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Abstract

Insulin-dependent diabetes mellitus is an autoimmune dis-
ease that causes a progressive destruction of the pancreatic
beta cells. As a result, the patient requires exogenous insulin
to maintain normal blood glucose levels. Both the pancreas
and the islets of Langerhans have been transplanted suc-
cessfully in humans and in animal models, resulting in full
normalization of glucose homeostasis. However, insulin in-
dependence, transient or persistent, was documented in only
a small fraction of cases until recently. The chronic immu-
nosuppression required to avoid immunological rejection
appears to be toxic to the islets and adds the risk of lym-
phoproliferative disease reported earlier. For islet transplan-
tation to become the method of choice, it is essential first to
identify islet-friendly immunosuppressive regimens and/or
to develop methods that induce donor-specific tolerance and
improve islet isolation and transplantation protocols. In-
deed, researchers have already successfully allografted is-
lets in the presence of nonsteroidal immunosuppression in a
process known as the Edmonton protocol. An alternative
method, gene therapy, could replace these other methods
and better meet the insulin requirement of an individual
without requiring pancreatic or islet transplantation. This
alternative, however, requires animal models to develop and
test clinical protocols and to demonstrate the feasibility of
preclinical trials. Nonhuman primates are ideally suited to
achieve these goals. The efforts toward developing a non-
human primate diabetic model with demonstrable insulin
dependence are discussed and include pancreatic and islet
transplant trials to reverse the diabetic state and achieve
insulin independence. Also described are the various proto-
cols that have been tested in primates to circumvent immu-
nosuppression by using tolerance induction strategies in lieu
of immunosuppression, thus exploring the field of donor-
specific tolerance that extends beyond islet transplantation.
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Introduction

nsulin-dependent diabetes mellitus, often referred to as

type 1 diabetes and formerly known as juvenile onset

diabetes, can occur in early childhood to young adult-
hood. The disease is an autoimmune disease, although the
specific mechanisms that trigger the autoimmune destruc-
tion of the pancreatic beta cells still remain elusive (Apos-
tolou et al. 2003; Mandrup-Poulsen 2003).

Patients with type 1 diabetes must learn to maintain their
blood glucose levels close to normal by controlling their
diet and by carefully monitoring their insulin intake until a
permanent cure can be found for diabetes. Pancreas trans-
plantation is the first and most established treatment option
for type 1 and type 2 diabetes mellitus. The patient survival
rate is 91%, and the 1-yr graft survival rate is only 71% in
some populations (Kubota and Makuuchi 1996). Technical
failure and chronic rejection still account for a failure rate of
>20% (Humar et al. 2003).

Islet transplantation is expected to be more efficacious
than pancreas transplantation, but until recently, this proce-
dure has not met with great success. Its lack of success
could be due to the loss of functional islet mass over time
and/or to the earlier use of ineffectual immunosuppressive
regimens. Recently modified immunosuppressive regimens
appear to have improved this outcome (Shapiro et al. 2003).
In spite of recent improvements, however, the success rate of
islet transplantation must be increased significantly to achieve
tolerance to the donor islets without immunosuppression.

Tolerance to transplantation is not a novel concept. Me-
dawar and coworkers originally demonstrated that injection
of donor bone marrow into immunoincompetent neonatal
rodents could induce tolerance to grafts from animals of the
same strains as the bone marrow donor strains (Billingham
et al. 1953). Thus, future progress relies on the development
of strategies that are alternatives to the current immunosup-
pressive drugs. There is a compelling need for an animal
model close to the human in which to develop and test
strategies to improve islet cell graft survival and alternatives
to immunosuppression before human trials can take place.

Animal Models Tested for Diabetes

Diabetes has been described in various animals, from ro-
dents (Makino et al. 1980; Nakhooda et al. 1976) to non-
human primates (Gaur et al. 2001). Although Leblanc
documented diabetes in a monkey as early as 1851 (LeBlanc
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1851), the disease in macaques has not been well charac-
terized. Nevertheless, the primate pancreas has been used
most commonly in the indirect immunofluorescence test for
islet cell antibodies (Nozaffarian et al. 1991), which reveals
a close phylogenetic relationship. Macaca nemestrina islets
were shown to express the islet GAD65 autoantigen (Hago-
pian et al. 1993), which has been a useful source to screen
for novel autoantigens using sera from new onset insulin-
dependent diabetes mellitus patients.

Immunological responses in macaques are very similar
to those in the human. The responses can be analyzed
readily using many of the same antibody reagents and
nucleotide probes used in human, but not in rodent, studies.
Analyses beginning in the 1980s have provided ample evi-
dence that the major histocompatibility complex (MHC') is
highly conserved through primate evolution both at sero-
logic and molecular levels (Gaur and Nepom 1996; Gaur et
al. 1988, 1992; Gyllensten and Erlich 1989; Mayer et al.
1988). Thus, nonhuman primates represent important ex-
perimental animal models for studies of biomedical research
and, in particular, for immunologic studies of autoimmunity
in which there is a relationship between the MHC class II
and susceptibility.

In clinical research, macaques and baboons have been
used extensively as transplantation models (Gengozian et al.
1966; Rabson et al. 1965; Thomas and Epstein 1965; Will-
man et al. 1965), as disease models (Bingaman and Bakay
2000; Greep 1970; Pitkin and Reynolds 1970), and in thera-
peutic trails (Whitcomb et al. 1966). At about the same time,
Hans Balner recognized the need to develop reagents to
define MHC in animals ranging from rhesus macaques (Ma-
caca mulatta) to chimpanzees (Pan troglodytes) to facilitate
the role of nonhuman primate models in biomedical re-
search (e.g., Balner 1974, 1981; Balner and Van Rood 1971;
Balner et al. 1967). Among the nonhuman primates, ba-
boons (Papio) and macaques (Macaca) have been widely
utilized. The potential of nonhuman primate models in dia-
betes research has been well understood, and numerous in-
vestigators from the early 1970s to very recently have used
nonhuman diabetes models (Gaur et al. 2001; Howard 1982;
Koulmanda et al. 2003; Mintz et al. 1972). Whole pancre-
atic or islet transplant trials in these models have utilized a
variety of immunosuppressive regimens (Gaur et al.
2002a,b; Kawai et al. 2001; Kenyon et al. 1999b; Levisetti
et al. 1997; Scharp et al. 1975; Thomas et al. 2001a).

Induction of Beta-Cell Destruction
Leading to Diabetes

Because very few spontaneous diabetic models exist (Clark-
son et al. 1985; Howard and Palotay 1975), diabetes has

! Abbreviations used in this article: DC, dendritic cell; Ig, immunoglobulin;
MHC, major histocompatibility complex; STZ, streptozotocin; TLI, total
lymphoid irradiation; UV, ultraviolet.
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been induced for controlled experiments in nonhuman pri-
mates with streptozotocin (STZ"), alloxan, hypothalamic le-
sions, or pancreatectomy (Howard 1982). Pancreatectomy
with or without STZ has been used successfully to render
insulin deficiency in animal models (Ericzon et al. 1991;
Gray et al. 1986; Hirshberg et al. 2002; Kenyon et al.
1999a).

Use of STZ

STZ has been used extensively to induce diabetes in experi-
mental animals because it is the least invasive and perhaps
the most efficient way to induce diabetes. In mice, STZ has
induced an autoimmune type of disease (Koevary et al.
1983; Like et al. 1985; Whalen et al. 1994). Insulitis and
diabetes can be induced in certain strains of inbred mice by
the injection of multiple subdiabetogenic doses of STZ (Le-
iter 1982; Rossini et al. 1977). This induced diabetes can be
prevented by treatment with a crude preparation of antilym-
phocyte globulin (Rossini et al. 1977) or monoclonal anti-
bodies against Ia antigens (Kiesel and Kolb 1983). The
development of STZ-induced diabetes is prevented by total
body irradiation, but diabetes develops after adoptive re-
placement of T-lymphocytes (Nedergaard et al. 1983;
Rossini et al. 1978). Previous studies (e.g., Harold et al.
1987) support the hypothesis that an immune response is
important to the development of multi-low-dose STZ dia-
betes and indicate that treatment with monoclonal antibod-
ies against the L3T4+ or Lyt2+ T-lymphocyte subsets can
attenuate this process. The resistance of nude mice and thy-
mectomized mice to STZ (Paik et al. 1980) and the results
of adoptive transfer experiments (Buschard and Rygaard
1977) and reconstitution experiments (Paik et al. 1982; Paik
et al. 1980) all support a role of T cells in the development
of diabetes after low-dose STZ. In an effort to recapitulate
this model in macaques, several investigators (Gaur et al.
2001; McCulloch et al. 1991; Takimoto et al. 1988) have
used single to multiple low-dose STZ treatment in ma-
caques and baboons to achieve beta-cell destruction.

Species-specific Characteristic of STZ

It is important to establish the dose of STZ that is required
to induce irreversible diabetes with complete beta-cell loss
and insulin dependence before defining treatment strategies.
Numerous doses have been reported to have induced dia-
betes in various nonhuman primate species, and it is appar-
ent from these studies that a particular dose in one species
may either lack the effect in other species (e.g., Old World
monkeys) or may indeed be toxic at slightly higher doses.
Multiple low doses of 40 mg/kg were reported to induce
efficient beta-cell destruction in mice (Leiter 1982) but did
not have the same result in M. nemestrina (Gaur et al. 2001).
Such multiple doses, as well as a single high dose (150
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mg/kg), resulted in fatal kidney failure in M. nemestrina.
(Gaur et al. 2001; Gaur unpublished observations).

It is interesting to note that animals carrying certain
MHC class II genes of the DQA1*03 lineage have devel-
oped beta-cell damage at an accelerated pace (Gaur et al.
2001). A single dose of STZ induces beta-cell destruction in
various species of macaques (Figure 1); however, the doses
vary from 40 mg/kg (Gaur et al. 2001) to 150 mg/kg (The-
riault et al. 1999). A single low dose of STZ administered
to baboons was not sufficient (McCulloch et al. 1991) be-
cause follow-up detected a transient drop in beta-cell func-
tion, although further destruction of beta cells was not
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observed. In fact, 8 wk after STZ treatment, all beta-cell
function tests, except glucose potentiation, returned to
pre-STZ levels. When high doses of STZ were used, hy-
perglycemia resulted shortly thereafter (Weigle et al. 1991).
Therefore, the resulting beta-cell destruction was secondary
to the toxic effect of the drug. It is unknown whether mac-
rophage infiltration occurred, similar to that observed in
rat islets after STZ exposure (In’t Veld and Pipeleers 1988).
This infiltration may be necessary for antigen processing.
Although both high and low doses of STZ result in hy-
perglycemia and beta-cell destruction, toxic side effects
due to STZ are minimal (e.g., cause beta-cell destruction
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Figure 1 (A) Intravenous glucose tolerance test for a diabetic macaque before and after treatment with stretozotocin (STZ). This pigtail
macaque received one 40 mg/kg dose of STZ intravenously, and 24 hr later became hyperglycemic. Before STZ treatment, fasting blood
glucose for this animal was approximately 65 mg/dL. (B) Histology of two pancreata from a normal control macaque and a diabetic (right
panel) macaque stained for insulin (blue) and glucagon (brown). The islets from the diabetic macaque reveal almost complete damage of
insulin-secreting cells by the absence of insulin staining in the pancreas, with positive staining for glucagon. The diabetic pancreas section

is from the same animal shown in A.
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