-2¥) do not develop insulin
antibodies after immunization with human insulin
(Fig.2) seems to be in contrast with the results by
Whiteley et al. [27], who state that H-2 mice re-
spond to human insulin. Both results are in accor-
dance with observations by Keck [4], who showed
that immunization with porcine insulin to the F1 gen-
eration of mice with the same H-2 haplotype (H-2%%),
but derived from different strains of non-responder
mice, resulted in an antibody response, if one of the
strains had C3H (H-2¥) background, as the strain
used by Whiteley et al., while no antibody response
was seen if (C57BL/10 x B10.BR)F1 mice, that also
have the H-2¥* haplotype, were used. So the combi-
nation of the two H-2 haplotypes alone is not always
sufficient to effect complementation [4].

It could be argued that the immunization protocol,
where adjuvant is used, cannot be directly compared
with the daily injections of insulin without adjuvant
used in the clinic. To demonstrate whether adjuvant
is necessary to stimulate the immune system as seen
in the rabbit model [31], control mice were injected
subcutaneously three times a week with human or bo-
vine insulin without the use of adjuvant. Glucose was
administered to prevent seizures. An antibody re-
sponse against both human and bovine insulin was
seen in RIA after 21 to 42 days, but the %-binding
of -1 labelled insulin was lower than when com-
plete Freund’s adjuvant was used (J.L. Ottesen,
P.Nilsson, unpublished observations). These results
demonstrate that it is possible to use an immuniza-
tion protocol without the use of adjuvant to elicit an
antibody response, but since the aim of the model is
to detect immunogenic epitopes, which could ulti-
mately result in an antibody response after daily in-
jections to humans over many years, the immune sys-
tem in an accelerated animal model system should
be maximally stimulated. It has been reported that
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primary immunization with insulin elicits predomi-
nantly insulin-specific IgG and not IgM antibodies
[35, 36]. When the samples in this study were anal-
ysed in the ELISA test for IgM antibodies, approxi-
mately 50% of the mice in all groups (including
mice immunized with rat insulin) responded with
low, but significant titres. This low IgM response is
probably due to low affinity antibodies of minor sig-
nificance in the animal, developed because of non-
specific stimulation of the immune system when
Freund’s complete adjuvant is used.

Traditionally, diabetic patients have been treated
with bovine or porcine insulins and within the last
10 years also with recombinant human insulin. Clini-
cal trials with patients receiving recombinant human
insulin or highly purified porcine insulin, which only
differs from human insulin at position B30, showed
that there was no difference between the patient
groups in the percentage of patients with insulin anti-
bodies [37, 38], but porcine monocomponent insulin
resulted in higher antibody titres than monocompo-
nent human insulin [37-41].

Bovine insulin, which differs from human insulin
at positions A8, A10 and B30 is, even in a highly pu-
rified form, still more immunogenic in patients than
recombinant human and porcine insulins [37, 40, 42].
The results obgained with transgenic mice immu-
nized with human, porcine or bovine insulins are
similar to those obtained with insulin administration
to patients in clinical trials [37, 42]. Even though the
titres are generally low, antibodies against human
and porcine insulins are found in patients [38].

Bovine and porcine insulin only differ from each
other at position A8 and A10 in the A-chain loop
[5]. It has never been known whether one or both of
these amino acid residues are necessary to elicit anti-
body formation. The results presented here, with the
three insulin analogues A8A, A10V and A8H, pro-
vide the first in vivo indication that only one single
amino acid substitution in the A-chain loop at posi-
tion A8 or A10 is sufficient to elicit an immune reac-
tion in responder mice. Analogues A8H, A8A and
A10V were prepared with the aim of studying the ef-
fect of single substitutions in the A-chain loop. The
other insulin analogues used in this study were made
by amino acid substitutions or deletions either de-
signed to prevent hexamer formation [25, 26] or to
improve chemical stability [23, 24], without destabi-
lizing their own three-dimensional structure or inter-
fering with their biological activity [23, 25, 33, 43].

Antibodies induced by various insulins are ex-
tremely cross-reactive [27, 44]. Antibodies devel-
oped against all the analogues used in this study
have cross-reactivity against human insulin. Since an-
tibodies induced by analogues cross-react with hu-
man insulin it is of paramount importance that analo-
gues can be evaluated in a model and be shown to be
non-immunogenic before they are used in clinical
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trials. In cases where the altered protein is adminis-
tered to supplement a low level of endogenous pro-
tein, cross-reactive antibodies might neutralize the
effect of both the endogenous protein and the al-
tered protein and by that aggravate the condition for
which the protein was given. Inhibitor antibodies
causing a problem in therapy are known from the
clinical situation in the treatment of haemophilia A
and B patients with coagulation factor VIII and fac-
tor IX, respectively [45].

Stewart et al. [2] used mice transgenic with the
gene for human tissue plasminogen activator (htPA),
a serine protease with 527 amino acids, to test the im-
munogenicity of a protein that had been altered by
site-specific mutagenesis. They immunized trans-
genic mice and non-transgenic control mice with
htPA or htPA with one single amino acid substitu-
tion. The results showed that the transgenic mice (in
contrast to non-transgenic mice) were tolerant to
htPA, whereas half of the transgenic mice immu-
nized with mutated htPA produced antibodies. They
further demonstrated that antibodies developed to-
ward the mutated htPA cross reacted with htPA.

Application of genetically identical transgenic
mice in studies aimed at determining the risk of im-
munological response in humans has the merits of a
model. This means that the MHC class II locus is
known and that the strains selected respond to an im-
munological challenge in a well-defined way. The hu-
man population subjected to treatment with the bio-
synthetic product will display a high degree of poly-
morphism. A distinct result in the transgenic model
would therefore not necessarily be as distinct in hu-
mans, but if transgenic mice produce antibodies to
an altered human protein it seems likely that there
will be a number of subjects in the human popula-
tion, who will also respond to this epitope [2].

In transgenic mice where the transgene product
shows less similarity with the endogenous gene prod-
uct than is the case with human and mouse insulin, a
potential source of error could be that amino acid
substitutions in the human protein will resemble epi-
topes on the endogenous mouse protein. In this case
the mouse immune system will recognize the epi-
topes as self, and no antibody response will be elicit-
ed. This problem could be overcome by knock out of
the endogenous mouse gene by gene targeting in em-
bryonic stem cells [46, 47].

It should be emphasized that the immunization
protocol, the MHC haplotype of the mouse strain
and the detection assay should be carefully evalu-
ated before transgenic mice are used as immunogeni-
city models for altered second generation proteins.

The development of new recombinant insulin
analogues, to address specific diabetic treatments, en-
tails the need to evaluate a potential immunogenicity
of the altered native insulin. The transgenic mouse
immunogenicity model presents an in vivo assay for

J.L. Ottesen et al.: Transgenic immunogenicity model

this testing purpose. One must, however, keep in
mind that no matter which models are used, in the
end only long-term clinical trials will be able to con-
firm whether a recombinantly produced analogue is
Immunogenic.
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