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Abstract

Purpose of Review Type 1 diabetes (T1D) occurs when there is destruction of beta cells within the islets of Langerhans in the
pancreas due to autoimmunity. It is considered a complex disease, and different complications can surface and worsen the
condition if T1D is not managed well. Since it is an incurable disease, numerous treatments and therapies have been postulated
in order to control TID by balancing hyperglycemia control while minimizing hypoglycemic episodes. The purpose of this
review is to primarily look into the current state of the available immunological therapies and their advantages for the treatment of
T1D.

Recent Findings Over the years, immunological therapy has become the center of attraction to treat T1D.
Immunomodulatory approaches on non-antigens involving agents such as cyclosporine A, mycophenolate mofetil, anti-
CD20, cytotoxic T cells, anti-TNF, anti-CD3, and anti-thymocyte globulin as well as immunomodulative approaches on
antigens such as insulin, glutamic acid decarboxylase, and heat shock protein 60 have been studied. Aside from these two
approaches, studies and trials have also been conducted on regulatory T cells, dendritic cells, interleukin 2, interleukin 4,
M2 macrophages, and rapamycin/interleukin 2 combination therapy to test their effects on patients with T1D. Many of
these agents have successfully suppressed T1D in non-obese diabetic (NOD) mice and in human trials. However, some
have shown negative results.

Summary To date, the insights into the management of the immune system have been increasing rapidly to search for potential
therapies and treatments for T1D. Nevertheless, some of the challenges are still inevitable. A lot of work and effort need to be put
into the investigation on T1D through immunological therapy, particularly to reduce complications to improve and enhance
clinical outcomes.
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Introduction

Diabetes mellitus composes a group of metabolic defects due
to deformities in the action of insulin, the secretion of insulin,
or both. It is defined by hyperglycemia [1, 2].

Type 1 diabetes (T1D) arises from induced beta-cell auto-
immunity, which involves a process that is marked by the
production of islet-reactive autoantibodies [3]. These autoan-
tibodies play a major role in the development of autoreactive T
cells and are capable of destroying insulin-producing beta
cells. Overtime, there will be a progressive loss of beta-cell
function [4, 5] (Fig. 1). Various treatments and therapies have
been invented in order to control T1D by balancing hypergly-
cemia control while minimizing hypoglycemic episodes.
However, glycemic control alone does not cure or reverse
the autoimmune process [6]. Michels and colleagues have
reported on an update about the successful prediction and
prevention of type 1 diabetes. Autoantigens found in the islets
are thought to play a significant role in the pathogenesis of
T1D. In addition, genetic predisposition and several other en-
vironmental factors too are responsible for the development of
the disease [7].

Several new approaches have been designed and tested
to contain the disease. Immunological targets and related
therapy has gained much significance lately. Although im-
mune interventions have been studied in much detail, the
effectiveness of such strategies in curing T1D seems dis-
appointing. Scientists have, ever since, started to rethink
the immunotherapeutic strategies in the management of
this condition. Several studies involving laboratory ani-
mals have shown a large success. However, this could
not be translated into human studies. Our review, in this
direction, attempts to look into the current status of the
various reported immunological therapies for T1D.

PANCREAS

BETA CELL MASS

Fig. 1 Pathophysiology of T1D
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Methodology

This review on immunological therapies for T1D was carried
out from April 2018 to September 2018. Pubmed and Google
Scholar were the main resources used to perform online
searches. Keywords such as T1D, immunological therapies,
and immunomodulative approaches were used. Only papers in
English language were chosen. Among over 50,000 hits, 85 of
the most relevant papers were considered for this review. All
the authors were involved in the selection of papers.
Publications and reports that had the primary keywords, type
1 diabetes, immunology, and immunological therapy, were
selected for inclusion. In addition, reports and publications
that had the above keywords in the abstract or/and main text
were also included. Reference lists of selected publications
were also checked for additional articles. All relevant articles,
irrespective of the type of the study were included. These
included clinical studies, preclinical studies, opinions, re-
views, and commentaries. Non-immunological therapies, for-
eign language publications, unsolicited opinions, general
comments, and related papers were omitted. The titles, as well
as the abstracts, were screened thoroughly to assess the rele-
vance of each study for this review. Several meetings were
conducted to segregate the papers based on sub-clusters.
When there arose a conflict of opinion between two co-au-
thors, a third co-author was included.

Non-antigen Specific Inmunomodulative
Approaches
In the 1980s and early 1990s, several clinical intervention

trials were performed to investigate the use of general immu-
nosuppressive agents (non-antigen-specific) on T1D [8], with
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the hope that they would interrupt the autoreactive process and
halt the development of T1D. Some of these approaches de-
layed the progression of the condition. However, the benefits
disappeared when the immunosuppressive agents were re-
moved [9]. A list of non-antigen specific immunomodulatory
approaches is presented in Table 1.

Cyclosporin A (CsA)

Due to its powerful immunosuppressive capability, CsA is one
of the earliest immunosuppressive drugs used in patients who
were newly diagnosed with TI1D [10]. CsA is a calcineurin
inhibitor which interferes with signal transduction mediated
by T cell receptors (TCR), causing the inhibition of T cell
activation as well as the secretion of interleukin 2 (IL-2) by
helper T cells [11]. Its drawbacks include potential toxicity
towards pancreatic beta cells and the high cost of this drug [9].

Mycophenolate Mofetil (MMF)

MMF suppresses T cell responses towards allogeneic cells and
many antigens [12]. It inhibits inosine monophosphate dehy-
drogenase (IMPDH), the rate-limiting enzyme in the de novo
production of guanosine nucleotides. It suppresses the prolif-
eration of both T cells and B cells, thus reducing the formation
of antibodies and cell-mediated responses. Moreover, MMF
diminishes the recruitment of lymphocytes to inflammatory
sites and elevates their apoptosis rate [13]. A multicenter trial
conducted by the Type 1 Diabetes TrialNet at 13 sites in
Europe as well as North America aimed to determine whether
MMF alone or in combination with daclizumab (DZB) was
able to delay the destruction of beta cells. Subjects with recent
onset T1D were randomly allocated to MMF alone, the com-
bination of MMF and DZB, or placebo. Over 2 years of fol-
low-up, the mean of C-peptide was not affected by MMF
alone nor by the combination of MMF and DZB as compared

Table 1 Non-antigen specific immunomodulative approaches

Non-antigen specific
immunomodulative
approaches

Cyclosporin A (CsA)

Mycophenolate mofetil (MMF)

Rituximab (anti-CD20)

Cytotoxic T cells-associated protein 4
(CTLA-4)

* Abatacept

* Belatacept

Anti-TNF

* Etranercept

Anti-CD3

* hOKT3gammal (Ala-Ala)

* Aglycosylated human IgG-1 antibody
directed against CD3 (ChAglyCD3)

* Teplizumab

Anti-thymocyte globulin (ATG)

with placebo [14]. Regardless of its negative outcome in T1D,
the trial showed that not all immunosuppressive procedures
can treat T1D effectively. One potential explanation is that
DZB can remove cell subsets that help to maintain self-
tolerance in T1D [9].

Rituximab

Rituximab is a monoclonal antibody that targets the surface
marker B lymphocyte antigen-CD20 (CD20), which is
expressed only by pre-B cells and mature B cells [15]. The
expression of CD20 begins on the surface of the B cells from
the early phase of the life cycle and then progresses until
maturity [16].

In 2009, a phase 2 trial was conducted to determine if
rituximab can preserve beta cell function in T1D. Eighty-
seven patients with newly diagnosed TID were randomly al-
located to receive four weekly doses of rituximab or placebo.
One year after the first infusion, the mean C-peptide area
under the curve (AUC) was higher in the rituximab group than
in placebo, but unfortunately, this response was not sustained
long-term [17].

Cytotoxic T Cells-Associated Protein 4
Immunoglobulin

Cytotoxic T cell-associated protein 4 (CTLA-4) is an antigen
expressed by activated T cells that aids in the mediation ofa T
cell inhibitory signal to limit excessive T cell stimulation.
CTLA-4 immunoglobulins (CTLA4-Ig) such as abatacept
and belatacept are fusion proteins engineered pharmacologi-
cally to interfere with T cell immunity [18]. CTLA4-Ig con-
nects the extracellular binding domain of CTLA-4 to an Fc
domain of immunoglobulin G (IgG) and binds both CD80 and
CD86 with high affinity [19, 20]. When non-obese diabetic
(NOD) mice were treated with CTLA4-Ig, the protein was
shown to be ineffective against diabetes [21]. A phase 2 trial
was performed in which subjects received abatacept every
month for 2 years or placebo. Over 2 years, it was shown that
abatacept delayed the deterioration of beta cells function [22].

Anti-TNF

Anti-TNF drugs are used to treat chronic pro-inflammatory
autoimmune diseases such as RA [23]. However, a soluble
recombinant TNF receptor fusion protein that binds TNF
was unable to arrest the development or the progression of
T1D [24]. In contrast, a double-blinded study whereby
etanercept was used to treat children with recent onset
T1D showed that etanercept helped lower the insulin dose
required by the children given etanercept as compared with
the placebo group, suggesting that it might help preserve
beta cell function [25].
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Anti-CD3

Anti-CD3 is a monoclonal antibody that binds to CD3 regions
on the surface of T cells and. is commonly used in transplan-
tation and autoimmunity [26]. A study used non-activating
humanized anti-CD3 (hOKT3gammal (Ala-Ala), subsequent-
ly named teplizumab) to evaluate its reaction on insulin pro-
duction in patients with T1D. Twelve randomly selected par-
ticipants were given hOKT3gammal(Ala-Ala) for 14 days
whereas 12 others were not. hOKT3gammal (Ala-Ala) main-
tained insulin production in the subjects who were given the
monoclonal antibody [27]. Furthermore, in a multicenter,
phase 2 study, 80 subjects with recent T1D onset were
assigned randomly to receive anti-CD3 in the form of a gly-
cosylated human IgG-1 antibody directed against CD3
(ChAglyCD3) or placebo. Beta cell function was maintained
and the required insulin dose was lowered in the group receiv-
ing ChAglyCD3 [28]. Thus a 2 year, double-blinded trial was
conducted to evaluate the efficiency and safety of teplizumab
[29]. Teplizumab was injected intravenously daily for a period
of 14 days at baseline and then after 26 weeks in patients with
recent-onset T1D. Among 516 subjects, 513 were treated and
only 462 completed their 2-year follow-up. Upon 2 weeks of a
full dose of teplizumab, the mean C-peptide AUC loss was
reduced in the treated group as compared with the placebo
group, as was the required insulin dose. Therefore, teplizumab
appeared to be safe and effective in reducing the loss of C-
peptide in patients with T1D even 2 years after the diagnosis
[30]. However, the phase 3 clinical trial conducted by
MacroGenics on teplizumab failed to meet the primary
endpoint.

Anti-thymocyte Globulin

Anti-thymocyte globulin (ATG) is a polyclonal antibody that
can deplete T cells. It is often used in the setting of transplan-
tation rejection to avoid graft-versus-host disease (GVHD)
[31]. In an early study, ATG appeared to prevent C-peptide
loss [32]. In a more recent study, a 2-year randomized trial was
conducted in patients with new-onset T1D. In a post hoc anal-
ysis, the group of subjects who were given ATG showed
higher C-peptide AUC values as compared with the group that
was given a placebo. However, ATG can only considerably
reduce T cell subsets when given within a short period of time
after disease onset, and in most subjects, it does not preserve
islet function after 24 months [33].

Antigen-Specific Inmunomodulative
Approaches

Antigen-specific therapeutic approaches have been success-
fully applied to various autoimmune diseases [34]. Antigen-
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specific immune modulation can inactivate autoreactive T
cells, which has been leveraged in numerous trials on animals
and subjects with T1D [32]. A list of antigen-specific immu-
nomodulatory approaches is presented in Table 2.

Insulin

Insulin is activated via enzymatic cleavage to produce proin-
sulin and C-peptide from its preproinsulin precursor. In NOD
mice, insulin autoantibodies appear at the 8th week of age
[35]. When NOD mice were given 1 mg of insulin via oral
administration twice a week for 5 weeks, diabetes onset was
delayed, and diabetes incidence was lowered [36]. Moreover,
the development of diabetes was blocked when NOD mice
were given insulin intranasally [37]. However, in humans, oral
insulin administration did not stop the occurrence of T1D in
high-risk patients or delay its progression in newly diagnosed
patients. In a double-masked trial, first- and second-degree
relatives of individuals with T1D were screened, and 97,273
samples were analyzed. Three thousand four hundred eighty-
three individuals had positive anti-islet cell antibodies, and
372 were randomly allocated to receive 7.5 mg/day of oral
insulin or placebo. Forty-four patients who were given insulin
and 53 who received placebo were diagnosed with diabetes,
showing that oral insulin did not slow down or block the
progression of T1D [38]. In a 2-year trial, 52 subjects with
new-onset T1D were randomly assigned to nasal insulin or
placebo. Within this period, serum C-peptide, fasting blood
glucose, serum antibodies to islet antigens, and glucagon-
stimulated serum C-peptide levels were carefully monitored.
Overall, the 3 cell function dropped by about 35% and 23 of
52 participants (44%) progressed to insulin treatment. Most of
the metabolic parameters remained the same between nasal
insulin and placebo groups, but the insulin antibody response
to injected insulin was significantly blunted in a sustained
manner in those who had received nasal insulin. Therefore,
it can be concluded that inhalation insulin did not prevent T1D
[39]. Despite the negativities, evidence shows that immune
tolerance to induced insulin contributes a theory for its ap-
proach to inhibit T1D. A significant study conducted by the
TrialNet Oral Insulin Group revealed crucial information re-
garding insulin based intervention in T1D. The findings sug-
gest that oral insulin did not delay or prevent the development

Table 2 Antigen specific immunomodulative approaches

Insulin

Glutamic acid decarboxylase (GAD)

* Glutamic acid decarboxylase 65 (GAD65)
» Alum-formulated GAD (GAD-alum)
Heat shock protein 60 (Hsp60)

* Heat shock protein 65 (Hsp65)

* DiaPep277

Antigen specific
immunomodulative
approaches
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of type 1 diabetes. The study recruited a total of randomly
selected 560 autoantibody-positive participants. Diabetes
was diagnosed in 28.5% and 33% subjects in the oral insulin
and the placebo groups respectively. However, there was no
significant difference in the time to diabetes between the two
groups [40].

Glutamic acid decarboxylase 65 (GAD 65)

In preclinical studies in NOD mice, GAD65 can induce
immunotolerance and halt diabetes development before the
onset of the disease. The immune responses of T-helper 2 cells
(Th2) to GAD65 were studied to determine if inhibition of the
cascade of T-helper 1 cells (Th1) which leads to T1D can be
arrested before the onset of diabetes. In 2 to 3-week-old NOD
mice, the administration of GAD65 induced IgG-1 antibodies
at high levels. GADG65 effectively lowered insulitis as well as
T1D [41].

In clinical trials, the ability of alum-formulated GAD
(GAD-alum) to overturn recently diagnosed T1D was
tested in individuals of 10 to 18 years of age. Seventy
participants with fasting C-peptide levels of more than
0.3 ng/mL were randomly allocated to receive 20 pg of
GAD-alum or placebo (alum alone). In both the GAD-
alum and the placebo group, there was a gradual decrease
in the level of insulin secretion. However, after 15 months,
no changes were shown in the fasting C-peptide level. As
compared with the placebo group, the fasting C-peptide
level of the GAD-alum group decreased less over
30 months. Thus it seemed that GAD-alum contributed
to the preservation of insulin secretion but failed to reduce
insulin requirements in patients with new-onset T1D [42].
To further support this finding, a double-masked, random-
ized trial was performed in 145 individuals with T1D. In
this study, GAD-alum did not change the loss of insulin
secretion in patients with newly diagnosed T1D [43]. In
another phase 2 study designed to evaluate the safety and
adequacy of GAD-alum, 70 subjects of 10 to 18 years of
age were enrolled to receive either 20 pg of GAD-alum
subcutaneously or placebo. After 15 months, insulin se-
cretion as measured by C-peptide was significantly pre-
served in the GAD-alum group as compared with the pla-
cebo group, with a lower reduction in fasting C-peptide
level between day 1 and month 15 in the GAD-alum
group [44].

Heat Shock Protein 60

Heat shock protein 60 (Hsp60) is a protein expressed in mito-
chondria that aids in the folding of small and soluble proteins
that takes place at the mitochondrial matrix [45]. Under con-
ditions of mitochondrial stress, its expression is upregulated.
Hsp60 is also found to be elevated in T1D [46°]. In NOD

mice, the antigen that targets beta cells was found to cross-
react with the heat shock protein 65 (Hsp65) of the bacteria
Mycobacterium tuberculosis. Beta cell destruction was linked
to the spontaneous growth of anti-Hsp65 T cells. The Hsp65
cross-reactive antigen was also detectable in the blood of pre-
diabetic mice but declines with overt T1D development.
Clones of anti-Hsp65 T cells had the ability to cause insulitis
as well as hyperglycemia in young NOD mice [47].
DiaPep277 is a synthetic peptide derived from Hsp60 [26].
According to a phase 2 trial, 35 male patients with C-peptide
levels higher than 0.1 nmol/L were treated periodically with
1 mg of DiaPep277 or placebo for 12 months and observed for
18 months. At the 18th month, the level of C-peptide was
sustained in the DiaPep277 group, whereas the level of C-
peptide was decreased in the placebo group. Additionally,
the exogenous insulin requirement was lower in the
DiaPep277 group than the placebo group [48]. However, a
phase 2 study of DiaPep277 in children failed to show pres-
ervation of beta-cell function: 30 children with T1D aged 7 to
14 years received DiaPep277 (1 mg) subcutaneously or man-
nitol (40 mg) at study entry and at the 1st, 6th, and 12th
months. The C-peptide levels in both DiaPep277 and mannitol
groups decreased similarly over time and there was no signif-
icant change in the insulin dose in both groups [49].

Other Inmunomodulative Approaches
Regulatory T Cells

In the mid-1990s, CD4 was found to be expressed on a
subpopulation of suppressor T cells, named regulatory T
cells (Tregs). Tregs aid in the maintenance of immune
tolerance, suppress allergies and asthma, and prevent au-
toimmune diseases [50, 51]. Tregs can also induce resis-
tance against dietary antigens [52]. In 2003, the forkhead
box transcription factor (FOXP3) was found to assist
Tregs in inducing immune tolerance [53]. Tonkin and col-
leagues used NOD mice to evaluate the influence of Tregs
in suppressing T1D. Their findings showed that Tregs is
capable of suppressing T1D only in the presence of their
Ag. The suppression was not observed in mice that lacked
Treg Ag in their islets [54]. Several cell surface markers
are commonly employed in the identification of Tregs.
These are CD4(+)CD25(+)Foxp3(+) and CD45 isoforms
RA/RO [55]. It is now known that T1D patients show a
Tregs activation defect, who have increased resting Tregs
(rTregs) and reduced activated Tregs (aTregs) [56].
Despite several attempts made to study, the expression
of Tregs in type 1 diabetic patients to evaluate its function
in immune tolerance, the effect of Tregs in subjects with
T1D still remains greatly unknown.
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Dendritic Cells

Dendritic cells are antigen-presenting cells derived from the
bone marrow. The interface between both adaptive and innate
immunities are needed for the induction of both humoral and
cellular immunities [57], including the activation of T cells
[58]. They help maintain immune tolerance by clearing apo-
ptotic cells rapidly. To determine if dendritic cells can prevent
T1D by reestablishing peripheral tolerance via the use of den-
dritic cells primed with apoptotic bodies from beta cells, NOD
rat insulin promoter interferon-3 mice were injected and test-
ed with dendritic cells that had been cultured with nitrilase-1
apoptotic bodies. The treatment group had lower disease inci-
dence than the control group [59]. Though favorable out-
comes were seen in NOD mice, unsatisfactory results were
achieved in humans with T1D [60]. A randomized phase 1
study of 10 subjects with T1D who were injected with den-
dritic cells into the abdomen intradermally and monitored for
12 months showed that the therapy was safe [61]. However,
several other human studies resulted in unsatisfactory results.
There are several factors contributing to this. In contrast to
homogenous mice strains, human subjects are naturally het-
erogeneous, which is one of the important factors contributing
to unsuccessful outcomes. In addition, there is the factor of
differential environmental exposures that exist in subjects
with T1D [60].

Interleukin 2

IL-2 is produced by activated CD4" T-helper cells and en-
hances T cell proliferation and differentiation [62, 63]. In ad-
dition, IL-2 allows the formation of CD8* memory T cells and
full secondary expansion [64], raising the possibility that it
might be used to develop vaccines or as a therapeutic strategy
in autoimmune diseases. In early studies [65], immunother-
apies involving IL-2 reversed diabetes in NOD mice.
Deficiency of IL-2 resulted in the loss of regulatory T cell
function in the NOD model. A potential improvement can
be made by using antibody-bound IL-2 (Ab/IL-2). NOD mice
with recent onset of diabetes were injected with Ab/IL-2 in-
traperitoneally for 21 days. After 3 weeks of Ab/IL-2 treat-
ment, 6 out of 13 NOD mice became normoglycemic, and
NOD mice injected with Ab/IL-2 survived even when insulin
therapy was not provided. However, Ab/IL-2 treatment could
not reverse the onset of hyperglycemia if it was delayed for
4 weeks after the onset of diabetes [66].

Interleukin 4

. In NOD mice, IL-4 has been shown to block T cell responses
and protect against diabetes [67, 68]; IL-4 also prevented
insulitis in NOD mice [69]. IL-4 immunotherapy has been
attempted in NOD mice by employing adenovirus vectors to
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mediate gene transfer, which lowered diabetes incidence from
80 in the control group to 20% in the treated group [70].

M2 Macrophages

Macrophages play a vital role in immune functions of the
body [71, 72]. Macrophage polarization and the overall roles
of M1 and M2 macrophages are simplified in Fig. 2. A study
conducted [73] on NOD mice to determine the effect of TGF
beta/IL-4/ IL-10 on the immunosuppression of M2 macro-
phage phenotype (M2r) revealed that more than 80% of the
NOD mice were protected against T1D for at least 3 months,
and NOD mice which were treated with M2r had an increased
amount of beta cells in the pancreas [74].

Combination Therapies

To date, clinical trials on the evaluation of combination ther-
apies for T1D are very limited. The success of combination
therapies of immunomodulatory agents in NOD mice might
not have the same outcome in humans [75]. In NOD mice, the
combination of rapamycin and IL-2 combination have proven
to be effective against T1D. To prove the effectiveness and
safety of this combination therapy in humans, a phase 1 trial
was conducted on nine subjects. Within the first month of
therapy, the levels of Tregs were increased in parallel to the
IL-2 treatment, but there was a transient metabolic worsening
indicating that IL-2 therapy can enhance the level of Tregs in
patients with T1D [76] while promoting beta cell dysfunction.
Given the dearth of data, it is necessary to perform more trials
by using combinations of different immunosuppressive agents
in patients with T1D to seek promising drug combinations
[77].

GNbAC1

A newly established therapeutic strategy uses the human en-
dogenous retrovirus-W (HERV-W) envelope [78, 79].
Numerous experiments and studies suggest that this genome
is involved in T1D pathogenesis. HERV-W envelope was de-
tected in 70% of the sera of patients with T1D, whereas it was
present in only 12% of patients without diabetes [80].
Similarly, its RNA was detected in 57% of individuals with
TID but only in 12% of those without diabetes [81e¢].
GNDbLACI is an IgG-4 kappa recombinant antibody that was
developed to target the genome specifically and to cause neu-
tralization of the effects of HERV-W envelope both in vitro
and in vivo. Currently, the safety aspects of GNbACI and its
effect on insulin production in patients with recent onset T1D
is being studied [82]. If the outcomes are positive, treatment
with GNbAC1 might open a door for the immunomodulation
of T1D [83, 84].

Challenges and Conclusions

Insights into the immune system have been increasing at a
great rate. A major hurdle in T1D immunotherapy is that the
interventions are typically deployed when the immune re-
sponses have already peaked. Therefore, the timing of inter-
vention is considered very significant if one is to interfere with
the progression of T1D. Other challenges include the lack of
adequate endpoints to evaluate outcomes and the difficulties
in predicting the outcome of these therapies from animal
models to human subjects. Most immunotherapies focus on
ways to suppress autoimmunity to restore and preserve the
function of insulin-secreting beta cells in the pancreas.
Immunotherapy remains a promising approach in search of a
cure for T1D.
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