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Abstract

The purpose of regenerative medicine is to restore or enhance the normal
function of human cells, tissues, and organs. From a clinical point of view, the use
of stem cells is more advantageous than differentiated cells because they can be
collected more easily and in larger quantities, their proliferation capacity is more
pronounced, they are more resistant in cell culture, their aging is delayed, they
are able to form a number of cell lines, and they are able to promote
vascularization of tissue carriers. The therapeutic use of stem cells for disease
modification, immunomodulation, or regenerative purposes are undoubtedly
encouraging, but most studies are still in their early stages, and the clinical results
reported are not clear with regard to therapeutic efficacy and potential side
effects. Uniform regulation of the clinical application of stem cells is also
indispensable for this highly customizable, minimally invasive, individualized
therapeutic method to become a successful and safe treatment alternative in
many different autoimmune and autoinflammatory disorders.

Key words: Stem cell therapy; Autoimmune; Autoinflammatory; Immunomodulation;
Disease modification

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The therapeutic use of stem cells in autoimmune diseases for disease
modification, immunomodulation, or regenerative purposes are undoubtedly
encouraging. However, the clinical results reported are not clear about therapeutic
efficacy and potential side effects. Uniform regulation of the clinical application of stem
cells is indispensable.
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INTRODUCTION

Stem cells with extraordinary self-renewal capabilities have an extensive diffe-
rentiation capacity to create a wide range of tissues and organs. There are small
numbers of stem cells in the human body that after division with mitosis can
differentiate into daughter cells or create newer stem cells. Maintenance and
activation of their differentiation potential is fundamentally influenced by the
microenvironment (cellular and humoral)!'.

Depending on the differentiation potential, self-renewal ability, and origin many
types of stem cells can be distinguished. According to their plasticity totipotent,
pluripotent, multipotent and unipotent stem cells exist. Totipotent cells (e.g., zygote,
spore, or morula) can create any human cell or even an entire organism. In the case of
pluripotent cells, the possibility of forming a complete functional organization is
lacking. Multipotent stem cells are able to create limited types of daughter cells.
Under physiological conditions, they ensure the continuous regeneration of the tissue,
replace the dead somatic cells, and after injury participate in the regeneration of the
affected organ. Unipotent cells are precursor/progenitor cells with limited plasticity.
Based on their origin, embryonic, adult (including fetal), tumorous, and induced
pluripotent stem cells are known!'.

Human stem cell therapy, except for bone marrow transplantation, is still in the
experimental phase, so it is difficult to predict how efficiently and with the expected
risk it can become applicable in daily clinical practice. Since 2009, the use of all cell
and gene therapy products in the European Union has been regulated solely by a
centralized authorization (European Medicines Agency-The Committee for Advanced
Therapies).

TYPES OF STEM CELLS

Embryonic stem cells

Embryonic stem cells originating from the inner cell mass of blastocyst are pluripotent
cells. They have two characteristics: they can produce all the derivatives of the three
primary germinal plates, and in some circumstances their division is unlimited. In the
last few decades a significant number of embryonic stem-cell specific markers have
been identified””). Although embryonic stem cells carry the ability to create
differentiated cell types, complex regulation of cell proliferation through
differentiation and development-specific signal pathways is indispensable. However,
the safety of their clinical use is a cause for serious concern, as the risk of teratomas or
teratocarcinomas is high as a serious adverse reaction. Due to these difficulties, the
use of human embryonic stem cells was initially limited primarily to in vitro and
animal experiments, but several clinical trials have been started in recent years (e.g.,
macular degeneration, retinitis pigmentosa, ischemic heart disease, spinal cord injury,
Parkinson's disease, diabetes mellitus)Fl.

Embryonic stem cells from primordial germline cells have many properties of
human embryonic stem cells but are also different from them. Primordial germline
cells can be isolated from fetal tissues and the gonadal spine within a relatively
narrow time interval. After in vitro cultivation, they are pluripotent but do not lead to
teratoma formation in micel*l. Their laboratory or clinical use is subject to strict legal
regulations. When embryonic stem cells are used, Good Laboratory Practice and Good
Manufacturing Practice quality assurance systems are required to test and
manufacture conditions that dramatically make the method more expensive.

Adult stem cells
Adult stem cells and primitive cells in fetal organs (i.e., fetal stem cells) are
multipotent tissue (somatic) stem cells. In current medical practice, they are
particularly suited to treating hematopoietic diseases, but the risk of tissue rejection,
which is similar to that seen in heart or kidney transplants, may limit their clinical
usel’,

According to their source, adult stem cells can originate from the endoderm,
mesoderm, and ectoderm!®. The adult bone marrow contains two types of multipotent
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stem cells: hematopoietic and bone marrow stromal (mesenchymal) cells. While
hematopoietic stem cells are present in the peripheral blood, umbilical cord, and bone
marrow, bone marrow stromal cells can be recovered from several other tissues (e.g.,
umbilical cord, fetal tissues)). Hematopoietic stem cells can maintain the production
of all blood cells. However, bone marrow stromal cells bone, cartilage, smooth
muscle, fat, and hematopoietic supportive stromal cells may be differentiated!*l.
Adult stem cells from mature tissues have limited potential compared to embryonic
or fetal stem cells. Most adult stem cells are lineage-restricted and generally refer to
their tissue origin. Cells originating from the endothelial, mesenchymal, and adipose
tissue can be distinguished”\. In addition to the bone marrow, mesenchymal stem
cells can be isolated from a wide variety of tissues (adipose tissue, peripheral blood,
placenta, dental pulp, synovial membrane, periodontal ligaments, endometrial,
trabecular and compact bones). Under appropriate culture conditions they can mature
to mesodermal, endodermal, and ectodermal cells. They can be used safely to aid
tissue regeneration because they do not form teratomas!'*'“l.

Adult stem cells play a prominent role in local tissue repair and regeneration.
Based on ethical considerations, the isolation and therapeutic use of adult stem cells,
in contrast to embryonic stem cells, is significantly more favorable. On the other hand,
adult stem cells are also available from autograft, thereby substantially eliminating
the risk of tissue rejection). Adult stem cells are essential creators of both single- and
multilayered epithelium/®*'71.

Cancer stem cells

Within the heterogeneous cancer cell population hierarchy, it is believed that only a
specific set of cancer stem cells, specifically self-renewing, pluripotent tumor-
initiating, and repopulating cells have a direct tumor and metastasis-promoting
property. In malignant tumors, these cells contribute greatly to the development of
resistance against cell death, uncontrolled proliferation, aggressive spread, and
resistance to conventional therapies. Tumor stem cells stimulate cancer cell dormancy
and initiate relapse. Initially it was hypothesized that tumor stem cells were derived
from normal stem cells. However, recent studies have shown that progenitor cells on
genetic (e.g., tumor suppressor and oncogenes, chromosomal changes, microsatellite
instability, etc) and/or epigenetic (e.g., post-transcriptional microRNA regulation,
promoter hypo-/hypermethylation, histone acetylation, etc) levels contribute to the
development of a tumor stem cell pool. Tumor stem cells are not necessarily
descendants of normal progenitors or stem cells. The emergence and accumulation of
genetic/epigenetic changes in both tumor and normal cells can contribute to the
expression of stem cell properties by dedifferentiation, and thus to the formation of
tumor stem cells. Tumor stem cells may also be formed as a result of cell fusion
between normal stem cells and somatic cells!***”l. Due to their long lifetime, cancer
cells accumulate many mutations essential for malignant transformation.

Although cancer cells are predominantly derived from oncogenic transformed
aberrant adult stem cells, epithelial-mesenchymal transition also facilitates the
transdifferentiation mechanism of cancer cells to acquire stem cell-like properties. In
the early spread of preinvasive tumors, epithelial-mesenchymal transition is of
paramount importance. Due to mesenchymal-epithelial transition changes the second
phenotypic status of the cancer cells contributes to metastasis formation-*1. Like
normal adult stem cells, metastatic cancer cells can enter a dormant state because of
inhibitors from microenvironmental signals or in the absence of appropriate
stimulating signals. At the same time, the nonproliferative, dormant phenotype of
cancer cells from different primary tumors can be overwritten by the
microenvironmental properties (i.e., specific survival signals) of the target organs**.

From a therapeutic point of view, it is possible to induce differentiation of cancer
cells before and during chemotherapy. While this strategy can be effective in treating
hematological cancers (e.g., childhood acute promyelocytic leukemia), in solid tumors
differentiation promoting factors and proper delivery of chemotherapeutic agents to
the tumor mass have been less successful.

Induced pluripotent stem cells

These cells are artificially created from nonpluripotent cells. They are typically
generated from mature somatic cells by the induction of genes that determine the
stem cell phenotype!™!. In many respects (such as expression of stem cell specific genes
and proteins, chromatin methylation pattern, cell duplication time, creation of
embryo-like body, formation of teratomas and viable chimeras) these cells are similar
to natural pluripotent stem cells, such as embryonic stem cells™**1. The emergence of
human induced pluripotent stem cells is an important step in stem cell research, as the
method allows the development of pluripotent stem cells without sacrificing of
embryos, graft-versus-host disease, and immunological rejection. Induced pluripotent
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stem cells have already been used for drug development and modeling of many
diseases and will be beneficial in transplant medicinel”>*”). However, induced
pluripotent stem cells may also present a risk that may limit their clinical use.
Genetically modified adult cells may increase expression of protumor genes and
oncogenes. There are, however, methods that can eliminate oncogenes after induction
of pluripotence and even induce pluripotent stem cells without genetic alteration of
adult stem cells (so-called protein-induced pluripotent stem cells)**1.

THERAPEUTIC USE OF STEM CELLS

From a clinical and research point of view, stem cells can be used for drug research
and toxicity studies, development and gene regulation studies, genetic modification of
laboratory and farm animals (i.e., production and propagation of transgenic animals),
and tissue engineering and cell replacement for therapeutic purposes.

The purpose of regenerative medicine is to restore or enhance the normal function
of human cells, tissues, and organs. In terms of their clinical applicability including in
autoimmune disorders, cell replacement procedures and therapies that alter the
natural course of diseases should be considered.

Cell replacement

The idea of using stem cells as a paradigm for replacing damaged tissues with
impaired function was first introduced after World War II. Essentially, experiments
that led to the fight against radiation injury were the basis for the practical
applicability of stem cells. To date, stem cell therapy has become an alternative
(experimental) tool, not only for the treatment of malignant hematological diseases
and bone marrow failure, but also for almost all other systemic diseases!**)

Modifying the course of diseases

Certain stem cells possess the specific ability to alter the cellular response to injury or
abnormal immune activity in the absence of being incorporated into the recipient's
organism. These stem cells act on the outcome of the disease without directly
replacing the damaged cells. Bone marrow mesenchymal stem cells were initially
believed to promote tissue regeneration by direct cell replacement; however, these
cells stimulate tissue repair mainly by paracrine control signals. The mesenchymal
stem cell population by altering immune functions can modify the response to injuries
and can alleviate the mainly inflammatory consequences of autoimmune
processes®’ 2,

From a clinical point of view, the use of stem cells is more advantageous than
differentiated cells because they can be collected more easily and in larger quantities,
their proliferation capacity is more pronounced, they are more resistant in cell culture,
their aging is delayed, they are able to form a number of cell lines, and they are able to
promote vascularization of tissue carriers”). Clinically, many arguments support the
therapeutic use of adult stem cells. They are present in virtually all organs and body
fluids and can be isolated and used in an autologous manner. In adult stem cells,
similarly to stem cells derived from extrafetal tissues, there is a low risk of mutation-
dependent side effects. On the other hand, the clinical applicability of adult stem cells,
in contrast to the ethical and legal norms regulating the use of stem cells from human
ova, embryos, and fetuses, is considerably more relaxed! 1.

While storing stem cells derived from extrafetal tissues provides the opportunity
for future regenerative therapy, the relatively high costs, the limited storage capacity,
and the time-dependent loss of cell viability has not allowed the method to spread in
developed countries. Such stem cells are mainly suitable for allogeneic use. Although
the immunogenicity of stem cells, apart from induced pluripotent stem cells, is
generally low, the potential immunological response to an allogeneic graft may
require immunosuppressive treatment. For the time being the use of adult stem cells
seems more advantageous for both cell therapy and tissue formation!.

It is also important to emphasize that the regenerative capacity of tissue-specific
progenitor cells is affected by both the natural process of aging and many diseases
(e.g., arthrosis, osteoporosis, cardiovascular, endocrine and metabolic diseases,
inflammatory diseases, tumors). The stem cell properties of progenitor cells may be
adversely influenced by genomic instability, telomere shortening, epigenetic
differences, loss of protein balance, nutrient deficiency, mitochondrial dysfunction,
and intercellular communication disorders®™.

STEM CELLS THERAPY IN AUTOIMMUNE DISEASES
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In the following, we summarize the clinical results of stem cell therapy in select
autoimmune diseases.

Hematopoietic stem cells

Between 1996 and 2017, around 4500 bone marrow transplantations were performed
in autoimmune and autoinflammatory diseases worldwide. Preclinical studies in
animal models of genetically determined (e.g., diabetes, lupus) and induced
immunological disorders (e.g., acute arthritis) have been suggested for the possible
use of hematopoietic stem cell therapy (HSCT) in autoimmune disorders. In
autoimmune diseases in the introductory phase of HSCT, intensive immu-
nosuppression for the elimination of autoreactive lymphocytes is clinically useful. In
the second phase of treatment, autologous or allogeneic hematopoietic CD34+
progenitor cells recolonize the bone marrow and immune system, and in addition to
preventing severe cytopenias and/or hematopoietic disorders, also develop a new
immune system. HSCT is believed to permanently alter the immune system by losing
T-cell mediated immunological memory™*'! (Figure 1). Table 1 summarizes the
indication of stem cell transplantation in autoimmune and autoinflammatory diseases
(European Bone Marrow Transplantation Recom-mendation 2017).

Systemic sclerosis

In most systemic sclerosis (SSc) patients, conventional therapeutic agents are less
effective. Regarding autologous HSCT, to date three controlled, prospective,
randomized trials in SSc have been conducted in the world: The American
Scleroderma Stem Cell versus Immune Suppression Trial, The Autologous Stem Cell
Transplantation International Scleroderma Trial, and The Scleroderma: Cy-
clophosphamide Or Transplantation Trial. The selection criteria of patients with
predominantly diffuse cutaneous SSc were the same, but the duration of conditioning
treatments, stem cell mobilization and selection techniques, and follow-up were
different in each study. All in all, the results are promising. In The Scleroderma:
Cyclophosphamide Or Transplantation Trial study, skin condition and lung function
improved after HSCT compared to patients with standard treatment in which the
disease progressed. The rate of event-free survival was 79% (vs 50%) after 54 mo,
while overall survival was 91% (vs 77%). On the other hand, long-term follow-up of
patients undergoing HSCT is mandatory in order to identify potential serious
complications (such as secondary autoimmune diseases, malignant tumors,
cardiovascular consequences) in a timely manner”*J. Even with adequate selection
criteria, mortality is about 5%-6%"". According to the latest European League Against
Rheumatism recommendation for refractory SSc, autologous HSCT is an optional
therapy in sufficiently prepared centers. The goal is to make HSCT available as early
as possible in the course of the disease.

Systemic lupus erythematosus and antiphospholipid syndrome

Conventional treatment of systemic lupus erythematosus (SLE) and antiphospholipid
syndrome (APS) aims at inhibiting adaptive immune responses, primarily by
reducing T and B cell activation and/or reducing autoantibody production.

Following autologous HSCT, disease activity, duration of remission, and overall
survival improved in the majority of SLE cases. In the case of APS, one-tenth of the
patients had lost their antiphospholipid autoantibodies, and in 75% of the cases the
anticoagulants were also excluded. Although initial results are encouraging (because
there was complete symptom relief in the case of a positive therapeutic response), the
remission-inducing effect of HSCT in SLE requires further testing. The previous
studies are far from sufficient. The number of patients enrolled in the studies was low,
and the patients formed a heterogeneous group, both clinically and in terms of
immunosuppressive treatment and HSCT methods. Furthermore, the effect of the so-
called publication bias is not negligible (i.e., the studies only reported positive results).
Although the combination of autologous HSCT with fludarabine and anti-CD20
therapy appears to be beneficial, it is important to note that many infections and other
adverse events occurred in patients receiving high-dose immunosuppression prior to
stem cell transplantation*.

In two recent independent Chinese studies during 10-year follow-up, the
progression-free survival values in SLE were 86% and 68%, while the HSCT-related
mortality was reduced to 2%. Currently, a controlled multicenter clinical trial
involving SLE patients is being conducted in Germany (NCT00750971). The aim is to
compare the therapeutic efficacy of HSCT with the best available standard treatment
options including rituximab therapy!™l. Although autologous HSCT is a theoretically
accepted therapeutic alternative in SLE and APS patients, it is currently only referred
to as salvage therapy in severe, refractory cases™ .
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Table 1 Indication of autologous hematopoietic stem cell transplantation in autoimmune diseases

Indication Level of recommendation Level of evidence
Systemic sclerosis Clinical opportunity: a careful evaluation of the benefit / risk ratio is 1
Multiple sclerosis required I
Chronic inflammatory demyelinating I
polyneuropathy

Myasthenia gravis II
Crohn's disease I
Systemic lupus erythematosus I
Rheumatoid arthritis I
Juvenile idiopathic arthritis I
Autoimmune cytopenias I
Polymyositis/ dermatomyositis III
Vasculitides 11
Neuromyelitis optica 111
Paraneoplastic neurological symptoms 111
Type 1 diabetes mellitus Under construction 11
Refractory celiac disease 111

Evans syndrome

Evans syndrome (ES) is a chronic, autoimmune disease associated with multiple
immunocytopenia (hemolytic anemia + thrombocytopenia). The secondary cases of ES
mainly occur in SLE. Based on a limited number of studies, allogeneic HSCT may be
the only curative therapeutic option through reprogramming the immune system!1.
Comparing the clinical efficacy of autologous and allogeneic HSCTs in ES and
immunothrombocytopenia, overall survival was similar in both methods (84%), while
relapse-free survival was more favorable in allogeneic HSCT (78% vs 45%)1. In the
case of chronically relapsing ES, and if an HLA-identical blood relative is available,
allogeneic HSCT may be preferred. In the absence of a suitable donor or severe co-
morbidity, autologous HSCT is recommended™!.

Rheumatoid arthritis

Autologous HSCT has been investigated in many studies in rheumatoid arthritis
patients who do not respond to conventional treatments. According to retrospective
analyses, 2/3 of them had remission, mostly 6 mo after transplantation, but the
relapse rate was also significant, probably due to inadequate T cell repertoire ablation.
The 5-year survival rate was 94%, clearly indicating the safety of HSCT. Yet, the latest,
effective biological treatments in rheumatoid arthritis have reduced the use of
autologous HSCT!'-1,

Juvenile idiopathic arthritis
Autologous HSCT has been used primarily in children with systemic juvenile
idiopathic arthritis. Although the drug-free relapse period was favorable during long-
term follow-up, the method did not spread due to high mortality associated with
transplantation (9%-11 %),

Vasculitides

There is only limited data available on HSCT treatment in the heterogeneous group of
vasculitides. To date, autologous HSCT has been used in nearly 50 patients in Europe.
In a recent retrospective analysis of 14 autologous and 1 allogeneic HSCT patients
(cryoglobulinemic vasculitis: 4; Behcet's disease: 3; granulomatosis with polyangitis 3;
eosinophil granulomatosis with polyangitis: 1, nondifferentiated vasculitides: 2;
Takayasu arteritis: 1; polyarteritis nodosa: 1) the response rate was 93%, and complete
remission was found in 46%. Because of relapse, 3 patients received another
transplant. Unfortunately, 3 patients died!™.

Crohn’s disease

According to prospective studies and case reports, the autologous HSCT in Crohn's
disease is a suitable method for achieving remission. The rate of 5-year drug-free
remission was 60%""".. However, for 45 patients enrolled in the Autologous Stem Cell
Transplantation for Crohn Disease study, the results were not convincing. Only 2/23
patients had permanent remission, and one patient died of transplantation-related
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Autologous HSCT \

/\

Negative effects Positive effects
Elimination of Increase the number of regulatory T cells
autoreactive effector T cells Restore thymic function
long-lived plasma cells Normalization of T cell receptor repertoire
antigen presenting cells Reduce the level of autoantibodies
Prolonged lymphopenia

Figure 1 Immunobiological effects of autologous hematopoietic stem cell therapy in autoimmune diseases.
HSCT: Hematopoietic stem cell therapy.

complications™*75*1. According to the official European Crohn's and Colitis
Organization recommendation, HSCT should only be considered for Crohn's disease
patients with severe illness accompanied by active luminal inflammation and
refractory to any available medication, and surgery alone is not enough (Figure 2).

Multiple sclerosis

In multiple sclerosis, autoreactive CD4+ T cells are crucial for the development of
inflammatory plaques, demyelination, and consequent axon loss. During autologous
HSCT, significant regeneration of circulating T cell clones results in immunological
resetting. Multiple sclerosis is categorized into four types: rapidly aggravating,
relapsing-remitting, secondary progressive, and primarily progressive. Various
autoimmune diseases have occurred in most autologous HSCT patients with multiple
sclerosis. In the early stages of the disease, autologous HSCT performed in relapsing-
remitting types is more effective than in severe progressive cases! .

Chronic inflammatory demyelinating polyneuropathy

In the chronic inflammatory demyelinating polyneuropathy patients who require
long-term high-dose immunosuppressive therapy, initial experience with autologous
HSCT is hopeful. In Europe, nearly 30 patients underwent intervention, with a clear
positive trend in their neurological status. Currently a phase II study (Haemopoetic
Stem Cell Transplantation in Chronic Inflammatory Demyelinating Polyneuropathy)
is ongoing™.

Mesenchymal stem cells

After 4 years of follow-up of patients with severe SLE who underwent allogeneic bone
marrow transplantation, it was found that nearly 50% of patients experienced clinical
remission and the overall survival rate was 94%. Despite encouraging clinical efficacy
and apparent safety, the biological mechanisms explaining the therapeutic effect of
mesenchymal stem cells in SLE have not yet been elucidated”*’l. For SSc, there are
only a small number of case reports suggesting that the use of mesenchymal stem
cells is safe and effective, but comprehensive clinical trials have not yet been
conducted. In severe refractory rheumatoid arthritis, two studies have been
investigated for the therapeutic use of intravenously administered bone marrow-
derived mesenchymal stem cells. Based on the results, the method was safe, no
serious adverse effects occurred, and clinically significant remission was observed.
Three to six months after the intervention, the level of inflammatory cytokines in the
peripheral blood decreased and the number of Treg cells increased. Mesenchymal
stem cells derived from adipose tissue have been shown to have similarly good
results, but in order to maintain the therapeutic effect, the introduction of stem cells
was repeated every 3 mol*>*!l. Fifty percent of patients with Crohn's disease were in
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Macrophage

Replaced by allogeneic HSCT

<\\Eplaced by autologous HSCT

\/ T cell

Progression of inflammation

Recruitment of inflammatory cells

T cell-mediated cell death

Breakdown of intercellular cell connections

Figure 2 Schematic pathogenesis of Crohn's disease and the role hematopoietic stem cell therapy in its treatment. HSCT: Hematopoietic stem cell therapy;

TNFa: Tumor necrosis factor alpha.

remission after half a year with parenteral administration of mesenchymal stem cells
isolated from placenta. At the same time, by increasing the number of stem cells
administered, only one-third of the patients had an appreciable therapeutic effect, and
after 6 mo none of them were in remission!*>*.

CONCLUSION

In summary, the progress in clinical trials using stem cells for disease modification,
immunomodulation, or regenerative purposes are undoubtedly encouraging, but
most are still in the early stages, and the clinical results reported are not clear about
therapeutic efficacy and potential side effects. Uniform regulation of the clinical
application of stem cells is also indispensable for this highly customizable, minimally
invasive, and individualized therapeutic method to become a successful and safe
treatment alternative in many different disorders.
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