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Abstract

Autoimmune diabetes is a chronic autoimmune disease caused by the loss or selective
destruction of the insulin-producing cells, called pancreatic beta cells. Damage to beta
cells results in an absence or insufficient production of insulin produced by the body.
Most cases of autoimmune diabetes have an autoimmune basis, and the immune system
mistakenly attacks and destroys beta cells. The immune system plays a critical role in
controlling the development of autoimmune diabetes. Over the past years there have
been significant progress and an accumulation of scientific evidence for the concept of
immunotherapy. Immunotherapy for the prevention and treatment of autoimmune dia-
betes has become the main focus of the research community. Three regimens of immuno-
therapy have been investigated: (1) Antigen-specific vaccines: Insulin-related molecules
have attracted great interest in vaccine development, including the whole recombinant
human GAD65 (rhGAD65) and the DiaPep277 peptide of HSP60. (2) Systemic immu-
nomodulators: A large number of non-antigen-specific immunomodulators have been
studied, including monoclonal anti-CD3 antibody, anti-CTLA-4 Ig, TNF-a, IFN-a,
IL-1R antagonist, regulatory T cells, and dendritic cells. (3) Combination treatments:
Combination therapies have the ability to enhance efficacy and will become the standard
of care for autoimmune diabetes. Development of safe and efficient prevention of auto-
immune diabetes is a general public health object in modern countries now. Although
large numbers of preventive modalities including immunotherapy have been accom-
plished in animal models of autoimmune diabetes, prevention of human autoimmune
diabetes remains indefinable. Genetic and environmental factors that control the relaps-
ing-remitting course of (3-cell destruction, terminating in complete insulin addiction are
being determined. In the long run, initial prevention of islet autoimmunity will likely be
the optimal approach to the prevention of autoimmune diabetes. However, environmen-
tal causes of islet autoimmunity need to be well stated. Modest predictive assessment
of the existing genetic screening tools also means that the number of children requiring
intervention will stay great, concerning the number of autoimmune diabetes cases pro-
hibited. Nevertheless, combination treatments are more likely to be used for autoimmune
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diabetes. Primary systemic immunosuppression followed by antigen-specific induction
of tolerance or islet regeneration is a sound approach.

Keywords: autoimmune diabetes, immunotherapy, immune cells, tolerance

1. Introduction

Autoimmune diseases arise due to loss of self-tolerance caused by tissue injury by T cells or
antibody reactivity to self. There are several causes of autoimmunity that are not fully under-
stood. One of the major causes of autoimmune disease is the activation of self-reactive T and
B lymphocytes. During T and B cell development, Self-reactive T and B cells should be elimi-
nated by antigen ligation of T cell receptor or B cell receptor. This is known as the mechanism
of self-tolerance. To maintain the self-tolerance and eliminate the autoreactive cell, T cells and
B cells undergo a selection process in primary lymphoid organs, the thymus and the bone mar-
row, respectively [1-3]. After somatic mutation of immunoglobulin genes, B cells need to go
through a second process of selection failing which somatic mutation generates auto reactivity.
This is called central tolerance. If somehow, central tolerance is not maintained, autoimmunity
develops. Several autoimmune diseases have been reported until now. Among them, type-1
diabetes (T1D) is one of the major autoimmune diseases that develop due to the selective auto-
immune destruction of pancreatic beta cells that leads to the insulin insufficiency. There is no
definite treatment for T1D except life-long insulin therapy. Hence, the generation of insulin
secreting beta cells and transplanting it to the diabetic patients is an unmet need.

Pluripotent stem cells (PSCs) have the ability to grow indefinitely while maintaining plu-
ripotency. Under the right circumstances, mouse and human stem cells have the potential
ability to differentiate into disease-relevant cells [4]. The generation of exogenous beta cells
and its transplantation to replace dead or dysfunctional endogenous beta cell is a potential
strategy for controlling blood glucose level in diabetic patients. Stem cell-derived beta cells
have already been generated previously, and it was successfully able to control the blood
glucose in clinical settings [5]. As autoimmune disease is a continuous process, it is possible to
develop diabetes again by destructing the pancreatic islets by pathogenic T cells. As a result,
this will not be a permanent solution for the control of blood glucose level.

It is already well established that regulatory T cells (Tregs), one of the subtype of T cells, are
able to suppress the hyper activity of other T cells including beta cell-destructing pathogenic
T cells. But the number of Tregs is relatively limited in mice and human being. The gen-
eration of Tregs in vitro and adoptively transfer them into the diabetic mice will be a great
strategy for the treatment of diabetes that will reduce the hazards of complicated surgery
events throughout the life. We already showed that retroviral transduction of genes with T
cell receptor (TCR) and the transcriptional factor (FoxP3) into PSCs following coculture with
stromal OP9-DL1/DL4 cells differentiate them into antigen (Ag)-specific Tregs. Our in vitro
generated Tregs were able to suppress the autoimmune arthritis in a well-established mouse
model of Ag-induced arthritis (AIA) [6, 7]. In this chapter, we will discuss how Ag-specific
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Tregs can be generated from PSCs and how they are able to reduce blood glucose level in a
mouse model of diabetes.

1.1. Epidemiology: incidence and prevalence

T1D is one of the most common chronic diseases in children. Children under 18 years of age
are mostly affected. In 2012, 29.1 million Americans, or 9.3% of the population, had diabetes.
More than 150,000 children in the United States have T1D; 1.4 million Americans are diag-
nosed with diabetes each year [8]. In children, T1D develops between 5 and 7 years of age and
at puberty. The incidence for the development of T1D also varies with seasonal changes and
geography. It seems that autumn and winter are the seasons for higher incidence of diabetes
as compared to summer. The incidence and prevalence dramatically vary around the world,
where some countries have 400-fold higher incidence rate compared to the others. The inci-
dence rates of diabetes in China, India, and Venezuela are 0.1 per 100,000 and are far more
common in Finland. In Finland, the incidence is approaching 50 cases per 100,000 individu-
als per year. Wide variations have been observed between neighboring areas in Europe and
North America. Estonia is very close to Finland but the incidence of diabetes is less than one-
third as that of Finland. Puerto Rico has an incidence similar to that of the mainland United
States, whereas neighboring Cuba has an incidence of less than 3 cases per 100,000 [9].

The incidence for the development of T1D is increasing throughout the world. These changes
are markedly observed in young children from countries with historically high incidence rates.
Sweden and Norway have reported 3.3% annual increase in T1D rates, and Finland has observed
a 2.4% annual rise in incidence. Hence, the increase in T1D incidence is not correlated with socio-
economic condition. Most of the autoimmune diseases disproportionally affect women but T1D
seems to affect men and women equally. Therefore, T1D is different in disease prevalence and
incidence that suggests that it is a combination of multiple genetic and environmental factors.

1.2. Etiology

T1D is the result of an autoimmune reaction to the proteins of pancreatic islets. There is a
strong association between T1D and other autoimmune diseases such as Addison’s disease. It
is also notable that the incidence of autoimmune diseases is increased in family members of
T1D patients. T1D develops due to the destruction of pancreatic beta cells by autoreactive T
cells. Other types of diabetes may also develop due to a combination of reduced insulin sensi-
tivity and impaired beta cells function [10]. Diabetes can be inherited or caused by mutations
in an autosomal dominant gene resulting in the disruption of insulin production. There are
three types of autoantibodies that are involved in the development of T1D:

1. Islet cell cytoplasmic antibodies: the presence of islet cell cytoplasmic antibodies indicates
the future development of diabetes. Note that 90% of T1D antibodies are against islet cell
cytoplasmic protein.

2. Islet cell surface antibodies: there are some other antibodies that are directed toward the
islet cell surface Ags. Autoantibody against islet cell surface Ag is also detected in almost
80% of the cases. These antibodies are also positive in type 2 diabetes.

1"
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3. Specific antigenic target of islet cell: 80% newly diagnosed patients represent with auto-
antibody to glutamic acid decarboxylase (GAD). Presence of this antibody is also a strong
predictor for future development of T1D. Anti-GAD antibody declines over time in T1D. In
some cases, anti-insulin antibodies are also detected in T1D patients and in relatives [11].

In some cases, some viruses like B4 strain of the coxsackie B virus, German measles, Mumps,
and Rota viruses are also responsible for the development of diabetes. When a virus invades
the body, T cells start to produce antibodies against that virus. If some viruses have the same
Ag as the beta cells, T cells can actually turn against the beta cell and start destroying it.

There is a strong genetic correlation for the development of diabetes though it is not an
inheritance. It is considered as a complex and multifactorial disease. In the United States,
individuals who have first-degree relative with T1D have 5% risk for the development of dia-
betes. But in general population this percentage is very low. Monozygotic twins have a high
risk whereas dizygotic twins have a lower risk. There are a significant percentage of people
developing diabetes without any family history. Differences in risk are also developed in
the parents of children. Children who have their mother suffering from T1D have 2% risk of
developing T1D, but children whose fathers have diabetes have a greater risk [12]. No single
gene is predicted to develop diabetes, but more than two dozen susceptibility loci have been
associated with susceptibility to T1D.

2. Pathophysiologic mechanism of T1D

The main factor for the development of autoimmune diabetes is loss of immunologic toler-
ance to 3 cells. 3 cells are selectively destructed by autoimmune reaction. Due to loss of immu-
nologic tolerance, autoreactive CD4" and CD8" T cells as well as macrophages are infiltrated
into the pancreatic islet and develop insulitis. During the disease process, several autoantigen
that are targeted by autoantibodies are detected into the islet. The main autoantigen that may
be found in the islets are insulin, glutamic acid decarboxylase (GAD®65), islet Ag-2 (IA-2), and
zinc transporter (ZnT8). These autoantibodies are predominantly associated with the devel-
opment of insulitis [13]. Destruction of 3 cells is not dependent only on autoantigen, it is also
related to the presence of high-risk human leukocyte antigen (HLA) haplotypes like DR3-DQ2,
DR4-DQ8, or both [14]. HLA-class II molecules are mainly expressed by Ag-presenting cells
(APC) like dendritic cells (DCs) and macrophage. In some cases, they are expressed by acti-
vated CD4" and B cells, even on activated endothelial cells. The presence of high-risk HLA
molecules on APC may activate CD8" T cells through CD4" T lymphocytes. Then CD8" T cells
become hyperactivated and initiate the destruction of (3 cells. This phenomenon is implicated
in T1D siblings who share the high-risk HLA DR3-DQ2/DR4-DQS8 genotype [15].

Some other pathophysiological mechanisms have been documented. But the two most com-
mon mechanisms for developing T1D are:

1. Gradual (-cell destruction associated with one or multiple islet cell autoantibodies.

2. Development of glucose intolerance and hyperglycemia due to loss of 3-cell secretory function.
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The autoimmune process starts with the infiltration of mononuclear cells including autoreac-
tive CD8" T cells into the pancreas that leads to the destruction of 3 cell. In the disease pro-
cess, both the cellular and humoral pathways of immunity are involved. However, the role
of B lymphocytes is not evident in human, only in the laboratory animal such as nonobese
diabetic (NOD) mice [5]. In NOD mice, B cells infiltrate in the islets of young mice and play a
role in the initiation of B-cell destruction by the autoimmune response. In some other autoim-
mune diseases like rheumatoid arthritis, systemic lupus erythematosus, and multiple sclero-
sis B-cell-targeted therapy has been used successfully.

There are several features that characterize the T1D as an autoimmune disease. These are
because of the presence of mononuclear and immunocompetent cells in the infiltrated pan-
creatic islets; association with the class II major histocompatibility complex; islets cell-specific
auto-antibodies; increase in the number of CD8* T cells in the pancreas and reduction in the
number of CD4" T cell; and response to immunotherapy and other organ-specific autoim-
mune diseases.

The hallmark of T1D is the selective destruction of pancreatic islets. But due to marked het-
erogeneity, it is difficult to follow the destruction of beta cells within the islets. At the onset of
hyperglycemia islet contain numerous components like infiltrating lymphocytes and mono-
cytes, a mixture of pseudo-atrophic islets, pancreatic polypeptide, and somatostatin [16].
Lymphocyte infiltration is prominent when diabetes becomes chronic. Another important
prerequisite for the development of diabetes is the activation of islet Ag-specific CD4" T cell
[17]. Transferring of CD4" T cells into the nondiabetic mice from diabetic mice also developed
insulitis and diabetes. It is already reported that CD4" T cells are able to induce diabetes
initially and CD8"* T cells participate in damaging the pancreas [18]. Some cytokines are also
responsible for the development of autoimmune diabetes. High level of IL-2 and IFN-«a cor-
relates or enhances the induction of autoimmune diabetes by activating the macrophage in
experimental models [19]. In the process of infiltration, macrophages are the first cell type
invading the islets where they produce TNF-alpha and IL-1. TNF-alpha and IL-1 play an
important role for inducing the structural changes of beta cells and suppression of their insu-
lin releasing capacity.

3. T1D and Tregs

The role of Tregs has been focused in various autoimmune diseases. The vast majority of
CD4" and CD8" T cells are eliminated in the thymus through central tolerance induction
mechanism. But in some cases, few autoreactive T cells are not eliminated and are released
to the peripheral circulation. These autoreactive T cells migrate into the pancreas that causes
the destruction of islets cells and develop diabetes if they are not actively suppressed by
Tregs. T1D is mainly a T cell-mediated autoimmune disease where pancreatic beta cells are
destroyed due to the breakdown of tolerance to islets Ag. Initially, autoreactive CD4" T cell
subset recognizes self-Ag and produce T helper (Th) 1 cytokine spectrum that initiate the
autoimmune process. For further processing, CD8" T cells are necessary [20]. Tregs have
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the ability to prevent self-reactivity through active suppression [21]. Several studies have
demonstrated that CD4* CD25" Tregs expressing FoxP3 play an indispensable role in the
maintenance of immune homeostasis by regulating inflammatory response against invading
pathogens and preventing destruction of autoimmunity [22, 23].

There are a number of autoantigens that are involved in the pathogenesis of T1D. But the true
primary autoantigen in T1D has not yet been definitively identified. It is very important to
identify the islet-specific autoantigen for the development of autoantigen-specific tolerance
induction immunotherapy and for establishing diagnostic and predictive markers of T1D.
Until now, the most accepted autoimmune features of T1D are the presence of autoreactive
T cells and autoantibodies in the pancreas. It is also proposed that autoantibody against
islet autoantigen may appear many years before clinical diagnosis; 90% patients with T1D
exhibit autoantibodies against islets autoantigen. But it is not clear whether these autoanti-
bodies play a pathogenic role for the development of diabetes. Studies of different animal
and human models lacking with certain types of cells demonstrated that the lack of Tregs
or impairment of their function lead to the development of autoimmune disease, including
diabetes [24, 25].

A number of mouse models suggests that Tregs play an important role to prevent the onset
of diabetes. But how the Tregs can function in vivo to block the development of diabetes are
still under investigation. There are some mechanisms that were proposed on the basis of
mouse models, and its clinical significance is yet to be proved. As autoreactive T cells are
the main culprits for the development of diabetes, it is essential to control the migration
or differentiation of autoreactive T cells into the pancreatic lymph node. Tregs present in
the pancreatic lymph node have the ability to regulate the priming of autoreactive T cells
by limiting their expansion and differentiation. Tregs also have the ability to interrupt the
development of autoreactive T cells through limiting the access of autoreactive T cells to DCs
[26]. By limiting the priming of T cells in the lymph nodes, Treg cell also prevent the T cells
becoming an effector T cells. Infiltration of autoreactive T cells into the islet is a crucial step
for the development of inflammation and leading to the destruction of islet. Some chemokine
receptors like chemokine receptor 3 (CXCR3) secreted by effector T cells are essential for
infiltrating them into the islets. By exerting their suppressing mechanism, Tregs inhibit the
expression of CXCR3 and ultimately prevents the infiltration of these cells into the pancreatic
islets. The most common suppressive cytokine IL-10 and TGF-beta are secreted by induc-
ible Tregs [27, 28]. These two cytokines play an important immunoregulatory role in T1D.
TGF-beta secreted by Tregs in the islet during the priming phase stimulates the expansion or
generation of intra-islet FoxP3 expressing Tregs [29]. It is already established that increased
numbers of Tregs are essential for the suppression of autoreactive T cells that are destruc-
tive to the islets. Migration of autoreactive T cells into the islet worsens the disease condi-
tion. Intracellular adhesion molecule 1 (ICAM1) is one of the potential factors that helps to
migrate the autoreactive T cells into the islets. ICAM1 is exclusively expressed by autoreac-
tive CD4" and CD8" T cells [30, 31]. IL-10 secreted by Tregs downregulates the expression
of ICAMI1 on effector T cells, which prevents their migration to the target organ [32]. IL-10
also reduces the hyperactivity of T cells by modulating the function of APC and reduces the
inflammation [33].
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4. Role of Tregs in autoimmunity

Tregs are a subset of T cells that exhibit inhibitory or regulatory effects on effector T cells.
Previously it was known as suppressor T cells. There is a phenotypical variation of Tregs,
such as CD4'CD25FoxP3* Tregs, CD8" Tregs, and CD3* CD4 CD8 Tregs [34, 35]. A dysfunc-
tion, defect, or absence of Tregs has been implicated in the pathogenesis of many autoimmune
diseases [36] as they are indispensable to maintain the immune homeostasis. However, how
they control the development of autoimmunity is still under debate. Previous data suggests
that several numbers of genetic and mechanistic defects may arise leading to defective regula-
tion by Tregs [37]. Though all different types of Tregs work together to maintain the homeo-
stasis, CD4* FoxP3" Tregs play the major role because they are the long lasting and produce
most of the suppressive cytokines. There are several mechanisms by which Tregs exert their
regulatory effects on effector T cells. These are cell-to-cell contact, secretion of IL-10 and TGF-
beta-like immunosuppressive cytokines, modification or killing of APC, and competition for
growth factor [38, 39]. CD4" FoxP3* Tregs suppresses the immune response, inflammation,
and tissue destruction by inhibiting the function of classical CD4" Th cells, antibody produc-
tion of B cells, and CD8* cytotoxic T lymphocyte granule release. Inducible CD4" foxP3 type
1 Tregs or CD4'FoxP3* Tregs can exhibit their suppressive function through IL-10 secretion.
Though some other functions of Tregs have been documented but the major function is to
maintain the immune homeostasis. Deficiency in Treg frequency or function results in imbal-
ance in the immune system. But in some cases there are no apparent defects in Treg frequen-
cies like multiple sclerosis [40]. The result in other autoimmune settings have been mixed,
but overall in most autoimmune patients, ample number of Tregs appear in the circulation.
Any discrepancies in the results reflects the nonspecific phenotypic markers available or due
to contamination with non-Tregs. Until now, almost all studies have been limited to analysis
of peripheral blood so it is difficult to understand what is happening at the site of inflamma-
tion. A number of studies showed reduced frequencies of Tregs in peripheral blood, but an
increased number or potency of cells isolated from inflammatory sites [41]. This may be a
compensatory mechanism in response to ongoing inflammation during the disease process.
Treg stability is another important issue when assessing the frequency of Tregs. Many auto-
immune diseases are thought to undergo periods of relapse and remission [42]. These varia-
tions are susceptible to the influence of immunosuppressive regimens used in the treatment
of autoimmune disease. Moreover, during the progression of disease Tregs in local sites can
change phenotypically.

5. Management of T1D

T1D is a chronic metabolic disorder characterized by deficiency of insulin production by
pancreatic beta cells. Insulin is essential for maintaining the normal blood glucose level. As
it is an autoimmune destruction caused by endogenous autoreactive T cells, exogenous insu-
lin supply is required to maintain normoglycemia in many diabetic patients. This is a life-
long treatment that is not convenient. Another option for treatment is replacement of beta
cell therapy where sufficient amount of beta cells need to be included to control the blood
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glucose level without repeated insulin injection. However, the beta cell transplantation did
not achieve a satisfactory result. In 2000, Shapiro and colleagues achieved independence of
insulin injections in seven T1D patients by transplanting a large number of islet cells com-
bined with the use of glucocorticoid-free immunosuppressive regimen [43]. But the insulin
independency was not sustained for long. Some patients even had complete graft loss 1 year
after the final transplantation. The main reason for poor long-term outcome is continuous
immune destruction of the transplanted islet as autoimmune destruction is a continuous pro-
cess. Beta cell transplantation also has a major obstacle, shortage of donors when compared
with large population. As cadaver tissue provides a low yield of islet cells, it requires a large
number of donor cells to generate sufficient insulin-producing beta cells that are capable of
producing and releasing adequate amount of insulin in response to normal physiological
signals. Furthermore, chronic immunosuppression is also necessary after allograft transplan-
tation. Patient-specific islet-like cells from adult tissues may compensate both the shortage
of organ donors and allograft rejection. Several groups were successful to generate func-
tional islet-like clusters from adult progenitor cells, but their success were limited [44, 45].
Therefore, it is highly demanding to explore some other option for searching more defined
sources of beta cells.

Generation of induced PSCs (iPSCs) opens a new era in the treatment of autoimmune dis-
eases. IPSCs have the ability to become all kinds of cells if they are maintained properly [46].
As Tregs have the ability to Suppress the hyper activity of autoreactive T cells and they can
be expanded in vivo after one-time transplant, it is ideal to generate Tregs from iPSCs for the
treatment of autoimmune diabetes.

6. 1iPSCs

Due to restricted use of human embryonic stem cells (ESCs) in both research and clinical
settings, induced pluripotent stem cells (iPSCs) serve as an attractive potential alternative to
ESCs. Human somatic cells can be reverted back to pluripotent stem cells by expression of
defined transcription factors. Mouse and human somatic cells have already been converted
into iPSCs by introducing transcription factors OCT4, and SOX2 in combination with KLF4,
c-MYC, NANOG, and lin-28 homolog A [47]. iPSCs are similar to ESCs in morphology,
gene expression, epigenetic status, and in vitro differentiation. C-MYC and KLF4 are known
oncogenes and their use to generate iPSCs raises concerns about potential tumor formation.
However, this can be overcome by the use of a histone deacytylase inhibitor, valproic acid,
which facilitates the reprogramming of primary human fibroblasts with only two factors,
OCT4 and SOX2. Thus, the reprogramming of cells to pluripotency has become potentially
safer and practical for therapeutic use [48]. Another challenge was the use of retrovirus or len-
tivirus to deliver transcription factor genes into the somatic cells. This also raised the concern
about viral integration into the host genome that increases risk of tumorigenicity. To avoid
this risk, Yamanaka used a novel repeated transfection protocol for the expression of plasmids
that resulted in iPSCs without evidence of plasmid integration [49]. Other groups also gen-
erated iPSCs from umbilical cord blood by lentiviral overexpression of the reprogramming
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factor OCT4, SOX2, NANOG, and LIN28 [50]. The reprogramming efficiency was almost the
same as keratinocytes and fibroblast. However, use of umbilical cord blood also leads to a
possibility that it may be mutated over the lifetime of an organism. Thus, it is still under
debate whether iPSCs are truly equivalent to human ESCs or not with respect to pluripotency.

iPSCs have already been used for the generation of Insulin secreting cells. iPSCs were gen-
erated from skin biopsies of a patient with T1D by using three transcription factors OCT4,
SOX2, and KLF4 [51]. These cells were differentiated into insulin-producing cells. These cells
were found to be released human C-peptide and exhibited a five-fold increase in the secre-
tion of C-peptide in response to 20 mM glucose, which reveals that functional beta cells can
eventually be derived from iPSCs.

Generation of functional beta cells for the immunotherapy of T1D is not the only challenge;
there is a need to overcome the immune response both in terms of autoimmunity and rejec-
tion of allogenic tissue. It is also unknown whether these in vitro generated cells will migrate
to the target tissue or not. Since beta cells will continuously be destroyed upon development
of autoimmunity, it is ideal to generate Ag or tissue-specific Tregs from iPSCs for the treat-
ments of autoimmune diabetes.

7. Generation of Ag/tissue-specific Tregs from iPSCs

Tregs have been used for the treatment of autoimmune diseases because it modulates the
autoimmune response by immune suppression. A number of mouse models demonstrated
that Tregs are potent inhibitors of polyclonal T cell activation [52]. This Treg-mediated sup-
pression is achieved by cytokine-independent and cell-contact-dependent mechanisms that
require activation by TCR. When its cognate Ag activates Tregs, they can suppress the con-
ventional T cells within the immediate vicinity regardless of the specificity. In this phenom-
enon, Treg does not need to recognize any specific Ag; they exert their suppressive efforts by
recognizing the Ag on APC. Thus, any autoimmune affected organ or tissue can be targeted
without the knowledge of the causative Ag by using Tregs. By utilizing this procedure, the
maximal therapeutic effect will not be achieved, as it is not Ag-specific. Polyclonal Tregs also
inhibit a wide range of other immune cells such as B cells, DCs, and monocytes [53-55]. It has
also been observed that polyclonal Tregs failed to reverse ongoing autoimmunity because
Tregs require Ag specificity to home/be retained at the appropriate site and exert active sup-
pression. Within a polyclonal population of Tregs, Ag specificity against autoantigen exists in
a small proportion of cells, which is not sufficient to exert sufficient amount of suppression.
Therefore, it is crucial to generate a large number of Ag-specific Tregs for adoptive immuno-
therapy to reverse the ongoing autoimmunity.

Since it has been established that Tregs are the most potent to suppress the overactivity of
hyperactive T cells, our approach was to generate a large number of Ag-specific Tregs from
iPSCs. It is already published that hematopoietic stem cells (HSCs) and ESCs are able to differ-
entiate into T cells in an in vitro culture system and we have utilized a similar approach to test
whether iPSCs could follow the same trend [6, 56]. In that study, mouse iPSCs were cocultured
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with Notch ligand expressing bone marrow stromal cell line (OP9-DL1) as Notch ligand signal-
ing is essential for T lineage differentiation [57]. At different days of cell culture, iPSCs were
collected and evaluated for morphology, cell surface Ag, and their functional ability. It is found
that iPSC-derived cells differentiated from stem-like cells to T cell-like cells, expressing T cell
surface markers. Morphologically, dome-like stem cell colony was transformed to grape-like
colony, which is a characteristic of lymphoid cells. iPSCs usually express CD117 and Nanog
surface markers. After differentiation, the cells stopped expressing stem cell-like markers and
expressed T cell markers such as CD4 and CD8. In vitro differentiated cells were also tested for
their functional ability and it is found that they secrete IL-2 and IFN-a upon stimulation with
anti-CD3 and anti-CD28 antibodies.

Since we could differentiate iPSCs into functional T cells, we proceeded to generate Ag-specific
Tregs. First, we generated a construct called MiDR-TCR-FoxP3 where ovalbumin (OVA), . ..o
specific TCR OTII and FoxP3 were cloned into MiDR vector (Figure 1).

MiDR-TCR-FoxP3 vector was retrovirally transduced into mouse iPSCs and cocultured onto
with OP9-DL1-DL4-1-A® in the presence of recombinant cytokines of rIL-7 and rFLt3L. TCR
and FoxP3 gene-transduced iPSCs were checked for differentiation by observing their mor-
phological change. We found that iPSCs differentiated into mesoderm-like cells, and were
associated with nonadherent grape-like clusters. On day 22 of culture, lymphocyte-like cell
Spread fully across the plate (Figure 2).

In vitro cocultured cells were analyzed for cell surface markers. We found that the iPSC-
derived cells substantially expressed CD3- and Ag-specific TCR, two T cell markers. The

LTR TCR 2A  FoxP3 LTR

Figure 1. Generation of MiDR-TCR-FoxP3 retroviral construct. Schematic representation of the retrovirus construct
MiDR-TCR-FoxP3 expressing OVA-specific TCR and FoxP3. W, packaging signal; 2A, picornavirus self-cleaving 2A
sequence; LTR, long terminal repeats.

Figure 2. Morphology of Treg differentiation on days 0, 7, 14, and 22. The TCR/FoxP3 gene-transduced iPSCs were
cocultured with OP9 stromal cell expressing Notch ligands DL1, DL4, and I-A® in the presence of rIL-7 and r-FIt3L.
Morphology was visualized under a microscope.
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CD3*TCRV5" population expressed CD4. Most of the CD3*TCRV[5'CD4" cells expressed
CD25, CD127, and CTLA-4, which are typically expressed at elevated levels in naturally
occurring Tregs (iTregs) [58]. Subsequently, we also investigated the functional capability of
iPSC-derived Ag-specific Tregs. After adoptive transfer, CD4'FoxP3" Tregs were isolated from
pancreatic lymph nodes and checked for expression of two suppressive cytokines, IL-10 and
TGEp. The result showed that significant amount of IL-10 and TGFp were secreted by Tregs
that supported that iPSC-derived Tregs are functional.

8. Utilization of iPSC-derived Tregs for the treatments
of autoimmune diabetes

We developed a mouse model for autoimmune diabetes by crossing B6 mOVA transgenic (Tg)
mice with OT I TCR Tg mice. In B6 mOVA Tg mice, membrane bound form of OVA expressed
in the pancreaticislet (3 cells and the renal proximal tubular cells [59]. Once they are interbred,
the resulting mice will be B6 mOVA-OT I where T cells from OT1 Tg mice will be directed to
the pancreas as the pancreas expressed OVA autoantigen. The OT I OVA-specific T cells will
begin to target and destroy pancreatic islet cells and mice will subsequently develop diabe-
tes. Once pups reached 8 weeks, blood sugar level was measured and it was observed that
only 30% mice developed diabetes. Subsequently, OT I Tg T cells were further triggered by
injecting vaccinia virus expressing OVA (VV-OVA) into the mice. After vaccinia immuniza-
tion, 100% mice developed diabetes with more urine discharge. After confirmation of disease
developed in mice, we injected iPSC-derived Tregs into the mice. One-week post cell transfer,
we checked the blood glucose level and found that more than 80% of the mice had reduced
glucose level in their blood. Mice were sacrificed for histological evaluation. Pancreas were
isolated from treated and untreated mice and it was observed that inflammation was mark-
edly decreased in iPSC-derived Treg-transfer mice compare to untreated mice (Figure 3).

Untreated Treated

Figure 3. Inflammatory cells are accumulated in diabetic mice: diabetic and Treg-transferred mice were sacrificed and
pancreases were prepared for HE staining. Untreated mice show large accumulation of inflammatory cell infiltration in
the pancreas.

19



20

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders

Further analysis was done to check the islet destruction in iPSC-derived Treg-transfer and
nontransfer mice. Islet sizes were markedly reduced in nontransfer mice, whereas islet sizes
were normal in iPSC-derived Treg-transfer mice (Figure 4).

We investigated the mechanisms of how iPSCs-derived Tregs controlled blood sugar levels
and prevented the destruction of islet in autoimmune diabetes mice. Adhesion molecule

Treated
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Figure 4. Islet size and numbers were reduced in diabetic mice. Diabetic and Treg-transferred mice were sacrificed and
their Pancreas were stained with insulin to detect the beta cell. In diabetic mice, islets size and number were reduced
markedly, whereas islet size and numbers were normal in Treg-transferred mice.

TGF-B FoxP3

IL-10 ICAM1

Figure 5. Stem cell-derived OVA-specific Tregs were adoptively transferred into diabetic mice. (A) Tregs induced the
expression of TGF-f into the destructed islet leading to increase the expression of intra-islet FoxP3 that protected the
islet from further destruction. (B) Tregs induced the expression of IL-10 into the destructed islet leading to reduce the
expression of ICAM1 that prevented the migration of CD8" T cells into the destructed islet and protected the islet from
further destruction.
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ICAMI is important for targeting autoreactive CD8" T cells into the pancreatic islet [32].
We determined the expression of ICAM1 into the pancreatic lymph nodes, and found that
ICAM1 expression was dramatically increased in diabetic mice. Conversely, its expression
was markedly reduced in iPSC-derived Treg-transfer mice. Previously, we have showed that
iPSC-derived Tregs were able to secret IL-10 and TGF-3. Therefore, expression of TGF-3 by
iPSC-derived Tregs into the islet increased the intra-islet FoxP3 expression that protected the
islet from further destruction. Moreover, IL-10 secreted by the Tregs reduced the expression
of ICAM1, which prevented the migration of autoreactive CD8" T cell into the damaged islet
and prevented further destruction of the islet (Figure 5).

9. Conclusion

PSCs have the ability to differentiate into Ag-specific Tregs and they are also found to be
similar morphologically and functionally to iTregs. However, in autoimmune diabetes, it is
important to mitigate the disease by increasing the activity of islet cells or preventing their
destruction from autoreactive T cells. In our study, iPSC-derived Tregs were successful in
reducing the blood sugar level and restoration of the islet size. By utilizing the knowledge
from iPSC differentiation, We will be able to generate Ag-specific T cells that are more closely
associated with the development of autoimmune diabetes. It is already known that heat shock
proteins (HSPs) are an islet tissue-associated auto-Ag and involved in the islet cell destruction
of T1D [60]. HSPs can modulate chronic inflammatory diseases and can be a target of immu-
notherapy of T1D. In our preliminary study, we checked the expression of HSPs in our dia-
betes model and found that diabetic mice substantially expressed HSPs. Therefore, it will be
ideal to generate HSP-specific Tregs from PSCs for the treatment of autoimmune diabetes. For
this study, HSP-specific TCR needs to be genetically processed and cloned into a viral vector
to be retrovirally transduced into PSCs and follow the general protocol to allow for in vitro dif-
ferentiation for the development of HSP-specific Tregs. In recent years, not only our efforts in
utilizing PSC derived T cells for therapeutic purposes, but also other groups have made con-
siderable efforts in understanding the PSC function in hematopoietic development. PSCs also
could be differentiated into DCs, NK cells, and B cells. Consequently, by using patient-derived
iPSCs, autoantigen-specific Tregs could be generated to specifically treat diabetic patients.

Acknowledgements

This project is funded, in part, under grants with the National Institute of Health Grant
RO1AI121180, R21AI109239, and K18CA151798, American Diabetes Association 1-16-IBS-281,
and the Pennsylvania Department of Health using Tobacco Settlement Funds.

Author details

Mohammad Haque, Praneet Sandhu, Swetha Ravi, Sravya Kurapati and Jianxun Song*
*Address all correspondence to: jsong2@hmc.psu.edu

The Pennsylvania State University College of Medicine, Hershey, PA, USA

21



22

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders

References

[1]

3]

[4]

[5]

[6]

[8]

[10]

[11]

[12]

[13]

Alexandropoulos K, Danzl NM. Thymic epithelial cells: antigen presenting cells that
regulate T cell repertoire and tolerance development. Immunol Res. 2012 Dec;54(1-
3):177-90. PubMed PMID: 22454100.

Goodnow CC, Vinuesa CG, Randall KL, Mackay F, Brink R. Control systems and deci-
sion making for antibody production. Nat Immunol. 2010 Aug;11(8):681-8. PubMed
PMID: 20644574.

Rajewsky K. Clonal selection and learning in the antibody system. Nature. 1996 Jun
27;381(6585):751-8. PubMed PMID: 8657279.

Haque M, Song J, Fino K, Sandhu P, Wang Y, Ni B, et al. Melanoma Immunotherapy in
mice using genetically engineered pluripotent stem cells. Cell Transplant. 2016;25(5):811-
27. PubMed PMID: 26777320.

Miao D, Yu L, Eisenbarth GS. Role of autoantibodies in type 1 diabetes. Front Biosci.
2007;12:1889-98. PubMed PMID: 17127428.

Haque M, Song J, Fino K, Sandhu P, Song X, Lei F, et al. Stem cell-derived tissue-
associated regulatory T cells ameliorate the development of autoimmunity. Sci Rep.
2016;6:20588. PubMed PMID: 26846186. Pubmed Central PMCID: PMC4742827.

Haque R, Lei F, Xiong X, Bian Y, Zhao B, Wu Y, et al. Programming of regulatory T
cells from pluripotent stem cells and prevention of autoimmunity. ] Immunol.
2012;189(3):1228-36. PubMed PMID: 22732595. Pubmed Central PMCID: 3401327.

Fagot-Campagna A, Pettitt D], Engelgau MM, Burrows NR, Geiss LS, Valdez R, et al. Type
2 diabetes among North American children and adolescents: an epidemiologic review
and a public health perspective. ] Pediatr. 2000;136(5):664-72. PubMed PMID: 10802501.

Anjos SM, Tessier MC, Polychronakos C. Association of the cytotoxic T lymphocyte-asso-
ciated antigen 4 gene with type 1 diabetes: evidence for independent effects of two poly-
morphisms on the same haplotype block. ] Clin Endocrinol Metab. 2004;89(12):6257-65.
PubMed PMID: 15579786.

Sanchez-Fueyo A, Sandner S, Habicht A, Mariat C, Kenny J, Degauque N, et al. Specificity
of CD4+CD25+ regulatory T cell function in alloimmunity. ] Immunol. 2006;176(1):329-
34. PubMed PMID: 16365425. Pubmed Central PMCID: PMC2841032.

Holt RI. Diagnosis, epidemiology and pathogenesis of diabetes mellitus: an update for
psychiatrists. Br ] Psychiatry Suppl. 2004;47:555-63. PubMed PMID: 15056594.

Hamalainen AM, Knip M. Autoimmunity and familial risk of type 1 diabetes. Curr Diab
Rep. 2002;2(4):347-53. PubMed PMID: 12643195.

Imagawa A, Hanafusa T, Tamura S, Moriwaki M, Itoh N, Yamamoto K, et al. Pancreatic
biopsy as a procedure for detecting in situ autoimmune phenomena in type 1 diabetes:



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Immunotherapy in Autoimmune Diabetes
http://dx.doi.org/10.5772/66909

close correlation between serological markers and histological evidence of cellular auto-
immunity. Diabetes. 2001;50(6):1269-73. PubMed PMID: 11375326.

Knip M, Ilonen J, Mustonen A, Akerblom HK. Evidence of an accelerated B-cell destruc-
tion in HLA-Dw3/Dw4 heterozygous children with type 1 (insulin-dependent) diabetes.
Diabetologia. 1986;29(6):347-51. PubMed PMID: 3527834.

Aly TA, Ide A, Jahromi MM, Barker JM, Fernando MS, Babu SR, et al. Extreme genetic
risk for type 1A diabetes. Proc Natl Acad Sci U S A. 2006;,103(38):14074-9. PubMed
PMID: 16966600. Pubmed Central PMCID: PMC1563993.

Dahms WT. An update in diabetes mellitus. Pediatr Dent. 1991;13(2):79-82. PubMed
PMID: 1831890.

Gill RG, Haskins K. Molecular mechanisms underlying diabetes and other autoimmune
diseases. Immunol Today. 1993;14(2):49-51. PubMed PMID: 8095390.

Boitard C, Yasunami R, Dardenne M, Bach JE. T cell-mediated inhibition of the transfer
of autoimmune diabetes in NOD mice. ] Exp Med. 1989;169(5):1669-80. PubMed PMID:
2523954. Pubmed Central PMCID: PM(C2189316.

Fowell D, McKnight AJ, Powrie F, Dyke R, Mason D. Subsets of CD4+ T cells and their
roles in the induction and prevention of autoimmunity. Immunol Rev. 1991;123:37-64.
PubMed PMID: 1684782.

Tan T, Xiang Y, Chang C, Zhou Z. Alteration of regulatory T cells in type 1 diabetes mel-
litus: a comprehensive review. Clin Rev Allergy Immunol. 2014;47(2):234—43. PubMed
PMID: 25086642.

Mills KH. Regulatory T cells: friend or foe in immunity to infection? Nat Rev Immunol.
2004;4(11):841-55. PubMed PMID: 15516964.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance.
Cell. 2008;133(5):775-87. PubMed PMID: 18510923.

Wing K, Sakaguchi S. Regulatory T cells exert checks and balances on self-tolerance and
autoimmunity. Nat Immunol. 2010;11(1):7-13. PubMed PMID: 20016504.

Passerini L, Di Nunzio S, Gregori S, Gambineri E, Cecconi M, Seidel MG, et al. Functional
type 1 regulatory T cells develop regardless of FOXP3 mutations in patients with IPEX
syndrome. Eur ] Immunol. 2011;41(4):1120-31. PubMed PMID: 21400500. Pubmed
Central PMCID: PM(C3107421.

Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, et al. B7/CD28 costimula-
tion is essential for the homeostasis of the CD4+CD25+ immunoregulatory T cells that con-
trol autoimmune diabetes. Immunity. 2000;12(4):43140. PubMed PMID: 10795741.

Tang Q, Adams JY, Tooley AJ, Bi M, Fife BT, Serra P, et al. Visualizing regulatory T cell
control of autoimmune responses in nonobese diabetic mice. Nat Immunol. 2006;7(1):83—
92. PubMed PMID: 16311599. Pubmed Central PMCID: PMC3057888.

23



24

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Asnagli H, Martire D, Belmonte N, Quentin ], Bastian H, Boucard-Jourdin M, et al.
Type 1 regulatory T cells specific for collagen type II as an efficient cell-based therapy in
arthritis. Arthritis Res Ther. 2014;16(3):R115. PubMed PMID: 24886976. Pubmed Central
PMCID: PMC4075412.

Huygens C, Lienart S, Dedobbeleer O, Stockis J, Gauthy E, Coulie PG, et al. Lysosomal-
associated transmembrane protein 4B (LAPTM4B) decreases transforming growth
factor betal (TGF-betal) production in human regulatory T cells. ] Biol Chem.
2015;290(33):20105-16. PubMed PMID: 26126825. Pubmed Central PMCID: PMC4536422.

Peng Y, Laouar Y, Li MO, Green EA, Flavell RA. TGF-beta regulates in vivo expansion of
Foxp3-expressing CD4+CD25+ regulatory T cells responsible for protection against dia-
betes. Proc Natl Acad Sci U S A. 2004;101(13):4572-7. PubMed PMID: 15070759. Pubmed
Central PMCID: PM(C384788.

Calderon B, Carrero JA, Miller MJ, Unanue ER. Entry of diabetogenic T cells into islets
induces changes that lead to amplification of the cellular response. Proc Natl Acad Sci U S
A. 2011;108(4):1567-72. PubMed PMID: 21220309. Pubmed Central PMCID: PM(C3029718.

Linn T, Strate C, Federlin K, Papaccio G. Intercellular adhesion molecule-1 (ICAM-1)
expression in the islets of the non-obese diabetic and low-dose streptozocin-treated
mouse. Histochemistry. 1994;102(4):317-21. PubMed PMID: 7843994.

Battaglia M, Stabilini A, Draghici E, Migliavacca B, Gregori S, Bonifacio E, et al. Induction
of tolerance in type 1 diabetes via both CD4+CD25+ T regulatory cells and T regulatory
type 1 cells. Diabetes. 2006;55(6):1571-80. PubMed PMID: 16731819.

Roncarolo MG, Battaglia M, Gregori S. The role of interleukin 10 in the control of auto-
immunity. ] Autoimmun. 2003;20(4):269-72. PubMed PMID: 12791310.

Peterson RA. Regulatory T-cells: diverse phenotypes integral to immune homeostasis
and suppression. Toxicol Pathol. 2012;40(2):186-204. PubMed PMID: 22222887.

Venigalla RK, Guttikonda PJ, Eckstein V, Ho AD, Sertel S, Lorenz HM, et al. Identification
of a human Th1-like IFNgamma-secreting Treg subtype deriving from effector T cells. ]
Autoimmun. 2012;39(4):377-87. PubMed PMID: 22824211.

Walker LS. Tregand CTLA-4: twointertwining pathways toimmune tolerance. ] Autoimmun.
2013;45:49-57. PubMed PMID: 23849743. Pubmed Central PMCID: PMC3989116.

Brusko TM, Putnam AL, Bluestone JA. Human regulatory T cells: role in autoimmune
disease and therapeutic opportunities. Immunol Rev. 2008;223:371-90. PubMed PMID:
18613848.

Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ regulatory T cells in the
human immune system. Nat Rev Immunol. 2010;10(7):490-500. PubMed PMID: 20559327.

Battaglia M, Roncarolo MG. Immune intervention with T regulatory cells: past lessons
and future perspectives for type 1 diabetes. Semin Immunol. 2011;23(3):182-94. PubMed
PMID: 21831659.



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Immunotherapy in Autoimmune Diabetes
http://dx.doi.org/10.5772/66909

Putheti P, Pettersson A, Soderstrom M, Link H, Huang YM. Circulating CD4+CD25+ T
regulatory cells are not altered in multiple sclerosis and unaffected by disease-modulat-
ing drugs. ] Clin Immunol. 2004;24(2):155-61. PubMed PMID: 15024182.

deKleerIM, Wedderburn LR, TaamsLS, Patel A, Varsani H, Klein M, etal. CD4+CD25bright
regulatory T cells actively regulate inflammation in the joints of patients with the remit-
ting form of juvenile idiopathic arthritis. Journal of immunology. 2004;172(10):6435-43.
PubMed PMID: 15128835.

von Herrath M, Sanda S, Herold K. Type 1 diabetes as a relapsing-remitting disease? Nat
Rev Immunol. 2007;7(12):988-94. PubMed PMID: 17982429.

Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock GL, et al. Islet transplan-
tation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free immu-
nosuppressive regimen. N Engl ] Med. 2000;343(4):230-8. PubMed PMID: 10911004.

Zalzman M, Anker-Kitai L, Efrat S. Differentiation of human liver-derived, insulin-
producing cells toward the beta-cell phenotype. Diabetes. 2005;54(9):2568-75. PubMed
PMID: 16123344.

Russ HA, Ravassard P, Kerr-Conte J, Pattou F, Efrat S. Epithelial-mesenchymal transition
in cells expanded in vitro from lineage-traced adult human pancreatic beta cells. PLoS
One. 2009;4(7):e6417. PubMed PMID: 19641613. Pubmed Central PMCID: PMC2712769.

Maeda Y, Nishikawa H, Sugiyama D, Ha D, Hamaguchi M, Saito T, et al. Detection of
self-reactive CD8(+) T cells with an anergic phenotype in healthy individuals. Science.
2014;346(6216):1536—40. PubMed PMID: 25525252.

Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent induced pluripo-
tent stem cells. Nature. 2007;448(7151):313-7. PubMed PMID: 17554338.

Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen S, et al. Induction of
pluripotent stem cells from primary human fibroblasts with only Oct4 and Sox2. Nat
Biotechnol. 2008;26(11):1269-75. PubMed PMID: 18849973.

Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S. Generation of mouse
induced pluripotent stem cells without viral vectors. Science. 2008;322(5903):949-53.
PubMed PMID: 18845712.

Giorgetti A, Montserrat N, Rodriguez-Piza I, Azqueta C, Veiga A, Izpisua Belmonte JC.
Generation of induced pluripotent stem cells from human cord blood cells with only
two factors: Oct4 and Sox2. Nat Protoc. 2010;5(4):811-20. PubMed PMID: 20360773.

Maehr R, Chen S, Snitow M, Ludwig T, Yagasaki L, Goland R, et al. Generation of
pluripotent stem cells from patients with type 1 diabetes. Proc Natl Acad Sci U S A.
2009;106(37):15768-73. PubMed PMID: 19720998. Pubmed Central PMCID: PMC2735559.

Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T cells suppress poly-
clonal T cell activation in vitro by inhibiting interleukin 2 production. ] Exp Med.
1998;188(2):287-96. PubMed PMID: 9670041. Pubmed Central PMCID: PMC2212461.

25



26

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, et al. Modulation
of tryptophan catabolism by regulatory T cells. Nat Immunol. 2003;4(12):1206-12.
PubMed PMID: 14578884.

Lim HW, Hillsamer P, Banham AH, Kim CH. Cutting edge: direct suppression of B cells by
CD4+ CD25+ regulatory T cells. ] Immunol. 2005;175(7):4180-3. PubMed PMID: 16177055.

Tiemessen MM, Jagger AL, Evans HG, van Herwijnen M], John S, Taams LS.
CD4+CD25+Foxp3+ regulatory T cells induce alternative activation of human mono-
cytes/macrophages. Proc Natl Acad Sci U S A. 2007;104(49):19446-51. PubMed PMID:
18042719. Pubmed Central PMCID: PMC2148309.

Lei F, Haque R, Weiler L, Vrana KE, Song J. T lineage differentiation from induced plu-
ripotent stem cells. Cell Immunol. 2009;260(1):1-5. PubMed PMID: 19811778.

Dai B, Wang P. In vitro differentiation of adult bone marrow progenitors into antigen-
specific CD4 helper T cells using engineered stromal cells expressing a notch ligand and
a major histocompatibility complex class II protein. Stem Cells Dev. 2009;18(2):235-45.
PubMed PMID: 18680390. Pubmed Central PMCID: PMC2656584.

Rubtsov YP, Niec RE, Josefowicz S, Li L, Darce ], Mathis D, et al. Stability of the regula-
tory T cell lineage in vivo. Science. 2010;329(5999):1667-71. PubMed PMID: 20929851.
Pubmed Central PMCID: PMC4262151.

Kurts C, Heath WR, Carbone FR, Allison ], Miller JF, Kosaka H. Constitutive class
I-restricted exogenous presentation of self antigens in vivo. ] Exp Med. 1996;184(3):923—
30. PubMed PMID: 9064352. Pubmed Central PMCID: PMC2192761.

Sarikonda G, Sachithanantham S, Miller JF, Pagni PP, Coppieters KT, von Herrath M.
The Hsp60 peptide p277 enhances anti-CD3 mediated diabetes remission in non-obese
diabetic mice. ] Autoimmun. 2015;59:61-6. PubMed PMID: 25772283.



