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SUMMARY

Our earlier investigations have demonstrated a critical difference in the efficacy of orally administered
porcine compared to human or mouse insulin (no effect) in preventing type I diabetes in two distinct
experimental models. Based on these findings one has to assume that certain insulins might not be
suitable for the induction of oral ‘tolerance’/bystander suppression, which might be one cause for
recent failures in human oral antigen trials. Here we demonstrate that coupling to the non-toxic sub-
unit of cholera toxin (CTB) can abolish these differences in efficacy between human and porcine insu-
lin. As expected, an added benefit was the much smaller oral antigen dose required to induce CD4*
insulin-B specific regulatory cells that bystander-suppress autoaggressive responses. Mechanistically
we found that uptake or transport of insulin—-CTB conjugates in the gut occurs at least partially via
binding to GM-1, which would explain the enhanced clinical efficacy. Both B chains bound well to
major histocompatibility complex (MHC) class II, indicating comparable immunological potential
once uptake and processing has occurred. Thus, our findings delineate a pathway to overcome issues in
oral antigen choice for prevention of type I diabetes.

Keywords

INTRODUCTION

Immunization with islet-derived autoantigens is an attractive
strategy to prevent type I diabetes and possibly other autoim-
mune disorders [1-5]. Success has been reported with subcutane-
ous, intravenous, DNA-mediated [6] and oral [7] antigen
administration [8,9] using the well-established non-obese diabetic
(NOD) and rat insulin promoter (RIP)-lymphocytic choriomen-
ingitis virus (LCMV) mouse models. However, there are some
apparent risks using self-antigens for immunization, as one could
expect augmentation of aggressive responses via induction of
islet-antigen specific cytotoxic T cells or Tyl-like lymphocytes
[5,10]. How can these concerns be dealt with? Historically, oral
administration of insulin (and other islet antigens) was thought to
circumvent induction of autoaggression due to the special
microenvironment of the gut. We and others have shown that
intermediate, native insulin dosages when administered through-
out the prediabetic phase will induce CD4", insulin-B specific lym-
phocytes [8,9,11] that act as bystander-suppressors in the
pancreatic draining lymph node, where they dampen autoaggres-
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sive responses utilizing the IL-4/STAT-6 signalling pathway. How-
ever, initial oral antigen trials have failed [12] and it is important
at this point to regroup and form a better strategy based on addi-
tional experimental information, some of which is provided in this
report.

Source of oral insulin. Our earlier studies have shown that
porcine but not human or mouse II insulins prevent diabetes in
NOD or RIP-LCMYV mice at a 1-mg/feeding dose [8]. This obser-
vation raises the concern that at a certain dosage, one insulin-type
might be less suited for oral antigen therapy than another. Indeed,
this could have been one of the reasons why human trials have
failed, in particular because induction of bystander suppressor
lymphocytes was never demonstrated in oral-insulin-treated indi-
viduals. In the present report we provide clear evidence that the B
subunit of cholera toxin (CTB) coupling [13-15] will result in an
almost complete overlap comparing human and porcine dose—
response curves, which would make the correct choice of insulin
less important in human trials.

Antigen dose in oral tolerance. It is crucial to give the correct
amount of oral antigen. Too-low and too-high amounts per feed-
ing will not be efficacious, because either no regulatory cells are
induced or they are deleted (high dose). Comparing human and
mouse gut surfaces, one would expect that prevention of human
type I diabetes will require a 100-500-fold higher amount of oral
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insulin compared to mice. This is not possible ethically, if one con-
siders the risk for hormonal side effects. Therefore, much lower
amounts of insulin are given in current trials (7 mg in humans
compared to 0-5 mg required to protect NOD or RIP-LCMV
mice). Because CTB coupling was shown to reduce the oral insu-
lin need by a factor of 500 [9,15,16], this strategy is capable to pro-
tect from diabetes at lower dosage and was therefore chosen for
our current investigation.

We used the well-established RIP-LCMYV mouse model sys-
tem [17-19] of virally induced autoimmune diabetes, because true
‘bystander suppression’ by regulatory, insulin-specific CD4 lym-
phocytes had been described by us previously using these trans-
genic mice [19-24]. RIP-LCMV mice express the nucleoprotein
(NP) from LCMYV in B-cells under control of the rat insulin pro-
moter. Diabetes develops 2-3 weeks after infection with LCMV
due to a strong CD4 and CD8 response directed to the NP expre-
ssed in B-cells. Insulitis begins only when the systemic antiviral
response reaches its peak and continues well after the LCMV
infection has been eliminated [21,22]. Therefore, the localized,
islet-specific autoimmune process, although initiated by a
response to the viral (self) NP transgene, can be viewed as a true
autoimmune process that follows kinetics completely different
from systemic antiviral immunity. Indeed, antigenic spreading to
insulin and GAD is observed during the prediabetic phase [23].
Both CD4 and CD8 NP-specific T cells are essential for autoim-
mune diabetes in RIP-LCMV-NP H-2¢ transgenic mice.
Destruction of f-cells requires activation of antigen-presenting
cells [24] in the islets and is mediated by both perforin and inflam-
matory cytokines, predominantly interferon (IFN)-y [22]. The
RIP-LCMYV model is, for the above reasons, a good model for
autoimmune diabetes, because it comprises many features found
in human diabetes as well as other mouse models, for example the
NOD mouse with spontaneous type I diabetes. A distinct advan-
tage of RIP-LCMYV mice is that the time-point for induction of
the autoaggressive, LCMV-NP-specific response can be chosen
experimentally (LCMV infection) and that NP-specific, destruc-
tive CD4 and CD8 lymphocytes can be tracked reliably [20,25].
This feature was a crucial advantage for our recently published
study, where we demonstrated that oral feeding of insulin during
the prediabetic period induces insulin B chain-specific CD4 reg-
ulatory lymphocytes that act as bystander suppressors and locally
down-regulate the autoaggressive (LCMV-NP)-specific response
in the pancreatic draining lymph node and islets [20]. Local
effects of interleukin (IL)-4 on APCs were required for protec-
tion [20]. Thus, RIP-LCMYV mice were well suited for our present
endeavour.

In summary, the findings from the present report should
greatly facilitate the use of oral insulin-CTB conjugates in the
prevention of type I diabetes. First, the precise source of insulin
becomes less important for achieving protection. Secondly, ther-
apeutic success can be achieved at much lower antigenic dosages.

MATERIALS AND METHODS

Mice

Generation of H-2¢ RIP-LCMV-NP transgenic mice used in this
study has been described previously [19]. These mice are screened
by Southern blot or polymerase chain reaction (PCR) as
described previously [19,26] and develop diabetes only after
infection with LCMV. They were crossed to the H-2¢ (Balb/c)
background for 10 generations and express the nucleoprotein

(NP) of LCMV in the pancreatic B-cells and thymus but not in any
other organs. Female BALB/c mice used for the Ova studies were
purchased at M&B (Ry, Denmark) and housed at the central ani-
mal facility at Novo Nordisk, Bagsvaerd, Denmark.

Blood glucose

Blood glucose was monitored with AccuCheck III at the time of
infection and weekly thereafter. Diabetes was defined by two sub-
sequent blood glucose values over 300 mg/dl.

Virus

Lymphocytic choriomeningitis virus (LCMV) strain Armstrong
(Arm), clone 53b [24] was used in all experiments. LCMV was
plaque purified three times on Vero cells and stocks were pre-
pared by a single passage on BHK-21 cells. Mice were infected
with a single intraperitoneal dose of 10° pfu unless indicated
otherwise.

Cytotoxicity assays

LCMV-specific cytotoxic T lymphocyte (CTL) activity in spleens
was analysed in a 5-h in vitro >'Cr-release assay [19]. All samples
were run in triplicate. Primary CTL activity was tested by harvest-
ing spleens at day 7 after intraperitoneal infection with 103 pfu
LCMV. Splenocytes were co-incubated with MHC-matched
(Balb/CL7 H-2%) target cells that had been loaded with *'Cr for
S5h. Target cells were either LCMV-infected, uninfected but
coated with the immune dominant LCMV MHC class I peptype 1
diabetese L-NP (RPQASGVYM), or uninfected and uncoated.

Flow cytometry

Spleen and pancreatic draining lymph nodes (PDLN) were har-
vested at week 2 or 4 post-LCMV infection. Single cell suspen-
sions were incubated with 50 U/ml IL-2 and 2 pg/ml brefeldin A
(Sigma, St Louis, MO, USA) for 5-16 h at 37°C. Cells were
stained for cell surface markers using MoAbs against CD8 and
CD4, permeabilized and fixed with paraformaldehyde/saponin
and stained for intracellular cytokines using PE-conjugated anti-
mouse IFN-y MoAb (Pharmingen, San Diego, CA, USA). Data
were acquired and analysed on a Facsort or Facscalibur flow
cytometer (Beckton Dickinson) using Cell Quest software (Beck-
ton Dickinson) as described [20].

Adoptive transfers

Lymphocytes were harvested from the spleen at days 30 or 60
post-LCMYV infection (1 x 10° pfu) of oral insulin-CTB-fed (twice
per week) RIP-NP transgenics (intermediate 1-0 ug dose or high
50 ug dose), red cells were lysed and 5 x 107 cells were injected i.p.
into prediabetic RIP-NP recipients at day 7 post-LCMYV infection
after a 1-day in vitro stimulation in the presence of ins-B 2 ug/ml,
IL-4 8 ng/ml and 10 U/ml recombinant IL-2. Depletion of CD4
lymphocytes was achieved by magnetic beads as described by us
previously [20,26,32].

Oral antigens

Porcine insulin was provided by Novo Nordisk, Bagsvaerd, Den-
mark and obtained as dry crystals from the very last stage of the
purification process, immediately before formulation into the
injectable product used for patients. Insulin was solubilized in acid
buffer, pH adjusted and the solution stored at —20°C until used.
Oral antigen was administered via a blunt-ended curved feeding
tube inserted into the oesophagus/stomach. RIP-NP mice were fed
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biweekly (unless indicated otherwise for experiments shown in
Fig.5) with 0-5ml of an aqueous solution containing 0-1-10 mg
porcine insulin or CTB-ins conjugates. Feeding was started 1 week
prior to infection with LCMV and discontinued 6 weeks later.
Control groups received 1 mg of bovine serum albumin (BSA) at
the same intervals. CTB-conjugates were generated by linking
insulin at the B1 residue of the B chain with CTB (SBL Vaccine,
Stockholm, Sweden) as described previously [13].

Histological analysis

Tissues taken for histological analysis were placed in Bouin’s fix-
ative, then stained with haematoxylin and eosin. Immunochemi-
cal studies were carried out on 6-10 um cryomicrotome sections
as described [24].

Competition assays to MHC class 11

A modified competition assay was used to determine binding of
insulin B chains to MHC class IT [27]. 200 ng of purified IA¢ pro-
tein and 1 uM biotinylated ovalbuminsy; 33 Were co-incubated
with inhibitory (porcine, human or mouse) B chains diluted in
PBS in eight concentrations ranging from 170 uM to 17 pM in U-
bottomed polypropylene 96-well plates in binding buffer (6-7 mm
citric phosphate pH 7-0, 0-15 M NaCl, 2% NP-40, 2 mM EDTA).
Positive control was GADyg; o; [28,29], negative control (R01) the
IA*-restricted hen egg lysozyme (HEL)s,. After overnight incu-
bation at 37°C, each incubate was transferred to precoated M5114
(anticlass II antibody; 5 ug/ml, overnight at 4°C) and preblocked
(5% BSA, overnight at 37°C) ELISA plates (Nunc Maxisorb,
Roskilde, Denmark). After a 3-h incubation and washing (PBS/
0-05% Tween), 1:100 streptavidin—-alkaline phosphatase conju-
gate was added for 1 h at room temperature. After reaction with
paranitrophenolphosphate (overnight at 4°C), bound biotiny-
lated peptype I diabetese-class II complexes were detected at
405 nm on an ELISA plate reader.

Ova immunization model

Female BALB/c mice were treated orally with vehicle, human
insulin or CTB-insulin daily five times per week for a total of 4
weeks. After two2 weeks of treatment mice were immunized in
the footpad with 50-ug human insulin, 100-ug ovalbumin (Sigma)
in Freund’s complete adjuvant (Sigma). After an additional 2
weeks of treatment, mice were sacrificed and pancreatic draining
lymph nodes harvested. Quadruplicate cultures of 2 x 10° pancre-
atic lymph node cells were established in round-bottomed 96-well
culture plates (Nunc, Roskilde, Denmark) in RPMI-1640 supple-
mented with 5% fetal bovine serum and antibiotics in a final vol-
ume of 200 ul with graded concentrations of Ova and cultured for
3 days in a humid 37°C CO, atmosphere. After 48 h, 1 uCi of [*H]
thymidine was added to each well and the cells were harvested 20
h later. The uptake of [*H] thymidine by the lymphocytes is used
to assess lymphocyte proliferation. Results are expressed as stim-
ulation indices (SI); the ratio of radioactivity incorporated in
antigen-stimulated cells compared to unstimulated cells.

RESULTS

The previously observed difference in therapeutic efficacy
between porcine and human insulin can be overcome by
coupling to CTB

Our earlier studies showed that 0-5-1 mg of porcine insulin pre-
vented diabetes in both, NOD and RIP-LCMYV mice, whereas

the same amount of human insulin (only one amino acid differ-
ence at position 30 of the insulin B chain) had no effect on
diabetes development. We then performed a detailed dose—
response analysis for both, human and porcine non-CTB-
coupled insulin. Porcine insulin was effective in protecting from
diabetes at much lower dosages than human insulin (Fig.1).
Only very high amounts (>5 mg per feeding) of human insulin
partially protected RIP-LCMYV mice but lower dosages did not
provide any beneficial effects, as reported previously by us [8].
This difference in efficacy was overcome by coupling to CTB. As
shown in Fig. 1, both CTB-conjugates exhibited dose-response
curves that overlapped in a very large dose range: porcine as well
as human conjugates protected, when amounts ranging from
0-2 ug to 10 ug were given. In addition, optimal protection was
achieved with similar amounts, 1-2 ug for porcine insulin-CTB
conjugate and 1-5 ug for the human insulin—-CTB conjugate. In
contrast, native insulin dose-response curves showed no overlap
using clinically practicable amounts of less than 1 mg/feeding
dosages, where only porcine insulin was protective. Only with
much higher oral antigen amounts (>5 mg) was protection by
observed both insulins. Furthermore, the optimal ranges showed
significantly less overlap when non-conjugated insulin was used
(0-5-2mg for porcine insulin,>5 mg for human insulin that
exhibited no efficacy at any dose below 1 mg/feeding). Histolog-
ically, islet infiltration was reduced significantly in insulin-CTB-
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o CTB-human insulin (Biconj.)
= porcine insulin
e human insulin

100

L L 1

01 05 10 50 100 50

L L

100 ug CTB-insulin

% of mice protected from type 1 diabetes
|
o

100 500 1000 500010000 ug insulin

Fig. 1. Conjugation of orally administered insulin to CTB overcomes dif-
ferences between porcine and human insulin and reduces antigen required
for protection from diabetes by a factor of 500. Groups of 8-20 RIP-
LCMV-NP (H-2%) mice were infected with 1x 10° pfu LCMV i.p. and
blood glucose levels were determined once per week by Accucheck (see
Methods). Insulin and insulin-CTB conjugates were fed per oral gavage
twice per week at various dosages as indicated in 0-25-0-5 ml of buffer (for
details see Methods section). Mice with two consecutive blood glucose
values exceeding 300 mg/dl were considered diabetic and euthanized. Non-
diabetic mice were observed for a maximum of 2-5-3 months. Our previous
studies have shown that diabetes never occurs in such protected RIP-
LCMYV mice over a time-frame of 1 years. Insulins and conjugates were
prepared as described in the Methods section. All experiments using dif-
ferent dosages were performed simultaneously with smaller group sizes;
the final number of mice per dosage/treatment group was obtained by
repeating the study once. The difference in protection between those two
studies was <10% and results on display show overall mice used. Statistical
differences between dose-response curves were significant between
human and porcine insulins and between human and porcine insulins and
the two CTB—conjugates, respectively. In contrast, differences between the
two CTB-conjugates (human and porcine) were not statistically significant
(log-rank analysis).
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protected mice, as has been observed previously for mice treated
orally with whole insulin. Thus, subtle differences in antigenic
sequences that can influence the ability to protect from diabetes
do not play a significant role when CTB conjugation of insulin is
used. This strategy should therefore greatly facilitate the oral use
of different insulins.

Regulatory CD4 lymphocytes are induced only by intermediate
but not high insulin—-CTB dosages

Previous studies by Weiner and others had suggested that the
precise amount of fed autoantigen is crucial for obtaining sup-
pression of autoimmune disease. In their experiments, ‘interme-
diate’ (0-5-1-0mg) but not high antigen dosages (>10mg)
resulted in induction of regulatory lymphocytes [30]. These find-
ings had formed the rationale for choosing the oral porcine dos-
ages used for our earlier studies [20,31]. Too-high amounts of
oral antigens are thought to lead to deletion of regulatory
bystander-suppressor lymphocytes, an outcome that is not desir-
able when the goal is to activate them continuously. However,
direct proof for deletion (high antigen dose) versus regulation
(intermediate dose) had never been established using the same
experimental diabetes model system. Our findings, presented in
Fig. 1, show that only an ‘intermediate’ amount of porcine insulin
or insulin—-CTB conjugate was protective, suggesting that induc-
tion of regulatory cells would require an optimal dose of antigen
per feeding. Indeed, good protection was achieved using spleno-
cytes from donors protected with intermediate oral CTB-ins
doses. In contrast, splenocytes from donors that had been treated
with high dosages of porcine insulin (>10 mg per feeding) or
porcine/human insulin-CTB conjugates (>50 ug) were never

41

capable of protecting prediabetic RIP-LCMV recipients in
adoptive transfers (Fig.2), not even after in vitro stimulation in
the presence of APCs, IL-4 and insB peptype I diabetese (not
shown, stimulation performed as described in 20). Depletion of
CD4 lymphocytes by magnetic bead sorting in the transferred
splenocyte population abrogated this protective effect and a high
incidence of diabetes was observed in recipients of CD4-
depleted splenocytes from oral-insulin protected donors. Similar
to our earlier observations with RIP-LCMV mice using 0-5—
1-0 mg of porcine insulin [20], we find that 0-5-1 ug of CTB-insu-
lin led to suppression of autoaggressive (LCMV-specific) CD4
(not shown) and CD8 (Fig. 3a) responses in pancreatic draining
lymph nodes. Thus, oral administration of CTB-insulin conju-
gates is acting through induction of regulatory CD4 lymphocytes,
as evidenced by our adoptive transfers in non-immunocompro-
mised hosts. This finding is not unexpected and fits well with ear-
lier observations from Thivolet’s group in NOD mice using
CTB-insulin conjugates and our group using native oral porcine
insulin.

We also observed induction of regulatory CD4 lymphocytes
after administration of insulin—~CTB using an additional experi-
mental model. Oral feeding of insulin-CTB was able to suppress
responses to another ‘bystander’ antigen, ovalbumin (Ova), when
intermediate dosages were fed (Fig.3b). In contrast, feeding of
high insulin—~CTB amounts did not lead to suppression of immune
responses to the ‘bystander’ antigen Ova (Fig. 3b). Thus, optimal
(intermediate) amounts of oral insulin induced regulatory/sup-
pressor CD4 lymphocytes that down-regulated immune responses
to other, unrelated antigens (Ova or LCMV-NP) and therefore
acted as true bystander suppressors.
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Fig. 2. CD4 lymphocytes from donor mice treated with ‘intermediate’ oral CTB—insulin dosages can transfer protection into prediabetic
recipients — more frequent feeding temporarily delays development of type I diabetes. Groups of 8-15 RIP-LCMV-NP mice were infected
with 1 x 10° pfu LCMV i.p. and blood glucose levels were determined once per week by Accucheck (see Methods). Insulin and insulin—
CTB conjugates were fed per oral gavage twice or seven times per week as indicated in 0-25-0-5 ml of buffer (for details see Methods
section). Mice with two consecutive blood glucose values exceeding 300 mg/dl were considered diabetic and euthanized. Non-diabetic mice
were observed for a maximum of 2-5-3 months. Adoptive transfers with splenocytes were performed as indicated in the Methods section
using insulin-CTB (intermediate dose 0-5-1-0 ug) protected or non-protected (high dose > 50 pg) RIP-NP mice as donors. Whereas good
protection of recipients was achieved when using donor spleens from insulin-CTB-treated non-diabetic mice, splenocytes from diabetic
mice could never prevent diabetes. Depletion of CD4 lymphocytes by magnetic beads (see Methods) in the transferred cell population
abrogated the protective effect. The differences between transfers using splenocytes from protected donors and non-protected donors are
statistically significant by Fisher’s exact test.More frequent feeding (5 times/week) of insulin-CTB conjugates delayed development of
diabetes. This delay is significant by log-rank analysis at 3 weeks post-LCMYV infection to trigger the diabetogenic process (P < 0-05), but

not other time-points, and reduction of diabetes is not significant.
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Human and porcine insulin both bind to MHC class 11

(I-A? or I-A¥")

As shown in Fig. 4, the one amino acid difference at position 30
setting human and porcine B chains apart does not significantly
affect binding to the I-AY MHC class II molecule. Thus, the
observed difference in preventing type I diabetes between
uncoupled human and porcine insulin is not due to different
binding of insulin B chains to MHC class II but rather process-
ing or uptake in the gut by APCs. We hypothesized that this
was overcome by CTB-coupling through increasing uptake

Fig. 3. Bystander suppressive activity of ins-B-specific CD4 lymphocytes
in RIP-LCMYV as well as Ova models. (a) Lymphocytes were harvested
from pancreatic draining lymph nodes and spleens of at least three RIP—
NP transgenic mice that had received a therapeutically efficacious 1-0 ug
dose of insulin-CTB twice per week and were protected from diabetes or
from RIP-NP mice that were diabetic after being fed oral saline (buffer)
solution. All mice had been infected with 10° pfu of LCMV on day 0 and
analysis was done on day 30 post-infection. LCMV specific interferon-y-
producing CDS8 lymphocytes were quantified by FACS analysis as
described in the Methods section and previously. The mean and s.e. of all
mice from the two independent studies are on display. The reduction of
LCMV-specific CD8 cells in the PDLN of protected mice is statistically
significant by Student’s -test in comparison to CTL found in non-pro-
tected PDLNs (P < 0-005). (b) Groups of six female BALB/c mice were
treated with vehicle or the indicated doses of insulin—-CTB five times per
week for a total of 4 weeks and immunized with Ova and insulin as
described in Materials and methods. The Ova-specific T cell proliferation
was assessed in vitro 2 weeks after immunization and is shown in reference
to positive control proliferation following oral administration of vehicle
(=100%). Data represent the mean from groups of six mice, s.d. values
are indicated. Insulin B chain-specific proliferation (not shown) was
reduced significantly (factor 3) after administration of 100 ug insulin-CTB
but not lower amounts, indicating loss of insulin B chain-specific lympho-
cytes possibly by activation induced cell death occurring only after high
oral antigen dosages.

efficiency by binding to the CTB GM-1 receptor in the gut and
performed additional studies.

GM-1 plays an important role for the CTB effect

We evaluated whether CTB would act by binding to GM-1 that is
expressed on M-cells and intestinal epithelium lining the gut. Sol-
uble GM-1 was added to orally administered insulin-CTB conju-
gates and incidence of diabetes was compared in groups of mice
that received porcine insulin—-CTB with and without GM-1. As
shown in Fig. 5, addition of soluble GM-1 reduced the protective
effect observed usually (66-70%, Figs 1 and 5) with insulin-CTB
conjugates to 37% and the majority (63%) of RIP-LCMV mice
receiving porcine insulin—-CTB plus GM-1 developed autoim-
mune diabetes. Thus, blocking the GM-1 binding sites on CTB
reduced its ‘helper effect’ for orally administered insulin signifi-
cantly. As expected, insulin~-CTB was still able to protect RIP-
LCMYV mice in the presence of soluble GM-1, but the therapeutic
dose was approximately 500-fold higher (>500 ug per feeding)
reflecting the loss of CTB’s carrier/adjuvant capacity if GM-1 is
blocked (data not shown). Increasing the amount of GM-1 further
did not enhance diabetes development and reduce protection
more. Thus, one has to postulate additional effects of CTB as a
direct adjuvant [for example, by activating antigen-presenting
cells (APCs) directly] in addition to its binding to GM-1.

Increasing feeding frequency of insulin-CTB but not the dose
delays type I diabetes

We were searching for novel strategies to increase protection
after oral administration of insulin-CTB conjugates. Our studies,
as shown in Fig. 1, demonstrated that increasing the dose per
feeding is not beneficial, because high amounts of oral insulin
result in deletion of insulin-specific regulatory CD4 lymphocytes.
Interestingly, increasing the feeding frequency from twice per
week to daily administration of insulin—CTB significantly delayed
diabetes development early after treatment, but not the overall
degree of protection (10% versus 50% diabetes 2 weeks after
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or I-A? was measured by ELISA (right panel). Human, porcine and mouse BII B chains bound to I-A¢ (RIP-NP), and only rather small,
non-significant differences in binding efficacy were observed. The Y-scale shows OD units at 405 nm. The average of two tests is shown;

difference between the two experimental values was smaller than 10%.
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Fig. 5. GM-1-binding plays a role for efficient diabetes prevention by
CTB-insulin conjugates. Groups of 3-10 RIP-LCMV-NP mice were
treated with porcine insulin-CTB or porcine insulin as described in the
Methods section twice per week. Soluble GM-1 was added as indicated at
1 mg/ml. Blood glucose values were assessed once per week and diabetic
mice (two consecutive glucose values >300 mg/dl) were euthanized. Signif-
icant differences by log-rank survival between the three groups if com-
bined with the porcine insulin-CTB-treated group from Fig.1 that
exhibited similar protection.

LCMV triggering, Fig. 2). Thus, more frequent feeding of inter-
mediate but not high doses of oral insulin is beneficial for activat-
ing insulin-specific CD4 regulatory lymphocytes and could be of
clinical benefit in trials evaluating oral antigens in type I diabetes.

DISCUSSION

Oral administration of autoantigens has been used with success in
experimental animal models to treat various autoimmune disor-
ders [1,12,31-33]. However, recent trials in humans have pro-
duced rather disappointing results and the cause(s) for these
failures are mainly unclear [5,10,34-36]. One probable reason is

that the amounts of oral insulin or myelin basic protein fed to
humans in diabetes or multiple sclerosis prevention trials, respec-
tively, have probably been too low. For example, based on the
relative difference between mouse and human gut sizes and body
weights, the effective insulin dose should have been approxi-
mately 1 g/feeding. In agreement with this notion are the results
of a human exploratory trial using oral administration of keyhole
limpet haemocyanin (KLH) to suppress subsequent T cell
responses following KLH immunization, where doses of 50—
100 mg were effective [37]. Thus, the amounts of less than 10 mg
insulin used in current human clinical trials for type I diabetes
[35,36] were probably too low. When we used KLH to induce sim-
ilar ‘oral tolerance’ in mice we found that 50-100-fold less antigen
is needed to obtain a comparable reduction of the KLH specific
response (1-5mg KLH required in mice versus 50-100 mg in
humans). Cost plus safety considerations were the reasons for
using lesser amounts of insulin in human trials, because direct
absorption of hormonally active insulin through the upper gas-
trointestinal tract could not be excluded and severe health risks
due to potential insulin-induced hypoglycaemia cannot be toler-
ated. This situation formed our rationale for using insulin-CTB
conjugates, because this strategy had been shown previously to
reduce the quantity of oral antigen required for protection in
NOD mice drastically [9,13], and therefore appears to be an
excellent candidate for future oral antigen trials.

One major obstacle for using antigen-specific therapies in
humans is shown in previous evidence by others and us showing
that the precise sequence of the protein or peptype I diabetese is
crucial for its therapeutic efficacy [8,38]. For example, the one
amino acid difference in position 30 of the insulin B chain, distin-
guishing human from porcine insulin, is of importance [8]. This is
probably another reason why oral antigen trials have failed,
because giving the ‘wrong’ antigen (human versus porcine insulin
or human versus bovine myelin) will have no therapeutic effect at
certain doses (see Fig. 1). Unfortunately, there is no firm immu-
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nological basis at this point on which one could define the opti-
mally suited sequence for human trials. As a solution to this
problem, we demonstrate here that CTB coupling can overcome
the therapeutic difficulties caused by differences in efficacy
between human and porcine native insulin (Fig. 1). Consequently,
human trials using CTB conjugates would probably not depend
on minor differences in antigenic sequence and have a higher
chance of success. Which are the possible reasons that link
antigenic sequence with protection or lack of protection? The
first possibility is that presentation of the essential peptype I
diabetese(s) by MHC class II to regulatory CD4 lymphocytes is
impaired. In our case this is unlikely, because porcine and human
insulin B chains both bind well to I-A¢ (Fig. 4). However, as the
only difference between the two insulins is one amino acid at the
carboxy-terminus of the B chain, the probable cause for the lack
of efficacy of human insulin at lower doses is processing by APCs
or uptake in the gut, where carboxypeptype I diabetesases are
probably involved. We found that coupling to CTB can overcome
this difference, which is due at least partly to CTB interaction
with the GM-1 receptor, because blockade of GM-1 binding sites
can reduce the clinical efficacy of ins-B conjugates in the present
study (Fig. 5). It is conceivable that this apparently more efficient
delivery system is insensitive to minor changes in the insulin B
chain sequence. Differences in the A-chain are unlikely to play a
role, as our previous observations have demonstrated that the B
chain restricts regulatory lymphocytes.

How does ‘oral tolerance’ work? The term tolerance has been
used very loosely in the literature in this context and encompasses
a multitude of scenarios, ranging from induction of deletion and/
or anergy to the activation of regulatory circuits. We provide here
a detailed dose-response curve using orally administered porcine
and human insulin (native or coupled to CTB) and show in two
experimental mouse models that induction of regulatory lympho-
cytes occurs only at ‘intermediate’ dosages (Figs 2 and 3). Activa-
tion of such cells is therapeutically the desired outcome, because
they can act as ‘bystander suppressors’ capable of down-
regulating detrimental autoaggressive responses targeting other
autoantigens. In our model systems we demonstrated that
responses to LCMV-NP or Ova could be decreased after feeding
mice with the appropriate amount of insulin twice per week. Sim-
ilar observations were made with intermediate dosages in other
models [35] and a detailed mechanistic evaluation of insulin B
chain-specific bystander suppressor lymphocytes has been
achieved in our earlier experiments [8]. The unique value of these
cells lies in their ability to suppress autoaggressive responses
locally in the pancreatic draining lymph node without causing sys-
temic immune-suppressive side effects. They rely on an intact IL-
4 signalling pathway and can modulate APCs in vitro, which is the
most likely mechanism for how ‘bystander suppression’ works in
vivo [8,39]. Indeed, splenocyte cultures derived from mice pro-
tected with insulin-CTB conjugates exhibited increased produc-
tion of IL-4 and IL-10 in strong similarity to our earlier report [20]
showing cytokine production by insulin-induced regulatory CD4
lymphocytes. In contrast to intermediate doses, high amounts of
oral antigen lead to deletion of lymphocytes, reflected by a
decrease of insulin B chain-specific responses, and no protection
from diabetes is observed. It is important to consider that many
earlier reports talk about this type of deletion of autoreactive
lymphocytes in conjunction with oral tolerance [40,41]. Therapeu-
tically, deletion may be desired, if the response that is to be sup-
pressed is directed solely towards one (auto)antigen. For many

autoimmune disorders this is not the case during advanced patho-
genesis due to antigenic spreading. Consequently, elimination of
all autoreactive T cells is difficult to achieve, because the initiating
autoantigens are not known and the autoimmune process will
most probably have spread to target more than one self-antigen at
the time of treatment. For example, prediabetic individuals at risk
to develop type I diabetes frequently have autoantibodies to insu-
lin, GAD as well as IA-2 [42]. Secondly, deletion of autoaggres-
sive lymphocytes is preceded frequently by their initial activation
[43], which should be avoided at any cause to prevent acceleration
of disease. Supporting these concerns, several reports described
aggravation of autoimmunity after feeding high dosages of oral
antigen [44]. However, it is very encouraging that insulin-CTB at
high doses never resulted in acceleration of diabetes in the RIP—
LCMYV model.

A last point that deserves attention is our observation that
more frequent feeding (daily) but not increasing the dose per
feeding delays diabetes, although overall protection is not signif-
icantly enhanced. It thus appears beneficial for the induction and
activation of insulin B chain-specific regulatory lymphocytes to
receive a more frequent rather than a too-strong stimulus. This
might augment their numbers without resulting in deletion or
activation-induced cell death. At the present stage it is difficult to
track these cells in vivo precisely, probably because their numbers
are too low and/or the affinity is weak. Further systemic tracking
studies and affinity measurements using MHC class II tetramers
will possibly offer better insight into this issue in the future [45].

In conclusion, coupling of oral insulin to CTB increases effi-
cacy and safety through several routes. First, up to 500-fold less
antigen is required to achieve protection from diabetes, which will
make it easier to administer high enough amounts to humans
without risking direct hormonal side-effects. Secondly, differences
in antigenic sequence are much less likely to affect therapeutic
success. Thirdly, more frequent feeding delays disease develop-
ment, suggesting daily antigen administration for future trials.
These findings should provide rationale guidelines to bring the
CTB-based strategy to the clinic.
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