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Abstract
Type 1 diabetes (T1D) is a chronic autoimmune disease that results in the specific immune
destruction of insulin producing beta cells. Currently there is no cure for T1D and treatment for
the disease consists of lifelong administration of insulin. Immunotherapies aimed at preventing
beta cell destruction in T1D patients with residual c-peptide or in individuals developing T1D are
being evaluated. Networks of researchers such as TrialNet and the Immune Tolerance Network in
the U.S. and similar networks in Europe have been established to evaluate such immunotherapies.
This review focuses on immune intervention for the prevention and amelioration of human T1D
with a focus on potential immune suppressive, antigen specific and environmental therapies.
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1. Introduction
Type 1A diabetes, the immune mediated form of diabetes, is a chronic autoimmune disease
in which there is specific immune destruction of the insulin producing pancreatic β-cells [1].
Autoreactive T cells as well as other mononuclear cells infiltrate the islets (insulitis) and
ultimately cause β-cell death, decreased insulin production, and a lifelong requirement for
insulin therapy [2]. Despite treatment with insulin therapy long-term complications,
including nephropathy, retinopathy, neuropathy, and cardiovascular disease, can result [3,4].
Type 1 diabetes (T1D) is believed to develop as a result of genetic predisposition (in
particular with human leukocyte antigen (HLA) alleles contributing to disease risk) and
unknown environmental factors. In terms of environmental factors, the incidence of T1D is
increasing dramatically, doubling every 20 years especially in young children less than 5
years of age [5,6].

In a genetically susceptible individual the development of T1D can be divided into stages as
depicted in figure 1 [7]. The presence of autoantibodies against islet cell antigens is the first
indication for the development of diabetes and at the time autoantibodies appear individuals
retain sufficient β-cell mass to maintain euglycemia. Following autoantibody development
there is progressive loss of insulin release as the autoimmune response progresses [8].
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During later stages patients progressively develop impaired glucose tolerance[9,10]. In the
final stages of development, decreased c-peptide levels are present in patients with overt
hyperglycemia. T1D is a predictable disease given multiple islet autoantibody positivity.
There are currently four standard autoantibodies whose presence is used to predict the
development of T1D: antibodies against insulin, glutamic acid decarboxylase (GAD65), a
tyrosine phosphatase-like protein (ICA512 also termed IA-2), and the zinc T8 transporter
(ZnT8) [11]. Relatives of patients with T1D who are positive for two or more autoantibodies
have a greater than 70% risk of developing diabetes over a 7 year observation period [12],
and this holds true for the general population as well [13].

While the progress to complete insulin dependence in most patients (but not all) occurs
quickly after clinical onset, initially after diagnosis the pancreas is able to produce a
significant amount of insulin [14-17]. The Diabetes Control and Complications Trial
(DCCT) found that 20% of patients studied, who were within 5 years of diagnosis, had
remaining insulin production [18]; at this time immunologic intervention can potentially
save beta cell function and reduce reliance on insulin administration. Even partial beta cell
function is beneficial as patients that maintain endogenous insulin production have better
metabolic control than those who rely solely on exogenous insulin [15], and improved
metabolic control reduces the long-term complications from diabetes [19] and prevents
hypoglycemia. Evaluation of the pancreas of patients with long-term T1D indicates that
most patients retain some islet beta cells (approximately 1-2%) while some patients even
with Type 1A (immune mediated) diabetes have significant beta cell mass[20]. Those
patients (and presumably prediabetic autoantibody positive individuals) have lobular
destruction of islet beta cells with areas with “normal appearing” islets interspersed with
areas where all islets contain only non-beta cells (termed pseudoatrophic islets) [21,22].
Figure 2 illustrates a section of pancreas from the juvenile diabetes research foundation’s
network for pancreatic organ donors with diabetes (nPOD) cadaveric program where one
side of the slide has normal appearing islets and right next to those islets is a lobule in which
no islet has insulin positive cells. There is minimal insulitis/inflammation (in contrast to the
NOD mouse model) in the great majority of pancreases from patients after or at the onset of
T1D [23]. A number of investigators are attempting to develop imaging modalities to define
either beta cell mass or insulitis [24-26]. Though in animal models there has been some
success, it is not yet clear if current technologies have the resolution necessary to follow the
disease process in man. A recent report utilizing iron nanoparticles and magnetic resonance
imaging, highlights loss of overall pancreatic mass (presumably due to atrophy of the acinar
cells secondary to loss of trophic factors from beta cells that make up approximately 1% of
normal pancreatic mass) as well as increased retention of the nanoparticles [26].

2. Immune suppressive therapies for the treatment of type 1 diabetes
The first large-scale immunosuppressive trial in recent onset T1D studied cyclosporine A in
the mid-1980s[27]. Continuous treatment reduced the need for exogenous insulin; however
renal toxicity necessitated cessation of therapy [28,29]. After stopping treatment,
endogenous insulin production diminished indicating immunologic tolerance to islet
antigens was not induced. During the same time period, a pilot study administered horse
antithymocyte globulin (ATG) and prednisone to new onset T1D individuals. Again, there
was a reduction in insulin requirements; however, toxicity in the form of serum sickness and
thrombocytopenia led to a discontinuation of ATG [30]. A phase II trial using rabbit ATG in
new onset T1D is currently ongoing through the Immune Tolerance Network to evaluate the
ability of this therapy to slow beta cell loss.

Following extensive studies in animal models [31,32] in 2002, Herold and colleagues
reported the use of a humanized anti-CD3 monoclonal antibody (mutated in the IgG1 Fc
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chain to eliminate Fc receptor binding) in new onset T1D patients leading to sustained
preservation of c-peptide production lasting up to five years following a single two week
treatment (figure 3) [33-35]. Nevertheless after the first year of preservation of C-peptide,
further loss of C-peptide appears to proceed in parallel to the slope of placebo treated
patients. These results were confirmed by Keymeulen and coworkers with a different
mutated anti-CD3 antibody (mutated to remove elimination of glycosylation sites in the Fc
chain) reduced the loss of c-peptide in newly diagnosed T1D individuals [36,37]. Clinically,
A1c and insulin usage improved and there were no long lasting adverse effects. Cytokine
release syndrome developed in a number of treated subjects and particularly in the
Keymeulen trial there was evidence of EBV reactivation that resolved spontaneously [38].
Circulating T cell levels returned to pretreatment levels one month following therapy. It is
hypothesized that the preserved C-peptide following therapy is not only related to
elimination of effector T cells but also the preservation of regulatory T cells. Studies in the
NOD mouse, spontaneous animal model of autoimmune diabetes, reveal Tregs in pancreatic
lymph nodes of these mice (which were lacking naturally occurring Tregs, CD28−/− mice)
able to inhibit immune responses through a TGF-β-dependent mechanism following anti-
CD3 treatment [39]. Tregs including IL-10 producing CD4+ cells have been isolated from
humans treated with the monoclonal antibody [40-42] and it is possible that CD8+ Tregs are
induced as well [43]. With the initial success of anti-CD3 monoclonal antibody treatment
there are now clinical trials evaluating repeat dosing (AbATE) and use in T1D patients
further removed from diagnosis, 4 months to 1 year, still producing c-peptide (DELAY). An
anti-CD3 prevention trial is being considered for individuals with multiple islet
autoantibodies but without hyperglycemia sponsored through the TrialNet organization [44].

T1D is a T cell mediated disease, however, B lymphocytes are implicated in disease
pathogenesis as they have been identified in the pancreata of T1D individuals [45] and likely
act as antigen presenting cells. A new onset study with rituximab, an anti-CD20 monoclonal
antibody, showed modest improvement in c-peptide production 3 months after therapy but
after 6 months the rate of c-peptide loss was similar between the treated and placebo groups
[46]. Clinical responders could be differentiated from nonresponders by the amount of
CD19+CD27+IgD+ cell depletion. Concerning was the fact that CD19+ levels did not return
to pretreatment levels by one year post treatment and IgM levels remained depressed in the
treated cohort. The applicability of this therapy must be weighed against the potential for
chronic immune suppression.

There are a number of therapies currently in ongoing clinical trials or just beginning.
CTLA4-Ig [47] is being used to block T cell activation. Anti-CD2 monoclonal antibodies
which deplete memory and NK T cells will be used in a new onset T1D trial [48]. The anti-
inflammatory pathway, specifically targeted to IL-1, will also be evaluated in T1D. Many
chronic diseases have persistent inflammation such as neurodegenerative diseases, vascular
disease, and metabolic diseases (type 2 diabetes) [49]. Type 2 diabetic patients treated with
anakinra, an IL-1 receptor antagonist, improved glycemic control, reduced inflammation,
and increased insulin sensitivity [50]. There appeared to be beneficial β-cells effects, in
addition to reduced insulin resistance, as the treated patients had increased insulin:proinsulin
ratios compared to controls [51]. β-cells may produce IL-1 in response to hyperglycemia,
thereby perpetuating the cycle of inflammation and lymphocyte recruitment to the pancreas
and pancreatic lymph nodes. Trials evaluating IL-1 blockade with anakinra and a
monoclonal antibody to IL-1, canikinumab, are underway. Other therapies being used in
T1D include alpha-1 antitrypsin (Aralast NP), a serine protease inhibitor, with anti-
inflammatory properties [52] and Gleevec, a tyrosine kinase inhibitor used as a cancer drug
to treat leukemia [53] as well as a peptide of a heat shock protein DiaPep277 (This peptide
initially was considered an autoantigen but further studies suggest that it may influence
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innate immunity)[54]. Gleevec targets innate immune cells such as inflammatory
macrophages involved in diabetes pathogenesis.

A trial of cyclophosphamide and ATG with autologous bone marrow transplantation is
probably the most aggressive therapeutic regimen studied in new onset patients [55].
Probably associated with the severity of immunosuppression there was dramatic
improvement n C-peptide secretion lasting several years and a subset of patients were able
to discontinue insulin(see section 5 below).

3. Antigen specific therapies for the treatment and prevention of type 1
diabetes

It is ultimately hoped that forms of antigen specific therapy will be developed given their
likely greater safety compared to immunosuppressive therapies. The antigens most studied
to date are insulin and GAD65. The underlying rationale for antigen specific therapy is that
the target autoantigens of the immune response can be utilized to delete specific pathogenic
T cells or more likely to expand and activate T regulatory cells reacting with autoantigens at
the target organ [56].

In a placebo controlled trial GAD-Alum injection delayed loss of C-peptide secretion in new
onset patients following a single course of therapy[57]. Similar to anti-CD3 and rituximab
between 6 months and one year loss of C-peptide secretion resumed. There was evidence of
induction of both T and B lymphocyte (increased GAD autoantibodies) responses to GAD
following the GAD-Alum injection documenting an immunologic effect of the “vaccine”
[58].

There are multiple studies utilizing insulin, insulin peptides and proinsulin peptides to block
anti-islet autoimmunity[59-63]. To date only one of those trials (Trialnet oral insulin) has
provided any evidence of efficacy in a post-hoc analysis[12,64]. There is a large body of
evidence in the NOD mouse model and man that insulin is likely a key target of the
autoimmunity leading to T1D, beginning with the simple observation that islet beta cells are
specifically destroyed, while autoantigens such as GAD65, IA-2, and ZnT8 are not specific
to the islet beta cell. For instance to date in the NOD mouse model removing a specific
insulin epitope recognized by CD4 T cells by mutating a single amino acid of the insulin
peptide B:9-23 prevents all diabetes[65,66]. In man the insulin gene is the second most
important genetic determinant of T1D with the protective genetic variant increasing insulin
message within the thymus, and thus presumably deleting autoreactive T cells [67-69].

Trialnet/Diabetes Prevention Trial (DPT) has completed two studies of the potential of
insulin to prevent the development of diabetes in islet autoantibody positive relatives of
patients with T1D. The first gave insulin parenterally and the second oral insulin. Parenteral
insulin did not decrease progression to diabetes[60]. Oral insulin overall also did not change
progression to overt diabetes, but in the subset of patients with high levels of insulin
autoantibodies there was a significant delay in progression, which for those with the highest
levels the delay was estimated to be as much as 7 years[70]. In that the analysis was a post-
hoc subgroup analysis, a repeat Trialnet study of oral insulin in relatives with multiple islet
autoantibodies (including insulin autoantibodies) is underway[59]. In addition to insulin,
peptides of the prohormone proinsulin are recognized by autoimmune T cells and Peakman
and coworkers are studying peptides of proinsulin.

Michels and Eisenbarth Page 4

Semin Immunol. Author manuscript; available in PMC 2012 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Environmental therapy for the prevention of islet autoimmunity
Early exposure to complex dietary proteins is a potential risk factor for developing islet
autoimmunity [71]. The Trial to Reduce IDDM in the Genetically at Risk (TRIGR)
conducted in Finland documents the rates of islet autoantibody development and progression
to clinical T1D in children up to 10 years of age [72]. This double blind, randomized control
trial assigned a highly hydrolyzed formula or conventional cow’s milk formula to infants
having a first degree relative with T1D and high risk HLA alleles. The formula was to be
given during the first 6 to 8 months of life whenever breast milk was not available. These
children receiving the extensively hydrolyzed casein-based formula had less autoantibody
positivity compared to the control group, 17% to 30%. In the study single autoantibodies
(≥1) were significantly decreased (p=0.03) while multiple autoantibodies were not (p=0.12).
Reasons why this maybe a beneficial approach to preventing islet autoimmunity comes from
studies in animal models demonstrating the importance of diet and the intestinal microbiome
in the development of T1D [73]. There was no difference in the development of clinical
T1D, although there are relatively few events at this point in time. Fortunately a much larger
TRIGR study, sponsored by the National Institute of Health, addressing the same issue is
well underway with results expected for autoantibody expression in the next several years.

5. Future directions for treatment of type 1 diabetes
Monotherapy for T1D has not resulted in sustained tolerance and preservation of C-peptide
production; individuals still progress to a complete loss of endogenous insulin producing
ability. Combination therapy is likely to be necessary as different pathways and arms of the
immune system can be targeted[74]. A very aggressive treatment approach from a group in
Brazil performed autologous nonmyeloablative hematopoietic stem cell transplantation on
selected new onset T1D patients[55]. Individuals were pretreated with cyclophosphamide
and granulocyte-colony stimulating factor (G-CSF) to expand CD34+ cells which were
harvested. Following treatment with ATG and a second course of cyclophosphamide,
patients received their CD34+ cells. Fourteen of the 15 treated subjects were non-insulin
requiring 16 months after therapy [55]. There were toxicities with the treatment but the
radical approach suggests that T1D can be reversed and elements of the treatment protocol
may be potentially useful in combinations. ATG or G-CSF could be used alone or in
combination with other therapies. Other alternatives include using an immune suppressive
agent (anti-CD3 or an anti-inflammatory therapy) with an antigen specific agent (GAD-
Alum or BHT DNA proinsulin vaccine). The potential mechanism of tolerance induction
would be allowing Tregs to develop from an antigen specific therapy while there is immune
suppression or diminished inflammation.

Along with combination therapy, we believe targeted and specific immune therapies are
needed to prevent and ultimately cure T1D. The immunologic mediators of T1D are
becoming more defined. The trimolecular complexes consisting of class II major
histocompatability (MHC II) molecules, peptides of autoantigens, and specific T cell
receptors (TCR) that recognize peptide bound to MHC are essential for tissue specific
targeting in autoimmune diseases. The trimolecular complex for insulin is now well
characterized for the NOD mouse [75]. The major genetic determinant for many
autoimmune disorders, including type 1 diabetes is MHC class II molecules [76,77].
Approximately 90% of T1D individuals have HLA-DQ8 or DQ2 alleles. Insulin has been
focused on as a T1D autoantigen for decades since autoantibodies to this molecule were
discovered in patients having T1D [78], and often precede the development of other islet
autoantibodies [79]. Biostructural data has increased greatly over the last decade for the
components of the anti-insulin trimolecular complex. A crystal structure exists for DQ8 with
an insulin peptide, amino acids 9 to 23 of the B chain [80]. Recent studies indicate that
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insulin peptide B:9-23 is recognized in an unexpected low affinity register [81]. With
understanding the structural determinants for autoantigen recognition, therapies can be
designed to specifically target insulin-MHC complexes and the TCRs that recognize
them[75]. Small molecule approaches can block autoantigen presentation or TCR
recognition of autoantigen-MHC complexes. Another strategy includes designing
monoclonal antibodies to recognize autoantigen peptide-MHC complexes with the peptide
in a defined register recognized by the autoreactive T cell receptors. As the structural basis
of autoantigen presentation and T cell recognition advances, these novel approaches become
realistic.

6. Concluding remarks
With multiple trials underway, including phase III trials, it is possible that one or a
combination of the currently studied agents will delay or hopefully prevent beta cell
destruction. It is however very likely that we lack enough fundamental knowledge to
rationally design trials/therapies that have a high probability of being both safe and
effective. There are multiple unanswered questions, including what locks in the autoimmune
process such that despite ability to delay beta cell destruction with multiple drugs, it recurs.
In addition biomarkers are not available to rapidly assess efficacy and thus current trials are
relatively long-term (one to two year outcomes for trials in new onset patients). Discovery of
biomarkers that reflect numbers/activities of antigen specific pathogenic T cells or
regulatory T cells we believe would be a major advance. Further structural knowledge of the
T cells targeting islet autoantigens and the specific peptides recognized are likely to be
needed. At present we can readily prevent autoimmune diabetes in animal models, predict
the development of diabetes in man, but cannot yet safely prevent in man. As this review has
highlighted considerable resources and thought is now devoted to achieving safe prevention
in man.
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Figure 1.
Hypothetical stages and loss of beta cells in an individual progressing to type 1A diabetes.
Reproduced with permission from Eisenbarth, GS. From www.barbardaviscenter.org
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Figure 2.
Pancreatic section from a type 1 diabetic pancreatic organ donor showing lobular destruction
of insulin producing beta cells in islets. On the left, there are islets with beta cells stained for
insulin while the islets on the right lack beta cells and insulin staining. The histology section
comes from the JDRF nPOD program, www.jdrfnpod.org.
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Figure 3.
Anti-CD3 monoclonal antibody treatment delays loss of C-peptide in new onset patients
with type 1 diabetes. From Herold et al Diabetes 54:1763-9, 2005.
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