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Preface

This book is a synthesis work that discusses two main aspects of autoimmunity: immunopathogene‐
sis and therapeutic approaches essentially based on the immunotherapies.

It consists of eight chapters, beginning with an Introductory Chapter dedicated to give a global view
on the immune system and autoimmune diseases, deliberately in a succinct way.

Chapter 2 discusses how antigen-specific regulatory T cells (Tregs) can be generated from pluripotent
stem cells and their ability to reduce blood glucose level in a mouse model of type 1 diabetes.

Chapter 3 focuses more specifically on the analysis of the differences between early- and late-onset
type 1 diabetes by concentrating upon three key points: C-peptide detection and levels, persistence of
autoreactive T cells, and differences in metabolites.

The main purpose of Chapter 4 is to show the roles of both cytokines interferon-gamma (IFN-γ) and
interleukin-17 (IL-17) that seem to have opposing effects in autoimmune cardiomyopathy.

Chapter 5 aims to review mechanisms of autoimmunity and immunotherapy of gastrointestinal tract.

The purpose of Chapter 6 is to suggest systemic sclerosis as an example of how research into patho‐
genic processes can be translated into novel therapeutic targets for autoimmune conditions.

Chapter 7 discusses both the clinical and immunological aspects of myasthenia gravis and its sub‐
groups based on its characterization of the antigenic targets.

Chapter 8 reviews autoimmune anomalies associated with the increased expression of B cell–activat‐
ing factor of the tumour necrosis factor family (BAFF), also known as B lymphocyte stimulator
(BLyS), and anti-BAFF therapy in autoimmune diseases.

As you will see, the goal of most of these chapters is not to give details on the entire architecture of
autoimmune diseases but rather to tackle specific questions on the immunopathogenic mechanisms
and/or immunotherapeutic approaches of a number of autoimmune disorders, including type 1 dia‐
betes, autoimmune cardiomyopathy, autoimmunity of gastrointestinal tract, systemic sclerosis, and
myasthenia gravis.

I really hope that these chapters will be useful and informative for clinicians, biologists, researchers,
teachers, and students who are interested in immunology and immunopathology.

I would like to thank all the collaborators who had accepted to participate in making this book which
would not see the light also without devoted work of Martina Usljebrka, Publishing Process Manag‐
er. I would like to thank her and thank all the team of InTech Publishing House, for their trust, their
patience, and their help in making this book.

Prof. Mourad Aribi
Laboratory of Applied Molecular Biology and Immunology

University of Tlemcen, Algeria
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Introductory Chapter: Immune System Dysfunction and 
Autoimmune Diseases

Mourad Aribi

Additional information is available at the end of the chapter

1. Introduction

Currently, a major health concern is focused on many diseases caused by heterogeneous aberra-
tions of the immune system, including autoimmune diseases, which account for one of the top 
leading causes of death worldwide. The molecular approach has provided an answer to several 
fundamental questions about the etiopathogenetic mechanisms of such diseases and has thus 
considerably provided the opportunity for researchers and clinicians to compare their own expe-
riences and to bring their hypotheses closer together. It therefore appears appropriate to propose 
this collective work, which contains various and often specific subjects on autoimmune disorders.

2. Immune system: self- and non–self-discrimination

The essential functions of the immune system is to maintain the coherence of the cells and tissues 
and to ensure their integrity by rejecting foreign aggressive substances or infectious agents, that 
is, the “nonself,” and the immunogenic altered self, referred to as “modified self,” while respect-
ing the normal components of the host, that is, the “unmodified self-antigens” [1, 2] (Figure 1).

Two strategies are adopted to preserve immune system integrity and coherence [3]: the first 
strategy corresponds to the innate immunity, also known as nonadaptive immunity, which is 
triggered immediately after infiltration of microorganisms or upon danger signal integration; 
the second one involves adaptive immunity, which the activation takes place after pretreat-
ment of the antigen by innate immune cells. Adaptive immunity develops more slowly than 
innate immunity. It is characterized by immunological memory, allowing it to generate faster 
and more intense responses in subsequent exposures to the same antigen, which has previ-
ously induced a primary immune response.

Cells of innate immunity can recognize, through membrane or intracellular genetically 
encoded receptors (pattern recognition receptors, PRRs), invariant motifs (pathogen-associ-
ated molecular patterns, PAMPs) that are displayed on a large number of pathogens, but 
absent in host cells. These receptors are preformed or very rapidly inducible in humans. They 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



can also recognize and bind substances released from damaged host tissues and cells (dam-
age-associated molecular patterns, DAMPs) [4].

The cells of the adaptive immune system—B cells and T cells—are derived from the same plu-
ripotent hematopoietic stem cells [5]. These cells carry on their surface highly diversified anti-
gen-specific receptors, which are able of interacting with a quasi-unlimited number of  antigens, 
thanks to their structure diversity. B cells specifically recognize and bind intact antigens, through 
highly variable domains of their cell-surface receptors (B cell receptors, BCR), whereas T cells 
specifically recognize and interact via the highly variable domains of their receptors (T cell 
receptors, TCR) with peptide fragments derived from antigens in association with major histo-
compatibility complex (MHC) molecules on the surface of antigen-presenting cells (APCs) [6]. 
Two classes of such cells have been defined by their functions and their differentiation markers 
(cluster of differentiation, CD), but also by the class of MHC molecules they recognize: CD4+ 
helper T cells and CD8+ cytotoxic T cells that interact with peptide-class-II-MHC and peptide-
class-I-MHC complexes, respectively [5]. The subset of CD4+ T cells that express high levels of 
CD25 (CD4+ CD25high), so-called regulatory T cells (Tregs), is essential in maintaining immu-
nological self-tolerance and prevention of autoimmunity. A deleterious autoimmune reaction 

Figure 1. Overview of the immune system. The immune system contains a complex collection of organs, tissues and 
vessel systems between which circulate constantly immunocompetent cells of innate and adaptive immunity. These 
cells communicate with each other via receptors that integrate external signals in the form of soluble mediators or 
insoluble extracellular ligands or counterreceptors. The binding of a signal induces a transformation of the external 
information into internal information, a process referred to as a signal transduction inside the cell, and a modification of 
the properties of the molecular targets involved in a cell signaling pathway. The interaction between different cell types 
promotes full harmony of their various and vital functions: regulation, homeostasis, immune response, and protection of 
the host integrity. The alteration of any of these functions causes serious pathological disorders, including autoimmune 
diseases, cancers, immune deficiencies, and allergic diseases. Finally, a healthy immune system could be described by 
five main features: (i) self- and non–self-recognition, (ii) non–self-rejection, (iii) modified-self rejection, (iv) tolerance of 
unmodified self-components, and (v) coherence and integrity.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders2



can also recognize and bind substances released from damaged host tissues and cells (dam-
age-associated molecular patterns, DAMPs) [4].

The cells of the adaptive immune system—B cells and T cells—are derived from the same plu-
ripotent hematopoietic stem cells [5]. These cells carry on their surface highly diversified anti-
gen-specific receptors, which are able of interacting with a quasi-unlimited number of  antigens, 
thanks to their structure diversity. B cells specifically recognize and bind intact antigens, through 
highly variable domains of their cell-surface receptors (B cell receptors, BCR), whereas T cells 
specifically recognize and interact via the highly variable domains of their receptors (T cell 
receptors, TCR) with peptide fragments derived from antigens in association with major histo-
compatibility complex (MHC) molecules on the surface of antigen-presenting cells (APCs) [6]. 
Two classes of such cells have been defined by their functions and their differentiation markers 
(cluster of differentiation, CD), but also by the class of MHC molecules they recognize: CD4+ 
helper T cells and CD8+ cytotoxic T cells that interact with peptide-class-II-MHC and peptide-
class-I-MHC complexes, respectively [5]. The subset of CD4+ T cells that express high levels of 
CD25 (CD4+ CD25high), so-called regulatory T cells (Tregs), is essential in maintaining immu-
nological self-tolerance and prevention of autoimmunity. A deleterious autoimmune reaction 

Figure 1. Overview of the immune system. The immune system contains a complex collection of organs, tissues and 
vessel systems between which circulate constantly immunocompetent cells of innate and adaptive immunity. These 
cells communicate with each other via receptors that integrate external signals in the form of soluble mediators or 
insoluble extracellular ligands or counterreceptors. The binding of a signal induces a transformation of the external 
information into internal information, a process referred to as a signal transduction inside the cell, and a modification of 
the properties of the molecular targets involved in a cell signaling pathway. The interaction between different cell types 
promotes full harmony of their various and vital functions: regulation, homeostasis, immune response, and protection of 
the host integrity. The alteration of any of these functions causes serious pathological disorders, including autoimmune 
diseases, cancers, immune deficiencies, and allergic diseases. Finally, a healthy immune system could be described by 
five main features: (i) self- and non–self-recognition, (ii) non–self-rejection, (iii) modified-self rejection, (iv) tolerance of 
unmodified self-components, and (v) coherence and integrity.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders2

may be generated as a result of decreased frequency and/or function of Treg cells in both organ-
specific and systemic autoimmune diseases [7]. Of note, regulatory cells are not limited to CD4+ 
T cells but can include various immune cell subsets, such as CD8+ Treg, Tr1 regulatory cells, Th3 
cells, natural killer like T (NKT) cells, and Breg cells [8–10] that can prevent destructive immune 
responses and autoimmunity. Additionally, to establish a self-tolerance by the immune sys-
tem, potentially dangerous autoreactive T cell and B cell clones must be deleted through nega-
tive selection or clonal deletion within mechanisms of central tolerance occurred in the thymus 
and bone marrow, respectively, before they develop into fully immunocompetent cells [11, 12]. 
Failure or breakdown of negative selection, which can also occur in the periphery, can lead to 
the development of autoimmunity and autoimmune diseases [11–15].

3. Reactions against self-antigens and autoimmunity

When the immune system is abnormally overactivated, as a result of defective regulation func-
tion, and triggers a strong reaction against its unmodified components, autoimmune patho-
logical manifestations might develop. Autoimmune responses involve, as a classical immune 
response, T cells, B cells, APCs, inflammatory cells, antibodies, and many other mediators of 
immunity such as cytokines.

Figure 2. Pathophysiological mechanisms of autoimmune diseases. Autoimmune diseases are multifactorial diseases, 
and their etiologies are not yet fully known. Their development depends on genetic susceptibility, environmental 
factors, hormonal factors, and immune dysregulation. These factors may influence, according to different mechanisms, 
the abnormal activation of potentially dangerous autoreactive cells. Other components are involved in enhancing the 
autoimmune process, including, antigen-presenting cells, inflammatory cells, and many chemical and soluble mediators 
such as vasoactive amines, nitric oxide, lipid mediators, growth factors, complement system, cytokines, etc. APC, 
antigen-presenting cell; IC, inflammatory cell; NO, nitric oxide.
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Numerous factors have been associated to pathological autoimmunity, including genetic 
predisposition and epigenetic change, environmental factors (nutrition, viral and bacterial 
infection, and ultraviolet radiation), drugs (beta-blockers, antipsychotics, and antibiotics), 
vaccination, sex hormone, etc. [16–22] (Figure 2).

4. Autoimmune diseases

Autoimmune diseases and autoimmune-related diseases are numerous (there are more 
than 130, AARDA). Some of them are more severe or more frequent than others. They 
are conventionally distinguished in organ-specific autoimmune diseases, in which the 
autoantigen target is localized in one organ or tissue, and systemic or nonorgan specific 
autoimmune diseases in which autoantigens are widely distributed in the body or spread 
throughout several organs (Figure 3). In addition, common autoimmune disorders can 
coexist in the same patient [27, 28], which further complicates diagnosis and medical 
management.

Figure 3. Types of autoimmune diseases. There are two categories of autoimmune diseases: organ-specific autoimmune 
diseases and nonorgan specific autoimmune diseases, also called systemic diseases. Organ-specific autoimmune 
diseases are restricted to certain organs or a particular tissue. Nonorgan specific autoimmune diseases are characterized 
by extensive lesions that are secondary to an autoimmune reaction against ubiquitous autoantigens. There are also many 
overlap syndromes that may be characterized by the association of two or more organ-specific and systemic autoimmune 
diseases, due probably to the existence of common immunogenetic factors. Finally, such categorization of autoimmune 
diseases does not take into account diseases resulting from immune reactions against foreign antigens expressed in a 
target tissue, especially in viral diseases. It also ignores autoimmunity observed under physiological conditions in the 
absence of any pathological tissue damage [23–26]. (The list of pathologies presented in this figure is not exhaustive.).
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Although it is not easy to determine for each individual the exact cause of pathological auto-
immunity, given the extensive heterogeneity of autoimmune disorders [29], relevant research 
strategies with advanced technologies are developed or are still under investigation to control 
or prevent these diseases in a wider context (Figure 4).

5. Conclusions

The essential function of the immune system is the eradication of aggressive elements, particu-
larly infectious agents and tumor cells. In order to ensure normal immune functions, lymphocyte 
clones which are capable of strongly recognizing harmless or unmodified elements of the self are 
eliminated or suppressed so that under normal conditions no autoimmune reaction is observed.

The explosion of knowledge thanks to molecular biology over the past few decades has 
opened new perspectives in the search for risk factors that could be directly involved in the 
occurrence of autoimmune diseases. It is now well-established that these diseases may be 
caused by a combination of a genetic predisposition and a triggering factor.

More than 130 autoimmune diseases and autoimmune-related diseases have been identified. 
Most often, a distinction is made between organ-specific autoimmune diseases, for which 

Figure 4. Strategies for exploring autoimmune diseases. The exact causes of autoimmune diseases are not yet fully 
understood, but are the subject of intensive researches that are focused mainly on three main axes: (i) study of the 
risk factors and potential etiopathogenetic mechanisms underlying these illnesses, (ii) research on the causes of the 
breakdown of the mechanisms responsible for maintaining tolerance to self-antigens, and (iii) development of innovative 
therapies and immune interventions. Current treatments aim to suppress autoimmune response and inflammation and 
alleviate the functional consequences of cellular or tissue damage.
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specific organs are the target of an attack by the immune system, and nonorgan specific auto-
immune diseases which are of a systemic manifestation.

Significant progress has been made in understanding the etiopathogenetic mechanisms of 
autoimmune diseases. They should undoubtedly lead to more effective therapeutic strate-
gies. Currently, there are multiple potential treatments that often rely on immunosuppression. 
Nevertheless, the best strategy would be to act more selectively on the self-reactive cells that are 
abnormally overactives.
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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 β-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.
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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 β cells. β 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 (GAD65), islet Ag-2 (IA-2), and 
zinc transporter (ZnT8). These autoantibodies are predominantly associated with the devel-
opment of insulitis [13]. Destruction of β 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 β cells. This phenomenon is implicated 
in T1D siblings who share the high-risk HLA DR3-DQ2/DR4-DQ8 genotype [15].

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

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

2. Development of glucose intolerance and hyperglycemia due to loss of β-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 β 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 β-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-α 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 ICAM1 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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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 ICAM1 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+CD25+FoxP3+ 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. iPSCs

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-α 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)323–339 
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-I-Ab 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 

Figure 1. Generation of MiDR-TCR-FoxP3 retroviral construct. Schematic representation of the retrovirus construct 
MiDR-TCR-FoxP3 expressing OVA-specific TCR and FoxP3. Ψ, 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-Ab in the presence of rIL-7 and r-Flt3L. 
Morphology was visualized under a microscope.
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CD3+TCRVβ5+ population expressed CD4. Most of the CD3+TCRVβ5+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 
TGFβ. The result showed that significant amount of IL-10 and TGFβ 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 pancreatic islet β 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).

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.
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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 

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.

Figure 5. Stem cell-derived OVA-specific Tregs were adoptively transferred into diabetic mice. (A) Tregs induced the 
expression of TGF-β 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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ICAM1 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-β. Therefore, expression of TGF-β 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.
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Abstract

Insulin, as measured by C-peptide, is produced for decades after onset of type 1 diabetes,
and even very low levels of C-peptide have clinical significance. In this chapter we show
that two distinct pathophysiological subtypes of type 1 diabetic subjects can be
distinguished. Early-onset diabetic subjects (≤20 years) have rapid loss of C-peptide,
whereas late-onset diabetic subjects (>20 years) have slower C-peptide declines over
decades. Early-onset diabetics have significantly lower levels of persistent autoreactive
CD8+ T cells than do late-onset diabetic subjects. In late-onset disease, robust production
of autoreactive T-cells occurs even in the absence of C-peptide. Metabolomics analysis
reveals frequent differences between the two subtypes of subjects in the levels of amino
acids, carbohydrates, cofactors, lipids, peptides, and xenobiotics. There are statistically
significant differences related to protective islet functions, islet health, development,
blood sugar control, and regulation of exocrine pancreas function. Taken together these
findings suggest that pancreas pathobiology, as well as durability of abnormal T-cell
response should be considered in immune targeting treatments. Therapies aimed at
immune defects alone are likely to work best in late-onset diabetics. Therapies aimed at
islet cell preservation in early-onset diabetic subjects likely have greater efficacy if
administered shortly after disease onset.

Keywords: type 1 diabetes, C-peptide, metabolomics, autoreactive T-cells, therapy,
type 1 diabetic subtypes, early-onset diabetes, late-onset diabetes, metabolites
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1. Introduction

This chapter summarizes the evidence supporting two distinct pathophysiological subtypes
of type 1 diabetes (T1D) based on age of onset (AOO). The characterization of these two
subtypes—early- versus late-onset—traces back to the finding that β-islet cells of the pancreas
are still functional decades after disease onset. When first published in 2012 [1], this finding
ran against conventional wisdom that all beta cells die within 2 years of onset and that type 1
diabetics usually have an absolute deficiency of insulin [2]. Instead, low levels of C-peptide,
which is co-secreted with insulin and thus serves as the best measure of endogenous insulin
secretion, persist for decades after disease onset. Confirmation of the study by Wang and
colleagues came from several studies [3–8], showing that 80% of people with long-standing
diabetes have low but detectable levels of C-peptide upon stimulation with oral glucose [9].
These studies were made possible by new ultrasensitive C-peptide assays with detection limits
of 1.5–5.0 pmol/L. Older C-peptide assay typically only detected to 40–50 pmol/L. The low
levels of C-peptide were indicative of intact β-islet cell function according to assays showing
that C-peptide levels rose in response to hyperglycemia or a mixed-meal stimulus [1, 4, 5].
Intact β-islet cell function in long-standing disease suggests that β-islet cells are either
regenerating or evading immune attack.

What’s more is that these low levels of C-peptide or any persistent C-peptide have clinical
significance. They are associated with fewer diabetic complications (e.g., nephropathy, neu-
ropathy, foot ulcers, and retinopathy), better metabolic control via HbA1c, and prevention of
hypoglycemia [7, 10–12]. The finding of C-peptide persistence and its clinical significance
paved the way for an examination of the pathophysiological differences between early- and
late-onset type 1 diabetes.

2. Rate of C-peptide decline differs between early- and late-onset
diabetes

Early-onset diabetics have a rapid loss of residual C-peptide, whereas late-onset diabet-
ics have a slower rate of C-peptide decline, which occurs over decades [1, 6, 8].  Here,
we confirm this finding with one of the largest patient samples to date of fasting C-
peptides.

Cross-sectional data from 1958 long-term type 1 diabetics, who were recruited to the Massa-
chusetts General Hospital, show the gradual decades-long decline in fasting C-peptide
secretion from the pancreatic islets (Figure 1A). The rate of decline in this group varied
according to age of onset, with early-onset diabetics (n = 1063) showing a rapid decline and
late-onset (n = 895) showing a slow decline (Figure 1B, left and right panels). The difference in
C-peptide secretion between early-onset and late-onset subjects is statistically significant (p <
0.001). Detecting low fasting C-peptide levels during the decades-long decay is possible
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What’s more is that these low levels of C-peptide or any persistent C-peptide have clinical
significance. They are associated with fewer diabetic complications (e.g., nephropathy, neu-
ropathy, foot ulcers, and retinopathy), better metabolic control via HbA1c, and prevention of
hypoglycemia [7, 10–12]. The finding of C-peptide persistence and its clinical significance
paved the way for an examination of the pathophysiological differences between early- and
late-onset type 1 diabetes.

2. Rate of C-peptide decline differs between early- and late-onset
diabetes

Early-onset diabetics have a rapid loss of residual C-peptide, whereas late-onset diabet-
ics have a slower rate of C-peptide decline, which occurs over decades [1, 6, 8].  Here,
we confirm this finding with one of the largest patient samples to date of fasting C-
peptides.

Cross-sectional data from 1958 long-term type 1 diabetics, who were recruited to the Massa-
chusetts General Hospital, show the gradual decades-long decline in fasting C-peptide
secretion from the pancreatic islets (Figure 1A). The rate of decline in this group varied
according to age of onset, with early-onset diabetics (n = 1063) showing a rapid decline and
late-onset (n = 895) showing a slow decline (Figure 1B, left and right panels). The difference in
C-peptide secretion between early-onset and late-onset subjects is statistically significant (p <
0.001). Detecting low fasting C-peptide levels during the decades-long decay is possible
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because of the improved detection limit with ultrasensitive ELISA1 of only 1.5 pmol/L, which
is significantly lower than older C-peptide assays with detection limits in the 40–50 pmol/L
range [1]. The remainder of the chapter delves into the pathophysiological basis of this finding,
using an assay for autoreactive CD8+ T lymphocytes (hereinafter referred to as autoreactive
T-cells) and using metabolomics, the study of small molecules from intermediate metabolism.

1 Cat. No 10-1141-01, Mercodia AB (Uppsala, Sweden). The assay was calibrated against the International Reference
Reagent for C-peptide (IRR C-peptide 84/510; a WHO standard) and listed with the US Food and Drug Administration
as Class I IVD device.

Figure 1. The decades-long persistence of C-peptide in patients with type 1 diabetes (n = 1958) and the more rapid fall
in C-peptide levels with younger age of onset. (A) There is a gradual, decade-long decline in C-peptide detectable with
an ultrasensitive assay. (B) The decline in C-peptide levels is related to the age of onset of the disease. Data are strati-
fied by early- (left, blue) or late-onset diabetes (right, red). p Values were calculated using a Mann-Whitney U test (Wil-
coxon rank-sum test), and the data are represented as mean ± SEM p < 0.001. The left panel depicts the large difference
in mean C-peptide, whereas the right panel shows the same data according to individual data points.
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3. Levels of autoreactive T-cells differ between early- and late-onset
diabetes

Here, we provide evidence that early-onset diabetics (≤20 years of age) have a significantly
lower level of autoreactive T-cells than do late-onset diabetics (>20 years of age). We studied
autoreactive T-cells in a subset (n = 178) of our sample (n = 1958) using a peptide-major
histocompatibility complex class I (pMHC-I) multimer technique (fluorochrome-conjugated
and peptide-loaded major histocompatibility complex class I multimers) in conjunction with
flow cytometry. Two diabetes-specific peptides for autoreactive T-cell detection were used, i.e.,
peptide sequences from epitopes of pancreatic beta cells, islet-specific glucose-6-phosphatase
catalytic subunit-related protein (IGRP) or insulin B chain (InsB) (tetramers were purchased
from Beckman Coulter, Fullerton, CA, whereas dextramers were a generous gift from Immu-
dex, Copenhagen, Denmark). For the IGRP peptide, pMHC-I was loaded with the peptide
sequence for amino acids 228–236 (LNIDLLWSV). For the InsB peptide, pMHC-I was loaded
with the peptide sequence corresponding to amino acids 10–18 (HLVEALYLV). For back-
ground fluorescence of T-cells, a matched negative (neg) HLA class I structure was loaded with
an irrelevant peptide. The peptide sequence of the negative controls is kept proprietary by the
companies but does not occur on mammalian cells (Beckman Coulter, Immudex). Using these
methods, type 1 diabetics for decades after diagnosis have detectable levels of autoreactive T-
cells measured with peptide-major histocompatibility complex class I (pMHC-I) multimers
(Figure 2).

Type 1 diabetics were cross-sectionally studied for the presence or absence of autoreactive T-
cells for decades after disease onset. The patients all had established type 1 diabetes (Table 1).
Subjects had mean age of onset of 27.9 ± 1.6 years and a mean duration of diabetes of 14.9 ± 1.4
years. Typically, autoreactive T-cell detection studies are performed shortly after disease onset.
However, because we wanted to know the association between prolonged C-peptide secretion
and autoreactive T-cells, this study spanned decades of diabetes duration with simultaneous
monitoring of C-peptide. Autoreactive T-cells were defined as samples staining with either
IGRP or InsB MHC class I multimers. The data show that some long-standing diabetics have
persistence of autoreactive T-cells decades after disease onset.

The type 1 diabetic subjects studied for autoreactive T-cells with pMHC-I multimers were
divided into two groups, based on their status of early onset (n = 131, shown in blue) or late
onset (n = 47), shown in red (Figures 3 and 4, Table 1). For each group, we determined the
disease duration versus the serum C-peptide levels (Figure 3A). For each group, we also
determined the presence of autoreactive T-cells versus disease duration (Figure 4). We once
again observed that the decay of C-peptide secretion is faster in the early-onset group as
compared to the late-onset group. For most subjects with early-onset, the C-peptide became
undetectable within 10 years, whereas in the late-onset subjects, C-peptide lingered for
decades (Figure 3A). The difference in C-peptide between the early-onset and late-onset was
highly significant (C-peptide for early-onset 33.9 ± 5.4 pmol/L versus C-peptide for late-onset
98.6 ± 13.5 pmol/L (mean ± SEM; one-tailed Mann-Whitney U test p < 0.0001)).
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Figure 2. Type 1 diabetics for decades after diagnosis have detectable levels of autoreactive T-cells measured with pep-
tide-major histocompatibility complex I (pMHC-I) multimers. Both insulin B and IGRP pMHC-I multimers were able
to detect autoreactive CD8 T-cells of long-term diabetics. n = 192 samples for negative controls and n = 178 for samples
stained for autoreactive cells. The means are represented by the large red dots. The background of 0.24% positive back-
ground fluorescence was used as the lower limits of detectability for the presence of pMHC-I multimers. Mann-Whit-
ney U test shows a significant difference at p = 0.02.
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All Early Late

n 178 47 131

AOO (years) 27.9 ± 1.6 10.7 ± 1.2 34.7 ± 1.1

Duration (years) 14.9 ± 1.4 22.0 ± 2.6 11.3 ± 1.3

% Female 42.0% 46.2% 40.5%

C-peptide (pmol/L) 47.6 ± 14.3 3.8 ± 1.3 78.8 ± 18.9

Gad65 Ab (U/mL) 93.0 ± 12.0 84.7 ± 26.5 95.5 ± 13.5

All values are mean ± SEM.

Table 1. Clinical characteristics for early- and late-onset T1D.

Figure 3. Early- and late-onset type 1 diabetics not only vary in the persistence of C-peptide but also dramatically vary
by the presence or absence of autoreactive T-cells. (A) For this data set of early-onset diabetics (n = 47) and late-onset
diabetics (n = 131), C-peptide decay continues to show prolonged presence exclusively in late-onset diabetes. (B) Late-
onset diabetics have persistence of C-peptide and also the presence of abundant autoreactive T-cells. Early-onset dia-
betics have neither the persistence of C-peptide nor the presence of autoreactive cells. (C) At undetectable C-peptide
levels in an ultrasensitive assay almost no autoreactive T-cells are detectable in early-onset subjects, but abundant au-
toreactive T-cells are present in late-onset diabetics. Mann-Whitney U test, p = 0.0005.
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Figure 4. Relationship of diabetes disease duration and presence of autoreactive T-cells; comparison of early- and late-
onset diabetes.

We then determined the levels of autoreactive T-cells in the early- and late-onset diabetic
subjects using the pMHC-I multimer technique (Figure 3B and C). The early-onset group had
little or no detectable C-peptide and little to no autoreactive T-cells. In contrast, the late-onset
group frequently had large amounts of C-peptide coupled with large numbers of autoreactive
T-cells. At first glance this seemed to make sense since the presence of islet activity in the
pancreas is expected to be associated with the persistence of active CD8 autoimmunity. Also
when we studied early- and late-onset subject pMHC-I autoreactive T-cells compared to
disease duration, the early-onset diabetics had no relationship with duration and the presence
or absence of T-cells. In contrast, late-onset diabetics had a decades-long decay in the presence
of autoreactive T-cells (Figure 4).

But when early- and late-onset diabetics were compared when neither group had any detect-
able C-peptide, the late-onset diabetic subjects still continued to exhibit the abundant presence
of autoreactive T-cells (Figure 3B and C, p = 0.0005). In marked contrast, when the early-onset
diabetics were without detectable C-peptide, even when using an ultrasensitive C-peptide
assay, almost no autoreactive T-cells were found in the early-onset cohorts. What are the
possible explanations?

Our favored explanation is that autoreactive T-cells play a much more dominant role in disease
etiology in late-onset than in early-onset disease. The massive abundance of detectable
autoreactive T-cells in late-onset diabetics even without detectable C-peptide may reflect
greater regenerative abilities of the pancreas, causing autoreactive T-cells to remain in the
circulation. A trivial second explanation is that the two types of autoreactive T-cells measured,
i.e., InsB and IGRP autoreactive T-cells, represent the dominant autoreactive epitopes in late-
onset disease, but not in early-onset disease. Although C-peptide can now be detected to 1.5
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pmol/L, this assay might still not be sensitive enough, and the T-cell assay is more sensitive
for residual pancreatic activity, and that would also be an explanation for long-term autoreac-
tive T-cells in late-onset diabetic subjects.

Why such non-detectable levels of autoreactive T-cells in early-onset diabetics? Primary
pancreas defects unrelated to autoreactive T-cells may contribute to more rapid pancreatic islet
failure in early-onset diabetics. The role of autoreactive T-cells may be less dominant in early-
onset cases. Or as above, these early-onset diabetic subjects truly have no C-peptide and levels
far below the sensitive assay levels of new C-peptide assays of 1.5 pmol/L.

4. Metabolomics differ between early- and late-onset diabetes

We studied metabolites in the serum of early-onset versus late-onset diabetics that might shed
light on disease pathophysiology. Metabolomics was performed on two independently
collected subject serum sets, referred to as serum set 1 and serum set 2, in order to verify
findings. The subjects were two matched sets with 25 early- and 25 late-onset diabetic subjects
with HbA1Cs in the same range. A total of 100 frozen serum samples were analyzed. The
samples were sent for metabolic profiling to Metabolon (Durham, NC). Samples were extracted
and prepared for analysis on Metabolon’s integrated discovery platform that was based on a
combination of gas and liquid chromatography techniques coupled with mass spectrometry
for detection and identification. Metabolon’s platform has met with considerable success in,
among many studies, the identification of biomarkers of insulin resistance in subjects that are
at risk of developing type 2 diabetes [13].

The clinical and biochemical characteristics of each serum set are shown in Table 2. The patient
selections for each sample set were limited to subjects with disease duration of less than 25
years and a current age of less than 50 years to exclude kidney disease and other confounding
factors in metabolism. We then statistically compared the data from early- versus late-onset
diabetics and report only on those metabolites that were significantly different across both
screens.

AOO (years) Age (years) Duration (years) C-peptide (pmol/mL) HbA1C (%) Female (%)

Serum set 1

Early-onset 9.8 ± 0.7 23.3 ± 1.5 9.5 ± 1.2 40.5 ± 18.5 8.2 ± 0.4 32.0

Late-onset 35.8 ± 2.0 48.6 ± 2.3 8.4 ± 1.0 117.5 ± 43.5 7.2 ± 0.2 44.0

Serum set 2

Early-onset 10.2 ± 0.7 16.8 ± 0.9 5.7 ± 0.9 87.9 ± 29.8 7.5 ± 0.2 36.0

Late-onset 32.8 ± 2.5 41.5 ± 2.3 7.7 ± 1.1 152.5 ± 50.6 6.7 ± 0.2 44.0

All values are mean ± SEM.

Table 2. Clinical characteristics of early- and late-onset diabetics for metabolomic assays .
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Table 3 lists 30 metabolites that display statistically significant differences between early-onset
and late-onset type 1 diabetes from both serum set 1 and serum set 2. These metabolites are
found in diverse super pathway families, including amino acids, carbohydrates, cofactors and
vitamins, lipids, peptides, and xenobiotics. Table 3 also lists the subpathways. Figure 5 graphs
the same data according to the fold differences and also the direction, i.e., early- < late-onset
or early- > late-onset. The data show that the fold differences were extremely similar for serum
set 1 subjects and serum set 2 subjects and always in the same direction. The data trends were
remarkably reproducible given that these were independently collected human samples.

Metabolite Super pathway Subpathway  p

Serum set 1 

p

Serum set 2

Creatinine Amino acid Creatine metabolism 0.0206 0.034

N-acetyl-3-methylhistidine Amino acid Histidine metabolism 0.0018 0.0441

3-methylglutaconate Amino acid Leucine, isoleucine, and valine

metabolism

0.0049 0.0216

N2-acetyllysine Amino acid Lysine metabolism 0.0429 0.0334

N-acetylphenylalanine Amino acid Phenylalanine and tyrosine metabolism 0.0092 0.0345

Spermidine Amino acid Polyamine metabolism 0.0458 0.0224

N-acetyltryptophan Amino acid Tryptophan metabolism 0.001 0.036

Pro-hydroxy-pro Amino acid Urea cycle: arginine and proline

metabolism

1.06E−05 2.81E−09

Trans-4-hydroxyproline Amino acid Urea cycle: arginine and proline

metabolism

0.001 3.00E−04

Glucuronate Carbohydrate Amino sugar metabolism 0.025 3.34E−08

Sucrose Carbohydrate Disaccharides and oligosaccharides 0.007 4.00E−04

Fructose Carbohydrate Fructose, mannose, and galactose

metabolism

0.020 0.003

Sorbitol Carbohydrate Fructose, mannose, and galactose

metabolism

0.001 0.001

Glucose Carbohydrate Glycolysis, gluconeogenesis, and

pyruvate metabolism

0.003 0.044

Ascorbate (vitamin C) Cofactors and

vitamins

Ascorbate and aldarate metabolism 0.018 0.012

Trigonelline (N′-

methylnicotinate)

Cofactors and

vitamins

Nicotinate and nicotinamide

metabolism 

0.005 1.40E−06

Alpha-tocopherol (vitamin E) Cofactors and

vitamins

Tocopherol metabolism 0.001 0.002

Pyridoxate (vitamin B6) Cofactors and Vitamin B6 metabolism 0.002 0.014
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Metabolite Super pathway Subpathway  p

Serum set 1 

p

Serum set 2

vitamins

CMPF Lipid Fatty acid, dicarboxylate 0.000 0.001

Eicosapentaenoate (EPA) Lipid Polyunsaturated fatty acid (n3 and n6) 2.00E−04 0.002

Hyocholate Lipid Secondary bile acid metabolism 0.001 0.023

Taurodeoxycholate Lipid Secondary bile acid metabolism 0.011 0.047

Etiocholanolone glucuronide Lipid Steroid 0.021 0.002

Cholesterol Lipid Sterol 0.014 0.009

Leucylglycine Peptide Dipeptide 0.003 0.012

Valylglycine Peptide Dipeptide 0.001 2.75E−07

1,3-dimethylurate Xenobiotics Xanthine metabolism 0.010 0.004

1,3,7-trimethylurate Xenobiotics Xanthine metabolism 0.020 0.001

1,7-dimethylurate Xenobiotics Xanthine metabolism 0.024 0.009

Paraxanthine Xenobiotics Xanthine metabolism 0.032 0.007

Table 3. Early- versus late-onset T1D: metabolites with significant differences.

A subset of 7 out of 30 metabolites is important and is involved in pancreatic function (Table 4).
In all cases, the pancreas-related metabolites were statistically different between early-onset
and late-onset diabetic subjects.

Subjects with early- versus late-onset diabetes have varying levels of acetyllysine. Developing
and proliferating insulin-secreting β-islet cells have augmented acetyltransferase activity
related to growth and insulin secretion often through beta-cell–specific transcription factors
BETA2 and PDX-1. High lysine deacetylase activity would be expected to increase the removal
of acetyl groups from proteins. In our data the early-onset diabetics had lower levels of
acetyllysine. Lysine deacetylase inhibitors protect β-islet cells by increasing the acetylation of
proteins. In support of our observations, treatment data from the nonobese diabetic (NOD)
mouse, an animal model of type 1 diabetes, shows that lysine deacetylase inhibition protects
β-islet cells by increased acetylation of proteins [14]. Indeed, if lysine deacetylase inhibitors
are brought forward to humans, their impact might be greater in early-onset diabetic subjects
by conferring a presumed β-islet cell protective factor and restoring acetyllysine levels to
higher levels.

Eicosapentaenoate (EPA), a metabolite of the polyunsaturated fatty acid metabolic pathway,
was lower in early-onset type 1 diabetes and high in late-onset diabetics even exceeding the
levels of control populations. Several studies support the concept that EPA improves insulin
secretion in pancreatic islets [15, 16]. Since we found that EPA is lower in early-onset diabetes
compared to late-onset diabetics, this again supports a more rapid disease progression in such
individuals. It also suggests late-onset diabetic subjects could make EPA as a protective factor.
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Figure 5. The over- and under-expression of metabolites associated with early- and late-onset diabetes. Shown is the
ratio of metabolites in early- versus late-onset. For clarity, ratios between 0 and 1 were inverted (1/ratio) and made neg-
ative. Data are presented as rank order based on the magnitude of the statistically significant metabolic trends. Both
sample sets demonstrate the tight reproducibility in the direction of the trends and also in the reproducibility of the
magnitude of the derangements between early- and late-onset type 1 diabetics.
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Metabolite Pathway    Ratio early/

late (average

of both

screens) 

Association with diabetes   References

N2-acetyllysine Lysine metabolism 0.596 Diabetes induces lysine acetylation of

intermediary metabolism enzymes in

the kidney

Kosanam et al. [14]

Spermidine Polyamine

metabolism

0.588 Spermidine may decrease ER stress in

pancreatic beta cells and may reduce

apoptosis via activating AMPK-

dependent autophagy pathway.

Spermidine content is decreased in

islets of old obese ob/ob mice.

Polyamines such as spermidine increase

the stability of insulin mRNA and are

necessary for the maintenance of

normal insulin and protein biosynthesis

in islets

Tirupathi Pichiah et

al [36]; Sjoholm et al.

[23]; Welsh [21];

Welsh [22]

N-acetyltryptophan Tryptophan

metabolism

0.742 Suppresses rise in blood sugar and

preserves insulin secretion in type 2;

related to activity of intestinal bacteria

Wikoff et al. [17]

Glucuronate Amino sugar

metabolism

0.761 Elevated in diabetes. Glucuronate

pathway is overactive in diabetes

Winegrad and

Burden [25]

CMPF Fatty acid,

dicarboxylate

metabolism

0.152 Elevated in diabetes. Causes beta-cell

dysfunction

Nolan [26]; Prentice

et al. [27]

Eicosapentaenoate

(EPA)

Polyunsaturated

fatty

acid metabolism

0.480 Improves insulin secretion in pancreatic

islets

Kato et al. [15];

Shimano et al. [16]

Taurodeoxycholate Secondary bile acid

metabolism

0.470 Involved in regulation of exocrine

pancreas function

Riepl et al. [18]

Table 4. Early- versus late-onset diabetics: islet-, insulin-, and pancreas-related metabolites with significant differences.

N-acetyltryptophan was also observed to be lower in early-onset diabetics. N-acetyltrypto-
phan suppresses rises in blood sugars and preserves insulin secretion in type 1 diabetes [17].
Abundant n-acetyltryptophan also can be produced by select gut bacteria and modulates
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expression of proinflammatory genes and increases expression of anti-inflammatory genes
possibly affecting the etiology of both early- and late-onset diabetes [17].

Taurodeoxycholate, a metabolite related to secondary bile acid metabolism, was more de-
pressed in early-onset than late-onset diabetes. Previous evidence shows this metabolite is
involved in the regulation of exocrine pancreas function [18]. Exocrine pancreatic dysfunction
in type 1 diabetes is linked to a decrease in pancreatic volume, an observation of past reports
[19]. Therefore, our findings again point to varying contributions of pancreas defects to T1D
in early-onset subjects compared to late-onset diabetics.

Spermidine, a member of the polyamine metabolism, was decreased in early-onset diabetics
and elevated in late-onset subjects. Past reports suggest type 1 diabetic subjects have reduced
spermidine levels, and now our data suggests this deficiency is even more pronounced in early-
onset diabetes [20]. Spermidine may decrease endoplasmic reticulum (ER) stress in pancreatic
islet beta cells, is decreased in islets of obese-hyperglycemic ob/ob mice, and is also reported
to reduce apoptosis via AMP-activated protein kinase (AMPK)-dependent autophagy
pathways [21–24]. A deficiency in spermidine might accelerate disease onset.

Glucuronate, which was also lower in early-onset diabetes, is involved in amino sugar
metabolism. Some reports characterize this metabolite as related to diabetic hyperglycemia
[25]. Again this points to altered and varying levels between early- and late-onset subjects.

Lastly, the metabolite 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) was high
in late-onset diabetic subjects and very low in early-onset diabetics and control subjects had
intermediate levels. CMPF is associated with pancreatic function. This metabolite causes β-
islet cell dysfunction when elevated [26, 27]; CMPF is part of the fatty acid and decarboxylase
metabolism pathway. Here, the elevation in CMPF is restricted to late-onset disease compared
to early-onset disease, where the levels are actually suppressed in early-onset diabetics
compared to control populations (data not shown). This pancreas-related metabolite was the
exception between early- and late-onset subjects since in all other six cases the early-onset
subject demonstrated the more pronounced defect.

Is there evidence to support the hypothesis that intrinsic pancreas defects unrelated to the
immune system contribute to a broader etiologic basis of diabetes, perhaps related to the target
organ? Developmental biology has long been ignored in the etiology of autoimmune diseases
[28, 29]. In the NOD mouse, there is both support for direct T-cell-driven autoimmunity and
secondary organ failure from intrinsic developmental defects. Using NOD-scid mice without
an immune system, NOD structural defects related to organogenesis can be observed in the
pancreas and salivary glands from birth onward and in other organs. The structurally defective
organs share a common developmentally related origin: Hox11-expressing progenitor cells
during fetal development [29]. Hox11-derived organs such as the cochlea/inner ear are related
to Hox11 developmental biology, as are the sensory portions of the tongue. NOD mice fail to
form an inner ear and are born deaf; they also have malformed sensory end organs of the
tongue [28]. The human evidence provided here by metabolomics offers additional support
for the possibility that intrinsic pancreas developmental defects could contribute, at least in
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early-onset human diabetes, to more rapid end-organ failure as has been shown in the NOD
mouse.

In conclusion, there is supporting evidence from both autoimmune mice and humans that
primary, not secondary, additional pancreas dysfunction in diabetes could be driven by
developmental biology defects and that associated organs can also fail even without a
lymphocyte influence.

5. Implications for therapy

What are the therapeutic implications of the pathophysiological differences underlying early-
and late-onset diabetes? For early-onset diabetics, their rapid deficiency in autoreactive T-cells
suggests that they are unlikely to respond to immunotherapy aimed at abolishing the auto-
immune response if the therapy is started very long after the disease onset. Conversely, for
late-onset diabetics, immunotherapies are likely to be effective longer because the patients still
have a vigorous autoimmune response and in many cases pancreatic insulin secretion that
could be reserved.

The first hint that immunotherapies may be preferentially effective for late-onset diabetes came
from a phase I, proof-of-concept clinical trial, published by our laboratory in 2012. It was found
that the immunotherapy bacillus Calmette-Guérin (BCG) transiently dampens autoimmunity
by selective targeting for death autoreactive T-cells and inducing the beneficial T-regulatory
T-cells. With BCG, patients with long-standing disease (mean duration of 15.3 years) fleetingly
produced higher levels of C-peptide, showed increases in dead autoreactive T-cells, and
produced more T-regulatory cells (Tregs) that suppress autoimmunity. When all weekly blood
sera were analyzed by an ultrasensitive assay at the end of the trial, all BCG recipients (as well
as placebo controls) were found to have low yet detectable C-peptide secretion.

BCG’s apparent efficacy in type 1 diabetes stems from its induction of endogenous tumor
necrosis factor (TNF)-α [30], which, in turn, selectively kills CD8+, but not CD4+, autoreactive
T-cells in type 1 diabetics and other autoimmune diseases [31]. TNF is also known to expand
T-regulatory T-cells as well. TNF itself is not a suitable exogenous immunotherapy because of
its high toxicity, which is largely due to widespread expression of the TNF receptor 1 [32]. The
TNF inducer BCG is a safer alternative to direct administration of TNF.

BCG is also advantageous because of its FDA approval, low cost, and its 100-year track record
of safety as a tuberculosis vaccine and 40-year track record of safety as a treatment for bladder
cancer. The BCG trial was among the first immunotherapy clinical trials to include long-
standing diabetic subjects, as most if not all of immunotherapy trials over the past 20 years
have excluded all but new-onset patients under the now erroneous assumption that β-islets
are not salvageable.

A phase II clinical trial of BCG is now in progress, using more frequent doses, a larger group
of subjects (n = 150), and a 5-year follow-up. The primary objective of this randomized, placebo-
controlled double-blind trial is to determine the dose and timing of BCG administration
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necessary to trigger a significant improvement in HbA1c values. One of the inclusion criteria
is that subjects have fasting or stimulated C-peptide levels between 5 and 200 pmol/L, because
these levels are indicative of remaining pancreatic islet function. With the additional criteria
that these subjects also must be adults (greater than age 18), the majority of the subjects will
also be late-onset subjects.

Two other recent immunotherapy clinical trials in type 1 diabetes, using abatacept and
teplizumab, have had disappointing results [33, 34]. One reason postulated to be behind the
lackluster results was the heterogeneity of type 1 diabetics, including age of onset [35]. We
agree that early- versus late-onset might have been one important source of disease heteroge-
neity that hampered the trials’ success. The results of our BCG trial and the data we have
presented here on C-peptide persistence and age of onset suggest that immunotherapy clinical
trials no longer exclude all but new-onset cases.

In conclusion, the data that we report here reveal that early- and late-onset diabetics differ in
terms of C-peptide production, autoreactive T-cell levels, and metabolites. Taken together, the
data suggests that therapies aimed at immune defects are likely to have greater efficacy in late-
onset diabetes, whereas therapies aimed at immune defects and β-islet preservation are likely
to have greater efficacy in early-onset diabetes.

Acknowledgements

We are grateful for the technical support over the nearly 6 years of this study from Dr. Douglas
Burger, Peter Reinhold III, and Sophie L. Washer.

Abbreviations

pMHC-I multimers peptide-major histocompatibility complex class I multimers

AOO age of onset

ER endoplasmic reticulum

T1D type 1 diabetes

Author details

Willem M. Kühtreiber, Miriam Davis and Denise L. Faustman*

*Address all correspondence to: faustman@helix.mgh.harvard.edu

Immunobiology Laboratory, Massachusetts General Hospital, Harvard Medical School,
Boston, MA, USA

Early- Versus Late-Onset Type 1 Diabetes: Two Different Pathophysiological Subtypes with Implications for Therapy
http://dx.doi.org/10.5772/65598

41



References

[1] Wang L, Lovejoy NF, Faustman DL. Persistence of prolonged C-peptide production in
type 1 diabetes as measured with an ultrasensitive C-peptide assay. Diabetes Care.
2012;35:465–70. DOI:10.2337/dc11-1236.

[2] American Diabetes A. Standards of medical care in diabetes—2014. Diabetes Care.
2014;37 Suppl. 1:S14–80. DOI:10.2337/dc14-S014.

[3] Jones AG, Hattersley AT. The clinical utility of C-peptide measurement in the care of
patients with diabetes. Diabetic Medicine: A Journal of the British Diabetic Association.
2013;30:803–17. DOI:10.1111/dme.12159.

[4] Oram  RA,  Jones  AG,  Besser  RE,  Knight  BA,  Shields  BM,  Brown  RJ,  et  al.  The
majority  of  patients  with  long-duration type 1  diabetes  are  insulin  microsecretors
and have  functioning beta  cells.  Diabetologia.  2014;57:187–91.  DOI:10.1007/s00125-
013-3067-x.

[5] McGee P, Steffes M, Nowicki M, Bayless M, Gubitosi-Klug R, Cleary P, et al. Insulin
secretion measured by stimulated C-peptide in long-established type 1 diabetes in the
diabetes control and complications trial (DCCT)/epidemiology of diabetes interven-
tions and complications (EDIC) cohort: a pilot study. Diabetic Medicine: A Journal of
the British Diabetic Association. 2014;31:1264–8. DOI:10.1111/dme.12504.

[6] Barker A, Lauria A, Schloot N, Hosszufalusi N, Ludvigsson J, Mathieu C, et al. Age-
dependent decline of beta-cell function in type 1 diabetes after diagnosis: a multi-centre
longitudinal study. Diabetes, Obesity & Metabolism. 2014;16:262–7. DOI:10.1111/dom.
12216.

[7] Kuhtreiber WM, Washer SL, Hsu E, Zhao M, Reinhold P, 3rd, Burger D, et al. Low levels
of C-peptide have clinical significance for established type 1 diabetes. Diabetic Medi-
cine: A Journal of the British Diabetic Association. 2015;32:1346-53. DOI:10.1111/dme.
12850.

[8] Davis AK, DuBose SN, Haller MJ, Miller KM, DiMeglio LA, Bethin KE, et al. Prevalence
of detectable C-peptide according to age at diagnosis and duration of type 1 diabetes.
Diabetes Care. 2015;38:476–81. DOI:10.2337/dc14-1952.

[9] Oram RA, McDonald TJ, Shields BM, Hudson MM, Shepherd MH, Hammersley S, et
al. Most people with long-duration type 1 diabetes in a large population-based study
are insulin microsecretors. Diabetes Care. 2015;38:323–8. DOI:10.2337/dc14-0871.

[10] Effect of intensive therapy on residual beta-cell function in patients with type 1 diabetes
in the diabetes control and complications trial. A randomized, controlled trial. The
diabetes control and complications trial research group. Annals of Internal Medicine.
1998;128:517–23.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders42



References

[1] Wang L, Lovejoy NF, Faustman DL. Persistence of prolonged C-peptide production in
type 1 diabetes as measured with an ultrasensitive C-peptide assay. Diabetes Care.
2012;35:465–70. DOI:10.2337/dc11-1236.

[2] American Diabetes A. Standards of medical care in diabetes—2014. Diabetes Care.
2014;37 Suppl. 1:S14–80. DOI:10.2337/dc14-S014.

[3] Jones AG, Hattersley AT. The clinical utility of C-peptide measurement in the care of
patients with diabetes. Diabetic Medicine: A Journal of the British Diabetic Association.
2013;30:803–17. DOI:10.1111/dme.12159.

[4] Oram  RA,  Jones  AG,  Besser  RE,  Knight  BA,  Shields  BM,  Brown  RJ,  et  al.  The
majority  of  patients  with  long-duration type 1  diabetes  are  insulin  microsecretors
and have  functioning beta  cells.  Diabetologia.  2014;57:187–91.  DOI:10.1007/s00125-
013-3067-x.

[5] McGee P, Steffes M, Nowicki M, Bayless M, Gubitosi-Klug R, Cleary P, et al. Insulin
secretion measured by stimulated C-peptide in long-established type 1 diabetes in the
diabetes control and complications trial (DCCT)/epidemiology of diabetes interven-
tions and complications (EDIC) cohort: a pilot study. Diabetic Medicine: A Journal of
the British Diabetic Association. 2014;31:1264–8. DOI:10.1111/dme.12504.

[6] Barker A, Lauria A, Schloot N, Hosszufalusi N, Ludvigsson J, Mathieu C, et al. Age-
dependent decline of beta-cell function in type 1 diabetes after diagnosis: a multi-centre
longitudinal study. Diabetes, Obesity & Metabolism. 2014;16:262–7. DOI:10.1111/dom.
12216.

[7] Kuhtreiber WM, Washer SL, Hsu E, Zhao M, Reinhold P, 3rd, Burger D, et al. Low levels
of C-peptide have clinical significance for established type 1 diabetes. Diabetic Medi-
cine: A Journal of the British Diabetic Association. 2015;32:1346-53. DOI:10.1111/dme.
12850.

[8] Davis AK, DuBose SN, Haller MJ, Miller KM, DiMeglio LA, Bethin KE, et al. Prevalence
of detectable C-peptide according to age at diagnosis and duration of type 1 diabetes.
Diabetes Care. 2015;38:476–81. DOI:10.2337/dc14-1952.

[9] Oram RA, McDonald TJ, Shields BM, Hudson MM, Shepherd MH, Hammersley S, et
al. Most people with long-duration type 1 diabetes in a large population-based study
are insulin microsecretors. Diabetes Care. 2015;38:323–8. DOI:10.2337/dc14-0871.

[10] Effect of intensive therapy on residual beta-cell function in patients with type 1 diabetes
in the diabetes control and complications trial. A randomized, controlled trial. The
diabetes control and complications trial research group. Annals of Internal Medicine.
1998;128:517–23.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders42

[11] Steffes MW, Sibley S, Jackson M, Thomas W. Beta-cell function and the development of
diabetes-related complications in the diabetes control and complications trial. Diabetes
Care. 2003;26:832–6.

[12] Lachin JM, McGee P, Palmer JP, Group DER. Impact of C-peptide preservation on
metabolic and clinical outcomes in the diabetes control and complications trial.
Diabetes. 2014;63:739–48. DOI:10.2337/db13-0881.

[13] Milburn MV, Lawton KA. Application of metabolomics to diagnosis of insulin resist-
ance. Annual Review of Medicine 2013;64:291–305. DOI:10.1146/annurev-med-061511-
134747.

[14] Kosanam H, Thai K, Zhang Y, Advani A, Connelly KA, Diamandis EP, et al. Diabetes
induces lysine acetylation of intermediary metabolism enzymes in the kidney. Diabetes.
2014;63:2432–9. DOI:10.2337/db12-1770.

[15] Kato T, Shimano H, Yamamoto T, Ishikawa M, Kumadaki S, Matsuzaka T, et al.
Palmitate impairs and eicosapentaenoate restores insulin secretion through regulation
of SREBP-1c in pancreatic islets. Diabetes. 2008;57:2382–92. DOI:10.2337/db06-1806.

[16] Shimano H,  Amemiya-Kudo M,  Takahashi  A,  Kato  T,  Ishikawa M,  Yamada N.
Sterol  regulatory element-binding protein-1c  and pancreatic  beta-cell  dysfunction.
Diabetes,  Obesity  & Metabolism.  2007;9  Suppl.  2:133–9.  DOI:10.1111/j.
1463-1326.2007.00779.x.

[17] Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, et al. Metabolomics
analysis reveals large effects of gut microflora on mammalian blood metabolites.
Proceedings of the National Academy of Sciences of the United States of America.
2009;106:3698–703. DOI:10.1073/pnas.0812874106.

[18] Riepl RL, Reichardt B, Rauscher J, Tzavella K, Teufel J, Lehnert P. Mediators of exocrine
pancreatic secretion induced by intraduodenal application of bile and taurodeoxycho-
late in man. European Journal of Medical Research 1997;2:23–9.

[19] Williams AJ, Thrower SL, Sequeiros IM, Ward A, Bickerton AS, Triay JM, et al. Pancre-
atic volume is reduced in adult patients with recently diagnosed type 1 diabetes. The
Journal of Clinical Endocrinology and Metabolism. 2012;97:E2109–13. DOI:10.1210/jc.
2012-1815.

[20] Seghieri G, Gironi A, Niccolai M, Mammini P, Alviggi L, De Giorgio LA, et al. Serum
spermidine oxidase activity in patients with insulin-dependent diabetes mellitus and
microvascular complications. Acta Diabetologia Latina 1990;27:303–8.

[21] Welsh N A role for polyamines in glucose-stimulated insulin-gene expression. The
Biochemical Journal. 1990;271:393–7.

[22] Welsh N, Sjoholm A. Polyamines and insulin production in isolated mouse pancreatic
islets. The Biochemical Journal. 1988;252:701–7.

Early- Versus Late-Onset Type 1 Diabetes: Two Different Pathophysiological Subtypes with Implications for Therapy
http://dx.doi.org/10.5772/65598

43



[23] Sjoholm A, Arkhammar P, Berggren PO, Andersson A. Polyamines in pancreatic islets
of obese-hyperglycemic (ob/ob) mice of different ages. American Journal of Physiology-
Cell Physiology. 2001;280:C317–23.

[24] Pichiah PB, Sankarganesh A, Kalaiselvi S, Indirani K, Kamalakkannan S, SankarGanesh
D, et al. Adriamycin induced spermatogenesis defect is due to the reduction in
epididymal adipose tissue mass: a possible hypothesis. Medical Hypotheses.
2012;78:218–20. DOI:10.1016/j.mehy.2011.10.027.

[25] Winegrad AI, Burden CL. Hyperactivity of the glucuronic acid pathway in diabetes
mellitus. Transactions of the Association of American Physicians. 1965;78:158–73.

[26] Nolan CJ. Lipotoxicity, beta cell dysfunction, and gestational diabetes. Cell Metabolism.
2014;19:553–4. DOI: 10.1016/j.cmet.2014.03.020.

[27] Prentice KJ, Luu L, Allister EM, Liu Y, Jun LS, Sloop KW, et al. The furan fatty acid
metabolite CMPF is elevated in diabetes and induces beta cell dysfunction. Cell
Metabolism. 2014;19:653–66. DOI:10.1016/j.cmet.2014.03.008.

[28] Lonyai A, Kodama S, Burger D, Davis M, Faustman DL. The promise of Hox11+ stem
cells of the spleen for treating autoimmune diseases. Hormone and Metabolic Research.
2008;40:137–46.

[29] Lonyai A, Kodama S, Burger D, Faustman DL. Fetal Hox11 expression patterns predict
defective target organs: a novel link between developmental biology and autoimmun-
ity. Immunology and Cell Biology. 2008;86:301–9.

[30] Bohle A, Nowc C, Ulmer AJ, Musehold J, Gerdes J, Hofstetter AG, et al. Detection of
urinary TNF, IL 1, and IL 2 after local BCG immunotherapy for bladder carcinoma.
Cytokine. 1990;2:175–81.

[31] Ban L, Zhang J, Wang L, Kuhtreiber W, Burger D, Faustman DL. Selective death of
autoreactive T cells in human diabetes by TNF or TNF receptor 2 agonism. Proceedings
of the National Academy of Sciences of the United States of America. 2008;105:13644–
9.

[32] Hieber U, Heim ME. Tumor necrosis factor for the treatment of malignancies. Oncology.
1994;51:142–53.

[33] Orban T, Bundy B, Becker DJ, DiMeglio LA, Gitelman SE, Goland R, et al. Co-stimula-
tion modulation with abatacept in patients with recent-onset type 1 diabetes: a
randomised, double-blind, placebo-controlled trial. Lancet. 2011;378:412–9. DOI:
10.1016/S0140-6736(11)60886-6.

[34] Sherry N, Hagopian W, Ludvigsson J, Jain SM, Wahlen J, Ferry RJ, Jr., et al. Teplizumab
for treatment of type 1 diabetes (Protégé study): 1-year results from a randomised,
placebo-controlled trial. Lancet. 2011;378:487–97. DOI:10.1016/S0140-6736(11)60931-8.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders44



[23] Sjoholm A, Arkhammar P, Berggren PO, Andersson A. Polyamines in pancreatic islets
of obese-hyperglycemic (ob/ob) mice of different ages. American Journal of Physiology-
Cell Physiology. 2001;280:C317–23.

[24] Pichiah PB, Sankarganesh A, Kalaiselvi S, Indirani K, Kamalakkannan S, SankarGanesh
D, et al. Adriamycin induced spermatogenesis defect is due to the reduction in
epididymal adipose tissue mass: a possible hypothesis. Medical Hypotheses.
2012;78:218–20. DOI:10.1016/j.mehy.2011.10.027.

[25] Winegrad AI, Burden CL. Hyperactivity of the glucuronic acid pathway in diabetes
mellitus. Transactions of the Association of American Physicians. 1965;78:158–73.

[26] Nolan CJ. Lipotoxicity, beta cell dysfunction, and gestational diabetes. Cell Metabolism.
2014;19:553–4. DOI: 10.1016/j.cmet.2014.03.020.

[27] Prentice KJ, Luu L, Allister EM, Liu Y, Jun LS, Sloop KW, et al. The furan fatty acid
metabolite CMPF is elevated in diabetes and induces beta cell dysfunction. Cell
Metabolism. 2014;19:653–66. DOI:10.1016/j.cmet.2014.03.008.

[28] Lonyai A, Kodama S, Burger D, Davis M, Faustman DL. The promise of Hox11+ stem
cells of the spleen for treating autoimmune diseases. Hormone and Metabolic Research.
2008;40:137–46.

[29] Lonyai A, Kodama S, Burger D, Faustman DL. Fetal Hox11 expression patterns predict
defective target organs: a novel link between developmental biology and autoimmun-
ity. Immunology and Cell Biology. 2008;86:301–9.

[30] Bohle A, Nowc C, Ulmer AJ, Musehold J, Gerdes J, Hofstetter AG, et al. Detection of
urinary TNF, IL 1, and IL 2 after local BCG immunotherapy for bladder carcinoma.
Cytokine. 1990;2:175–81.

[31] Ban L, Zhang J, Wang L, Kuhtreiber W, Burger D, Faustman DL. Selective death of
autoreactive T cells in human diabetes by TNF or TNF receptor 2 agonism. Proceedings
of the National Academy of Sciences of the United States of America. 2008;105:13644–
9.

[32] Hieber U, Heim ME. Tumor necrosis factor for the treatment of malignancies. Oncology.
1994;51:142–53.

[33] Orban T, Bundy B, Becker DJ, DiMeglio LA, Gitelman SE, Goland R, et al. Co-stimula-
tion modulation with abatacept in patients with recent-onset type 1 diabetes: a
randomised, double-blind, placebo-controlled trial. Lancet. 2011;378:412–9. DOI:
10.1016/S0140-6736(11)60886-6.

[34] Sherry N, Hagopian W, Ludvigsson J, Jain SM, Wahlen J, Ferry RJ, Jr., et al. Teplizumab
for treatment of type 1 diabetes (Protégé study): 1-year results from a randomised,
placebo-controlled trial. Lancet. 2011;378:487–97. DOI:10.1016/S0140-6736(11)60931-8.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders44

[35] Pozzilli P Type 1 diabetes mellitus in 2011: heterogeneity of T1DM raises questions for
therapy. Nature Reviews Endocrinology. 2012;8:78–80. DOI:10.1038/nrendo.2011.228.

[36] Tirupathi Pichiah PB, Suriyakalaa U, Kamalakkannan S, Kokilavani P, Kalaiselvi S,
SankarGanesh D, Gowri J, Archunan G, Cha YS, Achiraman S. Spermidine may
decrease ER stress in pancreatic beta cells and may reduce apoptosis via activating
AMPK dependent autophagy pathway. Med Hypotheses. 2011;77:677–9. doi: 10.1016/
j.mehy.2011.07.014.

Early- Versus Late-Onset Type 1 Diabetes: Two Different Pathophysiological Subtypes with Implications for Therapy
http://dx.doi.org/10.5772/65598

45





Chapter 4

IFN-γ versus IL-17: A Battle During Cardiac

Autoimmunity Evolution

Eleonora Kurtenbach and Camila Guerra Martinez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66986

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

IFN-γ versus IL-17: A Battle During Cardiac 
Autoimmunity Evolution

Eleonora Kurtenbach and Camila Guerra 
Martinez

Additional information is available at the end of the chapter

Abstract

Cardiovascular diseases are the leading global cause of death. Cardiomyopathies are 
the most prevalent forms of heart failure diseases currently. They may have genetic 
or environmental etiology, and the development of an autoimmune process is essen-
tial for the progression of the disease. During an autoimmune response, there is the 
breakdown of self-tolerance and generation of a T-lymphocytes-mediated cellular 
autoimmune response and B-lymphocytes-mediated humoral autoimmune response. 
Lymphocytes perpetuate the autoimmune response throughout the release of cyto-
kines, expansion of autoreactive clones, and attenuation of regulatory mechanisms. 
Increasing evidences indicate that interferon (IFN)-γ and interleukin (IL)-17 par-
ticipate during autoimmune disorders development. The use of autoimmune car-
diomyopathy models revealed antagonistic functions for both cytokines during the 
evolution of autoimmune cardiomyopathy: while enhanced IFN-γ levels are associ-
ated to a lower disease severity, the levels of IL-17 are inversely correlated to a favor-
able prognosis. More precisely, recent findings indicate that the IFN-γ/IL-17 ratio 
in combination with other cytokine levels dictates heart’s autoimmunity develop-
ment and dilatation. In this chapter, we discuss the role played by the autoimmune 
response in the development of cardiomyopathy. We also discuss some immune 
mechanisms focused on IFN-γ and IL-17’s ability to induce and perpetuate cardiac 
autoimmunity.
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1. Introduction

Cardiovascular diseases are responsible for over 17 million deaths per year worldwide, rep-
resenting the leading cause of deaths globally (WHO 2015—http://www.who.int). Among the 
main disorders that directly affect the heart and/or circulatory system, there are the coronary 
heart diseases, cerebrovascular accident, hypertension, peripheral arterial diseases, congeni-
tal heart diseases, and heart failure [1]. Currently, cardiomyopathies are the most prevalent 
form of heart failure [2].

About 30% of cardiomyopathies have genetic origins, most of them are autosomal dominant, 
but there are also cases of X-linked-recessive inheritance and even mitochondrial DNA muta-
tions. In 2015, more than 110 nuclear and 24 mitochondrial genes were correlated with car-
diomyopathies [3–5]. Cardiomyopathy patients showed enhanced expression of the mutated 
genes TTN (titin, 27%), LLMNA (laminin A/C, 6%), MYBPC (myosin-binding protein C, 3%), 
TNNT2 (cardiac troponin C, 3%), MYH6 (myosin heavy chain 6, 3%), and SCN5A (sodium 
channel voltage-dependent-α5, 3%) [6–8]. In addition to the classic cases of sarcomeric protein 
mutations, an association between single nucleotide polymorphisms (SNPs) and predisposi-
tion to cardiomyopathies in some specific populations has also been reported. These SNPs 
were mainly observed in genes related to the immune response, such as CTLA-4 (cytotoxic 
T-lymphocyte antigen-4), IL-6 (interleukin-6), TNF-α (tumor necrosis factor alpha), and HLA 
(human leukocyte antigen) [9, 10].

Cardiomyopathy can also be induced by excessive alcohol consumption, poisoning by heavy 
metals or medications (e.g., doxorubicin), metabolic abnormalities, and microbial infections 
(Figure 1) [11]. Among the non-infectious etiologies, alcohol consumption is probably the 
main cause of cardiomyopathy in the Occidental world [10, 12, 13]. Viral infections are the 
most common form of microbial-mediated cardiomyopathy in Europe and North America 
[14]. Analysis of patient biopsies revealed that coxsackie B3 virus infection is the leading 
cause of cardiomyopathy, followed by parvovirus B19, enterovirus, adenovirus, human her-
pes virus 6, and HIV infection [15, 16].

In Latin America, Chagas´ cardiomyopathy is one of the most common forms of morbidity 
and mortality in Trypanosoma cruzi-infected people, now estimated in the order of 5.7 million 
people. Approximately one-third of these patients will develop a dilated chronic form of heart 
failure associated to a worst clinical prognosis [16, 17]

During the development of cardiomyopathy, these genetic or environmental conditions are 
considered initiators that cause local damage. The disease progression will activate immune 
response mechanisms, which may lead to the clearance of the infectious agent and/or the 
defective cardiomyocytes. However, this initial trigger can also activate an immune status 
that modulates disease progression to a chronic state of cardiomyopathy (Figure 1). The lit-
erature suggests that the development of autoimmune processes is the key element in the 
progression of cardiomyopathy regardless of its etiological origin [11, 18]. Nonetheless, the 
specific role of the complex immune system response in the induction of cardiac autoimmu-
nity and perpetuation of cardiomyopathy is poorly understood. Recent findings that shed 
some light in the immune mechanisms of cardiomyopathy induction will be described below.
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2. Development of cardiac autoimmunity

Cardiomyocyte cellular damage may be induced by infection with pathogens, endogenous 
stress from mechanical or oxidative traumas, or from mutated proteins (Figure 1A–C) 
[19–22]. These insults promote activation of the innate immune response through pattern 
recognition receptors (PRRs), such as Toll-like receptors (TLRs) and Nod-like receptors 
(NLRs). PRRs are expressed in immune cells, such as macrophages, dendritic cells and 
lymphocytes, cardiac fibroblasts, and cardiomyocytes (Figure 1) [23–26]. Activation of 

Figure 1. Proposed mechanisms in the development of cardiac autoimmunity. Infection caused by virus, bacteria, 
protozoa, and other stimuli (A) are recognized by receptors of the innate response, such as TLR and NLRs, leading 
to cardiomyocytes damage and death. During this process, the assembly of a multiprotein complex known as 
inflammasome may occur, responsible for secretion of cytokines and the amplification of an autoimmunity cascade. 
Also, diseases as diabetes and hypertension may activate oxidative and mechanical stress responses, respectively (B 
and C). These can lead to a redox imbalance and a change in protein processing, amplifying the heart damage. Proteins 
from infectious agents may exhibit similarity with host proteins, a process known as molecular mimicry (D). All these 
processes jointly or separately will provoke the exposure of cardiac antigens via MHC I by cardiomyocytes or via 
MHC II by antigen-presenting cells (APCs) after cardiac antigens or apoptotic cardiomyocytes phagocytosis. These 
processes will stimulate B-cells, CD4+ and CD8+ T-cells to mount humoral and cellular autoimmune responses. Besides, 
cardiac antigens can stimulate additional damages via TLR activation (E), as positive feedback. Gray continuous arrows 
represent mechanisms described in this review while gray dashed arrows not.

IFN-γ versus IL-17: A Battle During Cardiac Autoimmunity Evolution
http://dx.doi.org/10.5772/66986

49



heart receptors such as TLR2, TLR4, and TLR5 induces the expression of IL-6, MIP-2 (mac-
rophage inflammatory protein 2), KC (CXCL 1 – homolog of human IL-8), and ICAM-1 
(intercellular adhesion molecule-1), and is associated with a decrease in cardiomyocyte 
contractility [26, 27]. The absence of host immunity receptors or associated pathway com-
ponents inhibits the development of cardiomyopathies, as observed using an autoimmune 
animal model in mice depleted for TLR-7−/−, TLR-9−/−, and MyD88−/− [28].

The listed factors may cause a chronic condition and lead to the activation of cell death mech-
anisms by apoptosis or necrosis [29–31]. Apoptotic cardiomyocytes are processed by anti-
gen-presenting cells, such as dendritic cells and macrophages, resulting in immune system 
activation, myocarditis, and production of autoantibodies against heart protein, as anti-myo-
sin antibodies [32, 33]. The death of cardiomyocytes releases autoantigens which are captured 
by dendritic cells and leads to a "self-aggressive" state through the activation of CD40 and 
TLR receptors. This dendritic cell-mediated activation mechanism is an important regula-
tor of CD4+ T-cell function [32, 34]. The endocytosed cardiac antigens will be processed and 
coupled to a molecule of major histocompatibility complex class II (MHC II) and presented 
via T-cell receptor (TCR) to a CD4+ T-cell (Figure 1). In addition to this initial interaction, the 
correct activation of the CD4+ T-cell requires a second positive signal that is stimulated by 
costimulatory molecules such as CD28 and B7 (CD80 and CD86). However, inhibitory signals, 
such as mediated by CTLA4 molecules, are capable of competing with CD28 for binding to 
B7, reducing T-cell expansion and production of cytokines [35]. T-cells that do not express 
the CTLA4-B7-inhibitory signal exhibit an unregulated proliferation of lymphocytes in the 
heart, which can lead to a severe damage of myocardium, and the development of cardio-
myopathies [36, 37]. Cardiomyopathy patients present higher levels of CTLA4 SNP (+49A>G; 
Thr17Ala), which lead to a loss of function of CTLA4, than healthy subjects (14.7% vs. 7.4%, 
p = 0.005) [38]. Therefore, the correct activation of CD4+ T-cells in cardiac autoimmunity is 
mediated by (1) antigen-presenting cells that phagocytosed death cardiomyocytes or cardiac 
autoantigens and (2) a second co-stimulatory signal mediated by B7 (Figure 1). In addition 
to antigen-presenting cells, other cell types of non-hematopoietic lineage can also present 
antigens to CD4+ T-cells via MHC II under inflammatory stimuli [39]. It has been shown in 
patients and in rodent models that the MHC II expression by non-hematopoietic cells, in 
particular endothelial cells, contributes to the development of cardiomyopathy [40, 41]. Mice 
developed lower cardiac commitment when they did not express MHC II in endothelial cells 
[41]. Finally, properly activated CD4+ T-cells are able to activate B-lymphocytes to produce 
and secrete antibodies against cardiac antigens. The role of B-cells during the development 
of heart disease has been extensively studied [42]. The absence of programmed cell death 
protein-1 (PD-1), a key factor in the differentiation of B cells, can lead to the development of a 
severe form of dilated cardiomyopathy, with high levels of IgG that specifically binds to car-
diomyocytes and induce apoptosis [43, 44]. Depletion of these B-cells recovers the heart failure 
phenotype in mice [42]. The production and release of autoantibodies is dependent of B-cell 
differentiation to plasma cells. During this process, there is a decrease in CD19 expression and 
maintenance of high levels of CD138 and transcription factor Blimp-1 [45]. The expression of 
these two factors is dependent of high levels of IL-17 and activation of autophagy. After this 
differentiation, it is possible to observe high titers of anti-myosin antibodies in BALB/c mice 
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immunized with α-myosin heavy chain peptide (α-Myhc), particularly IgG2a and IgG2b sub-
types, and the development of some cardiac impairment characteristics, such as the increase 
in the ratio of heart and body weight [46]. These antibodies can recognize and bind to specific 
cardiac antigens and deposited into the myocardium [47]. A wide range of evidence suggests 
that these autoantibodies directly affect cardiac function and physiology [48].

In addition to the response mediated by CD4+ T- and B-cells, CD8+ T-cytotoxic lymphocytes 
may be activated through the recognition of conjugated epitopes on MHC I. Damage induced 
by pathogen infection or cell stress mechanisms can alter intracellular protein processing 
resulting in misfolding, which will expose it to MHC I molecules. This will expose self-epi-
topes to autoreactive CD8+ T-cells (Figure 1A, B and D) [13]. Also, molecular mimicry may 
occur between pathogens and heart proteins (Figure 1B and D) [49]. This latter mechanism is 
well described in Chagas’ patients where antibodies against the B13 T. cruzi protein can also 
recognize cardiac α-Myhc (Figure 1D) [50]. This step via MHC I will promote the release of 
cytotoxic agents, such as perforin and granzyme B by CD8+ T-cells that could promote car-
diomyocytes apoptosis and can amplify the release of cardiac antigens [51]. Throughout the 
modulation of immune system, lymphocytes will release cytokines that will expand autore-
active clones propagating the autoimmune response [11]. The autoimmune process formed 
by humoral and cellular responses can amplify the cardiac damage through the secretion of 
autoantibodies, cytokines, and other immune factors, despite initial stimuli.

Analysis of cardiomyopathy patients revealed the presence of autoantibodies against self-myo-
cardial protein in up to 80% of the patients [52], indicating that autoimmunity is a central ele-
ment for cardiomyopathy development. Evidence indicates that these autoantibodies affect the 
heart rather than other organs. Serum or IgG purified from these patients can induce negative 
inotropic effects on the heart of chicken embryos [53] and decrease heart contraction, the cal-
cium transport [54, 55], and the diastolic relaxation in mice [48, 56]. The transference of IgG puri-
fied from patients serum with cardiac dysfunction to healthy mice induced significant necrosis 
in cardiomyocytes and mediated inflammatory effects with the aid of immune cells [57]. The 
characterization of these antibodies started in the 1980s and continues until today. Some of these 
antigens are listed in Table 1 [58–69]. Most of produced autoantibodies directly recognize one 
specific cardiac antigen. But it has been demonstrated in rats that anti-myosin antibodies are 
capable to recognize the β1-adrenergic receptor and promotes their activation [70].

As briefly discussed above, the mechanisms that trigger the development of autoimmune cardio-
myopathy are orchestrated by humoral and cellular responses. Immune cells such as granulo-
cytes, monocytes, T-cells, B-cells, and mast cells infiltrate into the heart and promote the secretion 
of the cytokines, IL-17, -6, -1, -10, -12, IFN-γ, TGF-β, TNF-α, and chemokines that will generate an 
amplification loop, recruiting new inflammatory cells to the heart [71–77]. However, the precise 
elucidation of this complex immune response mechanism remains unclear due to the difficulty 
to determine the precise order that immune cells infiltrate the heart [78–80]. Once activated, this 
cellular response will undergo both beneficial and harmful effects as the disease progresses.

Data obtained in experimental autoimmune cardiomyopathy models using immunization 
with α-Myhc showed a predominance of CD4+ T-cell response [41, 77, 78, 81]. The transfer 
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of CD4+ T-cells from mouse spleen that produced anti-myosin antibodies and developed car-
diomyopathy mimics the disease in severe combined immunodeficiency (SCID) mice. On the 
contrary, CD8+ T-cell transference did not induce changes [32, 82]. Moreover, the depletion of 
CD4+ T-cells or treatment with anti-CD4 antibody prevents acute myocarditis with a decrease 
in the antibodies production and heart size [18, 83], confirming a prominent CD4+ T-cell role 
in this autoimmune cardiomyopathy model.

CD4+ T-lymphocytes can be biased to different profiles: Th1, Th2, Th17, Th9, Th22, follicular 
T (Tfh cells), and induced regulatory T (Treg cells) cells, each of which has a specialized func-
tion and is adapted to suppress a specific class of injuries or counteract the excessive activa-
tion of the immune system [84]. For autoimmune cardiomyopathy, the involvement of Th1, 
Th2, and Th17 cells has been characterized. The most relevant studies in this area are focused 
on Th1 and Th17 responses and their respective cytokines [32, 71–73, 76, 85–88].

3. IL-17 versus IFN-γ

Early studies using immunohistochemical assays identified the presence of cells producing 
mainly TNF-α and IL-1 in heart [89, 90]. In the early 2000 era, novel cytokines were identified 

Class of cardiac protein Protein First citation

G protein–coupled receptors β1 adrenergic receptor

2 muscarinic receptor

Limas et al., [58]

Fu et al., [59]

Mitochondrial M7 antigen 

Adenine nucleotide translocase 
(ANT)

Klein et al. [60]

Schultheiss et al. [61]

Structural α-myosin heavy chain (MyHC)

Troponin I

Laminin 

Myosin-binding protein-C 

Dystrophin

Neu et al. [62]

Okazaki et al. [63]

Wolff et al. [64]

Müller et al. [65]

Müller et al. [65]

Others Na-K ATPase 

Hsp-60

Proteasome 20 S

Calreticulin 

RNA-binding protein 20

Baba et al. [66]

Latif et al. [67]

Voigt et al. [68]

Sánchez et al. [69]

Müller et al. [65]

Table 1. Cardiac antigens characterized in autoimmune cardiomyopathies.
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in cardiomyopathic animal as IL-2 and IL-1-β [91]. In 2006, the first evidence of the IL-17 par-
ticipation in autoimmune cardiomyopathy [76] was described.

In the last decade, Th17 cells have been extensively characterized in various autoimmune 
diseases [92, 93], including autoimmune cardiomyopathy [3, 80, 94]. Th17 CD4+ T-cells have 
been named after the discovery of their classical cytokine, IL-17A, but they also produce other 
effector cytokines including IL-17F, IL-22, and granulocyte macrophage-colony-stimulating 
factor (GM-CSF) [95]. Additionally, IL-17 may also be secreted by other cell types as Th17 
CD8+ T-cells (Tc17), γδ T-cells (mainly in the skin and intestine), mucosal-associated invariant 
T-cells (MAIT), among other resident T-cells in different tissues [96, 97]. The polarization of 
CD4+ T-cells to Th17 profile initially requires the presence of TGF-β. This cytokine induces the 
expression of ROR-γt (RAR-related orphan receptor-γt) and FoxP3 (Forkhead box P3) tran-
scriptional factors [98]. The co-expression of these two factors allows the physical connection 
between FoxP3 and ROR-γt inhibiting their differentiation to Th17. In the presence of IL-6, 
STAT3 is activated and interrupts the inhibition induced by FoxP3, resulting in the expression 
of IL-23 receptor and initiating the differentiation to Th17. Nevertheless, in the absence of IL-6, 
the inhibition of ROR-γt induced by FoxP3 will favor the development and expansion of Treg 
cells [99]. Beyond IL-6, IL-1-β is also capable of inhibiting FoxP3, generating an amplification 
loop [100, 101]. This cytokine polarization is very well characterized to CD4+ T-cells, but also 
appear to be responsible for differentiation of CD8+ T-cells to Tc17 profile [102, 103]. Recently, 
it was demonstrated that the differentiation of CD8+ T for IL-17 producing CD8+ T-cells is also 
dependent on the inhibition of Blimp-1 and T-bet [104]. Today, it is well accepted that the 
release of cytokines required for this process of differentiation, such as IL-6, IL-12, TNF-α, and 
IL-23 by antigen-presenting cells, such as dendritic cells and CD14+ monocyte, is induced by 
the recognition of cardiac autoantigens by TLR and by the presence of GM-CSF [105, 106]. As 
described, IL-6 and IL-23 will induce the differentiation of T helper (Th) cells to Th17 profile, 
where the release of IL-17 and more GM-CSF occurs, forming a positive feedback [88, 94].

Several works published in the last 10 years, using animal models and patients with cardio-
myopathy, tried to establish IL-17 as a cytokine inducer of autoimmune cardiomyopathy. 
IL-17 was described as an important factor responsible for cardiac remodeling, fibrosis, and 
many other effects in the heart [72, 78, 86, 88]. An increase in IL-17 and IFN-γ transcriptional 
levels in mice that develop experimental autoimmune myocarditis (EAM) induced by subcu-
taneous inoculation with α-Myhc was observed. In this case, the copy number of IL-17 mRNA 
was about 20–30 times higher than those to IFN-γ [107].

It has been shown that the presence of IL-17 increases the expression of MMP-1 (matrix metal-
loproteinase-1), promoting the migration of cardiac fibroblasts in vitro and cardiac remodeling in 
vivo [108]. Furthermore, it was shown that Th17 cells and IL-17 were involved in survival, prolif-
eration, and differentiation of B-cells [109]. In this direction, sera of patients with dilated cardio-
myopathy showed an increase in IL-17 levels and in the frequency of Th17 cells when compared 
to health donors [109]. IL-17 neutralization or depletion slowed the development of autoimmune 
response and reduced the generation of cardiac autoantibodies in EAM myosin model [76, 110]. 
Also, mice treated with anti-IL-6, which were not capable of promoting the polarization of CD4+ 
T-cells to Th17 profile, do not develop autoimmune cardiomyopathy [111].
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But these facts seem to be true only in the acute phase of the disease. After the establishment 
of a chronic condition, patients with cardiomyopathy presented lower levels of IL-17 and 
Th17 cells subtype [112]. So, high IL-17 levels are essential in acute phase of cardiomyopathy 
and for the progression to the final stage of the disease. But when the cardiomyopathy reaches 
this final stage, where heart dilatation is found, IL-17 seems not necessary [86, 87]. And even 
more, the reduction of IL-17 levels after the establishment of cardiac damage did not appear 
to be beneficial. In fact, mice infected with T. cruzi presenting typical functional cardiomyopa-
thy changes, when treated with anti-IL17, developed an acute exacerbation of inflammation 
and cardiac dysfunction [113]. The absence of IL-17 receptor on infected mice also leads to the 
development of a fatal cardiomyopathy [114]. Additionally, it was demonstrated that indi-
viduals infected with T. cruzi who developed severe cardiac dysfunction had lower levels of 
IL-17 when compared with infected patients presenting moderate symptoms [115]. Recently, 
a study analyzed IL-17 levels in blood sample of 41 patients with dilated cardiomyopathy, 
without differentiating the etiology of the disease. They observed an increase in IL-17 levels 
up to 6 months after the diagnosis, but after 1 year of monitoring, IL-17 levels reduced close 
to those found in healthy patients, even in the presence of high levels of IL-6 and TGF-β [94]. 
This association between reduction in IL-17 levels and worse prognosis has also been found in 
patients who suffered acute myocardial infarction [116]. Finally, our research group recently 
showed that this relationship between IL-17 late decrease and worse symptoms occurred in 
heart disease of autoimmune origin. Mice that produce anti-M2AChR antibodies induced by 
gene immunization showed dilated cardiomyopathy and an increase in IL-17 production in 
the heart at 20-week postimmunization; however, with the progression of the disease to a 
final dilated stage, about 40 weeks after immunization, the IL-17 levels become comparable 
to the levels produced by the respective control animals [117]. The literature did not present 
explanations about the mechanisms involved in decreasing IL-17 levels. But IL-17 reduction, 
after the achievement of the disease, seems to be more harmful than beneficial to the develop-
ment of cardiomyopathy. Thus, it is crucial to emphasize that the use of anti-IL-17 therapies 
for heart disease and other autoimmune diseases needs to be employed in a precise time to 
avoid harmful effects in the patients.

The immune response via Th1 cells and their cytokine marker IFN-γ is also largely related 
to autoimmune cardiomyopathy. During the innate immune response, IFN-γ is produced 
by natural killer cells and natural killer T-cells [118], as well as macrophages and dendritic 
cells [119]. In adaptive immunity, IFN-γ is mainly produced by CD8+ T-cells and Th1 CD4+ 
T-cells [120, 121]. After TCR stimulation, CD8+ T-cells produce higher levels of IFN-γ than 
CD4+ T-cells [122]. This is possible due to the interaction between TCR-MHC interaction that 
occurs between the CD8+ T-cells and MHC I-expressing antigen-presenting cells is sufficient 
to induce the secretion of IFN-γ and differentiation to a cytotoxic profile, whereas CD4+ T-cells 
need TCR recognition and a series of other stimuli [120]. IFN-γ also contributes to the switch 
process of IgG subclass in B-cells to a more pathogenic profile (IgG2a and IgG3 subclasses), 
activation of the complement system, inflammation, and tissue damage [123, 124]. But the 
IFN-γ expression is not static and confined to these classic subtype cells described above. 
Th17 cells can also produce IFN-γ concomitantly with IL-17 and even can become an exclu-
sive IFN-γ producer [125, 126].
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IFN-γ is an indicator of pathogenicity for autoimmune diseases [127], but its role in cardiomy-
opathies is still controversial [128] and it appears to be more protective than inducer of disease 
[76, 85, 129–131]. For instance, mice treated with anti-IFN-γ antibodies or genetic deleted for 
T-bet, IFN-γ, or IFN-γR presented an exacerbated inflammatory infiltrates and increased heart 
size and its cavities [71–73, 76, 85, 130]. One of the possible protective mechanisms mediated 
by IFN-γ involves the inhibition of autoreactive T-cell proliferation through the induction of 
nitric oxide synthase 2 enzyme (NOS2) and nitric oxide (NO) release [77, 132]. Although today 
this mechanism seems simple, its elucidation was very contradictory and troubled for some 
years. Initially, IL12Rβ1, one of the IL-12 receptor subunits, knockout mice were used for the 
study of participation of the IFN-γ in autoimmune cardiomyopathy. The inhibition of this clas-
sically Th1-polarizing pathway decreased the development of autoimmune cardiomyopathy in 
knockout mice, indicating the pathogenicity of Th1 cells [85]. However, as already mentioned, 
the IFN-γ−/− and IFN-γR−/− mice showed an exaggerated and lethal disease [72, 73], an appar-
ent contradictory result. This impasse was resolved when it was shown that β1 subunit of the 
receptor for IL-12 was shared with the IL-23 receptor, inducer of Th17 response [110]. Despite 
all this characterization of IFN-γ-protective role, it is unclear which mechanisms are activated 
during this process. It is known that high levels of IFN-γ induce the production of NO by NOS2 
with consequently inhibition of CD4+ T-cells autoreactive proliferation [77]. HL-1 cell line and 
primary cardiomyocytes treated with IFN-γ showed an activation of absent in melanoma 2 
(AIM-2), an intracellular receptor of the PRRs family, which reduces IL-6, IP-10 (inducible pro-
tein 10, CXCL10), and TNF-α transcription in cardiomyocytes and limits inflammation in car-
diomyocytes, but not in cardiac fibroblasts [133]. Also, high IFN-γ levels secreted by γδ cells 
could kill pathogenic F4/80+ macrophages in heart and control cardiac damage [134]. There 
could be some explanation for how IFN-γ protects mice from the development of autoimmune 
cardiomyopathy.

Meanwhile, several other studies demonstrated the ability of high IFN-γ levels in inducing 
myocardial inflammation, interstitial fibrosis, apoptosis, wall thinning, systolic dysfunction, 
dilatation, and cardiomyopathy [128]. And more recently, it has been shown that IFN-γ has 
the capacity to induce cardiac damage in autoimmune cardiomyopathy model. High IFN-γ 
levels were associated with cardiorespiratory commitment, electrical abnormalities, and cardiac 
dilatation. This situation was more prominent in the absence of purinergic receptor P2X7 [117]. 
These evidences show that it is not possible to withdraw the IFN-γ participation as a cardiomy-
opathy inducer.

4. Immune cells’ function on autoimmune cardiomyopathy

The entire description and discussion made so far focused mainly on the presence and polar-
ization of CD4+ T-cells; however, as already pointed out, the presence and participation of 
other immune cells can be decisive in disease severity. In genetically susceptible mouse 
model, preferably BALB/c, immunization with the α-Myhc in the presence of a strong adju-
vant, like complete Freund’s adjuvant (CFA), the disease is mediated almost exclusively by 
CD4+ T-cells. However, it has been recently identified in EAM-induced A/J mice that the 
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α-Myhc338-348 epitope was the immune dominant for CD8+ response [135]. In this case, they 
showed antibodies production, cardiomyopathy development, and the presence of inflamma-
tory infiltrate composed of 35% of CD8+ T-cells [135]. As previously mentioned, this infiltra-
tion of CD8+ T-cells has a high cytotoxic role as a source of IFN-γ, perforin, and granzyme that 
will induce irreversible damage to cardiomyocytes [51].

Despite the great importance of T-cells, it is believed that the major cells infiltrating the hearts 
during the development of cardiomyopathy are monocytes, especially CD11b+ [77]. These 
cells can differentiate into different profiles ranging from dendritic cells, macrophages, and 
fibroblasts depending on the immune environment (including cytokines, chemokines, and 
growth factors) present in the heart [77, 132, 136]. The more severe cardiomyopathy is found 
when there is the presence of eosinophils in the heart infiltration [131]. It is believed that NK 
cells control the exacerbated proliferation of eosinophils in the heart through direct induction 
of apoptosis [137]. The recruitment of eosinophils to the heart can also be controlled by car-
diac fibroblasts and F4/80+ macrophages through the release of CCL11 and CCL24 (eotaxin-1 
and eotaxin-2), respectively [138].

In the healthy heart, it is possible to find a population of resident macrophages, but the num-
ber of these cells can be expanded after the infiltration of new macrophages under some 
stimulus such as initiators of the autoimmune cardiomyopathy, cited at the beginning of this 
review (Figure 1). Macrophage infiltration is a well-known step, but it is little studied in car-
diomyopathy [139]. These cells can differentiate into various profiles depending on the cyto-
kine present in the medium. Some of these profiles are classically activated, pro-inflammatory 
M1 macrophages and alternatively activated, anti-inflammatory M2-polarized macrophages, 
tumor-associated macrophages (TAM), “immature” monocyte-like (GR1/Ly6C+) or “mature” 
neutrophil-like (GR1/Ly6G+), and suppressor cells derived from myeloid precursor (MDSCs) 
[79]. The functional properties and secretory profile of macrophages likely promote myo-
cardial health or disease. In some cases, their influence on acute inflammation and chronic 
fibrosis is well described, and in others, their cardioprotective function seems to be almost 
indisputable, being proposed as a good source of treatment [140–142]. In models of cardiac 
autoimmunity, there is a predominance of M2 macrophages, around 70%, which promoted 
the resolution of the disease in heart tissue after damage. And with the presence of M1 mac-
rophages, there is the expansion of Th17 cells and cardiac dilation [79, 143–145]. Therefore, 
further studies about the importance and function of macrophages in cardiomyopathies, in 
particular autoimmune ones, are needed.

5. Conclusion

The findings described in this chapter demonstrate the existence of a precise balance of the 
immune response, where a complex network of factors creates the conditions for the progres-
sion of autoimmune cardiomyopathy and dictates its severity. The combination of present 
and future knowledge on this line of study can ultimately guide to a possible effective and 
non-general treatment. However, two factors must be taken into consideration: (1) the correct 
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association between anti-humoral and anti-cytokine therapies and (2) the period where the 
treatment must be applied.

Therefore, the participation of IFN-γ and IL-17 in the autoimmunity development recalls us 
a dance instead of an arms race, where a fine temporal and quantitative control of these cyto-
kines can determine the cardiomyopathy evolution.
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Abstract

Gastrointestinal tract diseases are recognised as autoimmune based on typical histopa-
thology, presence of autoantibodies in serum and clinical response to immunosuppressive 
therapy. Like in other autoimmune diseases, the inducing factor is unknown; however, 
accumulating data suggests an increasing role of microbiota homeostasis and relation 
between the immune system (mucous-associated lymphoid tissue) and microbiota in 
intestinal lumen. The inflammation process is now described as autoinflammation with 
inflammasome formation or autoimmune chronic inflammation with overproduction of 
pro-inflammatory cytokines. Diagnostic procedures include autoantibodies assay, histol-
ogy of biopsy from intestinal mucous, genetic background (especially in celiac disease) 
and clinical symptoms. Therapy is adjusted to pathomechanism including regulation of 
microbiota homeostasis with pre-biotics and probiotics, inhibition of inflammatory pro-
cess with steroids, classical immunosuppression and anti-cytokine monoclonal antibod-
ies and haematopoietic stem cells transplantation in severe cases with therapy resistance, 
progression and life-threatening course. The aim of this chapter is to review mechanisms 
of autoinflammation and autoimmunity, diagnosis and therapy of gastrointestinal tract.

Keywords: autoimmunity, autoinflammation, microbiota homeostasis, pro-inflammatory 
cytokines, autoantibodies, immunosuppression, monoclonal antibodies

1. Introduction

Autoimmunity is the aberrant reaction of specific immune system to autoantigens. The stimuli 
leading to recognition of own determinants, receptors, cell products as antigens, followed by 
activation of T and B lymphocytes are unknown. The genetic background is described in few 
diseases from a long list of autoimmune syndromes. This aberrant reaction of immune system is 
irreversible, so the diagnosis of autoimmune process makes it lifelong one. The criteria of auto-
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immune process include tissue infiltration with immunocompetent cells, overproduction of pro-
inflammatory cytokines, and production of autoantibodies by plasmocytes. This process is going 
for years before clinical manifestation as an effect of non-reparable tissue damage. Autoimmune 
diseases are classified as systemic or organ-specific, based on origin of autoantigen and involved 
organs being the target for autoantibodies and deposits of immune complexes binding and acti-
vating complement cascade. The presence of autoantibodies in serum is one of the laboratory 
criteria for the ongoing autoimmune process; moreover, the precise description of the type and 
amount of autoantibodies suggests the type of disease. The aim of this chapter is to review mech-
anisms of autoinflammation and autoimmunity, diagnosis and therapy of gastrointestinal tract.

2. Physiology of gastrointestinal tract mucous membrane

2.1. The role of microbiota

In our intestinal lumen exists about 1014 commensal organisms is in symbiotic relation with the 
host. The interaction of microbiota and intestinal immune system including innate and adoptive 
immune mechanisms is bidirectional—microorganisms are influencing activity of cells present 
in epithelial cell monolayer and activity of immune cells is regulating commensal microbiota 
compound, localization and attachment to epithelial cells [1, 2]. The newborn babies acquire the 
microbiota during vaginal birth. It is obvious that caesarean section obviates contact with vaginal 
microenvironment and that resulted in differences of microbiota. The colonization of intestine at 
birth affects innate and adaptive immune system associated with mucous membrane of gut [3]. 
The response of immune system differentiating between commensal and invasive pathogens is 
not fully elucidated yet. The role of toll-like receptors (TLR), especially TLR5 for bacterial flagel-
lin, is described based on inflammation in deficiency of this receptor. TRLs are pathogen recogni-
tion sensors detecting bacterias, viruses and fungi. Stimulation of TLRs and NOD-like receptors 
(NLRs) leads to the production of pro-inflammatory cytokines and formation of protein com-
plex called inflammasome. NLRs are the group of intra-cellular pattern recognitions receptors 
(PRRs) involved in the recognition of many DAMPs and PAPMs (danger and pathogen-associ-
ated molecular patterns) in commensal and pathogenic microbiota. Inflammasome is a crucial 
structure for defence to pathogens but, from the other perspective, is involved in pathogenesis 
of autoinflammatory and autoimmune diseases following the prolonged inflammatory process 
[4–6]. The forming of inflammasome is not the only way of interaction between microbiota and 
immune systems. Another is based on influence of bacterial metabolites and its components such 
as fatty acids on epithelial cells inducing production of antimicrobial peptides (AMP). Stimulated 
epithelial cells produce IL-25 directly reacting with myeloid cells present in mucous. The cascade 
of activation resulted in stimulation of ILC3 subpopulation of immune system and production 
of cytokines [5].

2.2. The immune system of mucous membrane

The mucous membrane is one of our defence mechanisms against pathogenic microorganism 
intake with food into intestinal lumen. Its basic role is to regulate the response of immune 
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system to pathogens and the homeostasis of commensal microbiota. The epithelial layer con-
sists of different cells like epithelial cells, M cells, Paneth cells and goblet cells with specific 
function of mucous production. There are differences of stages of in situ maturating along 
transposition from crypts to the surface of epithelial layer. Moreover, some observations sug-
gest the cross-talk between epithelial cells and commensal microbiota facilitating to maintain 
homeostasis and to improve response to infectious pathogens. Paneth cells are localized close 
to crypts in the villi of small intestine. The expression of MyD88 molecule is important for 
TLR-MyD88-dependent pathway of microbiota recognition. Stimulation of this way results 
in the production of antimicrobial factors such as defensin, CRP-ductin, RegIII-γ and oth-
ers to protect the optimal environment for crypts’ stem cells. The goblet cells are also regu-
lated partially through TLRs. The main role of goblet cells is production of mucins inhibiting 
the attachment of bacterial (commensal or pathogenic) to epithelial cells layer, particularly 
mucin-2, a main colonic gel-forming one [5]. The role of M cells is based on uptake of anti-
gens from luminal spaces and induction of antigen-specific immune response. Their localiza-
tion in the follicles-associated epithelia of Payer’s patches and/or isolated lymphoid follicles 
facilitates the induction of antigen-specific immune response within the mucous membrane. 
The last study showed that M cells are the entry point for intra-tissues commensal flora 
inducing IgA production in Peyer’s patches [5, 7]. The last equally important cells from epi-
thelial layer are columnar epithelial cells forming very tight monolayer surface barrier, being 
regulated by the commensal microbiota. The role of bridge between the innate and adaptive 
immune systems in mucous membrane plays interleukin 23 (IL-23). The axis IL-23/IL-17 is 
important for IL-17 producing cells-Th17 subpopulation of T lymphocytes. In mucosal sites, 
the cell populations consist of T lymphocytes derived mainly from TCRγ/δ subpopulation, 
Th17 lymphocytes, mature T lymphocytes TCRα/β (CD3/CD4, CD3/CD8) and dendritic cells, 
NK cells. IL-23 induces cytokines production by innate lymphoid cells (ILCs) discovered 
in the mucous system. ILCs belong to three different types—group 1: ILC1 and NK cells 
producing IFN-γ, group 2: ILC2 natural helper cells expressing retinoid acid receptor (RAR) 
and group 3: ILC3 including foetal lymphoid tissue inducer cells, subpopulation of NK cells 
(NK22, NKp46 positive/negative). ILCs produce IL-17A, IL-17F or IL-22. These groups differ 
in expression of receptors and, in consequence, play different regulatory roles in maintain-
ing the homeostasis, induction of immune system response and inflammatory process [4, 5]. 
Th17 lymphocytes, localized in lamina propria, produce large amounts of cytokines: IL-17A, 
IL-17F, IL-21 and IL-22 after stimulation with IL-6 and TGF-β. Increased expression of IL-23 
receptor on Th17 lymphocytes induces positive autoregulatory feedback loop. Cytokines 
produced by Th17 clear microbes reaching lamina propria, maintain tightness of mucous 
barrier [2]. This subpopulation of T lymphocytes is very important in induction of inflam-
mation, so the regulation of functions inhibits or induces this process. Moreover, within T 
lymphocytes was described small subpopulation with phenotype CD3/CD4/CD25 and FoxP3 
called T regulatory cell with main function of regulation and control of the autoimmune 
process. Those Tregs are main producers of anti-inflammatory cytokines—IL-10 and TGF-β 
balancing pro-inflammatory derived activation of cells [2, 4, 5, 7]. The low number or dys-
function of these cells facilitates autoimmunity development. Those, depletion of Treg may 
explain the high frequency of autoimmune diseases among patients with humoral immunity 
deficiencies.

Autoimmunity of Gastrointestinal Tract
http://dx.doi.org/10.5772/67281

73



2.3. The role of IgA

Dimeric, secretory IgA (sIgA) is produced locally by B cells and plasma cells present in 
lamina propria, isolated lymphoid follicles (ILF) and subepithelial dome (SED) of Peyer’s 
patches in intestine wall. The J chain (joining chain) responsible for the dimeric structure of 
IgA contributes in binding of IgA to polymeric immunoglobulin receptor (pIgR) facilitat-
ing the transport through epithelial cells and release into intestinal lumen. The data about 
the role of sIgA systematically increase based on clinical symptoms and disturbances of 
gut microbiota homeostasis in patients with isolated IgA deficiency when IgG and IgM are 
replacing sIgA. Now, the sIgA role is well known. Molecules of sIgA bind to pathogens and 
block the attachment to epithelial cells and invasion into intestinal tissue. This activity of 
sIgA, called immunological exclusion, is very effective in defence of epithelial cells during 
the mucosal infections [8]. Moreover, IgA facilitates contact of the different particles from 
intestinal lumen with dendritic cells localized in SED of Peyer’s patches. IgA also plays a 
regulating role for commensal microbiota with large fraction coated with IgA in normal, 
homeostatic conditions [8]. Plasmablast-producing IgA is generated locally in GALT from 
naïve B cell, mainly in Peyer’s patches. IgA plasmablast migrates into intestinal lamina pro-
pria and maturates into IgA-antibody secreting cells (IgA-ASC) along this way. The regu-
lation of this migration is based on the combination of cytokines and adhesion molecules 
expression e.g. CCR9 and CCR10—mucosa-specific chemokine receptors on IgA-ASC. The 
expression of ligands for these receptors showed different patterns depending on localization 
in intestine—jejunum or large bowel. Moreover, the types of antigens and their stimulation 
of IgA production are important for regulating IgA-dependent response in different parts 
of intestine. IgA production and maturation of plasmablasts are regulated by T cell–derived 
cytokines. T lymphocytes are involved in the formation of germinal centres and generation 
of IgA producing cells through, e.g., induction of activation-induced cytidine deaminase 
(AID) expression in B lymphocytes. This enzyme is critical for the process of a class switch 
recombination and hypermutation leading to production of IgA. Subpopulations of T cells—
Th17 and Treg cells—play the special regulatory role for IgA transport through induction of 
expression of polymeric immunoglobulin (pIgR) receptor on epithelial cells. In promotion of 
IgA-producing cells, the following cytokines T lymphocytes-derived are involved—TGF-β, 
IL-4, IL-10 and IL-21. TGF-β acts on B lymphocytes as a promoter of naïve B cell proliferation 
and maturation, where IL-21 promotes the generation of IgA plasmablasts. The best effect 
on IgA production is noted when both cytokines are present and acts synergistically [9, 10].

3. Mechanisms of autoinflammatory process

3.1. The inflammation as a process occurs at the following situations

• First—acute response of immune system to pathogens invading the tissue after breaking 
the natural defence e.g. epithelial cells layer of mucous membrane etc. This process is termi-
nated after elimination of pathogens with subsequent healing of damaged tissue process.
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• Second—prolonged response due to recurrent fever episodes, recurrent inflammasome 
formation and overproduction of pro-inflammatory cytokines mediated by innate immune 
system. Here it belongs to a wide range of periodic fever syndromes. Nowadays, it is sug-
gested, that Crohn’s disease, as the result of aberrant bacterial sensing, is fulfilling the cri-
teria of autoinflammatory process.

• Third—chronic inflammatory reactions with production of autoantibodies against tissue 
and/or cellular elements resulting with irreversible damage of cells, tissues and organs. 
This self-directed and sustained chronic inflammation is typical for autoimmunity, medi-
ated by adaptive immune system, immune complexes formation and complement activa-
tion [6, 11–13].

3.2. Inflammasome and innate immune system

The receptors of innate immunity components (cells) reacting with pathogen molecular pat-
terns are called—pathogen patterns recognition receptors (PRRs). PRRs are reacting with 
pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns 
(DAMPs). Within different types of PRRs, most important for inflammasome formation are 
ones from the nucleotide-binding domain leucine-rich repeat (NLRs) family. In human this 
family contains 22 genes, but the formation of inflammasomes (large protein complex) is asso-
ciated with NLRP3, NLRP1, NLRC4 and AIM2. Inflammasome is a mediator of autoactivation 
of Caspase-1 and that in turn leads to activation of IL-1b and IL-18 [6, 13]. The inflamma-
tory process with the inflammasome formation is associated with activation of neutrophils, 
monocytes and macrophages. Among the chronic inflammatory diseases of the gastrointes-
tinal tract, Crohn’s disease seems to be mediated by autoinflammatory than autoimmune 
pathomechanisms.

3.3. From autoinflammation to autoimmunity

The products of inflammasome such as IL-1β and IL-18 influence not only innate immune sys-
tem but also adaptive system, through activation of T and B lymphocytes. The up-regulation 
of IL-2 R (receptor for IL-2) expression on T cells, boosts of B cells–derived production of 
antibodies, supports prolonged survival of T and B lymphocytes. The other effects of these 
cytokines is acceleration of Th17 (by IL-1β) and Th1 (by IL-18), functional subpopulations 
of T cells, maturation [6]. The activity of overproduced cytokines in inflammasome bridges 
the innate and adaptive immunity system in reactions to pathogens. Apparently, there are 
some diseases with pathomechanisms of both types of chronic inflammatory reactions as a 
continuum from typical autoinflammatory to autoimmune disease. This hypothesis formed 
by Kastner [12] was based on shift of components of tissue infiltrations along the time of dis-
ease—during autoinflammatory stages, the majority of cells were—neutrophils, monocytes, 
macrophages and dendritic cells—smoothly transforming to infiltration typical for autoim-
mune process such as activated T and B lymphocytes producing typical profiles of cytokines, 
e.g. Th1, Th17 and autoantibodies [12].
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4. Mechanisms of autoimmunity

4.1. Activity of immunocompetent cells and overproduction of cytokines

Mechanisms of supporting the self-tolerance are based on suppression of effector T lympho-
cytes proliferation and down-regulation of immune response [14]. The peripheral tolerance 
is regulated with different mechanisms, but a crucial role in maintaining this tolerance is 
played by regulatory T cells (Tregs). The dysfunction and/or decreased number of Tregs 
is associated with increased risk of autoimmunity, seen as a case in patients with humoral 
immunodeficiency (e.g. CVID), where more than 60% of patients demonstrate a low number 
of Tregs and co-existent autoimmune diseases such as diabetes mellitus type 1, systemic 
lupus erythematousus, celiac disease, thyroid diseases, etc. Naive Tregs are generated in 
thymus and transformed to inducible Treg (iTreg) in periphery, mainly in the gut. Tregs pro-
duce anti-inflammatory cytokines—TGF-β1, IL-10, IL-35 [14–16]. Immune response to patho-
gens includes differentiation of T lymphocytes into two functional subpopulations—T helper 
1 (Th1) producing pro-inflammatory cytokines and T helper 2 (Th2) producing anti-inflam-
matory cytokines. Additional subpopulations of T lymphocytes are Th17 cells releasing IL-17 
(IL-17A, IL-17F). The list of cytokines derived from cells involved in pathogens’ response is 
long, and among them, cytokines such as TNF and IL-22 also play an important role.

Activation of Th1 lymphocytes results in high level of IFN-γ and IL-2 and/or TNF. The Th1-
derived profile of cytokines supports inflammation and induces fever and infiltrations in 
target tissues. Intra-cellular bacterias and micobacterias are killed by macrophages activated 
with Th17-derived cytokines [16, 17]. Th2 subpopulation balances pro-inflammatory cytokines 
activity due to anti-inflammatory suppressing role of IL-4, IL-5 and IL-13 [14–16]. The profile 
of cytokines typical for given subpopulation of Th cells is not limited and Th2 are producing 
small amount of TNF and IL-2 with pro-inflammatory activity. Stimulation of B cells towards 
immunoglobulins class switching is also associated with Th2 cells [16]. Stimulated B lym-
phocytes produce specific antibodies either, differentiate into memory cells subpopulation or 
mature into plasmablast and long-life plasmocytes. In terms of autoimmunity B cell differen-
tiation and maturation is directed to autoantigens and result in autoantibodies production.

In last few years dysfunction of autophagy was declared a new crucial mechanism for develop-
ment of inflammatory bowel diseases. In physiology autophagy is one of cellular stress response 
indispensable for adaptation to starvation, degradation of aberrant proteins or organelles. 
Moreover, genes loci associated with increased risk for IBD are shared with genes required for 
autophagy, suggesting possibility of autophagy disorders in IBD. In mucous membrane function, 
the disorders of autophagy affect some aspects of innate and acquired inflammatory response, 
e.g. function of Paneth cells, cytokines production, pathogens clearance and, what was showed 
in last time, decrease function of goblet cells and absorptive function of microvilli [18, 19].

4.2. Production and role of autoantibodies

The natural antibodies of IgM class with moderate self-antigen affinity play first-line role in 
defence against pathogens. The autoantibodies showing high affinity to our own antigens are 

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders76



4. Mechanisms of autoimmunity

4.1. Activity of immunocompetent cells and overproduction of cytokines

Mechanisms of supporting the self-tolerance are based on suppression of effector T lympho-
cytes proliferation and down-regulation of immune response [14]. The peripheral tolerance 
is regulated with different mechanisms, but a crucial role in maintaining this tolerance is 
played by regulatory T cells (Tregs). The dysfunction and/or decreased number of Tregs 
is associated with increased risk of autoimmunity, seen as a case in patients with humoral 
immunodeficiency (e.g. CVID), where more than 60% of patients demonstrate a low number 
of Tregs and co-existent autoimmune diseases such as diabetes mellitus type 1, systemic 
lupus erythematousus, celiac disease, thyroid diseases, etc. Naive Tregs are generated in 
thymus and transformed to inducible Treg (iTreg) in periphery, mainly in the gut. Tregs pro-
duce anti-inflammatory cytokines—TGF-β1, IL-10, IL-35 [14–16]. Immune response to patho-
gens includes differentiation of T lymphocytes into two functional subpopulations—T helper 
1 (Th1) producing pro-inflammatory cytokines and T helper 2 (Th2) producing anti-inflam-
matory cytokines. Additional subpopulations of T lymphocytes are Th17 cells releasing IL-17 
(IL-17A, IL-17F). The list of cytokines derived from cells involved in pathogens’ response is 
long, and among them, cytokines such as TNF and IL-22 also play an important role.

Activation of Th1 lymphocytes results in high level of IFN-γ and IL-2 and/or TNF. The Th1-
derived profile of cytokines supports inflammation and induces fever and infiltrations in 
target tissues. Intra-cellular bacterias and micobacterias are killed by macrophages activated 
with Th17-derived cytokines [16, 17]. Th2 subpopulation balances pro-inflammatory cytokines 
activity due to anti-inflammatory suppressing role of IL-4, IL-5 and IL-13 [14–16]. The profile 
of cytokines typical for given subpopulation of Th cells is not limited and Th2 are producing 
small amount of TNF and IL-2 with pro-inflammatory activity. Stimulation of B cells towards 
immunoglobulins class switching is also associated with Th2 cells [16]. Stimulated B lym-
phocytes produce specific antibodies either, differentiate into memory cells subpopulation or 
mature into plasmablast and long-life plasmocytes. In terms of autoimmunity B cell differen-
tiation and maturation is directed to autoantigens and result in autoantibodies production.

In last few years dysfunction of autophagy was declared a new crucial mechanism for develop-
ment of inflammatory bowel diseases. In physiology autophagy is one of cellular stress response 
indispensable for adaptation to starvation, degradation of aberrant proteins or organelles. 
Moreover, genes loci associated with increased risk for IBD are shared with genes required for 
autophagy, suggesting possibility of autophagy disorders in IBD. In mucous membrane function, 
the disorders of autophagy affect some aspects of innate and acquired inflammatory response, 
e.g. function of Paneth cells, cytokines production, pathogens clearance and, what was showed 
in last time, decrease function of goblet cells and absorptive function of microvilli [18, 19].

4.2. Production and role of autoantibodies

The natural antibodies of IgM class with moderate self-antigen affinity play first-line role in 
defence against pathogens. The autoantibodies showing high affinity to our own antigens are 
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IgG class and are concerned as pathologic, although they are detected in low titres in serum 
of healthy individuals [20]. The reaction of IgG autoantibodies with antigens, circulating in 
serum or present in tissue, forms complexes activating complement pathway. Complement 
activation mediating tissue damage is concerned in systemic autoimmune disease e.g. SLE, 
less expressed in organ-specific diseases, when antibodies react with target antigen presented 
in given organ e.g. thyroid, Langerhans islet or suprarenal gland cells, ovary cells and others. 
Beside the role in tissue damage process, the presence of autoantibodies is the marker of auto-
immune process and/or mechanism leading to clinical symptoms. Type and titre of antibodies 
circulating in serum support clinical diagnosis and help in differential diagnosis of overlap-
ping syndromes. Association of autoantibody levels with clinical course of disease is rare, but 
important for therapy adjustment e.g. dsDNA level in SLE. In systemic autoimmune diseases 
the role of B-1 subset of B lymphocytes in autoantibodies production was suggested due to 
high effectiveness of B-1 cells in presenting antigen process [20]. The long list of different 
types of autoantibodies reflects the long list of structures inducing antigen-dependent B cells 
response. Autoantibodies against nuclear proteins and organelles are believed to be a conse-
quence of exposing previously hidden antigens due to apoptosis, the presence of cell debris 
and disturbances of dying cell cleavage. The good example for cell debris serving as antigen 
is production of antibodies to cyclic citrullinated peptides (CCP) in rheumatoid arthritis as 
a result of acquired neoepitope after prolonged inflammation. The autoantibodies used as a 
marker of autoimmune disease are helpful in diagnosis in overt disease; however, they are 
present also in detectable traces in sera symptom-free patients’ family members, indicating 
a higher risk of autoimmune disease than that in general population. The careful monitoring 
is important to avoid not only overdiagnosis but also delay in diagnosis. Another problem 
is tied to sensitivity, specificity and frequency of autoantibodies—some of them are clini-
cally significant, but observed in minority of patients, in opposite to antibodies noted in high 
amount of patients, but with low specificity e.g. rheumatoid factor for rheumatoid arthritis.

In gastrointestinal tract autoantibodies are indicative for autoimmune gastritis, liver diseases, 
biliary tract pathologies, ulcerative colitis and celiac disease. According to definition and cri-
teria of autoimmune and autoinflammatory disease, Crohn’s disease is nowadays considered 
to be autoinflammatory syndrome due to activation of innate immune system and lack of 
autoantibodies production. The autoantibodies typical for gastrointestinal diseases are shown 
in Tables 1 and 2.

Diseases and autoantibodies to Assay Clinical significance and comments Comments

Celiac disease (CD)

Tissues transglutaminase ELISA Highly specific, quantitative assay, 
diagnosis and monitoring GFD

Significant in IgA class, IgG 
in isolated IgA deficiency

Reticulin (endomysial) IIF Qualitative assay

Atrophic gastritis (AIG)

Parietal cells (PCA) (antigen: H+/
K+ATPase)

IIF Specific for gastritis, quantitative 
assay is significant for diagnosis and 
monitoring

Often associated with 
thyroid autoimmunity
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Type of antibodies Patients Antigen Other comments

AIH type 1:

Antinuclear (ANA) 35–40% Chromatin, histones, centromere, 
dsDNA, ssDNA, ribonucleoprotein 
complexes

Non-specific for AIH, seen in 
other autoimmune diseases

Anti-smooth muscles (SMA) 85% Microfilaments, intermediate 
filaments-vimentin, desmin, 
polymerised F-actin

Subset of SMA, poor prognosis

Anti-actin

Perinuclear antineutrophil 
antibodies (pANCA)

100% Peripheral nuclear membrane 
components (pANNA), 
myeloperoxidase (pANCA)

pANNA specific for AIH-1 in 
absence of other antibodies

AIH type 2

Liver kidney microsomal 
(LKMA)

100% Cytochrome P4502D6 Present in HCV, CMV and HSV 
infections

Soluble liver antigen (SLA) 58–60% O-phosphoserine tRNA, SEC tRNA 
syntethase

Aggressive course, relapses, 
poor prognosis

Liver cytosol-1 (LC-1) 60% Formiminotransferase cyclodeaminase Rapid progress to cirrhosis

PBC

AMA2, 4, 8, 9 90–100% AMA 2-inner membrane
AMA 4- 8- 9-outer membrane of 
mitochondrium

Titre and type are not related to 
course of PBC

PSC

Perinuclear antineutrophil 
antibodies (pANCA)

90% Non-specific, often in patients 
with PSC and IBD

Table 2. Autoantibodies used for diagnosis of liver and biliary tract diseases. Acc. [34, 42, 44, 46, 59].

Diseases and autoantibodies to Assay Clinical significance and comments Comments

Intestine diseases (IBD)

Ulcerative colitis: goblet cells 
(anti-mucin)

IIF About 60% patients of UC, about 30% 
of Crohn’s disease

Differences between regions 
of large bowel

pANCA (anti-MPO) IIF About 80% of UC patients Present in PBC and AIH 
patients

Crohn’s disease:

ASCA ELISA
IIF

About 80% of Crohn’s patients Up to 25% in 1st degree 
relatives

Anti-pancreatic (PAB) (anti-acinar 
cells)

IIF About 30% of Crohn’s patients with 
disease localized in proximal jejunum

High specificity but low 
frequency

Table 1. Autoantibodies detected in serum patients with gastrointestinal disease, their clinical significance in diagnosis 
and differential diagnosis. Acc. [29, 33, 34, 38, 39, 43, 56].
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4.3. Tissue damage

In systemic autoimmune diseases, autoantibodies are playing role in tissue damage through 
formation of immune complexes activating classical complement cascade leading to mem-
brane attack complex (MAC) formation. Excluding celiac disease, the role of autoantibod-
ies in gut autoimmunity, is not fully understood, generally used as marker of process, then 
mechanism of tissue damage. Based on these observations, changes in tissue with irreversible 
damage might be described as three different components:

• First—infiltration of lymphocytes from deep crypt level to the top of villi. Flow cytometry 
and histochemistry analysis characterise these cells as T lymphocytes, activated T cells, B 
cells, plasmoblasts and plasmocytes locally producing autoantibodies. Number of intra-
epithelial lymphocytes (IEL) is high and infiltrating cells often formed secondary lymph 
nodules. Chronic inflammation is sustained by production of pro-inflammatory cytokines, 
and results in visible thickening of intestine wall.

• Second—presence of fibroblasts and progressing fibrotic process e.g. in liver leading to 
cirrhosis, in small and large ducts of biliary system leading to their walls thickening and 
narrowing the lumen and at the end their obstruction.

• Third—presence of other cells e.g. neutrophils, macrophages in infiltrations. These short 
living cells are dying within infiltrations in neighbourhood of hyper-activated adaptive 
immune system, what facilitates recognition of antigens and production of autoantibodies 
e.g. antinuclear, to myeloperoxidase (pANCA) and to others organelles. These cells pro-
duce various factors attracting new cells to come and support progression of infiltrations. 
They also produce variety of different trophic factors e.g.VEGF supporting neovasculari-
sation for better nutrition of cells forming increasing infiltrations and process of fibrosis. 
Neutrophils form microabscesses within intestinal wall and macroabscesses between intes-
tine loops [21–27].

Lymphocytes present in inflammation site under the epithelial layer are activated in sequen-
tial steps to develop and support chronic inflammation resulting in tissue damage. Initially, 
Th0 cells are activated and differentiate into different T lymphocytes functional subpopula-
tion—Th1 with stimulation of IL-12, IL-18; Th17 with stimulation of IL-6 and TGF-β and Th2 
with help of IL-4. IFN-γ and TNF, produced by Th1, activate macrophages and, in autocrine 
and paracrine mechanisms, stimulate further production of TNF. This activation is associ-
ated with induction of epithelial cells apoptosis and damage to first defending cellular bar-
rier. High level of TNF facilitates maturation of stromal cells into myofibroblasts releasing 
metalloproteinases—tissue degrading enzymes (MMPs). IL-17 produced by Th17 is respon-
sible for recruiting neutrophils into infiltrations during active inflammation. Even more 
complex and indirect is the role of IL-21, another cytokine produced by Th17, engaged in 
supporting of MMPs production followed by enterocyte apoptosis and basement membrane 
degradation [4]. In process of inflammatory infiltration formation, there is additional small 
subpopulation of cells with lymphocytic morphology, but without lineage determinants 
expression. These cells are called innate lymphoid cells (ILCs) and have ability to produce 
cytokines [17, 21].
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5. Genetic associations of celiac disease and inflammatory bowel diseases

Observations of familiar occurrence of celiac disease indicated genetic background associated 
with MHC determinants. Now, this background is defined as expression of HLA-DQ2 and/
or HLA-DQ8 in patients’ cells. Expression of one or both of these determinants in relatives of 
celiac disease patient suggests introduction of diagnostic procedures for atypical (latent, late-
onset) form of celiac disease [27–29]. In Crohn’s disease (CD) and ulcerative colitis (UC) the 
genetic background was unknown until discovery of variation of NOD2 gene and IL-23 recep-
tor gene. NOD2 is associated with severe, stricturing/penetrating course of Crohn’s disease 
thus helps in selecting patients for more aggressive therapy. Similar association is described 
for DRB1*0103 and severe clinical course of UC [30, 31]. The high number of susceptibility loci 
discovered in Crohn’s disease, now is described also for ulcerative colitis. The list of suscepti-
bility loci for CD and UC is shown in Table 3 with column list loci common for both diseases 
[30, 32]. The precise role of these loci in facilitation of development of autoimmune disease 
(UC) or autoinflammatory disease (CD) of gastrointestine tract is unknown. Although, the 
specific role of particular genes is known—genes NOD2, IIRGM, ATG16L1 in autophagy 
and innate immunity mediated processing of bacterias in autoinflammatory process, genes 
HNF4A, LAMB1, CDH1 in epithelial barrier function, see Table 3.

6. Serological diagnosis and monitoring of disease’s course

The autoantibodies and antibodies in serum are detected by using indirect immunofluores-
cence, ELISA technique, blotting technique and radioimmune assay (RIA). In indirect immu-
nofluorescence (IIF), the antibodies react with tissue sections and the results are visible as 

Susceptibility loci in Crohn’s disease Susceptibility loci common in Crohn’s 
and ulcerative colitis

Susceptibility loci in 
ulcerative colitis

Cellular innate immunity Th17 Epithelial barrier

NOD2, ATG16, IRGM, LRRK2 IL23R, IL12B, STAT3J, AK2, TYK2 ECM1, NHF4A, CDH1, 
LAMB1, GNA12

Immune-mediated Immune-mediated Immune-mediated

PTPN22, CCR6, IL2RA, IL18RAP, IL27, 
ERAP2, ITLN1, CCL2/CCL7, TNFSF11, 
BACH2, TAGAP, VAMP3

MST1, IL10, CARD9, REL, PRDM1, 
TNFSF15, ICOSLG, IL1R2, YDJC, 
SMAD3, PTPN2

INF□/IL26, IL8RA/IL8RB, 
IL2/IL21, IL7R, TNFRSF9, 
TNFRSF14, IRF5, LSP1

Other Other Other

DENNDIB, DNMT3A, GCKR, THADA, 
SP140, PRDX5, ZPF36L1, ZMIZ1, MUC1, 
CPEB4, FADS1, 5q31

NKX2-3, CREM, C11Orf30, ORMDL3, 
RTEL1, PTGER4, KIF21B, CDKAL1, 
ZNF365

OTUD3/PLA2G2E, DAP, 
PIM3, CAPN10

HLA

DRB*103

Table 3. List of susceptibility loci for inflammatory chronic disease of small (Crohn’s disease) and large intestine (ulcerative 
colitis). Acc. [19, 30].
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fluorescence of indicator tissue or cell structure (e.g. nucleus, nucleolus, centromeres, nucleus 
membrane proteins) after reaction with antibody. IIF helps to answer if the antibodies are 
present in patient’s serum and what is an antigen. Semiquantitative IIF indicating titre of 
antibodies is based on patient’s serum dilution to end-titre of positive reaction and compari-
son to end-titre of control serum. In case of antinuclear antibodies presence in serum, IIF is an 
initial step for making diagnosis. Positive result of IIF assay (end-titre higher than control) is 
followed by ELISA (enzyme-linked immunosorbent assay) or blotting test with eluated, pre-
cisely described antigen, e.g. dsDNA, SS-A, SS-B, Jo-1 and others associated with particular 
autoimmune disease, e.g. SLE, systemic sclerosis, polymyositis, neonate lupus. IIF is still used 
for detection of parietal cells, goblet cells antibodies, pANCA, anti-mitochondrial, LKMA and 
anti-smooth muscles antibodies. In ELISA, results are quantitative based on colorimetric reac-
tion with enzyme substrate. ELISA is used for detection of antibodies to tissue transgluta-
minase (TTG) in diagnosis and monitoring of celiac disease, ASCA in Crohn’s disease, SLA 
antibodies in AIH. Now, ASCA are selected from Saccharomyces cerevisiae membrane anti-
gens—laminaribiose, chitobiose, mannobioside, laminarin, chitin and are detected in ELISA 
tests. The blotting technique tests are used for anti-mitochondrial antibodies type 2,4,9, anti-
nuclear antibodies for eluated antigens detection. The RIA is last method used for antibodies 
detection based on counting of isotope radiation after reaction of autoantibodies with eluated 
antigen. This method is used for detection of antibodies circulating in low level, often below 
detection by above-mentioned methods, but still important for diagnosis or monitoring of 
disease. The typical use of RIA is detection of anti-TSH receptor antibodies in patients with 
thyroid diseases, autoantibodies in diabetes mellitus type 1 (GABA, insulin antibodies and 
others). RIA is not a common technique, because of the requirement of special isotopic labora-
tory. Detection of autoantibodies is generally used for diagnosis of autoimmune diseases in 
symptomatic individuals or in population with high risk of given disease and/or with unspe-
cific symptoms, e.g. growth below expected, underweight, chronic diarrhoea and others typi-
cal for celiac disease. Some of antibodies are used for monitoring of therapy results—TTG 
antibodies in celiac patients on gluten free diet (GFD), dsDNA for SLE therapy, anti-TPO 
antibodies for Hashimoto disease on supplement therapy [33–46].

7. Microscopic diagnosis of inflammatory bowel diseases and celiac 
disease

Microscopic evaluation of mucous membrane in celiac disease, Crohn’s disease and ulcerative 
colitis showed infiltration containing immunocompetent cells with majority of lymphoid phe-
notype. Biopsy is indicated for staging of villi damage in classic and atypical celiac disease, 
description of cellular infiltrations in Crohn’s disease and ulcerative colitis. In liver diseases 
biopsy is essential for diagnosis and monitoring the progress of fibrosis changes leading to cir-
rhosis. Biopsy is usually taken during endoscopy of the upper and lower gastrointestinal tract 
from different parts of intestine, in majority cases from places with visible macroscopic changes. 
In many cases, biopsy specimens taken from normally looking mucous membrane showed the 
microscopic changes (infiltrations with lymphocytes and neutrophils, increased number of EIL 
and other), what suggested occurrence of chronic subclinical inflammatory process [24–27, 31].
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8. Clinical symptoms of autoimmune diseases of gastrointestinal tract

8.1. Celiac disease

Classical celiac disease is observed in small children after introduction of gliadin, secalin or 
hordein (components of gluten) in diet. Typical symptoms include chronic diarrhoea, inhibi-
tion of weight gain or weight loss, abdominal pain, recurrent aphthous, changes in behav-
iour—‘negativity’, (“mister/miss no”). In delay of diagnosis the inhibition of growth, changes 
in enamel, low protein level lead to muscles atrophy confirmed inadequate absorption. 
Nowadays, this typical clinical picture is noted in no more than 15% of patients with geneti-
cally proved diagnosed celiac disease. Celiac disease may be diagnosed in any age, even in 
people after 50 years old. This celiac disease diagnosed later than in small children is called—
latent, atypical or silent. Symptoms seen in adults are different than observed in small chil-
dren. More often there are effects of defective absorption such as—anaemia due to iron 
deficiency, osteopenia/osteoporosis, enamel defects, aphts, (aphthous stomatitis), feeling of 
malaise chronic or intermittent diarrhoea, but also constipation, abdominal pain, discomfort, 
vomitus. Celiac disease is often associated with other autoimmune disease e.g. diabetes melli-
tus type 1, autoimmune thyroid diseases, autoimmune liver disease, autoimmune thrombocy-
topenia (mainly chronic), autoimmune Addison’s disease. Moreover, celiac disease occurred 
about 20 times more frequently, in children with isolated IgA deficiency, CVID with low level 
of IgA and in about 80% of patients with dermatitis herpetiformis. Untreated celiac disease in 
young adults leads to unexplained subfertility, recurrent miscarriages, increasing the risk of 
lymphoma and gastric/large bowel carcinoma. The therapy is based on restricted gluten-free 
diet (GFD) [26–29, 47–50]. In humoral immunodeficiency, in about 5% of patients, the celiac 
disease is refractory to GFD. In refractory celiac disease (RCD), all clinical symptoms such as 
progressing malabsorption causing inhibition of growth, loss of weight, undernourishing, 
low level of vitamins, iron and proteins are observed. Moreover, introduction of immunosup-
pressive therapy resolves symptoms transiently or even. Patients required enteral or total 
parietal nutrition (TPN) for long time as supportive therapy. The use of monoclonal antibod-
ies against TNF and/or IL-6, different combinations of immunosuppressive drugs result in 
partial and terminal remission in majority of patients. These patients are candidates for HSCT, 
even in poor clinical condition, because only this therapy offers possibility to cure the disease 
and save their life [51]. As alternative to HSCT from unrelated donor, autoHSCT was used 
for such patients with success in five out of eight patients with five-year survival in 66% [52].

8.2. Crohn’s disease

Crohn’s disease is lifelong disease with symptoms of chronic inflammation mediated by immune 
system. Like in other chronic inflammatory diseases, the inducing factor is unknown, but it 
is believed, that interaction between genetic background and environmental factors, mainly 
intestinal microbiota, leads to the disease. In last 20 years two tendencies are noted: increased 
number of patients and decrease in age, so children before age of 2 years fulfilling the criteria 
of CD are observed [19, 25, 31, 53]. The clinical symptoms are very heterogeneous, due to local-
ization of inflammation in any part of gastrointestinal tract from mouth to anus, age of patient, 
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time of process before onset [19]. Moreover, in many patients symptoms from gastrointestinal 
tract are mild or unspecific, but extra-intestinal symptoms signal chronic disease. The perianal 
abscesses, recurrent aphthous stomatitis, fistulas, anal fissures, joints pain are noted before typi-
cal gastrointestinal symptoms like chronic or intermittens diarrhoea, pain, blood in stool and 
others. In young children very often the acute stage of disease is severe followed by aggressive 
course. Disease activity is grading as mild (Crohn’s disease activity index—CDAI—150–220), 
moderate (CDAI—220–450) and severe (CDAI >450) [25]. Therapy is adjusted to symptoms 
and grading of disease at diagnosis. The antibodies to saccharomyces cerevisiae (ASCA) in IgA 
(and/or IgG class) are detected in high level what suggests increased intestinal barrier perme-
ability and contact of microbiota with immunocompetent cells [19, 21, 22, 53]. Autoantibodies to 
acinar pancreatic cells are noted in patients with CD localized in proximal jejunum. However, 
the percentage of patients demonstrating these antibodies is low (about 30%), so there are not 
useful for diagnosis of CD. ASCA antibodies are not correlated with grading and course of dis-
ease, although, during the remission, level of ASCA is lower than in acute stage. The criterion 
of remission is resolving clinical symptoms up to CDAI <150 and maintenance at least for 12 
months. The course of CD is unpredictable, so the remission maybe long lasting, short with 
relapses or chronic disease without remission. Localized disease limited to ileocaecal region 
only, may change into extensive disease affecting other regions in more than 100 cm in extent. In 
majority of patient response to steroids is very good with long remission, but in some patients, 
steroid-dependent form of disease or steroid-resistant form are observed. In both situations risk 
of accumulative side effects of steroids is high limiting prolong use of steroids, indicating intro-
duction of second line therapy. Relapse is recognised, when symptoms are recurrent indepen-
dently from therapy-maintaining remission. Diagnosis and monitoring of therapy is based on 
macroscopic and microscopic detection of features typical for CD. Biopsies during endoscopy 
are taken from involved and uninvolved areas for examination of focal or chronic inflamma-
tion, lymphocytic infiltrations, crypt irregularity, granulomas, irregular architecture of villi and 
other features typical for CD. In remission, biopsies from similar areas show healing of inflam-
mation in different stages [25]. Introduction of monoclonal antibodies against TNF into therapy 
of CD revolutionised the therapy and medical care of CD patients, with improvement of long 
remission rate, comfort of live and survival of CD patients [31, 53].

8.3. Ulcerative colitis

Ulcerative colitis (UC) is a chronic inflammatory process localised exclusively in large bowel 
affected mucous in continuum. The course of disease is remitting and relapsing like Crohn’s 
disease. The problem of precise diagnosis is in cases with Crohn’s disease localised in large 
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abnormalities and inflammatory features. Architectural features included crypt branching, 
crypt distortion, atrophy and surface irregularity. Epithelial cell abnormalities are—mucin 
depletion, metaplasia of Paneth cells. Inflammation is associated with infiltration lamina pro-
pria with lymphocytes, plasma cells and neutrophils, aggregates of lymphoid cells, in number 
of patients in lamina propria are numerous eosinophilic neutrophils. Cellular infiltrations are 
diffusive and transmucosal. Neutrophils migrating through crypts’ epithelium are producing 
crypts’ disruption and abscesses resulting in cell damage. Moreover, the stromal changes are 
associated with diffuse thickening of muscularis mucosa noted in patients with longstanding 
active disease or quiescent form of UC. Grading of UC is similar to Crohn’s disease as mild, 
moderate and severe based on number of bloody stools, temperature, pulse, CRP and anae-
mia as result of mucous bleeding. In remission the lesions of large bowel mucous are healed 
and clinical symptoms resolved. Relapses are rare or frequent, in some patients are continu-
ous without clinical and histological remission [24]. Like Crohn’s disease patients are steroid-
dependent or steroid-refractory, what means that therapy with steroids is not effective or 
effective only with high dose of steroids with risk of accumulation of side effects. Reduction of 
steroids dose resulted in recurrent active disease. Despite of steroid in first line 5-aminosalicy-
lites are used but in patients with UC classified as moderate grade of disease activity. The sec-
ond line of therapy included 6-mercaptopurine or azathioprine with good results in majority 
of patients. Good response to azathioprine or 6-mercaptopurine is associated with reduction 
of steroid dose what helps to avoid accumulation of side effects. Resistance to immunosup-
pressive therapy is indication for surgery or for biological therapy. Use of anti-TNF monoclo-
nal antibodies gave remission in about 30% of patients. Monoclonal antibodies are used very 
often after surgery to prevent or reducing postoperative relapses. However, use of mono-
clonal antibodies, immunosuppressive therapy the rates of surgery in UC have not changed 
significantly [24, 54, 55]. Monoclonal antibodies used in therapy of UC are shown in Table 4.

8.4. Atrophic gastritis

Antibodies to parietal cells (PCA) are typical for autoimmune chronic gastritis (AIG) associ-
ated with megaloblastic anaemia in consequence of wit B12 and intrinsic factor low level due 
to disturbances of gastric mucous function. AIG suggested from clinical symptoms after dem-
onstration of antibodies should be proven with gastroscopy and histological assay of mucous. 
Biopsy of gastric mucous is important for diagnosis of gastric cancer and premalignant stages. 
This wide diagnosis is important, due to prevalence of AIG in men. AIG is a progressing dis-
ease with atrophy of mucous membrane of corpus and fundus of stomach. AIG is very often 
noted as associated disease of thyroid autoimmune disease, diabetes type 1 in poliendocrine 
syndromes. In therapy, besides diet and parasols, vitamin B12 and intrinsic factor are admin-
istered parenterally with good effect in majority of patients [56, 57].

8.5. Primary biliary cirrhosis

Primary biliary cirrhosis (PBC) was the first autoimmune disease associated with jaun-
dice and liver cirrhosis with autoantibodies in serum significant for differential diagnosis 
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of autoimmune overlapping liver diseases. The anti-mitochondrial antibodies (AMA) are 
noted only in this type of biliary tract autoimmune diseases. There are typical for this type 
of cholangitis significant for serological diagnosis of PBC and differential diagnosis of over-
lapping autoimmune liver diseases [36, 58, 59]. Now, depending of antigens coming from 
different elements of mitochondria 9 types of AMA are described, but only AMA2, AMA4, 
AMA8 and AMA9 are specific for PBC and used for serological diagnosis [35, 44, 46]. ELISA 
technique is used for quantitative assay of AMA, but the amount of AMA is not associated 
with severity of symptoms and clinical course. Practically, it is enough to detect AMA2 in 
the serum to suggest the diagnosis of PBC [35, 59]. The study of association between MHC 
determinant and autoimmune disease showed the association of PBC with determinants: 
HLA-DR8, HLA-DR11 and HLA-DR13 in part of patients [59]. The inflammation and fibrotic 
process is progressing leading to cholestasis, portal fibrosis, liver cirrhosis and failure as 
end-stage of disease. Histological studies of biopsy showed 4 stages of PBC from portal 
inflammation (stage 1), through peri-portal fibrotic changes (stage 2) and bridging fibrosis 
(stage 3) up to symptomatic cirrhosis (stage 4) [59]. The clinical symptoms are unspecific for 
long time with the cholestasis as symptom of biliary ducts failure due to fibrosis followed 
by liver cirrhosis.

Target Monoclonal antibody Disease

TNF Infliximab, Golimumab CD, UC, RCD

Adalimumab, Humira CD, UC, RCD

Certolizumab pegol CD

Etanercept CD

α4-integrin Natalizumab CD, UC

α4β7-integrin Vedolizumab, Abrilumab CD, UC

IL-12/IL-23 Ustekinumab, Briakinumab CD

IFN-γ Fontolizumab CD

IL-6 receptor Tocilizumab CD

IL-2 receptor Daclizumab UC

CTLA-4 Abatacept CD, UC

CD20 Rituximab CD, UC, RCD

JAK1,2,3 Tofacitinib CD

Tyrosine kinase receptor Masitinib CD

Anti-sense ICAM-1 inhibitor Alicaforsen CD

Note: CD, Crohn’s disease; UC, ulcerative colitis; RCD, refractory celiac disease.

Table 4. Monoclonal antibodies used in therapy of autoimmune and autoinflammatory diseases of gastrointestinal tract 
and liver. Acc. [53].
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8.6. Primary sclerosing cholangitis and autoimmune sclerosing cholangitis

The primary sclerosing cholangitis (PSC) and autoimmune sclerosing cholangitis (ASC) 
belong to group of biliary ducts inflammation overlapping with chronic hepatitis leading to 
cirrhosis. HLA-DR1 and HLA-DQ1 are often noted within patients with PSC [59]. In these 
diseases the anti-mitochondrial antibodies (AMA) are absent; however, the other antibodies 
(pANCA) are present in 60–90% of patients [46]. These antibodies are not specific for PSC, 
but are supporting autoimmune mechanism in PSC. The histological changes are noted in 
intra-hepatic and extra-hepatic biliary ducts involving small and large ducts [58]. Diffused 
inflammation followed with fibrosis of biliary ducts is steroid resistant in majority of patients 
[36]. The development of PSC and ASC is insidious and symptomless upon the moment of 
onset of jaundice. Patients are claiming unspecific symptoms like abdominal pain (upper 
right quandrant), feeling fatigue and malaise, sometimes—pruritus. PSC is a disease associ-
ated with autoimmune hepatitis but very often is a co-existent disease in ulcerative colitis 
and other chronic inflammatory bowel diseases. Another association of PSC is IgG4-related 
disease; rare clinical symptoms present in different organs, including e.g. pancreas inflam-
mation. The immunological assays show high level of IgG4 subclass of IgG what is critical 
for diagnosis of basic disease. The stenosis and fibrotic changes in biliary ducts extra- and 
intra-hepatic, changes in liver hilar are similar to PSC and ASC. However, in IgG4-related 
disease the therapy based on steroids is effective, what helps to differentiate from other forms 
of sclerosing cholangitis [41, 45, 58–60].

8.7. Autoimmune hepatitis

Autoimmune hepatitis (AIH), chronic liver inflammation is described as AIH type-1 and AIH 
type-2 based on profile of autoantibodies, time of onset and response to therapy. Aetiology 
of autoimmune hepatitis, like other autoimmune diseases, is unknown. Moreover, the pre-
cise role of autoantibodies in given types of hepatitis, relations between types of antibodies 
(e.g. combination ANA/SMA), pathomechanisms leading to good response or resistance to 
therapy and aggressiveness of course are far from description. AIH type 1 is specified by 
antinuclear (ANA), anti-smooth muscles (SMA) and anti-actin antibodies. In type 2 antibodies 
to liver microsomal antigen (LKMA-1) and liver cells cytosol antigens (LC-1) are significant. 
AIH type-1 is more frequent (>80%) than AIH type-2, observed in young people (majority of 
patients in age below 30 years) with very good response to therapy (mostly steroids). AIH 
type-2 is frequently noted in children with more aggressive course, resistance to therapy with 
cirrhosis in about 80% of patients. The serological diagnosis is clinical significant for the esti-
mation of therapy strategy and prognosis for patient. Some of antibodies are related to course 
of disease and response to therapy, e.g. anti-actin antibodies are associated with higher fre-
quency of liver failure and patients’ death, suggesting liver transplantation as life-saving pro-
cedure [59]. The presence of different profile of antibodies are seen in overlapping syndromes 
e.g. AIH and sclerosing cholangitis—ASC and hepatitis associated with viral infection e.g. in 
HCV. Difference between AIH and HCV with autoantibodies—ANA, SMA and LKMA—is 
histological—in HCV the tissue infiltrations containing plasma cells are absent. The occur-
rence of LKMA in HCV is probably the result of molecular mimicry of cytochrome 4502D6 
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and viral genome [46]. Another typical combination of autoimmune diseases involving liver 
is AIH and PBC resembled by presence of pANCA and AMA simultaneously. However, lon-
gitudinal study did not show the poorer prognosis of AIH patients with AMA compared to 
AIH patients without AMA in serum [46]. The combination of AIH and sclerosing cholangitis 
is sometimes classified as autoimmune sclerosing cholangitis—ASC [61].

Antibodies seen in AIH-1, AIH-2 and PBC are shown in Table 2.

8.8. Other diseases: autoimmune enteropathy

Autoimmune enteropathy (AE) is a rare disease noted in infants and young children. Clinical 
symptoms included severe and protracted diarrhoea followed with weight loss, malabsorp-
tion syndrome. Pathomechanism is typical for autoimmune disease with the central role of 
anti-epithelial antibodies. Expression of HLA class II determinants on the surface of epithe-
lial cells in case of AE is facilitating recognition of autoantigen and stimulation of immune 
response with activated CD4 T lymphocytes [61]. Role of HLA class II determinants in AE 
was supported by observation of aberrant expression on epithelial cell from the crypts and 
overexpression by enterocytes suggesting local induction of autoimmune reaction with acti-
vation of intestinal T lymphocytes [62]. Clinical symptoms of AE are associated with autoim-
mune process against other organs and tissues. Besides autoantibodies against enterocytes, 
in AE antibodies toward gastric parietal cells, pancreatic islets cells, insulin, GADA, goblet 
cells, smooth muscles antigens, thyroid are noted. Combination of AE symptoms with auto-
immune polyendocrinopathy and skin manifestation is observed in IPEX syndrome [62, 63]. 
In biopsy of jejunum severe villi atrophy, inflammatory infiltrations with destruction of crypt 
structure and depletion of goblet cells (in cases with anti-goblet cells antibodies) are observed. 
In majority of patients increased apoptosis of epithelial crypts is seen as typical feature [63]. 
Inflammatory changes are noted not only in jejunum, but in large bowel and stomach also, 
what indicate diffuse autoimmune disorder more difficult to control and release symptoms. 
Management of these patients include immunosuppression (e.g., steroids, azathioprine, 
cyclosporine, tacrolimus, MMF) and adequate nutritional support with correction of malab-
sorption effects, e.g., vitamins, calcium, proteins deficiency [62, 63]. In patients with poor 
response to therapy, monoclonal antibodies to TNF and immunoglobulins in high dose were 
introduced, but without breathtaking results. The good results on monotherapy were noted 
with cyclophosphamide [62].

9. Therapy of autoimmune diseases of gastrointestinal tract

9.1. Microbiota correction and diet

The use of selected bacterias for modification of dysbiosis in inflammatory bowel diseases is 
known from 1907 when consumption of fermented milk products containing Lactobacillus 
bulgaricus were used and associated with ‘longevity and good health’ [64]. Now, three dif-
ferent preparations are used—probiotics means live microorganisms with beneficial effect 
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on host health when administered in adequate amount, prebiotics defined as selectively 
fermented ingredient that allows changes in composition and/or activity in gastrointestinal 
microflora and the last—synbiotics when probiotics and prebiotics are used simultaneously 
[64]. List of probiotics contains different strains of Lactobacillus, e.g., casei, rhamnosus, gas-
seri, Bifidobacterium, Saccharomyces boulardii and others. List of prebiotics is shorter and 
contains inulin, xylooligosaccharide, oligofructose and fructooligosaccharide [64, 65]. Results 
of probiotics, synbiotics therapy are noted as mildering course of disease (e.g., ulcerative coli-
tis), than clinical remission or real corrections of dysbiosis [64, 65]. The effects and mecha-
nisms of used probiotic activity in patients with IBD are shown in Table 5.

Faecal microbial transplantation (FMT) is now a new approach to chronic microbial dysbiosis. 
The idea is to reintroduce and re-establish stable physiological bacterias from healthy donor 
supplanting dysbiotic microbiota. The first recognised successful use of this therapy was 
noted in patients with Clostridium difficile infection and dysbiosis in follow. In 2 weeks and 
1 month after this procedure the composition of faecal bacterial containing bacterias derived 
mainly from donor. In spectrum of gastrointestinal disease, it seems that correction of micro-
biota homeostasis is indicated in Crohn's disease. According to observations and hypothesis 
about the role of microbial homeostasis, the bacterial dysbiosis noted in Crohn's disease is 
common and associated with severity of symptoms. The correction of microbiota homeostasis 
in these patients leads to resolving of some symptoms and help in normalisation of jejunal 
function [64, 66].

9.2. Classical immunosuppression

Steroids were first in autoimmune diseases therapy and up to now, there are common as first 
line treatment. In refractory celiac disease, autoimmune liver and biliary tract disease and IBD 
steroids are used to release syndromes in acute stage of disease and as maintenance therapy 
in remission. In CD remission was obtained with steroid in about 80% of patients in first 30 

Antimicrobial effects Enhancement of mucous 
membrane integrity

Immune modulation

Alterations in intra-intestinal environment, 
production antimicrobial molecules, 
inhibits of pathogen adhesion and cellular 
invasion, antitoxin effects

Increase mucous production, 
better epithelial barrier, changes in 
surface proteins

Decrease of pro-inflammatory 
cytokine production, increase 
of anti-inflammatory cytokines 
production, induction of Treg cells, 
effect on B lymphocytes

Decrease of pH in intestine lumen, 
production of bacteriocins, defensins, 
competition for adhesion sites, production 
of antitoxins, prevention of toxin expression

Increase function of tight junction, 
secretion of water and chloride

Reduction of apoptosis mediated 
by TNF, increase of IL-10 
production, increase of secretion of 
IgA and production of antibodies

Prevention of Clostridium difficile 
infection, prevention of antibiotic-driven 
diarrhoea

Influence on cell-to-cell 
interaction, cellular stability, 
enhancement of epithelial cells

Prevention of antibiotic-driven 
diarrhoea, prevention of infectious 
diarrhoea, prevention of cancer

Table 5. Biological effects of probiotic, pre-biotic and synbiotic activity. Acc. [65].
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days of therapy [55]. Decrease of steroids dose, due to accumulation of side effects, is pos-
sible, when azathioprine or other classical immunosuppressant is added to therapy. Steroids 
are used as systemic with risk of accumulative side effects or enteral active budesonide acting 
in intestinal lumen with low absorption [55]. In CD, at the beginning of therapy, antibiotics 
were used very often, as in UC—5-aminosalicylates. Classical immunosuppression included 
azathioprine, methotrexate, cyclosporine A, tacrolimus and others. In children, in CD therapy, 
good results are obtained with cyclosporine A, but severe side effects are very often the limita-
tion of therapy. Prolong therapy with immunosuppressant in children is resulting with inhibi-
tion of growth, puberty, cytopenias (leukopenia, neutropenia, thrombocytopenia, anaemia) 
and list of steroids side effects—osteopenia/osteoporosis, obesity, diabetes. Another limitation 
is long perspective of therapy, so accumulation of side effects is serious problem, especially 
for children. In UC classical immunosuppression is less effective than in CD. However, good 
results in UC were noted, when tacrolimus (calcineurin inhibitor) was used in therapy sched-
ule. The target for tacrolimus and cyclosporine A is inhibition of TCR signalling, what resulted 
in blocking of T cell activation [14]. However, explanation why cyclosporine A is associated 
with good effects in CD, in opposite to UC when similar effects are obtained with tacrolimus 
is unknown. It maybe, that different profile of cytokines produced by given subpopulation of 
T lymphocytes mediating process of autoimmunity is a background for these observations. In 
autoimmune liver diseases steroids are used in first line of therapy together with azathioprine 
to reduce steroids dose and avoid side effects. In majority of AIH patients the response to this 
therapy in good (in about 90% of patients level of serum immunoglobulins and liver enzymes 
decreased to normal value). However, relapses are noted in 50–86% of patients within 6 
months of remission. For these patients the second line of therapy is advice—cyclosporine A, 
tacrolimus, mycophenolate mofetil with success in majority of AIH patients [59].

9.3. Biological therapy

The use of monoclonal antibodies is indicated as second line of therapy after poor response 
to steroids and classical immunosuppression. Celiac disease is included into diseases treated 
with monoclonal antibodies only in the case of GFD resistance and progression of malabsorp-
tion syndrome [28, 52]. The good effect of elimination of TNF is noted only in refractory celiac 
disease type 1. In refractory celiac disease type 2 with T lymphocytes responsible for process 
and resistance to immunosuppressive therapy, infliximab is not effective. For these patients, 
only HSCT procedure is curative [28].

A discovery of the crucial role of TNF in regulation of pro-inflammatory cytokines produc-
tion and supporting of inflammation was based on the idea of elimination of this cytokine as 
possible therapy. After good results observed in rheumatoid arthritis, ankylosis spondylitis 
patients, IBD was the next group of autoimmune diseases with successful anti-TNF therapy. In 
CD, anti-TNF therapy was used in refractory fistula sign form leading to surgery and disability 
of patients. Now, anti-TNF therapy is used in all patients with CD with indications for biologi-
cal therapy, e.g. steroid refractory or steroid dependent form of disease, acute stage with severe 
clinical symptoms, even life-threatening, lack of remission with chronic, stable symptoms of 
disease. In children with CD, anti-TNF therapy is used early in disease course, often in active, 
severe stage, without prolonged immunosuppressive therapy carrying high risk of side effects 
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for these patients [54, 55]. Proposition of sequential (step-by-step) therapy of CD included 
antibiotics and budesonide in first line, steroids and classical immunosuppression (azathio-
prine, methotrexate, 6-mercaptopurine) as second line and biological therapy as last line. This 
step-up therapy schedule maybe used as step-down after success with biological therapy, in 
maintaining of clinical remission. The effect of monoclonal antibodies is better, when anti-TNF 
antibody is used with other therapeutic, e.g., azathioprine [55]. Infliximab as anti-TNF therapy 
was introduced into schedule of UC therapy in 2005 year after good results of anti-TNF therapy 
in CD since 1998 year. Similar to CD, in UC monoclonal antibodies are used as last, third line 
of therapy after steroids and immunosuppression [54, 55]. In CD and UC as chronic diseases, 
anti-TNF therapy, like other therapy schedules, should be individualised (‘patient tailored 
therapy’). The choice of anti-TNF antibody from, e.g., infliximab to adalimumab depends on 
expected effects on given symptoms of patient. The lack of effect or severe side effects contra-
indicated continuing therapy suggests use of monoclonal antibody against other mediator of 
autoimmune process, e.g., natalizumab [54]. Natalizumab is recombinant, humanised IgG4 
monoclonal antibodies to α4-integrin with function of blocking this integrin. In consequence 
the migration of leukocytes into the intestine wall from blood is inhibited. Effect of this inhibi-
tion is noted as increase of leukocytes number in peripheral blood due to block of adhesion and 
transmigration out [54]. However, the fatal progressive multifocal leukoencephalopathy (PML) 
after natalizumab in three patients was concerned as severe side effects followed by withdraw-
ing of this antibody from the market. Now, natalizumab is available, but for patients without 
other possible effective therapy [54]. Vedolizumab is used in CD and UC, but the effects of 
therapy are rather low. Summarising vedolizumab use is indicated in moderate-severe CD, not 
for UC [53]. Briakinumab was very effective in rheumatoid arthritis but without good results 
in CD patients. Ustekinumab as inhibitor of p40 subunit blocking IL-12 and IL-23 prevent-
ing activation of Th1, Th17 and APC (antigen presenting cells) was used with success in CD 
patients after anti-TNF therapy without good effect. Moreover, this antibody helps in heal-
ing of perianal symptoms of CD. Other antibodies (anti-IL-13—Dectrekumab, anti JAK inhibi-
tors—Tofacitinib, anti-IL-6—Tocilizumab) are under clinical trials and pilot studies [53].

New promising biological therapies are directed against different molecules, including cyto-
kines produced by autoreactive T lymphocytes mediating chronic inflammation. Monoclonal 
antibodies against interleukins, interleukins receptors, integrins, IFN are used in different clin-
ical trials in CD and UC [54]. List of antibodies used in biological therapy is shown in Table 4.

9.4. Haematopoietic stem cell transplantation procedure

In celiac disease and IBD indications of HSCT procedure are associated with co-existent dis-
ease, e.g., haematological or severe course, resistant to therapy or diet with progression of 
malabsorption syndrome. Decision of HSCT is difficult, because patients resistant to ther-
apy with progress of disease, are usually on total parietal nutrition, with recurrent, prolong 
or opportunistic infections, malabsorption syndrome with high risk of death after HSCT 
procedure. Another therapy proposed is mesenchymal cell application (MSC)—used intra-
peritoneally, intravenously. However, the results are not conclusive, although a decrease of 
pro-inflammatory cytokines in mucous biopsy was noted [51, 52].
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patients after anti-TNF therapy without good effect. Moreover, this antibody helps in heal-
ing of perianal symptoms of CD. Other antibodies (anti-IL-13—Dectrekumab, anti JAK inhibi-
tors—Tofacitinib, anti-IL-6—Tocilizumab) are under clinical trials and pilot studies [53].

New promising biological therapies are directed against different molecules, including cyto-
kines produced by autoreactive T lymphocytes mediating chronic inflammation. Monoclonal 
antibodies against interleukins, interleukins receptors, integrins, IFN are used in different clin-
ical trials in CD and UC [54]. List of antibodies used in biological therapy is shown in Table 4.

9.4. Haematopoietic stem cell transplantation procedure

In celiac disease and IBD indications of HSCT procedure are associated with co-existent dis-
ease, e.g., haematological or severe course, resistant to therapy or diet with progression of 
malabsorption syndrome. Decision of HSCT is difficult, because patients resistant to ther-
apy with progress of disease, are usually on total parietal nutrition, with recurrent, prolong 
or opportunistic infections, malabsorption syndrome with high risk of death after HSCT 
procedure. Another therapy proposed is mesenchymal cell application (MSC)—used intra-
peritoneally, intravenously. However, the results are not conclusive, although a decrease of 
pro-inflammatory cytokines in mucous biopsy was noted [51, 52].
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10. Conclusions

Certain gastrointestinal tract diseases are classified as autoinflammatory/autoimmune due 
to chronic course with remissions and exacerbations, histological and serological features, 
good response to immunosuppressive treatment. Therapy is based on inhibition of immune 
system activation, reduction of inflammatory process, decrease of antibody production and 
complexes formation. Steroids are commonly used to obtain and, in small doses, to maintain 
remission. However, severe side effects or steroid resistance implicate the usage of classical 
immunosuppressive drugs. Classification of gastrointestinal tract diseases as autoimmune 
opened the opportunity for analogical treatment with other autoimmune diseases including 
monoclonal antibodies. Moreover, for progressive cases with poor prognosis haematopoietic 
stem cell, transplantation is proposed with encouraging results.
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Abstract

Targeted therapies including tumour necrosis factor α (TNFα) inhibitors have trans‐
formed the management of a number of autoimmune conditions over the past 20 years.
One autoimmune rheumatological condition with significant potential for the develop‐
ment of targeted therapies is systemic sclerosis (SSc). In this chapter, we use SSc as an
example  of  how  research  into  the  pathogenic  processes  underlying  autoimmune
conditions can be translated into novel targeted therapies. We review the evidence base
for a range of targeted therapies for SSc identified from a systematic literature search,
before highlighting a number of studies currently underway.

Keywords: systemic sclerosis, scleroderma, targeted therapies, biological therapy, bio‐
logic, rheumatology, rheumatoid arthritis, autoimmune

1. Introduction

1.1. Targeted therapies in autoimmune conditions

Targeted therapies have revolutionised the management of many autoimmune rheumatological
conditions over the last 20 years. Ground‐breaking research in the early 1990s identified tumour
necrosis factor alpha (TNFα) as a key inflammatory mediator of rheumatoid arthritis [1–6]. This
research enabled the development of targeted TNFα inhibitors, such as adalimumab, infliximab
and etanercept. Although costly, these therapies have greatly improved the outlook for patients
with severe, active rheumatoid arthritis [7, 8].

As we improve our understanding of the pathogenic processes underlying rheumatoid ar‐
thritis, the number of potential targets for novel therapies increases. Several additional tar‐
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geted therapies are now licensed for the treatment of patients with severe rheumatoid
arthritis who have failed to respond adequately to, or been unable to tolerate, conventional
immunosuppressive therapies. Examples include: rituximab, a B‐lymphocyte‐depleting
monoclonal antibody targeting the CD20 antigen; abatacept, a fusion protein that abrogates
the co‐stimulatory signals required for the activation of T‐lymphocytes; tocilizumab, an in‐
terleukin (IL)‐6 receptor antagonist; and anakinra, an IL‐1 receptor antagonist [8–13].

The process of translating research on autoimmune pathogenesis into targeted therapies has
not been limited to rheumatoid arthritis, however. TNFα inhibitors have also been shown to
be highly effective in psoriasis and psoriatic arthritis, as well as ankylosing spondylitis, juvenile
idiopathic arthritis and inflammatory bowel disease [14–17]. Targeted therapies with novel
mechanisms of action have also been developed for a number of autoimmune rheumatological
conditions. Ustekinumab, a humanised monoclonal antibody directed against IL‐12/23, is
licensed as a treatment for both psoriasis and psoriatic arthritis [18]. Secukinumab, an IL‐17
inhibitor, has also been shown to be efficacious in the treatment of both psoriasis and psoriatic
arthritis [19, 20]. In the case of autoantibody‐positive systemic lupus erythematosus, belimu‐
mab, an inhibitor of B‐lymphocyte stimulator, has recently been licensed as an adjunctive
therapy [21].

An autoimmune rheumatological condition with a great need for targeted therapies is systemic
sclerosis (SSc). In this chapter, we use SSc as an example of how research into pathogenic
processes can be translated into novel therapeutic targets for autoimmune conditions.

1.2. Background to systemic sclerosis

SSc is a multi‐system autoimmune condition that typically arises between the ages of 30 and
50 years, with women affected approximately four times more frequently than men. The
aetiology of SSc remains to be elucidated and is likely to involve complex interactions between
environmental factors in genetically predisposed individuals. Multiple cell types, cytokines
and signalling pathways contribute to three sustained and interdependent pathogenic
processes that form the hallmark of SSc: excessive extracellular matrix production and
deposition by fibroblasts, inflammation and vascular abnormalities [22]. These processes
culminate in multi‐organ fibrosis, in addition to vascular manifestations, such as pulmonary
arterial hypertension (PAH), Raynaud's phenomenon (RP) and renal crises.

Fibrotic thickening and hardening of the skin, termed sclerodactyly, can lead to profound
physical and psychological morbidity. Gastrointestinal tract fibrosis can produce a range of
complications depending on the portions of the tract involved, including oesophageal reflux
and strictures, gastroparesis, small bowel bacterial overgrowth and constipation. Pulmonary
involvement represents the leading cause of death in patients with SSc, with interstitial lung
disease (ILD) and PAH typically presenting with progressive breathlessness on exertion. Two
additional presenting features of SSc, often occurring in the early stages of the disease, are
digital swelling and RP. In the case of the latter, vasospastic changes produce a characteristic
whitening of the distal portions of the fingers and toes that progresses to a blue discolouration
(representing cyanosis), before flushing red as blood flow returns. In SSc, RP can be severe
enough to result in digital ulceration and necrosis.
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complications depending on the portions of the tract involved, including oesophageal reflux
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SSc can be subdivided into two main forms depending on the extent of skin involvement. In
limited cutaneous systemic sclerosis (lcSSc), fibrosis occurs in the skin of the face and in the
skin distal to the elbows and knees. A term often used interchangeably with lcSSc is CREST
syndrome, an acronym representing five cardinal signs and symptoms that arise in a subset
of patients with lcSSc: calcinosis, RP, oesophageal dysmotility, sclerodactyly and telangiectasia.
Diffuse cutaneous systemic sclerosis (dcSSc) is characterised by more extensive skin involve‐
ment than lcSSc, such that the proximal arms, legs and trunk are often affected. The onset and
progression of skin changes are usually more rapid in dcSSc than in lcSSc, with multi‐organ
fibrosis typically occurring to a greater extent.

1.3. Management of systemic sclerosis

The mainstay of management of SSc involves close monitoring for systemic complications,
with treatment as they arise [22]. A multidisciplinary approach is essential, with involvement
of clinicians from a range of specialties, as well as physiotherapists, occupational therapists
and psychologists [23, 24].

For skin involvement, topical steroids and emollients can help to ameliorate any associated
pruritus and xerosis. Camouflage products are also effective in minimising the cosmetic effects
of hypopigmented and hyperpigmented areas of skin, as well as telangiectasia. Regular
physiotherapy, along with orthoses, decreases the risk of sclerodactyly‐induced contractures.
However, surgery may ultimately be required in the case of established contractures.

Acid‐suppressant therapies, such as proton‐pump inhibitors, and pro‐motility agents, such as
metoclopramide, are frequently used to treat SSc‐associated gastro‐oesophageal reflux and
gastroparesis, respectively. Should strictures of the oesophagus arise, endoscopic dilatation
can be employed. With more distal gastrointestinal tract involvement, dietetic input can help
to counter the malabsorptive effects of small bowel dysmotility and bacterial overgrowth. The
latter may also necessitate cyclical treatment with antibiotics. Laxative therapy, pro‐motility
agents and ensuring an adequate intake of fibre can minimise the constipation that arises from
colonic dysmotility.

A potentially fatal complication of SSc, requiring emergent treatment, is a scleroderma renal
crisis. This typically presents with acute‐onset hypertension and renal impairment, and can
rapidly progress to renal failure without prompt recognition and treatment. Angiotensin‐
converting enzyme inhibitors are the cornerstone of management of such crises. Their use has
greatly improved the prognosis associated with scleroderma renal crises, such that this
complication is no longer the leading cause of death in patients with systemic sclerosis.

Significant progress has also been made in the management of SSc‐associated RP. Treatment
options available include calcium‐channel blockers, such as nifedipine, phosphodiesterase
type‐5 inhibitors, such as sildenafil, and angiotensin II receptor antagonists, such as losartan.
In cases of digital ulceration and impending digital necrosis, inpatient admission may be
required for intravenous prostanoid therapy. Phosphodiesterase type‐5 inhibitors and
prostaglandin infusions are also effective treatments for SSc‐associated PAH. Additionally,
bosentan, an endothelin‐receptor antagonist, has been shown to be efficacious in the manage‐
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ment of both SSc‐associated PAH and digital ulcers. Bosentan is a rare example of a targeted
therapy licensed for use in SSc and is covered in greater detail later in this chapter.

Multiple immunosuppressive medications have been trialled in SSc. The evidence base is weak,
however, and clinical trials of such medications are limited by the rarity and heterogeneity of
SSc, and the variability in the natural progression of the disease. As is true of other autoimmune
rheumatological conditions, there is a growing trend for early, aggressive treatment of SSc with
immunosuppressive regimens [23, 24]. This is particularly true of dcSSc, where early immu‐
nosuppression has the potential to stem the progression of the disease. Typical first‐line
treatment options for SSc‐associated ILD include intravenous cyclophosphamide (as induction
therapy) followed by an oral agent such as mycophenolate mofetil (as maintenance therapy).
In cases of extensive SSc‐associated skin fibrosis, treatment options include mycophenolate
mofetil and methotrexate, as well as azathioprine, cyclophosphamide and corticosteroid
therapy [24].

Relative to other autoimmune conditions, such as rheumatoid arthritis, the efficacy of immu‐
nosuppressive regimens in the treatment of SSc is modest [25]. Broad‐spectrum immunosup‐
pression also carries with it the risk of infection and bone marrow suppression, as well as
agent‐specific side effects, such as bladder toxicity with cyclophosphamide therapy. As such,
there is a concerted effort to find novel treatment options for SSc. One example is autologous
haematopoietic stem cell transplantation, which has a growing evidence base in SSc. In selected
patients with early dcSSc and poor prognostic features, stem cell transplantation has been
shown to improve long‐term event‐free and overall survival rates, relative to IV cyclophos‐
phamide [26, 27]. These benefits have to be weighed against early transplant‐related mortality
rates of 10%, however. As such, the use of stem cell transplantation is restricted to those patients
with early dcSSc who are yet to develop severe organ involvement. Another example of an
emerging therapy is intravenous immunoglobulin (IVIg), with a number of pilot studies
reporting improvements in skin fibrosis scores, gastrointestinal manifestations and joint‐
related symptoms [28–31].

Despite some progress in the management of SSc, there remains a great need for therapies that
target the specific pathogenic processes underlying the disease, namely fibrosis, inflammation
and vascular damage. The development of efficacious targeted therapies has the potential to
transform the management of this disabling condition, just as TNFα inhibitors have done in
rheumatoid arthritis, psoriatic arthritis and ankylosing spondylitis. In this chapter, we use SSc
as an example of how research into pathogenic processes can be translated into novel thera‐
peutic targets for autoimmune conditions.

2. Body

We performed a systematic search of the PubMed and Cochrane medical literature databases
to identify all clinical studies involving therapeutic interventions in patients with systemic
sclerosis during the last 10 years (covering the period of July 2006–June 2016). Using a broad
search strategy, we identified 2381 articles. We reviewed the abstracts of these articles and
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selected those studies involving therapies with targeted mechanisms of action, that is,
treatments targeting specific molecular and/or cellular pathways known to be involved in the
pathogenesis of SSc. Studies were excluded if they were not written in English, if they did not
involve human subjects or if they had less than three study subjects. In total, 69 studies were
identified and the details are shown in Table 1. The majority of the therapies identified can be
grouped into three broad categories, corresponding to which of the central pathogenic
processes they target: fibrosis, inflammation or vascular abnormalities. It is important to note,
however, that these processes are very much interdependent and, as such, targeting one
pathway is likely to impact on one or more of the other processes [32].

Study

treatment 

Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)

Fibrosis

TGF‐β pathway inhibitors

CAT‐192 [35] Various dcSSc RCT 6 months 32/11 >0.05 (mRSS)

Fresolimumab [37] Various dcSSc Prospective 24 weeks 15/0 <0.001 (mRSS)

Pirfenidone [42] 2403 mg daily SSc‐ILD Prospective 16 weeks 63/0 >0.05 (PFTs,

mRSS)

Pirfenidone [43] 1200/1800 mg

daily

SSc‐ILD Case series Various 5/0 N/A

Tyrosine kinase inhibitors

Imatinib mesylate [45] 400 mg daily dcSSc RCT 6 months 9/1 >0.05 (mRSS)

Imatinib mesylate [46] 600 mg daily SSc‐ILD Prospective 12 months 20/0 >0.05 (PFTs),

<0.001 (mRSS)

Imatinib mesylate [47] 400 mg daily dcSSc Prospective 12 months 30/0 <0.001 (mRSS),

0.008 (FVC)

Imatinib mesylate [48] 400 mg daily dcSSc Prospective 36 months 17/0 0.002 (mRSS)

Imatinib mesylate [49] 200 mg daily SSc‐ILD Prospective 12 months 30/0 N/A

Imatinib mesylate [126] 400 mg daily SSc/

morphoea

RCT 12 months 15/13 >0.05 (mRSS)

Imatinib mesylate [127] 200 mg daily SSc Case series 23 months 6/0 N/A

Imatinib mesylate [128] 100 mg daily SSc skin Case series 6 months 3/0 N/A

Imatinib mesylate

+ CYC

[129] 200 mg daily SSc‐ILD Case series 12 months 5/0 N/A

Nilotinib [50] 800 mg daily dcSSc Prospective 12 months 10/0 0.02 (mRSS)

Other agents
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Study

treatment 

Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)

Oral type I

collagen

[51] 500 µg daily dcSSc RCT 15 months 83/85 >0.05 (mRSS)

Relaxin [53] 10/25 µg/kg daily dcSSc RCT 24 weeks 137/94 >0.05 (mRSS)

Inflammation

TNFα inhibitors

TNFα inhibitors [54] Various SSc Retrospective Various 65/0 N/A

Etanercept [60] 50 mg/week SSc‐m'skel Retrospective Various 18/0 >0.05 (HAQ,

mRSS)

Infliximab [61] 5 mg/kg ×5 dcSSc Prospective 26 weeks 16/0 >0.05 (mRSS,

HAQ)

Selective co‐stimulation modulators

Abatacept [67] 500/1000 mg ×7 dcSSc RCT 24 weeks 7/3 0.06 (mRSS)

Abatacept +

tocilizumab

[68] Various SSc‐m'skel Observational 11 months 27/0 <0.001 (DAS28)

Abatacept [130] 500/750 mg/4

weeks

dcSSc Case series Various 4/0 N/A

IL‐2α inhibitors

Basiliximab [72] 20 mg ×6 dcSSc Prospective 68 weeks 10/0 0.015 (mRSS),

>0.05 (FVC/DLco)

IL‐6 inhibitors

Tocilizumab +

abatacept

[68] Various SSc‐m'skel Observational 5 months 27/0 0.001 (DAS28)

Tocilizumab [77] 8 mg/kg/4 weeks SSc Case series Various 3/0 N/A

Tocilizumab [78] 162 mg/week SSc RCT 48 weeks 43/44 0.09 (mRSS)

B‐cell depletion

Rituximab [81] Various SSc Case‐control Various 63/25 0.03 (mRSS), 0.02

(FVC)

Rituximab [82] 1000 mg ×2 dcSSc Prospective 6 months 15/0 >0.05 (mRSS)

Rituximab [83] (500 mg ×2)/3

months

SSc‐ILD Case series 12 months 5/0 <0.001 (mRSS,

DLco), <0.004

(FVC)

Rituximab [84] 1000 mg ×2 dcSSc Prospective 24 weeks 8/0 <0.001 (mRSS)

Rituximab [85] 1000 mg ×2 SSc Prospective 36 months 9/0 0.001 (mRSS)
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Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)
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Tocilizumab [77] 8 mg/kg/4 weeks SSc Case series Various 3/0 N/A
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B‐cell depletion

Rituximab [81] Various SSc Case‐control Various 63/25 0.03 (mRSS), 0.02

(FVC)

Rituximab [82] 1000 mg ×2 dcSSc Prospective 6 months 15/0 >0.05 (mRSS)

Rituximab [83] (500 mg ×2)/3

months

SSc‐ILD Case series 12 months 5/0 <0.001 (mRSS,

DLco), <0.004

(FVC)

Rituximab [84] 1000 mg ×2 dcSSc Prospective 24 weeks 8/0 <0.001 (mRSS)

Rituximab [85] 1000 mg ×2 SSc Prospective 36 months 9/0 0.001 (mRSS)
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treatment 

Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)

Rituximab [86] (375 mg/m2 ×4)/6

months

dcSSc Prospective 12 months 25/0 0.001 (FVC), 0.008

(DLco), 0.0001

(mRSS)

Rituximab [87] (375 mg/m2 ×4)/24

weeks

SSc RCT 12 months 8/6 0.002 (FVC),

<0.001 (mRSS)

Rituximab [88] (375 mg/m2 ×4)/6

months

SSc‐ILD Prospective 24 months 8/0 <0.0001 (FVC,

mRSS), <0.001

(DLco)

Rituximab [89] (1000 mg ×2)/6

months

dcSSc Prospective 24 months 8/0 <0.0001 (mRSS,

DAS)

Rituximab [90] Various SSc Prospective 7 years 30/0 0.018 (FVC), 0.012

(DLco), <0.001

(mRSS)

MEDI‐551 [91] Various SSc RCT 85 days 24/4 N/A

Type I IFN receptor antagonists

MEDI‐546 [92] Various SSc Prospective 12 weeks 34/0 N/A

Vascular

Endothelin receptor antagonists

Bosentan [97] 250 mg daily SSc‐RP/skin Retrospective 48 weeks 14/0 <0.05 (RP attacks),

<0.01 (mRSS)

Bosentan [99] 250 mg daily SSc‐PAH Prospective Various 49/0 0.014 (NYHA

class), >0.05

(6MWD)

Bosentan [100] 250 mg daily SSc‐DU RCT 24 weeks 98/90 0.04 (DU

episodes), >0.05

(DU healing)

Bosentan [101] 250 mg daily SSc‐DU Retrospective 24 months 67/0 N/A

Bosentan [102] 250 mg daily SSc‐DU Prospective 36 months 26/0 <0.001 (DU

number)

Bosentan [103] 62.5–125 mg daily SSc‐DU Case series Various 6/0 N/A

Bosentan [108] 250 mg daily SSc‐RP Prospective 16 weeks 15/0 <0.05 (RP attacks)

Bosentan [112] 250 mg daily SSc‐ILD RCT 12 months 77/86 >0.05 (6MWD,

PFTs)

Bosentan [113] 250 mg daily SSc‐ILD Prospective 24 months 9/0 N/A
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Study

treatment 

Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)

Bosentan [114] 250 mg daily SSc‐skin Prospective 24 weeks 10/0 <0.001 (mRSS, DU

healing)

Bosentan +

iloprost

[131] 250 mg daily SSc‐vascular Observational 3 years 13/13 <0.01 (PBP)

Bosentan [132] 250 mg daily SSc‐DU/PAH Prospective Various 54/0 <0.001 (DU

episodes)

Bosentan [133] 250 mg daily SSc‐NDU Case series Various 5/0 N/A

Bosentan [134] 250 mg daily SSc‐vascular Prospective 16 weeks 30/30 N/A

Bosentan [135] 250 mg daily SSc‐RP RCT 24 weeks 9/8 >0.05 (RP attacks),

0.01 (HAQ)

Bosentan [136] 250 mg daily CTD‐PAH/

skin

Observational 24 months 15/0 <0.01 (6MWD,

mRSS),

Bosentan [137] 250 mg daily CTD‐PAH Prospective 48 weeks 53/0 N/A

Bosentan [138] 250 mg daily SSc‐DU Prospective Various 15/0 <0.05 (DU

number)

Bosentan [139] 125 mg daily SSc‐vascular Prospective 4 weeks 12/12 <0.001 (FMD)

Bosentan [140] 250 mg daily SSc‐vascular Prospective 6 months 18/0 >0.05 (multiple

measures)

Bosentan [141] 250 mg daily SSc‐RP Observational 16 weeks 3/0 N/A

Bosentan [142] 250 mg daily SSc‐PAH Prospective 6 months 8/0 0.01 (6MWD)

Bosentan [143] 250 mg daily SSc‐DU Prospective 12 weeks 52/51 <0.05 (blood flow)

Bosentan [144] 250–500 mg daily CTD‐PAH RCT 12‐16 weeks 44/22 >0.05 (6MWD)

Ambrisentan +

tadalafil

[105] 10 + 40 mg SSc‐PAH Prospective 36 weeks 24/0 <0.05 (RV mass),

<0.0001 (PVR)

Ambrisentan [106] 5–10 mg daily SSc‐PAH Prospective 24 weeks 12/0 0.004 (PVR), 0.003

(6MWD)

Ambrisentan [107] 5 mg daily SSc‐DU/RP Prospective 6 months 6/0 <0.03 (DU

healing), 0.01 (RP

attacks)

Ambrisentan [145] Up to 10 mg/day SSc‐DU Prospective 24 weeks 20/0 0.004 (DU

number)/0.0001

(DU diameter)

Ambrisentan [146] 10 mg daily SSc‐vascular RCT 12 weeks 15/5 >0.05 (blood flow),

0.005 (HAQ)
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Study type Duration of

study

Number

drug/

control

p‐value

(measure)
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tadalafil

[105] 10 + 40 mg SSc‐PAH Prospective 36 weeks 24/0 <0.05 (RV mass),
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treatment 

Ref. Treatment

dosage

Disease

aspect

studied

Study type Duration of

study

Number

drug/

control

p‐value

(measure)
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176/89 

>0.05 (DU

formation)

Other agents
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Ref. = study reference, Number drug/control = number of subjects in the treatment and control arms of the study, and p‐
value (measure) = statistical significance of the outcome measure defined in brackets.
TNFα, tumour necrosis factor alpha; CYC, cyclophosphamide; SSc, systemic sclerosis; dcSSc, diffuse cutaneous
systemic sclerosis; CTD, connective tissue disorder; SSc‐ILD, systemic sclerosis‐associated interstitial lung disease; SSc‐
m'skel, systemic sclerosis‐associated musculoskeletal manifestations; SSc‐skin, systemic sclerosis‐associated skin
manifestations; SSc‐vascular, systemic sclerosis‐associated vascular manifestations; SSc‐DU, systemic sclerosis‐
associated digital ulcers; SSc‐PAH, systemic sclerosis‐associated pulmonary arterial hypertension; SSc‐NDU, systemic
sclerosis‐associated nondigital ulceration; SSc‐RP, systemic sclerosis‐associated Raynaud's phenomenon; RCT,
randomised‐controlled trial; mRSS, modified Rodman skin score; PFTs, pulmonary function tests; FVC, forced vital
capacity; HAQ, health assessment questionnaire; DAS28, disease activity score at 28 joints; DLco, diffusing capacity of
carbon monoxide; PBP, peripheral blood perfusion; DU, digital ulcer; RP, Raynaud's phenomenon; 6MWD 6‐min
walking distance; NYHA class, New York Heart Association Functional Classification of Heart Failure; FMD, flow‐
mediated dilatation; RV mass, right ventricular mass; PVR, pulmonary vascular resistance; N/A, not applicable/
specified.

Table 1. Clinical studies of targeted therapies in systemic sclerosis published during the last 10 years.

2.1. Fibrosis

2.1.1. TGF‐β pathway inhibitors

Central to the fibroblast‐mediated overproduction of extracellular matrix and perturbed tissue
repair in SSc are a number of pro‐fibrotic growth factors, the most notable of which is trans‐
forming growth factor‐β (TGF‐β). The TGF‐β pathway has been strongly implicated in the
pathogenesis of systemic sclerosis in numerous in vitro and in vivo studies. One such example
is the reduction in fibrosis seen in mouse models following the abrogation of TGF‐β signalling
[33, 34]. As such, the TGF‐β pathway has been the focus of a number of studies in the search
for targeted therapies for SSc, with several different approaches tested.

A logical approach is to target the growth factors themselves using neutralising antibodies.
One of the first anti‐TGF‐β antibodies to be trialled in SSc was CAT‐192, a recombinant human
antibody against the TGF‐β1 isoform. In Denton et al.'s pioneering study, CAT‐192 was
administered at different doses to a cohort of patients with early dcSSc using a randomised,
double‐blind, placebo‐controlled study design [35]. Of the 45 patients enrolled into the study,
31 patients completed the trial. Four patients who received CAT‐192 died during the study,
although these deaths were thought to be a consequence of the underlying disease as opposed
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to a direct result of treatment with CAT‐192. Skin sclerosis scores, as determined by the
modified Rodman skin score (mRSS), did not demonstrate any significant treatment effect for
CAT‐192, with a global improvement in mRSS occurring independently of CAT‐192 treatment.
Similarly, no significant differences were noted in pulmonary function or functional status, as
determined by the Scleroderma Health Assessment Questionnaire (HAQ). Furthermore, an
excess of adverse events and severe adverse events was noted in the CAT‐192 treatment group,
although the majority were thought not to be related to treatment.

As noted by Denton et al., the lack of efficacy shown by CAT‐192 could possibly be explained
by its relatively weak affinity for only one isoform of TGF‐β ligand. They suggest that abro‐
gation of all active isoforms of the TGF‐β ligand might induce a greater anti‐fibrotic effect, as
demonstrated in animal models [35]. Importantly, however, the desire to abrogate pro‐fibrotic
pathways must be balanced against the loss of their normal physiological functions, including
potential tumour‐suppressant roles [36].

Fresolimumab is a neutralising antibody targeting all three isoforms of TGF‐β. Rice et al.
conducted an open‐label pilot study of fresolimumab in 15 patients with early dcSSc, employ‐
ing two different dosing schedules [37]. mRSS values were shown to improve significantly
by 3 weeks (p = 0.0002), with the changes remaining significant at 17 weeks (p = 0.0024). The
clinical improvements in skin thickness paralleled a decrease in the expression of TGF‐β‐
related biomarkers in skin biopsies following fresolimumab treatment. Interestingly, by 24
weeks, the subjects’ skin scores had begun to deteriorate, along with re‐expression of the TGF‐
β‐mediated biomarkers, suggesting progression of the underlying skin disease. This led the
authors to question whether a longer course of treatment, or repeated treatments, might help
to sustain the treatment response. This must be balanced against adverse treatment effects,
however. Anaemia was the most commonly reported adverse event in the study, with 67% of
subjects experiencing a decrease in haemoglobin levels of >10% from baseline. Bleeding from
sites including the gastrointestinal tract, gums, eyes and nose was also reported in a number
of patients.

Another anti‐fibrotic agent thought to act, at least in part, by suppressing TGF‐β signalling is
pirfenidone. Pirfenidone is also thought to possess anti‐inflammatory properties, with action
against TNFα demonstrated in several studies [38, 39]. This dual anti‐fibrotic and anti‐
inflammatory action makes pirfenidone an attractive candidate for use in SSc. Indeed,
pirfenidone has been extensively studied in idiopathic pulmonary fibrosis, with several large
phase III studies demonstrating improvements in progression‐free survival [40, 41].

Khanna et al. recently studied pirfenidone in a 16‐week, open‐label study of 63 patients with
SSc‐associated interstitial lung disease (SSc‐ILD) [42]. The primary aim of the study was to test
pirfenidone's safety and tolerability in such patients. The vast majority of subjects did indeed
experience adverse events during the course of the study, although most were mild or moderate
in severity, with a similar adverse event profile to previous studies of pirfenidone in idiopathic
pulmonary fibrosis. Median changes (from baseline) in the percentage of predicted forced vital
capacity (FVC) and diffusing capacity of carbon monoxide (DLco) were non‐significant, at
‐0.5% and +1.5%, respectively. Clinically insignificant changes in skin scores were also noted.
Of note, the authors state clearly that this study was inadequately powered to assess efficacy.
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Further studies are required before conclusions can be drawn on pirfenidone's efficacy in SSc.
A case series of five patients with SSc‐ILD treated with pirfenidone has provided hope of a
potential benefit [43]. Vital capacity (as a percentage of predicted) was shown to improve by
12.2–28.9% in four patients following pirfenidone therapy, depending on the duration of
follow‐up. In the case of the fifth patient, vital capacity improved by a more modest 3.8% after
pirfenidone therapy, albeit after only 3 months of follow‐up. Furthermore, the authors noted
that dyspnoea was attenuated in three patients, along with a reduction in ground‐glass
shadowing seen on the chest imaging of two patients. In another study of 12 patients, the
potential benefits of topical pirfenidone in patients with localised scleroderma (morphoea)
were demonstrated, with significant improvements seen in skin scores (p = 0.002) and histo‐
pathological markers (p = 0.032) at 6 months [44].

2.1.2. Tyrosine kinase inhibitors

Another approach is to target the downstream pathways induced by pro‐fibrotic molecules
such as TGF‐β and platelet‐derived growth factor (PDGF). The downstream pathways induced
by these molecules require tyrosine kinase signalling [45]. Tyrosine kinase inhibitors are
therefore strong candidates for use as anti‐fibrotic agents in SSc. This is facilitated by the fact
that several of these agents are already widely used in other conditions, such as in chronic
myeloid leukaemia.

Pope et al. tested imatinib mesylate, an inhibitor of the BCR‐ABL, c‐kit and PDGF tyrosine
kinase receptors, in a randomised, double‐blind, placebo‐controlled study of patients with
active dcSSc over a 6‐month period [45]. Outcomes measured included changes in skin scores,
global assessments of patients’ well‐being and safety outcomes. Despite a plan to enrol 20
patients into the study, enrolment was cut short after 10 patients in view of the high observed
number of adverse events. Side effects noted included diarrhoea, nausea, oedema and alopecia,
with two patients requiring hospital admission. The tolerability remained poor despite a dose
reduction from 200 mg twice daily to 200 mg once daily. Of the efficacy outcome measures
assessed, no significant treatment effect was observed in skin scores or global assessment
measures, although conclusions were limited by the small number of subjects and short study
duration.

Focusing on SSC‐associated lung fibrosis, Khanna et al. performed a 1‐year, open‐label study
of imatinib in 20 SSc patients with active ILD [46]. Doses of up to 600 mg per day were used,
with a mean dosage of 445 mg per day. In keeping with the outcome of Pope et al.'s study, 25%
of subjects discontinued this study as a result of adverse events, with a similar profile of side
effects noted. A modest, non‐significant improvement in FVC was observed in patients
receiving imatinib, coupled with a significant improvement in skin scores (p < 0.001). Further
corroborating the results of this study, Spiera et al. demonstrated a significant improvement
in skin scores (p < 0.001) and FVC (p = 0.008) in their open‐label, 1‐year study of imatinib 400
mg daily in 30 patients with dcSSc [47]. The improvements in skin scores seen in this study
paralleled significant decreases in skin thickness as evident on skin biopsy (p < 0.01). Again, a
large number of adverse events were noted in this study, with 171 adverse events thought to
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be at least possibly related to imatinib. A 24‐month open‐label extension of this study dem‐
onstrated ongoing improvement in skin scores (p = 0.002) [48].

More recently, a phase II open‐label study recruited 30 patients with active SSc‐ILD, unre‐
sponsive to cyclophosphamide, and administered a lower dose of 200 mg daily of imatinib for
6 months [49]. Following an additional 6 months of follow‐up, a range of respiratory outcome
measures were assessed (with a ‘good response’ defined as an increase in FVC and/or DLco
of >15%, combined with a PaO2 of >90% of the initial value and stable/improved lung imaging).
Of the 26 subjects who completed the study, 4 subjects demonstrated a good response, 15
subjects had stable lung disease and 7 subjects had a worsening of their lung disease. Although
fewer patients reached the criteria of ‘good response’ than their goal of 30%, the authors
pointed out that their cohort of patients had advanced lung disease, unresponsive to conven‐
tional cyclophosphamide therapy. They suggested that a cohort of patients with earlier disease
might experience greater benefit from imatinib therapy. Importantly, the lower dose of imatinib
employed in this study was relatively well tolerated, with adverse events present in less than
20% of patients.

A second‐generation tyrosine kinase inhibitor, nilotinib, was recently tested in an open‐label
pilot study of 10 patients with early dcSSc [50]. Nilotinib has been shown to have a favourable
side‐effect profile relative to imatinib when used in chronic myeloid leukaemia patients [50].
In the seven patients who completed the study, significant reductions were seen in skin scores
after 6 months and 12 months of follow‐up (p = 0.02 and 0.01, respectively). Significant
improvements were also evident in the physician global assessment (p = 0.0013 at 12 months),
although no significant differences were evident in measures of lung function. Seventy‐one
adverse events, including two serious adverse events, were reported in the study, with
asymptomatic elevations in liver function tests and QTc prolongation being common adverse
events.

2.1.3. Other agents

Another study employed a different approach when searching for novel targeted therapies for
SSc [51]. Noting its proposed role as an autoantigen in SSc, the authors attempted to induce
immune tolerance to type I collagen by administering it orally to 168 patients with dcSSc in a
randomised, double‐blind, placebo‐controlled trial. In the primary efficacy outcome of mRSS,
no significant differences were evident between the treated and placebo cohorts at 15 months.
During subgroup analysis, the authors noted a significant reduction in mRSS in treated patients
with late‐phase disease (p = 0.0063), with the treatment effect first becoming apparent approx‐
imately 8 months after commencing treatment. Multiple adverse events were noted, although
this was common to both the treated and placebo arms of the study.

Although named after its pregnancy‐related functions, interest in recombinant human relaxin
as a potential therapy for SSc stems from its ability to inhibit fibroblast‐mediated collagen
production and enhance collagen breakdown. A phase II, randomised, controlled study of
recombinant human relaxin in patients with stable dcSSc demonstrated significant improve‐
ments in skin scores at 24 weeks, with evidence of benefit arising as early as 4 weeks into the
follow‐up period [52]. Following on from this study, Khanna et al. [53] performed a large phase
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III study of relaxin at two doses in patients with dcSSc. Reductions in skin scores were noted
in all groups, including placebo, with no significant differences between the study arms. No
significant differences were evident in functional outcome measures and FVC deteriorated in
patients receiving relaxin (p < 0.04). Furthermore, of the 36 subjects who dropped out of the
study prematurely, 14 were as a result of adverse events, most notably of the renal system.

2.2. Inflammation

2.2.1. TNFα inhibitors

Given the success of TNFα inhibitors in other autoimmune rheumatological conditions, several
studies have examined their use in SSc. Prior studies had shown that TNFα counters extrac‐
ellular matrix production by fibroblasts in vitro, leading to concerns that TNFα inhibitors might
potentiate fibrosis in SSc [54, 55]. This contrasted the results of several animal studies, where
TNFα abrogation resulted in reductions in fibrosis [54, 56, 57]. It has been proposed that the
effect of TNFα inhibition in SSc might vary depending on the stage of the disease. During the
early inflammation‐predominant phases of SSc, TNFα inhibitor‐mediated suppression of
inflammation may lead to a reduction in subsequent fibrosis, as seen in animal studies. This
is supported by the enhanced expression of TNFα in leucocytes from patients with early SSc
[58]. During the later fibrosis‐predominant stages of SSc, TNFα inhibitor‐mediated suppres‐
sion of inflammation is less likely to be of significance and may even be pro‐fibrotic in nature,
as suggested by in vitro studies [54, 59].

Lam et al. conducted a retrospective analysis of 18 patients with scleroderma‐associated joint
disease who had been treated with etanercept, a decoy receptor that binds to circulating
TNFα [60]. Concurrent treatment with other disease‐modifying agents or corticosteroids was
permitted in their analysis. Eighty‐three percent of patients demonstrated a positive response
to etanercept therapy, as determined by the treating physician on follow‐up review. Mean HAQ
scores and skin scores showed non‐significant trends towards improvement (p = 0.13 and 0.12,
respectively). Pulmonary function readings deteriorated during the course of etanercept
therapy, albeit to a small degree, in keeping with the gradual decline in lung function seen in
patients who did not receive etanercept therapy.

Infliximab, a chimaeric monoclonal antibody against TNFα, has also been tested in an open‐
label study of 16 patients with dcSSc [61]. In addition to a number of clinical outcome measures,
several histopathological and serum correlates of collagen synthesis were measured. No
significant difference was noted in skin scores at the 26‐week end point, although a non‐
significant trend towards a lower mRSS was evident at 22 weeks (p = 0.10). Significant reduc‐
tions were evident in the degree of type I collagen synthesis by dermal fibroblasts at 26 weeks
(p = 0.02) and in the serum levels of aminoterminal propeptide of type III collagen (p = 0.03).
Of the 127 adverse events that occurred during the course of the study, 19 adverse events were
thought to be attributable to infliximab, with half of the patients prematurely discontinuing
the therapy.

Following on from these studies, a multi‐centre, retrospective analysis of TNFα inhibitor use
in SSc was performed by the EULAR Scleroderma Trials and Research (EUSTAR) group [54].
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Sixty‐five patients who had received an anti‐TNFα agent during the course of their treatment
(most commonly infliximab and etanercept) were identified. Of the 65 patients analysed, 48
had shown evidence of improvement, with the majority of benefit seen in patients with joint‐
related symptoms. Improvements in fibrosis were less convincing, with six patients experi‐
encing an improvement in fibrosis and seven patients experiencing a worsening of fibrosis.
Using the Delphi technique to reach an expert consensus, 50% of centres ultimately recom‐
mended against using TNFα inhibitors in SSc other than in the setting of clinical trials, 9% of
centres advised against their use entirely, and 38% of centres advocated consideration of
TNFα inhibitors in SSc‐associated joint disease.

2.2.2. Selective co‐stimulation modulators

Abatacept is a fusion protein comprising the extracellular domain of human cytotoxic T‐
lymphocyte‐associated antigen‐4 (CTLA‐4) and the modified Fc portion of human immuno‐
globulin G1 [62]. It is licensed as a treatment for moderate‐to‐severe rheumatoid arthritis that
has failed to respond to conventional immunosuppressant therapy, and has been shown to
have comparable efficacy to TNFα inhibitors [11, 63–65]. By binding to CD80/CD86 on the
surface of antigen‐presenting cells, abatacept inhibits the co‐stimulatory interactions required
for the activation of T‐cells. T‐cells have been strongly implicated in the pathogenesis of SSc
and, as such, a number of studies have investigated the role of abatacept as a treatment for SSc
[66, 67].

In a double‐blind, placebo‐controlled study, seven patients were randomised to receive
abatacept and compared to three control patients [67]. Although limited by the small number
of subjects, a trend towards improvement in absolute skin scores was noted with abatacept
therapy at the 24‐week end point (p = 0.0625). This improvement became statistically significant
when the differences in disease duration between the two cohorts were accounted for (p =
0.0114). Patients receiving abatacept therapy also noted greater improvements in HAQ and
visual analogue scores. Abatacept therapy was well tolerated, with no serious adverse events
noted during the course of the study.

The EUSTAR group's observational study of two separate biological therapies—abatacept and
tocilizumab (see below)—provides evidence to support abatacept's use in a cohort of patients
with SSc‐associated refractory arthritis [68]. Of the patients with joint disease receiving
abatacept therapy, 6/11 reached the EULAR‐specified criteria for a good response in their 28‐
joint count Disease Activity Score at 11 months. More impressive still was the 10/15 patients
who achieved a good response in their joint scores following tocilizumab therapy after 5
months of follow‐up. No benefit was seen in myopathic patients receiving abatacept therapy
or in skin or lung fibrosis with either abatacept or tocilizumab therapy.

2.2.3. IL‐2α inhibitors

Basiliximab, a chimaeric monoclonal antibody against CD25, disrupts T‐cell action via a
different mechanism to abatacept. The CD25 antigen corresponds to the alpha chain of the
interleukin‐2 (IL‐2α) receptor, a transmembrane protein expressed on the surface of activated
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T‐cells [69]. By competing with IL‐2 for access to its receptor, basiliximab disrupts the down‐
stream effects of activated T‐cells. Basiliximab has been utilised successfully as part of immu‐
nosuppressive regimens to prevent the acute rejection of transplanted organs [70]. The
promising results of a phase II study of basiliximab in patients with skin fibrosis resulting from
acute graft‐versus‐host disease also support its potential as a therapy for SSc [71].

Basiliximab was tested in an open‐label, prospective study of 10 patients with rapidly pro‐
gressive SSc [72]. As well as being relatively well tolerated, basiliximab therapy resulted in a
significant improvement in skin scores by week 68 of follow‐up (p = 0.015). A trend towards
an improvement in mean FVC was also noted by week 44 (p = 0.078). Given the small size and
open‐label nature of this study, further trials are necessary before definitive comments can be
made about basiliximab's efficacy in SSc. However, the results of this pilot study support the
beneficial response seen in a case study of a patient with recalcitrant SSc, who responded
favourably to basiliximab, in conjunction with cyclophosphamide [73].

2.2.4. IL‐6 inhibitors

Tocilizumab is a humanised monoclonal antibody targeting the interleukin‐6 (IL‐6) receptor.
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severe rheumatoid arthritis which has failed to respond adequately to conventional disease‐
modifying agents. In addition to its pro‐inflammatory effects, IL‐6 has been shown to be pro‐
fibrotic, as well as an endothelial cell activator [74, 75]. IL‐6 levels are elevated in the serum of
patients with dcSSc and predict poorer long‐term clinical outcomes [75, 76].

Following on from the observational study of tocilizumab and abatacept in patients with SSc‐
associated joint disease (mentioned above), a case series published by Fernandes das Neves et
al. demonstrated evidence of clinical improvement in three treatment‐refractory SSc patients
treated with tocilizumab [68, 77]. More recently, the safety and efficacy of tocilizumab in SSc
was studied in a phase II, double‐blind, randomised, placebo‐controlled trial of 87 patients
with a disease duration of less than 5 years [78]. A trend towards improvement was evident
in the primary outcome (mean change in mRSS); however, this did not reach statistical
significance at 48 weeks (p = 0.0579). No significant difference was evident in clinical symptoms
or in global disease severity scores. However, significantly fewer patients in the tocilizumab
cohort experienced a decline in FVC at 48 weeks (p = 0.0373). A relatively large number of
patients in both cohorts experienced severe adverse events (33% treatment vs. 34% placebo),
with a greater number of serious infections noted in the tocilizumab cohort and one death as
a result of tocilizumab therapy. Further information about tocilizumab's efficacy and safety in
SSc will be provided by the ongoing phase III study [79].

2.2.5. B‐cell depletion

Rituximab is a chimaeric monoclonal antibody that targets the CD20 antigen, resulting in the
depletion of peripheral B‐cells. It has been shown to be highly effective in the treatment of
rheumatoid arthritis, where it is often used as a rescue therapy for patients with refractory
disease. Rituximab's clinical efficacy has to be weighed against the potential for serious side
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effects, which include infusion reactions, predisposition to infection and hypogammaglobu‐
linaemia, and the serious but infrequent complication of progressive multifocal leukoence‐
phalopathy.

A body of evidence supporting the role of B‐cells in the pathogenesis of SSc has spurred interest
in rituximab as a therapy for SSc. Indeed, B‐cell depletion has been shown to suppress skin
fibrosis and autoantibody production in mouse models of SSc, when utilised in early stages of
the disease [80, 81]. An early, open‐label, pilot study of rituximab in 15 patients with dcSSc
produced disappointing results, however [82]. Although relatively safe and well tolerated,
rituximab therapy failed to produce a significant improvement in skin scores after 6 and 12
months of follow‐up (p = 0.82 and 0.83, respectively). This was despite demonstrable depletion
of B‐cells in the periphery and dermis. This pilot study has been followed by a number of
studies which support the role of rituximab therapy in SSc [83–90].

In a 1‐year prospective study by Daoussis et al., eight patients with SSc were randomised to
receive two cycles of rituximab therapy, in addition to standard treatment, and compared to
six patients who received standard treatment alone [87]. Relative to baseline, FVC improved
significantly with rituximab therapy at the 1‐year end point, with a median improvement of
10% (p = 0.0018). This was significantly improved relative to controls, where a median decline
in FVC of 5% was evident (p = 0.002). Significant improvements were also evident in DLco and
skin scores in the rituximab cohort (p = 0.017 and p < 0.001, respectively). An open‐label
extension of this study, whereby a further two cycles of rituximab therapy were administered,
demonstrated ongoing improvements in FVC, DLco and skin scores at 2 years [88].

A 2‐year, open‐label, prospective study by Smith et al. [89] provided further evidence of
rituximab's efficacy in SSc. Following two cycles of rituximab in eight patients with early dcSSc,
statistically significant reductions in skin scores, disease activity scores and biomarkers of
collagen deposition were evident by the 24‐month end point (p < 0.0001, p < 0.0001 and p =
0.009, respectively). The EUSTAR group employed a retrospective case‐control analysis to
collate evidence on rituximab use in SSc across a number of centres [81]. Sixty‐three patients
were identified who had received rituximab during the course of their treatment. Several
outcome measures were compared retrospectively to patients with SSc who had not received
rituximab therapy. In patients treated with rituximab, mean skin scores were found to be
significantly lower than baseline after a period of follow‐up (p = 0.0001). In the subset of patients
with severe dcSSc receiving rituximab, reductions in skin scores were significantly greater than
matched controls (p = 0.03). Furthermore, patients with SSc‐associated ILD experienced a
stabilisation in their FVC following rituximab therapy, relative to matched controls (p = 0.02).

More recently, an open‐label, prospective study of 30 SSc patients from three centres added
further weight to the evidence base supporting rituximab's use in SSc [90]. Patients received
four cycles of rituximab therapy over 18 months, followed by consideration for further cycles
by their treating physician. After 1 and 2 years of follow‐up, FVC had significantly improved
relative to baseline (p < 0.001 and p = 0.018, respectively), with the same being true of DLco at
2 years (P = 0.012). By 5 years, FVC was shown to have stabilised (p = 0.05). Skin scores also
improved significantly at all time points (P < 0.001). Again, rituximab was reported as being
relatively well tolerated in this study.
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Using a different approach, Schiopu et al. utilised a humanised anti‐CD19 monoclonal
antibody (MEDI‐551) to deplete B‐cells [91]. As noted by the authors, the CD19 antigen is
expressed on a wider range of B‐cell subsets than the CD20 antigen. In their study, 24 subjects
were randomised to receive a single dose of MEDI‐551 and compared to four subjects who
received placebo therapy. The primary aim of the study was to test MEDI‐551's safety and
tolerability in SSc subjects. An excess of adverse events was indeed noted in the treatment
cohort (95.8% of subjects) relative to the placebo cohort (75% of subjects), with the majority
being mild or moderate events. Of the serious adverse events, two were thought possibly to
have been a consequence of MEDI‐551 treatment. Given that a number of studies of rituximab
demonstrate the probable benefits of more prolonged B‐cell depletion in SSc, this 85‐day study
of MEDI‐551 was limited in its ability to discern clinical efficacy. A trend towards improvement
in skin scores with MEDI‐551 treatment was noted relative to placebo, although no clear
evidence of benefit was seen in pulmonary function tests. Further studies are needed to
determine its efficacy more conclusively.

2.2.6. Type I IFN receptor antagonists

Using another targeted approach to developing novel therapies for SSc, Goldberg et al. tested
MEDI‐546, a monoclonal antibody against the type I interferon (IFN) receptor, in patients with
SSc [92]. Case reports have documented incident systemic sclerosis arising in patients who had
previously received IFNα therapy for chronic viral hepatitis [93, 94]. An activated type I IFN
profile and gene signature are present in patients with SSc and administration of MEDI‐546
not only reduces serum levels of several IFN‐induced proteins but also suppresses levels of
markers of extracellular matrix turnover and TGF‐β signalling [95, 96].

In a study designed to test MEDI‐546's safety and tolerability in SSc, rather than its efficacy,
Goldberg et al. administered the treatment to 34 subjects and recorded a range of safety,
pharmacokinetic and immunogenicity outcomes after 12 weeks of follow‐up [92]. Of the 148
adverse events, four were recorded as serious adverse events, one of which was a new
diagnosis of chronic myelogenous leukaemia occurring after 10 months. Phase II, placebo‐
controlled studies are necessary before MEDI‐546's efficacy in SSc can be commented on.
Indeed, phase II studies of MEDI‐546 are already ongoing in systemic lupus erythematosus
(SLE).

2.3. Vascular

2.3.1. Endothelin receptor antagonists

The vasculopathy seen in SSc is characterised by endothelial cell damage and dysfunction and
fibrotic obliteration of the vasculature, with consequent ischaemia‐reperfusion injury [97].
This, in turn, stimulates the production of the potent vasoconstrictor, endothelin, which has
been strongly implicated as a mediator of vascular injury in SSc. The vascular manifestations
that result from these pathogenic processes include Raynaud's phenomenon (RP) and digital
ulceration, pulmonary arterial hypertension (PAH) and renal crises.
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One of few licensed targeted therapies for SSc is bosentan. Bosentan disrupts the endothelin‐
signalling axis by antagonising both of its receptors, endothelin‐A and endothelin‐B. Bosentan
has been shown in a large number of studies to be an effective treatment for PAH, including
SSc‐associated PAH (SSc‐PAH). Its use leads to improvements in symptoms, exercise capacity
and a range of haemodynamic values [98, 99]. Several studies have also investigated bosentan's
efficacy for the other vascular manifestations of SSc, most notably RP and digital ulceration,
details of which are given below.

The RAPIDS‐2 study was a large randomised, placebo‐controlled trial designed to evaluate
bosentan's efficacy in the treatment of SSc‐associated digital ulcers. One hundred and eighty‐
eight patients with SSc and active digital ulcers were recruited from a number of centres, of
which 98 were administered bosentan over the course of 20 weeks [100]. At the 24‐week end
point, a 30% reduction in the number of new digital ulcers was evident in the cohort receiving
bosentan (p = 0.04). No significant difference was evident in ulcer healing time, however. The
beneficial effects of bosentan on reducing digital ulcer formation are supported by two further
studies—a retrospective analysis of 67 patients and a 3‐year prospective, open‐label study
[101, 102]. Although generally well tolerated, all three studies demonstrated bosentan's well‐
documented side effect of inducing liver dysfunction. This is reversible in the vast majority of
cases, although close monitoring of liver function during therapy is essential. This is high‐
lighted by the results of a small study of bosentan in patients with SSc‐associated digital ulcers,
during which 50% of patients had to discontinue bosentan due to severe liver dysfunction [103].

It has been proposed that the differential effects of bosentan on digital ulcer formation and
healing might stem from various pro‐ and anti‐vasoconstrictive effects of the medication [104].
Ambrisentan also targets the endothelin axis but does so by selectively antagonising the
endothelin‐A receptor, as opposed to the dual‐receptor blockade mediated by bosentan. The
effects of ambrisentan on SSc‐associated digital ulcer number and healing were analysed in a
prospective, open‐label study of 20 patients [104]. A significant decrease in the number of
digital ulcers per patient was noted at 24 weeks relative to baseline (p < 0.004). The maximum
diameter of patients’ digital ulcers was also noted to decrease (p < 0.0001), and 88% of patients
who completed the study had full resolution of all their baseline digital ulcers. Importantly,
no study subjects developed deranged liver function tests during the course of this study.

The efficacy of ambrisentan in patients with SSc‐PAH has also been tested in a prospective,
open‐label study [105]. Twenty‐four patients with treatment‐naïve SSc‐PAH were adminis‐
tered dual therapy with ambrisentan and tadalafil, a phosphodiesterase type‐5 inhibitor, for
36 weeks. Following this course of treatment, significant reductions were noted in pulmonary
vascular resistance (p < 0.0001) and right ventricular mass (p < 0.05), as well as improvements
in 6‐min walk distances (p = 0.001) and other haemodynamic and structural outcome measures.
These results are supported by those of another study, in which 12 patients with SSc‐associated
exercise‐induced PAH experienced significant improvements in exercise‐pulmonary vascular
resistance and 6‐min walk distances following 24 weeks of treatment with ambrisentan (p =
0.004 and 0.003, respectively) [106].

Ambrisentan has also been shown to reduce the incidence of SSc‐associated Raynaud's
phenomenon (SSc‐RP) attacks, albeit it in a study of only six patients (p = 0.01) [107]. Bosentan's
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effect on SSc‐RP has been more extensively studied, with mixed results. In a retrospective
analysis of 14 patients, bosentan use was associated with a significant decrease in the number
and duration of RP attacks (p < 0.05) [97]. An open‐label prospective study of 15 patients with
lcSSc‐associated RP also demonstrated a significant reduction in the duration, frequency and
intensity of RP attacks with bosentan use (p < 0.05) [108]. These findings contrast the results of
a randomised, placebo‐controlled study involving 16 subjects with SSc‐RP (without pre‐
existing digital ulcers). Relative to placebo, no improvements in the duration, intensity or
frequency of RP attacks were seen with bosentan use, despite improvements in functional
scores.

In addition to endothelin's prominent role as a mediator of vascular injury in SSc, it has also
been implicated in promoting fibrosis. In vitro, endothelin stimulates production and deposi‐
tion of extracellular matrix by fibroblasts, as well as facilitating the pro‐fibrotic properties of
TGF‐β [97, 109, 110]. Endothelin levels are also elevated in the serum and bronchoalveolar
lavage fluid of patients with SSc‐ILD [111]. In light of endothelin's reported pro‐fibrotic roles,
the effects of bosentan on SSc‐associated skin and lung fibrosis have been tested in a number
of studies.

In a prospective, placebo‐controlled study of patients with SSc‐ILD, 77 patients were rando‐
mised to receive bosentan and their 6‐min walk distances and oxygen saturations compared
to 86 controls [112]. At 12 months, no significant difference was evident in walking distances
between the study cohorts (p = 0.404), with the same being true of pulmonary function test
results. Furuya et al. also examined bosentan's use in SSc‐ILD in a 24‐month open‐label trial
of 9 patients who were deemed ineligible for cyclophosphamide therapy [113]. Of the 7 patients
who completed the study, a trend towards improvement in FVC, DLco and total lung capacity
was noted. This contrasted the findings on high‐resolution computed tomography (CT) thorax
scans, which showed a gradual progression of the underlying fibrosis. Moreover, no benefit
on cumulative survival was evident when the subjects were compared to historical controls.

Bosentan's effect on skin fibrosis was evaluated in a retrospective, open‐label study of 14
patients who were receiving bosentan for SSc‐PAH [97]. As well as noting reductions in the
duration and number of RP attacks, significant reductions in skin scores were present in the
study cohort after 24 weeks of follow‐up (p < 0.01). The retrospective nature of this study and
the lack of control subjects both necessitate a degree of caution when interpreting these results,
particularly as spontaneous regression of skin disease is not uncommonly seen in SSc patients.
Indeed, Seibold et al.'s placebo‐controlled study of bosentan in SSc‐ILD (described above)
failed to show any significant treatment effect on skin thickness scores. This contrasts the
results of another, albeit much smaller, prospective study which did highlight a significant
improvement in mRSS with bosentan therapy (p < 0.001) [114]. Again, the lack of control
subjects in this study makes it difficult to separate bosentan's effects on skin scores from the
improvements sometimes seen in the natural progression of SSc.

Another endothelin‐receptor antagonist to have been studied in SSc is macitentan. Like
bosentan, macitentan acts to antagonise both of the endothelin receptors, albeit with a much
greater affinity for the endothelin‐A receptor. Macitentan's effects on SSc‐associated digital
ulcers were recently studied in two phase III placebo‐controlled trials with a total of 554 study
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subjects [115]. After 16 weeks of follow‐up, no significant treatment effect was evident in the
primary end point of cumulative number of new digital ulcers. The same was true of the
secondary end points of digital ulcer healing, total ulcer burden and hand function.

2.3.2. Other agents

Two other targeted vascular therapies worthy of mention are fasudil and ORM‐12741, both of
which have primary targets outside of the endothelin axis. Fasudil is a RhoA/Rho kinase
inhibitor that abrogates the α2C‐adrenoceptor‐mediated response to cold exposure, whereas
ORM‐12741 acts as a direct α2C‐adrenoceptor antagonist. When studied in patients with SSc‐
associated RP, neither agent enhanced recovery in blood flow nor skin temperature following
cold challenges [116, 117]. Although unsuccessful in their trials to date, fasudil and ORM‐12741
provide us with further examples of how research into the pathogenesis of SSc can be translated
into novel candidates for drug therapies.

3. Conclusion

In this chapter, we have reviewed a wide range of targeted therapies for SSc. Our systematic
literature search identified 69 clinical studies of targeted therapies with diverse modes of
action. This reflects the concerted efforts of clinicians and researchers trying to identify novel
therapies for this disabling condition.

Progress has already been made in improving the outlook for certain groups of patients with
SSc. Autologous haematopoietic stem cell transplantation, for example, has been shown to
benefit patients with early, aggressive dcSSc. Unfortunately, this benefit comes at the expense
of significant treatment‐related morbidity and mortality, thereby limiting the utility of this
treatment for the majority of patients with SSc.

The discovery of efficacious targeted therapies has the potential to transform the outlook for
patients with SSc, just as TNFα inhibitors have done in rheumatoid arthritis, psoriatic arthritis
and ankylosing spondylitis. In this regard, most progress has been made in developing
targeted therapies for the vascular manifestations of SSc. The endothelin‐receptor antagonists
bosentan and ambrisentan have been tested in more than 30 clinical studies involving patients
with SSc. As detailed above, many of these studies have demonstrated statistically significant
treatment effects on vascular manifestations such as PAH and digital ulcer formation. A phase
II study of zibotentan, a selective endothelin‐receptor A antagonist, is also currently underway
for patients with SSc‐associated renal dysfunction [118].

Improvements in our understanding of another of the central pillars of SSc pathogenesis –
fibrosis – have also been made. The studies of the anti‐TGF‐β antibodies, CAT‐192 and
fresolimumab, are excellent examples of how an understanding of the pathogenic processes
underlying SSc can be translated into targeted therapies. The improvements seen in skin
fibrosis scores following treatment with fresolimumab provide us with an exciting glimpse of
the potential benefits of targeted anti‐fibrotic therapies. This excitement is partly tempered by
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the large number of adverse events seen in this study; a clear reminder of the potential pitfalls
of disturbing physiological functions, such as fibrosis and healing.

Of the targeted anti‐inflammatory therapies, a great deal of optimism can be derived from the
studies of rituximab, a B‐cell‐depleting antibody with efficacy in a wide range of clinical
conditions. Of the 10 studies identified that assessed rituximab in SSc, 9 demonstrated
statistically significant treatment effects. Moreover, 6 of these studies revealed treatment
benefits in measures of both skin and lung fibrosis. Rituximab also provides us with an example
of how an existing targeted therapy can be adopted for use in SSc. Analysis of safety and
efficacy data from studies in other conditions can help tailor the design of studies of rituximab
in SSc and expedite the transition process.

As demonstrated in Table 1, a large number of the trials involving targeted therapies in SSc
have been small, open‐label studies. Their limited size and, in many cases, lack of control
subjects reduces the reliability of their outcome data. Large randomised, placebo‐controlled
studies are essential before definitive conclusions can be drawn about a particular treatment.
Performing such studies in SSc is challenging given the rarity of the condition and the
heterogeneity in its presentation and natural progression. Multi‐centre collaboration can help
to overcome these barriers by increasing the pool of subjects available for trials. Indeed, multi‐
centre randomised, controlled trials have already been performed for bosentan, macitentan,
tocilizumab, MEDI‐551, relaxin, oral type‐I collagen, CAT‐192 and imatinib mesylate. A
number of large randomised, placebo‐controlled trials are also ongoing for several of the
therapies covered in this chapter. Examples include the ASSET trial—a phase II study of
abatacept's efficacy in dcSSc—and the focuSSced trial—a phase III study of tocilizumab in SSc
[79, 119].

A better understanding of the pathogenic processes underlying SSc will help to reduce the
heterogeneity of study cohorts in trials of SSc. Stratification of patients into cohorts with
specific biochemical or clinical characteristics will permit tailoring of treatments to those
patients most likely to benefit. For example, an anti‐cytokine therapy might be offered to those
patients with a cytokine profile that suggests they are likely to benefit from such a therapy.

An improved understanding of the pathogenic processes underlying SSc will also increase
the number of available drug targets. Trials are currently underway for a number of agents
with novel mechanisms of action. The pan‐peroxisome proliferator‐activated receptor
(PPAR) agonist, IVA337, is currently being investigated in a phase II randomised, controlled
study of patients with dcSSc [120]. The anti‐fibrotic properties of PPAR agonists are support‐
ed by the results of a recent study in a mouse model of dermal fibrosis, in which IVA337
administration produced reductions in extracellular matrix deposition and several biomark‐
ers of inflammation and fibrosis [121]. Also promising is the ongoing phase III study of nin‐
tedanib in patients with SSc‐ILD [122]. Nintedanib is a tyrosine kinase inhibitor that targets
the receptors of vascular endothelial growth factor, fibroblast growth factor and PDGF. It
has been shown to retard the progression of idiopathic pulmonary fibrosis in phase III stud‐
ies and reduce fibrosis in multiple mouse models of SSc [123, 124]. Another candidate thera‐
py worthy of mention is riociguat, a soluble guanylate cyclase stimulator that possesses both
vasodilatory and anti‐fibrotic properties. Riociguat has been shown to improve exercise ca‐
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pacity and several other haemodynamic and functional outcomes in patients with sympto‐
matic PAH, and its effects on measures of skin and lung fibrosis are currently being assessed
in a phase II study of patients with dcSSc [125].

Author details

Mark D. Russell* and Nidhi Sofat

*Address all correspondence to: mdrussell@doctors.org.uk

Institute of Infection and Immunity, St George's, University of London, United Kingdom

References

[1] Buchan G, Barrett K, Turner M, et al. Interleukin‐1 and tumour necrosis factor mRNA
expression in rheumatoid arthritis: Prolonged production of IL‐1 alpha. Clinical and
Experimental Immunology. 1988;73(3):449–55.

[2] Chu CQ, Field M, Feldmann M, et al. Localization of tumor necrosis factor alpha in
synovial tissues and at the cartilage‐pannus junction in patients with rheumatoid
arthritis. Arthritis and Rheumatism. 1991;34(9):1125–32.

[3] Williams RO, Feldmann M, Maini RN. Anti‐tumor necrosis factor ameliorates joint
disease in murine collagen‐induced arthritis. Proceedings of the National Academy of
Sciences of the United States of America. 1992;89(20):9784–8.

[4] Elliott MJ, Maini RN, Feldmann M, et al. Treatment of rheumatoid arthritis with
chimeric monoclonal antibodies to tumor necrosis factor alpha. Arthritis and Rheu‐
matism. 1993;36(12):1681–90.

[5] Elliott MJ, Maini RN, Feldmann M, et al. Repeated therapy with monoclonal antibody
to tumour necrosis factor alpha (cA2) in patients with rheumatoid arthritis. Lancet.
1994;344(8930):1125–7.

[6] Elliott MJ, Maini RN, Feldmann M, et al. Randomised double‐blind comparison of
chimeric monoclonal antibody to tumour necrosis factor alpha (cA2) versus placebo in
rheumatoid arthritis. Lancet. 1994;344(8930):1105–10.

[7] NICE. Adalimumab, etanercept and infliximab for the treatment of rheumatoid
arthritis [Internet]. 2007. Available at: http://www.nice.org.uk/TA130 (Accessed: 27
September 2016).

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders118



pacity and several other haemodynamic and functional outcomes in patients with sympto‐
matic PAH, and its effects on measures of skin and lung fibrosis are currently being assessed
in a phase II study of patients with dcSSc [125].

Author details

Mark D. Russell* and Nidhi Sofat

*Address all correspondence to: mdrussell@doctors.org.uk

Institute of Infection and Immunity, St George's, University of London, United Kingdom

References

[1] Buchan G, Barrett K, Turner M, et al. Interleukin‐1 and tumour necrosis factor mRNA
expression in rheumatoid arthritis: Prolonged production of IL‐1 alpha. Clinical and
Experimental Immunology. 1988;73(3):449–55.

[2] Chu CQ, Field M, Feldmann M, et al. Localization of tumor necrosis factor alpha in
synovial tissues and at the cartilage‐pannus junction in patients with rheumatoid
arthritis. Arthritis and Rheumatism. 1991;34(9):1125–32.

[3] Williams RO, Feldmann M, Maini RN. Anti‐tumor necrosis factor ameliorates joint
disease in murine collagen‐induced arthritis. Proceedings of the National Academy of
Sciences of the United States of America. 1992;89(20):9784–8.

[4] Elliott MJ, Maini RN, Feldmann M, et al. Treatment of rheumatoid arthritis with
chimeric monoclonal antibodies to tumor necrosis factor alpha. Arthritis and Rheu‐
matism. 1993;36(12):1681–90.

[5] Elliott MJ, Maini RN, Feldmann M, et al. Repeated therapy with monoclonal antibody
to tumour necrosis factor alpha (cA2) in patients with rheumatoid arthritis. Lancet.
1994;344(8930):1125–7.

[6] Elliott MJ, Maini RN, Feldmann M, et al. Randomised double‐blind comparison of
chimeric monoclonal antibody to tumour necrosis factor alpha (cA2) versus placebo in
rheumatoid arthritis. Lancet. 1994;344(8930):1105–10.

[7] NICE. Adalimumab, etanercept and infliximab for the treatment of rheumatoid
arthritis [Internet]. 2007. Available at: http://www.nice.org.uk/TA130 (Accessed: 27
September 2016).

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders118

[8] NICE. Adalimumab, etanercept, infliximab, rituximab and abatacept for the treatment
of rheumatoid arthritis after the failure of a TNF inhibitor [Internet]. 2010. Available
from: http://www.nice.org.uk/TA195 (Accessed: 27 September 2016).

[9] Nam JL, Ramiro S, Gaujoux‐Viala C, et al. Efficacy of biological disease‐modifying
antirheumatic drugs: a systematic literature review informing the 2013 update of the
EULAR recommendations for the management of rheumatoid arthritis. Annals of the
Rheumatic Diseases. 2014;73(3):516–28. doi: 10.1136/annrheumdis‐2013‐204577

[10] Williams RO, Paleolog E, Feldmann M. Cytokine inhibitors in rheumatoid arthritis and
other autoimmune diseases. Current Opinion in Pharmacology. 2007;7(4):412–7. doi:
10.1016/j.coph.2007.06.001

[11] NICE. Abatacept for treating rheumatoid arthritis after the failure of conventional
disease‐modifying anti‐rheumatic drugs [Internet]. 2013. Available at: http://
www.nice.org.uk/TA280 (Accessed: 27 September 2016).

[12] NICE. Tocilizumab for the treatment of rheumatoid arthritis [Internet]. 2012. Available
at: http://www.nice.org.uk/TA247 (Accessed: 27 September 2016).

[13] NICE. Rheumatoid arthritis in adults: Management [Internet]. 2009. Available at: http://
www.nice.org.uk/CG79 (Accessed: 27 September 2016).

[14] NICE. Etanercept, infliximab and adalimumab for the treatment of psoriatic arthritis
[Internet]. 2010. Available at: http://www.nice.org.uk/TA199 (Accessed: 27 September
2016).

[15] NICE. Adalimumab, etanercept and infliximab for ankylosing spondylitis [Internet].
2008. Available at: http://www.nice.org.uk/TA143 (Accessed: 27 September 2016).

[16] NICE. Abatacept, adalimumab, etanercept and tocilizumab for treating juvenile
idiopathic arthritis [Internet]. 2015. Available at: http://www.nice.org.uk/TA373
(Accessed: 27 September 2016).

[17] NICE. Infliximab and adalimumab for the treatment of Crohn's disease [Internet]. 2010.
Available at: http://www.nice.org.uk/TA187 (Accessed: 27 September 2016).

[18] NICE. Ustekinumab for treating active psoriatic arthritis [Internet]. 2015. Available at:
http://www.nice.org.uk/TA340 (Accessed: 27 September 2016).

[19] NICE. Secukinumab for treating moderate to severe plaque psoriasis [Internet]. 2015.
Available at: http://www.nice.org.uk/TA350 (Accessed: 27 September 2016).

[20] McInnes IB, Mease PJ, Kirkham B, et al. Secukinumab, a human anti‐interleukin‐17A
monoclonal antibody, in patients with psoriatic arthritis (FUTURE 2): A randomised,
double‐blind, placebo‐controlled, phase 3 trial. Lancet. 2015;386(9999):1137–46. doi:
10.1016/S0140‐6736(15)61134‐5

[21] NICE. Belimumab for treating active autoantibody‐positive systemic lupus erythema‐
tosus [Internet]. 2016. Available at: https://www.nice.org.uk/guidance/TA397 (Ac‐
cessed: 72 September 2016).

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

119



[22] Denton CP, Black CM, Abraham DJ. Mechanisms and consequences of fibrosis in
systemic sclerosis. Nature Clinical Practice Rheumatology. 2006;2(3):134–44. doi:
10.1038/ncprheum0115

[23] Kowal‐Bielecka O, Landewé R, Avouac J, et al. EULAR recommendations for the
treatment of systemic sclerosis: A report from the EULAR Scleroderma trials and
research group (EUSTAR). Annals of the Rheumatic Diseases. 2009;68(5):620–8. doi:
10.1136/ard.2008.096677

[24] Denton CP, Hughes M, Gak N, et al. BSR and BHPR guideline for the treatment of
systemic sclerosis. Rheumatology (Oxford). 2016;55(10):1906–10. doi: 10.1093/rheuma‐
tology/kew224

[25] Denton CP. Systemic sclerosis: from pathogenesis to targeted therapy. Clinical and
Experimental Rheumatology. 2015;33(4 Suppl 92):S3–7.

[26] van Laar JM, Farge D, Sont JK, et al. Autologous hematopoietic stem cell transplantation
vs intravenous pulse cyclophosphamide in diffuse cutaneous systemic sclerosis: a
randomized clinical trial. JAMA. 2014;311(24):2490–8. doi: 10.1001/jama.2014.6368

[27] Burt RK, Shah SJ, Dill K, et al. Autologous non‐myeloablative haemopoietic stem‐cell
transplantation compared with pulse cyclophosphamide once per month for systemic
sclerosis (ASSIST): an open‐label, randomised phase 2 trial. Lancet. 2011;378(9790):498–
506. doi: 10.1016/S0140‐6736(11)60982‐3

[28] Poelman CL, Hummers LK, Wigley FM, et al. Intravenous immunoglobulin may be an
effective therapy for refractory, active diffuse cutaneous systemic sclerosis. The Journal
of Rheumatology. 2014;42(2):236–42. doi: 10.3899/jrheum.140833

[29] Takehara K, Ihn H, Sato S. A randomized, double‐blind, placebo‐controlled trial:
intravenous immunoglobulin treatment in patients with diffuse cutaneous systemic
sclerosis. Clinical and Experimental Rheumatology. 2013;31(2 Suppl 76):151–6.

[30] Raja J, Nihtyanova SI, Murray CD, et al. Sustained benefit from intravenous immuno‐
globulin therapy for gastrointestinal involvement in systemic sclerosis. Rheumatology
(Oxford). 2016;55(1):115–9. doi: 10.1093/rheumatology/kev318

[31] Nacci F, Righi A, Conforti ML, et al. Intravenous immunoglobulins improve the
function and ameliorate joint involvement in systemic sclerosis: a pilot study. Annals
of the Rheumatic Diseases. 2007;66(7):977–9. doi: 10.1136/ard.2006.060111

[32] Denton CP, Ong VH. Targeted therapies for systemic sclerosis. Nature Reviews
Rheumatology. 2013;9(8):451–64. doi: 10.1038/nrrheum.2013.46

[33] McCormick LL, Zhang Y, Tootell E, et al. Anti‐TGF‐beta treatment prevents skin and
lung fibrosis in murine sclerodermatous graft‐versus‐host disease: a model for human
scleroderma. Journal of Immunology. 1999;163(10):5693–9.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders120



[22] Denton CP, Black CM, Abraham DJ. Mechanisms and consequences of fibrosis in
systemic sclerosis. Nature Clinical Practice Rheumatology. 2006;2(3):134–44. doi:
10.1038/ncprheum0115

[23] Kowal‐Bielecka O, Landewé R, Avouac J, et al. EULAR recommendations for the
treatment of systemic sclerosis: A report from the EULAR Scleroderma trials and
research group (EUSTAR). Annals of the Rheumatic Diseases. 2009;68(5):620–8. doi:
10.1136/ard.2008.096677

[24] Denton CP, Hughes M, Gak N, et al. BSR and BHPR guideline for the treatment of
systemic sclerosis. Rheumatology (Oxford). 2016;55(10):1906–10. doi: 10.1093/rheuma‐
tology/kew224

[25] Denton CP. Systemic sclerosis: from pathogenesis to targeted therapy. Clinical and
Experimental Rheumatology. 2015;33(4 Suppl 92):S3–7.

[26] van Laar JM, Farge D, Sont JK, et al. Autologous hematopoietic stem cell transplantation
vs intravenous pulse cyclophosphamide in diffuse cutaneous systemic sclerosis: a
randomized clinical trial. JAMA. 2014;311(24):2490–8. doi: 10.1001/jama.2014.6368

[27] Burt RK, Shah SJ, Dill K, et al. Autologous non‐myeloablative haemopoietic stem‐cell
transplantation compared with pulse cyclophosphamide once per month for systemic
sclerosis (ASSIST): an open‐label, randomised phase 2 trial. Lancet. 2011;378(9790):498–
506. doi: 10.1016/S0140‐6736(11)60982‐3

[28] Poelman CL, Hummers LK, Wigley FM, et al. Intravenous immunoglobulin may be an
effective therapy for refractory, active diffuse cutaneous systemic sclerosis. The Journal
of Rheumatology. 2014;42(2):236–42. doi: 10.3899/jrheum.140833

[29] Takehara K, Ihn H, Sato S. A randomized, double‐blind, placebo‐controlled trial:
intravenous immunoglobulin treatment in patients with diffuse cutaneous systemic
sclerosis. Clinical and Experimental Rheumatology. 2013;31(2 Suppl 76):151–6.

[30] Raja J, Nihtyanova SI, Murray CD, et al. Sustained benefit from intravenous immuno‐
globulin therapy for gastrointestinal involvement in systemic sclerosis. Rheumatology
(Oxford). 2016;55(1):115–9. doi: 10.1093/rheumatology/kev318

[31] Nacci F, Righi A, Conforti ML, et al. Intravenous immunoglobulins improve the
function and ameliorate joint involvement in systemic sclerosis: a pilot study. Annals
of the Rheumatic Diseases. 2007;66(7):977–9. doi: 10.1136/ard.2006.060111

[32] Denton CP, Ong VH. Targeted therapies for systemic sclerosis. Nature Reviews
Rheumatology. 2013;9(8):451–64. doi: 10.1038/nrrheum.2013.46

[33] McCormick LL, Zhang Y, Tootell E, et al. Anti‐TGF‐beta treatment prevents skin and
lung fibrosis in murine sclerodermatous graft‐versus‐host disease: a model for human
scleroderma. Journal of Immunology. 1999;163(10):5693–9.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders120

[34] Ruzek MC, Jha S, Ledbetter S, et al. A modified model of graft‐versus‐host‐induced
systemic sclerosis (scleroderma) exhibits all major aspects of the human disease.
Arthritis and Rheumatism. 2004;50(4):1319–31. doi: 10.1002/art.20160

[35] Denton CP, Merkel PA, Furst DE, et al. Recombinant human anti‐transforming growth
factor beta1 antibody therapy in systemic sclerosis: a multicenter, randomized, placebo‐
controlled phase I/II trial of CAT‐192. Arthritis and Rheumatism;56(1):323–33. doi:
10.1002/art.22289

[36] Elliott RL, Blobe GC. Role of transforming growth factor beta in human cancer. Journal
of Clinical Oncology. 2005;23(9):2078–93. doi: 10.1200/JCO.2005.02.047

[37] Rice LM, Padilla CM, McLaughlin SR, et al. Fresolimumab treatment decreases
biomarkers and improves clinical symptoms in systemic sclerosis patients. The Journal
of Clinical Investigation. 2015;125(7):2795–807. doi: 10.1172/JCI77958

[38] Grattendick KJ, Nakashima JM, Feng L, et al. Effects of three anti‐TNF‐alpha drugs:
etanercept, infliximab and pirfenidone on release of TNF‐alpha in medium and TNF‐
alpha associated with the cell in vitro. International Immunopharmacology. 2008;8(5):
679–87. doi: 10.1016/j.intimp.2008.01.013

[39] Oku H, Nakazato H, Horikawa T, et al. Pirfenidone suppresses tumor necrosis factor‐
alpha, enhances interleukin‐10 and protects mice from endotoxic shock. European
Journal of Pharmacology. 2002;446:167–76.

[40] King TE Jr, Bradford WZ, Castro‐Bernardini S, et al. A phase 3 trial of pirfenidone in
patients with idiopathic pulmonary fibrosis. The New England Journal of Medicine.
2014;370(22):2083–92. doi: 10.1056/NEJMoa1402582

[41] Noble PW, Albera C, Bradford WZ, et al. Pirfenidone in patients with idiopathic
pulmonary fibrosis (CAPACITY): two randomised trials. Lancet. 2011;377(9779):1760–
9. doi: 10.1016/S0140‐6736(11)60405‐4

[42] Khanna D, Albera C, Fischer A, et al. An open‐label, phase II study of the safety and
tolerability of Pirfenidone in patients with scleroderma‐associated interstitial lung
disease: the LOTUSS trial. The Journal of Rheumatology. 2016;43(9):1672–9. doi:
10.3899/jrheum.151322

[43] Miura Y, Saito T, Fujita K, et al. Clinical experience with pirfenidone in five patients
with scleroderma‐related interstitial lung disease. Sarcoidosis, Vasculitis and Diffuse
Lung Diseases. 2014;31(3):235–8.

[44] Rodríguez‐Castellanos M, Tlacuilo‐Parra A, Sánchez‐Enríquez S, et al. Pirfenidone gel
in patients with localized scleroderma: a phase II study. Arthritis Research & Therapy.
2014;16(6):510. doi: 10.1186/s13075‐014‐0510‐4

[45] Pope J, McBain D, Petrlich L, et al. Imatinib in active diffuse cutaneous systemic
sclerosis: results of a six‐month, randomized, double‐blind, placebo‐controlled, proof‐

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

121



of‐concept pilot study at a single center. Arthritis and Rheumatism. 2011;63(11):3547–
51. doi: 10.1002/art.30549

[46] Khanna D, Saggar R, Mayes MD, et al. A one‐year, phase I/IIa, open‐label pilot trial of
imatinib mesylate in the treatment of systemic sclerosis‐associated active interstitial
lung disease. Arthritis and Rheumatism. 2011;63(11):3540–6. doi: 10.1002/art.30548

[47] Spiera RF, Gordon JK, Mersten JN, et al. Imatinib mesylate (Gleevec) in the treatment
of diffuse cutaneous systemic sclerosis: results of a 1‐year, phase IIa, single‐arm, open‐
label clinical trial. Annals of the Rheumatic Diseases. 2011;70(6):1003–9. doi: 10.1136/
ard.2010.143974

[48] Gordon J, Udeh U, Doobay K, et al. Imatinib mesylate (Gleevec™) in the treatment of
diffuse cutaneous systemic sclerosis: results of a 24‐month open label, extension phase,
single‐centre trial. Clinical and Experimental Rheumatology. 2014;32(6 Suppl 86):S189–
93.

[49] Fraticelli P, Gabrielli B, Pomponio G, et al. Low‐dose oral imatinib in the treatment of
systemic sclerosis interstitial lung disease unresponsive to cyclophosphamide: a phase
II pilot study. Arthritis Research & Therapy. 2014;16(4);R144. doi: 10.1186/ar4606

[50] Gordon JK, Martyanov V, Magro C, et al. Nilotinib (Tasigna™) in the treatment of early
diffuse systemic sclerosis: an open‐label, pilot clinical trial. Arthritis Research &
Therapy. 2015;17:213. doi: 10.1186/s13075‐015‐0721‐3

[51] Postlethwaite AE, Wong WK, Clements P, et al. A multicenter, randomized, double‐
blind, placebo‐controlled trial of oral type I collagen treatment in patients with diffuse
cutaneous systemic sclerosis: I. oral type I collagen does not improve skin in all patients,
but may improve skin in late‐phase disease. Arthritis and Rheumatism. 2008;58(6):
1810–22. doi: 10.1002/art.23501

[52] Seibold JR, Korn JH, Simms R, et al. Recombinant human relaxin in the treatment of
scleroderma. a randomized, double‐blind, placebo‐controlled trial. Annals of Internal
Medicine. 2000:132(11):871–9.

[53] Khanna D, Clements PJ, Furst DE, et al. Recombinant human relaxin in the treatment
of systemic sclerosis with diffuse cutaneous involvement: a randomized, double‐blind,
placebo‐controlled trial. Arthritis and Rheumatism;60(4):1102–11. doi: 10.1002/art.
24380

[54] Distler JH, Jordan S, Airo P, et al. Is there a role for TNFα antagonists in the treatment
of SSc? EUSTAR expert consensus development using the Delphi technique. Clinical
and Experimental Rheumatology. 2011;29(2 Suppl 65):S40–5.

[55] Mauviel A, Daireaux M, Rédini F, et al. Tumor necrosis factor inhibits collagen and
fibronectin synthesis in human dermal fibroblasts. FEBS Letters. 1988;236(1):47–52.

[56] Liu JY, Brass DM, Hoyle GW, et al. TNF‐alpha receptor knockout mice are protected
from the fibroproliferative effects of inhaled asbestos fibers. The American Journal of
Pathology. 1998;153(6):1839–47.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders122



of‐concept pilot study at a single center. Arthritis and Rheumatism. 2011;63(11):3547–
51. doi: 10.1002/art.30549

[46] Khanna D, Saggar R, Mayes MD, et al. A one‐year, phase I/IIa, open‐label pilot trial of
imatinib mesylate in the treatment of systemic sclerosis‐associated active interstitial
lung disease. Arthritis and Rheumatism. 2011;63(11):3540–6. doi: 10.1002/art.30548

[47] Spiera RF, Gordon JK, Mersten JN, et al. Imatinib mesylate (Gleevec) in the treatment
of diffuse cutaneous systemic sclerosis: results of a 1‐year, phase IIa, single‐arm, open‐
label clinical trial. Annals of the Rheumatic Diseases. 2011;70(6):1003–9. doi: 10.1136/
ard.2010.143974

[48] Gordon J, Udeh U, Doobay K, et al. Imatinib mesylate (Gleevec™) in the treatment of
diffuse cutaneous systemic sclerosis: results of a 24‐month open label, extension phase,
single‐centre trial. Clinical and Experimental Rheumatology. 2014;32(6 Suppl 86):S189–
93.

[49] Fraticelli P, Gabrielli B, Pomponio G, et al. Low‐dose oral imatinib in the treatment of
systemic sclerosis interstitial lung disease unresponsive to cyclophosphamide: a phase
II pilot study. Arthritis Research & Therapy. 2014;16(4);R144. doi: 10.1186/ar4606

[50] Gordon JK, Martyanov V, Magro C, et al. Nilotinib (Tasigna™) in the treatment of early
diffuse systemic sclerosis: an open‐label, pilot clinical trial. Arthritis Research &
Therapy. 2015;17:213. doi: 10.1186/s13075‐015‐0721‐3

[51] Postlethwaite AE, Wong WK, Clements P, et al. A multicenter, randomized, double‐
blind, placebo‐controlled trial of oral type I collagen treatment in patients with diffuse
cutaneous systemic sclerosis: I. oral type I collagen does not improve skin in all patients,
but may improve skin in late‐phase disease. Arthritis and Rheumatism. 2008;58(6):
1810–22. doi: 10.1002/art.23501

[52] Seibold JR, Korn JH, Simms R, et al. Recombinant human relaxin in the treatment of
scleroderma. a randomized, double‐blind, placebo‐controlled trial. Annals of Internal
Medicine. 2000:132(11):871–9.

[53] Khanna D, Clements PJ, Furst DE, et al. Recombinant human relaxin in the treatment
of systemic sclerosis with diffuse cutaneous involvement: a randomized, double‐blind,
placebo‐controlled trial. Arthritis and Rheumatism;60(4):1102–11. doi: 10.1002/art.
24380

[54] Distler JH, Jordan S, Airo P, et al. Is there a role for TNFα antagonists in the treatment
of SSc? EUSTAR expert consensus development using the Delphi technique. Clinical
and Experimental Rheumatology. 2011;29(2 Suppl 65):S40–5.

[55] Mauviel A, Daireaux M, Rédini F, et al. Tumor necrosis factor inhibits collagen and
fibronectin synthesis in human dermal fibroblasts. FEBS Letters. 1988;236(1):47–52.

[56] Liu JY, Brass DM, Hoyle GW, et al. TNF‐alpha receptor knockout mice are protected
from the fibroproliferative effects of inhaled asbestos fibers. The American Journal of
Pathology. 1998;153(6):1839–47.

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders122

[57] Piguet PF, Vesin C. Treatment by human recombinant soluble TNF receptor of pulmo‐
nary fibrosis induced by bleomycin or silica in mice. The European Respiratory Journal.
1994;7(3):515–8.

[58] Young V, Ho M, Vosper H, et al. Elevated expression of the genes encoding TNF‐alpha
and thromboxane synthase in leucocytes from patients with systemic sclerosis.
Rheumatology (Oxford). 2002;41(8):869–75.

[59] Distler JH, Schett G, Gay S, et al. The controversial role of tumor necrosis factor alpha
in fibrotic diseases. Arthritis and Rheumatism. 2008;58(8):2228–35. doi: 10.1002/art.
23645

[60] Lam GK, Hummers LK, Woods A, et al. Efficacy and safety of etanercept in the
treatment of scleroderma‐associated joint disease. The Journal of Rheumatology.
2007;34(7):1636–7.

[61] Denton CP, Engelhart M, Tvede N, et al. An open‐label pilot study of infliximab therapy
in diffuse cutaneous systemic sclerosis. Annals of the Rheumatic Diseases. 2008;68(9):
1433–9. doi: 10.1136/ard.2008.096123

[62] DrugBank: Abatacept [Internet]. Available from: http://www.drugbank.ca/drugs/
DB01281. (Accessed: 27 September 2016).

[63] NICE. Adalimumab, etanercept, infliximab, certolizumab pegol, golimumab, tocilizu‐
mab and abatacept for rheumatoid arthritis not previously treated with DMARDs or
after conventional DMARDs only have failed; 2016. Available at: https://
www.nice.org.uk/guidance/TA375 (Accessed: 27 September 2016).

[64] Schiff M, Weinblatt ME, Valente R, et al. Head‐to‐head comparison of subcutaneous
abatacept versus adalimumab for rheumatoid arthritis: two‐year efficacy and safety
findings from AMPLE trial. Annals of the Rheumatic Diseases. 2014;73(1):86–94. doi:
10.1136/annrheumdis‐2013‐203843

[65] Schiff M, Keiserman M, Codding C, et al. Efficacy and safety of abatacept or infliximab
vs placebo in ATTEST: a phase III, multi‐centre, randomised, double‐blind, placebo‐
controlled study in patients with rheumatoid arthritis and an inadequate response to
methotrexate. Annals of the Rheumatic Diseases. 2007;67(8):1096–103. doi: 10.1136/ard.
2007.080002

[66] Chakravarty EF, Fiorentino D, Bennett M, et al. A pilot study of abatacept for the
treatment of patients with diffuse cutaneous systemic sclerosis. Arthritis & Rheuma‐
tism. 2011;63(Suppl 10):707.

[67] Chakravarty EF, Martyanov V, Fiorentino D, et al. Gene expression changes reflect
clinical response in a placebo‐controlled randomized trial of abatacept in patients with
diffuse cutaneous systemic sclerosis. Arthritis Research & Therapy. 2015;17:159. doi:
10.1186/s13075‐015‐0669‐3

[68] Elhai M, Meunier M, Matucci‐Cerinic M, et al. Outcomes of patients with systemic
sclerosis‐associated polyarthritis and myopathy treated with tocilizumab or abatacept:

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

123



a EUSTAR observational study. Annals of the Rheumatic Diseases. 2012;72(7):1217–20.
doi: 10.1136/annrheumdis‐2012‐202657

[69] Salis P, Caccamo C, Verzaro R, et al. The role of basiliximab in the evolving renal
transplantation immunosuppression protocol. Biologics: Targets & Therapy. 2008;2(2):
175–88.

[70] Thistlethwaite JR Jr, Nashan B, Hall M, et al. Reduced acute rejection and superior 1‐
year renal allograft survival with basiliximab in patients with diabetes mellitus. The
global Simulect study group. Transplantation. 2000;70(5):784–90.

[71] Schmidt‐Hieber M, Fietz T, Knauf W, et al. Efficacy of the interleukin‐2 receptor
antagonist basiliximab in steroid‐refractory acute graft‐versus‐host disease. British
Journal of Haematology. 2005:130(4):568–74. doi: 10.1111/j.1365‐2141.2005.05631.x

[72] Becker MO, Brückner C, Scherer HU, et al. The monoclonal anti‐CD25 antibody
basiliximab for the treatment of progressive systemic sclerosis: an open‐label study.
Annals of the Rheumatic Diseases. 2010;70(7):1340–1. doi: 10.1136/ard.2010.137935

[73] Scherer HU, Burmester GR, Riemekasten G. Targeting activated T cells: successful use
of anti‐CD25 monoclonal antibody basiliximab in a patient with systemic sclerosis.
Annals of the Rheumatic Diseases. 2006;65(9):1245–7. doi: 10.1136/ard.2005.046938

[74] Barnes TC, Anderson ME, Moots RJ. The many faces of interleukin‐6: the role of IL‐6
in inflammation, vasculopathy, and fibrosis in systemic sclerosis. International Journal
of Rheumatology. 2011;2011:721608. doi: 10.1155/2011/721608

[75] Khan K, Xu S, Nihtyanova S, et al. Clinical and pathological significance of interleukin
6 overexpression in systemic sclerosis. Annals of the Rheumatic Diseases. 2012;71(7):
1235–42. doi: 10.1136/annrheumdis‐2011‐200955

[76] De Lauretis A, Sestini P, Pantelidis P, et al. Serum interleukin 6 is predictive of early
functional decline and mortality in interstitial lung disease associated with systemic
sclerosis. The Journal of Rheumatology. 2013;40(4):435–46. doi: 10.3899/jrheum.120725

[77] Fernandes das Neves M, Oliveira S, Amaral MC, et al. Treatment of systemic sclerosis
with tocilizumab. Rheumatology (Oxford). 2015;54(2):371–2. doi: 10.1093/rheumatolo‐
gy/keu435

[78] Khanna D, Denton CP, Jahreis A, et al. Safety and efficacy of subcutaneous tocilizumab
in adults with systemic sclerosis (faSScinate): a phase 2, randomised, controlled trial.
Lancet. 2016;387(10038):2630–40. doi: 10.1016/S0140‐6736(16)00232‐4

[79] A study of the efficacy and safety of Tocilizumab in participants with systemic sclerosis
(SSc) [focuSSced] [Internet]. 2015. Available at: https://clinicaltrials.gov/ct2/show/
NCT02453256 (Accessed: 27 September 2016).

[80] Hasegawa M, Hamaguchi Y, Yanaba K, et al. B‐lymphocyte depletion reduces skin
fibrosis and autoimmunity in the tight‐skin mouse model for systemic sclerosis. The
American Journal of Pathology. 2006;169(3):954–66. doi: 10.2353/ajpath.2006.060205

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders124



a EUSTAR observational study. Annals of the Rheumatic Diseases. 2012;72(7):1217–20.
doi: 10.1136/annrheumdis‐2012‐202657

[69] Salis P, Caccamo C, Verzaro R, et al. The role of basiliximab in the evolving renal
transplantation immunosuppression protocol. Biologics: Targets & Therapy. 2008;2(2):
175–88.

[70] Thistlethwaite JR Jr, Nashan B, Hall M, et al. Reduced acute rejection and superior 1‐
year renal allograft survival with basiliximab in patients with diabetes mellitus. The
global Simulect study group. Transplantation. 2000;70(5):784–90.

[71] Schmidt‐Hieber M, Fietz T, Knauf W, et al. Efficacy of the interleukin‐2 receptor
antagonist basiliximab in steroid‐refractory acute graft‐versus‐host disease. British
Journal of Haematology. 2005:130(4):568–74. doi: 10.1111/j.1365‐2141.2005.05631.x

[72] Becker MO, Brückner C, Scherer HU, et al. The monoclonal anti‐CD25 antibody
basiliximab for the treatment of progressive systemic sclerosis: an open‐label study.
Annals of the Rheumatic Diseases. 2010;70(7):1340–1. doi: 10.1136/ard.2010.137935

[73] Scherer HU, Burmester GR, Riemekasten G. Targeting activated T cells: successful use
of anti‐CD25 monoclonal antibody basiliximab in a patient with systemic sclerosis.
Annals of the Rheumatic Diseases. 2006;65(9):1245–7. doi: 10.1136/ard.2005.046938

[74] Barnes TC, Anderson ME, Moots RJ. The many faces of interleukin‐6: the role of IL‐6
in inflammation, vasculopathy, and fibrosis in systemic sclerosis. International Journal
of Rheumatology. 2011;2011:721608. doi: 10.1155/2011/721608

[75] Khan K, Xu S, Nihtyanova S, et al. Clinical and pathological significance of interleukin
6 overexpression in systemic sclerosis. Annals of the Rheumatic Diseases. 2012;71(7):
1235–42. doi: 10.1136/annrheumdis‐2011‐200955

[76] De Lauretis A, Sestini P, Pantelidis P, et al. Serum interleukin 6 is predictive of early
functional decline and mortality in interstitial lung disease associated with systemic
sclerosis. The Journal of Rheumatology. 2013;40(4):435–46. doi: 10.3899/jrheum.120725

[77] Fernandes das Neves M, Oliveira S, Amaral MC, et al. Treatment of systemic sclerosis
with tocilizumab. Rheumatology (Oxford). 2015;54(2):371–2. doi: 10.1093/rheumatolo‐
gy/keu435

[78] Khanna D, Denton CP, Jahreis A, et al. Safety and efficacy of subcutaneous tocilizumab
in adults with systemic sclerosis (faSScinate): a phase 2, randomised, controlled trial.
Lancet. 2016;387(10038):2630–40. doi: 10.1016/S0140‐6736(16)00232‐4

[79] A study of the efficacy and safety of Tocilizumab in participants with systemic sclerosis
(SSc) [focuSSced] [Internet]. 2015. Available at: https://clinicaltrials.gov/ct2/show/
NCT02453256 (Accessed: 27 September 2016).

[80] Hasegawa M, Hamaguchi Y, Yanaba K, et al. B‐lymphocyte depletion reduces skin
fibrosis and autoimmunity in the tight‐skin mouse model for systemic sclerosis. The
American Journal of Pathology. 2006;169(3):954–66. doi: 10.2353/ajpath.2006.060205

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders124

[81] Jordan S, Distler JH, Maurer B, et al. Effects and safety of rituximab in systemic sclerosis:
an analysis from the European Scleroderma trial and research (EUSTAR) group. Annals
of the Rheumatic Diseases. 2015:74(6):1188–94. doi: 10.1136/annrheumdis‐2013‐204522

[82] Lafyatis R, Kissin E, York M, et al. B cell depletion with rituximab in patients with
diffuse cutaneous systemic sclerosis. Arthritis and Rheumatism. 2009;60(2):578–83. doi:
10.1002/art.24249

[83] Moazedi‐Fuerst FC, Kielhauser SM, Brickmann K, et al. Rituximab for systemic
sclerosis: arrest of pulmonary disease progression in five cases. Results of a lower
dosage and shorter interval regimen. Scandinavian Journal of Rheumatology.
2014;43(3):257–8. doi: 10.3109/03009742.2013.869617

[84] Smith V, van Praet JT, Vandooren B, et al. Rituximab in diffuse cutaneous systemic
sclerosis: an open‐label clinical and histopathological study. Annals of the Rheumatic
Diseases. 2008;69(1):193–7. doi: 10.1136/ard.2008.095463

[85] Bosello S, De Santis M, Lama G, et al. B cell depletion in diffuse progressive systemic
sclerosis: safety, skin score modification and IL‐6 modulation in an up to thirty‐six
months follow‐up open‐label trial. Arthritis Research & Therapy. 2010;12(2):R54. doi:
10.1186/ar2965

[86] Daoussis D, Liossis SN, Antonopoulos I, et al. THU0245 Rituximab has a beneficial
effect on lung function and skin fibrosis in patients with systemic sclerosis. An open
label study. Annals of the Rheumatic Diseases. 2013;71(Suppl 3):237–238. doi: 10.1136/
annrheumdis‐2012‐eular.2210

[87] Daoussis D, Liossis SN, Tsamandas AC, et al. Experience with rituximab in scleroder‐
ma: results from a 1‐year, proof‐of‐principle study. Rheumatology (Oxford). 2010;49(2):
271–80. doi: 10.1093/rheumatology/kep093

[88] Daoussis D, Liossis SN, Tsamandas A, et al. Effect of long‐term treatment with rituxi‐
mab on pulmonary function and skin fibrosis in patients with diffuse systemic sclerosis.
Clinical and Experimental Rheumatology. 2012;30(2 Suppl 71):S17–22.

[89] Smith V, Piette Y, van Praet JT, et al. Two‐year results of an open pilot study of a 2‐
treatment course with rituximab in patients with early systemic sclerosis with diffuse
skin involvement. The Journal of Rheumatology. 2012;40(1):52–7. doi: 10.3899/
jrheum.120778

[90] Melissaropoulos K, Daoussis D, Antonopoulos I, et al. SAT0450 Rituximab in systemic
sclerosis. Results of an up to seven years, open label, multicenter study with a follow‐
up of 89 patient‐years. Annals of the Rheumatic Diseases. 2015;74(Suppl 2):823. doi:
10.1136/annrheumdis‐2015‐eular.4618

[91] Schiopu E, Chatterjee S, Hsu V, et al. Safety and tolerability of an anti‐CD19 monoclonal
antibody, MEDI‐551, in subjects with systemic sclerosis: a phase I, randomized,

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

125



placebo‐controlled, escalating single‐dose study. Arthritis Research & Therapy.
2016;18(1):131. doi: 10.1186/s13075‐016‐1021‐2

[92] Goldberg A, Geppert T, Schiopu E, et al. Dose‐escalation of human anti‐interferon‐α
receptor monoclonal antibody MEDI‐546 in subjects with systemic sclerosis: a phase 1,
multicenter, open label study. Arthritis Research & Therapy. 2014;16(1):R57. doi:
10.1186/ar4492

[93] Solans R, Bosch J, Esteban I, et al. Systemic sclerosis developing in association with the
use of interferon alpha therapy for chronic viral hepatitis. Clinical and Experimental
Rheumatology. 2004;22(5):625–8.

[94] Tahara H, Kojima A, Hirokawa T, et al. Systemic sclerosis after interferon alphacon‐1
therapy for hepatitis C. Internal Medicine (Tokyo, Japan). 2007;46(8):473–6.

[95] Eloranta ML, Franck‐Larsson K, Lövgren T, et al. Type I interferon system activation
and association with disease manifestations in systemic sclerosis. Annals of the
Rheumatic Diseases. 2010;69(7):1396–402. doi: 10.1136/ard.2009.121400

[96] Guo X, Higgs BW, Bay‐Jensen AC, et al. Suppression of T cell activation and collagen
accumulation by an Anti‐IFNAR1 mAb, Anifrolumab, in adult patients with systemic
sclerosis. The Journal of Investigative Dermatology. 2015;135(10):2402–9. doi: 10.1038/
jid.2015.188

[97] Giordano N, Puccetti L, Papakostas P, et al. Bosentan treatment for Raynauds phenom‐
enon and skin fibrosis in patients with systemic sclerosis and pulmonary arterial
hypertension: an open‐label, observational, retrospective study. International Journal
of Immunopathology and Pharmacology. 2010;23(4):1185–94.

[98] Liu C, Chen J, Gao Y, et al. Endothelin receptor antagonists for pulmonary arterial
hypertension. The Cochrane Database of Systematic Reviews. 2013;(2):CD004434.

[99] Launay D, Sitbon O, Le Pavec J, et al. Long‐term outcome of systemic sclerosis‐
associated pulmonary arterial hypertension treated with bosentan as first‐line mono‐
therapy followed or not by the addition of prostanoids or sildenafil. Rheumatology
(Oxford). 2010;49(3):490–500. doi: 10.1093/rheumatology/kep398

[100] Matucci‐Cerinic M, Denton CP, Furst DE, et al. Bosentan treatment of digital ulcers
related to systemic sclerosis: results from the RAPIDS‐2 randomised, double‐blind,
placebo‐controlled trial. Annals of the Rheumatic Diseases. 2011;70(1):32–8. doi:
10.1136/ard.2010.130658

[101] Roman Ivorra JA, Simeon CP, Alegre Sancho JJ, et al. Bosentan in clinical practice for
treating digital and other ischemic ulcers in Spanish patients with systemic sclerosis:
IBER‐DU cohort study. The Journal of Rheumatology. 2011;38(8):1631–5. doi: 10.3899/
jrheum.101266

[102] Tsifetaki N, Botzoris V, Alamanos Y, et al. Bosentan for digital ulcers in patients with
systemic sclerosis: a prospective 3‐year followup study. The Journal of Rheumatology.
2009;36(7):1550–2. doi: 10.3899/jrheum.080992

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders126



placebo‐controlled, escalating single‐dose study. Arthritis Research & Therapy.
2016;18(1):131. doi: 10.1186/s13075‐016‐1021‐2

[92] Goldberg A, Geppert T, Schiopu E, et al. Dose‐escalation of human anti‐interferon‐α
receptor monoclonal antibody MEDI‐546 in subjects with systemic sclerosis: a phase 1,
multicenter, open label study. Arthritis Research & Therapy. 2014;16(1):R57. doi:
10.1186/ar4492

[93] Solans R, Bosch J, Esteban I, et al. Systemic sclerosis developing in association with the
use of interferon alpha therapy for chronic viral hepatitis. Clinical and Experimental
Rheumatology. 2004;22(5):625–8.

[94] Tahara H, Kojima A, Hirokawa T, et al. Systemic sclerosis after interferon alphacon‐1
therapy for hepatitis C. Internal Medicine (Tokyo, Japan). 2007;46(8):473–6.

[95] Eloranta ML, Franck‐Larsson K, Lövgren T, et al. Type I interferon system activation
and association with disease manifestations in systemic sclerosis. Annals of the
Rheumatic Diseases. 2010;69(7):1396–402. doi: 10.1136/ard.2009.121400

[96] Guo X, Higgs BW, Bay‐Jensen AC, et al. Suppression of T cell activation and collagen
accumulation by an Anti‐IFNAR1 mAb, Anifrolumab, in adult patients with systemic
sclerosis. The Journal of Investigative Dermatology. 2015;135(10):2402–9. doi: 10.1038/
jid.2015.188

[97] Giordano N, Puccetti L, Papakostas P, et al. Bosentan treatment for Raynauds phenom‐
enon and skin fibrosis in patients with systemic sclerosis and pulmonary arterial
hypertension: an open‐label, observational, retrospective study. International Journal
of Immunopathology and Pharmacology. 2010;23(4):1185–94.

[98] Liu C, Chen J, Gao Y, et al. Endothelin receptor antagonists for pulmonary arterial
hypertension. The Cochrane Database of Systematic Reviews. 2013;(2):CD004434.

[99] Launay D, Sitbon O, Le Pavec J, et al. Long‐term outcome of systemic sclerosis‐
associated pulmonary arterial hypertension treated with bosentan as first‐line mono‐
therapy followed or not by the addition of prostanoids or sildenafil. Rheumatology
(Oxford). 2010;49(3):490–500. doi: 10.1093/rheumatology/kep398

[100] Matucci‐Cerinic M, Denton CP, Furst DE, et al. Bosentan treatment of digital ulcers
related to systemic sclerosis: results from the RAPIDS‐2 randomised, double‐blind,
placebo‐controlled trial. Annals of the Rheumatic Diseases. 2011;70(1):32–8. doi:
10.1136/ard.2010.130658

[101] Roman Ivorra JA, Simeon CP, Alegre Sancho JJ, et al. Bosentan in clinical practice for
treating digital and other ischemic ulcers in Spanish patients with systemic sclerosis:
IBER‐DU cohort study. The Journal of Rheumatology. 2011;38(8):1631–5. doi: 10.3899/
jrheum.101266

[102] Tsifetaki N, Botzoris V, Alamanos Y, et al. Bosentan for digital ulcers in patients with
systemic sclerosis: a prospective 3‐year followup study. The Journal of Rheumatology.
2009;36(7):1550–2. doi: 10.3899/jrheum.080992

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders126

[103] Nagai Y, Hasegawa M, Hattori T, et al. Bosentan for digital ulcers in patients with
systemic sclerosis. The Journal of Dermatology. 2012;39(1):48–51. doi: 10.1111/j.
1346‐8138.2011.01299.x

[104] Chung L, Ball K, Yaqub A, et al. Effect of the endothelin type A‐selective endothelin
receptor antagonist ambrisentan on digital ulcers in patients with systemic sclerosis:
results of a prospective pilot study. Journal of the American Academy of Dermatology;
71(2):400–1. doi: 10.1016/j.jaad.2014.04.028

[105] Hassoun PM, Zamanian RT, Damico R, et al. Ambrisentan and Tadalafil up‐front
combination therapy in scleroderma‐associated pulmonary arterial hypertension.
American Journal of Respiratory and Critical Care Medicine. 2015;192(9):1102–10. doi:
10.1164/rccm.201507‐1398OC

[106] Saggar R, Khanna D, Shapiro S, et al. Exercise induced pulmonary hypertension in
systemic sclerosis and treatment with Ambrisentan: A prospective single center, open
label, pilot study. In: Proceedings of the American Thoracic Society International
Conference (ATS 2011); 13–18 May 2011. doi: 10.1164/ajrccm‐conference.
2011.183.1_MeetingAbstracts.A5885

[107] Parisi S, Peroni CL, Laganà A, et al. Efficacy of ambrisentan in the treatment of digital
ulcers in patients with systemic sclerosis: a preliminary study. Rheumatology (Oxford).
2013;52(6):1142–4. doi: 10.1093/rheumatology/ket019

[108] Hettema ME, Zhang D, Bootsma H, et al. Bosentan therapy for patients with severe
Raynaud's phenomenon in systemic sclerosis. Annals of the Rheumatic Diseases.
2007;66(10):1398–9. doi: 10.1136/ard.2007.073684

[109] Shi‐Wen X, Chen Y, Denton CP, et al. Endothelin‐1 promotes myofibroblast induction
through the ETA receptor via a rac/phosphoinositide 3‐kinase/Akt‐dependent pathway
and is essential for the enhanced contractile phenotype of fibrotic fibroblasts. Molecular
Biology of the Cell. 2004;15(6):2707–19. doi: 10.1091/mbc.E03‐12‐0902

[110] Shi‐Wen X, Kennedy L, Renzoni EA, et al. Endothelin is a downstream mediator of
profibrotic responses to transforming growth factor beta in human lung fibroblasts.
Arthritis and Rheumatism. 2007;56(12):4189–94. doi: 10.1002/art.23134

[111] Reichenberger F, Schauer J, Kellner K, et al. Different expression of endothelin in the
bronchoalveolar lavage in patients with pulmonary diseases. Lung. 2002;179(3):163–74.
doi: 10.1007/s004080000058

[112] Seibold JR, Denton C, Furst DE, et al. Randomized, prospective, placebo‐controlled trial
of bosentan in interstitial lung disease secondary to systemic sclerosis. Arthritis and
Rheumatism. 2010;62(7):2101–8. doi: 10.1002/art.27466

[113] Furuya Y, Kuwana M. Effect of Bosentan on systemic sclerosis‐associated interstitial
lung disease ineligible for cyclophosphamide therapy: a prospective open‐label study.
The Journal of Rheumatology. 2011;38(10):2186–92. doi: 10.3899/jrheum.110499

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

127



[114] Kuhn A, Haust M, Ruland V, et al. Effect of bosentan on skin fibrosis in patients with
systemic sclerosis: a prospective, open‐label, non‐comparative trial. Rheumatology
(Oxford). 2010;49(7):1336–45. doi: 10.1093/rheumatology/keq077

[115] Khanna D, Denton CP, Merkel PA, et al. Effect of Macitentan on the development of
new ischemic digital ulcers in patients with systemic sclerosis: DUAL‐1 and DUAL‐2
Randomized clinical trials. JAMA. 2016;315(18):1975–88. doi: 10.1001/jama.2016.5258

[116] Fava A, Wung PK, Wigley FM, et al. Efficacy of Rho kinase inhibitor fasudil in secondary
Raynaud's phenomenon. Arthritis Care & Research (Hoboken). 2012;64(6):925–9. doi:
10.1002/acr.21622

[117] Herrick AL, Murray AK, Ruck A, et al. A double‐blind, randomized, placebo‐controlled
crossover trial of the α2C‐adrenoceptor antagonist ORM‐12741 for prevention of cold‐
induced vasospasm in patients with systemic sclerosis. Rheumatology (Oxford).
2014;53(5):948–52. doi: 10.1093/rheumatology/ket421

[118] Zibotentan better renal Scleroderma outcome study ‐ full text view [Internet]. 2014.
Available at: https://clinicaltrials.gov/show/NCT02047708 (Accessed: 27 September
2016).

[119] A study of Subcutaneous Abatacept to treat diffuse cutaneous systemic sclerosis
[Internet]. 2014. Available at: https://clinicaltrials.gov/ct2/show/NCT02161406 (Ac‐
cessed: 27 September 2016).

[120] Proof‐of‐concept trial of IVA337 in diffuse cutaneous systemic sclerosis [Internet]. 2015.
Available at: https://clinicaltrials.gov/show/NCT02503644 (Accessed: 27 September
2016).

[121] Ruzehaji N, Frantz C, Ponsoye M, et al. Pan PPAR agonist IVA337 is effective in
prevention and treatment of experimental skin fibrosis. Annals of the Rheumatic
Diseases. 2016. doi: 10.1136/annrheumdis‐2015‐208029

[122] A trial to compare Nintedanib with placebo for patients with scleroderma related lung
fibrosis [Internet]. 2015. Available at: https://clinicaltrials.gov/show/NCT02597933
(Accessed: 27 September 2016).

[123] Richeldi L, du Bois RM, Raghu G, et al. Efficacy and safety of nintedanib in idiopathic
pulmonary fibrosis. The New England Journal of Medicine. 2014;370(22):2071–82. doi:
10.1056/NEJMoa1402584

[124] Huang J, Beyer C, Palumbo‐Zerr K, et al. Nintedanib inhibits fibroblast activation and
ameliorates fibrosis in preclinical models of systemic sclerosis. Annals of the Rheumatic
Diseases. 2016;75(5):883–90. doi: 10.1136/annrheumdis‐2014‐207109

[125] Efficacy and safety of Riociguat in patients with systemic sclerosis [Internet]. 2014
Available at: https://clinicaltrials.gov/show/NCT02283762 (Accessed: 27 September
2016).

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders128



[114] Kuhn A, Haust M, Ruland V, et al. Effect of bosentan on skin fibrosis in patients with
systemic sclerosis: a prospective, open‐label, non‐comparative trial. Rheumatology
(Oxford). 2010;49(7):1336–45. doi: 10.1093/rheumatology/keq077

[115] Khanna D, Denton CP, Merkel PA, et al. Effect of Macitentan on the development of
new ischemic digital ulcers in patients with systemic sclerosis: DUAL‐1 and DUAL‐2
Randomized clinical trials. JAMA. 2016;315(18):1975–88. doi: 10.1001/jama.2016.5258

[116] Fava A, Wung PK, Wigley FM, et al. Efficacy of Rho kinase inhibitor fasudil in secondary
Raynaud's phenomenon. Arthritis Care & Research (Hoboken). 2012;64(6):925–9. doi:
10.1002/acr.21622

[117] Herrick AL, Murray AK, Ruck A, et al. A double‐blind, randomized, placebo‐controlled
crossover trial of the α2C‐adrenoceptor antagonist ORM‐12741 for prevention of cold‐
induced vasospasm in patients with systemic sclerosis. Rheumatology (Oxford).
2014;53(5):948–52. doi: 10.1093/rheumatology/ket421

[118] Zibotentan better renal Scleroderma outcome study ‐ full text view [Internet]. 2014.
Available at: https://clinicaltrials.gov/show/NCT02047708 (Accessed: 27 September
2016).

[119] A study of Subcutaneous Abatacept to treat diffuse cutaneous systemic sclerosis
[Internet]. 2014. Available at: https://clinicaltrials.gov/ct2/show/NCT02161406 (Ac‐
cessed: 27 September 2016).

[120] Proof‐of‐concept trial of IVA337 in diffuse cutaneous systemic sclerosis [Internet]. 2015.
Available at: https://clinicaltrials.gov/show/NCT02503644 (Accessed: 27 September
2016).

[121] Ruzehaji N, Frantz C, Ponsoye M, et al. Pan PPAR agonist IVA337 is effective in
prevention and treatment of experimental skin fibrosis. Annals of the Rheumatic
Diseases. 2016. doi: 10.1136/annrheumdis‐2015‐208029

[122] A trial to compare Nintedanib with placebo for patients with scleroderma related lung
fibrosis [Internet]. 2015. Available at: https://clinicaltrials.gov/show/NCT02597933
(Accessed: 27 September 2016).

[123] Richeldi L, du Bois RM, Raghu G, et al. Efficacy and safety of nintedanib in idiopathic
pulmonary fibrosis. The New England Journal of Medicine. 2014;370(22):2071–82. doi:
10.1056/NEJMoa1402584

[124] Huang J, Beyer C, Palumbo‐Zerr K, et al. Nintedanib inhibits fibroblast activation and
ameliorates fibrosis in preclinical models of systemic sclerosis. Annals of the Rheumatic
Diseases. 2016;75(5):883–90. doi: 10.1136/annrheumdis‐2014‐207109

[125] Efficacy and safety of Riociguat in patients with systemic sclerosis [Internet]. 2014
Available at: https://clinicaltrials.gov/show/NCT02283762 (Accessed: 27 September
2016).

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders128

[126] Prey S, Ezzedine K, Doussau A, et al. Imatinib mesylate in scleroderma‐associated
diffuse skin fibrosis: a phase II multicentre randomized double‐blinded controlled trial.
The British Journal of Dermatology. 2012;167(5):1138–44. doi: 10.1111/j.
1365‐2133.2012.11186.x

[127] Guo L, Chen XX, Gu YY, et al. Low‐dose imatinib in the treatment of severe systemic
sclerosis: a case series of six Chinese patients and literature review. Clinical Rheuma‐
tology. 2012;31(9):1395–400. doi: 10.1007/s10067‐012‐2032‐2

[128] Tamaki Z, Asano Y, Hatano M, et al. Efficacy of low‐dose imatinib mesylate for
cutaneous involvement in systemic sclerosis: a preliminary report of three cases.
Modern rheumatology/the Japan Rheumatism Association. 2011;22(1):94–9. doi:
10.1007/s10165‐011‐0472‐1

[129] Sabnani I, Zucker MJ, Rosenstein ED, et al. A novel therapeutic approach to the
treatment of scleroderma‐associated pulmonary complications: safety and efficacy of
combination therapy with imatinib and cyclophosphamide. Rheumatology (Oxford).
2008;48(1):49–52. doi: 10.1093/rheumatology/ken369

[130] De Paoli FV, Nielsen BD, Rasmussen F, et al. Abatacept induces clinical improvement
in patients with severe systemic sclerosis. Scandinavian Journal of Rheumatology.
2014;43(4):342–5. doi: 10.3109/03009742.2013.812238

[131] Cutolo M, Ruaro B, Pizzorni C, et al. Longterm treatment with endothelin receptor
antagonist bosentan and iloprost improves fingertip blood perfusion in systemic
sclerosis. The Journal of Rheumatology. 2014;41(5):881–6. doi: 10.3899/jrheum.131284

[132] Romaniello A, Viola G, Salsano F, et al. In systemic sclerosis patients, bosentan is safe
and effective for digital ulcer prevention and it seems to attenuate the development of
pulmonary arterial hypertension. Rheumatology (Oxford). 2013;53(3):570–1. doi:
10.1093/rheumatology/ket424

[133] Taniguchi T, Asano Y, Hatano M, et al. Effects of bosentan on nondigital ulcers in
patients with systemic sclerosis. The British Journal of Dermatology. 2011;166(2):417–
21. doi: 10.1111/j.1365‐2133.2011.10581.x

[134] Rosato E, Molinaro I, Borghese F, et al. Bosentan improves skin perfusion of hands in
patients with systemic sclerosis with pulmonary arterial hypertension. The Journal of
Rheumatology. 2010;37(12):2531–9. doi: 10.3899/jrheum.100358

[135] Nguyen VA, Eisendle K, Gruber I, et al. Effect of the dual endothelin receptor antagonist
bosentan on Raynaud's phenomenon secondary to systemic sclerosis: a double‐blind
prospective, randomized, placebo‐controlled pilot study. Rheumatology (Oxford).
2009;49(3):583–7. doi: 10.1093/rheumatology/kep413

[136] Funauchi M, Kishimoto K, Shimazu H, et al. Effects of bosentan on the skin lesions: an
observational study from a single center in Japan. Rheumatology International.
2008;29(7):769–75. doi: 10.1007/s00296‐008‐0789‐z

Translating Autoimmune Pathogenesis into Targeted Therapies for Systemic Sclerosis
http://dx.doi.org/10.5772/66642

129



[137] Denton CP, Pope JE, Peter HH, et al. Long‐term effects of bosentan on quality of life,
survival, safety and tolerability in pulmonary arterial hypertension related to connec‐
tive tissue diseases. Annals of the Rheumatic Diseases. 2007;67(9):1222–8. doi: 10.1136/
ard.2007.079921

[138] García de la Peña‐Lefebvre P, Rodríguez Rubio S, Valero Expósito M, et al. Long‐term
experience of bosentan for treating ulcers and healed ulcers in systemic sclerosis
patients. Rheumatology (Oxford). 2008;47(4):464–6. doi: 10.1093/rheumatology/ken001

[139] Sfikakis PP, Papamichael C, Stamatelopoulos KS, et al. Improvement of vascular
endothelial function using the oral endothelin receptor antagonist bosentan in patients
with systemic sclerosis. Arthritis and Rheumatism. 2007;56(6):1985–93. doi: 10.1002/
art.22634

[140] Moore TL, Vail A, Herrick AL. Assessment of digital vascular structure and function
in response to bosentan in patients with systemic sclerosis‐related Raynaud's phenom‐
enon. Rheumatology (Oxford). 2006;46(2):363–4. doi: 10.1093/rheumatology/kel383

[141] Selenko‐Gebauer N, Duschek N, Minimair G, et al. Successful treatment of patients
with severe secondary Raynaud's phenomenon with the endothelin receptor antagonist
bosentan. Rheumatology (Oxford). 2006;45(Suppl 3):iii45–8. doi: 10.1093/rheumatolo‐
gy/kel290

[142] Ahmadi‐Simab K, Hellmich B, Gross WL. Bosentan for severe pulmonary arterial
hypertension related to systemic sclerosis with interstitial lung disease. European
Journal of Clinical Investigation. 2006;36(Suppl 3):44–8. doi: 10.1111/j.
1365‐2362.2006.01695.x

[143] Meijs J, Voskuyl AE, Bloemsaat‐Minekus JP, et al. Blood flow in the hands of a prede‐
fined homogeneous systemic sclerosis population: the presence of digital ulcers and
the improvement with bosentan. Rheumatology (Oxford). 2015;54(2):262–9. doi:
10.1093/rheumatology/keu300

[144] Denton CP, Humbert M, Rubin L, et al. Bosentan treatment for pulmonary arterial
hypertension related to connective tissue disease: a subgroup analysis of the pivotal
clinical trials and their open‐label extensions. Annals of the Rheumatic Diseases.
2006;65(10):1336–40. doi: 10.1136/ard.2005.048967

[145] Chung L, Ball K, Yaqub A, et al. Effect of the endothelin type a‐selective endothelin
receptor antagonist ambrisentan on digital ulcers in patients with systemic sclerosis:
results of a prospective pilot study. Journal of the American Academy of Dermatology.
2014;71(2):400–1. doi: 10.1016/j.jaad.2014.04.028

[146] Bose N, Bena J, Chatterjee S. Evaluation of the effect of ambrisentan on digital micro‐
vascular flow in patients with systemic sclerosis using laser Doppler perfusion imaging:
a 12‐week randomized double‐blind placebo controlled trial. Arthritis Research &
Therapy. 2015;17:44. doi: 10.1186/s13075‐015‐0558‐9

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders130



[137] Denton CP, Pope JE, Peter HH, et al. Long‐term effects of bosentan on quality of life,
survival, safety and tolerability in pulmonary arterial hypertension related to connec‐
tive tissue diseases. Annals of the Rheumatic Diseases. 2007;67(9):1222–8. doi: 10.1136/
ard.2007.079921

[138] García de la Peña‐Lefebvre P, Rodríguez Rubio S, Valero Expósito M, et al. Long‐term
experience of bosentan for treating ulcers and healed ulcers in systemic sclerosis
patients. Rheumatology (Oxford). 2008;47(4):464–6. doi: 10.1093/rheumatology/ken001

[139] Sfikakis PP, Papamichael C, Stamatelopoulos KS, et al. Improvement of vascular
endothelial function using the oral endothelin receptor antagonist bosentan in patients
with systemic sclerosis. Arthritis and Rheumatism. 2007;56(6):1985–93. doi: 10.1002/
art.22634

[140] Moore TL, Vail A, Herrick AL. Assessment of digital vascular structure and function
in response to bosentan in patients with systemic sclerosis‐related Raynaud's phenom‐
enon. Rheumatology (Oxford). 2006;46(2):363–4. doi: 10.1093/rheumatology/kel383

[141] Selenko‐Gebauer N, Duschek N, Minimair G, et al. Successful treatment of patients
with severe secondary Raynaud's phenomenon with the endothelin receptor antagonist
bosentan. Rheumatology (Oxford). 2006;45(Suppl 3):iii45–8. doi: 10.1093/rheumatolo‐
gy/kel290

[142] Ahmadi‐Simab K, Hellmich B, Gross WL. Bosentan for severe pulmonary arterial
hypertension related to systemic sclerosis with interstitial lung disease. European
Journal of Clinical Investigation. 2006;36(Suppl 3):44–8. doi: 10.1111/j.
1365‐2362.2006.01695.x

[143] Meijs J, Voskuyl AE, Bloemsaat‐Minekus JP, et al. Blood flow in the hands of a prede‐
fined homogeneous systemic sclerosis population: the presence of digital ulcers and
the improvement with bosentan. Rheumatology (Oxford). 2015;54(2):262–9. doi:
10.1093/rheumatology/keu300

[144] Denton CP, Humbert M, Rubin L, et al. Bosentan treatment for pulmonary arterial
hypertension related to connective tissue disease: a subgroup analysis of the pivotal
clinical trials and their open‐label extensions. Annals of the Rheumatic Diseases.
2006;65(10):1336–40. doi: 10.1136/ard.2005.048967

[145] Chung L, Ball K, Yaqub A, et al. Effect of the endothelin type a‐selective endothelin
receptor antagonist ambrisentan on digital ulcers in patients with systemic sclerosis:
results of a prospective pilot study. Journal of the American Academy of Dermatology.
2014;71(2):400–1. doi: 10.1016/j.jaad.2014.04.028

[146] Bose N, Bena J, Chatterjee S. Evaluation of the effect of ambrisentan on digital micro‐
vascular flow in patients with systemic sclerosis using laser Doppler perfusion imaging:
a 12‐week randomized double‐blind placebo controlled trial. Arthritis Research &
Therapy. 2015;17:44. doi: 10.1186/s13075‐015‐0558‐9

Immunopathogenesis and Immune-based Therapy for Selected Autoimmune Disorders130

Chapter 7

Myasthenia Gravis: Clinical and Immunological Aspects

Kokil Tandon

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67684

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

Myasthenia Gravis: Clinical and Immunological Aspects

Kokil Tandon

Additional information is available at the end of the chapter

Abstract

Autoimmune diseases such as myasthenia gravis (MG) result from an altered balance 
between the processes of activation and regulation of immune response. MG is the most 
common autoimmune disorder characterized by failure of transmission at the neu-
romuscular junction (NMJ). Autoantibodies in MG target the acetylcholine receptors 
(AChRs) as well as non-AChR components like muscle-specific tyrosine kinase (MuSK). 
Autoantibodies against AChRs are produced by B cells in the germinal centres (GCs), 
formed in the medulla of MG thymus and circulated to the post-synaptic side of the 
neuromuscular junction (NMJ) leading to complement-mediated destruction of the post-
synaptic folds of NMJ and internalization of AChRs. The incidence and prevalence of 
MG have increased particularly in elderly, but clinical presentations vary substantially 
and recognition depends on classic disease phenotype. This chapter focuses on clinical 
and immunological aspects of MG and its subgroups based on its characterization of the 
antigenic targets.

Keywords: autoimmune disorders, autoantibodies, myasthenia gravis, acetylcholine 
receptors, B-cell receptors, cell-based assays, seronegative myasthenia gravis

1. History of myasthenia gravis

Myasthenia gravis (MG) is an autoimmune syndrome caused by the failure of neuromuscu-
lar transmission, which results from the binding of autoantibodies to proteins involved in 
signalling at the neuromuscular junction. Neurobiology of myasthenia gravis states that it is 
an antibody-mediated autoimmune disorder where antibodies to the acetylcholine receptors 
(AChR) cause complement-mediated destruction of the post-synaptic folds of the neuromus-
cular junction (NMJ) and internalisation of AChRs. This results in reduced muscle-nerve syn-
aptic transmission and fatigable muscle weakness, one of the characteristic clinical features, 
in MG patients. It mainly affects the voluntary muscles including muscles of the neck, eyelids, 
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limb and diaphragm. Antibodies to AChRs and their effects on AChR number and function 
have been recognized since 45 years. However, their characterization and increasing recogni-
tion of antigenic targets added to understand different forms of MG.

Other subgroups of MG includes early-onset MG, late-onset MG, MuSK MG, seronegative 
MG (SNMG), neonatal MG, depends on the presentation and proteins involved in the dis-
ease. Some MG patients do not have detectable antibodies against AChRs and are termed 
as SNMG. In SNMG, antibodies are directed against the extracellular domain of Musk and 
inhibit agrin-induced AChR clustering in muscle myotubes [1]. Immunoglobulin G antibod-
ies against Musk have been described in [2] and IgM alters AChR in in vitro assays [1].

The incidence and prevalence has increased particularly in older individuals [3, 4]. The yearly 
incidence has also risen in all studies [5] due to significant increase among older males as well 
as females [6].

The role of the antibodies that cause myasthenia gravis was clearly established in the 1970s but 
characterization of antigenic targets evolved till now. Confirmation that antibodies to AChR 
alone could cause myasthenia gravis, came from immunisation against purified AChRs [7], and 
the fact that monoclonal antibodies to AChR can produce similar effects in laboratory animals 
[8]. However they also tested that plasma exchange, removes circulating antibodies, which 
leads to a substantial but transient improvement in muscle function lasting up to 2 months [9].

2. Diagnostic and clinical classification of MG

Autoantibodies against AChR were present in 85% sera of MG patient [10]. After few years, 
antibodies against MuSK were reported in 70% of patients with generalized seronegative 
MG [11]. Approximately 15% of patients with generalized MG do not have AChR antibod-
ies, previously defined as ‘seronegative’ MG and about 40% of them have antibodies against 
MuSK; about two-third of the remaining 60% has low-affinity antibodies against AChR 
undetectable by conventional assays [12, 13]. In MG, 90% of all cases are associated with 
MuSK and AChR antibodies and are convincingly pathogenic. Besides, some of the antibod-
ies can be associated with special clinical phenotypes. The clinical hallmark of MG is fatiga-
ble weakness, involving susceptible muscle groups in the body. It is the most characteristic 
feature of MG which becomes more evident on exertion and improves with rest. The course 
of MG is variable. Many patients experience intermittent worsening of symptoms triggered 
by infections, emotional stress, surgeries or medications, particularly during the first year 
of the disease.

3. Autoantibodies in MG

Early-onset myasthenia gravis is defined as presenting before age 40 years and is more com-
mon in women as per MG Foundation of America. Most are positive for AChR antibodies, 
and the thymus gland is enlarged. These patients have antibodies to other muscle antigens, 
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but might have other organ-specific autoantibodies [14–16]. Recently, it has been found that, 
tested serum from EOMG patients, females produced higher amounts of antibodies against 
clustered AChRs than males. On titration, no significant decrease in level of antibodies was 
observed. All these observations are summarized in Table 1 [17].

The targeted antibodies in most MG cases are against the Ach-gated cation channel α1 AChR 
[18]. Two isoforms of AChR, foetal and adult, differ in the composition of five subunits: 
the two α1, one δ and one β1 subunits, the foetal receptor contains one γ and replaced by 
one ε subunit in the adult receptor [17]. The main immunogenic region (MIR) is located to 
the extracellular top of the α1 subunit on the ACh binding site as shown in Figure 2. The 
antibodies against AChRs are mostly complement-fixing IgG1 or IgG3, which recognizes 
the native conformation easily. The conventional assay to detect AChR antibodies in the 
sera is radioimmunoprecipitation assay which is based on the mixture of foetal and adult 
125I- α –BuTx labelled AChR purified from a human muscle cell line. The sensitivity of the 
assay is about 80–85% in generalized MG. Alternatively, a non-radioactive cell-based assay 
(CBA) using cells co-transfected with AChR subunits and rapsyn that clusters AChR at NMJ, 
detected AChR antibodies in few patients, earlier regarded as ‘seronegative’ with conven-
tional RIPA [13].

Late-onset myasthenia gravis is defined as its first presentation in people older than 40 years. 
The thymus gland is not enlarged, but there is an HLA association with B7 and DR2 [17]. 
Thymoma-associated myasthenia gravis is not age specific, but can be presented at any age 
and the peak onset is during the 4th– 6th decades. There are no clear HLA associations. The 
patients usually have antibodies to other muscle antigens such as titin and ryanodine recep-
tor [18].

Generalised myasthenia gravis(MG) anti-AChR–seropositive (RIA)

Ocular MG Early-onset (EOMG) Late-onset (LOMG) Thymoma

Onset-age (years) 4–90 10–45 >45 >10

M:F ratio 3:2 1:3 3:2 1:1

% of all MG 20 20 50 10

HLA/other genes Not clear DR3/52a -- B8 
PTPN22 TNIP1

DR2/ 51 - B7 Not clear

Autoantibodies AChR MuSK AChR AChR Musk/AChR/ SN

AChR + or – +++ - + ++ ++

MuSK – – – –

Striated muscle/titin – – ++ (70%) ++ (>90%)

Thymic histology Hyperplasia + or – Hyperplasia (>80%) Atrophy Epithelial neoplasia 
(+adj. hyperplasia)

Age at onset, gender ratio and other factors in this chart describes clinical basis of Classification ‘OF’ MG with 
Clasification ‘IN’ MG, based on the estimated results on MG serum testing till 2013.

Table 1. Clinical classification of MG.
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Ocular myasthenia gravis is restricted to the eye muscles. The titres of antibodies to AChR are 
lowest in this subgroup, and undetectable in 40–60% of patients. However, electromyography 
and in vitro studies on muscle biopsy samples indicate that the disease is probably present 
sub-clinically in other muscles [19]. Ocular weakness, presenting as fluctuating ptosis and/or 
diplopia, is the most common initial presentation of MG, occurring in approximately 85% of 
patients [20].

MG with thymoma, about 10–15% of patients have thymoma, while 30% of thymomas are 
associated with MG. Thymoma is equally common in men and women. It can occur at any 
age, but the peak of onset is around 50 years. Thymoma associated with titin or especially 
with RyR antibodies may have more severe disease course similar to MuSK-MG, character-
ized by progressive oropharyngeal weakness. Thymoma is mostly associated with high titer 
of AChR antibodies. Its symptoms usually persist after thymectomy [21].

3.1. Neonatal MG

Neonatal MG occurs to the babies born to the women having MG regardless of its presen-
tation at the time of pregnancy. It is estimated to be 10% among individuals. It is caused 
by placental transfer of maternal IgG AChR antibodies. The mothers had very high titres of 
antibodies specific for the foetal isoform of the AChR, and low concentrations of antibodies 
directed towards the adult isoform of the AChR (Observations from EOMG patients).

3.2. Anti-Musk MG

Musk is a transmembrane endplate polypeptide involved in a signalling pathway that maintains 
the normal functional integrity of the NMJ as shown in Figure 1 [18, 22]. Musk antibodies are 
mainly IgG4 and are not complement activating, unlike the IgG1 and IgG3 anti-AChR antibod-
ies [26]. Anti-Musk antibodies adversely affect the maintenance of AChR clustering at the mus-
cle endplate, leading to reduced numbers of functional AChRs [20]. Apart from ELISA, a highly 
sensitive and specific cell-based assay using Musk-transfected HEK cells have been developed 
and its expression was found very high. Some of the sera of Musk-MG reacted with clustered 
AChRs as well, showing that low-affinity IgG and IgM antibodies to AChR may be present in 
a few Musk-MG patients [14]. IgG4 antibodies were previously known in autoimmune disease 
and thought to occur as a benign phenomenon in conjunction with resolution of allergic reac-
tions. However, they are recognised in other diseases, such as forms of pemphigus [27].

4. Other antibodies

Lrp4 is similarly essential as Musk in the development and function of the adult NMJ, where 
it performs both anterograde and retrograde signalling roles [24]. These roles highlighted it 
as a putative antigen of interest, and LRP4 antibodies have been reported in Japanese [28] and 
European patients. The antibodies were of the complement-activating IgG1 type [28, 29] and 
impeded agrin-induced clustering of AChRs.
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Agrin and collagen Q, antibodies to agrin have been identified in a small number of ‘triple 
negative’ MG sera (samples negative for AChR, Musk and LRP4 antibodies) at proportions 
from 15 to 50%. These antibodies sometimes at low titres were found only with AChR or 
MuSK antibodies [24]. ColQ tied with MuSK within the synapse, is thought to interact also 
with Musk. ColQ antibodies were reported in 3–4% of all MG patient sera tested and 1.2–5.5% 
of the AChR/MuSK/LRP4 negative samples [33].

5. Neuromuscular junction

The NMJ has three basic components, the presynaptic motor nerve terminal, site of acetyl-
choline synthesis, stored and released. Second is the synaptic space and third is the post-
synaptic muscle membrane, which contains the AChRs and the enzyme acetylcholinesterase. 
Neuromuscular transmission begins with the entry of nerve action potential into the nerve 
terminal and triggers the release of acetylcholine. Exocytosis of synaptic vesicles containing 
acetylcholine requires calcium, which enters the depolarised nerve terminal via voltage-gated 
Ca2+ channels. Acetylcholine diffuses across the synaptic cleft and interacts with the AChRs 
on the post-synaptic side of muscle, leading to depolarisation. The action of acetylcholine 

Figure 1. Structure of NMJ, the ion channels involved in neuromuscular transmission and disorders that affect it. The 
receptor muscle-specific kinase MuSK that now seems to be a major target in AChR seronegative myasthenia gravis is 
also shown along with other receptors [18].
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on the post-synaptic membrane is terminated by acetylcholinesterase. In MG, loss of func-
tional AChRs results in the decrease of threshold required for generation of muscle nerve 
fibre action potential during repetitive nerve depolarisations, resulting into neuromuscular 
transmission failure.

6. Structural characterization of AChRs

AChR remains the major antigenic target in MG followed by Musk, LRP4 and agrin. AChR 
is a pentameric membrane protein consisting of two α, one β, one δ and one ε subunit in the 
adult muscle, whereas, during development on child birth, the γ subunit takes the place of the 
ε. These subunits in respective isoforms are organized around a central cation channel. The 
two binding sites between α and ε or γ and α and δ need to be occupied to be in open state. 
The main immunogenic region (MIR) is on the extracellular component of each α subunit [13] 
(Figure 2).

7. Intra-thymic auto-immune mechanisms in MG

The thymus is an epithelial organ that can be divided into cortex, medulla and cortico-
medullary zone. The cortex contains immature lymphocytes alongside epithelial cells 
and macrophages. The medulla is less cellular containing more mature T lymphocytes, B 
lymphocytes, epithelial cells, dendritic cells and rare myoid cells. It plays a critical role in 
self-tolerance with a balance between the generation of T lymphocytes and deletion of auto-
reactive T cells, when required [25].

Figure 2. The acetylcholine receptor is a pentameric membrane protein; the membrane consists of five subunits: two α, 
one β, one δ and either gamma (foetal type) or epsilon (adult type). Acetylcholine and alpha-bungarotoxin bind to sites 
on the interfaces between the alpha subunit and adjacent subunits. Most of the antibodies in Myasthenia gravis bind to 
a main immunogenic region on the two α subunits [19].
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The thymus also has a critical role in AChR Ab+ EOMG patients, having lymphocytic infil-
trates in medullary region and germinal centres with distinct areas for B-cell proliferation, 
differentiation, somatic hypermutation and class switching [25] and thymoma cells do not 
[23]. Native AChR is also expressed by the myoid cells but are more abundant in hyperplas-
tic thymus [17]. Since a high proportion of patients with MG, demonstrate germinal centre 
hyperplasia of the thymus or cortical epithelial cell thymoma, the thymus gland was con-
sidered a solution to all forms of MG [31]. Whereas, thymectomy is associated with clini-
cal improvement, especially in young patients with thymus hyperplasia and recent disease 
onset [32].Normally, the thymus functions in early life to prevent autoimmune disorders by 
its inherent role in clonal deletion by negative selection of auto-reactive T cells and becomes 
regulatory T cells in early life [33]. Germinal centres normally arise in primary follicles within 
the secondary lymphoid organs, namely the spleen, lymph nodes and Peyer’s patches; these 
organs provide the necessary microenvironment for the germinal centre response. This justi-
fies the chances for having an autoimmune disorder was not affected by the age of onset of 
MG. Hence, indicate that acquired and non-genetic factors are involved in the establishment 
of the immune tolerance breakdown. The clinical impact of exposure to these acquired factors 
occurs later in life than the clinical impact of thymic involvement [34].

8. Molecular characterization of thymic B cells

Auto-reactive B cells and antibodies can be detected in a variety of neurological diseases. 
Their causative roles have been established in some disorders and are found to be involved in 
the pathogenesis of others. During the immune response against an antigen, B cells bearing 
antigen-specific receptors stimulate to proliferate and differentiate into antibody-secreting 
plasma cells within the germinal centres. This requires the presence of follicular dendritic 
cells (FDCs) and activated CD4 T-helper 1(Th-1) cells, CD40/CD40 ligand interaction, and a 
cocktail of cytokines to create the microenvironment necessary for a germinal centre reaction 
and a few B cells bearing an appropriate antigen receptors are stimulated to undergo clonal 
proliferation in the dark zone of the germinal centre and differentiation to centroblasts, cen-
trocytes, memory B cells and plasma cells. Antibody-secreting plasma cells migrate out of the 
follicle into the surrounding tissue [35].

Several markers on B cells during its proliferation, differentiation and development, charac-
terize them into subsets. CD 20, CD 19, CD 27 and CD 138 which are found on the surface of 
B cells and plasmablasts, are currently in research to develop B-cell–targeted immunotherapy 
to treat MG and other related autoimmune neurological disorders.

9. B-cell–directed immunotherapies

Pyridostigmine and corticosteroids plays a central role in the management of MG [36]. Use 
of azathioprine and other immunosuppressant drugs have been supported to treat MG. 
Intravenous Immunoglobulin and plasma exchange were also successful treatments for MG.
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Rituximab is a chimeric monoclonal antibody directed against the B-cell surface marker 
CD20. It reduces circulating B-cell counts, and on the basis of its potential for targeting auto-
reactive B-cell clones, have a therapeutic role in antibody-mediated autoimmune diseases 
[20]. It has been a useful treatment in IgG4-related diseases which eliminates a population 
of B or plasma cells responsible for the production of IgG4 antibodies, a targeted B-cell 
immunotherapy [30].

Ofatumumab is a fully monoclonal anti CD20 antibody which inhibits early B-cell develop-
ment. Ofatumumab induced enormous depletion of peripheral B lymphocytes in rheumatoid 
arthritis on the retreatment after rituximab [37]. It has been approved for treating chronic 
lymphocytic leukaemia. Its effect on development of B cells from MG patients’ thymus is 
currently under study [38–40] . There are several emerging therapies for MG, including tacro-
limus, rituximab and antigen-specific apheresis, whereas other treatments await clarification 
of efficacy and their role in MG. In addition, the complement inhibitory therapy has been 
shown to be effective in experimental MG [41] and might prove promising in myasthenic 
crisis and particularly in ocular MG, because of the low expression of complement regulators 
in extraocular muscle [41].

Recent findings that B cells have critical positive and negative roles in autoimmune disease 
[42] might lead to particularly effective therapeutic strategies that specifically target anti-AChR 
antibody-producing memory B cells.
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Abstract

The tumor necrosis factor superfamily (TNFSF) member and cytokine known as B-cell 
activation factor belonging to the TNF-family (BAFF) has been identified as one of the 
key factors in the selection and survival of B cells. Overexpression of BAFF in mice leads 
to autoimmunity, whereas BAFF-deficient mice lack mature B cells. Although under nor-
mal concentrations of BAFF, non–self-reactive B cells survived and autoreactive B cells 
were deleted, a higher concentration of BAFF contributed to the survival of autoreactive 
B cells and elevated autoantibody production. Lupus-prone mice have increased serum 
levels of BAFF during the onset and progression of disease. The serum BAFF levels are 
elevated in patients with autoimmune diseases, such as systemic lupus erythematosus, 
rheumatoid arthritis, Sjögren’s syndrome and ANCA-associated vasculitis, and showed 
positive correlations with autoantibodies. Based on the development of autoimmune dis-
orders in animal models of BAFF overexpression and the elevated levels of serum BAFF 
in patients with autoimmune diseases, it appears that BAFF may be associated with 
autoimmune processes and that BAFF may be a potential biomarker for disease activity 
in autoimmune diseases. BAFF may also be important as a therapeutic target in those 
diseases and several BAFF-neutralizing agents are currently undergoing clinical trials.

Keywords: B-cell activation factor belonging to the TNF-family, systemic lupus 
erythematosus, rheumatoid arthritis, Sjögren’s syndrome, systemic vasculitis, 
belimumab, atacicept

1. Introduction

B cells are associated with autoimmune diseases (in functions such as the production of 
pathogenic autoantibodies) and with multiple pathogenic functions such as autoantigen 
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uptake and transport, autoantigen presentation to T cells, the production of humoral factors 
and migration to sites of inflammation. As one of the key factors in the selection and survival 
of B cells, a closely related cytokine of the tumor necrosis factor (TNF) superfamily (TNFSF) 
was identified, i.e., the B-cell activation factor belonging to the TNF-family (BAFF). Here we 
review the physiology of BAFF and its receptors, the roles of BAFF and the effects of BAFF 
blockade in autoimmune diseases.

2. The basic characteristics of BAFF

2.1. BAFF and its receptors

BAFF (also known as B-lymphocyte stimulator) is a member of the TNF superfamily 13B 
(TNFSF13B) of proteins that regulate immune responses [1, 2]. The gene for BAFF is located 
on human chromosome 13q34 and on mouse chromosome 8 [3]. BAFF exists in two forms, 
a membrane-bound form and a soluble form. Membrane-bound BAFF can be released from 
cells via proteolytic cleavage from a furin protease site by metalloproteases and released in a 
soluble form [4].

Soluble BAFF mainly exists in the form of homotrimers. An in vitro study showed that 20 
BAFF trimers may associate to form a multimeric BAFF 60-mer (which exhibits a virus-like 
structure) at a neutral or alkaline pH; at an acidic pH, the BAFF 60-mer dissociates into BAFF 
trimers [5]. However, whether soluble BAFF does or does not form BAFF 60-mer in vivo is 
a controversial question [6]. BAFF is expressed on the surface of many cell types, including 
antigen-presenting cells (B cells, monocytes, macrophages, dendritic cells) [7, 8], neutrophils 
[9] and activated T cells [10]. BAFF mRNA has also been detected in bone marrow-derived 
stromal cells, astrocytes and fibroblast-like synoviocytes in response to proinflammatory 
cytokines [11].

Soluble BAFF binds to three receptors that are present on several immune cell types—i.e., 
BAFF-receptor (BAFF-R; also known as BR3 and TNF-receptor superfamily 13C), transmem-
brane activator and calcium modulator and cyclophilin-ligand interactor (TACI; also known 
as TNF-receptor superfamily 13B) and B-cell maturation antigen (BCMA; also known as 
TNF-receptor superfamily 17)—at various times during their differentiation [1]. BCMA is 
expressed on transitional type 1 (T1) cells [12] and on plasma cells [13, 14], whereas TACI and 
BAFF-R are expressed on innate immune B cells (marginal zone B cells and transitional type 
2 [T2] B cells) and mature B cells [12].

A proliferation-inducing ligand (APRIL), which is a member of the TNFSF (TNFSF13A), was 
identified as the homologous molecule of BAFF [15]. The gene for APRIL is located on human 
chromosome 17p13.1 and on mouse chromosome 11 [16]. Similar to soluble BAFF, soluble 
APRIL exists mainly in the form of homotrimers. APRIL differs from BAFF in that APRIL is 
not present on the cell surface. APRIL is processed by the Golgi apparatus, which involves 
cleavage at the furin protease site and the resulting soluble APRIL is released from the cell 
[17]. Although APRIL trimers are unable to form a multimeric 60-mer, APRIL trimers bind to 
heparan sulfate proteoglycans (HSPGs) and the binding of multiple APRIL to HSPGs enhances 
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local APRIL signaling [18]. Moreover, HSPGs provide a platform for APRIL multimerization, 
which promotes the occurrence of APRIL multimerization [19].

Thus, the BAFF system involves two ligands (BAFF and APRIL) and three receptors (BAFF-R, 
TACI and BCMA) and the ligands take three forms (membrane-bound, soluble homotrimers 
and the multimeric form) (Figure 1) [1]. However, APRIL binds to TACI and BCMA but not to 
BAFF-R [20]. Membrane-bound BAFF and the multimeric BAFF 60-mer binds to BAFF-R, TACI 
and BCMA, whereas the soluble homotrimers BAFF binds to only BAFF-R [20, 21]. BAFF-R 
is expressed on resting, marginal zone and germinal center B cells and TACI is expressed on 
mature B cells and plasma cells [20, 21]. BCMA was identified prior to BAFF-R as a receptor 
for BAFF [22, 23], but its expression is restricted to germinal center B cells, memory B cells and 
plasma cells [24–26]. BCMA is a high-affinity receptor for APRIL, whereas in humans BCMA 
binds BAFF with low affinity.

2.2. Functions of BAFF

The B cells differentiate from hematopoietic stem cells to pro-B cells, pre-B cells, immature B 
cells, T1 B cells, T2 B cells, mature B cells, activated B cells, memory B cells and plasma cells 
sequentially and the interaction of BAFF with BAFF-R is essential for the survival of T2 B 

Figure 1. The BAFF system involves two ligands (BAFF and APRIL) and three receptors (BAFF-R, TACI and BCMA) and 
the ligands take three forms (membrane-bound, soluble homotrimers and the multimeric form).
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cell [1, 22, 27]. Increased competition for BAFF results in a deletion of autoreactive B cells, 
whereas decreased competition for BAFF in the context of B-cell lymphopenia or increased 
levels of circulating BAFF results in a relaxation of the B-cell selection and a release of more 
autoreactive naïve B cells. BAFF-R is upregulated by B-cell receptor (BCR) ligation on mature 
B cells [28] and is expressed on resting memory B cells [14].

However, it is clear that the survival and reactivation of B-cell memory is BAFF-
independent. BAFF-R mediates most BAFF-dependent functions in the naïve B-cell pop-
ulation [29], whereas BCMA is needed for the optimal generation of long-lived plasma 
cells [30]. Survival of plasma cells expressing TACI and/or BCMA depends on either BAFF 
or APRIL secreted by dendritic cells and monocyte/macrophages in the lymph node or 
bone marrow [31]. In contrast, peritoneal B1 cells do not require BAFF or APRIL for their 
 survival [1].

BAFF also plays an important role in immunoglobulin production and class switching.  
T cell-independent type II responses require the interaction of multimeric BAFF 60-mer 
or membrane-bound BAFF with TACI [32–34]. TACI-deficient mice have decreased serum 
IgM and decreased IgM responses to T-independent antigens, but they have increased 
B-cell numbers and develop an autoimmune phenotype [35]. BAFF induces the CD40-
independent immunoglobulin-class switching through the interaction of B cells and the 
dendritic cells; human dendritic cells upregulate BAFF and APRIL induced immunoglobu-
lin-class switch from Cμ to Cγ and/or Cα genes in B cells in the presence of IL-10 and TGF-β 
and in the presence of IL-4, BAFF and APRIL-induced immunoglobulin-class switch from 
Cμ to Cε [35]. IgG responses are much less BAFF-dependent and class-switching to IgA 
appears to be dependent upon the interaction of APRIL, multimerized by proteoglycans, 
with TACI [36, 37].

BAFF is an essential component of the innate-immune response and is induced in myeloid den-
dritic cells by type I interferons (IFNs) [38]. BAFF upregulates toll-like receptor (TLR) expres-
sion, promotes B-cell survival and promotes immunoglobulin class-switching and plasma cell 
differentiation together with interleukin (IL-6) [39, 40]. The activation of TLR-9 in B cells by oli-
godeoxynucleotides containing CpG motifs upregulates the expression of TACI and increases 
BCR-mediated signaling [39, 41]. In contrast, the activation of TLR-4 in B cells by lipopolysac-
charides upregulates BAFF-R and induces the activated B cells to become susceptible to Fas/
CD95-mediated apoptosis [42].

2.3. BAFF-R signaling

Membrane proximal signaling by BAFF-R has been attributed to the TNFR-associated fac-
tor (TRAF) molecules, which bind directly or via adapter molecules to intracellular domains 
of TNFRSF members [43, 44]. Although only TRAF3 binds BAFF-R directly [45, 46], signal-
ing occurs via the concerted actions of TRAF2 and TRAF3, which negatively regulate the 
receptor [43]. Thus, mice lacking TRAF2 or TRAF3 exhibit a phenotype consistent with BAFF 
transgenic mice and can persist in vitro in the absence of survival factors as well as in vivo in 
the absence of BAFF [47–50]. On the other hand, the inactivation of TRAF3 also allowed for 
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the formation and maintenance of the marginal zone B-cell compartment [49, 50], indicating 
that both BAFF-dependent survival and differentiation signals are dependent upon TRAF2/
TRAF3. TRAF2 and TRAF3 are recruited, leading to the release of NF-κB-inducing kinase 
(NIK), which phosphorylates IKK1, leading to p100 processing to p52 and the activation of 
NF-κB (Figure 2).

TACI intracellular domain interacted with TRAF2, TRAF5 and TRAF6 and these interactions 
induce NF-κB and JNK activations [51, 52]. On the other hand, in immunoglobulin class-
switch signaling, TACI can activate NF-κB in the myeloid differentiation primary response 
protein 88 (MyD88)/the interleukin-1 receptor-associated kinase 4 (IRAK4)-dependent man-
ner similar to TLR signaling [53]. MyD88 and TRAF2 bind to the same region of TACI and 
acts cooperatively to activate NF-κB [53]. BCMA, BAFF-R and CD40 do not share the ability 
to bind MyD88.

BCMA-deficient mice have normal B-cell development and the life span of mutant B lym-
phocytes is comparable to that of wild-type B cells [54]. Moreover, the humoral immune 
responses of BCMA-deficient mice to T-cell-independent and -dependent antigens were 
also intact [54]. However, in BCMA-deficient mice, the reduced number of long-lived IgG-
producing bone marrow plasma cells was demonstrated compared with wild-type mice [13] 
and BCMA may be the receptor on plasma cells critical for plasma cell survival. An overex-
pression of BCMA in human embryonic kidney 293 cells activated canonical NF-κB signaling 
and  coimmunoprecipitation studies indicated that BCMA could interact with NIK and the 

Figure 2. Signaling of three BAFF receptors (BAFF-R, TACI and BCMA).
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IKK complex [55, 56]. Consistently, the survival of long-lived plasma cells does not require 
BAFF but is dependent upon APRIL [18, 57]. Thus, much remains to be known regarding 
BCMA signaling by APRIL/BAFF in terminally differentiated plasma cells.

3. BAFF in autoimmune diseases

3.1. Animal models

3.1.1. BAFF-deficient or transgenic models

Mice deficient in BAFF lack T2 B cells, mature marginal zone and follicular B cells and have 
significantly reduced spleen weights, whereas B-cell differentiation and/or proliferation in 
bone marrow, T1 B cells and other hematopoietic cell lineages appear normal [22, 58]. BAFF-
deficient mice have a reduction in the total serum immunoglobulin level and show dimin-
ished T cell-independent and T cell-dependent antibody responses [22, 58]. On the other 
hand, the phenotypes of BAFF-, BCMA-, TACI- and BAFF-R-deficient mice clearly indicate 
that the BAFF survival signal in transitional and mature B cells is mediated by BAFF-R in mice 
and not through BCMA and TACI [22, 34, 54, 58, 59].

Mice transgenic (Tg) for BAFF have vastly increased numbers of mature B and effector T cells 
and they develop autoimmune-like manifestations such as the presence of high levels of rheu-
matoid factors (RFs), circulating immune complexes, anti-DNA autoantibodies and immuno-
globulin deposition in the kidneys, closely mimicking human systemic lupus erythematosus 
(SLE) and Sjögren’s syndrome (SjS) [47, 60, 61]. These Tg mice showed also severe enlarge-
ment of the spleen, lymph nodes and Peyer’s patches because of an increased number of B220 
cells and hypergammaglobulinemia contributed by elevations of serum IgM, IgG, IgA and 
IgE was observed [61].

Older BAFF-Tg mice demonstrate characteristics of SjS, such as enlarged salivary glands due 
to inflammation and leukocytic infiltrates and reduced saliva production as a consequence 
of acinar cell destruction [62]. BAFF induced the survival of a subset of splenic immature 
B cells, referred to as T2 B cells [63]. BAFF treatment allowed T2 B cells to survive and dif-
ferentiate into mature B cells in response to signals through the B-cell receptor (BCR) [63]. 
The T2 and the marginal zone B-cell compartments were particularly enlarged in BAFF Tg 
mice [63].

Immature transitional B cells are targets for negative selection, a feature thought to pro-
mote self-tolerance [63]. Although BAFF overexpression did not affect the development 
of self-reactive B cells normally deleted in the bone marrow or during the early stages 
of peripheral development, BAFF overexpression rescued from deletion of selfreactive B 
cells, which normally deleted around the late T2 stage of peripheral development [64]. 
Moreover, self-reactive B cells normally selectively deleted from the marginal zone repop-
ulated this compartment by BAFF overexpression [64]. This partial subversion of B-cell 
self-tolerance is likely to underlie the autoimmunity associated with BAFF overexpression 
(Figure 3).
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3.1.2. Animal models of autoimmune diseases

In two murine models of human SLE, MRL/Mp-lpr/lpr and NZB/W F1 mice, there are 
increased serum levels of BAFF that seem to correlate with autoimmune kidney damage [60]. 
In NZB/W F1 mice, treatment with soluble TACI-Ig fusion protein inhibits the development of 
proteinuria and prolongs survival of these mice [60]. In BXSB murine lupus model, treatment 
with soluble fusion protein consisting of human BAFF-R and human mutant IgG4 Fc resulted 
in significant reduction in peripheral and splenic B-cells and in proteinuria [65]. In SLE-prone 
NZM 2328 mice deficient in BAFF, serum autoantibody levels and glomerular IgG and C3 
depositions were significantly reduced compared with wild-type NZM 2328 mice [66] and 
those clinical and pathological responses were more resistant to disease-promoting properties 
of IFN-α [67].

3.2. Human autoimmune diseases

Similar to BAFF-R-deficient mice, humans with the BAFF-R gene deletion have severe B-cell 
lymphopenia. B cells are arrested at the transitional B-cell stage and this condition pres-
ents with adult-onset antibody-deficiency syndrome [68]. Humans with this condition have 
diminished numbers of mature B cells, e.g., follicular, marginal zone and memory B cells and 
their T-independent immune responses are severely impaired.

In relation to the possible role of BAFF in autoimmunity, patients with autoimmune diseases 
such as SLE, RA, SjS and antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis 
(AAV) have all been shown to have elevated levels of BAFF.

3.2.1. Systemic lupus erythematosus

The BAFF levels of 110 plasma samples and 40 serum samples from 150 SLE patients were 
found to be elevated compared to the samples from 40 normal controls [69]. In that study, the 

Figure 3. The associations B-cell maturation or B-cell self-tolerance and BAFF expressions.
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SLE patients with high levels of BAFF exhibited significantly higher levels of antidouble-strand-
DNA antibody in each of the IgG, IgM and IgA classes compared to the SLE patients with low 
levels of BAFF and the normal controls [69]. In a study of serum BAFF levels in 185 patients 
with various systemic immune-based rheumatic diseases (including 95 with SLE, 67 with RA, 
23 with other diseases), serum BAFF levels were elevated in 21% of the 185 patients and those 
levels in the SLE patients correlated with the antidouble-strand-DNA antibody titers [70].

In a longitudinal study of serum BAFF levels in 68 SLE patients, the serum BAFF levels were 
persistently or intermittently elevated in 50% of the patients and the blood BAFF mRNA 
levels were also elevated in 61% of the patients [71]. In SLE patients with elevated serum 
BAFF levels, treatments with high-dose corticosteroids led to a marked reduction of the 
serum BAFF levels [71]. Regarding the association of serum BAFF levels with disease activ-
ity, those levels were correlated with not only antidouble-strand-DNA antibody titers but 
also the safety of estrogens in lupus erythematosus: National Assessment (SELENA) version 
of the systemic lupus erythematosus disease activity index (SLEDAI) score in 245 patients 
with SLE [72].

Of the peripheral blood mononuclear cells (PBMCs) from normal controls, only CD14+ cells 
(monocytes) expressed surface BAFF and this expression tended to be very modest, whereas 
the level of BAFF expression was frequently increased in PBMCs from SLE patients and some 
CD14− cells as well as CD14+ cells were present [71]. In another SLE cohort of 60 patients, the 
peripheral blood leukocyte levels of BAFF mRNA were correlated with the serum BAFF protein 
levels and the BAFF mRNA levels were more closely associated with serum immunoglobulin 
levels and SLEDAI scores than were the serum BAFF protein levels [73]. In 75 SLE patients, 
elevated serum BAFF and elevated PBMC BAFF mRNA levels in active SLE patients were 
observed compared with those in stable SLE patients and controls and those levels in active SLE 
patients with proteinuria were higher than those in active SLE patients without proteinuria [74].

BAFF-R expressions on CD27−CD38low (resting naïve) and CD27+CD38low (resting mem-
ory) B cells were equivalent between SLE patients and controls, but those expressions on 
CD38+ (germinal center) B cells and CD27+CD38++ (plasmablast) cells were reduced com-
pared to controls [75]. The occupancy of BAFF-R on B cells from SLE patients would render 
them less responsive to exogenous BAFF [75]. BAFF-R expressions on CD19+IgD+CD27−, 
CD19+IgD+CD27+ and CD19+IgD−CD27+ B cells in SLE patients were reduced compared 
to controls [76]. Decreased BAFF-R expressions on CD19+ B cells were more obvious in 
SLE patients with nephritis, whereas the expression of TACI on CD19+ B cells in lupus 
nephritis was upregulated [76].

BAFF-R expressions on CD19+ B cells were correlated with negative SLEDAI scores [76], but 
TACI expression in CD19+ B cells was positively correlated positively with the SLEDAI score 
[77]. The expression of BAFF-R on CD19+ cells (B cells) in active SLE patients was downregu-
lated compared to those in stable SLE patients and controls and the expression of BAFF-R on 
CD19+ cells was negatively correlated with serum BAFF levels and BAFF mRNA levels in 
PBMCs [74]. Thus, elevated BAFF in serum and PBMCs and a reduced expression of BAFF-R 
and overexpression of TACI on B cells were demonstrated in SLE.
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3.2.2. Rheumatoid arthritis

It was demonstrated that serum BAFF levels in 67 rheumatoid arthritis (RA) patients were 
higher than those in 48 normal controls and elevated serum BAFF levels were correlated 
with serum IgG levels and RF titers in 42 RA patients [70]. The serum BAFF levels in 
53 patients with RA were higher than those in 39 healthy controls, but lower than those in 
41 patients with Sjögren’s syndrome [62]. In 129 patients with autoimmune diseases includ-
ing 28 RA patients, elevated serum levels of BAFF correlated with RF titers [78]. Elevated 
serum BAFF levels were observed in an early RA stage: serum BAFF levels were higher in 
48 early RA patients (disease duration <1 year) compared to 48 patients with rheumatic 
disease other than RA or 50 healthy controls, but not 49 patients with longstanding RA 
(disease duration >1 year) [79]. In 48 early-RA patients, the serum BAFF levels correlated 
with IgG-, IgA- and IgM-RF titers and anti-CCP antibody levels [79]. Thus, serum BAFF 
levels were elevated in RA patients and those levels were associated with autoantibodies, 
including RF titers.

Synovial fluid levels of BAFF in RA patients were more elevated than the serum BAFF lev-
els in the same patients and the synovial fluid and serum BAFF levels were correlated with 
each other [80]. The synovial fluid levels of BAFF in RA patients were also correlated with 
monocyte, lymphocyte, neutrophil and total nucleated cell counts [80]. In mononuclear 
cells extracted from the synovium of RA patients, BAFF and BAFF mRNA were expressed 
on B cells, T cells and monocytes [81]. In that study, BAFF was not expressed on the sur-
face of fibroblast-like synoviocytes (FLSs) extracted from the synovium of RA patients, but 
BAFF mRNA was detected in FLSs [81]. There was no difference in BAFF mRNA of FLSs 
from the synovial tissue of RA patients compared with those from patients with osteoar-
thritis and the normal controls, but the BAFF mRNA of those cells was enhanced by IFN-γ 
or TNF-α [82]. In cocultures of peripheral B cells with FLSs from synovial tissue of RA 
patients, the expression of RAG genes—which could induce a revision of the B-cell receptor 
genes, resulting in autoreactivity—was induced in peripheral B cells by BAFF and IL-6 [83]. 
Moreover, a BAFF-dependent class switch recombination was demonstrated in the cocul-
ture of peripheral B cells with FLSs from synovial tissue of RA patients [84]. These findings 
suggested that the overexpression of BAFF may be associated with autoimmunity at sites 
of inflammation in RA.

There was no difference in the BAFF-R expression on peripheral naïve B (CD19+CD27−) 
and memory B (CD19+CD27+) cells among RA patients before treatment, RA patients dur-
ing remission and normal controls, but the BAFF-R expression on both types of B cells in 
RA patients at relapse was significantly lower than that in the RA patients before treatment 
and the normal controls [85]. Although the BAFF-R expressions on PBMCs and B cells were 
reduced, BAFF-R in synovial tissues from RA patients was highly expressed [86].

However, in another study, the BAFF-R expression on peripheral B cells increased with dis-
ease progression (very early, early and established RA) and the TACI expression on periph-
eral B cells increased in all stages of RA patients [87]. Thus, elevated BAFF in serum and 
synovial tissue of RA was demonstrated, but the BAFF-R expression varied.
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3.2.3. Sjögren’s syndrome

It was demonstrated that serum BAFF levels in 41 patients with SjS were higher than those 
in 53 SLE patients, 53 RA patients and 39 healthy controls [62]. In the investigation of both 
serum BAFF and APRIL, in a comparison with six healthy donors the serum levels of both 
BAFF and APRIL in 29 SjS patients were elevated, but compared with SjS patients without 
anti-SSA antibody, only the serum APRIL levels in the SjS patients with anti-SSA antibody 
were elevated [88].

Although the serum BAFF levels failed to correlate with anti-SSA antibody, anti- SSB antibody 
or RF in those studies, several other studies demonstrated that the serum BAFF levels corre-
lated with autoantibodies [78, 89, 90]. In 49 patients with SjS, elevated serum levels of BAFF 
were demonstrated compared to those in 47 healthy controls and there was a strong correlation 
between the serum BAFF levels and anti-SSA antibodies and RF levels [89]. In 129 patients with 
autoimmune diseases including 58 SjS patients, elevated serum levels of BAFF in the SjS group 
were correlated with anti-SSA antibody [78]. In an investigation of 127 SjS patients, elevated 
serum levels of BAFF in SjS correlated with anti-SSA and anti-SSB antibodies [90]. Serum BAFF 
levels in SjS patients with hypergammaglobulinemia were also elevated compared to those of 
patients with normal IgG levels [91].

The serum BAFF levels in SjS patients with the formation of ectopic germinal centers were 
elevated compared to those of patients without ectopic germinal centers [92]. BAFF mRNA 
expression and production in circulating monocytes and T cells from SjS patients by IFN-α 
stimulation were higher than those from normal controls [93]. The expression of BAFF and 
its mRNA were also demonstrated in T cells infiltrating labial salivary glands of biopsy 
specimens from SjS patients [94]. In salivary glands, BAFF expressions were also observed in 
IFN-stimulated salivary gland epithelial cells [95] and infiltrating B cells [96]. These findings 
suggested that BAFF may be associated with the immunopathogenesis of SjS.

Unstimulated peripheral monocytes from 13 SjS patients produced higher amounts of BAFF 
and IL-6 compared to those of 12 healthy donors [97]. In that study, the expressions of BAFF-R 
and transcription factors regulating IL-6 in monocytes from SjS patients were also elevated. 
Thus, BAFF may also be associated with monocyte activation.

Although elevated BAFF in serum and salivary glands of SjS patients were demonstrated, the 
BAFF-R expression varied. The expression of BAFF-R on peripheral B cells in 20 SjS patients 
was decreased compared to that in 15 controls and there was no difference in BAFF-R mRNA 
levels of B cells between SjS patients and controls [98]. On the other hand, in a study of BAFF-R 
expression in the salivary glands, the expression of BAFF-R on B cells was observed, but the 
expressions of TACI and BCMA were not [96].

Serum BAFF levels differed among SjS patients with and without lymphoproliferative disor-
ders (lymphoma or prelymphomatous manifestations): higher levels of serum BAFF in 42 SjS 
patients with lymphoproliferative disorders were demonstrated compared to those in 34 SjS 
patients without these disorders [99]. A higher frequency of the minor T allele of the rs9514828 
BAFF polymorphism in the high-risk SjS group for lymphoma was demonstrated [100].  
Moreover, in SjS patients with younger-age onset (at <40 years old), the generalized odds ratio 
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for the development of mucosa-associated tissue lymphoma was 6.1 in the presence of the 
BAFF-R His159Tyr mutation [101]. These findings suggested that BAFF may also associated 
with an increased risk of progression to lymphoma.

3.2.4. ANCA-associated vasculitis

Several studies of serum BAFF levels in AAV patients have been reported. It was demon-
strated that the serum BAFF levels in 46 granulomatosis with polyangiitis (GPA) patients were 
significantly elevated compared to those of 62 healthy controls [102]. Elevated serum BAFF 
levels were observed in untreated GPA patients, but that level in corticosteroid-treated GPA 
patients was approximately the same as in the healthy controls. Similarly, elevated serum 
BAFF levels were observed in 87 patients with proteinase-3 (PR3)-AAV compared to the levels 
of 31 healthy controls, but the BAFF levels in relapsed patients did not differ from those in 
patients without relapse [103]. In a study of 22 GPA patients, serum BAFF levels were corre-
lated independently and inversely with PR3-ANCA levels, but did not correlate with clinical 
parameters, i.e., the Birmingham vasculitis activity score (BVAS), the vasculitis damage index 
(VDI) and the disease extent index (DEI) and with the serum C-reactive protein (CRP) level 
[104]. Thus, serum BAFF levels in GPA were elevated, but the association between the BAFF 
level and the PR3-ANCA titer was not established.

Among three types of AAV (41 patients with GPA, 16 patients with microscopic polyangiitis 
[MPA] and four patients with eosinophilic GPA), elevated serum levels of BAFF were observed 
only in GPA patients [105]. However, several studies demonstrated that serum BAFF levels 
were elevated in MPA patients [106, 107]. In myeloperoxidase (MPO)-AAV, the serum BAFF 
levels in 23 active vasculitis patients were higher than those in 24 inactive vasculitis patients, 
13 inactive vasculitis patients with infectious complication and 20 controls [106]. Moreover, 
there were significant positive correlations between the serum levels of BAFF and the BVAS 
results, the serum CRP levels and the MPO-ANCA titers.

Similar to those findings, in a study of 121 patients with MPO-AAV (100 of whom had MPA, 
18 had GPA and three had renal-limited vasculitis), the serum BAFF levels were significantly 
elevated in both the patients with active disease and those in remission compared to healthy 
controls, although the patients with active disease still had significantly higher levels than 
those in remission. In that study, the serum BAFF levels correlated well with the BVAS results 
and the erythrocyte sedimentation rate (ESR), but they did not correlate with the MPO-ANCA 
titer [107]. Thus, serum BAFF levels in MPA were elevated, but the association between the 
BAFF level and the MPO-ANCA titer was not clear.

In an in vitro study of BAFF expression and release in stimulated neutrophils, treatment with 
PR3-ANCA-IgG significantly increased BAFF expression in neutrophils compared to the 
expression in untreated and normal IgG-treated cells [108]. Supernatants from PR3-ANCA-
IgG-stimulated neutrophils were shown to contain increased levels of BAFF compared to 
those from untreated and normal IgG-treated neutrophils [108]. Supernatants from neutro-
phils treated with PR3-ANCA but not normal IgG induced an increase in the cell viability of 
a B-cell line [108]. In a study of the in vitro IgG production in stimulated PBMCs from GPA 
patients, IL-21 enhanced the production of IgG, whereas stimulation with BAFF alone did 
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not result in increased IgG production [109]. However, the combination of BAFF and IL-21 
increased the IgG production more than IL-21 alone [109].

The combination of BAFF and IL-21 induced a significant enhancement in PR3-ANCA pro-
duction in PBMCs isolated from ANCA-positive patients in comparison with ANCA-negative 
patients [109]. The stimulatory effect on IgG and PR3-ANCA production by BAFF and IL-21 
was further enhanced by the addition of exogenous factors (oligodeoxynucleotides contain-
ing CpG motifs) [110]. These findings suggested that elevated BAFF may be associated with 
ANCA production by autoreactive B-cell survival.

Decreased expression of BAFF-R on circulating B cells and decreased expression of TACI on 
circulating memory B cells were demonstrated [110]. In another study, there was no differ-
ence in soluble TACI levels among active MPO-AAV patients, inactive MPO-AAV patients 
and controls [111]. On the other hand, in a histological study of biopsy samples from eight 
patients with GPA, activated B cells in nasal mucosa were located alongside PR3-expressing 
cells and BAFF-producing cells and BAFF-R-expressing B cells were also identified in the 
nasal mucosa [112]. The expression of BCMA on plasma cells, lymphocytic and fibroblast-like 
cells in sinonasal biopsy specimens from GPA patients were elevated, compared to those from 
nonautoimmune inflammatory rhinosinusitis [113]. In this study, TACI-expressed cells dis-
playing plasma-cell-like morphology were present in sinonasal biopsy specimens from only 
GPA patients [112]. Although elevated serum BAFF in AAV was demonstrated by several 
investigations, further studies of BAFF-R in AAV were needed.

3.2.5. Other autoimmune diseases

In addition to systemic autoimmune diseases, the serum BAFF level is also elevated in organ-
specific autoimmune diseases. Antiglomerular basement membrane (GBM) disease is an auto-
immune disease characterized by the presence of anti-GBM autoantibodies. The most common 
clinical features include rapidly progressive glomerulonephritis and/or alveolar hemorrhage 
(goodpasture disease). The serum levels of BAFF in patients with anti-GBM disease were sig-
nificantly higher than those in normal controls [114]. Although serum BAFF levels were not 
correlated with anti-GBM antibodies titers, those levels were associated with the percentage 
of glomeruli with crescents. Elevated serum BAFF levels were also demonstrated in patients 
with Graves’ disease [115], autoimmune pancreatitis [116], myasthenia gravis [117], idiopathic 
thrombocytopenic purpura [118] and multiple sclerosis [119].

4. Anti-BAFF agents in autoimmune diseases

Several biologic drugs have recently been developed in an attempt to block the BAFF-BAFF 
receptors pathway: belimumab, atacicept, tabalumab and blisibimod. Belimumab is a human 
monoclonal antibody that antagonizes the effect of BAFF by binding to the free form of the 
cytokine [120]. Atacicept is a TACI-Fc fusion protein that binds to and blocks the receptor 
for both BAFF and APRIL [121]. It acts both in homotrimers and heterotrimers and results 
in diminished plasma cell survival and antibody production in mice and humans [121]. 
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Tabalumab and blisibimod both block the two biologically active forms of BAFF; tabalumab 
is a human monoclonal antibody and blisibimod is a fusion polypeptide protein [122].

Animal models have shown that BAFF antagonists substantially delay the onset of disease in 
SLE-prone NZB/W mice [59, 123, 124] and prevent collagen-induced arthritis in DBA1 mice 
[125]. Clinical trials of anti-BAFF agents have also been performed as described below.

4.1. Belimumab

Belimumab was the first anti-BAFF drug to be evaluated in RA patients. In a phase II study, 
patients fulfilling the American College of Rheumatology (ACR) criteria for RA for equal to or 
greater than 1 year who had at least moderate disease activity while undergoing therapy with 
a stable disease-modifying antirheumatic drug (DMARD) and failed equal to or greater than 1 
DMARD were randomly assigned to placebo or belimumab 1, 4, or 10 mg/kg treatment, admin-
istered intravenously (IV) on days 1, 14 and 28 and then every 4 weeks for 24 weeks (n = 283) 
[126]. The American College of Rheumatology 20% improvement criteria (ACR20) responder 
rates after 24 weeks of treatment with placebo and belimumab 1, 4 and 10 mg/kg, defined as 
the primary endpoint, were 15.9, 34.7, 25.4 and 28.2%, respectively, indicating relatively low 
efficacy of belimumab in this RA cohort [126]. This study was followed by an optional 24-week 
extension (n = 237) in which all patients received belimumab and patients received belimumab 
had an ACR20 response of 41% at 48 weeks [126].

Three major trials of belimumab in SLE have been reported. In a phase II study, patients 
with a SELENA-SLEDAI score equal to or greater than 4 (n = 449) were randomly assigned 
to belimumab (1, 4, or 10 mg/kg) or placebo in a 52-week trial [127]. There was no signifi-
cant reduction in SELENA-SLEDAI scores from baseline; 19.5% in the combined belimumab 
group versus 17.2% in the placebo group. The median time to first SLE flare was 67 days in 
the combined belimumab group versus 83 days in the placebo group.

The BLISS-52 trial included 865 SLE patients with moderate-to-severe disease (SELENA-
SLEDAI score equal to or greater than 6) and positive ANA and/or anti-dsDNA who were ran-
domized to receive IV belimumab 1 mg/kg (n = 289) or 10 mg/kg (n = 290) or placebo (n = 288) 
[128]. Fifty-eight percent of the autoantibody-positive SLE patients in the 10 mg/kg belimumab 
group showed an improved systemic lupus erythematosus responder index (SRI) at week 52 
versus 44% in the placebo group. In the patients treated with belimumab 1 mg/kg, 51% had 
an improved SRI value at week 52, which was also a significantly better response than placebo 
group. In addition, belimumab was shown to be well tolerated; it reduced disease activity and 
improved serologic activity, prevented flares and reduced corticosteroid use.

The BLISS-76 study was conducted in 819 patients who were randomized to receive IV beli-
mumab 1 mg/kg (n = 271) or 10 mg/kg (n = 273) or placebo (n = 275) for 72 weeks [129]. The 
primary efficacy endpoint in this study was the same as the BLISS-52 trial and 43.2% of the 
SLE patients in the 10 mg/kg belimumab group were SRI responders versus 33.5% in the pla-
cebo group at 52 weeks, although at 76 weeks there was no significant difference in response 
rate among three treatment groups (response rates at week 76 were 32.4, 39.1 and 38.5% with 
placebo, 1 mg/kg belimumab and 10 mg/kg belimumab, respectively).
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In a phase II open-label clinical trial of belimumab for SjS, a total of 30 SjS patients were 
treated with 10 mg/kg belimumab in weeks 0, 2 and 4 and every 4 weeks until week 24. The 
mean dryness, fatigue and pain visual analogue scale (VAS) values changed from 7.8 to 6.2 (p 
= 0.0021), 6.9 to 6.0 (p = 0.0606) and 4.6 to 4.7, respectively. However, there was no significant 
change in the salivary flow or the Schirmer’s test score [130].

4.2. Atacicept

Similar to the outcome with belimumab, a Phase Ib study or 73 RA patients treated with six 
escalating doses of atacicept demonstrated good local and systemic tolerability to the drug. 
Patients received atacicept or placebo as single doses (70, 210, or 630 mg) or as repeated doses 
given at 2-week intervals (three doses of 70 mg, three doses of 210 mg, or seven doses of 420 mg), 
followed by 10 weeks of trial assessments, with a follow-up assessment at 3 months after the 
final dose [131]. Treatment-related decreases in immunoglobulin (particularly IgM) and RF 
levels were evident and a clear decrease in anticitrullinated protein antibodies was observed 
in the cohort that received seven doses of 420 mg [131]. However, further studies with ataci-
cept did not demonstrate significant efficacy in RA patients with inadequate response to 
methotrexate (MTX) [132] or tumor necrosis factor antagonists [133].

In a 52-week Phase II/III study of atacicept in SLE, at screening (day 14), patients were started 
on a regimen of high-dose corticosteroid (the lesser of 0.8 mg/kg/day or 60 mg/day predni-
sone) and mycophenolate mofetil (MMF; 0.5 g twice daily, increased to a maximum of 1.5 g 
twice daily). From Day 1, atacicept (150 mg, subcutaneously, twice weekly for 4 weeks, then 
150 mg weekly for a planned 48 weeks) was initiated with MMF along with a tapered dose of 
corticosteroid [134]. However, the trial was terminated after the enrollment of six patients, due 
to an unexpected decline in serum IgG and the occurrence of serious infections; three of four 
atacicept-treated patients developed serious infections in association with low IgG levels [134].

In another 52-week Phase II/III study, patients with moderate-to-severe SLE were random-
ized to atacicept 75 mg or atacicept 150 mg administered subcutaneously or placebo twice-
weekly for 4 weeks, then weekly for 48 weeks [135]. Although there was no difference in 
flare rates or time to first flare between the atacicept 75 mg and placebo groups, flare rates 
in patients treated with atacicept 150 mg were decreased compared with placebo (flare rate 
43 and 60%, respectively; odds ratio [OR]: 0.49) and atacicept 150 mg was associated with a 
significant delay in time to first flare (hazard ratio [HR]: 0.56) [135]. Both atacicept doses were 
associated with reductions in total immunoglobulin levels and anti-dsDNA antibodies and 
with increases in C3 and C4 levels [135]. However, enrollment in the atacicept 150 mg arm 
was discontinued prematurely due to two deaths.

4.3. Tabalumab

In a Phase II study of tabalumab in RA, patients who were naïve to biologic therapy received 
infusions of tabalumab (30, 60, or 160 mg) or placebo at weeks 0, 3 and 6 in combination with 
MTX and were evaluated for 24 weeks [136]. The percentages of patients achieving an ACR20 
response at week 16 in the 30-mg, 60-mg and 160-mg groups were significantly greater than 
the percentage of patients achieving an ACR20 response in the placebo group (57.6, 67.6, 51.5 
and 29.4%, respectively) [136]. In a Phase II dose-ranging study [137], RA patients on stable 
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MTX (n = 158) were randomized to receive 1, 3, 10, 30, 60, or 120 mg tabalumab or placebo sub-
cutaneously every 4 weeks for 24 weeks. The observed ACR50 response rate was significantly 
higher with only the 120 mg dose versus placebo at week 12 (33.3 vs. 11.1%) and week 20 
(33.3 vs. 8.3%), but not at week 24. The ACR20 response rate was significantly higher with 120 
mg versus placebo at week 12 (66.7 vs. 33.3%) and week 24. No other dose was significantly 
different from placebo at any time point for ACR20, except 60 mg at week 4 (38.5 vs. 11.1%).

However, in a 52-week Phase III study that enrolled 1041 patients with moderate-to-severe RA 
despite ongoing MTX, the evaluation of subcutaneous tabalumab 120 mg every 4 weeks or 90 mg 
every 2 weeks versus placebo, there were no significant differences in ACR20 responses at week 
24 among treatment groups [138]. Another Phase III trial (called the FLEX-O study) enrolled 1004 
patients who received subcutaneous 120 mg tabalumab every 4 weeks, 90 mg tabalumab every 
2 weeks, or placebo over 24 weeks with a loading dose double the planned dose (240 mg, 180 mg, 
or placebo) at baseline. No differences in the ACR20 response rates were observed at week 24 
(34.4, 33.5 and 31.5%) or any other measures of efficacy across the treatment groups [139].

In another Phase III study, 456 patients with active RA were evaluated after 24-week treat-
ment with subcutaneous tabalumab (120 mg every 4 weeks or 90 mg every 2 weeks) versus 
placebo, with loading doses (240 or 180 mg) at week 0. There was no significant difference in 
week 24 ACR20 responses among the three groups (17.6, 24.3 and 20.0%) per a nonresponder 
imputation analysis [140].

In a study of tabalumab in SLE, a total of 2288 SLE patients were randomized (n = 1164 in 
ILLUMINATE-1 and n = 1124 in ILLUMINATE-2) to receive tabalumab or placebo [141, 142]. 
In the ILLUMINATE-1 study, 1164 patients with moderate-to-severe SLE (SELENA-SLEDAI 
score equal to or greater than 6 at baseline) received subcutaneous injections of tabalumab or 
placebo, starting with a loading dose (240 mg) at week 0 and followed by 120 mg every 2 weeks 
(n = 387), 120 mg every 4 weeks (n = 389), or placebo (n = 388). Similar proportions of patients in 
each group achieved an SRI-5 response at week 52 (31.8, 35.2 and 29.3% placebo), but an SRI-5 
response was achieved with 120 mg every 4 weeks (37.0 vs. 29.8% placebo), but not 120 mg 
every 2 weeks (34.1%) and significant reductions in anti-dsDNA antibodies, increases in C3 and 
C4 and reductions in total B cells and immunoglobulins were observed with tabalumab [141].

In the ILLUMINATE-2 study, 1124 patients with moderate-to-severe SLE (SELENA-SLEDAI 
score equal to or greater than 6 at baseline) received subcutaneous injections of tabalumab 
or placebo, starting with a loading dose (240 mg) at week 0 and followed by 120 mg every 2 
weeks (n = 372), 120 mg every 4 weeks (n = 376), or placebo (n = 376). An SRI-5 response at 
week 52 was achieved in the 120-mg every 2 weeks regimen (38.4 vs. 27.7%, placebo), but 
not with the less-frequent 120 mg every 4 weeks regimen (34.8%) [142]. Anti-dsDNA levels 
decreased in both tabalumab groups as early as week 4 and continued to decrease, remaining 
well below baseline levels through week 52.

4.4. Blisibimod

In the phase Ia study of single-dose blisibimod, SLE patients with mild disease that was stable/
inactive at baseline enrolled into one of seven dose cohorts: 0.1, 0.3, 1.0, or 3.0 mg/kg subcuta-
neous or 1.0, 3.0, or 6.0 mg/kg intravenous blisibimod and subjects were sequentially enrolled 
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into one of four dose cohorts: 0.3, 1.0, or 3.0 mg/kg subcutaneous or 6.0 mg/kg intravenous 
in phase Ib study of multiple-dose blisibimod [143]. Blisibimod changed the constituency of 
the B-cell pool and single and multiple doses of blisibimod exhibited approximate dose-pro-
portional pharmacokinetics across the dose range 1.0–6.0 mg/kg. The PEARL-SC study was 
a 24-week treatment, Phase IIb randomized trial of 547 SLE patients with moderate-to-severe 
disease (SELENA-SLEDAI) score equal to or greater than 6 at baseline) who received placebo 
or blisibimod at one of three dose levels in an evaluation of the efficacy and safety of blisibi-
mod [144]. Although the SRI-5 response rates were not significantly improved in the pooled 
blisibimod groups compared with placebo, they were higher in the patients randomized to 
the highest dose of blisibimod (200 mg once-weekly) compared to the pooled placebo group 
at week 20. In the patients with protein:creatine ratios of 1–6 at baseline, significant reductions 
in proteinuria were observed with blisibimod. Significant changes in anti-dsDNA antibodies, 
complement C3 and C4 and reductions in B cells were observed with blisibimod treatment.

5. Conclusion

Based on the results of studies of autoimmune disorders in animal models of BAFF over-
expression and the elevated levels of serum BAFF observed in patients with autoimmune 
diseases, it appears that BAFF may be associated with autoimmune processes and that BAFF 
may be a potential biomarker for disease activity in autoimmune diseases. BAFF may also be 
important as a therapeutic target in those diseases and several BAFF-neutralizing agents are 
currently undergoing clinical trials.
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