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Introduction

The non-obese diabetic (NOD) mouse spontaneously
develops an autoimmune disease strongly resembling
human type 1 diabetes (T1D)."? Disease in the NOD
mouse is associated with development of inflammation
around the islets at around 4-5 weeks of age. This state
may be maintained for long periods; however, frank dia-
betes begins to occur from around 12 weeks of age and
ultimately affects in excess of 80% of females. Although
the processes leading to the inflammation in the pancreas
and subsequent [ cell destruction are not completely
understood, activation of both CD8" and CD4" T cells
in response to islet-associated antigens probably occurs
in the pancreatic lymph node’ and progressive insulitis
develops as these cells, together with macrophages, infil-
trate the pancreas itself.*® By the time of diagnosis, over
90% of the B cells may have been destroyed.”
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Summary

Autoimmune diabetes in the non-obese diabetic (NOD) mouse is associ-
ated with development of inflammation around the islets at around 4-
5 weeks of age, which may be prolonged until frank diabetes begins to
occur around 12 weeks of age. Although many interventions can halt dis-
ease progression if administration coincides with the beginning of the
anti-f cell response, very few are able to prevent diabetes development
once insulitis is established. Here we describe a strategy which blocks cel-
lular infiltration of islets and prevents diabetes. Intranasal treatment with
the B-subunit of Escherichia coli heat labile enterotoxin (EtxB), a protein
that binds GM1 ganglioside (as well as GD1b, asialo-GM1 and lactosylcer-
amide with lower affinities), protected NOD mice from developing diabe-
tes in a receptor-binding dependent manner. Protection was associated
with a significant reduction in the number of macrophages, CD4* T cells,
B cells, major histocompatibility complex class II* cells infiltrating the
islets. Despite this, treated mice showed increased number of interleukin-
10" cells in the pancreas, and a decrease in both T helper 1 (Thl) and
Th2 cytokine production in the pancreatic lymph node. Disease protec-
tion was also transferred with CD4" splenocytes from treated mice. Taken
together, these results demonstrated that EtxB is a potent immune modu-
lator capable of blocking diabetes.

Keywords: recombinant EtxB; enterotoxin; intranasal; receptor-binding;
immunomodulation

Current treatment of TID involves subcutaneous
administration of insulin. There are no available strategies
either for preventing disease in susceptible individuals, or
for treating the underlying inflammatory processes dri-
ving islet destruction during the early stages of the pro-
cess. While a great deal of hope is being placed on the
potential of islet cell transplantation as a means of restor-
ing endogenous insulin production, this approach likely
requires some additional strategy to protect the graft from
attack by the same autoimmune process that rendered the
patient diabetic in the first place.

Attack of the islets in diabetes is driven by T helper 1
(Thl)-like CD4" and cytotoxic CD8" T cells. There is
therefore considerable interest in strategies that can control
Th1 cell activity. The nontoxic B subunit of Escherichia coli
heat-labile enterotoxin (EtxB) both promotes Th2-domin-
ated immune responses to coadministered antigens®” and
activates regulatory processes capable of suppressing Thl
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responses when administered alone.'® A mixture of EtxB
and herpes simplex virus-1 (HSV-1) glycoproteins elicits an
antiviral response which is highly Th2 dominated following
intranasal delivery.® Importantly, vaccination of latently
HSV-1 infected mice modulates the virally induced Thl-
dominated response to produce a protective Th2 reaction’.
In other experiments, EtxB has been shown to be able to
prevent collagen-induced arthritis (CIA) when given
alone.’® This disease protection was not associated with
increased Th2 reactivity, but resulted from the activation of
CD4" T regulatory cells.

Immunomodulation by EtxB is linked to its capacity to
bind cellular receptors. EtxB binds to GM1 and GD1b, as
well as asialo-GM1, lactosylceramide, and certain glyco-
proteins, albeit at lower afﬁnity.11 A close relative of EtxB,
cholera toxin B-subunit (CtxB) has a lower inherent sta-
bility than EtxB and exhibits a more restricted binding
pattern, interacting only with GM1 and GD1b. CtxB is a
poor adjuvant following intranasal delivery® and is unable
to prevent CIA when used alone.'”'? Interestingly, CtxB
can be used to prevent autoimmunity when it is directly
conjugated to autoantigen. Thus, CtxB conjugated to type
IT collagen can prevent CIA,'* CtxB conjugated to MBP
can prevent experimental autoimmune encephalomyeli-
tis,"> and CtxB-insulin conjugates can block diabetes in
the NOD mouse.'*'® In the NOD mouse some studies
have suggested a small effect of using CtxB alone, while
others have shown a lack of protection in the absence of
conjugated insulin.'*"”

Given the greater effectiveness of EtxB in CIA and the
inherent difficulties in producing protein-B-subunit con-
jugates reliably and to the standards that are required for
human use, we have investigated the potential use of EtxB
either alone or admixed with insulin as a means of inter-
vening in the diabetes process in the NOD mouse. We
demonstrate that EtxB is a potent immune modulator
capable of blocking diabetes. The data suggest that the
mechanisms of protection differ when EtxB is given alone
or mixed with insulin.

Materials and methods

Mice and diabetes monitoring

Female NOD mice were bred under specific pathogen-free
conditions within the University of Bristol. Diabetes was
diagnosed using Diastix (Bayer, UK) following two con-
secutive weekly indications of glycosuria (111 mmol/l). All
work was carried out according to our institutional appro-
val and according to the Home Office (UK) Animal Act.

Treatment of NOD mice
Recombinant EtxB and EtxB(G33D) (a non-receptor-

binding mutant of EtxB) were synthesized and purified as
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reported previously.® Preparations contained <30 endo-
toxin units/mg, as determined by using a Kinetic-QCL
chromogenic limulus amoebocyte lysate assay (Biowhit-
taker, Walkersville, MD).

Female mice received intranasal treatment at different
times on alternate days with EtxB or EtxB(G33D) in a
total volume of 20 pl diluted in PBS. Age-matched mice
were treated with phosphate-buffered saline (PBS) as con-
trols. In some experiments, EtxB was admixed with 10 pg
insulin purified from porcine pancreas (Sigma, Poole,
UK) dissolved in phosphate-buffered saline (pH 7-4).

Histology

Histological analyses of islets of Langerhans were per-
formed 4 weeks after completion of treatment. Pancreatic
tissue were fixed and stained as reported'®. Monoclonal
antibodies (mAbs) against mouse CD8 (KT15) (Bio-
source, CA, USA), CD4 (RM4-5) and Gr-1 (RB6-8C5)
antibodies (BD Biosciences, NJ, USA), CD11b (M1/
70.15), F4/80 (CI:A3-1), major histocompatibility com-
plex (MHC) II (Ye2/36HLK) antibodies (Serotec, Oxford,
UK), B220 (clone RA3/3al-6.1, culture supernatant),
interleukin (IL)-10 (JES5-2A5), IL-12 (C15.6; Biosource)
and interferon-gamma (XmGl.2, culture supernatant)
were used.

Image analysis

The surface area of the islets and the infiltrate as well
as the percentage of islet area positive for the markers
were assessed with a Carl Zeiss Vision light microscope
(Carl Zeiss Vision, Welwyn GC, UK) equipped with
PC-based KS300 Version 3.0 image analysis programme
(Zeiss) using a 40x magnification. In each case, a line
was drawn around the islet, which the software uses to
calculate the area. Then a further region was defined as
the area in which positively stained cells were located,
the computer uses this to calculate the percentage of
the total islet in which staining is to be found. Finally,
the density of the staining within the positive area was
calculated. In order to do this, a threshold above which
brown coloration was considered as positive staining
was set. The brown diaminobenzidine-stained cells were
then detected automatically by the computer, whereas
cells stained with the counter-stain only were ignored.
Data were collected from between 5 and 10 different
islets in each of three pancreatic sections per mouse.
An infiltration index was calculated for each mouse by
multiplying the density of staining within the positive
area by the percentage of the islet in which staining
was present. This process allows the data to reflect situ-
ations where there is a dense infiltrate in a small area
or where the area of infiltration is increased, but where
an individual marker is poorly represented.

263



T. O. Ola and N. A. Williams

Cytokine secretion assessment

Purified single cell suspensions (2 X 10°/ml/well) of pan-
creatic lymph node cells (PanLN) (six mice per group) or
splenocytes were cultured with plate bound anti-CD3
monoclonal antibodies (10 pg/ml) for 48 hr. Cytokine
measurement was determined by using a cellular sand-
wich enzyme-linked immunosorbent assay (ELISA) as
previously described.'®"?

Cell preparation and diabetes adoptive transfers

Donor mice were treated with EtxB or PBS alone. Two
weeks after the last treatment, spleen cells were isolated
and erythrocytes were removed by lysis with sterile dis-
tilled water, before purification of CD4" T lymphocytes
using CD4 (L3T4) Microbeads (Miltenyi Biotec, Bisley,
UK). CD4" T cells (5 x 10°) were mixed with an equal
number of spleen cells from diabetic NOD mice and
injected intravenously to 10-12-week-old irradiated recip-
ients. As a positive control, splenocytes from newly dia-
betic mice were injected into 10-12-week-old female
NOD mice. Glycosuria was assessed every other day.

Statistical analysis

Statistical comparisons were made on normally distri-
buted data using unpaired Student’s ¢-test. For non-para-
metric data, Mann—Whitney test or Kruskal-Wallis anova
was performed. Differences in disease incidence were tes-
ted by chi-squared analysis.

Results

Prevention of diabetes using EtxB

To determine whether EtxB could inhibit diabetes, groups
of NOD mice were treated either at 4-6 weeks of age or
at 10-12 weeks of age. These timepoints correspond to
the period around which the first inflammatory infiltrates
are seen in the pancreas, and the period during which
destruction of the islets is first seen. Mice were given
eight doses of PBS alone; EtxB, insulin or a combination
of EtxB and insulin on alternate days intranasally and
the development of diabetes was monitored. The results
(Fig. 1) indicate that when treatment is given at
4-5 weeks of age, neither EtxB alone nor insulin alone
delay diabetes development (P = 0-25, Fig. la). In con-
trast, coadministration of EtxB with insulin dramatically
reduced diabetes incidence (P = 0-01 compared to PBS-
or insulin-treated controls, Fig. 1b).

When treatment was delayed until 10-12 weeks of age,
a different pattern of disease protection was observed. At
this time point, treatment with EtxB alone was effective
in delaying disease development (P = 0-05, Fig. 1c). The
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Figure 1. EtxB prevents the development of diabetes Female NOD
mice (12 per group) were treated with PBS (M) or received intra-
nasal delivery of 10 ng EtxB (O), 10 pg insulin (A) or 10 pg EtxB +
10 pg insulin (@) on alternate days on eight occasions. In (a) and
(b) mice were aged 4-6 weeks at the time of the first treatment, in
(c) and (d) mice were 10—12 weeks old at the time of the first treat-
ment. Diabetes was diagnosed on the basis of weekly urinary glucose
testing.

level of protection with EtxB alone was similar to that
seen with EtxB + insulin (P = 0-047, Fig. 1d) indicating
that, at this time point, there is no added benefit of inclu-
ding insulin.

Constraints of treatment with EtxB alone

Studies have shown that EtxB can prevent CIA following
either mucosal or parenteral administration, with four
intranasal treatments using doses as low as 1 pg per dose
being effective.!® CIA is, however, induced simultaneously
in animals as a result of direct autoantigen challenge. In
the NOD mouse, the inflammatory process arises sponta-
neously and the precise stage of progression will vary
between similarly aged animals. We therefore investigated
whether the constraints of successful EtxB treatment in
the NOD mice were similar to CIA. Experiments com-
pared the use of intranasally or subcutaneously adminis-
tered EtxB given to 10-12-week-old NOD mice. As
previously, eight doses of 10 pg EtxB dramatically
reduced the incidence of diabetes following intranasal
administration (P < 0-05, Fig. 2a) up to week 30 (intra-
nasal) and week 26 (subcutaneous). When the number of
doses given was reduced to six or four the effect on dia-
betes was less marked. Similarly, reducing the dose level
from 10 pg to 1 pg of EtxB led to a marked reduction in
the level of disease protection (data not shown). When
treatment with EtxB was given subcutaneously, a reduc-
tion in disease was observed up to 26 weeks following the
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Figure 2. Constraints of treatment with EtxB 10-12-week old female
NOD mice (12 per group) were treated either intranasally or sub-
cutaneously with 10 pg EtxB (a; O), with 10 pg EtxB(G33D) (b; @)
or were given PBS alone (M) on the number of occasions indica-
ted. Diabetes was diagnosed on the basis of weekly urinary glucose
testing

administration of eight doses of 10 pg. The level of pro-
tection using this route of administration was not as high
as that seen after intranasal delivery, and decreasing the
number of occasions or the dose used led to a similar loss
in protection (Fig. 2a, and data not shown).

In other systems, the ability of EtxB to modulate the
immune response has been inextricably linked to its
receptor binding properties through the use of a non-
receptor binding mutant, EtxB (G33D). Similarly, experi-
ments in the NOD mouse showed that the ability to
block diabetes resulted from receptor cross-linking by the
B-subunit. Intranasal treatment with EtxB (G33D) failed
to affect diabetes incidence (Fig. 2b). This observation
also suggests that the very low levels of endotoxin present
in our preparations of EtxB are not responsible for any of
the disease modulating effects that we have observed
using the wild type B-subunit. However, it remains a for-
mal possibility that the very low amount of lipopolysac-
charide in the EtxB preparation is a required cofactor in
enabling the effects of receptor-binding by EtxB to alter
the diabetic process.
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Figure 3. EtxB alters the production of cytokines by pancreatic
lymph node T cells (a) 4-6-week-old or (b) 10-12-week-old female
NOD mice (n = 6 per group) were given eight intranasal treatments
on alternate days with PBS alone, 10 ug EtxB, 10 pg insulin or 10 pg
insulin mixed with 10 pg EtxB. Pancreatic lymph node cells were
prepared two days after the final treatment and were cultured with
soluble anti-CD3 antibodies for 48 hr. The level of cytokines in the
supernatants of such cultures was assessed by CelELISA. Data are
the mean and SEM value of triplicates of treated versus untreated
controls. *P < 0-01, ** P < 0-001, ND = not determined

Modulation of the T-cell response in diabetes
following EtxB treatment

Islet-reactive T cells localize preferentially in the PanLN
and, as a result, the nature of the autoimmune response
can be investigated using cells from this tissue. We collec-
ted PanLN and splenocytes from NOD mice within
3 days after completion of treatment with PBS alone or
EtxB either alone or admixed with insulin at 4-6 weeks
of age, or at 10-12 weeks of age. Cells from these tissues
were cultured with anti-CD3 antibodies, which when used
alone stimulate previously activated T cells to respond in
preference to resting naive precursors, thus providing
an indication of the nature of the ongoing anti-islet
response.

Those treatments, which were able to inhibit diabetes
development, were also able to potently inhibit the pro-
duction of interferon-y (IFN-y) by PanLN cells (Fig. 3)
but not the splenocytes (not shown). Thus, when treat-
ment was given at four to six weeks of age a combination
of EtxB + insulin led to a dramatic reduction in IFN-y
production compared to PBS controls, while treatment
with either EtxB or insulin alone failed to affect its release
(Fig. 3a). When treatment was delayed until 10-12 weeks
of age, then not only did EtxB + insulin suppress the
IFN-y response, but EtxB alone was similarly active. At
this later time point, the overall level of IFN-y production
in control cultured PanLN cells was much higher than
that in cells from younger mice (Fig. 3b), and once again
the modulation of IFN-y production was restricted to the
PanLN response as no changes were observed in spleno-
cyte cultures (data not shown).
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Importantly, there was clear evidence that the nature of
the immune modulation was different under differing cir-
cumstances. Inhibition of IFN-y production by treatment
with EtxB + insulin at four to 6 weeks of age was associ-
ated with a concomitant increase in the amounts of secre-
ted IL-4 and IL-10. When treatments were delayed until
10-12 weeks of age, the administration of EtxB + insulin
or EtxB alone was not associated with an increase in these
cytokines. The levels of IL-4 and IL-10 were either
unchanged or were lowered following treatment.

Protection from diabetes can be transferred from
EtxB-treated mice

To determine the mechanism by which EtxB administra-
tion inhibited the development of diabetes, experiments
were carried out in which CD4" T cells from the spleens
of treated animals were cotransferred with diabetogenic
spleen cells. Similar experiments were performed in which
cells were purified and transferred from the spleens of
mice treated with EtxB either at 4—6 weeks of age or at
10-12 weeks of age. As expected, the transfer of spleen
cells from diabetic mice caused rapid onset diabetes in
recipient NOD mice. In both of the experiments shown
(Fig. 4) diabetes in these control groups reached 100%
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Figure 4. Protection from diabetes resulting from EtxB treatment is
mediated by regulatory CD4" T cells 4-6-week-old NOD mice (top
panel; six per group) were given 8 intranasal treatments with 10 pg
EtxB mixed with 10 pg insulin. Ten—12-week-old female NOD mice
(lower panel; six per group) were given 10 pg EtxB alone on eight
occasions by intranasal administration. Two weeks after the final
treatment, 5 X 10° CD4* spleen cells from treated mice were mixed
with 5 x 10° spleen cells from diabetic female NOD mice and were
transferred iv. into 10-12-week-old female NOD recipients (H).
Control recipients received spleen cells from diabetic mice alone
(V). Diabetes was diagnosed in groups of recipients (10 per group)
on the basis of urinary glucose testing on alternate days.
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incidence by around day 20-25. In marked contrast, the
cotransfer of CD4" T cells from the spleens of treated
animals dramatically suppressed this response. Thus, the
incidence of diabetes in animals that received cells from
animals treated with EtxB + insulin at 4-6 weeks of age,
and in those that received cells from animals treated with
EtxB alone at 10-12 weeks of age, was dramatically
reduced. Similar disease protection was not seen either
when animals received the CD4~ fraction, or received
CD4" cells from the spleens of untreated mice (data not
shown), indicating the critical role of a population of
CD4" cells in controlling diabetes after EtxB treatments.

Intranasal administration of EtxB suppresses
inflammatory cell infiltration and islet tissue damage

While protection from diabetes following early treatment
with EtxB + insulin may result from a Thl to a Th2-
dominated anti-insulin response’*' the mechanisms by
which late treatment with EtxB alone prevent diabetes are
less clear. To investigate the effect of EtxB treatment at
10 weeks of age on islet inflammation, we carried out a
detailed immunohistological analysis. Pancreata were har-
vested from mice 4 weeks after the completion of treat-
ment with PBS or EtxB alone. Intranasal administration
of EtxB dramatically affected the infiltration of the islets
with inflammatory cells (Figs 5 and 6). The amount of
CD4" T-cell infiltration along with the numbers of B220"
cells (primarily B cells) and macrophages (CD11b") were
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Figure 5. Protection of NOD mice by EtxB is associated with altered
islet infiltration Pancreatic islet tissue sections from 10 to 12 week
old female NOD mice treated with 10 ug EtxB on eight occasions
and control groups were stained for different cell surface markers (a)
and cytokines (b). Cellular infiltration of islets from mice treated
with EtxB (OJ) in comparison with the control groups (M) was
assessed by standard image analysis. The proportion of islets with
infiltrating cells was multiplied by the number of cells present in
infiltrated tissues to generate an ‘infiltration index’. *P = 0-04,
**P = 0-0001.
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Figure 6. Immunohistochemistry for CD11b, CD4, MHC II and
IL-10" in response to EtxB treatment Protection of NOD mice from
developing diabetes is associated with a reduction in cellular infiltra-
tion. Degree of different cellular infiltration in untreated control
mice and EtxB-treated NOD mice at 14 weeks of age (n = 6/group).
Similar morphology was observed throughout the same study group;
representative slides are shown here. Pancreatic sections were stained
with antibodies against the markers indicated using immunohisto-
chemical staining methods (see Materials and methods).

significantly reduced in treated animals (P < 0-05 for
CD4" and B220" P <0-0001 for CDI11b"). In addi-
tion, there was a marked reduction in the levels of MHC
class II staining within the islets of treated animals
(P < 0-0001). Interestingly, the only cell population that
was present in the pancreas in significant numbers that
was not affected by EtxB treatment was the CD8% T-cell
population.

Further, immunohistochemical analysis studied the
expression of key cytokines in the islets of treated and
untreated mice (Figs 5 and 6). Importantly, protection
from disease was associated with a significant increase in
the numbers of IL-10" cells within the islets of treated
animals (P < 0-05). This increase is particularly interest-
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ing given that the primary cell types that are known pro-
ducers of IL-10 were all present in much lower numbers
after treatment (macrophages, B cells and CD4" T cells).
Although there was also an increase in the numbers of
IFN-y" cells this change did not reach significance. There
were very few IL-12" cells in the islets of either control or
treated animals.

Discussion

Various immunotherapies have been shown to be able to
ameliorate progression of NOD mice into diabetes if they
are given early in the process of sensitization and islet
infiltration (classically before 10 weeks of age). However,
later intervention beyond 10 weeks of age, a time when
there is established T-cell infiltration around islets has
been shown to be ineffective in most cases and sometimes
damaging.”>** Exceptions to this include approaches that
are not viable therapies in man; for example, active
infection of mice with Salmonella typhimurium™ or
lymphocyte choriomeningitis virus (LCMV)* have been
demonstrated to be able to prevent progression of estab-
lished islet infiltrates. We report that EtxB is a potent
immunomodulator capable of blocking the progression of
insulitis to diabetes in the NOD mouse. The timing of
EtxB administration affected its ability to modulate dis-
ease. When used alone, EtxB was unable to protect mice
from developing diabetes if it was given around the time
that insulitis develops (4-6 weeks of age). However,
delaying treatment until animals have an established insu-
litis (10-12 weeks of age) provided conditions where EtxB
alone was highly effective. The inability of EtxB to block
the disease process when given to young NOD mice could
be overcome if it was admixed with a low dose of insulin.

It is interesting to view the findings of this study in the
context of other investigations using a close homologue
of EtxB, CtxB. The ability of CtxB to inhibit diabetes
when conjugated to insulin has been attributed to it act-
ing as a delivery vehicle for insulin into normal tolerance
pathways of the gut®'®. However, other studies indicate
that conjugation is not a prerequisite to disease amelior-
ation and suggest immune modulation by CtxB plays a
more active role.'” In many systems, EtxB has been
shown to exert stronger immunomodulatory effects than
CtxB. Intranasal treatment with CtxB alone cannot pre-
vent CIA, while the same dose of EtxB is a potent disease
suppressor.'® Similarly, EtxB is a strong intranasal adju-
vant®*® whereas CtxB is not. Taken together with the
findings reported here, this suggests that the immuno-
modulatory effects of EtxB are more marked than those
of CtxB. Further, when EtxB is coadministered with anti-
gen, the nature of the immune modulation leads to the
generation of a non-inflammatory response characterized
by production of non-complement fixing antibodies, IL-4
without immunoglobulin E (IgE), and down-regulation of
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IFN-y production. When used in this way, EtxB is an
adjuvant promoting an immune response with a partic-
ular bias. This bias is useful in supporting the production
of antibodies that can protect against HSV-1, and is use-
ful in biasing the response to a self-antigen away from a
destructive pro-inflammatory Thl response. Accordingly,
protection from diabetes following the administration of
EtxB + insulin to the 4—6-week-old mouse was associated
with increased IL-4 and IL-10 production and suppres-
sion of IFN-vy secretion by PanLN cells. The establishment
of a Th2-like response to insulin is consistent with the
ability of CD4" T cells taken from the spleens of treated
animals to transfer disease protection; the mechanism of
transferred diabetes modulation presumably relating to
counter-regulation of the pro-inflammatory Thl response.

The altered nature of the PanLN response following
administration of EtxB + insulin to 10-12-week-old ani-
mals was not the same as that seen when the same treat-
ment was given to 4—6-week-old mice. In older animals,
dramatic suppression of IFN-y production was not asso-
ciated with a concomitant increase in IL-4 or IL-10. The
likely reason for this difference lies in the fact that the
10-12-week-old mice have an established anti-pancreatic
antigen immune response. In the 4-6-week-old animal
this response is not fully developed. Therefore, the profile
observed when EtxB + insulin is given to 10-12-week-old
mice probably reflects the effect of modulating an estab-
lished Thl reaction, rather than generating a response
de novo. The ability of EtxB + insulin to potently inhibit
the IFN-y response even when treatment is delayed is
therefore particularly interesting.

A critical finding of these studies was the observation
that EtxB was ineffective at preventing diabetes when
administered alone preinsulitis, however, it was a potent
suppressor of disease when treatment was delayed until
insulitis was established. When given to 4-6-week-old
animals, EtxB did not alter the PanLN T-cell response,
whereas, when given to 10-12-week-old animals, EtxB
suppressed PanLN IFN-y production. This change was
not associated with an increase in IL-10 or IL-4 levels and
was therefore reminiscent of alterations to the anti-colla-
gen response reported following the administration of
EtxB in CIA." In CIA, the ability of EtxB to modulate
disease is associated with activation of a population of
CD4" T regulatory cells, which could transfer disease pro-
tection. Similar results were reported here. Taken together
with the observed cytokine modulation, these data indi-
cate that EtxB was activating a population of T cells that
are capable of suppressing the pathogenic Thl response,
but that did not produce enhanced levels of Th2 cyto-
kines. The precise nature of this T regulatory cell popula-
tion activated by EtxB has yet to be defined. Nevertheless,
the association between disease modulation and the acti-
vation of T regulatory cells does provide an explanation
for the failure of EtxB to prevent diabetes when given to
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4-6-week-old animals. At this age insulitis is not yet
established. As with any cellular response within the
immune system, T regulatory cells activated following
treatment with EtxB would remain in the circulation until
either returning to a resting state or dying. It is only
when there is an inflammatory site into which the cells
can migrate that they would have been able to exert their
effector function, and may have received the necessary
environmental signals to maintain their activity.

The inflammatory site in which T regulatory cells acti-
vated following exposure to EtxB would exert their effects
may be the pancreas itself, or may be the PanLN. Modu-
lation of the T-cell response in the PanLN was clearly a
feature in our experiments and this alone could account
for the lack of disease progression. However, it is also
possible that T regulatory cells enter the pancreas itself
and modulate the inflammatory response there. In this
regard, T regulatory cells have been reported to be able to
suppress both T-cell mediated responses as well as inflam-
mation that occurs as a result of innate mechanisms.*’
Our analysis of the cellular infiltration and cytokine pro-
duction in the islets following EtxB treatment revealed a
significant reduction in numbers of CD4" T cells, B cells
and macrophages. Numbers of MHC class II* cells were
also reduced by treatment, presumably reflecting the low-
ered numbers of B cells and macrophages. Despite the
lowered numbers of these cell types, there were signifi-
cantly more cells staining for IL-10 than in controls. This
indicates that EtxB treatment was not only preventing the
Th1 response from driving infiltration and damage in the
islets, but was also altering the environment in the pan-
creas to favour regulatory cytokine production. The
observation that EtxB treated animals also had a slightly,
although not significantly, increased amount of IFN-y
staining in the islets could be an indication that the T
regulatory cells that modulate the effects of EtxB are Trl-
like.”® Co-staining experiments would be required to con-
firm if this is the case.

The mechanisms by which EtxB either delivered alone
or admixed with antigen can modulate T-cell activity
remain unclear. It is clear that EtxB exerts numerous
effects on leucocyte populations as a result of its ability to
bind glycolipid receptors. In vitro EtxB causes B-cell acti-
vation,” triggers apoptosis of CD8" T cells,” and stimu-
lates monocytes to produce IL-10 while suppressing their
ability to release IL-12.>' Tt is likely that the effects of
EtxB on the inflammatory processes in the NOD mouse
result from the alteration of cellular activation in the tis-
sues local to the site of delivery. We propose that, when
given in the absence of antigen, the changes to the envi-
ronment lead to the activation of a population of T regu-
latory cells. This could be the result of elevated levels of
IL-10 secretion by antigen-presenting cells, or could result
from the presentation of antigens from apoptosing CD8*
T cells.”® When antigen is admixed with EtxB, it is
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likely that B-cell activation following receptor binding
would enhance T : B cell interactions and favour the dif-
ferentiation of T cells into the Th2 pathway. The activa-
tion of T regulatory cells within a Th2 environment could
be the reason why the adjuvant effects of EtxB are not
associated with IgE production, but instead favour IgGl
and IgA.” Although this is an attractive model for the
mechanisms of action of EtxB, which explains both its
effects when used alone or in combination with antigen,
it is important to note that the precise effects of EtxB on
cells in vivo have proven difficult to reveal. Until this
has been done, the relative contributions of the effects
observed in vitro can not be determined.

EtxB may represent a useful approach to the prevention
of diabetes. Its use in combination with insulin could be
viewed as a prophylactic therapy where the nature of the
response to islet antigens is set in an anti-inflammatory
profile. Alternatively, its use either alone or with antigen
may be used in individuals with signs of ongoing anti-
islet responses (such as anti-islet antigen antibodies) or
early diabetes in order to preserve and even possibly
reverse [B-cell depletion. Clearly, it will be important to
establish the safety profile of EtxB in advance of attempts
to use it in diabetes patients. In addition, further studies
are required in order to determine the optimal protocols
and to define the most appropriate patient groups for
which such a treatment could be a benefit.
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