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Overview

Type 1 diabetes (T1D), a disease that asserts through autoimmune response marked
by an infiltration of pancreatic tissue with autoreactive CD4+/CD8+ T-lymphocytes,
leads to comprehensive destruction of insulin producing β-cells and a loss of glucose
homeostasis. The World Health Organization (2011) estimates global prevalence
approaching 350 million people, and at the current pace this number is likely to
double by the year 2025. Although T1D prevalence accounts for only 5–10 % of
total diabetes (≈35 million) cases, its increasing incidence is projected to affect a
global population of 80 million by the year 2025, with the vast proportion being
juveniles, below 5 years of age. Among the pathogenic factors associated with T1D
are a range of autoantibodies and disease pathology further complicated by a myriad
of environmental and genetic factors associated with several human and (non-)
human leukocyte antigenic (HLA) genes. To date, clinicians’ understanding of T1D
aetiology and progression has been largely based upon the findings drawn from
rodent models of the disease, however, this serves to further obscure our under-
standing of the disease, given that considerable disparities exist when translating the
same data to human subjects. Limited availability of autoantibody assays and
biomarkers and the inevitable incidence of micro- and macrovascular complications
further hamper successful disease intervention. Lifelong insulin replacement
remains the mainstay of symptomatic treatment and despite significant advances
being made over recent decades with interventions such as closed-loop glucose
monitoring, β-cell replacement, immunotherapy with antiglobulins and regulatory
T-cells researchers are yet to find a safe, effective and universally acceptable
approach for curing T1D. In this Review we offer critical insights and appraisal of
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recent breakthroughs in T1D modulation, with particular emphasis on the potential
impact of current prevention and treatment strategies, closing with discussion on
recent successes and failures in clinical trials.

viii Overview



Chapter 1
Introduction to Diabetes and Type 1
Diabetes

1.1 Introduction

1.1.1 Defining Diabetes

The World Health Organization (WHO) classification of diabetes has been the
subject of subtle iterations over the years, with their most recent classification
published back in 1985. At that time an expert committee on the diagnosis and
classification of diabetes mellitus identified two main types of diabetes: type 1
diabetes (T1D) and type 2 diabetes (T2D). Additionally, the less common gesta-
tional diabetes (GDM) that occurs exclusively during pregnancy was also observed
and noted. Higher physiological levels of glucose, often called hyperglycemia,
resulting from either insulin resistance or deficiency are a key characteristic of T2D
(Alberti and Zimmet 1998; Cnop et al. 2005). In the case of GDM expectant
mothers, those usually in their third trimester are more susceptible to persistently
high blood glucose levels and this typically affects 3–10 % of the pregnant popu-
lation (Buchanan and Xiang 2005; Centers for Disease Control and Prevention,
2005; Setji et al. 2005; Singh and Rastogi 2008; Ornoy 2011). For the purpose of
this book, however, we project our focus primarily on the wide range of issues and
challenges common to T1D. Table 1.1 provides a snapshot of the key features of
each diabetes classification alluded to above, namely the prevalence, etiology,
symptoms, diagnostic indicators, and associated complications.

Insulin, an endogenous hormone is secreted by b-cells present in the Islets of
Langerhans of the pancreas and is responsible for maintaining homeostatic, eug-
lycemic levels (80–110 mg/dL or 4.5–6.2 mmol/L) within the body (Fig. 1.1).
Lowered insulin secretion elevates blood glucose levels beyond the normal range,
leading to hyperglycemia. Insulin facilitates glucose utilization, energy generation
and stores energy, predominantly in the hepatocytes, adipocytes, and myocytes. The

© The Author(s) 2016
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hormone is first synthesized in its precursor form which is known as ‘preproinslin’,
after which proteolytic enzymes cleave the signal sequence and generate ‘proin-
sulin’ (86 amino acid containing protein) arranged in three distinct peptide chains:
A- (21 amino acid), C- (31 amino acid), and B-chain (30 amino acid). The protein is
further processed by proteases within endoplasmic reticulum (ER), cleaving the
C-peptide (C-chain) and forming a 51 amino acid bridged peptide, which is active
insulin. The discarded C-peptide portion of proinsulin is a reliable marker of insulin
secretion and is routinely used as a diagnostic marker, as well as to develop ther-
apies and better understand the pathophysiology of diabetes mellitus.

T1D is an autoimmune disease, usually diagnosed in children and young adults,
where pancreatic β-cells are attacked by autoantigens, that is, an immune-mediated

Table 1.1 Classification of diabetes and their associated attributes

Classification
of diabetes

Type 1 diabetes (T1D) Type 2 diabetes (T2D) Gestational diabetes

Synonym IDDM, juvenile-onset
diabetes

NIDDM, adult-onset
diabetes

GDM

Epidemiology 5–10 % of total cases 90–95 % of total cases 3–10 % of pregnancies

Risk group Typically <20-years old Adults (≥25-years) Pregnant women
>25-years old

Risk factors Susceptible HLA genes,
autoantibodies,
environmental factors
(dietary factors and
viral infection)

Obesity, old age, and
unhealthy lifestyle

Placental hormones,
elevated BMI before
pregnancy, age of
conception, and race

Symptoms Polydypsia, polyphagia,
polyuria and weight
loss

Polydypsia,
polyphagia, polyuria
and weight loss,
fatigue, slow wound
healing

As for T1D and T2D

Etiology Autoimmune β-cell
destruction, idiopathic

Insulin resistance Insulin resistance or
deficiency

Diagnosis HbA1c level >6.5 %,
GAD, insulin and IA2
antibodies and HLA
genotyping

Fasting BGL
≥7 mmol/L, 2 h
BGL ≥7.8 mmol/L

OGTT (75 g glucose
load, fasting
BGL ≥7 mmol/L,
2 h BGL ≥7.8 mmol/L)

Complications Micro- and
macrovascular diseases.
Prominence of
microvascular (e.g.,
retinopathy,
nephropathy, and
neuropathy)

Micro- and
macrovascular
diseases. Prominence
of macrovascular (e.g.,
heart disease,
hyperlipidemia and
ketoacidosis)

Congenital defects,
neonatal
hypo/hyperglycemia,
fetal macrosomia, and
perinatal mortality

Body mass index = BMI; Insulin-dependent diabetes mellitus = IDDM; Non-insulin dependent
diabetes mellitus = NIDDM; Glutamic acid decarboxylase = GAD; HbA1c = Glycated
hemoglobin; Oral glucose tolerance test = OGTT; Islet antigen = IA2

2 1 Introduction to Diabetes and Type 1 Diabetes



attack against one’s own tissues, specifically, insulin producing β-cells in the Islets
of Langerhans of the pancreas resulting in depleted insulin levels, which, if left
untreated, leads to hyperglycemia. There is substantial credible evidence high-
lighting that autoimmunity is the root cause of T1D, this stemming from the gross
infiltration of Islet of Langerhans by antigen presenting cells (APCs) such as
macrophages (Mϕ), dendritic cells (DCs) as well as B- and T-lymphocytes (CD4+

and CD8+) (Nerup et al. 1994; Kaufman 2003; Pihoker et al. 2005; Kabelitz et al.
2008).

The human adaptive immune system possesses a characteristic feature to respond
to the foreign/non-self-antigens, wherein it fails to react to antigen derived from
self-tissues (self-antigens/autoantigens). However, for unknown reasons, the
immune system mistakenly identifies these autoantigens as foreign bodies and
mounts an immune response against them. Once these autoantigens are identified,
peptide major histocompatibility complex (pMHC) expressed on the surface of
APCs (DCs and mTECs; medullary thymic epithelial cells) within thymic medulla
complexes with the T-cell receptor (TCR) on the T-cell’s surface (shown in Fig. 2.2)
is given but artwork not provided. Please check and provide artwork and caption for
Fig. 3 or delete these citation." –>) (Concannon et al. 2009). Even after the identi-
fication of these autoantigens, a vast population fails to develop autoimmunity due to
active self-tolerance mechanisms (Parish and Heath 2008). In a state of active tol-
erance, autoreactive T-cells developed toward autoantigens are then purged out of
the system either by (a) central/thymic tolerance or (b) peripheral tolerance. Central
tolerance occurs within the thymus gland wherein T-cells undergo positive and
negative selection. In positive selection, T-cells are given survival signal following
their binding with MHC/peptide complex with adequate affinity. During develop-
ment within thymus, T-cells are educated to delete T-cells with high avidity T-cell
receptor (TCR) for autoantigens (self-reactive). These self-reactive T-cells are
purged either by; (1) clonal deletion, i.e., physiological deletion of the autoreactive
T-cells, or (2) anergy, i.e., functional inactivation of the autoreactive T-cells. On the
other hand a minor population of low avidity autoreactive T-cells often manages to
survive and escape central tolerance processing, migrating into the periphery. These

Dietary intake

Blood glucose level

Pancreas

Proinsulin secreted

B-chain

C-peptide

A-chain Active insulin

Glucose stored

Adipocytes

Hepatocytes

Muscle cells

Islet of Langerhans
((α & β cells))

Fig. 1.1 General scheme of insulin biosynthesis and physiological function
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low avidity T-cells in the periphery are of particular concern given their ability to be
processed by the host immune system are a danger to the host immune system, with
the potential of developing autoimmunity. Although these autoreactive T-cells
bypass the central tolerance, they can still be curbed from spreading within the
periphery by what is known as peripheral tolerance (Mueller 2009). One of the
purported regulatory actions of peripheral tolerance is self-ignorance, whereby
autoreactive T-cells persist in the periphery but in a naïve state, where they are
incapable of imparting any deleterious autoimmune effects. However, it has been
shown in a range of experimental models that, if ‘self’ pMHC complexes are suf-
ficiently outnumbered, the low avidity T-cells may be activated, once again leading
to the genesis of autoimmunity (Zehn and Bevan 2006; Henrickson et al. 2008).

1.1.2 Type 1 Diabetes: Epidemiology and Perspectives
of a Global Epidemic

According to recent World Health Organization (WHO) estimates, nearly 350
million patients globally suffer from either form of diabetes, with as many as 35
million cases, or 10 % of the total, being attributed to T1D. Furthermore, if WHO
predictions are to be believed by then this number is expected to be more than
double by the year 2025 (≈80 million cases) (Haller et al. 2005; Centers for
Disease Control and Prevention 2011). Population-based registries maintained over
a span of the last 50 years have shown a global variation in the incidence, preva-
lence, and temporal trends of T1D. A highly cited article by Onkamo et al. provided
one of the most informative and invaluable global incidence trends of T1D; this
represents the most extensive analysis, collating data from 37 independent studies
on the alarming global increase (across 27 countries) in T1D cases, over almost four
decades (1960–1996) (Onkamo et al. 1999). The accumulated data indicated an
annual increase in incidence of 3 % with a greater relative increase in lower-
incidence countries. This in retrospect proved relatively conservative with the actual
increase now being estimated close to 3–5 % (Green and Patterson 2001; Patterson
and Dahlquist 2009).

Global prevalence and trends of T1D were, up until 1980 particularly difficult to
map given the dearth of standardized epidemiological data collection and analysis
methods. However, this situation changed with the commencement of large-scale
epidemiological studies such as DIAMOND and EURODIAB (Karvonen et al.
2000; Green and Patterson 2001). Diabetes Mondiale (abbreviated to DIAMOND),
a comprehensive multinational project was initiated in 1990 by the WHO; their
study incorporated 114 independent data sets of children only (<14 years of age)
collated from 112 centers across 57 countries from 1990 to 1999. An annual
increase in incidence of 2.8 % was calculated over the study period, which was
in-line with previous estimates (Karvonen 2006). A second significant study,
EURODIAB project (epidemiology and prevention of diabetes) was conducted
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primarily across the regions of Europe and Israel from 1988 to 2003 with the
inclusion of nearly 17 million children (<15 years of age). An overall annual
increase of 3.9 % calculated from the EURODIAB study was somewhat higher than
the projections from DIAMOND and Onkamo’s studies. A closer look at the
EURODIAB data revealed the highest increase in incidence rates for the youngest
age group of 0–4 years (5.4 %), compared with 4.3 and 2.9 % in the 5–9 and 10–14
age groups, respectively. The studies collectively reported no significant difference
between male and female incidence risk, with peak incidence occurring at puberty.
Following analysis of the data from the EURODIAB study, disease prevalence was
projected to increase by 70 % over 15 years, from 94,000 cases in 2005 to 160,000
cases by 2020 (Patterson and Dahlquist 2009). Indeed such a steep increase cannot
be explained by genetic predisposition alone, as this could not be mapped over a
much longer time frame.

The aforementioned studies have not only proven invaluable to predict the
overall incidence trend, but additionally they highlight stark variations in preva-
lence across the continents of Europe and North America compared to Asia.
Notwithstanding the significant trend differentials it remains uncertain whether this
difference is absolute or attributed to the sparse reporting from within the Asian
regions. Furthermore, there are reports of intra-country variations coupled with
north–south hemispheric divide, in T1D incidence. Sardinia for example, had a
five-fold greater incidence compared to the other mainland Italian regions (Soltesz
et al. 2007; Maahs et al. 2010), while countries such as China and Venezuela
presented incidence rates as low as 0.1 cases/100,000/year compared to a staggering
40.9 cases/100,000/year in Finland, which correlates to a staggering circa 400-fold
difference (Karvonen et al. 2000; Karvonen 2006; Harjutsalo et al. 2008). Another
prospective USA-based study launched in 2000, which concludes in 2015, is the
Search for Diabetes in Youth (SEARCH) project. This study, encompassing sub-
jects <20-years old is unique as it is the first such targeted epidemiological project
including patients of all major races/ethnic groups in the USA and will study the
incidence of T1D as well as attempting to identify key associated environmental
factors of the disease.

The findings of studies surmised above all paint an alarming picture on T1D
global prevalence. Further, it is predicted that future projected incidence of T1D
will be higher in presently reported low incidence countries, as well as in devel-
oping countries, due to their adoption of western nutrition and lifestyle habits.
Collectively, the data depict that steep increase in the incidence is attributed to a
broad range of factors aside from genetic predisposition, i.e., environmental factors
that include viral infection, increased maternal age, early life nutrition habits, etc.
All these factors have driven epidemiologists and the wider research community to
carefully scrutinize possible causes for the sharp increases in T1D cases, along with
the observed variations in different populations, all of which is expected to place
serious pressure on already underfunded healthcare budgets and operations, and this
can only be alleviated through better regulated, globally coordinated epidemio-
logical studies in T1D.
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Chapter 2
Triggers Causing Type 1 Diabetes

2.1 Introduction

The precise cause(s) of T1D are not fully understood to the researchers; however, it
appears to be a combination of several factors which includes genetics as well as
environment. It is observed that children with parents or sibling with T1D has 2–
6 % risk compared to a risk of about 0.4 % in general population. Other autoim-
mune diseases, such as thyroid disease and celiac disease make a patient more
prone to develop T1D. Furthermore, it is observed that certain ethnicities across the
world are at greater risk to develop the disease compared to other. For example:
Caucasians in America are more susceptible compared to African Americans,
Native Americans, Asian Americans, and Latinos (Nielsen et al. 2014).

2.1.1 Genetic Susceptibilty

The significant role of ones’ genetic makeup in T1D has long been established and
it is for this reason that a great deal of investigation has focused on identifying
susceptible gene families. The best evidence for the involvement of genetic com-
ponents comes from the studies conducted and correlating the data from both
animal models of the disease and humans (Risch 1987; Davies et al. 1994; Lyons
and Wicker 1999).

© The Author(s) 2016
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2.1.1.1 Human Leucocyte Antigen (HLA Genes)

Most T1D risk is contributed by major histocompatibility complexes (MHC),
located on the short arm of chromosome 6 (locant 6p21.3), otherwise termed human
leucocyte genes (HLA) (Pociot and McDermott 2002). HLA genes fall into three
different families, class I, II, and III (Fig. 2.1). Among the three families, HLA class
II genes, with specific allelic regions DR and DQ are primarily involved in T1D
progression (Table 2.1). These genes together constitute around 40–50 % of pre-
disposition risk. Within families the risk of disease is found to be highest in
monozygotic twins, followed by first and second-degree relatives with 50 and 25 %

Fig. 2.1 Detailed genetic composition on human MHC (HLA) including type 1 diabetes risk

8 2 Triggers Causing Type 1 Diabetes



T
ab

le
2.
1

R
ol
e
of

no
n-
H
L
A

ge
ne
s
in

su
sc
ep
tib

ili
ty

N
on

-H
L
A

ge
ne
s
an
d

ch
ro
m
os
om

e
lo
ca
tio

n

PT
PN

22
(1
p1

3.
3-
13

.1
)

IN
S

(1
1p

15
.5
)

C
T
L
A
-4

(2
q3

3.
2)

IL
2R

A
/C
D
25

(1
0p

15
.1
)

R
ol
e
in

T
1D

E
nc
od

es
L
Y
P;

a
do

m
in
an
t

ne
ga
tiv

e
an
tig

en
-T
C
R

re
gu

la
to
r
th
at

ac
ts
vi
a

de
ph

os
ph

or
yl
at
io
n
an
d

in
ac
tiv

at
io
n
of

T
-c
el
l

E
nc
od

es
pr
e-
pr
oi
ns
ul
in

pe
pt
id
e

(i
ns
ul
in

pr
ec
ur
so
r)

Su
rf
ac
e
m
ol
ec
ul
e
pr
es
en
t
on

T
-c
el
ls
;
ne
ga
tiv

e
re
gu

la
to
r
of

T
C
R
ac
tiv

at
io
n;

bl
oc
ks

B
7-
1

an
d
B
7-
2
(a
ls
o
ca
lle
d
C
D
80

&
C
D
86

)
(s
ee

Fi
g.

2.
2)

E
nc
od

es
α-
ch
ai
n
of

IL
-2

re
ce
pt
or

co
m
pl
ex

(a
ls
o
ca
lle
d

C
D
25

)
es
se
nt
ia
l
fo
r

se
lf
-t
ol
er
an
ce

of
T
re
g
ce
lls

M
aj
or

fi
nd

in
gs
/

M
ut
at
io
ns

SN
P
at

ba
se

pa
ir
18

58
fr
om

cy
st
ei
ne

to
th
ym

in
e

(1
85

8C
→

18
58

T
)
re
su
lte
d

in
am

in
o
ac
id

ch
an
ge

fr
om

ar
gi
ni
ne

to
tr
yp

to
ph

an
(R
62

0
W
)

M
ut
at
io
n
fo
un

d
hi
gh

er
in

T
1D

po
pu

la
tio

n
co
m
pa
re
d
to

he
al
th
y
co
nt
ro
ls

V
N
T
R
re
gu

la
te
s
IN

S
ex
pr
es
si
on

;
V
N
T
R

cl
as
si
fi
ca
tio

n:
•
C
la
ss

I:
2–
5
fo
ld

in
cr
ea
se

in
T
1D

ri
sk

(2
6–
63

re
pe
at
s/
̴

0.
57

kb
p)

•
C
la
ss

II
:
M
os
t
ra
re

al
le
le

(8
0–
85

re
pe
at
s/
̴1
.6
4k

bp
)

•
C
la
ss

II
I:
In
cr
ea
se
d
ex
pr
es
si
on

in
th
ym

us
an
d
de
cr
ea
se
d
in

pa
nc
re
as

an
d
re
su
lts

in
ef
fi
ci
en
t
th
ym

us
se
le
ct
io
n
an
d

pr
ot
ec
ts
ag
ai
ns
tT

1D
(1
41
–
20

9
re
pe
at
s/
̴2
.4
kb

p)

T
hr
eo
ni
ne

to
al
an
in
e
(A

49
G
)

su
bs
tit
ut
io
n
le
ad

to
ab
no

rm
al

po
st
-t
ra
ns
la
tio

na
l
gl
yc
os
yl
at
io
n

an
d
de
cr
ea
se
d
C
T
L
A
-4

su
rf
ac
e

ex
pr
es
si
on

an
d
re
du

ce
d
T
re
g

ce
lls
.

C
yt
os
in
e
to

th
ym

id
in
e
(C
31

8T
)

le
ad
s
to

in
cr
ea
se
d
C
T
L
A
-4

ce
ll

su
rf
ac
e
ex
pr
es
si
on

an
d
he
nc
e

im
pa
rt
s
pr
ot
ec
tio

n
ag
ai
ns
t
T
1D

D
iff
er
en
t
IL
-2
R

SN
P
ha
ve

be
en

as
so
ci
at
ed

w
ith

hi
gh

ri
sk

of
T
1D

su
ch

as
rs
41

29
50

61
an
d
ss
52

58
01

01
;
rs
12

72
24

95
fo
un

d
to

al
te
r
T
re
g
fu
nc
tio

n

R
ef
er
en
ce
s

B
ot
tin

i
et

al
.
(2
00

4,
20

06
),

N
ie
ls
en

et
al
.
(2
01

1)
B
el
le
ta
l.
(1
98

4)
,K

en
ne
dy

et
al
.

(1
99

5)
,
Pu

gl
ie
se

et
al
.
(1
99

7)
,

V
afi
ad
is
et

al
.
(1
99

7)

Sa
lo
m
on

an
d
B
lu
es
to
ne

(2
00

1)
,

A
nj
os

et
al
.(
20

02
),
W
an
g
et

al
.

(2
00

2)
,
B
uh

lm
an
n
et

al
.
(2
00

3)
,

W
an
g
et

al
.
(2
01

1)

E
sp
in
o-
Pa
is
an

et
al
.
(2
01

1)
,

G
ill
es
pi
e
an
d
B
or
as
ka

(2
01

1)
,

G
ar
g
et

al
.
(2
01

2)

Pr
ot
ei
n

ty
ro
si
ne

ph
os
ph

at
as
e
no

n-
re
ce
pt
or

22
=

PT
PN

22
;
In
su
lin

ge
ne

=
IN

S;
C
yt
ot
ox

ic
T
-l
ym

ph
oc
yt
e
an
tig

en
4
=

C
T
L
A
-4
;
In
te
rl
eu
ki
n

2
re
ce
pt
or

al
ph

a
=
IL
2R

A
;
L
ym

ph
oi
d
ty
ro
si
ne

ph
os
ph

at
as
e
=
L
Y
P;

T
-c
el
l
re
ce
pt
or

=
T
C
R
;
Si
ng

le
nu

cl
eo
tid

e
po

ly
m
or
ph

is
m

=
SN

P;
V
ar
ia
bl
e
nu

m
be
r
of

ta
nd

em
re
pe
at
s
=
V
N
T
R
;
ki
lo

ba
se

pa
ir
=
kb

p;
T
re
gu

la
to
ry

ce
lls

=
T
re
g

2.1 Introduction 9



sharing, respectively. In contrast, several HLA class II alleles have been shown to
confer a higher degree of protection against the development of T1D. One such
gene is encoded at HLA-DQB1*0602 (Todd et al. 1987). It is further interesting to
note that these alleles are capable of protection even in the presence of high risk
alleles or T1D associated autoantibodies (Pugliese et al. 1995; Pociot et al. 2010).

2.1.1.2 Non-Human Leucocyte Antigen (Non-HLA Genes)

HLA genes account for some 40–50 % of genetic predisposition, suggesting that
supplementary risk factors also play a near equivalent role in T1D progression.
Efforts to identify such non-HLA genes have been possible, most notably through
Genome-wide association studies (GWAS) and Gene-linkage studies (Davies et al.
1994; Hirschhorn and Daly 2005). GWAS is an approach which involves scanning
markers, which can rapidly scan across the genome of an individual to find genetic
variations which are associated with a particular disease (National Human Genome

Fig. 2.2 Communication and interaction pathways between an APC and T-cell. APC presents a
processed antigen peptide via HLA II on to the TCR/CD3 complex present on the T-cell surface.
For the full activation of the T-cell, a second signal is required and this signal is generated via
costimulatory molecular interaction between CD28 on the T-cell surface and B7-1 (CD80) and
B7-2 (CD86) on the APC surface. Additional signaling messengers are present in the cell cytosol
with positive regulatory tyrosine kinases such as LCK, CSK, VAV, ZAP-70 and CD3-ζ. These
tyrosine kinases are inhibited by the LYP/CSK complex. CTLA-4 molecule is an inhibitory
molecule, which competes with CD28 for occupying the B7-1 or B7-2 pockets; this inhibits the
required secondary or costimulatory signal for T-cell activation leading to quiescent or apoptotic
T-cells (Illustration modified from Wiebolt et al. 2010)

10 2 Triggers Causing Type 1 Diabetes



Research Institute 2014). Genetic linkage studies are used to identify regions of the
genome that contain genes that predispose an individual to disease. Linkage
analysis is used to map genetic loci by use of observations of related individuals
(Dawn and Barrett 2005). Analysis of the available data suggests that non-HLA
genes have relatively smaller yet significant effect on individual risk. A list of
non-HLA risk associated genes with their chromosomal location, role in T1D and
mutations are highlighted in Table 2.1.

Targeting the protective genes is considered a valuable approach to T1D therapy.
However, there are various barriers before their successful translational potential
can be harnessed. For example, there is a need for meticulous mechanistic studies to
differentiate the dual role of several genes such as PTPN22, which is purported to
protect against tuberculosis (TB), while predisposing patients to both T1D and
rheumatoid arthritis (RA). Additional barriers include inadequate number of study
sample sets and mixed ethnic groups that further add to the complexities and our
understanding of dominant functionalities in T1D.

2.1.2 Environmental Triggers

The unexpected peak in the number of T1D patients across the globe represent
strong evidence that the increase cannot be due to genetic susceptibility alone, as
genetic changes present over a significantly longer period of time. This suggests
involvement of factors, distinct from genetics such as environmental triggers or
precipitating agents in the etiology of T1D (Åkerblom and Knip 1998). The
hypothesis is supported by confounding geographic variation observed within the
European population with a mere 3.2 cases/100,000/year reported in Macedonia, as
opposed to a staggering 40.9 cases/100,000/year in Finland (Karvonen 2006).
Moreover, migratory studies have shown higher incidence of T1D in individuals,
who relocated from regions with low incidence to those with higher incidence (Tull
et al. 1992). With this in mind, we next discuss the epidemiological data from
various studies, which convince us of the association of several putative environ-
mental triggers such as viruses, cow’s milk, vitamin D, and toxins (N-nitroso
compounds) with T1D (Knip et al. 2005).

2.1.2.1 Viruses

The very first idea that manifestation of viral infections is linked to T1D etiology
dates back to 1920s, where T1D onset was observed to follow a seasonal pattern
(Adams 1926). Since then various viral candidates have been investigated for their
role in the precipitation of the disease, such as enteroviruses (EVs) most notably
coxsackie B virus (CBV), rubella, mumps, rotavirus, cytomegalovirus, and Epstein
Barr virus (EBV). However, the evidences of association of viruses with T1D
hitherto, have either been weak, irreproducible, and sometimes even been rejected

2.1 Introduction 11



by the scientific world due to the contradictions in the reports (Coppieters et al.
2012). Conversely, there are also a range of viruses which demonstrate a protective
effect against autoimmune development, although they are deemed outside the
remit of this book.

Enteroviruses (EVs) are among the most robustly reported infectious agents
having a close association with T1D. EVs belong to the picornavirus family, these
being small, naked, icosahedral, single stranded RNA-containing viruses. The first
EV-T1D correlation was reported in 1969 (Gamble et al. 1969) while Oikarinen
et al. only recently succeeded in isolating EVs from pancreatic biopsies of T1D
patients (Oikarinen et al. 2008). Approximately 75 % (n = 12) of T1D patients
versus 10 % (n = 10) in control subjects were found to have EV in their gut mucosa.
Apart from only a handful of investigations reporting infants with increased HLA
susceptibility toward T1D, several other studies present a contradictory view of the
EV-T1D link. For instance, a prospective study conducted in Finland (DIPP) versus
Colorado, USA (Diabetes Autoimmunity Study in the Young, DAISY) and
Germany delivered contrasting verdicts with no report of increased T1D risk due to
EV infection (Füchtenbusch et al. 2001; Graves et al. 2003; Salminen et al. 2003).
However, it is difficult to confirm, with any level of precision whether the reported
events are a result of differences in the methodology employed, or if in fact there is
an actual difference, within the screened populations. Further, these studies lead to
the corollary that there is a need to first identify whether the viral infections are
acute or persistent in nature (Tauriainen et al. 2011) as well as assessing if the
relationship found in some cases is really a causal effect or just a secondary event in
patients already presenting clinical diabetes. It is interesting to note that parallel
studies on another strain of coxsackie viruses, i.e. CBV3, resulted in delayed onset
of diabetes due to expansion of CD4+CD25+ Treg (regulatory T-cells) cells (Viskari
et al. 2000, 2005). In other words, time of infection and inoculation dose have a
significant role to play in the development of T1D.

Two different mechanisms have been proposed to explain the causative role of
viruses in T1D. First, “molecular mimicry” which is described by resemblance of
the P2-C protein sequence of the coxsackie virus with that of glutamic acid
decarboxylase 65 (GAD65) epitope, a major antigen determinant of T1D (Hou et al.
1994). It was observed that T-cells from patients with higher risk of T1D, which
responded to GAD65 determinants, also responded to the P2-C peptide of the virus
(Helgason and Jonasson 1981; Schloot et al. 2001). However, autoreactive human
T-cell clones that are specific for GAD65 epitope failed to proliferate poststimu-
lation with the viral epitope (Schloot et al. 2001). Further studies in rat
insulin-promoter lymphocytic choriomeningitis virus (RIP-LCMV) mice suggested
that in order to initiate viral infection, it is necessary to have a complete homology
between viral and β-cell antigens, since a mere single amino acid change flanking a
cytotoxic T-lymphocyte (CTL) epitope was found to interfere with the development
of T1D (Fujinami et al. 2006; Knip et al. 2010). The second hypothesized mech-
anism involved in the viral etiology of T1D is “bystander activation”. It is proposed
that this bystander mechanism works via a TCR-independent mechanism (Jun and
Yoon 2003). The substitute mechanisms contain activation through soluble factors
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or membrane-bound molecules that bind to receptors other than TCR. Several other
mechanisms include the alteration of the host immune system followed by viral
infection.

These proposed mechanisms are far from being able to explain all the obser-
vations. To further confuse matters there have been additional findings suggesting
an inverse relationship between EVs and T1D incidence. In Finnish and Swedish
studies, a decrease in the frequency of EV infection has been reflected by increased
incidence of T1D compared to other countries, such as Estonia and Russia; this was
later explained by the “hygiene hypothesis” (Viskari et al. 2005). Conversely, it has
also been observed that childhood immunization against certain diseases of viral
origin provide a protective effect against T1D (Classen and Classen 1999, 2002).

2.1.2.2 Dietary Factors

Viral infection and genetic susceptibility are not the only culprits triggering T1D.
Rather, recent changes in early life diet and feeding habits implicate several dietary
components as additional triggers driving autoimmune T1D. The following section
discusses some of the known dietary factors linked to T1D etiology.

2.1.2.3 Early Dietary Habits—Cow’s Milk and Gluten

The early exposure to cow’s milk and the nutritional benefits of breast milk have
been extensively investigated with outcomes having been reported. Indeed, a study
amongst the Scandinavian population, showed an inverse relationship between
breastfeeding and T1D incidence (Borch-Johnsen et al. 1984), while a Finnish
study reported that short-term breastfeeding followed by early introduction of a
cow’s milk-based infant formula predisposed young children to progressive signs of
β-cell autoimmunity, rendering these children genetically susceptible to T1D
(Kimpimäki et al. 2001).

Other investigation focused on the role of cow’s milk with supplementation from
various dietary components, such as early introduction of solids and gluten con-
taining diets. Gluten is a protein principally found in wheat and it can be further
divided into two subgroups of protein, the gliadins and glutenins. Anecdotal reports
claim a low incidence of T1D in rodents with diets containing low levels of protein
such that inclusion of gliadin by as little as 1 % by weight, of individuals total food
consumption showed T1D incidence of about 35 % compared to the 15 % incidence
in control group fed on a semi-synthetic diet (Elliott and Martin 1984). Separately,
two prospective cohort-based studies arrived at a conclusion that a “critical period
of exposure” to cereals is associated with the progression of T1D. Norris et al.
found that children exposed to cereals from 0 to 4 months of age and those exposed
at an age of 7 months or older have higher risk of developing autoimmunity with
hazard ratio (i.e., hazard in the exposed group/hazard in the unexposed group)
(HR) of 4.32 and 5.36, respectively (Norris et al. 2005). A German study reported
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similar results with a five-fold (HR of 4.0) higher risk of T1D development in
children exposed to a gluten containing diet before age of 3 months compared to
those exposed after the age of 6 months (Ziegler et al. 2003). The risk associated
with the early exposure may be due to anomalous immune response to cereal
antigens in an immature gut system of susceptible individuals, while the late
exposure risk in older children could be attributed to the consumption of larger
portions of cereals.

The inferences from the above studies are limited by numerous methodological
incongruences, such that discrepancies in the reported outcomes may well be
attributed to differences in the study population or to the variation in the feeding
practices across the countries where the studies were conducted. Hence it is
imperative to address this issue systematically, as attempted in the ‘Trial to Reduce
Insulin-dependent diabetes mellitus (IDDM) in the Genetically at Risk (TRIGR).’
In a recent, albeit limited scope pilot study, and the first of this kind in humans, a
link suggesting that it is possible to manipulate spontaneous β-cell autoimmunity by
nutritional intervention during infancy was reported (Åkerblom et al. 2005).
TRIGR, an international group conducting collaborative clinical trials at 77 clinical
centers in 15 different countries across 3 continents, began addressing the
hypothesis of whether weaning with a hydrolysate protein-containing diet
decreased T1D incidence in a genetically susceptible population, compared to that
of a cow’s milk protein diet (Åkerblom 2011; Knip et al. 2014). Successful col-
laborative data from the trial is expected to be major stepping stone toward primary
prevention and intervention strategies of T1D.

2.1.2.4 Nitroso Compounds

There is circumstantial evidence in humans which shows a positive trend between
T1D and nitrate intake (Helgason and Jonasson 1981). The most common sources
of nitrates and nitrites are in drinking water and some foods, most notably smoked
and cured meats and vegetables. Dietary nitrites and nitrates readily combine with
endogenous amine and amides to form nitrosamines and nitrosamides. These
nitroso compounds bear a structural resemblance to streptozotocin, a compound
used to induce diabetes in rodent models of the disease. A study by Helgason et al.
in the 1980s, showed a plausible link between consumption of smoked mutton
containing N-nitroso compounds and an increased incidence of T1D; this was
accompanied by a striking observation that incidence was higher in the progeny
rather than the consumer (Helgason and Jonasson 1981; Helgason et al. 1982).
Similarly, in a separate Finnish case-control study, strong correlation was found
between intake of nitrite and nitrates obtained from drinking water and food in
mothers and in their young offspring (Virtanen et al. 1994).
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2.1.2.5 Vitamin D

In contrast to the above mentioned dietary factors, responsible for augmenting T1D
progression, there exists considerable epidemiological, experimental, and
cross-sectional evidence supporting the protective effect of vitamin D in T1D
(Kriegel et al. 2010). However, human epidemiological data and interventional data
supporting this school of thought are somewhat tenuous to support the conclusion.
The pinnacle in T1D incidence has been linked to geographical location and may
well be dictated by variations in exposure to sunlight, which differs markedly
depending on geographical latitude. Furthermore, a seasonal pattern where an
increased number of T1D cases arise during winter suggests an inverse correlation
between exposure to sunlight and T1D. Vitamin D is predominantly supplied
through ones diet although a high amount is synthesized within the skin on
exposure to UVB light (detailed synthesis scheme is depicted in Fig. 2.3).
Vitamin D is essential for normal insulin secretion (Zeitz et al. 2003), exerting
various effects on the immune system, leading to tolerance generation and anergy,
as opposed to immune activation (detailed in Fig. 2.4) (Mathieu and Badenhoop
2005). The role of vitamin D in pancreatic β-cell function may be facilitated by the
binding of circulating vitamin D to the vitamin D receptor (VDR) (Hewison et al.
2003).

Various studies in non-obese diabetic (NOD) mice and biobreeding (BB) rats
have shown that deficiency of vitamin D in early life results in impaired glucose
tolerance and a multicenter trial in different regions of Europe has consistently
shown the beneficial effect of vitamin D supplementation during the first year of
life. As an expansion to the earlier mentioned EURODIAB project, another study
investigated whether the use of dietary cod liver oil or other vitamin D supplement,
either by the mother during pregnancy or by the infant during the first year of life,
were associated with a lower risk of T1D among children (Group 1999). A strong
negative association was found between maternal intake of vitamin D or cod liver
oil during pregnancy and T1D diagnosis (Stene et al. 2001). Similar results were
obtained from a subsequent study, where supplementation with vitamin D during
pregnancy translated to relatively low risk of developing autoimmune T1D (Brekke
and Ludvigsson 2007). Additionally, the beneficial effects were limited in their
duration with autoimmunity declining in 1 year age group but not in the 2.5 year
one. The apparent reduction in disease progression may be attributed to the
immunomodulatory effects of vitamin D (Zipitis and Akobeng 2008). Here, the
chronic administration of pharmacological doses of vitamin D as a primary pre-
vention strategy was found to decrease insulitis and diabetes in NOD mice (Mathieu
et al. 1992), although hypercalcaemia was a major side effect observed during the
study as a result from enhanced reabsorption of calcium from the intestine and
elevations in bone resorption (Mathieu and Badenhoop 2005; Peechakara and Pittas
2008; Danescu et al. 2009). In addition, apart from the environmental role of
vitamin D, various allelic variations of VDR found on chromosome 12 are also
documented associated risks of T1D (Cooper et al. 2011).
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Keeping in mind that several environmental triggers have plausible links to T1D,
data from a number of large-scale studies are available to corroborate such claims.
The Environmental Determinants of Diabetes in the Young (TEDDY), a prospec-
tive cohort study followed children during the first 15 years of their life. Various

Fig. 2.3 Graphical representation of vitamin D biosynthesis. Vitamin D is acquired from (i) the
diet or (ii) synthesized within skin on exposure to UVB (297-309 nm) causing photolysis of
(iii) 7-Vitamin D (7-dehydrocholesterol) into vitamin D3 (cholecalciferol). Vitamin D3 (iv) within
plasma combines with vitamin D-binding protein (DBP) and is first hydroxylated to 25
hydroxy-D3 by liver enzymes. Final hydroxylation (v) of 25-hydroxy-D3 takes place in the kidney
forming 1, 25-dihydroxy vitamin D (calcitriol), biological active form of vitamin D, in the
presence of cytochromic enzymes
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clinical tests were performed using blood, stool, and urine samples. The study aim
was to identify a correlation among differing roles of infectious diseases, diet,
toxins, etc. and T1D (Ziegler et al. 2011). Similarly, BABYDIAB was another
prospective cohort study initiated in the late 1980s and concluded in 2009. The
study included 1650 children born from diabetic parents, following their progress
over a period of 20 years. Participants were tested for islet autoantibodies and the
study aimed to identify genetic and environmental factors responsible for triggering
the development of islet autoantibodies. The findings demonstrated that islet
autoimmunity often initiates within the first 2 years of life although such
prospective studies are limited in what they reveal and should ideally be extended
beyond young adulthood; this could lead to the identification of major factors and
facilitate appropriate primary prevention and intervention at different ages and
stages of the disease (Hummel and Ziegler 2011).

Fig. 2.4 Vitamin D is associated with various effects on the human body namely, maintaining
adequate growth and calcium homeostasis. Vitamin D also affects the immune system and insulin
levels, mediated via the VDR on the surface of immune and β-cell. (i) 1,25-dihydroxy vitamin D
prevents the maturation of APCs, especially DC & Mϕ, by inhibiting the expression of MHC II
and adhesion molecules on the surface of DC’s, predominantly by inhibiting the secretion of IL-12
leading to decreased Th1 cell stimulation. (ii) Th1 cell then leads into cytotoxic T-cell (Tc) release.
(iii) Additionally, vitamin D induces Th2 cells, which in turn release anti-inflammatory cytokines
such as IL-4, IL-5 and IL-10. Vitamin D further favors the production of Treg cells. Th2 and Treg

cells collectively play a role in inhibiting Th1 cell population by producing counteracting
cytokines
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Chapter 3
Predictors and Pathogenesis of Type 1
Diabetes

3.1 Key Predictors of Type 1 Diabetes

Autoimmune processes in general take many years before their clinical manifes-
tation as a disease becomes apparent and T1D is no exception, sometimes taking up
to a decade, or more for clinical presentation. This asymptomatic period offers a
great window of opportunity for the prediction and prevention of full-blown disease
(Fig. 3.1). Different groups worldwide have investigated and found several T1D
age-associated biomarkers, these being genetic, immunological, and metabolic in
nature. These biomarkers facilitate tracking of the immunological checkpoint fail-
ure leading to progression toward clinical T1D (Fig. 3.2a). Prior to embark on an
in-depth discussion related to the host of biomarkers, some caution is necessary.
Our current knowledge is primarily dependent on several assumptions and data
extrapolation, and hence caveats are inevitable. Allied glitches include that the
following: (1) most of the data are from studies on hereditary T1D cohorts, which
present a minor portion of the entire T1D population. (2) The study groups pri-
marily include children and young adults while there is also a noteworthy pro-
portion of T1D in the population who develop autoimmunity in late adulthood.
(3) Despite the presence of range of reliable genetic and immunological biomarkers,
there remains a dearth of biomarkers specifically related to CD4+ and CD8+ effector
and Treg cells, as direct evidence of pathogenesis and T1D (Cassiday 2008; Ziegler
and Nepom 2010).

As described above, in addition to genetic susceptibility, various other trigger
agents are involved in the initiation and progression of autoimmune T1D. For
example, the presence of autoantibodies is often observed years before the clinical
onset of T1D (Leslie et al. 2001). Reports suggest that autoantibodies may be
transferred via the placenta or develop after birth, but this is rarely diagnosed before
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the age of 6 months (Rubio-Cabezas et al. 2009). More than two dozen autoantigen-
related autoantibodies have been implicated although four major islet autoanti-
bodies have drawn significant attention: insulin (or proinsulin or IAA) (Palmer et al.
1983), GAD isoforms (65 and 67) (Baekkeskov et al. 1990), tyrosine phosphatase-
related islet antigens (IA-2 or ICA512) (Rabin et al. 1994), and the most recently
identified zinc transporter (ZnT8) (Wenzlau et al. 2007). However, the positive
detection of any one of the autoantibodies mentioned only imparts a marginal
increase in the risk of developing T1D and to date it has not been possible to
reliably predict progression to clinical disease although incremental increases in
disease risk were found in individuals who were positive for two, three, or more
autoantibodies (Fig. 3.2b) (Verge et al. 1996). Relative risk was also found to vary
dependant on autoantibody type with some reports emerging that the most
influencing antibody is insulin, as identified in NOD mice (where diabetes was
inhibited by single amino acid mutation in insulin peptide 9-23) and as the only
β-cell-specific autoantibody identified in T1D (Nakayama et al. 2005). In contrast,
several other studies support GAD65 and IA-2 as high risk-associated autoanti-
bodies in humans. Nonetheless, higher numbers of autoantibodies, high titre, and
affinity for epitopes to various antigens govern the degree of risk associated to any
particular antigen group (Verge et al. 1998).

In the late 1990s, when screening using recombinant antigen assay methods
were common place, about 5–10 % of the adult T2D population had autoantibodies

Fig. 3.1 Model showing the progress of disease and potential stages of predictability and
prevention of T1D relating it to the loss of β-cell mass and time. Modified from Eisenbarth (1986)
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Fig. 3.2 a Checkpoint classification based on the biomarkers used to indicate T1D progression,
b Graphical representation correlating autoantibody numbers and % cases of first-degree relatives
with T1D progression based on several longitudinal studies (OGTT = Oral glucose tolerance test;
IVGTT = Intravenous glucose tolerance test; HbA1C = Glycated hemoglobin). Modified from
Notkins and Lernmark (2001)
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for GAD65 and a slightly lower percentage (2–4 %), tested positive for IA-2. If this
is the case, it could be inferred that many of the patients who were classified as T2D
sufferers, actually either had T1D or a combination of T1D and T2D (Turner et al.
1997; Hawa et al. 2000). Based on this hypothesis, it could further be concluded
that the number of T1D patients would actually be double than the current esti-
mates. The current approach to diagnosis includes a stepwise decision tree to
identify individuals at high risk of developing T1D (see Fig. 3.2a). Initially,
genotyping for susceptible HLA II genes and patients with a family history is
tested. Individuals or children (≥age 1 year) who warrant sufficient HLA suscep-
tibility in the first stage are then measured for their autoantibody levels. Additional
genotyping in autoantibody positive individuals helps exclude the one with pro-
tective HLA II genes. As a final check, often insulin-secreting capacity is measured
as an indicator of β-cell function or IVGTT, OGTT, and C-peptide levels are also
measured (Srikanta et al. 1985).

Cumulative evidence indicates the multifactorial nature of T1D due to associated
complex immunology, and this necessitates the use of a combinatorial screening
method to identify the individuals at risk of developing T1D. In addition, continual
efforts toward extracting reliable, specific biomarkers have led to the identification
of some promising serum proteins, namely cytokines and chemokines (Wasserfall
and Atkinson 2006). Cytokines have been proposed as one of the major inducers
of β-cell damage especially the type 1 cytokines (Th1) such as interferon gamma
(IFN-γ), tumor necrosis factor-α (TNF-α), and IL-2 and they are considered
‘high risk’ with approximately 40 % of patients going on to develop T1D within
5 years (Ryden et al. 2009). However, a lack of specificity of cytokines for T1D,
their varied level of expression, and trace amount poses serious analytical chal-
lenges for their quantification, when placed against a background of large numbers
of non-relevant proteins (Borges et al. 2010; Carey et al. 2010). Despite consid-
erable global efforts and investment progress in the area of T1D disease prediction
has progressed at a painfully slow pace, with researchers keenly anticipating that
advancements in proteomics and metabolomics will serve as a future platform for
the identification of reliable, specific biomarkers for T1D in the coming era
(Cassiday 2008).

3.1.1 Pathophysiology of Type 1 Diabetes:
What Goes Awry?

3.1.1.1 T-Cells: A Double Edge Sword

Given that T1D is primarily an autoimmune disease, the mechanisms of which are
poorly understood, the actions of a handful of antigens such as insulin, GAD
isoforms (GAD65 & 67), IA-2, and ZnT8 are known to transform into autoantigens.
In individuals of high susceptibility the pancreatic Islet of Langerhans are primarily
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infiltrated by APCs such as DCs and Mϕs. Concomitantly or shortly thereafter
autoreactive CD4+ and CD8+ T-cells can be readily detected surrounding the islets
(known as peri-insulitis, see Fig. 3.3) (Turley et al. 2003) as highlighted in a study
by Haskins et al., where it was demonstrated that progression of autoimmune
diabetes occurred in NOD mice that received adoptive transfer of CD4+-specific
T-cells from NOD mice compared to placebo (Haskins and McDuffie 1990;

Fig. 3.3 Pathogenetic model of T1D. In individuals of high susceptibility, the pancreatic Islet of
Langerhans are primarily infiltrated by APCs such as DCs and Mϕs followed by autoreactive
CD4+ and CD8+ T-cells which can be detected surrounding the islets (known as peri-insulitis) (i).
This islet damage is followed by autoantigen release (ii) and while on one hand thymic immune
regulation leads to active tolerance by deleting T-cells (iii) or inducing protective, regulatory
T-cells (CD4+ CD25+ Treg) (iv) on other hand its failure leads to escape of autoreactive T-cells into
peripheral pancreatic lymph nodes, inducing an autoimmune response. In order to prevent this
autoimmune response it is essential to maintain a balance between the level of Treg (‘good cells’)
and effector Teff (‘bad cells’) T-cells. The released autoantigens are taken up by the APCs (mainly
DCs) (v) and from here, there is a diversion in the fate of APCs. One path leads to APCs
stimulating B-lymphocytes, which produces autoantibodies toward the autoantigens (vi) (Lennon
et al. 2009) and the role of these B-lymphocytes is briefly discussed below. Another possibility is
the conversion of the autoantigens into peptides followed by pMHC–peptide complex formation.
Further, these complexes are presented onto CD4+ or CD8+ (Teff cells) TCRs which activate
T-cells (vii). This causes the release of proinflammatory cytokines and chemokines (IL-2, TNF-α,
and CTL) (viii) and ultimately leads to β-cell apoptosis resulting in eventual loss of insulin
production once a critical mass of β-cells have been eliminated (Ounissi-Benkalha and
Polychronakos 2008; Atkinson et al. 2011)
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Wong et al. 1996). Due to ethical concerns, only recently the examination of
pancreatic biopsy in prediabetic patients been possible; this makes its feasible to
study the composition of any lesions (insulitis).

3.1.1.2 B-Lymphocytes Producing Diabetes-Associated Autantibodies

Autoantibodies against the generated autoantigens described above are often pro-
duced during the prodromal stages of T1D development. Although currently visu-
alized as gold standard markers in T1D prognosis, it is mostly believed that
generation of these autoantibodies by B-lymphocytes is rather a secondary conse-
quence of ongoing β-cell destruction. Ample evidence exists which indicates that
autoreactive T-cells are the primary arbitrator in T1D pathogenesis; however, there is
also some circumstantial evidence on the role that B-cells play in T1D pathogenesis.

The notion of B-cell involvement in diabetes etiology is primarily supported by
data obtained from studies conducted in NOD mice. Strong resistance to developing
T1D was observed in NOD mice which were made deficient in B-cells through
introduction of a functionally inactivated immunoglobulin μ heavy chain gene
(NOD.Igμnull). Reintroduction of B-cells in NOD.Igμnull mice nullified their T1D
resistance effect (Akashi et al. 1997; Wong et al. 1998). Taken together, this data
begins to support the idea that in NOD mice, B-cells play a vital role in disease
pathogenesis. However, in contrast to results reported from studies conducted in
NOD mice, the implications of B-cell activity in T1D in human remain unclear.

The uncertainties lead us to subsequently question why and precisely when these
protective B-cells lose their tolerance leading them to exert pathogenic effector
functions. Explanations include their role as an APC and as discussed earlier, MHC
haplotypes present a primary risk factor for the development of autoimmune T1D in
humans and NOD mice (Lyons and Wicker 1999). MHC class II molecules are
mostly expressed on hematopoietically derived APCs such as Mϕ, B-cells, and
DCs. Nevertheless, normal regulatory responses of APCs include binding and
presentation of antigenic peptide or autoantigens to class I or class II MHC
molecules in a tolerogenic manner. However, impaired presentation of peptide
MHC molecule leads to the activation of autoreactive CD4+ and CD8+ T-cells
(Sebzda et al. 1999; Moser 2003). Due to the presence of specific Ig antibodies on
the B-cell surface, they are efficient in capture and internalization of antigens and in
presenting them to CD4+ T-cells. Another scenario also detailed earlier is that
B-cells can go on to produce islet-specific autoantibodies against β-cell antigens
and in view of this it would not be erroneous to conclude that, despite the fact that
autoantibodies are the best available diagnostic tools for T1D prediction, their
ability to modulate pancreatic β-cell damage in vivo remains controversial; on the
other hand, the success with anti-CD3 and anti-CD20 antibodies has suggested a
preventive role of B-cell therapy in T1D, as is discussed below.
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Chapter 4
Type 1 Diabetes: Past, Present, and Future
Therapies

4.1 Introduction

The first line of treatment developed for T1D was insulin. Over the last century,
several new approaches to treat T1D have been adopted (Fig. 4.1), but insulin
delivery still remains the main stream of treatment. The new strategies to treat T1D
include replacement of β-cell via transplantation or regeneration, but are still in their
infancy. Another vibrant approach in T1D immunotherapy involves compensating
for the lost pancreatic β-cells and restoration of immunological tolerance by islet
like cells derived from stem cells. The major benefit associated with these inter-
vention strategies is the ease of patient identification and efficacy evaluation within
a much shorter duration. Earlier reports on NOD mice had provided the basis for
antigenic and non-antigenic preventive strategies to treat T1D, but a number of
clinical trials have been completed with limited success so far. An ideal intervention
for T1D would require an entity to halt autoimmune response along with an
additional element to enhance β-cell function or expedite its regeneration. As such,
combination therapy is believed to lead the treatment of T1D in the time to come.

4.2 Insulin Replacement

Discovery and isolation of insulin in the year 1922 by Best and Banting provided
the first ray of hope to the many thousands of diabetic patients of the time (Banting
and Best 1922). Albeit the fact that enormous resources have since been directed
toward finding a cure for T1D, insulin replacement remains the mainstay of
symptomatic treatment today. Conventional insulin delivery methods include
(1) subcutaneous (sc), which is highly encouraged due to low cost and ease of
delivery, (2) oral administration, and (3) intramuscular (im) injection, both of which
are less popular due to partial insulin loss in the gastrointestinal tract in the former
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and high dose requirement in the latter case, respectively. Nonetheless, several
drawbacks have raised concerns on the use of insulin, including the need for
effective glucose level monitoring, which otherwise lead to hyper- or hypogly-
caemia and, in chronic cases of mismanagement, severe microvascular complica-
tions. Additionally, patients have a life-long dependency on insulin (Fujinami et al.
2006). Several state-of-the-art approaches are being developed and deployed to
support ease of insulin administration such as the introduction of insulin pumps,
inhalers, jet injectors, transdermal patches, and orally administered formulations.
Insulin pumps, inhalers, and injectors are currently in the market and have drawn
considerable appreciation of both patients and clinicians; alike, their widespread
usage has been hampered by high costs and not user-friendly devices (Haller et al.
2005). Key challenges pertaining to the efficacious use of insulin depend not only
on ensuring their effective delivery system but also on the correct dose, time, and
frequency of delivery.

Further progress in the field of type 1 diabetes patients has given rise to real-time
continuous glucose monitoring (CGM). One of the first marketed product based on
this technology was the GlucoWatch Biographer® (Cygnus Inc., Redwood City,
CA) currently owned by Animas Corporation (Johnson & Johnson Companies,
Milpitas, CA). Numerous other approved CGM devices include DexCom Seven®

(DexCom, San Diego, CA), Paradigm RT®, and Freestyle Navigator (Abbott
Diabetes Care, Alameda, California). These CGM devices are considered an
adjuvant to self-monitoring of blood glucose in order to confirm information, such
as hyper- and hypo-glycaemic events (Ellis et al. 2008; Renard 2002). CGMs with
continuous subcutaneous insulin infusion (CSII) promoted research toward
closed-loop systems. This system allows the delivery of insulin to the changing
glucose levels in a real-time response. A closed-loop approach holds revolutionary

Fig. 4.1 Current therapeutic intervention strategies for T1D
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power for glucose management. A closed-loop system, otherwise known as the
artificial pancreas, comprises three parts, a CGM device to monitor glucose con-
centration, a titration algorithm to calculate the amount of insulin to be delivered,
and an insulin pump to deliver the computed dosage of insulin (Fig. 4.2). Primarily,
three types of closed-loop systems are defined as follows: (1) a sc–sc system with a
subcutaneous (sc) glucose sensing and sc insulin delivery, (2) an iv–ip with an iv
sensing and intraperitonial (ip) delivery system, and (3) an iv–iv system with iv
sensing and iv delivery (Renard 2015; Renard and Schaepelynck 2007). Given the
minimal invasion and pervasive usage of external insulin pumps, the sc–sc
approach had the potential to achieve a widespread application. Even so it may not
be compatible with a fully closed-loop system due to considerable delays pro-
hibiting safe and timely control of large or rapidly absorbed meals. Iv–iv approach
is used in particular situations such as in the critically ill patients, comatose, or for
research investigations. The shortcoming of this approach is its invasiveness which
jeopardizes patient to infections and clotting problems (Hovorka 2008). Therefore,
the uses of closed-loop systems are particularly appealing, and these include glu-
cose monitoring with an insulin pump that is encompassed within an artificial
pancreas (Powers 2008; Hovorka 2005). These devices not only closely monitor the
blood glucose level but also deliver insulin in body in a controlled way. They aim to
reduce the risk of hypoglycaemia while achieving tight control of glucose (Elleri
et al. 2011). Clinical testing on closed-loop systems so far presented positive results
with regards to safety and efficacy. It was found that overnight closed-loop delivery
of insulin improved overnight glycaemic control and less risk of nocturnal hypo-
glycaemia compared to patients treated with conventional insulin pump (Breton

Fig. 4.2 Key elements involved in the restoration of closed-loop blood glucose control system in
type 1 diabetes
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et al. 2012; Buckingham et al. 2010). One of the novel techniques for continuous
immunosensors is weak affinity chromatography which can sense molecules with
fast off-rate and disassociation constant (Kd) in ≈ mM range necessary for detection
of dynamic change in analyte concentration in the blood. Monoclonal Ab
(3F1E8-A2) has been evaluated for their future potential in glucose sensor and was
found to be specific for glucose molecule compared to other monosaccharides with
a Kd = 18.8 ± 2.6 mM (Engström et al. 2008). The major stepping stone in the
glucose sensor future will be its clinical validation for diabetes control.

4.3 β-Cell Replacement: Transplantation Versus
Regeneration

4.3.1 Islet and Pancreas Transplantation

An alternative therapeutic option to conventional insulin replacement therapy is
based on islet or pancreatic transplantation and replacement of β-cells with
insulin-producing cells obtained from sources other than islet cells. The objective
behind replacement of β-cells either with whole pancreas or islet transplantation is
to attain long-term insulin independence, and the associated benefits which include
better quality of life and prevention of secondary complications such as
nephropathy, retinopathy, and vasculopathy (Sutherland et al. 2004). Pancreatic
transplantation is an established procedure using the Edmonton protocol (Shapiro
et al. 2006). Primary results revealed poor graft survival rates of less than 5 % after
6 months (Kelly et al. 1968) although simultaneous transplantation of a whole
pancreas and kidney, albeit highly invasive, has delivered significant improvements
in patient response and prognosis (Humar et al. 2000).

Comparatively, islet transplantation seems a more promising approach for β-cell
replacement since it is a noninvasive procedure that involves percutaneous can-
nulation of the portal vein. Furthermore, islet grafts can be stored in culture tissue or
can be cryopreserved (Ryan et al. 2001; Nanji and Shapiro 2006). Despite
advancements in this field, a 5-year follow-up study showed that a mere 10 % of the
tested population remained insulin independent for a median period of 15 months
after transplantation (Ryan et al. 2005). In fact, a major setback to the approach is
the difficulty to protect the transplanted islets from host immune attack (Humar
et al. 2000).

However, advancements in the techniques to procure islets from cadaveric
donors, less toxic immunosuppression regimens, and techniques such as xeno-
transplantation which makes use of islets from sources other than humans (e.g.,
porcine) will no doubt provide the much required edge to islet transplantation as a
choice of therapy in the imminent future. Immune reactions against xenotransplant
tissue are one of the lingering hurdles associated with this approach. Nevertheless,
immunosuppression alongside innovative techniques such as islet encapsulation in
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alginate microcapsules, which protect the islets from T-cell mediated responses,
have shown much promise to provide breakthroughs leading to greater immune
tolerance of xenotransplanted tissues (Zimmermann et al. 2005). In addition to
immune tolerance following xenotransplantation, there also exists a very real risk of
porcine endogenous retrovirus transmission to the host (Limbert et al. 2008) and
hitherto data available to establish the prevalence of infection in transplanted
patients remain inconclusive, questioning the widespread use of this approach.

4.3.2 Islet Regeneration

As described above, development of T1D occurs as a consequence of loss of
functional β-cells. With this in mind, the primary goal of therapeutic interventions
to treat T1D is to restore β-cell mass, in sufficient amount to maintain euglycemia.
Encouraging results with clinical islet transplantation trials bolstered a novel idea to
exploit the regeneration capacity of the pancreas and other related tissues (SoRelle
and Naziruddin 2011). It is well established that in healthy individuals, lost β-cells
are constantly replenished in vivo through β-cell regeneration; however, further
progress in this area has been delayed due to a poor understanding of the mecha-
nisms driving the replenishment process. Some scientists argue that it happens via
β-cell neogenesis while, according to other experts, self-replication of β-cells takes
place. As evidence, postnatal origin of β-cells using a genetic lineage method in
pancreatectomized mice was investigated. The study demonstrated that mature β-
cells possess the capacity to proliferate; the replacement of lost β-cells is mainly due
to replication of the existing cell mass (Dor et al. 2004), whereas β-cell neogenesis
occurs through progenitor cell activation and/or transdifferentiation of mature fully
differentiated cells, as a means of β-cell mass expansion (Lipsett et al. 2006).

Current avenues under investigation for islet cell expansion include ex vivo
expansion, which require the addition of pharmacological agents, and encouraging
results have been reported in both in vivo animal and in vitro human models
(Beattie et al. 1997). Various hormones and growth factors are also known to
increase β-cell mass; these include gastrin, glucagon-like peptide (GLP-1), epi-
dermal growth factor (EGF), and islet neogenesis-associated protein (INGAP).
Regrettably, over the course of time these differentiated cells lose their capacity to
secrete insulin, possibly due to aging. Till date, several combination therapies with
EGF + gastrin and GLP-1 + gastrin have shown promising results in β-cell
expansion (Brand et al. 2002; Suarez-Pinzon et al. 2008). Unfortunately, none of
the studies have focused its application specifically on T1D.

Another pharmaceutically synthesized ligand under investigation is INGAP
(INGAP104−118), first identified in hamster model of islet expansion. INGAP
administration was found to increase functional β-cell mass in animals and thera-
peutically reverse hyperglycemia in streptozotocin-induced (STZ) diabetic models.
The authors demonstrated that this pentadecapeptide is capable of inducing duct
and acinar cell-associated islet neogenesis, which in turn was associated with
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PDX-1 expression. PDX-1 is considered an important transcription factor required
in normal islet development (Rosenberg et al. 2004; Jamal et al. 2005).

4.3.3 Stem Cell-Derived β-Cell Replacement

In order to address critical shortfalls of islet donors, stem cells appear to be an
excellent alternative, being an unlimited source of β-cells, with the added potential
of high differentiation and tissue regeneration. The most commonly used type of
stem cells are embryonic (ESC) and autologous adult stem cells (ASC). ESC are
derived from the inner mass of the mammalian blastocyst and have shown to be an
exceptionally versatile source of stem cells with immense pluripotency and pro-
liferative capacity (Thomson et al. 1998; Zulewski 2006). Soria et al. amongst the
first teams successfully demonstrated that ESC are capable of maintaining a stable
glucose response in streptozotocin (STZ)-induced diabetic mice in vivo (Soria et al.
2000). STZ is toxic to the insulin-producing β-cells in mammals, and therefore it is
restricted to the engineering of animal model for T1D. The above study is analo-
gous to recent studies by Clark et al. (2007) and Kroon et al. (2008), reporting the
assessment of pancreatic endoderm derived from human embryonic germ (EG) cells
and human ESC, respectively, with efficient production of glucose-responsive
endocrine cells in vivo (in engrafted mice). Following transplantation into mice,
differentiated cells have been identified by co-expression of transcription factors
such as PDX1, FOXA2, SOX17, HNF6, and NKX6-1, marking a definitive pan-
creatic endoderm. Approximately, 60–70 % of differentiated ESC produced the
same level of glucose as compared to other studies in mice implanted with *3000–
5000 adult human pancreatic islets (D’Amour et al. 2006). However, attempts to
assess the amount of insulin generated by ESC have yielded disappointing results,
with differentiated ESC under any specific culture condition producing only 1.6 %
of the total insulin secreted by that of normal β-cells (Devaskar et al. 1994).
Furthermore, despite the ESC capacity to differentiate into insulin-producing cells,
there is a remote possibility that insulin-positive cells in ESC cultures may be a
product of insulin uptake from the medium rather than an endogenous outcome. In
addition, this approach is circumscribed, due to the ethical issues concerning the use
of human ESC and their carcinogenic potential, low efficiency, and high cost.

ASC are further classified into hematopoietic stem cells (HSC) and mesenchy-
mal stem cells (MSC), primarily obtained from the bone marrow (BM) with
transdifferentiation plasticity, thus capturing great interest as a future therapy for
T1D and other metabolic diseases. The promising role of MSC relies on two main
aspects: first, they are multipotent and possess certain essential growth factors,
which support tissue regeneration. Second, they present a broad range of
immunomodulatory properties by interaction with a wide range of immune cells
and hence this property can be harnessed to limit allograft rejection
post-transplantation (Brusko 2009; Vija et al. 2009). Sun et al. demonstrated the
in vitro differentiation of MSC into insulin-producing cells obtained from diabetic
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patients (Sun et al. 2007). The study further suggested that MSC could be used as a
source of insulin, thereby reducing the risk of graft rejection. Voltarelli et al.
conducted the first clinical trial in an attempt to explore the autologous potential of
non-myeloablative HSC transplanted in T1D patients. A high-dose immunosup-
pression regimen was followed after post-transplantation (Voltarelli et al. 2007).
After a mean follow-up period of approximately 9 months, increased C-peptide
levels were seen in *95 % of the patients, with adequate glycaemic control over a
considerable period of time thereafter and with acceptable adverse effects reported.

As discussed earlier, MSC modulate the immunogenic properties of immune
cells. In order to investigate this aspect, human-derived MSC (hMSC) were
co-cultured with different subpopulations of immune cells in vitro, most notably
T-cells. Here, hMSC influenced cytokine secretion levels with reduced levels of
pro-inflammatory cytokines (TNF-α, IFN-γ, interleukin (IL)-6, and IL-17) and
elevated levels of anti-inflammatory cytokines (IL-10, IL-4, and prostaglandin E2)
(Aggarwal and Pittenger 2005; Vija et al. 2009; Ben-Ami et al. 2011). It has been
corroborated that these mediators do indeed play a crucial role in the
MSC-mediated immunosuppression. Another possible role of hMSC is to increase
the Treg cells level, which in turn down regulates T-lymphocyte proliferation and
consequently suppresses autoimmunity (Aggarwal and Pittenger 2005; Augello
et al. 2005). Furthermore, the question remains whether the effect exerted by MSC
is due to the release of cytokines or due to cell-to-cell contact between MSC and
T-cells (Werdelin et al. 1998; Aggarwal and Pittenger 2005; Augello et al. 2005;
Selmani et al. 2008). There are several conflicting studies in the literature, which
lead to the conclusion that there is most likely a range of mechanisms contributing
to MSC-mediated immunomodulation.

At present, several human clinical trials deploying MSC-based therapies are
underway. Osiris therapeutics is conducting a phase II study (Clinical trial no.
NCT00690066) using ex vivo cultured ASC (Prochymal®) for treatment in recently
identified, early onset T1D patients. Preclinical studies thus far have not shown any
adverse effect of the allogenic MSC, and whether this remains the case in a clinical
setting will become apparent as clinical trial data become available. To circumvent
anticipated adverse events from allogenic MSC, much effort has been invested
toward encapsulation techniques that protect the transplanted cells. Encaptra®, an
advanced drug delivery system, is under development by Viacyte, Inc. Encaptra®

consists of islet-like structures that release insulin in response to changes in
physiological glucose levels in vivo. It is manufactured from FDA compliant
implant grade materials, and is a SC implantation device designed with the goal to
exclude the need for continuous immunosuppression.

Cell-based therapies are touching upon new undiscovered horizons and hence an
increased understanding of the various factors contributing to β-cell mass dynamics
is warranted. This will enable researchers to experiment with new approaches to
induce β-cell mass expansion and promote their survival. The current knowledge of
the field points toward seeking an absolute therapy for T1D, and the approaches
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outlined above, namely, islet formation, promotion of cell survival, and long-term
maintenance of function, as well as the prevention of recurrent autoimmunity,
should be examined simultaneously albeit judiciously.

4.4 Immune Intervention Strategies

From T1D pathophysiology, it is apparent that the primary physical indicator of β-
cell destruction presents itself as insulitis, accompanied by the infiltration of CD4+

and CD8+ autoreactive cells. Based on murine studies, it is believed that during
ongoing insulitis, *80–90 % β-cells are damaged even before clinical diagnosis of
T1D (Sreenan et al. 1999); this appears a dubious statement and only recently a
meta-analysis study was carried out to gauge its validity Klinke (Klinke 2008). The
conclusions drawn from the study paint a more detailed picture, indicating that the
level of β-cell destruction varies with age and furthermore and depends on the
insulin-producing capacity, which is proportional to β-cell mass, with body weight
also playing a key role (Klinke 2008). Bearing these factors in mind, current
immunotherapeutic approaches embody several innovative strategies, which
include antibodies, antigens, and cytokines in individual- or cocktail-based thera-
pies, and the section below provides an in-depth account of state-of-the-art
approaches being pursued as treatment options for T1D.

4.4.1 Nonantigen-Based Intervention Strategies

Nonantigen-based intervention is primarily focused on the prevention of autoim-
munity by modulating or silencing the immune response in the absence of negative
effects on Tregs cells.

4.4.1.1 Immunosuppression

Immunosuppression is amongst the earliest reported intervention strategies used at
the onset of T1D (see Table 4.1 for comprehensive list of immunosuppressive
technologies); however, it has proven of limited use with only partial or in some
cases no remission of T1D.

4.4.1.2 Antibody-Based Immunotherapy

Given that immunosuppressive intervention in T1D to date has failed to live up to
its promise, it remains the challenge to find therapies that are not only highly
efficacious but also safe when translated into humans, where exposure to exogenous
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Table 4.1 Immunosuppressive agents in T1D and their mechanism of action

Immunosuppressive method/agents and MOA References

Plasmapheresis

• Partial or no success
• Drawback: Need for immunosuppressive drugs, and a
painful procedure hence not advisable in children

Ludvigsson et al. (1983),
Hao et al. (1999)

Cyclosporine (CsA)

• Maintains C-peptide and reduces HbA1c levels
• Diabetes French study: 46 % remission rate in treatment
group with few (minor) adverse effects reported

• Drawbacks: Dose dependence, long-term malignancy, not
optimal for children

Stiller et al. (1984), Feutren
et al. (1986), Jenner et al.
(1992), Schreiber and
Crabtree (1992)

Nicotinamide (vitamin D)

• High dose prevents or delays onset of T1D
• DENIS and ENDIT studies failed to show any significant
improvement in diabetes risk; No adverse effects observed

Gale et al. (2004), Kamal et al.
(2006)

Cyclophilin CpN; Calcineurin CaN (serine/threonine phosphatase activity); cytoplasmic
component of nuclear factor of activated T-cell; Nuclear component of nuclear factor of
activated T-cell; Poly (ADP-ribose) polymerase PARP; Nicotinamide adenine dinucleotide NAD+;
Poly (ADP = ribose) PAR; Deutsche Nicotinamide Intervention Study DENIS; European
Nicotinamide Diabetes Intervention Trial ENDIT
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antigens can be altogether avoided. The solution to this conundrum may well lie in
the employment of a targeted approach, whereby monoclonal antibodies (mAb) can
lead the way by directing Teff cells, with the former also acting as biological
immunomodulators (Li 2011). Some of the mAbs specifically designed for this
purpose include anti-CD3, -CD20, -CD25, anti-thymocyte globulin (ATG), and
CTLA-4, which target immune Teff cells and many are presently under investigation
in a range of T1D clinical trials.

T-Cell Targeting Antibodies

Anti-CD3 Antibody (Otelixizumab and Teplizumab)

Orthoclone-OKT3® (Muromonab-CD3 antibody) was the first US-FDA approved
murine-derived anti-CD3 mAb, used in humans to prevent acute rejection
post-organ transplantation. Preclinical studies in NOD mice showed that treatment
with OKT3® resulted in potent reversal of T1D and successfully prevented immune
responses toward the transplanted syngeneic islets (Herold et al. 1992; Chatenoud
et al. 1994; Chatenoud and Bluestone 2007). As the name suggests, these mAbs are
targeted to CD3 present on the surface of T-cells, which are necessary for T-cell
activation. The immunomodulatory mechanism of CD3 mAb is suggested to act in
two phases: phase I is attributed to T-cell depletion (preferentially Teff cells) and
activation of cells that secrete a range of cytokines (IL-10, TNF-α, IFN-γ). Phase ΙΙ
is proposed to have long-lasting effects, which involve induction of Treg cells with
enhancement of CD25+ Forkhead box protein 3 (Foxp3) population, which is
further dependent on transforming growth factor beta (TGF-β) -β) (Waldron-Lynch
and Herold 2011). These postulated mechanisms render anti-CD3 a potential
therapeutic agent; however, its side-effect profile includes transient cytokine syn-
drome which causes fever, hypotension, and arthralgia. The side effects were
supposedly linked to activation of T-cells due to binding of murine Fc portion
(fragment crystallizable region of antibody) of the antibody with the Fc receptors
(FcR) present on human cells (Abramowicz et al. 1989; Chatenoud et al. 1989).

In order to mitigate the effects of anti-CD3 mitogenic potential humanized,
non-Fc binding anti-CD3 mAbs were engineered (Table 4.2). Teplizumab (hu-
manized non-Fc-engineered mAb, also known as MGA031, hOKT3γ1, and
Ala-Ala) and Otelixizumab (aglycosylated chimeric/humanized non-Fc binding
mAb, also known as TRX4 and chAgCD3) have shown significant improvement in
terms of safety due to their fully humanized profile, minimizing the potential for
immunogenicity associated with the differences in mAb isotype between humans
and mice (Keymeulen et al. 2005). Nonetheless, adverse events have been reported
with anti-CD3, which include flu-like symptoms due to transient cytokine release as
well as increased incidences of EBV infection following a single course
of anti-CD3; this was, however, self-limiting with EBV incidence subsiding
1–3 weeks post-treatment initiation (Keymeulen et al. 2010a, b).
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Future developments of anti-CD3 antibodies should continue to focus on
improving the safety along with increasing the efficacy. An additional factor to be
considered is the stage of disease at the time of drug administration, as more
promising results were observed in preclinical models when these agents were
introduced in the earliest stages of the disease. Five independent large-scale clinical
trials presently underway (phase II/III) have reported some encouraging outcomes
(see the details in Table 4.2). The best response to therapy was noted in patients
with a greater β-cell mass prior to initiating therapy; this implies that anti-CD3
therapy, if combined with agents that improve β-cell regeneration such as GLP-1 or
other mimetics, may prove to be a superlative approach (Sherry 2007). One such
attempt at this dual approach was reported with a combination of anti-CD3 antibody
with intranasal proinsulin peptide, yielding encouraging results (Bresson et al.
2006).

Anti-CD25 (Daclizumab)

Another promising immunomodulatory antibody is anti-CD25 (Daclizumab), a
humanized mAb which binds CD25, the α-subunit of the IL-2 receptor expressed
on T-cells, and by doing so it inhibits the activation of T-cells. Daclizumab has
been applied in autoimmune conditions such as multiple sclerosis (MS) and uveitis
(Bielekova et al. 2009) although studies showing its effect in T1D monotherapy are
absent. A recent study in diabetes-resistant bio-breeding (DR–BB) rat model
demonstrated the synergistic effect of Daclizumab and Mycophenolate mofetil
(MMF) (with MFF having a cytotoxic effect on autoreactive T-cells) (Ugrasbul
et al. 2008). Disappointingly, a recent phase III clinical study using the same
combination therapy failed to preserve β-cell function in new-onset T1D patients
(Gottlieb et al. 2010). Moreover, although nonsignificant, a higher incidence of side
effects was observed with the dual therapy, when compared to the placebo group.

Anti-thymocyte Globulin—Thymoglobulin®

Thymoglobulin® (anti-thymocyte globulin/ATG) is a purified γ-immune globulin
raised in rabbits and horses via immunization against human thymocyte. This
immunosuppressive agent contains cytotoxic antibodies directed against antigens
expressed on human T-cells (Simon et al. 2008). Currently, rabbit-derived ATG is
licensed as a treatment for acute rejection in renal transplant patients across Europe
and USA. It is also indicated in therapies such as graft host disease (GVHD),
aplastic anemia, and cancer. It was reported that in NOD mice, administration of
murine ATG prevented progression of new-onset diabetes and induced long-term
tolerance. The mechanisms involved are similar to anti-CD3, where first transient
but substantial increases in cytokine release (TNF, IFN-α, IL-2, IL-3, and IL-6)
(Ferran et al. 1991) are observed. Next, there is transient deletion of T-cells (Teff)
with increased frequency of CD4+CD25+ Treg cells, although the levels of Tregs
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cells were found to return to baseline after 30 days of treatment with ATG. In vitro
and in vivo data support another plausible explanation, i.e., alteration of DC cells
causing reduced expression of CD8+ expression along with increased IL-10 pro-
duction (K. Womer, unpublished study). Nonetheless, optimal outcomes with ATG
therapy are dictated not only by dose, but also by the time from diagnosis and when
therapy is initiated, with maximum efficacy seen when administration occurs after
recent onset or late in the prediabetic phase (at 12 weeks of age). In complete
contradiction to these findings, there is now evidence suggesting that the effect of
ATG antibodies is dependent on the animal model employed (Bresson and Von
Herrath 2011). This suggests that, before making any broad conclusion on the
applicability of antiglobulin therapy, it is essential to assess it in various models of
the disease, other than the most popular ones (e.g., NOD mice and BB rats) models.

Transitioning from trials in animals to those in humans, there are reports of a
combination therapy, using ATG alongside prednisone. Positive results with low-
ered HbA1c levels and decreased insulin requirement per day were observed over
several months. However, adverse effects of ATG therapy were also noted; these
included cytokine release syndrome (leading to symptoms like fever and serum
sickness) and even thrombocytopenia, which precluded its further use (Saudek et al.
2004). Currently, a trial entitled Study of Thymoglobulin to Arrest Newly
Diagnosed Type 1 Diabetes (START) (Clinical trial ID: NCT00515099) aims to
determine whether ATG treatment can halt the progression of newly diagnosed
T1D when given within 12 weeks of disease diagnosis. Further, a combination trial
in phase I/II has commenced using Thymoglobulin® and granulocyte
colony-stimulating factors (GCSF) (Neulasta®) to identify their safety and potential
to preserve insulin production. This combination therapy has shown durable
remission of T1D in NOD mice due to the induction of Treg cells (Parker et al.
2009).

Cytotoxic T-Lymphocyte Antigen 4 Immunoglobulin (CTLA4-Ig)

The fusion immunoglobulin CTLA4-Ig (Abatacept®) acts on a number of costim-
ulatory molecules (e.g., CD80 (aka B7-1) and CD86 (aka B7-2)) present on APCs
(Fig. 4.2), functioning as a negative regulator of T-cell response (Perrin et al. 1995;
Arima et al. 1996). T-cells require a secondary signal, in addition to the primary
signal transmitted via MHC/TCR interaction, for their full activation. Hence,
CTLA4-Ig acts by blocking CD28/B7 interaction (essential for the activation of T
lymphocytes), leading to anergy (for further explanation, refer to the previous
Sect. 3, Genetic susceptibility). Recently, blockade of the CD28/B7 costimulatory
pathways has gained much attention, since it demonstrated to halt the progression
of ongoing autoimmunity (Lenschow et al. 1992). An additional study reported that
a single dose of CTLA4-Ig resulted in long-term graft survival after allogenic
transplantation; this was marked by increases in cytokine IL-4 and IL-10, both of
which are characteristic of Th2 subtype population. Separately, they were also
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found to induce production of TGF-β, a key regulatory cytokine involved in the
immune regulation, thus supporting their role in the prevention of autoimmunity
(Salomon et al. 2000; Salomon and Bluestone 2001; Tang et al. 2003).
Furthermore, these immunoglobulins induce tolerance in allergenic islet trans-
plantation by indolamine 2, 3-dioxygenase (IDO) mechanism (Fig. 4.3). IDO is a
tryptophan degrading enzyme secreted by specific DCs, and hence it controls T-cell
activation (Alexander et al. 2002). However, in certain cases, opposite to the
CTLA-4 preventive action, it is found to augment autoimmune conditions. This
could be due to (a) blocking of CTLA-4, which is a negative regulator of T-cell
activation and (b) direct impact on the Tregs whose survival and differentiation
depend on CD28 (Lenschow et al. 1996; Rigby et al. 2008). Hence, their blockade
further results in exacerbation of T1D. The overall discussion so far seems to show
that blocking CD28/B7 pathway on one hand may provide benefit in preventing or
at least delaying the autoimmune disorder. On the other hand, its complex
involvement in the maintenance of Tregs somehow makes its utility as an
immune-modulating agent difficult. Other potential issues such as toxicity, time
dependence, and site of administration need critical evaluation and to this end phase
II clinical trials are underway using CTLA4-Ig (Abatacept®) in cases of new-onset
T1D (Orban et al. 2011) and LEA29Y (Belatacept®) in islet transplantation
(Chatenoud 2011).

Fig. 4.3 Different roles of CTLA4-Ig implicated in immune response. CTLA4-Ig exerts its action
via several different mechanisms: (i) CTLA4-Ig blocks the CD28 interaction with B7 owing to its
high affinity for B7 co-receptor and results in blocking of T-cell activation or anergy, (ii) Induction
of IDO following interaction of CTLA4-Ig with B7 which prevents T-cell activation, (iii) Immune
suppression effect due to the blockade of CD28 resulting in reduction of Th2 cell differentiation,
i.e., Treg cells and finally, (iv) Inhibits the CTLA-4 binding with B7 ligands necessary for CTL
activation which are essential to control Teff cell function

4.4 Immune Intervention Strategies 43



B-Cell Targeting Antibody

Literature abounds with illustration of the clear effector role of T-cells in autoim-
mune T1D and hence most of the therapeutic studies target T-cells for treatment
purposes. From our previous discussion, we know that NOD mice demonstrate a
plausible role of B-cells as APC in T1D pathogenesis, more than just producing
antibodies against autoantigens. This somehow indicates that therapies such as
anti-CD20 and anti-CD25, which target B-cells, may have a positive role in the
disease remission. In fact, anti-CD20 mAb treatment in NOD mice has shown
depletion of CD20 B-cells, which prevented T1D in more than 60 % of tested mice
population due to their predominant interference with CD4+ T-cell activation
(Serreze and Silveira 2003).

Anti-CD20 (Rituximab)

Rituximab is a chimeric mAb targeted against CD20 transmembrane receptors,
found primarily on the surface of B-cells (Looney 2005; Martin and Chan 2006).
Rituximab was first introduced in 1997 and is the first therapeutic mAb, approved
by the European Medical Agency (EMEA) and US-FDA, for the treatment of B-cell
non-Hodgkin’s lymphoma (NHL). It is additionally used in other therapies such as
rheumatoid arthritis, systemic lupus erythematosus (SLE), and multiple sclerosis
(MS) (Pescovitz et al. 2011). A key advantage of rituximab is its specificity for
CD20 molecules compared to other treatment strategies, which prevents undesired
side effects. A clinical trial sponsored by TrialNet included 87 patients (age range:
8–40 years) with newly diagnosed T1D, who received 4 weekly infusions of
rituximab. The study reported that, after 1 year, stimulated C-peptide level was
found to be 20 % higher in the rituximab-treated group compared to the placebo
group. Secondary treatment responses included lowered HbA1c level and lowered
daily doses of insulin with no increase in infection or neutropenia observed.
Unfortunately, the C-peptide response was short lived with maximal drug effect
being apparent only in the early months of treatment (Pescovitz et al. 2009). This
suggests that rituximab may not be an optimal approach for T1D treatment but
certainly it provides a proof-of-concept that B-cell depleting agents are a perfectly
feasible target for halting the ongoing progression in T1D. However, more
meticulous investigation is a prerequisite to identify the benefit-to-risk ratio, which
seems more delicate in the case of children suffering from T1D. Additionally, the
translation from preclinical to clinical studies has shown substantial variations,
further rendering this approach a far-fetched idea.

4.4.1.3 Cytokine-Based Therapy

Cytokines are small, cell signaling molecules which orchestrate different processes
such as T-cell growth (interleukins IL-2, IL-4, IL-7, IL-15, and IL-21), inflam-
matory responses by Th1/Type 1 cytokines (IL-1, TNF-α, TNF-β, IFN-α, and IFN-
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γ), and anti-inflammatory function by Th2/Type 2 cytokines (IL-4, IL-10, and TGF-
β), respectively. Further, Th2 cytokines are involved in the expansion of Treg cells.
The binary role of cytokines as mediators and regulators opens new prospects for
T1D therapy. Some paradoxes exist the assumed inflammatory role of Th1
cytokines, since the administrations of IL-2 and IFN-γ are actually found to prevent
T1D in animal models (Rabinovitch and Suarez-Pinzon 2007).

Interleukin 1 (IL-1)

IL-1, a pro-inflammatory cytokine, is a significant and overexpressed cytokine gene
in peripheral blood mononuclear cells (PBMC) in patients with newly diagnosed
T1D compared to healthy controls (Kaizer et al. 2007). In NOD mice, systemic
knockout of IL-1 receptor gene was found to reduce diabetes mellitus rates by 30 %
(Thomas et al. 2004). Anti-IL-1 (Anakinra) is a recombinant, non-glycosylated
human version of anti-IL-1 receptor antagonist, clinically approved for the treat-
ment of rheumatoid arthritis. In 2007, a clinical trial showed that blockade of IL-1
pathway through the use of Anakinra improved glycemia, β-cell secretory function,
and reduced markers of systemic inflammation in T2D (Larsen et al. 2007).
Recently, a study related to use of anti-IL-1 therapy in children with newly diag-
nosed T1D was conducted. Preliminary results showed that anti-IL-1 therapy is well
tolerated in children. A similar level of HbA1c and mixed-meal tolerance test was
observed in the treated and control groups, with additional low dose of insulin
requirement in treatment group, 1 and 4 months post-diagnosis (Sumpter et al.
2011). The limitations of this study include non-randomized experiments, limited
sample size, brief duration of therapy (28 days), independent controls groups (se-
lected differently), and no precedent study to support the therapy duration.
Nevertheless, the study suggests the need for randomized, placebo-controlled study
over a longer duration in order to evaluate the true capacity of anti-IL-1 therapy to
augment the insulin secretory capacity of T1D patients. Another study including
anti-IL-1 mAb (Canakinumab) is currently in progress (ClinicalTrials.gov ID:
NCT00947427).

Interleukin 2 (IL-2)

IL-2 is one of the cytokines exhibiting several functions such as T-cell growth,
cytotoxic effects, and maintenance of Treg cells. Malfunctioning of IL-2 signaling in
CD4+ T-cells of T1D subjects leads to lowered Foxp3 expression on the surface of
Treg cells, lowering their tolerance effect (d’Hennezel et al. 2010). Bearing this
theory in mind, IL-2 was tested preclinically and was found to be dose dependent. It
was observed in NOD mice that low-dose administration of IL-2 resulted in
increased induction of Treg cells with higher expression of Treg-related proteins such
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as Foxp3, CD25, CTLA-4, ICOS (inducible T-cell costimulator), and GITR
(glucocorticoid-induced TNF receptor), and prevented T1D. Furthermore, IL-2
administration suppressed IFN-γ production (Grinberg-Bleyer et al. 2010).
A cytolytic chimeric IL-2 and Fc fusion protein with specific binding to IL-2
receptor was found to suppress induced T1D in NOD mice (Zheng et al. 1999),
while the Fc portion of the protein contributed to lowered immunogenicity and
increased half-life (t1/2). According to Clinical Trials.gov, a study was recently
completed using IL-2 (Aldesleukin) (study ID: NCT01353833) aimed at assessing
its dose–effect relationship on T1D with results yet to be declared (http://
clinicaltrials.gov/ct2/show/NCT01353833). A further study using a combination of
IL-2 and rapamycin has shown limited success (Long et al. 2012). In contrast to the
limited success with cytokines treatment, blockade of pro-inflammatory cytokines
seems a more pertinent approach (Baumann et al. 2012).

Tumor Necrosis Factor-Alpha (TNF-α)

In addition to the aforementioned cytokines, TNF-α is additional pro-inflammatory
cytokine which exhibits direct cytotoxic effects on β-cells. Anti-TNF therapy has
gained wide recognition in the treatment of rheumatoid arthritis and Crohn’s dis-
ease, in particular. However, only recently it has been tested in various clinical trials
evaluating their efficacy in T1D. In NOD mice, TNF-α or anti-TNF-α therapies
have shown contrasting results in vitro and in vivo, with ablation of T1D in vivo as
opposed to exacerbation of T1D or destruction of β-cells in vitro. This suggests that
TNF-α might have a more potent immunoregulatory effects in vivo than a mediator
effect (Jacob et al. 1990). In addition, the role of TNF-α in T1D pathogenesis
remains enigmatic. One of the initial studies showed the age-dependent effect of
TNF-α therapy in NOD mice. Administration of TNF-α (before 4 weeks of age) led
to an earlier onset of T1D, whereas total blockade of TNF-α with mAb prevented
T1D. The outcome clearly demonstrates the indispensable role of TNF-α in the
thymic development of autoimmune repertoire, which could be due to its
involvement in thymocyte activation and proliferation (Yang et al. 1994; Christen
and Herrath 2002; Kodama et al. 2005; Koulmanda et al. 2012). In an attempt to
study the feasibility and efficacy of anti-TNF-α therapy, a soluble recombinant TNF
fusion protein (Etanercept) was used in a pilot scale study on 18 children with
newly diagnosed T1D. The preliminary data showed prolonged effects on
endogenous insulin production in these pediatric patients (Mastrandrea et al. 2009).
Further, large-scale studies are underway to evaluate the true potential and asso-
ciated side-effect profile with the use of this therapy.

Striking differences noticed with the use of cytokines reveal the need for careful
contemplation based on (i) time of administration, (ii) route of administration,
(iii) dose, and (iv) site of expression (local, i.e., organ-specific or systemic)
(Bresson and Von Herrath 2007). A strategy such as localization of cytokine
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therapy directly to the site of islet inflammation is also something which needs
attention, so as to avoid nonspecific and undesirable side effects in vivo. In sum-
mary, these data mark the complexity of using cytokine alone as immune inter-
vention. Finally, there is an enormous potential that the anti-cytokine treatment,
along with other therapies, may prevent or delay diabetes development in indi-
viduals at high risk of the disease.

4.4.2 Antigen-Based Intervention Strategies

Antigen-based therapy is a developing field and currently relishes the most atten-
tion. The rationale following its investigation is antigen specificity which adds to its
safety profile, something not found with immunosuppressive agents or
nonantigen-specific immunomodulation approaches (Ludvigsson 2009). However,
these therapies suffer drawbacks such as unpredictable outcome of immunization
that depends on numerous factors such as antigen dose, frequency, and route of
administration (Peakman and von Herrath 2010).

Treatment using autoantigen delivery is a well-known concept and dates back to
the twentieth century when it was used to treat hypersensitive allergies toward
innocuous foreign antigens (Krishna and Huissoon 2011). The specific induction of
Tregs in response to administration of an exogenous antigen has been termed inverse
or negative vaccination (Mercer and Unutmaz 2009; Hinke 2011). By poorly
understood mechanisms, naive T-cell activation matures either into Teff or
CD4+CD25+ T-cell/Treg cells. As we know from our previous discussion, Teff cells
are responsible for induction of an immune response. Tregs can be further classified
as (i) natural, i.e, thymus derived (nTreg) or, (ii) adaptive, i.e, induced within the
periphery (iTreg). These Tregs are essential for the maintenance of immune tolerance.
In some cases, the Foxp3, a marker of Treg cells, shows increased expression on
these cells. Unfortunately, these Foxp3 are murine-specific Treg markers, because
their utility in humans is restricted as they are additionally expressed on recently
activated Teff cells. The fate of T-cells depends on antigenic signal strength and
prevalent cytokines. The underlying mechanism behind this therapy is the tendency
of autoantigens to either delete the effector/pathogenic (Th1 and CTLs) and
autoreactive (CD4+ and CD8+) T-cells or their ability to expand protective Treg

specific to the autoantigens (Bresson and von Herrath 2009). Several Treg-associ-
ated mechanisms have been implicated in the development of immune tolerance by
antigen-specific therapy. First, bystander suppression which refers to specific
antigen induced generation of Treg cells that nonspecifically alter the function of
APC and hence suppress inflammation in the target organs by suppressing the Teff

cells induced by other antigens (Anderton et al. 1999; Millington et al. 2004).
Second, infectious tolerance which means Treg cell clone has a natural ability to
induce Tregs of different antigen specificities (Li 2011; Harrison 2012).
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Several ways are available to achieve antigen-specific therapy of T1D in animal
models: (i) use of full length islet proteins (such as GAD65), (ii) altered peptide
ligands derived from islet antigens (such as heat shock protein 6), and/or (iii) with
DNA vaccines (InsB9-23) (Slobodan et al. 2011). Various autoantigens associated
with T1D like hsp60/Diapep277, insulin (Ins), and GAD65 (Diamyd®) have been
tested in clinical trials with varied levels of success. The next section includes
details of the updated knowledge of different antigen-specific therapies.

4.4.2.1 Insulin Vaccine

Insulin and proinsulin epitopes have been identified as playing a vital role in the
early stages of T1D autoimmune processes both in humans and NOD mice models
(Zhang et al. 1991; Kent et al. 2005; Nakayama et al. 2005). Insulin autoantibodies
(IAA) precede the clinical presentation of T1D especially in children and are often
used as biomarkers in disease prediction. Insulin therapy has shown a twofold
benefit: (i) it restores the insulin-specific immune tolerance and, (ii) it halts ongoing
β-cell destruction with the supply of active, exogenous insulin, and thus (iii) it
reduces the insulin secreting stress on the pancreas. Based on the large body of
evidence which shows insulin’s role in T1D, inverse vaccination with insulin and
proinsulin either as a peptide or DNA vaccine seems like an ideal and relatively
facile approach for prevention or intervention in T1D (Hilsted et al. 1995; Skyler
2008). Table 4.3 includes various trials that are complete or in ongoing stages using
insulin as a drug candidate.

4.4.2.2 Heat Shock Protein 60(Hsp-60)/Diapep277

DiaPep277 is a 24 amino acid-containing peptide derived from positions 437-460
of major T-cell epitope of Hsp60. Hsp60 functions in protein folding as an intra-
cellular chaperone and it is a vital stimulator of the innate immune system. Hsp has
been found to activate the APCs like macrophages and DCs by activating the
pro-inflammatory response via Toll-like receptor 4 (TLR4), while it is also believed
to induce an anti-inflammatory response via TLR2 (Anderton et al. 1993) (Fig. 4.4).
In contrast to the inflammatory action of Hsp, DiaPep277 only activates the
anti-inflammatory response TLR2 and hence shifts the inflammatory Th1 response
to protective Th2 immune response (Tuccinardi et al. 2011). DiaPep277 has been
modified to be stable in vivo by replacement of two cysteines at locations 6 and 11
of the sequence, respectively, by valine. The replacement does not induce any
physiological change in the native DiaPep277 sequence (Raz et al. 2001).
Inflammation inhibitory activity of Hsp60 was first reported in
mycobacteria-immunized rats. Ragno et al. in late 1990s demonstrated the pro-
tective effect of Hsp60 as a naked DNA vaccine in adjuvant arthritis (Ragno et al.
1997; Quintana et al. 2003). Soon afterward, mammalian Hsp60 was found as a
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target of T-cells involved in the etiology of T1D (Elias et al. 1990). Antibodies to
this Hsp60 autoantigen have been detected in new-onset T1D patients. However, it
is difficult to unravel their role as a predictive marker of T1D (Abulafia-Lapid et al.
1999). Apparently, DiaPep277 is involved not only in immunomodulation of the
innate immune system, but also in adaptive immune responses. This discovery has
given rise to its application as an autoantigenic vaccine, which is expected to help
maintaining its specificity. Preservation of residual β-cells in NOD mice has been
observed even in the progressive or late stages of autoimmunity (Elias and Cohen
1995). In addition to the clinical trials mentioned in Table 4.6, two different trials
were run on latent autoimmune diabetes of adults (LADA) patients with incon-
clusive results. Table 4.6 includes all available clinical studies, from phase I to III.

4.4.2.3 Glutamic Acid Decarboxylase 65 (GAD65)

GAD is a 585 amino acid-containing enzyme encoded at chromosome 10p11,
responsible for the synthesis of a vital inhibitory neurotransmitter in the central
nervous system, namely γ-amino butyric acid (GABA). Disturbed GAD production
is responsible for lowered GABAergic signaling, leading to seizures and stiff person
syndrome (SPS). High anti-GAD antibody titers are found in SPS and T1D patients
(Levy et al. 1999). However, it should be noted that the epitopes of GAD identified
in both the diseases show different isotypic patterns (Lohmann et al. 2000). GAD is
correspondingly located in the pancreas, though its specific role within pancreas
remains enigmatic. Some studies suggest possible involvement of GABA in the
hormone secretion within the pancreas, while some indicate its involvement in the

Fig. 4.4 Role of Hsp60 (i) as a pathogenic autoantigen and (ii) mechanism of action of DiaPep277
vaccine
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hormone secretion in response to glucose. Principally, autoantibodies to two iso-
forms of GAD have been identified in T1D, namely GAD65 and GAD67 (with
molecular weight 65 and 67 kDa, respectively). GAD65 was identified as
autoantigen for the first time in 1982 using plasmapheresis, with the immunopre-
cipitation of a protein with a molecular weight of 64 kDa (Baekkeskov et al. 1982,
1990; Karlsen et al. 1991). Subsequent studies confirmed the presence of autoan-
tibodies to this antigen in T1D and several autoimmune disorders. Nearly, 60–70 %
of the T1D populations are found to possess autoantibodies to GAD65 antigen, and
this is especially the case in adult patients (Kaufman et al. 1992; Han et al. 2011).
The presence of GAD65 has been identified as one of the important biomarkers of
T1D. Preclinical studies in murine models have indicated that mucosal, intraperi-
toneal (IP), IM, and SC administration of formulated GAD65 prevents the devel-
opment of autoimmunity (Gong et al. 2010). Functionally, immunization with
GAD65 induces a shift of Th1 response to Th2 type along with induction of subset
of Treg cells, which eventually prevents or reduces long-term disease incidence
(Tian et al. 1996).

More than 20 preclinical studies were performed to evaluate the safety and
efficacy of GAD65 and no undesirable effects were observed indicating a wide
safety margin associated with its use. GAD65-Alum (Diamyd®) was used as a
human adjuvant-based vaccine due to clinical reasons, which include the following:
(i) alum has been used commercially in vaccines for more than 70 years, (ii) alu-
minum salts are preferential humoral immune response inducers rather than cellular
response inducers, and (iii) alum is the only adjuvant contained in vaccines licensed
by the US-FDA for human use (Sesardic et al. 2007; Dekker et al. 2008; Uibo and
Lernmark 2008). Details of the various clinical studies are given in the table below
(Table 4.4). Failure in phase III trials with GAD65 alum is without a doubt an
unfortunate setback, but nevertheless these studies sufficiently indicate the persis-
tent need to have better understanding of the dose, route of administration, and most
essentially the stage of intervention in order to maximize the induction of immune
tolerance. However, several subsequent trials such as a Swedish prevention trial in
children with high risk of T1D and interventions using a cocktail of agents with
GAD65 are underway.

4.4.3 Cell-Based Therapy

In addition to the broad range of approaches discussed in the earlier sections, one of
the most vibrant fields witnessing its horizon in T1D immunotherapy approach is
cell-based therapy. The rationale behind this therapy is to compensate for the lost
pancreatic β-cells through (i) replacement of islet cells by islet-like cells derived
from different stem cells (like ESC, HSC, or ASC) and (ii) restoration of
immunological tolerance to islet pathogenic self-antigens through adoptive transfer
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of CD4+CD25+ Treg and targeting APCs such as DC cells. Since islet regeneration
and stem cell therapy have been discussed in detail earlier, the following section is
focused on establishment of immunological tolerance methods.

4.4.3.1 CD4+CD25+Foxp3 T-Cell

Propelled by the large body of evidence obtained from studies in animal models,
CD4+ Tregs quintessentially appears to play a protective role in homeostasis
maintenance, which otherwise progresses into autoimmune conditions such as T1D
(Kabelitz et al. 2008; Spoerl and Li 2011). Growing data suggest the likely exis-
tence of several subsets of CD4+ Treg cells, amongst which the most investigated
ones fall in two classes: (1) CD4+CD25+Foxp3 Treg and (2) Th2 cells secreting
anti-inflammatory cytokines (IL-10 and TGF-β) (Grazia Roncarolo et al. 2006).
CD4+CD25+Foxp3 Treg constitutes 5–10 % of total peripheral CD4+ T-cells, with
high expression of CD25 and Foxp3 which plays a pivotal role in maintaining
homeostasis and immune tolerance (Bluestone and Tang 2004; Fontenot et al. 2005;
Zheng and Rudensky 2007). Development of this cell lineage is believed to be from
two different origins, i.e, natural Treg (nTreg) (which are developed within the
thymus) and another known as adaptive or induced Treg (iTreg), generated in the
periphery (in vitro or in vivo) in response to antigenic stimuli in specific milieu.

A myriad of molecular and cellular mechanisms have been implicated in Treg-
mediated immune suppression. The translational effect of these Treg is believed to
be due to their direct or indirect interaction with APCs resulting in either bystander
suppression or infectious tolerance (Qin et al. 1993; Thornton et al. 2004). These
two essential mechanisms allow the Tregs with limited-antigen specificity to
establish a broad and stable immunoregulatory effect and the required Treg phe-
notype. The other mechanisms of note include (1) weak stimulation via T-cell and
APC interaction, which leads to suppressed pro-inflammatory (such as IL-2)
cytokine secretion; (2) release of soluble factors such as protective cytokines (IL-10
and TFG-β); (3) cell-to-cell contact-dependent mechanism whereby suppression is
induced by T-cell accessory molecules such as CTLA-4 (direct suppression or via
IDO expression) (Vignali et al. 2008) and lymphocyte activation gene (LAG3),
expressed on Tregs, while CD80 and CD86 expressed on the cell surface of APC
(Sakaguchi 2004; Miyara and Sakaguchi 2007), and (4) cytolytic effect of naturally
occurring Treg cells expressing granzyme A and perforin, which leads to apoptosis
of Teff cells (Grossman et al. 2004a, b; Gondek et al. 2005). Several other mech-
anisms have also been shown to orchestrate Treg suppression; however, the precise
mechanism remains elusive.

A crucial problem faced in Treg research is identifying a characteristic
cell-surface marker for human Tregs that will aid their easy identification and iso-
lation from the set of CD4+ T-cells. Largely, mice and human Tregs were isolated
based on the expression of CD25, found to be expressed on the activated T-cells
and not primarily on Tregs alone (Yi et al. 2006). Similarly, Foxp3 has been
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identified as an indispensable regulator involved in Treg differentiation, develop-
ment, function, and their identification in mice (Fontenot et al. 2005); however, they
are not human-specific markers. Mutation in the Foxp3 gene results in malfunction
and lowered number of nTregs, followed by autoimmune diseases such as scurfy
disease in mice (Lahl et al. 2007) and IPEX syndrome in humans (Gambineri et al.
2003). Furthermore, recent studies have shown that a low expression of CD127,
together with high expression of CD25, is a reliable marker for delineating Foxp3+

nTregs (Liu et al. 2006). This suggests that the search for specific Treg marker has
remained elusive, requiring further extensive research.

The discussion so far leads to the fact that the alteration or dysfunction of Treg

cell is associated with various autoimmune diseases, including T1D (Thomas et al.
2005). Adoptive transfer of CD4+CD25+ Treg cells in NOD mice has shown to
prevent autoimmune T1D (Bluestone and Tang 2004; Masteller et al. 2005; Tarbell
et al. 2007) development and several other metabolic diseases such as SLE, irritable
bowel syndrome (IBD), MS, etc. Following preclinical studies, the first-in-human
clinical effects of adoptive transfer of ex vivo expanded CD4+CD25+CD127− Tregs

was found to alleviate disease symptoms in patients suffering from acute or chronic
GVHD (Cao et al. 2009; Trzonkowski et al. 2009). Current efforts have been
directed toward inducing and maintaining tolerance using therapeutic vaccination
with CD4+CD25+ Treg cells, which can be achieved either directly or indirectly
(through the use of anti-CD3 antibody or antigen-specific immunotherapy)
(Bluestone and Tang 2004). A recent pilot study conducted in newly diagnosed
T1D children showed for the first time that the infusion of ex vivo expanded
autologous Tregs prolongs disease remission (Marek-Trzonkowska et al. 2012).
Several approaches for in vivo induction of suppressive adaptive Treg have also
been investigated. One such example is humanized anti-CD3 antibody adminis-
tration that has shown beneficial effects on residual pancreatic β-cell function
(Belghith et al. 2003). Several other approaches using antigen alone (GAD65 and
insulin B9-23) (Mukherjee et al. 2003) or simultaneously with anti-CD3 antibody are
also under investigation (Bresson et al. 2006). Various research labs are focused on
developing optimal methods to expand the antigen-specific Tregs in vitro and many
have been successful in doing so. For example, Tang et al. have been able to
develop a robust method to expand the Tregs in vitro by 200-fold within 2 weeks
using a combination of anti-CD3, anti-CD28, and IL-2 (Tang et al. 2004), while a
small number of associated Tregs were also found to reverse diabetes suggesting
their utility in T1D immunotherapy.

Nevertheless, the successful translation of Treg therapy in a clinical setting is
thwarted by several challenges, including isolation and purification of Tregs from
peripheral blood of patients, expansion technologies in vitro and in vivo, and
determination of their long-term stability in the adoptively transferred host and
safety issues in particular, related to the polyclonal Tregs. Antigen-specific
immunotherapy somehow seems a plausible resolution to the problem of speci-
ficity with still much room for improvement.
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4.4.3.2 Dendritic Cells

Earlier discussion briefly suggests that antigen-specific therapy holds the potential
as key player in the coming future for T1D therapeutics. Henceforth, a marked
interest has evolved toward the manipulation of DCs that are identified as the most
potent APC in T1D and other autoimmune conditions (Steinman 2008). DCs are
involved in different stages of T1D progression, as they are the first cells to infiltrate
the pancreas followed by their role in the activation of autoreactive T-cells,
respectively. Conversely, in steady state, DCs are found to have a low MHC
expression and costimulation molecules that allow them to present an antigen,
however, without immunogenic response induction (Steinman et al. 2003). This
indicates that in steady and/or immature state, DCs maintain tolerance S induction
of anergy or Treg cells.

Current efforts involving DCs as therapeutics aim at exogenous generation of
DCs for administration as a vaccine. One of the clinical trials has recently shown
the safety aspect of the exogenous DC-based vaccine for application in T1D
(Clinical trial.gov identifier: NCT00445913) (Giannoukakis et al. 2011). This study
was planned based on preclinical data, which demonstrated that BM-derived DCs
treated ex vivo with a mix of antisense oligonucleotides selectively knocked down
the costimulatory molecules, especially CD40, CD80, and CD86. The costimula-
tory impairment was able to prevent and reverse T1D in NOD mice model (Machen
et al. 2004). An alternative attractive approach involves the in vivo targeting of DCs
with polymeric microparticles that possess the capacity to deliver the vaccine to
DCs (Zhao and Leong 1996; Keselowsky et al. 2011). One of the most compre-
hensively studied molecules for targeting Ag to DC is DEC-205. DEC-205 includes
endocytic receptors, expressed at high levels on lymphoid tissue DCs and is found
to significantly enhance the efficiency of antigen presentation. The following
approach involved the ligation of DEC-205 targeted antigen with that of mAb,
which acts as stimuli for maturing DCs. It was shown that such a targeted approach
led to higher and effective T-cell-mediated immunity (Bonifaz et al. 2004)

However, so far this DC-based vaccine only provides a proof-of-concept, as
several factors limit this approach, such as complex cellular isolation and storage
with high costs involved. Nonetheless, there are still unanswered questions that
remain before the clinical application of this technology such as route of DCs
administration and frequency of injections (Morelli and Thomson 2007).

4.5 Combination Therapies in Type 1 Diabetes, the Way
Forward?

Delving in literature reveals that almost a dozen of clinical trials were completed
with little or no success (Table 4.5). In light of the current evidence, it may not be
altogether in appropriate to suggest that current monotherapies may fall short of
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current expectations as far as T1D therapies are concerned. The involvement of
multiple heterogeneous factors significantly complicates disease control and pre-
vention; hence, it is imperative to target multiple biological pathways involved in
the disease. It is very well understood that ideal intervention for T1D would include
not only entities that can halt the autoimmune response, but perhaps an additional
element that will help to enhance β-cell function and/or expedite β-cell regenera-
tion. Based on current preclinical and clinical data, future successes firmly appear to
lie with combination therapies. These combination/cocktail therapies offer several
advantages over the current therapies, which include improved safety, dose
reduction, and synergistic effects that further prolong efficacy. Recently, the
Juvenile Diabetes Research Foundation (JDRF) and Immune Tolerance Network
(ITN) have made a concerted effort toward developing strategies that will prioritize
the transition to human trials based primarily on combination therapies (Boettler
and von Herrath 2010; Matthews et al. 2010). However, in order to proceed further,
both sufficient and reliable safety and efficacy data on the use of various
monotherapies first need to be made available. Separately, there is an additional
challenge of engaging large pharma industries, who carry the main cost burden, in
combination drug trials, especially where the individual drugs are already marketed,
or are in the developmental stages so disclosure and IP protection issues then
emerge as matters of concern. Nevertheless, several promising opportunities exist
for the use of drug combinations using approved drugs. For example,
anti-inflammatory drugs (IL-1; anti-TNF-α), T-cell modulators (anti-CD3), B-cell
depleting agents (anti-CD20), antigen-specific agents (oral insulin; GAD-alum;
proinsulin DNA or peptide), and incretin mimetic (exenatide) along with islet
transplantation are preferred choices in cocktail therapies (Bresson and Von Herrath
2007). However, none of the combination therapies tested so far have shown
success in the clinical phase as can be seen in Table 4.5.

4.6 Lesson Learnt from Animal Models

It is now well accepted that animal models of disease are essential to better
understand the global effects of an agent or combination of agents, species differ-
ences aside. To this end, the accessibility to reliable experimental models for the
investigation of T1D pathogenesis with additional requirements for determination
of safety and efficacy profiling is readily available for T1D (Brett et al. 2011). From
a practical perspective, animal models are relatively easier to work with, not least
due to issues of accessibility in humans to the pancreas and islets, given their
location deep in the peritoneum. So the bulk of our existing knowledge pertaining
to T1D pathology stems from rodent models, which develop spontaneous T1D, the
most notable being NOD mice and BB rats due to their features closely resembling
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that in humans (see Table 4.6). Additionally, other murine models such as knockout
models, humanized murine models, and transgenic models have also been tried and
tested (Bresson and von Herrath 2009). Amongst all murine models, NOD mouse is
an autoimmune strain which has been extensively exploited to dissect the lack of
immune tolerance and autoimmunity in T1D (Fornari et al. 2011). Inter-individual
heterogeneity in humans complicates the pathogenesis of T1D and challenges the
determination of true prevalence rates; this is further complicated by the dearth of
efficient surrogate markers and imaging techniques. Often results obtained from
NOD mice have been overtly extrapolated into humans, e.g., the fiasco resulting
from anti-CD28 therapy (Suntharalingam et al. 2006). In spite of the discrepancy
risk, preclinical animal models have proven invaluable, offering crucial information
toward better understanding the etiopathogenesis of T1D.

To date out of 230 intervention strategies assessed in murine models, less than
10 (or ≈4 %) have demonstrated any kind of clinical effect in human trials. This
exceptionally poor rate of success suggests that investigators need to seriously
consider the underlying causes for the immunological and genetic disparities, and
consider a broader range of doses and frequency of dosing, the environment in
which experiments are conducted and whether their interpretation may be further
substantiated through the use of parallel investigations in other animal models (e.g.,
transgenic or larger animals) (Roep and Atkinson 2004). In order to encompass the
aforementioned criteria, in future trials, and strengthen any association to human
subjects, it is likely that researchers and clinicians will need to broaden their col-
laborations, in order to meet the increased demands of the additional parameters in
expanded studies.

Table 4.6 Enumeration of the similarities and differences between NOD mice and humans

Properties NOD mice Human

Presence of Mϕ, DC,
CD4+, CD8+ and B-cells

Yes Yes

Genetic susceptibility loci Orthologue of I-Ag7 allele MHC class II
alleles

Insulitis phenotype Extensive and easily spotted Few leukocyte
detected

Autoantibody Insulin GAD, IA-2 and
insulin

Incidence and prevalence
of T1D
(male versus female)

Higher in females Similar

Life span 2 years *78 years

Life pattern Inbred strain from genetically identical
animals under specific conditions

Heterogeneous
population
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4.7 Perspective of Nanotechnology in Type 1 Diabetes
Drug Delivery

Nanotechnology is not a fully developed concept but has gained a lot of attention in
the last few decades in various domains of science and technology. Application of
nanotechnology to medicine is used at a scale length of ≈1–100 nm range, with the
creation and use of structures, formulations, devices, and systems that have novel
properties and functions owing to their miniaturized size (Gordon et al. 2003).
Pharmaceutical companies have been focusing nowadays to develop targeted drug
delivery using nanotechnology, with the specific aim to reach the target cells.
Although this area of science is still at its horizon, it already presents an incredible
prospective for nanomedicine.

Following our previous discussion on the treatment of T1D, it is evident that,
except for the daily administration of insulin and vaccination with anti-CD3 Abs, no
other treatment has shown clinical success so far. With this view in mind, the quest to
eliminate needles for insulin delivery with some alternative and noninvasive routes
has driven many researchers toward new alternatives. One of the promising
approaches in this direction is the development of transdermal drug delivery.
Transdermal drug delivery is an appealing alternative to subcutaneous insulin
delivery due to enhanced patient compliance and controlled release over time, while
avoiding drug degradation in the GIT or first-pass liver effects. Albeit the offered
advantages, there is a big hurdle for the successful drug delivery of insulin through
skin, i.e., the presence of a horny layer known as stratum corneum. However, in the
current scenario there are several approaches available to optimize the delivery,
including chemical penetration enhancers, as well as electrical (iontophoresis) or
physical (sonophoresis) methods. Another new concept added to this field is the
development of microneedles that have shown effective delivery of protein and
peptide drugs with reduced pain and damage to cells in skin (Pickup et al. 2008).
However, translation of this system to be used in humans is still in progress.

Furthermore, nanoparticle carriers have also been tried and tested with limited
success: examples include encapsulation of islets in the case of islet transplantation
and coating of insulin for oral delivery. In particular, encapsulation of insulin with
polymers such as poly-lactic acid (PLA), poly(lactic-co-glycolic acids) (PLGA),
poly(alkylcyanoacrylate), and polymethacrylic acid nanoparticles has shown higher
drug encapsulation efficiency leading to improved glycemia in diabetic rats (Damgé
et al. 2008). In one such study, Sai et al. (1996) showed that feeding 100 IU/kg
insulin nanocapsules to NOD mice reduced the incidence of diabetes and the
severity of lymphocytic inflammation of endogenous islets. However, few
nanoparticulate systems containing insulin have been investigated in humans.
Generex Bioctechnology Corp. has tested its buccal insulin mouth spray (Oralin™).
The formulation controlled postprandial glucose levels in both T1D and T2D
patients. Others such as Emisphere’s SNAC-insulin capsule formulation and
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Nobex’s hexyl-PEG-modified peroral insulin (Cernea et al. 2005) were tested in
phase I and II clinical trials.

Besides the quest for treatment of T1D, another hot area of research in this field
is diabetes management. It is essential to manage and monitor the individual blood
glucose level to abate the ghastly negative effects of T1D. Conventional glucose
measuring instruments suffer drawbacks of painful sampling and huge fluctuations
due to missed sampling (Cash and Clark 2010). As an answer to this, nanotech-
nology and nanomedicine have been incorporated into the field of diabetes sensing
and management. The sensors could be designed at macro-, micro-, and nanoscale,
respectively. However, nanosensors would give an edge over macrosensors since
they could be implanted. Furthermore, because of their nanosize, they might avoid
immune response by the immune system and hence can have a long-term benefit.
Such progress in the field of nanotechnology certainly implicates a bright future for
the treatment of T1D. Techniques such as encapsulation of islets will drive the
transplantation procedure offering a longer duration treatment.

4.8 Conclusion and Perspectives

T1D is primarily an autoimmune attack on the pancreas by autoreactive T-cells that
results in comprehensive destruction of insulin-producing β-cells. Increasing inci-
dence of T1D compels for better treatment options. The search for treatment option
is complicated due to the additional factors contributing to the disease pathology
such as individual genetics and environmental factors. Furthermore, an incomplete
understanding of involved mechanism adds to the problem. Nevertheless, the pri-
mary treatment for T1D still involves daily administration of insulin. Alternative
approaches to the intravenous administration of insulin include buccal, pulmonary,
nasal, and transdermal routes. Second, interesting results have been obtained with
other methodologies such as islet and pancreas transplantation, which increases or
replaces the destroyed pancreatic β-cells.

Third, a shift has now been witnessed via replacement of conventional methods
with immunotherapy. One of the successful approaches includes the administration
of targeted anti-CD3 Abs that demonstrated improved C-peptide levels and lowered
requirements of insulin. It is worth to notice that, albeit insignificant beneficial
effects observed with individual immunotherapeutic agents, none has proven to be a
breakthrough. Hence, it seems more worthwhile to investigate combination of drugs
such as anti-CD3 and intranasal proinsulin peptide, which demonstrated to be more
efficacious against monotherapies either with anti-CD3 alone or antigen alone in
two different diabetes models. As described in the previous sections, the majority of
the immunomodulatory drugs have failed to meet their primary end point in some
phases of clinical trials. The probable reasons suggested for disappointments can be
summarized as follows: (i) the administration route and dosage were not optimal;
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(ii) variation in regulatory immune cell responses to peptides/Abs than those found
physiologically; (iii) different timings of administration and stage of disease (based
on residual β-cell mass) when the immunotherapeutic agents were administered;
and (iv) lack of preclinical data such as in the case of combination therapies.

Henceforth, it is clear that T1D will be a pandemic if not attempted to be curbed
in a strategic manner (Narayan et al. 2006). Having said this, it is of utmost
importance to have a better understanding of the pathophysiology of the disease.
Additionally, there is still a lot of room for improvement, which involves investi-
gation of the appropriate target molecules and disease-associated factors. Another
aspect of the disease that needs thorough investigation is to identify the stage of
disease, age of patients, and duration of treatment in order to optimize the beneficial
effects of any therapy. In other words, it is essential for the scientific community to
have a widespread and efficient collaboration between research institutes and
pharma industries. Unless the lessons learnt from laboratory level studies are
translated into preclinical studies, it is difficult to draw conclusions on the efficiency
and safety of the drug molecules. Furthermore, use of nanotechnology in the field of
T1D is still in its incipient stage, despite some encouraging progress. Overall,
nanotechnology is perceived to become a key tool in troubleshooting many of the
T1D-related problems.
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