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Preface

A rare disease is any disease or condition that affects a small percentage of the
population. In the United States alone, more than 7000 rare diseases affect more
than thirty million people. Many rare conditions are not only life-threatening or
chronically debilitating diseases, but most do not have appropriate treatments,
rendering them incurable. As a result, drug, biological, and device development

in the case of rare diseases is challenging for many reasons, including the complex
biology and the lack of critical understanding of the natural course of many rare
diseases. In addition, the inherently fewer population of patients with a rare disease
can also make conducting clinical trials difficult.

In recent years, there has been substantial development in the area of rare disease
research and its clinical applications, for instance, rare disease biology and genom-
ics; epidemiology and preventions; early detection and screening; and diagnosis
and treatment. In addition, the advent of various emerging technologies, such
as genome editing technology, stem cell technology, and tissue engineering and
regenerative medicine, as well the integrated knowledge gained from such studies,
enhances our understanding of rare diseases and produces novel insights that could
lead to the development and timely deployment of novel clinical and/or therapeutic
interventions.

In this context, this book consolidates the recent advances in rare disease biology
and therapeutics covering a wide spectrum of interrelated topics in a timely fash-
ion. It disseminates this essential knowledge in a comprehensible way to a greater
scientific and clinical audience as well as patients, caregivers, and drug and device
manufacturers, especially to support rare disease product development.

Written by leading experts in basic science and clinical care, this book consists

of seven chapters over four sections. The first section introduces rare diseases,
emphasizing the current challenges and future perspectives within the context of
the advancement of genetic and precision medicine. The second section deals with
selected rare disease syndromes, such as Felty’s syndrome, a rare immune system
disease, and Lofgren’s syndrome, a rare acute form of sarcoidosis.

The third section discusses rare forms of neoplastic disorders, such as childhood
Langerhans cell histiocytosis, inflammatory myeloid neoplasia, and mesothelioma,
arare form of cancer. Eventually, the last section of the book explores rare skin
diseases, for instance, epidermolysis bullosa (EB), a group of genetic skin diseases,
predominantly focusing on various potential and promising treatment strategies of
EB. The concluding chapter highlights the significance of stem cell-based transplant
therapy of EB as well as tissue engineering-based skin substitutes that are currently
available for the treatment of EB lesions.

This book is highly valuable not only for medical and allied health students but also
for researchers, clinical and nurse geneticists, genetic counselors, and physician
assistants. This quick reference will benefit anyone desiring a thorough knowledge



pertaining to recent advances in rare diseases and their associated diagnostic and
therapeutic challenges.

I would like to thank the team at IntechOpen, including Author Service Manager
Mia Vulovic and Commissioning Editors Anja Filipovic and Ana Simic, for provid-
ing excellent support throughout the preparation of this book; they were remark-
ably patient. Finally, I dedicate this to my best friend Dr. Abhilasha Gupta and her
daughter Ananya Gupta, a voracious reader and budding scientist who always puts a
smile on my face.

Mani T. Valarmathi, MD, Ph.D.

Clinical Molecular Diagnostic Laboratory,
Religen Inc. | A Life Science Company,
Plymouth Meeting,

Pennsylvania, USA
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Chapter1

Introductory Chapter: Rare
Diseases - Ending the Diagnostic
Odyssey and Beginning the
Therapeutic Odyssey

Mani T. Valarmathi

1. Introduction

Rare disease is any disease or condition that affects a small percentage of the
population. For instance, in the United States, a rare disease is defined as a condi-
tion that affects fewer than 200 000 people, whereas in Europe, a disease is consid-
ered rare when it affects less than 1 in 2000 people within the general population.
Thus, a rare disease is a health condition that affects small number of people com-
pared with other prevalent diseases in the general population [1]. However, specific
issues are raised with respect to their rarity. This implies that a disease can be rare in
one region, but common in another region, for example, thalassemias, a heteroge-
neous group of genetic disorders of blood that reduces the production of functional
hemoglobin (the protein in red blood cells that carries oxygen). Thalassemia is rare
in Northern Europe but more common in the Mediterranean region as well in South
and South-East Asia.

Since rare diseases are numerous, heterogeneous in nature, and geographically
disparate, rare diseases are an emerging global public health priority. Until now,
between 6000 to 8000 distinct rare diseases have been discovered, and new rare
diseases are reported constantly in the medical literature [1]. In general, rare diseases
affect more than 25 million people in the United States alone, 30 million people in
the European Union, and more than 400 million people Worldwide. Generally, 72%
of rare diseases are genetic origin and almost 70% of rare diseases are exclusively
of pediatric onset, according to the Orphanet, a publicly available epidemiological
database that contains information on 6172 unique rare diseases [2].

When of genetic origin, rare disease can be inherited, with several other
affected family members, following different modes of inheritance; or they may
arise in sporadic, with no other affected family members; or may occur due to
de novo chance mutations in candidate genes. For several rare conditions, on the
one hand, the signs of disease could be observed prior to or during delivery or in
childhood, as in the case of achondroplasia, osteogenesis imperfecta (OI, brittle
bone disease), spinal muscular atrophy (SMA), or Rett syndrome (RTT). On the
other hand, the initial presentation of rare diseases can be observed only during
adulthood, as in the case of Huntington’s disease (HD, Huntington’s Chorea),
amyotrophic lateral sclerosis (ALS, Lou Gehrig’s disease), Crohn’s disease (IBD,
inflammatory bowel disease), or Charcot-Marie-Tooth Disease (CMT, hereditary
motor and sensory neuropathies). While in essence all genetic diseases are rare
diseases, not all rare diseases are of genetic diseases. This indicates that there are
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also rare forms of non-genetic rare diseases including certain types of autoim-
mune diseases and rare cancers, such as systemic lupus erythematosus (SLE) and
Kaposi sarcoma (KS), respectively. As well as maladies caused by infectious or
toxic agents.

2. Evolving challenges and next frontiers

Rare diseases are often complex, may involve chronic illness, disability, and often
premature death. As well they are characterized by a remarkably diverse set of symp-
toms; and relatively common symptoms can mask the underlying rare diseases, leading
to frequent misdiagnosis. Symptoms can vary not only from one rare disease to another
rare disease but also from one patient to another patient suffering from the same rare
disease; even occasionally, the symptoms can differ from a family member to a relative
with the same genetic change. At present, a few hundred rare diseases have any avail-
able treatments, in most cases, neither a cure nor highly effective treatment is available.

Due to their rarity, patients suffering from rare disease often face certain com-
mon problems and challenges, such as delay in getting a correct diagnosis; lack of
information and/or scientific knowledge on their own disease; lack of appropriate
healthcare; as well as difficulties and inequities in accessing treatment and care. The
other lingering obstacles in developing treatment, such as safe and effective drugs and
biological products for rare diseases, are due to difficulties in diagnosis; small num-
bers and geographically dispersed patients and scientific experts; a lack of data from
natural history studies; missing biomarkers to support the clinical development of
new therapeutics; as well a perception of high economic risk in developing drugs that
would serve either a relatively small population with a rare disease or a larger popula-
tion suffering from a common disease that primarily affects developing countries.

Understandably, nearly all rare disease patients, including their families, have
endured the consequence of the so-called diagnostic odyssey, i.e., a period that
encompasses from the initial disease recognition or symptom onset to the date of a
definitive diagnosis, involving a battery of tests and multiple clinical visits and/or
referrals, sometimes for several years, all with the hope of identifying the etiology
of their disease. For more than twenty-five percent of rare disease patients, on an
average it takes five years before they could be assigned a definite genetic diagnosis.
Besides, some people will remain undiagnosed for their entire life.

The methodology of genetic testing of rare diseases depends critically on the
exactness of the following three questions, considering B-thalassemia as an exam-
ple: (1) whether the patient harbors the specific disease causing variant in the specific
gene, for instance, in the case of p-thalassemia, 80% of all mutations in Greek
Cypriots are ¢.93-21G>A; or (2) whether the patient harbors any variant in the
p-thalassemia gene; or (3) whether the patient harbors any variant in any gene that
would be responsible for his or her medical condition. Each of the above three ques-
tions can be addressed by employing methods that can detect: (1) specific sequence
changes in the candidate gene; or (2) sequencing each exon of the candidate gene,
probably by Sanger sequencing; or (3) by using next generation sequencing (mas-
sively parallel sequencing) technology, respectively.

With the advent of next generation sequencing platforms, such as the massively
parallel/deep sequencing, has opened up the possibility of rapid identification of
the disease-causing genes and genes alterations that are responsible for numerous
rare diseases previously characterized only by clinical description [3]. This new
technology can be harnessed in several ways for clinical molecular diagnostics
purposes with its own advantages and disadvantages, for instance, one can sequence
a panel of candidate genes or whole exome using exome capture kits or whole
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genome. The major advantage of the whole genome diagnostic sequencing com-
pared with whole exome diagnostic sequencing is that it avoids exon capture, and
this would allow changes outside coding exons to be identified routinely.

However, over the last decade, research and clinical exome sequencing efforts have
been successfully harnessed at identifying not only known but missed diagnoses but
also novel and newly characterized rare genetic syndromes [4, 5]. The utility of clinical
exome sequencing resulted, with a diagnostic yield in the range of twenty-five to thirty
percent among large and heterogeneous rare diseases cohorts [6]. Nevertheless, in more
than seventy percent of patients in whom there was high degree of pre-test probability
for a monogenic rare disease, exome sequencing renders no molecular diagnosis.

Despite the remarkable capability of exome sequencing to provide molecular diag-
noses for rare disease patients, some pathogenic genomic variants are entirely missed
by exome sequencing, for example, small insertions-deletions (indels), chromosomal
rearrangements, and copy-number variants (CNVs), but these causative variants can
be conclusively diagnosed by short-read genome sequencing. Similarly, rare disease
secondary to pathogenic repeat expansions or rearrangements can potentially be
identified or enhanced by long-read genomic sequencing. In addition, some disease
mechanisms are either difficult or impossible to detect using whole exome sequencing
approach, for instance, mosaicism of a pathogenic variant may not be routinely dis-
covered by existing analytical approaches, which requires deep sequencing of multiple
tissues. Even though whole genome sequencing outperforms exome sequencing,
several other emerging technologies, such as transcriptome sequencing (to evaluate
the functional consequence of variants) and methylation arrays (to provide insights
into imprinting disorders), offer added value as adjunct diagnostic tools [7].

In general, several clinical investigations have the potential to reveal findings that
are not related to the primary reason for the investigation, but that may be clinically
significant. Evidently, when a patient’s whole exome or whole genome sequencing is
performed, it has exceptionally high potential to discover clinically relevant inciden-
tal findings. Arguably, the additional concern surrounding the whole exome and/or
whole genome sequencing is how to handle the incidental findings, as they become
ever more routine. In this context, the European Society of Human Genetics recom-
mends a much more conservative approach, i.e., whenever possible, testing should
be targeted to genome regions linked to the patient’s indications [8-10].

Finally, the advancement of genetic medicine and precision medicine can end one
odyssey and start another one, i.e., for rare disease patients, a genetic result can mark not
only the end of a ‘diagnostic odyssey’ but also mark the beginning of a ‘therapeutic odyssey’

3. Conclusions

Rare diseases, even though individually rare, are collective common. Many rare
conditions are not only chronically debilitating and progressive but also degenera-
tive and life-threatening. Most do not have appropriate treatments, rendering them
incurable. Consequently, drug, biologic, and device development in the case of rare
disease is challenging for many reasons, including the complex biology and the lack
of critical understanding of the nature course of many rare diseases. In addition, the
inherently fewer population of patients with a rare disease may also cause conduct-
ing clinical trials challenging. Scientists and clinicians around the globe are working
to find better ways to prevent, detect, and treat rare diseases, and to improve the
quality of life of patients and their families.
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Chapter2

Felty’s Syndrome

Vadim Gorodetskiy

Abstract

Felty’s syndrome (FS) is an uncommon subset of seropositive rheumatoid
arthritis (RA) complicated by neutropenia with or without splenomegaly. The
pathogenesis of neutropenia in FS is still not fully understood, but it is believed that
the principal cause is neutrophil survival defect. Autoantibodies against peptidylar-
ginine deiminase type 4 deiminated histones, glucose-6-phosphate isomerase, and
eukaryotic elongation factor 1A-1 antigen may contribute to neutropenia develop-
ment in FS patients. Splenic histology in FS shows non-specific findings and spleen
size do not correlate with neutropenia. Cases of T-cell large granular lymphocytic
leukemia with low tumor burden in blood and concomitant RA are clinically
indistinguishable from FS and present a diagnostic challenge. Examination of T-cell
clonality, mutations in signal transducer and activator of transcription 3 gene, and
the number of large granular lymphocytes in the blood can establish a correct diag-
nosis. Optimal approaches to therapy for FS have not been developed, but the use of
rituximab seems promising. In this chapter, the epidemiology, pathogenesis, clinical
manifestations, differential diagnosis, and treatment options for FS are discussed.

Keywords: Felty’s syndrome, rheumatoid arthritis, neutropenia, splenomegaly,
large granular lymphocyte leukemia

1. Introduction

In 1924, at Johns Hopkins Hospital, American physician Augustus Felty
described five unusual cases with features of chronic arthritis, splenomegaly, and
striking leukopenia [1]. In 1932, the eponym “Felty’s syndrome (FS)” was first
used by Hanrahan and Miller to describe these cases [2]. Currently, FS is consid-
ered an uncommon subset of seropositive rheumatoid arthritis (RA) complicated
by neutropenia and splenomegaly [3]. Although splenomegaly represents one
characteristic of the triad that defines FS, it is not an absolute requirement of FS
diagnosis [4, 5]. T-cell large granular lymphocyte (T-LGL) leukemia in the setting
of RA is the condition most likely to be confused with FS. Studies on FS should be
considered with the caveat that almost all were performed without a study of T-cell
clonality and, therefore, could include cases of RA-associated T-LGL leukemia (see
“Diagnosis and differential diagnosis™).

2. Epidemiology
About 1% to 3% of patients with RA develop FS [6]. However, with the evolution

of RA pharmacotherapy, the frequency of FS has decreased substantially [7]. The
mean age of the patients is 60 years, with a 1.5:1 female to male ratio [8].
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3. Pathogenesis

There is firm evidence that the HLA-DRB1*04 genotype is a risk factor for FS
development [9]. The exact pathophysiological mechanisms leading to development
of neutropenia and splenomegaly in FS are unknown. It is believed, though, that
neutrophil survival defect is the main cause of neutropenia [8, 10]. Several auto-
antibodies have been found in the serum of FS patients with higher frequency or at
higher titers in comparison with seropositive RA patients without FS, which may
contribute to neutropenia development, including:

* autoantibodies to H3, H4, and H2A histones deiminated by peptidylarginine
deiminase type 4 [11];

* autoantibodies against glucose-6-phosphate isomerase [12];
* autoantibodies against eukaryotic elongation factor 1A-1 antigen [13];
* circulating immune complexes [14].

Autoantibodies against granulocyte colony-stimulating factor (G-CSF) were
found in 73% patients with FS [15]. However, given that, in most cases, bone mar-
row in FS reveals normal myeloid cellularity or myeloid hyperplasia with increased
granulopoiesis, relative excess of immature forms, and apparent lack of mature
myeloid elements [8], the pathogenetic significance of anti-G-CSF antibodies in
neutropenia development in patients with FS is unclear.

Some researchers question the significance of spleen sequestration/destruction
in neutropenia pathogenesis [8]. However, neutrophils are found in periarteriolar
lymphoid sheaths of the spleen even in patients with severe neutropenia [16]. In
addition, removal of the spleen leads to restoration of normal neutrophil counts in
most patients with FS.

4, Clinical manifestations

Clinical manifestations of FS and the frequency of signs/symptoms based on
literature data [5, 14, 17-19] are presented in Table 1.

FS usually develops 1015 years after RA presentation [14, 20], but in rare
instances, neutropenia and splenomegaly may precede an arthritis history
(non-articular Felty’s syndrome) [21-24].

The erosive process in FS is typically severe, but this is related to the duration of
RA before the onset of neutropenia and splenomegaly [6]. RA with FS is associated
with more frequent and severe extra-articular manifestations than RA without FS
[14, 20]. Rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP)
antibodies are associated with severe extra-articular manifestations in patients with
RA [25]. This is consistent with the finding that the vast majority of patients with
FS have high titers of RF [14]. In our cohort of 25 patients with FS with a median
duration of RA prior to FS diagnosis of 7 years, erosive arthritis at the time of FS
diagnosis was detected in 77% of the patients. RF was within the normal range in
only two cases, but the anti-CCP titers in these patients were highly positive [26].

Neutropenia (absolute neutrophil count of less than 1.500-2.000/uL) without a
clearly identified cause is required, by definition, for the FS diagnosis. Neutropenia
can manifest as increased frequency and severity of bacterial infections. However,
despite reduced absolute neutrophil counts, patients with FS can remain free of
infectious complications for extended periods of time.
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Signs/symptoms Frequency (%)
Major
Rheumatoid arthritis 100
Neutropenia 100
Splenomegaly 90
Minor
Rheumatoid nodules 53-82
Leg ulcers 16-41
Skin pigmentation 5-29
Hepatomegaly/portal hypertension 5-68
Serositis 0-22
Lymphadenopathy 0-34
Neuropathy 11-17
Episcleritis 0-8
Table 1.

Clinical manifestations of Felty’ syndrome and the frequency of signs/symptoms.

Figure 1.

Spleen histological examination in a patient with Felty’s syndrome. (A) The spleen shows preservation of the
white pulp with prominent germinal centers and lymphocytic infiltration of the red pulp (HeZE, x100).

(B) Lymphocytes infiltrate both cords and sinusoids. The infiltration is more prominent within the splenic
cords (HE¥E, x400).

Splenomegaly is present in over 90% of patients with FS, but the spleen size does
not correlate with neutropenia [14, 17, 19]. Splenic histology in FS shows non-
specific findings (Figure 1). The red pulp shows expanded sinuses as well as the
pulp cords, and an increased number of macrophages and plasma cells. The white
pulp follicles are usually hyperplastic [18, 27, 28]. It is possible that portal hyperten-
sion secondary to nodular regenerative hyperplasia of the liver contributes to spleen
enlargement in some patients with FS [29].

5. Diagnosis and differential diagnosis

FS should be suspected in a patient with RA, unexplained neutropenia, and
splenomegaly. There is a wide range of pathologies in patients with RA that can
manifest with neutropenia with or without splenomegaly. FS is a clinical diagnosis,
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and there is no specific single diagnostic test to confirm or exclude it; therefore, FS
is essentially a diagnosis of exclusion.

Neutropenia caused by drug therapy (drug-induced neutropenia) should be
ruled out first. The most important treatment of drug-induced neutropenia is to
withdraw the causative drug. The average time for full recovery of the neutrophil
count is 9 days (range, 9-24 days) [30]. Methotrexate, cyclophosphamide, azathio-
prine, sulfasalazine, leflunomide, tocilizumab, tumor necrosis factor (TNF)-alpha
antagonists, antimalarial medications, analgesics, and nonsteroidal anti-
inflammatory drugs are the most common causes of drug-induced neutropenia in
patients with RA [28]. It is important to keep in mind that unlike with other drugs,
rituximab-induced neutropenia occurs after a median period of 4.5 months (range,
3-6.5 months) after the last rituximab infusion [31].

T-LGL leukemia is a rare type of mature T-cell neoplasm characterized by the
clonal expansion of large granular lymphocytes (LGLs) and, in most cases, has
indolent clinical course. Typical features of T-LGL leukemia include the increase in
the number of peripheral blood LGLs, cytopenia (most commonly neutropenia),
and variable splenomegaly. A peculiar feature of T-LGL leukemia is its associa-
tion with RA, which occurs in 17-28% of patients with T-LGL leukemia [32, 33].
Historically, a definitive diagnosis of T-LGL leukemia required the increase in the
number of LGLs in peripheral blood greater than 2 x 10°/L, but it is now recognized
that a lower count (range, 0.4-2 x 10°/L) may be compatible with the diagnosis
[34-36].

Cases of T-LGL leukemia in the setting of RA (RA-associated T-LGL leukemia)
with low LGL count in peripheral blood and concomitant neutropenia are clinically
indistinguishable from FS and diagnostically challenging. RA-associated T-LGL
leukemia and FS are distinguished in clinical practice by evaluation of rearrange-
ments of the T cell receptor (TCR) gamma and TCR beta genes in the blood and/or
in the bone marrow. The monoclonal rearrangements of the TCR genes (T-cell clon-
ality) are present in T-LGL leukemia but not in FS (Figure 2) [3, 8, 37]. However,
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Figure 2.

Evaluation of T-cell clonality based on rearrangements of the T-cell receptor (TCR) genes. (A) TCR genes
show monoclonal rearrangement in T-LGL leukemia. (B) TCR genes show polyclonal rearrangement in Felty’s
syndrome.
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there is considerable discussion regarding the significance of dominant T-cell
clones as a hallmark of T-cell malignancy because clonal populations of T-cells are
observed both in healthy individuals and in exuberant reactive responses [38—43].
Activating somatic mutations in the signal transducer and activator of the tran-
scription 3 (STAT3) gene and an increase in the number of LGLs above 2 x 10°/L
were detected in RA-associated T-LGL leukemia but not in FS (39% vs. 0% and
21% vs. 0%, respectively) [26]. In addition, the expression of the CD57 antigen and
the aberrant (diminished or absent) expression of CD5 on cytotoxic CD3 + CD8+
T-lymphocytes are more typical for T-LGL leukemia than in the polyclonal expan-
sion of cytotoxic T-lymphocytes in FS [26]. In contrast, it seems that the current
criteria for bone marrow involvement in T-LGL leukemia do not seem to be suf-
ficiently specific to distinguish it from FS [8, 26].

Aplastic anemia, myelodysplastic syndromes, or acute leukemia can sometimes
present with isolated neutropenia. To rule out these pathologies, a bone marrow
examination should be considered. In rare cases, cirrhosis, amyloidosis, lymphomas
involving spleen, sarcoidosis, or infections can lead to splenomegaly in patients
with RA.

6. Management

In two earlier analyzes of survival in FS, 5-year mortality ranged from 25%
to 36% [5, 44]; however, recent data regarding the prognosis of FS are not avail-
able. The treatment goal in FS is a reversal of the neutropenia to prevent recurrent
bacterial infections and sepsis, which is the leading cause of death in patients with
FS. The treatment strategy for FS is not evidence-based because of the lack of
controlled trials.

Methotrexate (MTX) is considered the first-line therapy for treatment of
FS based on case reports and case series data. Low doses of MTX (up to 25 mg
once a week) can improve both joint diseases and neutropenia, usually within
1-2 months.

One recent literature review supported the use of rituximab (RTX) asa
second-line therapy. A sustained increase in the absolute number of neutrophils
was observed in 62.5% of FS patients during the 3 months following one cycle of
RTX treatment [45]. The appropriate dosing schedule of RTX for treatment of FS
remains uncertain, but most often patients receive two 1000 mg doses separated by
15 days [46]. Some patients had a recurrence of neutropenia after RTX treatment,
indicating that in some cases a sustained response may require maintenance therapy
with RTX.

There is very limited evidence regarding the leflunomide efficacy in FS [47].
TNF-alpha inhibitors (adalimumab, ethanercept, and infliximab) are ineffective
in FS [45].

Splenectomy maintained normal neutrophil counts in 80% of patients with FS
[10]. However, the indications for splenectomy are now limited because of effective
medications and the risk of post-splenectomy sepsis.

The results of treatment with glucocorticoids (GCs) in patients with FS are
variable. GCs can provide a rapid improvement in neutrophil count by stimulat-
ing the release of mature cells from the bone marrow and mobilizing them from
the marginal pool, thus, creating the effect of increasing their absolute number.
However, to achieve a real clinical effect, high doses and prolonged use of GCs may
be required, which increases the risk of infection in patients with FS.

G-CSF can be used for treatment of FS patients with life-threatening infections.
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7. Conclusion

Although nearly 100 years have passed since the first description of FS, this
pathology remains a mystery in many aspects. The pathogenetic mechanisms
underlying neutropenia and spleen enlargement in these patients are poorly
understood. Optimal approaches to therapy for this rare disorder have not been
developed, but the use of rituximab seems promising.
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Chapter 3
Lotgren’s Syndrome
Shiyu Wang and Shailendra Singh

Abstract

Lofgren’s syndrome presents as acute sarcoid arthritis, with a triad of hilar
adenopathy, acute polyarthritis and erythema nodosum. Léfgren’s syndrome is
self-limited, erythema nodosum, hilar adenopathy and acute polyarthritis usu-
ally resolve within a few weeks to months, however polyarthritis can last for up to
2 years. Treatment involves symptomatic control with NSAIDs/colchicine or oral
glucocorticoids until symptoms resolve, if disease is resistant to these therapies,
hydroxychloroquine, methotrexate or infliximab can be used. Lofgren’s syndrome is
arare presentation of sarcoidosis occurring in only about 5-10% of sarcoid patients.
It is, however, important to recognize as it is the most common form of acute sar-
coid arthritis and prompt treatment can prevent unnecessary prolonged discomfort
for patients.

Keywords: Lofgren’s Syndrome, Sarcoidosis, Polyarthritis, Hilar adenopathy,
Erythema nodosum

1. Introduction

Lofgren’s syndrome is an acute manifestation of sarcoidosis. Sarcoidosis is a
disease characterized by noncaseating granulomas throughout multiple body
systems, most commonly involving the lungs (> 90% cases), often manifesting as
hilar adenopathy. A small subset of patients (~10%) will develop joints symptoms,
which can manifest as either acute or chronic arthritis. Lofgren’s syndrome is the
most common presentation of acute sarcoid arthritis, occurring in about 5-10% of
sarcoid cases, presenting as classical triad of acute polyarthritis, erythema nodosum
and hilar adenopathy.

2. Epidemiology

Sarcoidosis is a disease with prevalence of about 10 to 20 per 100,000 people,
it affects a wide variety of patients, but there are certain predilections and pat-
terns for higher disease activity. Geographic area, ethnicity, gender and age seem
to play important roles in incidence and presentation of disease [1, 2]. Various
geographic locations have been studied, and there seems to be clustering of sarcoid-
osis incidence around certain geographic areas, with northern countries (such as
Scandinavia) having much higher incidence than other areas [3]. Ethnicity also has
a distinct pattern, with African Americans, Scandinavians, Afro Caribbeans, Irish,
Puerto Rican and North Africans having highest incidence, though this seems to be
affected by geographical location as well [3, 4]. There are also differences in disease
presentation between different ethnicities; African Americans seem to have more
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severe disease presentation than Caucasians [2]. Lowest incidence occurs in Spain
and Japan [3, 4]. Women are overall more affected by sarcoidosis than men, though
interestingly, the age of diagnosis is almost 10 years later in women than men in
many populations [3, 4]. There also seem to be difference in disease presentation
between women and men, with women potentially experiencing more musculoskel-
etal related symptoms [3]. Sarcoidosis incidence also increases with family history
of the disease; studies have shown that alleles on short arm of chromosome 6 seem
to confer increased risk (HLA DR 11, 12, 14, 15, 17) or protection (HLA DRI, DR4)
from disease [5].

Lofgren’s syndrome follows many of the same epidemiologic trends of sarcoidosis.
It affects women more than men, with Scandinavian ethnicity having the highest
incidence [6, 7]. There also seems to be a temporal clustering of incidence, with rates
highest in the months from March to July [6]. The age of onset was, however; signifi-
cantly lower for Lofgren’s syndrome than sarcodosis, at 39 years old versus 47 years
old [7]. There also are differences between sexes in regards to presentation, women are
more likely to present with erythema nodosum, whereas men are more likely to have
inflammation or arthritis of ankles without erythema nodosum [8]. Various genetic
factors and alleles have been associated with Lofgren’s syndrome, some protective and
leading to better outcomes (HLA DQB1*0201, DRB1*03) while others are associated
with more severe disease and worse outcomes (CCR2, HLA DQ2, DR3) [6, 9-12].

3. Etiology

The etiology of sarcoidosis, and by extension Lofgren’s syndrome, is poorly
understood. Granulomatous inflammation leads to eventual noncaseating granulo-
mas in various organs. Formation of granulomas is due to exaggerated cell mediated
immune response to antigens. The exact antigen(s) that stimulate sarcoidosis is
unclear at this point in time. Many studies analyzing a large number of patients
have not found one factor(s) that clearly causes sarcoidosis [13], possibly due to
there being many different underlying causes of sacroidosis that leads to similar
presentations. Some of the possible etiologies explored to date are environmental
exposures and infectious agents.

3.1 Environmental exposure

Certain chemical elements (Beryllium, Zirconium, Aluminum) have been
shown to cause graulomatous disease in lungs of patients with occupational expo-
sure to these elements, while they themselves do not cause sarcoidosis, various stud-
ies have investigated if other environmental exposures could [14-16]. Specifically,
rescue workers exposed to World Trade Center dust and debris developed new onset
sarcoidosis, possible due to exposure to a yet unknown component of the dust [17].

3.2 Infectious agent

Mycobacterium and Propionibacteria have been studied as possible causes of
sarcoidosis [18, 19]. Mycobacterium tuberculosis causes granulmatous caseations
similar to those seen in sarcoidosis, and there have been Mycobacterium tuberculosis
components found in sacroidosis tissue [20]. Propionibacteria acnes have also been
found in lymph nodes of sarcoidosis patients [19]. Despite these findings, there has
been no casual relationship found between these infectious agents and sacroidosis.
Further evidence to support an infectious etiology of sarcoidosis is that transplanta-
tions of various organs have been shown to induce sarcoidosis in recipient [21-23].
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4. Pathophysiology

The pathophysiology of sarcoidosis, and by extension Léfgren’s syndrome,
involves activation of immune cells by as of yet unknown antigen(s). While the end
result is graumloma formation, there are quite a few steps before this stage.

Antigen presenting cells (APCs), either macrophages or dendritic cells,
phagocytose the as of yet unknown antigen(s), and then presents this antigen(s)
to Helper CD4+ T cells. These Helper T cells then expresses various inflamma-
tory cytokines including: interferon-gamma, Tumor necrosis factor (TNF),
interleukin (IL)-2, IL-17 and IL-22 [24]. IL-17 recruits T Helper 17 (Th17) cells
which then produce even more inflammatory cytokines, primarily interferon-
gamma [25]. All these inflammatory mediators cause fusion of APCs into
multinucleated giant cells, the APCs and multinucleated giant cells then cluster
to form granulomas.

This process seems to occur most prominent and commonly in the lungs, with
alveolar macrophages often the first to aggregate to form granulomas. This process
can occur in other areas of the body, as evidence by up to 30% of patient experienc-
ing extrapulmonary symptoms (Figure 1) [26].

4.1 Erythema Nodosum and acute polyarthritis

In Lofgren’s syndrome, in addition to pulmonary granolumas (represented as
hilar adenopathy), there are also manifestations of erythema nodosum and acute
polyarthritis. Erythema nodosum is caused by delayed type hypersensitivity
reaction from exposure to antigens. Its exact pathophysiology is not fully under-
stood, but may be due to immune complex deposition in venules of subcutaneous

Figure 1.
Non-caseating granuloma (Samir at the English-language Wikipedia, CC BY-SA 3.0 <http://creativecommons.
ovg/licenses/by-sa/3.0/>, via Wikimedia Commons).
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fat, inciting an inflammatory reaction and granuloma formation [27]. Acute
polyarthritis also has poorly understood pathogenesis, but may be due increased
inflammatory milieu within the body, leading to transient inflammatory arthritis.

5. Presentation

Lofgren’s syndrome presents classically as a triad of hilar lympadenopathy,
erythema nodosum and acute polyarthritis. Often constitutional symptoms occur
concurrently with the above triad, most commonly manifesting as fever, fatigue
and malaise. Age of onset is generally under or around 40 years of age. More rare
symptoms include uveitis along with blurry vision and light sensitivity [28]. There
is variability in presentation between different sexes [8].

5.1 Hilar lymphadenopathy

Hilar lyphadenopathy is a classic finding of pulmonary sarcoidosis, making it
ubiquitous in Léfgrens syndrome. It is a radiographic term for enlarged mediastinal
lymph nodes, most often those surrounding the pulmonary hila or root of the
lung, where the lungs connect to the trachea and heart. Often the enlargement is
bilateral and symmetric, though the right side may be slightly more prominent.
Chest radiograph is required for definitive diagnosis, and there are five stages, as
discussed below. These stages do not represent disease activity, just anatomical
findings on chest radiography [29]. Generally, hilar lympadenopathy will regress
within 1 year [30]. Though not exclusively caused by bilateral hilar lympadenopa-
thy, respiratory symptoms are often the first presentation that prompts obtaining
a chest radiograph, where hilar lymphadenopathy is first discovered in a patient.
These respiratory symptoms most commonly are coughing, dyspnea and chest pain
(Table1 and Figures 2 and 3).

5.2 Erythema Nodosum

Erythema nodosum presents as erythematous, tender, immobile nodules that
are elevated and can join to form a plaque. Most commonly, they present on shins
in Lofgren’s syndrome, though they can also appear on head and neck regions as
well. These nodules are caused by subcutaneous inflammation, and are frequently
accompanied by fevers and take a few days to develop. Spontaneous resolution
typically occurs within eight weeks without scarring. There may be hyperpig-
mentation after resolution, but this is rare [27]. Relapsing erythema nodosum

Stages of Pulmonary Features

Sarcoidosis

Stage 0 Normal chest radiograph

Stage Bilateral hilar lymphadenopathy

Stage II Bilateral hilar lymphadenopathy + Diffuse infiltrative lung damage
Stage I11 Diffuse infiltrative lung damage

Stage IV Lung fibrosis

"The Foundations in Diagnostic Pathology Series, Pulmonary Pathology — Chapter 17.

Table 1.
Stages of pulmonary sarcoidosis.
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Figure 2.
Anterior—posterior and lateral chest vadiograph of bilateral hilar lymphadenopathy (image courtesy of H.
Bruce Dull, MD).

Figure 3.
Computed tomography of bilateral hilar lymphadenopathy (by James Heilman, MD - Own work, CC BY-SA
4.0, https://commonswikimedia.org/w/index.php?curid=49068286).

can develop; this represents poor control or failure of treatment of underlying
chronic condition. Erythema nodosum is also more commonly seen in women with
Lofgren’s syndrome, whereas men can have acute polyarthritis with no erythema
nodosum (Figure 4) [8].

5.3 Acute polyarthritis
Acute polyarthritis in Lofgren’s syndrome is typically symmetrical and oligoar-

ticular (affecting 2 to 4 joints) initially. Most often, it involves the ankles bilaterally
and then starts to affects other joints of the lower extremities such as knees and
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Figure 4.
Erythema nodosum of lower extremities (by James Heilman, MD - Own work, CC BY-SA 3.0, https://
commons.wikimedia.ovg/w/index.php?curid=11520780).

can also affect wrists and elbow joints as well. Bilateral ankle arthritis seems to be
the most common initial manifestation of acute polyarthritis. Rarely, small joints
of hands bilaterally can be involved [30]. Arthritis generally resolves within a few
months, though it can persist up to 2 years, even with treatment. Cases of recur-
rent arthritis after treatment have also been described [31]. Men present with acute
polyarthritis more commonly [8].

6. Evaluation and diagnosis

There are no definitive test or classification criteria for Lofgren’s syndrome, and
though the classic triad of hilar lympadenopathy, erythema nodosum and acute poly-
arthritis are highly specific (> 95%), there are instances where not all components
are presents in patients with Lofgren’s syndrome [32]. For successful evaluation of
a patient with Lofgren’s syndrome, an accurate and detail history and physical must
first be performed, usually followed up with a chest radiograph to confirm diagnosis.
Biopsies may be indicated for definitive diagnosis of sarcoidosis if chest radiograph
or other forms of imaging are inconclusive. Laboratory testing is generally not
required.

6.1 History and physical exam

A detailed and accurate history and physical exam is essential for evaluation and
diagnosis of Lofgren’s syndrome. Chronicity and specificity symptoms need to be
elucidated and investigated. Importantly, history should uncover onset and loca-
tion of acute polyarthritis, and whether there has been any migration of arthritis.
Underlying arthritis or arthralgias should also be clarified, to ensure that the acute
polyarthritis is indeed new and acute in nature, not a continuation of previous
disease. Constitutional symptoms should also be inquired about, as acute onset
of fever very often accompanies both the acute polyarthritis and development of
erythema nodosum. Ask about respiratory symptoms, as they can be the first sign
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of previously unknown hilar lymphadenopathy. Keep in mind the differences in
presentation between men and women, as women may not have presentation of
acute polyarthritis and just erythema nodosum, whereas men may not present with
erythema nodosum.

Physical exam should include detailed examination of lower extremities, neck and
head regions for erythema nodosum. Joint examination of lower extremities as well
as hands, wrists and elbows should be performed to see if there is pain, tenderness,
swelling, redness and heat. Monitoring temperature can also be useful in determining
if there is accompanying fever with these symptoms. A detailed cardiac, pulmonary
and abdominal exam should be performed as hilar adenopathy and sarcoidosis in
general can cause various manifestations and physical changes in these areas.

6.2 Chest radiography

Chest radiography should be obtained at least once on all patients suspected
with Lofgren’s syndrome, it is an essential step to establishing if there his hilar
lymphadenopathy. Section 5.1 describes findings and diagnostic criteria for hilar
lymphadenopathy on chest radiograph. If chest radiography is inconclusive, high
resolution computed tomography (HRCT) scan can be performed, and provides
more detailed imaging and analysis of mesiatinum, able to identify in more detail
the precise location and extent of lympadenopathy [33]. HRCT is not routinely
recommended for evaluation and diagnosis of Léfgren’s syndrome.

6.3 Biopsies

Biopsies are generally limited to cases of Lofgrens syndrome where HRCT or
other imaging modalities cannot detect sarcoidosis, and/or disease is refractory to
treatment or deviates from expected course. It is utilized to definitively obtain tissue
samples that confirm diagnosis of sarcoidosis. Generally, bronchoalveolar lavage
(BAL) is performed with endobronchial or transbronchial biopsies, endobronchial
ultrasound (EBUS) biopsy can also be used for various positions and angles to
attempt a needle aspiration biopsy of lympadenopathy. A triad of CD4 to CD8 cell
ratio > 4, lymphocyte percentage > 16% and presence of noncaseating granulomas
has 100% positive predictive value and 81% negative predictive value for diagnosis of
sarcoidosis [34].

6.4 Laboratory and genetic testing

Laboratory testing is generally not required for evaluation and diagnosis of
Lofgren’s syndrome. Many laboratory testing is non-specific and do not provide
additional value. Exceptions may include angiotensin-converting enzyme (ACE)
and ionized calcium. Studies have shown that patients with elevated ACE and
ionized calcium may have increased risk for prolonged arthritis [35]. Tuberculosis
skin or interferon-gamma testing should be performed at least once on patients
suspected with Lofgren’s syndrome to rule out tuberculosis, which can mimic
erythema nodosum as well as hilar adenopathy.

Genetic testing is not required for evaluation and diagnosis of Lofgren’s syn-
drome. Though some alleles and genes have been associated with Léfgren’s syn-
drome, they are more for academic research purposes rather than to diagnose the
disease. Associations include: HLA DQB1*0201 and DRB1*03 have been found to be
protective and lead to better outcomes, and CCR2, HLA DQ2 and DR3 have been
found to be risk factors for worse outcomes [9-12].
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7. Differential diagnoses

Many conditions and diseases can cause erythema nodosum, polyarthritis
and associated fever. These including: infections, drug reactions, malignancies,
inflammatory bowel disease and other rheumatologic conditions. While chest
radiograph with findings of hilar adenopathy can significantly increase specific-
ity for Lofgren’s syndrome, it is not always necessary and a detailed history and
physical should be able to differentiate many of the other differential diagnoses
listed below.

7.1 Infections

A wide variety of infections can cause erythema nodosum and arthritis, which
can manifest as reactive arthritis or infectious arthritis. These include bacterial:
streptococcous, chalymdia, yersinina, salmonella, campylobacter and tubcerculo-
sis. Fungal: coccidiomycosis, histoplasmosis, blastomycosis. Viral: hepatitis B and
infectious mononucleosis. Reactive and infectious arthritis generally present ini-
tially in the knee joint, which can overlap with Léfgren’s syndrome, and the arthritis
are also usually self-limited and acute. Therefore it can be difficult to distinguish
between the two without chest radiography, but presence of hilar lymphadenopathy
should exclude most of the infections listed above. The exception to this is tuber-
culosis, which can also present with hilar adenopathy, thus it is necessary to obtain
tuberculosis skin or interferon-gamma testing to rule out tuberculosis infection.

7.2 Drug reactions

Drug reactions that can cause erythema nodosum include: oral contraceptives,
penicillins, sulfonamides, bromides, iodides and TNF Alpha inhibitors. Though
drug reactions can cause fever, very rarely do they cause arthritis. Cessation of
offending drug also often resolves symptoms. Thus, if there is no presence of acute
polyarthritis, distinguishing a drug reaction from Léfgren’s syndrome is clear.

7.3 Malignancies

Malignancies that can cause erythema nodosum include lymphoma, leukemia
and carcinomas. These malignancies can also be associated with fever, but also very
rarely cause arthritis. They can, however, cause hilar lymphadenopathy, thus it is
important to delineate presence of acute polyarthritis.

7.4 Inflammatory bowel disease (IBD)

Ulcerative colitis and Crohns disease can cause erythema nodosum with
associated fever as well as enteropathic arthritis. Enteropathic arthritis can pres-
ent sporadically and intermittently, and can be mistaken for acute polyarthritis.
Therefore, it is difficult to distinguish between inflammatory bowel disease and
Lofgren’s syndrome, chest radiography should be obtained to detect for presence of
hilar adenopathy. IBD generally does not cause hilar lymphadenopathy.

7.5 Other rheumatologic conditions
Rheumatologic conditions such as Behcet disease and Sweet syndrome can also
cause erythema nodosum, arthritis with associated fevers. Behcet syndrome causes

polyarthritis of lower extremity joints, very similar to Léfgren’s syndrome. Sweet
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syndrome itself does not cause arthritis, but is associated with rheumatoid arthritis,
IBD and Behcet syndrome, all of which can cause arthritis. Sweet syndrome is asso-
ciated with a characteristic rash that present as erythematous plaques, which should
be differentiated from erythema nodosum. Neither condition is associated with
hilar lymphadenopathy, thus chest radiography should be obtained to distinguish
them from Léfgren’s syndrome.

8. Treatment/management

Lofgren’s syndrome is largely a self-limited disease, the erythema nodosum,
acute polyarthritis and hilar lymphadenopathy resolves usually within a few weeks
to months, most cases resolve within 1 year. Polyarthritis has been known to last up
to 2 years. Treatment is largely supportive and goal is symptomatic control. NSAIDs
are first line for anti-inflammatory properties to ameliorate discomfort of fever,
erythema nodosum and arthritis; colchcine can also be used for this purpose. In
severe or refractory cases, glucocorticoids can be used, which needs to be tapered
off of once symptoms have been resolved. Further interventions with methotrexate
or hydroxychloroquine can also be used, and infiximab beyond that [36].

9. Prognosis

Prognosis of Léfgren’s syndrome is excellent; most patients achieve complete
resolution of symptoms without recurrence in 6 months to 2 years. Cases have been
described of recurrence of symptoms or progression to chronic disease, but these
are exceedingly rare [35].

10. Conclusions

Lofgren’s syndrome is a rare disease that is often misdiagnosed or under diag-
nosed. The constellation of symptoms of erythema nodosum, acute polyarthritis
(most commonly bilaterally in ankle and under 2 months since time of onset) as
well as hilar lymphadenopathy in a young patient (under 40 years of age) should
raise very high suspicions for this disease. Prompt recognition and treatment of this
disease can save much stress and pain for patients afflicted by it.
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Childhood Langerhans Cell
Histiocytosis: Epidemiology,
Clinical Presentations, Prognostic
Factors, and Therapeutic
Approaches

Katharina Sterlich and Milen Minkov

Abstract

Childhood LCH is a rare disease, affecting 4-9 per 1,000,000 children below the
age of 15 years. It is driven by somatic mutations in the MAPK pathway, arising in
myeloid marrow progenitors. Both genders are affected by a slight male preponder-
ance. The clinical spectrum of LCH varies from a single lesion affecting one organ
system to severe multisystem disease with dysfunction of vital organs. Likewise,
variable and unpredictable is its course, spanning from self-limiting course to
progression with lethal outcome. Recognized unfavorable prognostic factors are the
involvement of hematopoiesis, liver, and spleen, as well as non-response to systemic
treatment. Recent studies suggest that patients carrying the BRAFV600E muta-
tion may have a more severe clinical phenotype and less favorable prognosis. The
combination of prednisolone and vinblastine is the standard first-line treatment
for disseminated disease. Second-line options used in clinical practice are not well
evidenced. Inhibitors of the MAPK pathway are a promising alternative option.

Keywords: langerhans cell histiocytosis, epidemiology, manifestations,
prognostic factors, treatment

1. Introduction

LCH is a rare disease with a variety of presentations and outcomes. Indeed, for
most of its history, it was thought to be several different entities until sufficient
cases were described that made the spectrum of this disease clearer.

The descriptive approach in medicine in the early 20th century and the
extremely heterogeneous clinical presentation of LCH led to the fact that different
manifestations of the disease were described as separate syndromes. Thus, the his-
tory of the disease began with the description of the Hand-Schiiller-Christian syn-
drome, [1-3], the Letterer-Siwe disease, [4, 5] and the eosinophilic granuloma [6].

In 1953, Dr. L. Lichtenstein in a critical review of the literature introduced a
unifying concept, stating that the conditions previously designated eosinophilic
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granuloma of bone, Letterer-Siwe disease and Hand-Schiiller-Christian disease,
are interrelated manifestations of a single disease [7]. The name “histiocytosis X”
was suggested to underscore the unknown origin of the disease.

In 1973, Dr. Christian Nezelof, a French pediatric pathologist, proposed the
Langerhans cells as the origin of histiocytosis X [8]. His hypothesis was based on
morphologic similarities (e.g. Birbeck granule, a cytoplasmic pentalaminar struc-
ture with a tennis racket shape) between normal Langerhans cells and the abnormal
cells in histiocytosis X. Since then the disease is referred to as Langerhans cell
histiocytosis.

2. Epidemiology

The estimated incidence of LCH is 4-9 children younger than 15 years per
million [9-12]. The peak incidence of childhood LCH is between 0 and 4 years
[13]. There is a relation between age at manifestation and disease extent, younger
children have more disseminated disease [14]. All large epidemiologic studies
report a male predominance in the range of 1.2-1.5 [9-12]. The causes and risk
factors for developing LCH are unclear [15]. However, the unique patterns of
presentation, ranging from localized bone lesions with spontaneous regression
to disseminated forms with involvement of multiple organs, suggest a complex
pathogenesis. Familial clustering, particularly the observation of increased
incidence in monozygotic twins, have suggested the presence of a germline
predisposition at least for a proportion of cases [16, 17]. In addition, population-
based studies have shown differences in the incidence of disseminated LCH by
race and ethnic group; a higher incidence has been reported for Hispanics and a
lower incidence for blacks [18]. Studies have also shown a correlation with mater-
nal and neonatal infections, [15, 19, 20] lack of childhood vaccinations, [15, 20]
family history of thyroid disease, [15] in vitro fertilization, [21] and feeding
problems and transfusions during infancy [19]. Finally, lower socioeconomic
conditions have been associated with an increased incidence of disseminated
LCH [18].

3. Clinical presentation

The clinical presentations of LCH range from incidentally detected asymp-
tomatic bone lesions to severe multisystem disease manifesting with disseminated
rash, fever, failure to thrive, enlarged liver and spleen and transfusion-dependent
cytopenia (Figure 1). The disease can present with insidious nonspecific manifesta-
tions such as fever, impaired appetite, anxiety, and sleep disturbances, particularly
in infants. Virtually all organ systems can be affected either individually (single
system LCH; SS-LCH) or in different combinations (multisystem LCH; MS-LCH).
Hence, LCH can mimic a large spectrum of diseases (Table 1). Frequent, though
unspecific manifestations are: bone pain, soft tissue swelling (“bumps”) in the head
and neck area, persistent polymorphic skin eruptions, mucous membrane ulcer-
ations, respiratory symptoms (cough, shortness of breath, chest pain), enlargement
of the liver, spleen and lymph nodes, growth failure, polyuria with polydipsia or,
rarely, neurological symptoms.

The organs mostly affected are bone (80%), skin (33%) and pituitary (25%).
The hematopoietic system, spleen, liver and lungs are affected in up to 15%, lymph
nodes in 5-10% and the central nervous system without the pituitary in 2-4% of the
patients [22].
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Figure 1.

Sp%ctrum of clinical manifestations. Bone lesions in the skull (A) with irregular punched out appearance,
vertebra (B) with partial collapse of the vertebral body, and the tibia (C) with periosteal veaction and bone
deformity; Cutaneous manifestations: purpuric vash with erythema and maceration of the inguinal folds
resembling diaper dermatitis (D), characteristic confluent maculopapular rash with purpuric appearance and
crusting on the trunk (E), and papulonodular reddish-brown vash in a newborn (F); Right-sided proptosis
caused by a lesion of the orbital bones (G); Jawbone lesion presenting as a massive soft-tissue swelling (H) and
the respective MRI findings (I); J - Thickening of the pituitary infundibulum, manifesting as centval diabetes
insipidus; Characteristic non-granulomatous lesions of the cevebellum (K) and the basal ganglia (L); Massive
hepatosplenomegaly and skin rash in severe multisystem LCH (M); Pulmonary LCH with bullae visible on
radiography (N) and combination of nodules and cysts on CT scan (O).

3.1 Skeleton

Flat bones and particularly the cranial bones are most commonly affected.
Other common locations in decreasing order are the long bones of the extremities,
the vertebral bodies and the pelvic bones. The proximal bones of the extremities
are more frequently involved than the distal ones. The bones of the hands and feet
are usually sparred. The lesions are characteristically located in the diaphysis or
metaphysis, but the epiphysis can be affected as well.

Vertebral lesions typically localize in the vertebral body, vertebral arch, trans-
verse or spinous process and present with pain, kyphoscoliosis, or neurological
deficits due to compression of the spinal cord [23]. While vertebra plana in LCH are
rare, LCH is the leading cause of vertebra plana in children.

Unilateral or bilateral lesions in the temporal bone range from unspecific opaci-
fication of the mastoid cells with minimal bone destruction, to extensive osseous
destruction and intracranial soft tissue infiltration. The most common symptoms
are recurrent or persistent otitis, mucopurulent otorrhea, swelling of the mastoid,
and eczema or polyps of the ear canal. In rare cases of inner ear involvement, hear-
ing loss, dizziness or paralysis of the facial nerve also occur.

Lesions of the orbital bones in LCH are mostly unilateral and have exclusively
extraconal location, typically affecting the roof and the lateral wall [24]. They
manifest with lid swelling (with or without inflammatory appearance), palpable
mass, or proptosis. The differentials of orbital involvement include acute infections,
inflammatory pseudotumor, hemangioma, rhabdomyosarcoma, retinoblastoma,
metastatic neuroblastoma, lymphoma, and optic glioma. However, other histiocytic
disorders, such as juvenile xanthogranuloma, Erdheim-Chester disease, and Rosai-
Dorfman disease can present with orbital involvement as well.
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Affected organ

Manifestation/finding

Differentials

Skin

Vesicles and bullae (most
common in early infancy)

Erythema toxicum
Herpes simplex
Varicella

Dermatitis (most frequently
scalp, diaper area, or axilla)
Nodules (“blueberry muffin”
like)

Petechia

Pruritic rash

Seborrheic dermatitis
Mastocytosis

Juvenile xanthogranuloma
Neuroblastoma

Infant leukemia
Intrauterine infections
Scabies

Bone

Vertebral lesions (vertebra
plana)

Chronic relapsing multifocal osteomyelitis (CRMO)

Leukemia/Lymphoma
Aneurysmal bone cyst
Erdheim-Chester disease
Ewing sarcoma
Osteosarcoma

Metabolic bone diseases

Temporal bone

Chronic otitis media
Mastoiditis
Cholesteatoma

Soft tissue sarcoma

Orbit

Acute infection (preseptal cellulitis)
Dermoid cyst

Erdheim-Chester disease
Pseudoinflammatory tumor
Rhabdomyosarcoma
Neuroblastoma

Lytic lesions of the long bones

Septic osteomyelitis

CRMO

Aneurysmal bone cyst

Bone angiomatosis (Gorham disease)
Fibrous dysplasia

Giant cell tumor of bone

Atypical mycobacterial infection
Osteogenic sarcoma

Ewing’s sarcoma

Lung

Respiratory symptoms,
reticular lesions (nodules and
cysts)

Mycobacterial or other pulmonary infections
Sarcoidosis

Liver

Hepatomegaly, jaundice with
direct hyperbilirubinemia
Hypoalbuminemia

Chronic destructive cholangitis

Metabolic diseases

Hepatitis

Diseases obstructing biliary tract
Inherited diseases of bilirubin conjugation
Toxic (Reye syndrome)

Neonatal hemochromatosis

Chronic inflammatory bowel disease

Endocrine
glands
(pituitary,
thyroid)

Polyuria/polydipsia, growth
failure, hypothyroidism,
hypogonadism

Renal diabetes insipidus
Head trauma

Germ cell tumors of CNS
Lymphatic hypophysitis
Non-LCH histiocytoses

Table 1.

Common differential diagnoses of LCH.

Jaw involvement can present with gingival hyperplasia or ulceration, exten-
sive dissolution of the jawbone structure with tooth loosening (“floating teeth”)

or loss.
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3.2 Skin

Skin is the second most frequently involved organ system after the skeleton
overall. In patients younger than two years, it is even the most frequently involved
organ. Cutaneous involvement is typically representative of multisystem disease, as
87-93% also have systemic involvement. Cutaneous lesions may be either circum-
scribed (nodular) or spread and confluent (rash).

They typically present as pinpoint erythematous or skin-colored papules or
pustules. The morphology can mimic a seborrheic dermatitis-like or an eczematous
erythematous, skin-colored, or brown petechial rash with or without scale,
scabbing, crusting, and/or purpura. In infants, a seborrheic dermatitis-like rash on
the scalp often causes LCH to be misdiagnosed as seborrheic dermatitis, while groin
involvement can mimic treatment-resistant, recurring diaper dermatitis [25].

Nail involvement is rare, but can present as subungual pustules, hemorrhage, or
hyperkeratosis, purpuric striae, purulent discharge, longitudinal grooving, ony-
cholysis, paronychia, and pitting [25].

3.3 Lymph nodes

Enlarged lymph nodes are rarely the only manifestation of a single system LCH.
The lymphadenopathy encountered in the setting of multisystem disease is usually
mild to moderate.

3.4 Bone marrow

Peripheral blood cytopenia in LCH patients, often referred to as “hematologic dys-
function’} is a sign of severe disease and heralds unfavorable prognosis. For decades,
the terms “hematopoietic dysfunction” and “bone marrow involvement” were inter-
changeably used in the literature [26]. Bone marrow studies in LCH patients using
immunochemical staining for CD1a or molecular markers (BRAFV600E), have found
increased proportion of histiocytes compared to controls, but their numbers did not
correlate well with disease extent and severity [26, 27]. Strikingly, the phagocytosis in
the bone marrow, which better correlates to disease severity, is carried out by CDla-
negative macrophages. Although the exact mechanisms leading to peripheral cytope-
nia remain uncovered, it is clear that it is not due to marrow infiltration in most cases,
and is probably due to increased phagocytosis or inflammatory marrow suppression.

3.5 Spleen

Enlargement of the spleen in LCH occurs exclusively in the setting of MS-LCH.
It occurs in 15-30% of the patients mostly coinciding with hematopoietic and liver
involvement.

3.6 Liver

Liver involvement occurs exclusively in children with MS-LCH. Patients may
present with hepatomegaly only or with functional impairment (elevated liver
enzymes, hypoproteinemia and hypoalbuminemia) and/or jaundice.

Two patterns of liver dysfunction can been seen in children: one with predominant
hypoproteinemia/hypoalbuminemia + mild elevation of transaminases and bilirubin;
and a less common cholestatic one, due to progressive sclerosing cholangitis [28]. The
former is usually combined with prominent constitutional symptoms, and is charac-
teristically observed in the setting of active LCH, while the latter is usually seen as a
disease consequence and often without concomitant activity of LCH elsewhere.
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3.7 Lungs

Isolated pulmonary LCH (also known as primary pulmonary LCH) is extremely rare
in children, accounting for less than 1% of all pediatric LCH cases. However, pulmonary
involvement in the setting of MS-LCH presents at diagnosis in about 25% of cases [29].
The most common clinical symptoms are tachypnea, cyanosis, chest pain and chronic
or persistent cough. Characteristic imaging findings are symmetric bilateral reticulo-
nodular opacities + bullae on radiography and combination of nodules and cysts on CT.
Histopathological verification of lung involvement in children with confirmed LCH is
required only in case of uncharacteristic or inconsistent imaging findings. Symptom
severity and time course can vary. In rare cases, excessive tissue destruction and cyst
formation can result in (recurring) life-threatening pneumothorax. Honeycombing
with end-stage lung disease is a rare permanent sequela of pediatric LCH.

3.8 Gastrointestinal tract

Gastrointestinal involvement in LCH (GI-LCH) is infrequent, accounting for about
2-3% of the pediatric series. It usually occurs in the setting of a multisystem LCH, and
depending of the affected gut segment, clinically presents with vomiting, abdominal
pain, protein-losing enteropathy, bloody and non-bloody diarrhea, malabsorption,
and failure to thrive. The prognostic value of gut involvement remains controversial
but currently published paper suggests unfavorable impact on survival [30].

3.9 Endocrine system

Involvement of the hypothalamic-pituitary axis and the resulting central diabetes
insipidus (CDI) and dysfunction of the anterior pituitary are a hallmark of LCH.
Characteristic findings on MRI are hypothalamic mass, infundibular thickening, and
lacking posterior bright spot. CDI manifests with polyuria and polydipsia, and can be
the inaugural manifestation of LCH or develop later during disease course. Its preva-
lence in children with multisystem LCH is between 20 and 35%. Loss of the hormones
of the anterior pituitary is less common than CDI. In order of decreasing frequency,
pituitary LCH can cause growth hormone (growth failure), thyroid-stimulating
hormone (hypothyroidism), adrenocorticotropic hormone (hypocortisolism), lutein-
izing and follicle-stimulating hormone (hypogonadism) loss. Thyroid involvement
is rare, with only 75 cases reported in the literature [25]. It can manifest with gland
enlargement due to diffuse or nodular lesions, but the function is mostly preserved.

3.10 Thymus

Thymus involvement is a rare event with estimated frequency of 1-2% and
mostly seen in young children with MS-LCH [31]. Typical imaging findings are
enlargement of the gland, cysts and calcifications. Sonography allows for a reliable
non-invasive evaluation of the thymus [31].

3.11 Central nervous system (CNS-LCH)

LCH can affect brain in different ways and result in a variety of manifestations
and clinical problems. With respect to risk factors, clinical presentation, imaging
findings and the classification of CNS-LCH, the interested readers are referred to
two dedicated review papers [32, 33]. For the purposes of clinical management LCH
of the brain is divided into granulomatous (tumorous) and non-granulomatous
(neurodegenerative) CNS-LCH.
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Granulomatous (tumorous) lesions of the CNS are defined as space-occupying
lesions involving brain structures. Any of the following brain regions may be involved
either by isolated lesions or in the context of multisystem disease: hypothalamic—
pituitary region (HPR), pineal gland, meninges or choroid plexus [32, 33].

Non-granulomatous (neurodegenerative) lesions encompass two subtypes [32, 33]:

* Radiological neurodegeneration or LCH-associated abnormal CNS imaging
(LACI). This term refers to typical signal changes on two consecutive MRI
scans performed within an interval of at least 3 months without related clinical
manifestations.

* Clinical neurodegeneration or LCH-associated abnormal CNS symptoms
(LACS). This clinical syndrome is defined as the presence of overt neurological
or neuropsychological deficits in the context of consistent radiological findings.

4. Prognostic factors

The broad spectrum of clinical manifestations and the variability of disease course
and outcome makes prediction of prognosis quite challenging. Attempts to split the
disease into categories with distinct prognosis led to elaboration of a number of staging
and scoring systems [34-37]. Established prognostic factors in pediatric LCH are
disease extent (SS-LCH vs. MC-LCH), involvement of organs crucial for survival (risk
organs, e.g. hematopoiesis, liver, spleen) and early response to systemic treatment [38].

SS-LCH has an excellent prognosis, with a survival rate of nearly 100% and a 5-year
recurrence rate of less than 20% [39]. Relapses are usually limited to skeleton and
posterior pituitary (diabetes insipidus) and therefore do not affect survival [39, 40].

MS-LCH is a broad category encompassing patients with involvement of two to
more than seven organ systems. In 1975, E. Lahey introduced the definition of organ
dysfunction [41]. Lahey’s definition has been in use for treatment stratification for
many decades, and in the 1990s, it was replaced by the definition of “risk organ
involvement” [34, 35, 37, 42].

Response to an initial 6-week course of systemic therapy has proved to be an
additional independent prognostic factor [37, 43-45]. Risk organ involvement at
diagnosis and lack of response to 6-weeks of systemic treatment define a subgroup
of MS-LCH patients with survival of only 20-40% [46].

The French LCH Working Group has developed a disease activity score, which
is suitable, for longitudinal objective assessment of disease burden and treatment
success [47].

5. Pretreatment patient evaluation and stratification

The experience from institutional cohorts, registries and clinical trials has
unequivocally proven that treatment of LCH has to be tailored to disease extent
and severity and to take into account mortality risk. For this purpose, standardized
clinical evaluation of each patient at initial diagnosis and relapse is mandatory
[22, 48, 49]. The mandatory set of laboratory tests and imaging is presented in
Table 2. Further investigations to be performed upon specific indications are listed
in Table 3. Based on the results of the initial evaluation the patients are attributed to
one of the disease extent categories of the clinical classification of LCH (Table 4).
The empirical clinical classification of LCH was developed for the purposes of treat-
ment stratification. The definitions of risk organ involvement are summarized in
Table 5.
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Test

Description

Blood counts

Hemoglobin
White blood cell and differential count

Platelet count

Erythrocyte sedimentation rate

Blood chemistry

Total protein, albumin, bilirubin, ALT (SGPT), AST (SGOT), alkaline
phosphatase, yGT

BUN, creatinine, electrolytes

Ferritin

Coagulation studies

PT, APTT/PTT, fibrinogen

Urinalysis

Specific gravity and osmolality in an early morning urine sample

Imaging:

Abdominal ultrasound

Size and structure of liver and spleen?

Chest radiography

Reticulo-nodular opacifications, bullae?

Skeletal survey (radiography,
PET/CT, whole-body MRI*)

* Marrow signal alterations detected by MRI need confirmation. Only
bone lesions confirmed by x-ray, CT, PET/CT, or biopsy count for

stratification.

Table 2.
Mandatory baseline evaluation upon initial diagnosis, progvession or relapse.

Indication

Test

Risk organ involvement

HLA typing

Bi- or pancytopenia, or persistent
unexplained single cytopenia

Bone marrow aspirate & trephine biopsy to also exclude causes
other than LCH

Liver dysfunction

Liver biopsy only recommended if there is clinically significant
liver involvement and the result will alter treatment i.e. to
differentiate active LCH from sclerosing cholangitis

Lung involvement (abnormal
radiography or symptoms/signs
suggestive for lung involvement)

Low dose multi-detector volume-CT is preferable to high-
resolution CT of the lungs

Lung function test (if age appropriate)

Abnormal lung CT AND findings not
characteristic for LCH or suspicion for
atypical infection’

Bronchoalveolar lavage (BAL), >5% CD1la-positive cells in BAL
fluid is diagnostic in non-smokers

Lung biopsy (if BAL not diagnostic)

Suspected craniofacial bone lesions
including maxilla (mandible
excluded)

MRI of head

CT could be considered in addition, if needed for better view
of skeletal lesions

Suspected vertebral lesions

MRI of spine (to exclude spinal cord compression and evaluate
soft tissue masses)

Visual or neurological abnormalities

MRI of head
Neurology assessment

Neuropsychometric assessment

Suspected endocrine abnormality

(i.e. short stature, growth failure,
polyuria, polydipsia, hypothalamic
syndromes, precocious or delayed
puberty) and/or imaging abnormality
of hypothalamus/ pituitary

Endocrine assessment (including water deprivation test and
dynamic tests of the anterior pituitary)

MRI of brain (focussed on hypothalamic—pituitary region)
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Indication Test

Aural discharge or suspected hearing * Formal hearing assessment
impairment/mastoid involvement « MRI of head

* CT of temporal bone

Unexplained chronic diarrhea, failure * Endoscopy and biopsy
to thrive or evidence of malabsorption

In case of verified LCH in other ovgans, biopsy is indicated ONLY if the pulmonary findings on CT are inconsistent
with LCH or atypical infection is suspected.

Table 3.
Laboratory investigations and imaging recommended upon specific indications.

Disease category Definition
Single system LCH One organ/system involved (uni- or multifocal):
(SS-LCH)

* Bone unifocal (single bone) or multifocal (>1 bone)

¢ Skin

* Lymph node (not the draining lymph node of another LCH lesion)
* Lungs

* Central nervous system

* Other (e.g. thyroid, thymus)

Multisystem LCH Two or more organs/systems involved:

(MS-LCH) * Without risk organ involvement

» With risk organ involvement (at least one of the following: hematopoietic
system, liver, or spleen)

Table 4.
Clinical classification of LCH.

Risk organ Involvement criteria

Hematopoiesis (with or without At least 2 of the following:
bone marrow infiltration)

Anemia: hemoglobin <100 g/L (<10 g/dl), infants <90 g/L (<9.0 g/
dl), not due to other causes e.g. iron deficiency

Leukocytopenia: leukocytes <4,0 x109/1 (4,000/uL)

Thrombocytopenia: platelets <100 x109/1 (100.000/pL)

Spleen Enlargement >2 cm below costal margin in the midclavicular line”

Liver Enlargement >3 cm below costal margin in the midclavicular line”

and/or

dysfunction (i.e. hypoproteinemia <55 g/L, hypoalbuminemia
<25 g/L, not due to other causes

and/or

histopathological findings of active disease

"Bone marvow infiltration is defined as presence of CDla positive cells on marrow slides. The clinical significance of
mavrow CD1a positivity is still unclear. In cases of severe progressive disease, prominent hemophagocytosis, as well as
hypocellularity, myelodysplasia or myelofibrosis may be found.

Enlargement in cm below the costal margin as assessed by palpation or sonography.

Table 5.
Definition of risk organ involvement.
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6. Treatment

Patients with single skeletal lesions usually do not need systemic treatment,
except for large symptomatic lesions or lesions in weight-bearing bones, which are
not easily accessible for surgical treatment. Treatment of isolated cutaneous LCH is
controversial, but if topical treatments fail, systemic treatment needs consideration
in infants.

Multifocal skeletal disease and MS-LCH indicate systemic treatment.

6.1 Approach to localized (single-system single site) LCH

Randomized prospective trials for the treatment of localized LCH are not avail-
able. Therefore, current treatment recommendations for localized LCH based on
experience gained from retrospective cohorts and non-randomized controlled trials
[39, 50].

According to existing clinical experience, the majority of patients with localized
LCH (mostly confined to skeleton) do not need systemic treatment. Established
treatment options range from expectant attitude, through surgery or topical drug
application, to systemic therapy in selected cases. Decisive for the treatment choice
in unifocal skeletal LCH is the location (weight-bearing bones or imminent com-
pression of adjacent structures), the size, the surgical accessibility, the presence of
considerable adjacent soft-tissue mass, pain or functional impairment, and the risk
of permanent consequences.

A best practice based treatment approach to SS-LCH is depicted on Figure 2.

6.1.1 Wait and watch

A “wait and see” approach is justified in small asymptomatic osseous or cutane-
ous lesions in view of the high likelihood for spontaneous healing.

6.1.2 Surgery

Surgical procedures such as biopsy, curettage, or resection are used to treat soli-
tary bone lesions, solitary affected lymph nodes, or solitary circumscribed nodular
skin lesions. A biopsy is necessary to confirm the diagnosis and at the same time
represents a healing stimulus. Clinical experience showed that radical surgery is not
necessary and usually not useful in localized LCH [22, 51]. Wide surgical resection

|Single system LCH |

Bone E(in Lymph nodes
= wait and see” = systemic therapy = resection » systemic therapy
» local therapy

= systemic therapy o e

= systemic therapy

Figure 2.
Treatment approach to single system LCH.
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is particularly harmful in skull vault, jawbone lesions, as it impedes bone remodel-
ing, and causes permanent defects, which are unlikely in non-resected lesions.

6.1.3 Topical stevoids

An intralesional application of crystalline methylprednisolone (100-150 mg)
in symptomatic bone lesion can quickly bring about a reduction in symptoms and
facilitated cure [52, 53].

6.1.4 Radiation therapy

Because of its potential to induce secondary malignancies, radiotherapy at a low
dose (6-10 Gy) is nowadays limited to specific indications (for example, imminent
compression of vital structures (e.g. the spinal cord or the optic nerve).

6.1.5 Systemic therapy

In case of large, symptomatic lesions, which are not easily accessible and
bear high likelihood for pathologic fractures and permanent consequences, mild
systemic treatment of short duration (3-6 months) using the same regimen as in
disseminated LCH, may be the preferable option for local disease control.

6.2 Treatment of disseminated (multifocal skeletal and multisystem) LCH

Multifocal skeletal and multisystem LCH (earlier unified under the term
disseminated LCH) have been traditionally considered an indication for systemic
treatment. While there is a general agreement on the indication of systemic therapy
for patients with MS-LCH, the value of systemic therapy for multifocal skeletal
SS-LCH is less well documented and still needs evaluation in controlled prospec-
tive trials [46, 50, 54, 55]. A number of individual drugs, drug combinations and
regimens have been tested in LCH since the 1960s. Most trials before the era of
international cooperation have pooled patients with varying clinical presentation,
course, and prognosis to gain meaningful numbers [56]. Methodological weak-
nesses and inappropriate sample size lead to contradicting results, and most of the
early trials are of historic importance only.

The current standard of care foots on evidence of the consecutive clinical trials
of the Histiocyte Society [42, 44, 57]. The cumulative evidence of the empirical
trials LCH I-III can be summarized as follows:

* The standard front-line therapy for patients with MS-LCH treated outside of
controlled clinical trials should consist of a 6-12 weeks of initial therapy (oral
steroids and weekly vinblastine injections), followed by pulses of predniso-
lone/vinblastine every 3 weeks, for a total treatment duration of 12 months.

* Patients with risk organ involvement (particularly those with bi-, pancytope-
nia and liver dysfunction), who do not respond to 6 weeks of standard treat-
ment have particularly dismal prognosis (survival less than 50%). This small
subgroup categorized as “very high risk” deserves treatment intensification. To
date only few options have shown promising results in the treatment of severe
progressive LCH in small series and pilot trials [58-63]. Their applicability is
limited by either high toxicity (cladribine + cytarabine), limited availability of
matched donors (hematopoietic stem cell transplantation), or the high relapse
rate (MAPK inhibitors when used as single drugs).
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* A standard of care for patients who fail front-line therapy (suboptimal
response, disease progression or relapse) but the disease is not life-threatening
(low risk LCH), remains to be established. Controlled prospective trials with
appropriate endpoints (prevention of subsequent relapses and permanent
consequences, as well as, improvement of quality of life) are still lacking.

* The same is true for some specific or rare clinical scenarios, i.e. isolated
destructive pulmonary LCH, sclerosing cholangitis, LCH reactivation present-
ing with isolated diabetes insipidus, CNS-LCH of neurodegenerative type.

A currently ongoing international trial of the Histiocyte Society (LCH-IV
International Collaborative Treatment Protocol for Children and Adolescents with
Langerhans Cell Histiocytosis; NCT02205762) with a complex design (5 inter-
ventional and 2 observational strata) is looking for improvement of relapse-free
survival and quality of life by targeting still unsolved clinical issues [56, 64].

6.2.1 Front-line treatment

The combination of prednisolone plus vinblastine is the most extensively studied
first-line therapy in pediatric-onset LCH [42, 57, 65-68]. The major advantages are
its extensively documented activity, its favorable toxicity profile and good tolerabil-
ity in children, and its moderate costs, which make this treatment applicable even
in countries with limited health-care resources [56]. In ‘high-risk’ patients of the
LCH-III trial, the prednisolone plus vinblastine combination has induced response
in risk organs in 70% of the patients after 6-12 weeks of treatment, and resulted in
an overall 5-year survival of 84%, and a reactivation-free survival of 73% [57].

This regimen is the current standard frontline therapy for pediatric patients with
multifocal and multisystem LCH treated outside of clinical trials (Figure 3A and B).
It consists of 6-12 weeks of initial therapy (oral steroids and weekly vinblastine
injections), followed by a continuation therapy given to total treatment duration of
12 months. The continuation therapy consists of prednisolone (day 1-5)/vinblastine
(day 1) pulses given every 3 weeks.

6.2.2 Second-line treatment options for non-risk LCH relapses

The role of systemic treatment and the most appropriate drugs and regimens for
patients with non-risk LCH who fail frontline therapy, is less clear. In the majority
of those cases, LCH is confined to skeleton, skin and pituitary, and does not influ-
ence survival [40, 69, 70]. Similarly, most relapses of LCH are confined to non-risk
organs and are not life-threatening. Relapses of LCH, however, are associated with
an increased risk of permanent consequences [40, 69, 70]. The belief that control
of the disease will prevent subsequent relapses and, thus, related permanent
consequences, prompts physicians to use systemic chemotherapy for ‘low-risk’
multisystem LCH.

Temporary disease control in patients with low-risk disease, particularly in
those, who have a relapse after complete disease resolution, is achievable both by
repetition of the front-line regimen, or by application of a number of other single
drugs or drug combinations [40, 50, 64, 69-71]. Remarkably, none of the available
options can prevent further relapses and permanent consequences in all patients.
Therefore, second-line treatment of non-risk LCH should be preferably offered
within controlled trials. Future trials seeking effective treatment for ‘low-risk’ LCH
should focus on appropriate end-points such as quality of life, risk for and severity of
permanent consequences, instead on control of active lesions or remission rates [38].
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3A: Initial therapy

Course 1

VBL 6 mg/m2i.v.bolus v v v v v v

PRED 40 mg/m?/day
orally; weekly; reduction
after week 4

Eurse 2

VBL 6 mg/m?i.v.bolus

PRED 40 mg/m?/day
orally; weekly; for 3 days
\ : " \ . "
T T T T T T
50 57 64 71 78

Day 43 85

3B: Continuation therapy

VBL 6 mg/m?iv.bolus

PRED 40 mg/m?/day
orally; day 1-5, g3 weeks

L
r
Week |7 8 9 10 1 12 13 14 15 49 50 51 52

Figure 3.
Standavd treatment of disseminated LCH.

Such trials are only possible within the frame of a large-scale cooperation and require
implementation of innovative study designs and appropriate statistical methods.

For treatment outside of clinical trials, the following drugs and regimens seem to
be reasonable choices, based on existing evidence for activity in LCH or experience
from the clinical practice, as well as, justifiable toxicity:

49

Patients with relapse months or years after stopping prednisone and vinblas-
tine can benefit from re-induction of the first-line regimen [39].

An alternative treatment regimen employs vincristine, prednisone, and
cytosine arabinoside [72]. This regimen, modified for prednisolone duration,
is being prospectively tested in the LCH-IV trial.

Cytosine-arabinoside 100 mg/m?2/das for 5 days every 28 days has been used with
success both in patients with extracranial non-risk LCH and in CNS-LCH [51, 73].

2-Cholorodeoxyadenosine (2-CdA, Cladribine®, Leustatin®) at 5 mg/m?2/day
for 5 days per course has also been shown to be effective therapy for recurrent
low-risk LCH (multifocal bone and low-risk multisystem LCH) with acceptable
toxicity [71]. Use of 2-CdA should be limited to a maximum of six cycles to
avoid cumulative toxicity and potentially long-lasting or irreversible cytopenias.
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* Clofarabine is a proven effective therapy for patients with multiple relapses of
low-risk or high-risk organs [51, 62]. In LCH, it is usually applied at a dose of
25 mg/m2/day for 5 days every 28 days for six cycles. Depending on hematopoi-
etic toxicity or the need for longer treatment, (further) cycles at the same daily
dose, but reduced to 3 days can be given.

* Bisphosphonate therapy has reported effects in treating recurrent skeletal LCH
[74-77]. The regimen most commonly used in children consist of six doses of
pamidronate at 1 mg/kg, given at 4-week intervals. Other bisphosphonates,
such as zoledronate and oral alendronate, have also been successful in treating
skeletal LCH in adults.

The choice of an individual drug or regimen requires consideration of comor-
bidities, previous treatments, cumulative toxicities and known individual intoler-
ances and side effects. The decision remains on discretion of the treating physician,
as the level of published evidence is not sufficient for a clear recommendation of a
particular regimen or for a ranked list of preference.

6.2.3 Established salvage thevapies for severe progressing multisystem LCH (very
high risk LCH)

Two prospective trials have confirmed the curative potential of the combination
of 2-CdA and Ara-C in patients with severe refractory to front-line systemic therapy
MS-LCH [58, 59]. Unfortunately, this regimen is highly myelotoxic and associated
with treatment-related mortality even if applied in experienced centers [59].

Allogeneic hematopoietic stem cell transplantation is another treatment option
for very high-risk multisystem LCH with curative rate comparable to those achieved
with the combination of 2-CdA and Ara-C [63, 78]. However, the most optimal
conditioning regimen remains to be defined [78].

6.2.4 Toward rational treatment of LCH

The mitogen-activated protein kinase (MAPK) signalling pathway plays a key
role in the regulation of gene expression, cellular growth and survival. A number
of activating mutations affecting this pathway result in overactive downstream
extracellular-signal-regulated kinase (ERK), which proves to be the ultimate driv-
ing event in LCH. Both specific inhibition of the mutated RAF and MEK kinases, as
well as, downstream ERK inhibition (Figure 4) are undoubtedly appealing treat-
ment options [49, 60, 61, 79].

The clinical experience available to date confirmed at least two essential expec-
tations to BRAF inhibitors, namely in vivo activity and rapid clinical effect [80-83].
In patients with severe life-threatening LCH rapid clinical response is of particular
importance. Currently published pediatric series show impressive rapid response
to vemurafenib and prove that BRAF inhibitors can induce remission in patients
with the most severe form of the disease [60, 61, 84, 85]. The clinical remission is
sustainable as far as the treatment is given. However, most patients experience dis-
ease relapse shortly after treatment discontinuation. Hence, it is currently unclear
whether treatment with a single inhibitor can eradicate the disease.

The European experience with vemurafenib in children with severe MS-LCH
has shown that a daily dose of 20 mg/kg (2 x 10 mg/kg) is both well tolerated and
clinically effective [60].

The major tasks to be addressed in controlled prospective trials are there-
fore: finding the most effective and least toxic specific inhibitors, establishing
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Figure 4.
MAPK pathway and relevant inhibition options.

downstream inhibition for patients without known mutations, defining appropriate
pediatric dosages, and establishing optimal treatment duration and drug combina-
tion for a definitive cure.

6.3 Treatment of LCH of the central nervous system (CNS-LCH)

Treatment of the disease form referred to as a “non-granulomatous” or “neu-
rodegenerative” CNS-LCH remains frustrating. The two currently recommended
treatment options, monthly cytarabine pulses and/or monthly intravenous immu-
noglobulins have limited effect on disease course, mostly slowing down the process
and achieving some improvement in anecdotal cases [33, 86-88]. A pilot study
testing retinoic acid could achieve stabilization of the neurologic manifestations
only [89].

A recently published paper has shed light on the underlying mechanism of the
neurodegenerative CNS-LCH with possible therapeutic implications [90]. The
authors could reproduce “neurodegenerative” LCH in a mouse model, by introduc-
ing the BRAFV600E mutation in the early erythro-myeloid progenitors, which give
rise to the microglia. Moreover, in that model the neurodegeneration was prevent-
able by BRAF inhibition. Human data are still limited and indicate that treatment
with MAPK inhibitors can be effective if started in advance of irreversible brain
damage [61, 91].

6.4 Treatment of other life-threatening complications of LCH

Apart of organ transplantation, effective treatments are still not available for the
most severe disease-related complications of LCH, such as sclerosing cholangitis,
and end-stage lung disease (honeycombing).

7. Current challenges and future directions

The current standard of care for pediatric onset LCH has been developed
through laborious empirical trials over four decades. Future optimization of the
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treatment approach to MS-LCH and development of targeted drugs should be
guided by biology insights. In the absence of this knowledge, the clinical needs
have to be met by optimization of available treatments. The ongoing LCH -IV

trial (ClinicalTrials.gov Identifier: NCT02205762) is designed to address the still
remaining problems and unmet patient needs [46, 50]. The most urgent need is
eliminating mortality (15-20%) among patients with risk MS-LCH. A two-step
stratification based on risk organ involvement at diagnosis and lack of response

to standard initial treatment (e.g. at week 6) allows for an early identification

of patients who are at risk to die [50]. The combination of 2-CdA and Ara-C has
proved to be curative, albeit too toxic. On the other hand, BRAF inhibitors provide
rapid control of organ dysfunction, but alone are obviously unable to eradicate the
mutated clone. A combination of the empiric and the targeted treatment options
may be able to achieve ultimate cure, as this has been the case in other malignancies
(e.g. Ph + acute lymphoblastic leukemia).

With all regimens used to date high relapse rates remain another unsolved
problem in MS-LCH. Historical controls and preliminary data of the LCH-III trial
have shown that treatment duration of 12 months significantly reduces relapse rates
compared to 6 months of treatment [46, 57]. The question whether further prolon-
gation of the total treatment duration will result in further reduction of the relapse
risk is under investigation in the ongoing LCH-IV trial. A “2x2” factorial design will
allow for additional evaluation of the role of oral 6-MP in the continuation treat-
ment of MS-LCH.

There is an urgent need to address optimal treatment of some special disease
presentations (i.e. new-onset central diabetes insipidus and non-granulomatous
CNS-LCH. The potential of BRAF and MEK inhibitors is still insufficiently
explored for these particular indications, but a mouse model delivers a rationale and
awakes expectations [90].

Whatever new drugs and regimens appear appropriate testing in LCH, the
design of the future prospective studies has to take into account the extreme clinical
diversity and unpredictable natural course of MS-LCH, in order to avoid wrong
conclusions and therapeutic strays [50, 56].
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Chapter 5

The Immune System of
Mesothelioma Patients:

A Window of Opportunity for
Novel Immunotherapies

Fabio Nicolini and Massimiliano Mazza

Abstract

The interplay between the immune system and the pleural mesothelium is
crucial both for the development of malignant pleural mesothelioma (MPM) and
for the response of MPM patients to therapy. MPM is heavily infiltrated by several
immune cell types which affect the progression of the disease. The presence of
organized tertiary lymphoid structures (TLSs) witness the attempt to fight the
disease in situ by adaptive immunity which is often suppressed by tumor expressed
factors. In rare patients physiological, pharmacological or vaccine-induced
immune response is efficient, rendering their plasma a valuable resource of anti-
tumor immune cells and molecules. Of particular interest are human antibodies
targeting antigens at the tumor cell surface. Here we review current knowledge
regarding MPM immune infiltration, MPM immunotherapy and the harnessing of
this response to identify novel biologics as biomarkers and therapeutics through
innovative screening strategies.

Keywords: Malignant pleural mesothelioma (MPM), Immunotherapy, Fully human
antibody, Tertiary lymphoid structure (TLS), BCR repertoire

1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive neoplasm principally
due to asbestos exposure with a poor prognosis and a median overall survival (OS)
of only 14 months [1]. Heavy asbestos utilization during earlier decades in Europe is
the cause of actual disease incidence [2] and, despite many countries have banned
asbestos use in recent years, a peak of MPM incidence is expected for 2020s due to a
long latency and delayed disease onset [1, 3-5]. On the contrary, other countries that
still make use asbestos are very likely to observe a substantial increase of asbestos-
related disease and MPM in the future. BRCA1 associated protein-1 (BAP1) protein
is an important player in DNA repair mechanisms, cell cycle control, carcinogenesis
and apoptosis and almost 60% of MPM patients have BAP1 mutation [6-13]. BAP1
mutational status determines the insurgence of MPM [9, 10, 12-15], and influences
the response to chemotherapy [16] and patient’ s clinical outcome [17]. When other
gene alterations are coupled to BAP1 mutation, synthetic lethality approaches could
be evaluated as therapeutic options [18, 19]. Other frequent mutations are in the
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genes NF2, LATS2, TP53, SETD2 and TERT promoter as recently reported and are
associated with different histotypes of MPM with epithelioid, biphasic and sarco-
matoid features [20]. MPM is characterized by a lack of early and specific symptom-
atology and few reliable biomarkers and screening tools are available causing a late
prognosis. As we recently reviewed [21], current therapies in clinical practice consist
of surgery, radiotherapy and chemotherapy and innovative therapeutic approaches
are being explored. From this survey emerged that new therapeutic modalities and
prognostic biomarkers are urgently needed in order to grant a fair chance of survival
to all MPM patients. Here we describe the interplay of the immune system and MPM
at the tumor tissue level and envision strategies to take advantage of it and derive
novel fully human MPM-targeting antibodies to be used as biomarkers and for the
design of novel immunotherapies.

2. Inflammatory response and carcinogenesis in MPM

MPM’s development is intertwined with the inflammatory response provoked
by asbestos exposure. Asbestos fibers and fluid enter the pleural space where they
reach the outer pulmonary parenchyma inducing an inflammatory response [22].
Later steps see macrophage infiltration guided by the presence of the chemokine
CCL2 generated by mesothelial cells in response to asbestos fibers contact. Reactive
oxygen species (ROS) and nitrogen species are produced by macrophages that,
together with already present nitrogen and oxygen species generated from iron
particles associated with the fibers, create reactive and dangerous free radicals
responsible for mutagenic events and genomic instability [23-25].

Normally, cells which suffer genotoxic DNA damage undergo PARP-dependent
apoptosis. Despite that, an iz vitro study [26] demonstrated that damaged human
mesothelial cells could be rescued and skip apoptosis by TNF-alfa produced by
macrophages and by other intracellular pathways activated in mesothelial cells,
such as NFkB [26-28]. Conversely, TNF-alfa receptor knock-out mice are protected
from fibroproliferative lesions when exposed to asbestos fibers [29]. In summary,
among innate immune system players, macrophages contribute to genomic altera-
tions as well as survival of mesothelial cells in a context of inflammatory response
to asbestos fibers.

3. Immune cell infiltrate in MPM
3.1 Tumor-Associated Macrophages

Tumor-Associated Macrophages (TAMs) are the most abundant cells infiltrating
the pleural effusions [30-33] and are associated with poor prognosis [32, 34, 35]. In
vitro and in vivo experiments support TAMs as potential targets for MPM treatment.
Chemokines released by mesothelioma cells such as CCL4, CCL5, CXCL12 and, in
particular, CCL2, are chemoattractants for monocytes [36-38]. CCL2 concentration
is particularly high in malignant pleural effusions with respect to benign lesions
or lung adenocarcinoma pleural effusions [39, 40] and affects CCR2-expressing
monocyte trafficking in MPM [41]. When recruited to MPM lesions, monocytes
and macrophages switch to immunosuppressive cells under the influence of growth
factors such as M-CSF, IL-34, MCSF [41, 42] and cytokines such as IL-10 and
TGF-p released by MPM cells. Those cytokines act both on monocyte and macro-
phage development and activation but also exert autocrine feedback loop functions
on MPM cells [42, 43]. Also, the macrophage checkpoint marker and “do not eat
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me” signal CD47 is found to be highly expressed in the majority of patients with
epithelioid mesothelioma [44]. In mesothelioma, TAMs show an immunosuppres-
sive phenotype, characterized by CD14™4CD16" expression, reduced phagocytic
activity and increased IL-10 production [45]. In addition, in vitro co-culture of
TAMs with MPM cells boosts tumor proliferation and concomitantly reduces
sensitivity to chemotherapy treatment [41]. Pro-tumoral activity of TAMs is also
evident in mesothelioma mouse models where the removal of macrophages reduces
the number of tumor nodules, metastases and tissue invasiveness [46].

3.2 Myeloid-Derived Suppressor Cells

Granulocytes and neutrophils are also present in MPM microenvironment and
recruited by CXCR2 or CXCL5 and CXCL1 chemokines, respectively [36, 47]. Also,
polarization and phenotype of granulocytes are affected by growth factors from
the mesothelioma secretome which increases their expression of CD11b, CD15 and
CD66b markers. These cells function as Myeloid-Derived Suppressor Cells (MDSC)
and negatively affect T-cell proliferation via the production and release of ROS [48].
Also, the presence of consistent neutrophilic infiltrate as well as high numbers of
neutrophils in the peripheral blood is associated with poor prognosis in epithelioid
mesothelioma [49, 50]. However, MDSC targeting in MPM is still debated and
controversial and requires further investigations.

3.3 T-lymphocytes

CD4" and CD8" T-lymphocytes are present in MPM microenvironment but in
lower numbers compared to macrophages [32, 51-53]. T-regulatory cells (Tregs)
are also present in MPM tissue but are less abundant compared to other solid
tumors [54]. Principal chemokines present in mesothelioma secretome involved in
T-cell trafficking are CXCL12, CXCL10 and CCL5. CXCR3, the receptor of CXCL10
chemokine, is upregulated in mouse models of MPM [47]. CCL5 concentration
is high in MPM patients’ peripheral blood with respect to asbestos workers and
healthy individuals [55] while its receptor CCR5 is expressed on T-cell infiltrating
pleural effusions [56]. As discussed in the following chapters, T-cells activation and
programming is determined by the presence of neo antigenic stimuli [57, 58] and
immune checkpoint expression [59, 60] in specialized immune structures organized
in situ.

4. Tertiary lymphoid structures in solid tumors and MPM: where the
anti-tumor response begins

Secondary lymphoid organs (SLOs) are lymphoid regions wherein dendritic cells
(DCs) present antigens to T-cells in a major histocompatibility complex (MHC)-
dependent way acting an efficient adaptive response against cancer, requiring the
migration of DCs from the tumor site to the SLOs [61]. Consequently, B-cells are
also activated in the SLOs by CD4+ T-cells, begin to proliferate and form a secondary
follicle that will be converted to a germinal center (GC). This process induces T and
B-lymphocyte proliferation and differentiation into effector T-cells and memory
B-cells (MBCs), respectively, that migrate into the tumor contributing to cancer
cells elimination, unless unfavorable/antagonizing events or exhaustive signals are
in place. However, studies on the role of the immune system in tumors revealed that
anti-tumor mechanisms can take place also at the tumor site within organized lym-
phoid aggregates similar to SLOs [62] called tertiary lymphoid structures (TLSs) [63].
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TLSs are also present in the stroma, at the invasive margin and/or in the core of
different tumor types [63, 64]. TLSs are composed of a T-cell-rich zone together with
mature DCs but also by B-cell rich-GC surrounded by plasma cells (PCs). Inside TLSs
tumor antigens are presented to T-cells by DCs. and both T- and B- cells are activated,
begin to proliferate and to differentiate to effector memory T helper (TH) cells,
effector memory cytotoxic T-cells, MBCs or antibody-producing PCs [53, 65-69]. High
numbers of CD8+ and CD4+ T-cells in tumors determine TLS density [70] and evi-
dence indicates a positive correlation of TLS density on OS and disease-free survival
in lung cancer [66, 70-72], colorectal cancer [73, 74], pancreatic cancer [75, 76], oral
squamous cell carcinoma [77] and invasive breast cancer [65, 78-80].

Importantly, its prognostic value is independent of tumor-node-metastasis
(TNM) staging in most malignancies suggesting TLS can induce a systemic long-
lasting anti-tumor response. High endothelial venules (HEVs) similar to those
that allow entry of lymphocytes into SLOs could be detected near TLSs [65]. In
this context HEVs allow lymphocytes to enter into tumors. Therefore, therapeutic
approaches that enhance HEV formation would be beneficial to improve anti-
tumor immune responses. Tregs negatively regulate HEV formation and their
absence in cancer murine models promotes T-cell activation and tumor infiltra-
tion, favoring the eradication of the lesions [81, 82]. Also other immunosup-
pressive cell types, such as MDSCs, regulatory B-cell (Bregs) and cytokines, like
TGFp and IL-10, play a part in the development of an immunosuppressive tumor
microenvironment (TME).

Tumor-resident Tregs co-express high levels of CTLA-4, OX-40 and GITR
compared to effector T-cells and In murine models of MPM, the combination
of anti-OX-40 and anti-CTLA-4 antibodies has synergistic effect on CTLA-4",
0X-40" tumor resident T-regs and contributing to a clear tumor regression when
compared to single-antibody treatment [83]. Coherently with this point, combined
anti-angiogenic and anti-PD-L1 therapies favor HEV and TLS formation in murine
models of breast cancer and neuroendocrine pancreatic tumors [84] suggesting
that a powerful anti-tumor systemic response by ICls is sustained, if not triggered,
by the presence of TLSs in situ. TLS heterogeneity among human cancers has been
analyzed via a pan-cancer gene expression analysis of TME cellular composition on
The Cancer Genome Atlas (TCGA) data and MPM, as well as lung adenocarcinoma
and lung squamous cell carcinoma, display high expression of a 12-chemokine gene
signature associated with TLS presence [85] suggesting TLSs are frequent, but also
heterogeneous [86].

Seventy percent of MPM cases contain lymphoid aggregates and about 30%
of them contain GCs [31]. These aggregates are functionally similar to TLSs, in
which T- and B- lymphocytes are apart in two adjacent regions surrounded by
HEYV, as already shown for ovarian and prostate cancer [87, 88]. Intratumoral CD8+
T-lymphocytes in high numbers are an independent good prognostic marker for
MPM patients [68]. Additionally, structural inter- or intra-chromosomal rearrange-
ments and single nucleotide variants have been recently reported from mate-pair
and RNA sequencing-based analyses on mesothelioma specimens predicting the
expression of potentially-targetable neoantigens [58]. Moreover, some of these neo-
antigens bind patient-specific MHC and specific tumor-infiltrating T-cell clones are
expanded as observed through TCR repertoire analysis [58]. Indeed, TCR diversity
and mutation/neoantigen load are inversely correlated, but both active and suppres-
sive TME immune components, such as Treg and CD8+ T-cells, were present and
equally balanced suggesting a scenario where activated anti-tumor CD8+ T-cells
are counteracted by pro-tumoral immune suppressive molecules and Treg cells [57]
or activated CD8+ T and CD4+ T-helper cells displaying phenotypic markers of
exhaustion like PD-1, TIM-3 and LAG3 [59].
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5. The importance of B-cell infiltration in solid tumors and MPM

B-cell follicles in TLS from non-small cell lung cancer and ovarian cancers
contain bona fide Ki67+ GC B-cells expressing the activation-induced deaminase
(AID) gene, that codes a critical enzyme in somatic hypermutation and class switch
recombination processes typical of immunoreceptor genes, as well as, of BCL-6,
the transcription factor involved in the late stage of B-cell maturation [66, 89].
Additionally, the presence of CD38+ CD138+ PCs around the follicle is highly sugges-
tive of antibody production iz situ [90]. Indeed, micro-dissected follicles subjected to
BCR repertoire analysis revealed clonal amplification compared to peripheral B-cells,
supporting the idea that locally presented antigens can elicit specific B-cell responses
in several malignancies [87, 89, 91-94].

Additionally, PCs isolated from dense aggregates in tumor stroma [90], produce
anti-tumor antibodies of the immunoglobulin G (IgG) isotype iz vivo whose mech-
anism of action has not been yet determined. One possibility is that anti-tumor IgGs
produced locally increase antigen presentation by DCs and/or directly promote the
activity of specific subsets of CD4+ T-cells endowed with Fcy receptors (FcyRs)
[95]. The presence of IgG deposits in TLS, the spatial organization of TLSs that may
favor DC priming by locally produced IgGs and the observation that tumor-derived
immune complexes increase the expression of the co-stimulatory molecule CD86
on DCs in vivo [87] suggest that these mechanisms take place. In favor of the latter
are the results of a meta-analysis in a large set of human cancers showing that the
prognostic effect of T-cells is generally stronger when tumor-infiltrating B-cells or
PCs are present, supporting the hypothesis that a coordination between cellular and
humoral adaptive immune responses is crucial for effective anti-tumor adaptive
responses [96].

The role of B-cells and the association of B-cell rich TLSs with survival and
anti-PD-1 immunotherapy response in sarcoma and melanoma have been recently
established [97, 98]. Interestingly B-cells are the strongest prognostic factor even
in the context of low CD8+ T-cells [97] in sarcoma and class-switched MBCs are
specifically enriched in melanoma ICI-treated responders [99]. In murine models
of MPM treated with immunotherapy, the presence of B-cells is essential for good
prognosis, indicating that antibodies are generated and contribute significantly and
essentially to the therapeutic effect [100]. Consistently, B-lymphocyte infiltration
in MPM tissue positively correlates with prognosis [38] although variable in its
extent [101]. Moreover clinical [52] and preclinical data on B-lymphocytes con-
tribution to MPM prognosis suggest that they elicit an adaptive cytotoxic immune
response rather than acting directly as antigen presenting cells (APCs) [100, 102].
In this respect MPM and other solid tumors share many similarities and provide a
solid opportunity to develop novel immunotherapies via the identification of MPM
targeting molecules in patients.

6. Immunotherapy in MPM

Immune checkpoint (IC) proteins, such as cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), programmed death 1 (PD-1) and PD-L1, are regulators of
the immune system that preserve homeostasis and hinder autoimmunity in physi-
ological conditions [103]. ICs overexpression in MPM keeps anti-tumor immune
response in check contributing to the creation of a local immunosuppressive TME
[31, 104]. IC inhibitors (ICIs), i.e. antibodies targeting ICs, are used as immuno-
modulatory agents to interfere with the CTLA-4/B7.1/2 or PD-1/PD-L1 axes thereby
helping to overcome tumor-immune escape [95, 105, 106].
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Recently, PD-L1 expression in MPM has been assessed on tissue microarrays
using two different FDA-approved antibodies and 22-27% of cases were posi-
tive for PD-L1 (1% cut off) [107]. PD-L1 is expressed in a high proportion of
biphasic and sarcomatoid MPM cases and its positivity >1% is associated with
a significant 10-months reduction in median OS compared to PD-L1 negative
tumors [108, 109]. Similarly, high PD-L1 expression (>50%) in epithelioid
MPM patients correlates with shorter PFS (6.7 vs. 9.9 months) [108]. Despite its
prognostic value [59, 60, 110], PD-L1 expression is not a valid predictive marker
of response to anti-PD-L1 therapies for several tumor types [111, 112], includ-
ing MPM [113]. Anti-PD-1/PD-L1 therapies were tested in different trials in
MPM patients [114-121]. Combination of pembrolizumab with PPC in first-line
treatment compared to pembrolizumab or PPC alone, is currently being evalu-
ated in the phase III trial NCT0278417, while nivolumab is being investigated
in the randomized phase III trial CONFIRM (NCT03063450) in comparison
with placebo [119]. Durvalumab activity, a PD-L1 inhibitor, in combination
with first-line CCP was tested in the DREAM study (ANZ clinical trial registry
number: ACTRN12616001170415). This combination resulted in an ORR of 61%
using mRECIST and 53% using iRECIST criteria and in a 6 months PFS of 71%
(mRECIST). On the basis of these observations a randomized phase 3 trial will
be started [122].

ICs expression is controlled at different stages of T-lymphocyte activation and
variable in tumor cells. For these reasons, a combination strategy employing two
different ICIs in addition to chemotherapy has been proposed to achieve a syner-
gistic effect by overcoming immune-resistance observed in some MPM patients.
Encouraging results observed for different ICIs in combination [113, 123, 124]
prompted the investigation of the nivolumab plus ipilimumab combination in
comparison to standard PPC alone as first-line option in the phase III clinical trial
Checkmate-743 (NCT02899299). Checkmate-743 has clearly demonstrated the
benefit of nivolumab in combination with ipilimumab in first line mesothelioma
treatment and based on those results obtained approval from FDA from October
2020. On 22 April 2021, the Committee for Medicinal Products for Human Use
(CHMP) adopted a positive opinion recommending a change to the terms of the
marketing authorization for the medicinal product Opdivo (nivolumab) in combi-
nation with ipilimumab for the first line treatment of adult patients with unresect-
able malignant pleural mesothelioma in Europe as well.

At present, efficacy and safety of adoptive T-cell therapies, in particular
chimeric antigen receptor-transduced T-cells (CAR-T), in MPM and other solid
tumors are under investigation [125, 126]. CAR-T-cells directed against mesothelin
(MSLN), a glycoprotein expressed on MPM and other solid tumor cells, with a
limited presence on normal tissues [127], represent a promising therapeutic option
[128, 129]. Recently, Adusumilli and colleagues reported the outcome of a phase I
clinical trial, NCT 02414269, [130, 131] on MPM patients with pleural metastases
from lung or breast cancer treated with anti-MSLN CAR-T-cells. Of note, the
inclusion of anti-PD-1 therapy was crucial to elicit clinical efficacy and avoid T-cell
exhaustion since no patient had an objective response before pembrolizumab addi-
tion showing the importance of conditioning the immune suppressive features of
the TME also in this therapeutic setting.

Pembrolizumab plus anti-MSLN CAR-T-cell combination showed the best clini-
cal outcome with an ORR of 63% (10/16) and a DCR of 75% (12/16). No evidence of
on-target, off-tumor or therapy related toxicities higher than grade 1 was observed.
Although applied to a limited number of patients so far, CAR-T therapies against
MPM have shown really impressive results highlighting the different efficacy for
advanced cell therapies compared to small molecule drugs or antibodies. Recently,

66



The Immune System of Mesothelioma Patients: A Window of Opportunity for Novel...
DOI: http://dx.doi.org/10.5772/intechopen.98617

a comprehensive review about immunotherapy in MPM has been published [132].
However, the limited availability of therapeutic targetable antigens hinders the
efficacy of CAR based strategies for MPM patients. More targets are needed for
MPM treatment in the future.

7. Making a hot tumor microenvironment

ICIs effectiveness in MPM treated patients highlight the presence of poten-
tially active immune cells in situ that if properly unleashed can elicit anti-tumor
responses. However, to achieve this goal, TME must be modified in order to abolish/
interfere with specific immune suppressive cues. Interestingly, Barsky and col-
leagues recently reported a case of a man with MPM treated with a combination
of palliative radiation and immune-gene therapy (GM-CSF) [133]. The outcome
of this treatment combination was outstanding, resulting in a so-called “abscopal
effect”.

The abscopal effect is observed when a localized radiation induces an anti-
tumor response at distant sites. RT can trigger an immunogenic cell death (ICD)
[134, 135] and can stimulate antigen-specific, adaptive immunity [136]. ICD sets
the stage for anti-tumor immune responses which include the release of tumor
antigens by irradiated tumor cells, the cross-presentation of tumor-derived
antigens to T-cells by antigen-presenting cells (APCs), and the migration of
effector T-cells from the lymph nodes to distant tumor sites, suggesting that
irradiated tumors can act as an iz situ vaccine if appropriate conditions are in place
[137-139]. The overall incidence of the abscopal effect of RT alone is low with 46
clinical cases reported from 1969 [139]. Those poor numbers witness the insuf-
ficiency of RT alone to overcome the immune resistance of malignant tumors.
Immunotherapy can lower host immune tolerance towards tumors, therefore
the combination of RT and immunotherapy can amplify the anti-tumor immune
response, a hypothesis currently under investigation in the trial NCT02959463
where adjuvant pembrolizumab after RT in lung-intact MPM patients is tested.

In a murine model of MPM, the abscopal effect can be induced by local RT and
enhanced by immune suppressive CTLA-4 blockade as infiltrated T-cells, both

in primary and secondary tumor sites, are predominantly cytotoxic CD8+ T-cells
while Tregs are reduced [140]. Those observations corroborate the idea that a
systemic tumor response can be unleashed by a local treatment thereby modifying
the features of the TME.

8. The quest for specificity in malignant mesothelioma: how can we fill
this gap?

Adoptive cell therapies in combination with ICIs are showing promising results
for MPM patients. Their specificity or preference of targeting is granted almost
exclusively by the use of antibodies or their derived fragments that are directed to
tumor specific/associated antigens. First attempts of therapy using murine mono-
clonal antibodies (mAbs) in cancer patients failed due to neutralizing antibodies
generation and to mismatch with components of the human immune system. These
results highlighted the importance of using human or human compatible/tolerable
biomolecules and prompted the design of novel screening platforms to find them.
Antigen unbiased screening methods (Figure 1) can be used to this end to test a
priori the targeting ability of antibodies to cells postponing the identification of
antigens to lead candidates only.
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Figure 1.

Sc%ematic representation of 4 antigen-unbiased screening strategies to obtain fully human tumor targeting
antibodies. Panel A: Patient derived scFv phage display libravies can be generated from MPM patient
peripheral blood B cells. Those libraries are used to screen for novel specificities. Phage displayed scFvs undergo
selection through consecutive rounds of panning on tumor cells to envich for specific binders. NGS analysis
allows the prediction of scFv sequences enriched on tumor cells. Panel B: de novo formed sequences, like those
codifying the BCRs of infiltrated immune cells in tumor tissue can be retrieved using specific bioinformatic
tools. Combinations of different heavy (VH) and light (VL) variable chains are used to generate candidate
antibodies to be screened on cell or tumor tissues. Panel C: Analysis of BCR repertoire could be performed from
memory B-cells from MPM patients. Enriched or de novo formed sequences could be monitoved before and after
a specific treatment in ovder to identify specific clones. Panel D: Memory B-cells from MPM patients can be
immortalized through EBV infection and the immunoglobulins released in the medium of clonal cell cultures are
tested on tumor cells by FACS or ELISA assays.
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9. From today’s patients the future cures for MPM

As explained above, patients develop an immune response against MPM that,
if unleashed, can be very effective. The presence of TLSs and the development of
oligoclonal families of B-cells inside or at the border of MPM tissue are positive
prognostic features and constitute a window of opportunity to capture human
therapeutic antibodies. Now the next question is: how can we exploit this power-
ful reservoir of biologics to isolate or design targeting drugs? In other words: what
technologies are available to take up this challenge?

10. BCR repertoire from sequencing data

Bulk RNA-Seq data from tumor tissue contain a hitherto overlooked picture of
tumor and its ecosystem. Typically, data are analyzed to assess the expression of
known transcripts, while de novo formed sequences, like those generated by T- and
B-cells in the assembly and generation of their specific receptors, are usually dis-
regarded since they fall off from the comparison with the reference transcriptome.
However, these sequences can be retrieved from raw data and employed to extract
the sequence of TCRs and BCRs from tumor tissue infiltrated immune cells using
specific bioinformatic tools. One of them is MiXCR [141], a universal tool which
takes raw sequencing data, including RNA-seq, as input and profiles TCR and BCR
repertoires. As a reference, it uses a built-in library of V, D, ] and C gene sequences
from the human or mouse genome. MixCR output provides a list of clonotypes
derived by assembling identical and homologous reads, corrected for sequenc-
ing errors.

V’DJer is another software that can process RNA-seq data for this purpose [142].
It can be run on BCR light and heavy chain data and employs unmapped paired end
short reads aligning them against a reference transcriptome. Then, V’DJer detects
VD] rearrangements, generates contigs and quantifies the ones that represent
the most abundant portions of the BCR repertoire. When the expression levels of
BCR are low, there is an option to increase sensitivity of the algorithm at the cost
of increasing the demand for computational resources. V’DJer has been used, for
example, to retrieve antibodies from RNA sequencing data of melanoma patients
from TCGA repository [142, 143]. At present, TCGA contains expression analyses
of 87 MPM patients (TCGA-MESO) that could be used for this purpose. In addi-
tion, RNA can be obtained from FFPE samples containing TLSs in prospective and
retrospective patients’ cohorts.

It is possible to infer the sequence of resident B-cell clones by applying bio-
informatic tools to RNA-Seq or by sequencing amplicons for immunoglobulin
chains using specific sets of degenerate universal primers from whole tissue DNA
or RNA/cDNA. The latter approach is implemented by the immunoSEQ platform
(Adaptive Biotechnologies, Seattle, WA). In contrast to profiling using bulk RNA-
Seq data, it is more precise since the experimental design is optimized to identify
the BCR repertoire through the InmunoSeq Analyzer software which is specific
for this purpose. Its starting material can be both genomic DNA (gDNA) and
cDNA: in order to assess clonal expansion of B-cells in tissues, gDNA is the best
solution since each cell contains the same copy number, while mRNA transcripts
can be very different among cells, depending on cellular activation and even the
retrotranscription procedure can add other confounding factors. However, cDNA
is a better choice if the goal is to find the most abundantly produced antibodies
in situ, since there is a difference in the mRNA expression between activated and
naive B-cells. Finally, independently of the method employed for their derivation,
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identified immunoglobulin heavy and light chain sequences can be assembled to
produce candidate antibodies and test them for MPM target cells binding.

11. Memory B-cell receptor repertoire in MPM patients

A second powerful approach to obtain human antibodies targeting MPM cancer
cells exploits directly the immune system of patients. Individuals exposed to viral
agents, parasites and tumors develop an adaptive response against non-self and
neoantigens. Anti-cancer treatments such as vaccines and ICls elicit impressive
clinical responses (reviewed in [95]) and an immunological memory in subgroups
of cancer patients (“elite responders”) has been reported. MPM is not character-
ized by high mutational burden [15] an important determinant of the response to
checkpoint blockade.

The efficacy of the anti-PD-1 pembrolizumab was shown by Alley and col-
leagues in KEYNOTE-028 [116]. In addition, ipilimumab in combination with
anti-TGFp and anti-CD25 antibodies of syngeneic MPM in BALB/c animals resulted
in: i) disease eradication in treated mice; ii) elevated levels of tumor-specific IgG
antibodies in healed animals; iii) failure to regrow tumors in cured mice when
re-challenged with the same tumor; iv) importantly, no response in the absence of
B-cells, suggesting that antibodies generated upon treatment contribute signifi-
cantly to the curative effect [100]. Besides that, CD20+ B-cells infiltration in MPM
tumor tissue is a positive prognostic factor as previously discussed [38].

Therefore, the immune system of elite responders can be mined to isolate
MBCs producing targeting antibodies. MBCs derive mostly from affinity matured
and somatically hypermutated B-cells arising in the germinal centers [144] and
constitute a reservoir of high-affinity antibody producers. These features make the
MBC pool very attractive so biotech and pharma companies invest in the design
of screening platforms to exploit it. For example, Oncoresponse, a company that
developed a proprietary, clinically validated human-antibody discovery platform
in partnership with MD Anderson Cancer Center follows this paradigm and
identifies therapeutically relevant antibodies from patients showing elite response
against cancer after immunotherapy. MBCs are easily accessible from the periph-
eral blood of donors and are suitable for viral immortalization to generate lym-
phoblastoid cultures for high throughput screens. MBC immortalization is usually
performed by infection of peripheral MBCs by Epstein Barr Virus (EBV) [145] or
by BCL-6/BCL-XL expressing vectors [146]. Those procedures generate cells that
express BCR on the membrane and release their antibody into culture medium at
the same time. BCR presence is exploited to isolate cells binding to labeled soluble
antigens by cell sorting [146] so that subsequently immunoglobulin sequences
from isolated cells can be cloned into expression vectors for large-scale antibody
production. Companies like Humabs and AIMM therapeutics exploit those strate-
gies to raise antibodies against specific targets. However, the same technology can
be used to isolate targeting antibodies in an antigen unbiased manner as shown
for melanoma via cell-based screenings of EBV immortalized B-cells [147]. In
addition, human plasmablasts and MBCs can be cultured for a limited time using
specific cytokines [147-152].

Importantly, these approaches to retrieve targeting antibodies do not rely on
a prior knowledge of the target. Target identification in this case is postponed,
initially drawing on the demonstration of efficacy and specificity towards MPM
cancer cells. MBCs receptor repertoire can be obtained also from peripheral blood
or draining lymph node purified MBCs by RNA-Seq mining for de novo formed or
highly enriched variants after treatment in elite responders [142]. Advantages and
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Approach Antigen Advantages Disadvantages
display
Phage-display Antigen ¢ Cheap instrumentation * Affinity maturation step is
tecl.mologY.wlth on cell + Used with any cell type often needed
patient derived scFv surface . Ref ine in IeG
i i i * Established technolo etormatting in 'g
antibody libraries S 8y format. if needed
* Fastest strategy to lead L
. * Binding to normal human
candidates . . o
tissues to establish specific-
¢ NGS driven selection of ity a posteriori

candidates
BCR repertoire from Antigen ¢ Availability of blood * Possible downsampling
the ?eripheral blood oncell samples from elite « Cloning and production
of elite respon:ers surface responders of candidate antibodies is
preand post therapy ¢ Antibodies are derived from required

?fﬁth mature'd human * VH and VL pairs are not

immunoglobulins known (unless single cell

sequencing is used)

* Requires a test of binding
specificity to normal
human tissues a posteriori

Bioinformatic Antigen * Availability of large number * Requires cloning and pro-
analysis of BCR on cell of FFPE samples duction of the antibodies
r.epertmre In tumor surface * Applicable to retrospective * Possible downsampling due
tissue . . S

case series to low quality or limited

* Applicable to any RNA-Seq sample material
dataset * VH and VL pairs cannot be
known

* Requires a test of binding
specificity to normal
human tissues a posteriori

MBC Antigen * Easy availability of elite * Requires a BSL2 area
immortalization on cell responder samples (blood/ « Identification of the
surface PBMCs) . .
antigens can be technically
* Established protocols challenging
« Isolation of in vivo * Requires a test of binding
high-affinity matured specificity to normal
and human compatible human tissues a posteriori
immunoglobulins
* Basic technical expertise on
viral manipulation
Table 1.

Advantages and drawbacks of antigen-unbiased screens to obtain fully human antibodies.

drawbacks of the different screening strategies for fully human antibody selection
are summarized in Table 1.

12. Phage display screening using patient-derived scFv antibody

libraries

A useful strategy to select human antibody fragments (Fabs and scFvs) against
specific antigens or cells is phage display (reviewed in [153]). The importance of
phage display has been restated in 2018 by the award of Nobel Prize in Chemistry
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to George P. Smith and Sir Gregory P. Winterfor the phage display of peptides and
antibodies”. Phage display has allowed the production of clinically relevant antibod-
ies (reviewed in [154]). The presence of BCRs in TME, SLOs and in the peripheral
blood of MPM and other tumor patients allows for the generation of patient derived
scFv phage display libraries [155] that can be used to screen for novel specificities.
Phage displayed scFvs undergo selection through consecutive rounds of panning

on tumor cells to enrich for specific binders (Figure 1). Identified antibodies can be
reformatted to fully human antibodies or used as fragments or building blocks for
CAR constructs.

Importantly those antibodies will derive from the permutation of original VH
and VL sequences of the B-cell repertoire during library preparation while for
EBV immortalized cells VH and VL pairs will be the original ones as in the patient.
Classically single bacterial clones were selected and grown to produce antibodies
or phages displaying specific antibodies in order to test individually their targeting
of a cell of interest. Nowadays, next generation sequencing provides an efficient,
quantitative and quick analytical tool to assess the evolution of complexity of phage
antibody-display libraries during consecutive biopanning enrichment stages. Phage
clonal evolution during screening can be studied and used to identify putative
candidate antibodies and promote their cloning and production for further testing
their binding to cells [156].

An unbiased phage display approach has been used to identify tumor-targeting
scFvs for both sarcomatoid and epithelioid MPM. In this study, 95 mesothelioma-
targeting scFvs were identified and 21 candidates were characterized for binding
by FACS and IHC and for their iz vitro internalization capacity by MPM cells with
the goal to deliver conjugated anti-tumor drugs directly inside tumor cells [157].
Further analyses identified MCAM/CD146 as one of the antigens. CD146 had been
previously described as a marker in advanced melanoma [158] and other tumors
[159, 160], it is expressed in all MPM histotypes and by a limited spectrum of
normal human adult tissues [161]. The clinical utility of MCAM/CD146 detection in
pleural effusion fluid and peripheral blood samples as a diagnostic and prognostic
marker for MPM [162] is under evaluation. The generation of a phage antibody-
display library from the entire antibody genes repertoire of a cancer patient has
been also attempted. Rare cancer targeting antibodies have been identified by this
strategy [163]. However, the immunodominance phenomenon typical of certain
cancers [153, 164, 165] has hindered a wider use of this strategy in early attempts.

13. Conclusions

Despite amazing efforts made by the scientific community and the therapeutic
options developed over the last decades, the discovery of a curative treatment
for MPM is still elusive and constitutes an unmet clinical need. To-date, the most
promising therapeutic approaches comprise immunotherapies and CAR-based
therapies that have shown impressive although preliminary clinical results. The
field needs to bet on and implement these novel approaches towards novel targets
and antigens to cope with tumor heterogeneity and to provide effective treatments
to be used in combination. The most innovative screening technologies for the
generation of fully human antibodies are in place and combine elements from
fields of science that started far apart and came together to serve the purpose.
These include protein engineering, next-generation sequencing (NGS), virology
and cell biology providing an opportunity to find novel and unknown therapeutic
targets for MPM and cancer in general. Based on these premises, we believe that
a future breakthrough in MPM management will come from the design of novel
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ATMPs engineered to target antigens that are still unknown but that can be identi-
fied via unbiased screening strategies.
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Abstract

Although rare genodermatoses such as Epidermolysis bullosa have received
more attention over the last years, no approved treatment options targeting causal
mutations are currently available. Still, such diseases can be devastating, in some
cases even associated with life-threatening secondary manifestations. Therefore,
developing treatments that target disease-associated complications along with
causal therapies remains the focus of current research efforts, in order to increase
patient’s quality of life and potentially their life expectancy. Epidermolysis bullosa is a
genodermatosis that is caused by mutations in either one of 16 genes, predominantly
encoding structural components of the skin and mucosal epithelia that are crucial to
give these barrier organs physical and mechanical resilience to stress. The genetic het-
erogeneity of the disease is recapitulated in the high variability of phenotypic expres-
sivity observed, ranging from minor and localized blistering to generalized erosions
and wound chronification, rendering certain subtypes a systemic disease that is
complicated by a plethora of secondary manifestations. During the last decades,
several studies have focused on developing treatments for EB patients and signifi-
cant progress has been made, as reflected by numerous publications, patents, and
registered trials available. Overall, strategies range from causal to symptom-relieving
approaches, and include gene, RNA and cell therapies, as well as drug developments
based on biologics and small molecules. In this chapter, we highlight the most recent
and promising approaches that are currently being investigated in order to provide
effective treatments for patients with epidermolysis bullosa in the future.

Keywords: Epidermolysis bullosa, genodermatoses, gene therapy, drug development,
wound healing, pruritus, fibrosis, squamous cell carcinoma

1. Introduction

Epidermolysis bullosa (EB) refers to a group of rare genodermatoses typically
characterized by vulnerability of the skin to friction or trauma, leading to blistering
and wounding to various extents, i.e. from localized and mild to generalized and
severe, depending on the respective subtype of the disease. EB subtypes are classi-
fied according to the mutated gene, the resulting product of which is either func-
tionally impaired or absent, and the level at which tissue cleavage occurs. While
involvement in some subtypes are restricted to the skin, for others, extracutaneous
organs (i.e. mucosa and eyes) may be involved, along with a multitude of second-
ary manifestations that significantly impair patients’ life quality (QoL) and may
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even be life-threatening. Among these is the development of an aggressive form of
cutaneous squamous cell carcinoma (cSCC) in patients with the severe dystrophic
subtype of the disease [1-3].

Worldwide approximately 500,000 people suffer from EB, which can be clas-
sified into four major groups [1]. Mainly dominantly inherited mutations within
genes encoding keratin 5, 14 and plectin lead to EB simplex (EBS), associated
with intraepidermal blister formation (Figure 1). Mutations within genes, encod-
ing laminin-332, type XVII collagen or integrin-a6f4, are the main causes of the
junctional form of EB (JEB), characterized by tissue separation within the lamina
lucida of the basement membrane zone (BMZ). The severe dystrophic variant of EB
(DEB) is caused exclusively by mutations within the gene COL7A1, encoding type
VII collagen, resulting in tissue separation within the sub-lamina densa (Figure1).
Kindler syndrome is caused by recessive mutations within the KIND1 gene leading
to a complete loss of encoded Kindlin-1 and blistering in multiple skin layers [1].

Despite advances in our understanding of the spectrum of pathologies associ-
ated with the different subtypes of EB, a systemic cure is still out of reach. However,
the increasing number of trials that are being conducted reflects significant prog-
ress in clinical research, including strategies to correct and/or modulate the aberrant
molecules and mechanisms underlying this devastating disease. [4-7] The remark-
able differences between EB-types and numerous subtypes, renders the develop-
ment of therapies a complex challenge, as both inter-subtype and inter-individual
differences require the development of more personalized treatments.

Major complications in EB range from itch and pain, to a predisposition to
wound chronification and tumor development, with molecular contributors deriv-
ing from various sources including different tissue-associated cell types, matrix
components, as well as inflammatory events. The majority of these comorbidities,
in and of themselves, are not unique to EB, so that the repurposing of clinically
approved treatments against such symptoms represents an attractive path for
a more rapid market approval of these compounds for EB. Furthermore, new
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Figure 1.

Therapeutic targets in EB and strategies in development against them. EB is a rave hereditary skin fragility
disovder characterized by blistering and wounding. In severe subtypes of the disease, wounds degenerate into
tumors. The different thevapeutic strategies to target important aspects of the disease are depicted.
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evidence arising in the study of these common conditions can be leveraged to direct
therapy development in EB. Nevertheless, rigorous evaluation for safety in this
specific, vulnerable patient group is warranted for any candidate therapeutic. This
is especially true for cancer therapies which are associated with significant cel-
lular toxicity and often have the adverse effect of exacerbating the wound healing
deficiencies associated with the disease.

2. Therapy development for EB
2.1 Causal therapies for epidermolysis bullosa
2.1.1 Gene replacement therapies for epidermolysis bullosa

The development of causal therapies has always been a main focus of EB
research (Table1).

Currently, gene replacement strategies that exploit viral vectors to introduce
full-length wild type cDNA copies of the affected gene into the skin cells of patients
[14], have advanced the furthest in clinical trials. However, this strategy relies
on genomic integration of the transgene to achieve long-term restoration of gene

EB subtype Therapeutic Therapeutic Targeted Status Ref
goal strategy gene/protein
EB simplex Causal therapy Gene editing KRT5, KRT14 pre- [8,9]
clinical
SMaRT KRT14, pre- [10-13]
PLEC1 clinical
Junctional EB Causal therapy cDNA replacement LAMB3 clinical [14-17]
Gene editing LAMB3 pre- [18]
clinical
Read-through PTC read-through LAMB3 clinical [7]
therapy
Recessive Causal therapy cDNA replacement COL7A1 clinical [19-23]
dystrophic EB
AON COL7A1 pre- [24-27]
clinical
Gene editing COL7A1 pre- [24,
clinical 28-36]
SMaRT COL7A1 pre- [10,
clinical 37-40]
Protein Protein replacement Type VII pre- [41]
therapy vollagen clinical
Cell therapy Allogeneic fibroblast Type VII clinical [42]
injection collagen
Read-through PTC read-through COL7A1 clinical [43]
therapy

Table 1.
Overview on causal therapies in epidermolysis bullosa and their current clinical status.
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function, which bears a low risk of genomic toxicity due to insertional mutagenesis
that can result in tumor development as shown for for X-linked severe combined
immunodeficiency (X-SCID) [44]. However, no such deleterious events have been
observed thus far for EB [14-17, 19]. In general, cutaneous gene therapies have the
advantage that grafted skin areas are easy to monitor, with developing tumors easily
detected and promptly excised. Until now, transplantation of genetically corrected
skin grafts represents the most auspicious approach, due to the limited number of
viral vectors suitable for in vivo targeting. Poor transcutaneous delivery of the vec-
tor and the size of the transgene represent further limitations [45, 46].

To date, the most successful application of gene replacement therapy has been
achieved in junctional EB (JEB) patients carrying mutations in the LAMB3 gene
[14, 16, 17]. In all three cases, epidermal stem cells isolated from skin biopsies and
expanded in vitro, were treated with a Moloney leukemia virus (MLV)-derived ret-
roviral vector expressing the full-length cDNA of LAMBS3. Treated cells were then
expanded into epidermal sheets, which were transplanted back onto the patient.
To this day, the first patient treated in 2006 still retains the transgenic epidermis,
which at 6.5 years follow-up, appeared normal, blister-free, and showed accurate
localized expression of laminin-332 within the skin, and no adverse effects reported
thus far [15]. More recently, the same procedure was applied to treat an eight-year
old JEB patient with life-threatening skin loss due to a bacterial infection. Over
the course of successive treatments, up to ~80% of the patient’s skin was surgically
replaced by genetically corrected skin, demonstrating the life-saving potential of
this therapeutic strategy for genodermatoses. Genetic analyses of the skin grafts
clearly demonstrated that the transgenic epidermis was sustained by a defined
number of epidermal stem cells with long-term regenerative potential [17].

Despite these successes, attempts to apply the same strategy in recessive dystro-
phic EB (RDEB) demonstrated no long-lasting effects. While long-term COL7A1
expression could be attained following treatment, variable clinical outcomes were
observed, with persistent type VII collagen expression detected in only two out of
seven treated patients at two years post transplantation. [19, 20]

For most patients, improved wound healing and an accurate deposition of type
VII collagen within the regenerated skin could be detected. However, expression
of the transgene significantly decreased over time [19]. Possible reasons for this
include the size of the COL7A1 cDNA (~9 kb), the random nature of viral integra-
tions, or post-transcriptional deregulation via aberrant splicing [21, 47]. In this
respect, targeting LAMB3 via a gene replacement therapy bears a big advantage
over COL7A1, as the phenotype of JEB is associated with a significant depletion
of epidermal stem cells [48]. Here, the YAP/TAZ mechano-sensing pathway plays
a major role in sustaining holoclones downstream of Laminin-332 signaling.
Holoclones represent stem cells with the greatest reproductive capacity and are
essential for epidermal regeneration. Thus laminin-332 gene therapy likely rescues
YAP activity, enabling the maintenance of the pool of epidermal stem cells [48].
Thus, while these clinical trials in JEB and DEB demonstrate the potential of gene
replacement-based therapies in EB, they also reveal the varying therapeutic effi-
ciencies that can be expected among the different EB types, potentially depending
on the biology of the respective matrix protein affected.

In contrast to targeting patient keratinocytes, a combined gene and cell therapy
approach using patient autologous fibroblasts was recently evaluated in a phase I,
open-label, single-center clinical trial in four RDEB patients [22]. Based on previ-
ous preclinical data [23], patient fibroblasts were first modified ex vivo to carry
a full-length codon-optimized COL7A1 cDNA using a self-inactivating lentiviral
vector. The gene-modified autologous fibroblasts were then injected intradermally
back into the patients. The treatment was well-tolerated and no serious side effects

92



Therapy Development for Epidermolysis Bullosa
DOI: http://dx.doi.org/10.5772/intechopen.97437

were observed. Mean fluorescence intensity of type VII collagen staining in treated
skin was 1.26-fold to 26.10-fold increased over non-injected skin, with enhanced
expression sustained for up to 12 months in 2 out of the 4 patients [22]. This study
demonstrated the potential of a combined gene & cell therapy approach for the
treatment of RDEB, although more clinical data is required to evaluate the benefit
for the patient.

2.1.2 Gene editing strategies for epidermolysis bullosa

Gene editing platforms based on programmable nucleases have advanced at
a rapid pace, such that the correction of any gene is now, at least in theory, con-
ceivable. At their core, designer nucleases consist of DNA endonucleases, such
as zinc-finger nucleases (ZNF), transcription activator-like effector nucleases
(TALEN) and clustered regularly interspaced short palindromic repeats (CRISPR)
/CRISPR-associated protein 9 (Cas9), which are guided to specific DNA loci of
interest, where they generate double-strand breaks (DSBs) and trigger the activa-
tion of DNA repair mechanisms [49, 50]. The most frequent repair pathway, termed
non-homologous end joining pathway (NHE]), relies on the introduction of small
insertions and deletions (indels) at the DSB site [51], which can be leveraged for the
inactivation of genes carrying dominant negative missense mutations [8, 52], or for
the reframing of genes bearing pathogenic frameshift mutations [28, 29].

While not a genetic correction per se, gene disruption can be a suitable way of
targeting dominant alleles via causing the coding sequence to run into a premature
termination codon (PTC) during translation. Ribosomal stalling and activation of
the nonsense-mediated mRNA decay pathway triggers the degradation of the edited
mutant transcripts [53]. We have exploited this strategy to disrupt a dominant
negative KRT5 mutation whilst leaving the wild type allele intact [8]. This target-
ing strategy should be applicable to a broad number of EBS patients. Similarly, for
DDEB, Shinkuma et al. applied an allele-specific gene disruption approach to target
a dominant negative mutation within COL7A1 [30].

The same strategy can also be used to reframe mutant mRNA and was
recently shown by several groups to be a promising editing approach in RDEB
[28, 29, 31, 32]. Leveraging recently developed algorithms to accurately predict
end-joining (EJ) repair outcomes following CRISPR/Cas9-mediated cleavage, we
were able to achieve significant restoration of COL7A1 function after targeting a
pathogenic frameshift mutation within exon 73 of COL7A1 [29]. Sequence com-
position around the Cas9 binding site predicted a single adenine sense-strand
insertion at the COL7A1 target locus as the dominant EJ repair outcome, which
would restore the reading frame of the message while introducing a single amino
acid change in the protein. Indeed, we detected this precise nucleotide modifica-
tion in 17% of all next generation sequencing (NGS)-analyzed COL7A1 alleles,
following a single RNP treatment. In all gene-edited cells analyzed, > 70%
exhibited restored functional protein expression, underscoring the potential of
end-joining based DNA repair strategies for restoring gene function in EB [29].

Of course, the holy grail of gene therapy has been to achieve a traceless repair
of the disease-causing mutation. With current editing technologies, this is now
attainable by invoking the high-fidelity homology directed repair (HDR) pathway.
By providing an exogenous HDR donor sequence, which bears homology to the
target region, the exchange of whole gene regions or individual nucleotides can
be achieved [18, 24, 49, 50]. However, in comparison to EJ-based targeting strate-
gies, gene editing efficiency is generally reduced, as homologous recombination is
only active during the late S/G2 phase of the cell cycle [54]. Nevertheless, in EB,
HDR-based gene repair strategies have been successfully applied to EBS [9] and
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RDEB cells [24, 33, 35] in vitro. The focus of therapy development currently lies on
improving safety and efficiency, which are both prerequisites for any future iz vivo
application of this strategy. Towards this end, to circumvent the known off-target
activity of wild type Streptococcus pyogenes Cas9 (SpCas9), we utilized a mutant
Cas9D10A nuclease, which predominantly induces single-strand nicks instead of
double-strand breaks within the DNA [55, 56]. Indeed, we found that targeting

of mutant KRT14 or COL7A1 alleles with two guided nickases in a double-nicking
configuration was safer and more efficient than the use of wild type spCas9 [9, 24].
Additional efficiency can be gained by optimizing both, the format and the delivery
of the gene-editing molecules. Currently, electroporation of COL7A1-specific RNPs
together with single-stranded oligonucleotide HDR templates have resulted in the
highest repair efficiencies [34].

The application of HDR-based approaches to the correction of patient-derived
induced pluripotent stem cells (iPSCs) further increases the range of therapeutic
options for patients, especially as the isolation of epidermal holoclones can be a
limiting factor [14, 34]. Pre-clinical studies using corrected iPSCs, that were then
differentiated into keratinocytes and fibroblasts, and used to generate three-dimen-
sional skin equivalents (HSEs) on the backs of immunodeficient mice, showed
normal type VII collagen expression and restored anchoring fibrils [34]. Alternative
strategies, not based on homology-directed repair, comprise base editing, which has
proven to be a suitable option for correcting pathogenic mutations in RDEB [36].
The most recent genome editing tool, prime editing, can be used to directly write
new genetic information into a selected genomic locus using a Cas9 nickase fused
to an engineered reverse transcriptase (RT) domain [57]. Via a prime editing guide
RNA (pegRNA), which specifies the target site and represents the RT template
encoding the desired edit, the prime editor is directed to the target locus. Here, the
Cas9 nickase makes a single strand DNA break, that induces the hybridization of the
nicked genomic strand to the complementary primer binding site (PBS) sequence,
located within the pegRNA. A subsequent reverse transcription of the RT template,
carrying the desired edit, followed by a cellular DNA repair mechanism lead to the
insertion of the respective genetic modification at the target site [57]. Prime editing
potentially improves safety, efficiency and applicability, and its application to EB
will undoubtedly be confirmed in appropriate disease models in the near future.

2.1.3 RNA-based therapies for epidermolysis bullosa

A promising RNA-based strategy for the restoration of functional protein
expression in EB is based on the use of antisense oligonucleotides (AON) for the
specific knockdown of genes or their modification via splicing interference [58].
AONs are generally short fragments of modified DNA or RNA which, in the case
of splicing modulation, hybridize to splicing elements (e.g. splice acceptor site or
enhancers) within an in-frame target exon during pre-mRNA splicing, thereby
masking it from the splicing machinery and resulting in its exclusion from the
mature transcript. Thus, a truncated protein carrying an in-frame deletion of one or
more exons is translated from the new transcript. In the last decade, AON-mediated
splicing modulation has been successfully applied in DEB keratinocytes to skip in-
frame COL7A1 exon 70 [25], exon 73 [24, 26], exon 80 [26], and exon 105 [27] that
carried dominant or recessive disease-causing mutations. The resulting proteins,
though shorter, retained functionality. Indeed, COL7A1 is amenable to AON-based
exon skipping strategies because of the numerous short in-frame exons that encode
its collagenous domains [24]. Beyond proof-of-concept, formulation of an exon
73-specific AON, named QR-313, within a carbomer-composed gel for topical treat-
ment of wounds in DEB, led to enhanced type VII collagen levels in human RDEB
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skin [24], and is currently being evaluated for safety and efficacy in clinical trials
(NCT03605069). However, not all exons are suitable targets for exon skipping.
Furthermore, amino acid sequences potentially vital for protein function may be
deleted. Thus, AON-based gene repair approaches need to be carefully evaluated for
each targeted gene, exon and even mutation, prior to their clinical application [27].
Another RNA-based strategy for mRNA correction, namely RNA trans-splicing
(also termed spliceosome-mediated RNA trans-splicing, SMaRT), has emerged as
an attractive therapeutic option for the correction of EB-associated mutations on
the RNA level [10-12]. Here, the endogenous splicing machinery is exploited to
selectively exchange mutation-bearing regions of the target pre-mRNA, with the
corresponding wild type sequence from an exogenously provided RNA trans-splicing
molecule (RTM) [59]. The engineered RTM contains a binding domain to direct
its hybridization to the target pre-mRNA, as well as splicing elements required for
efficient splicing, in addition to the wild-type coding sequence to be restored [59].
This approach has been applied to accurately restore gene function in a variety of
human genetic diseases, including hemophilia A [60], muscular dystrophy [61, 62]
or Alzheimer’s disease [63]. In EB, SMaRT-mediated RNA editing was first achieved
for the PLEC gene [12], but has more recently, been used to correct the EB-associated
genes KRT14 [10, 11, 13] and COL7A1 [37-40] in vitro and in pre-clinical animal mod-
els. However, while these studies indicated a potential clinical applicability of SMaRT
technology in gene therapy for EB, the efficiency of this RNA-based method needs to
be significantly improved if it is to move forward towards clinical translation.

2.1.4 Protein- and cell-based therapies for epidermolysis bullosa

Protein replacement strategies were recently applied in preclinical studies for
RDEB. The local or intravenous injection of recombinant type VII collagen led to its
homing to the dermal-epidermal junction and promoted wound healing [41]. Another
therapeutic option for RDEB is the administration of type VII collagen-expressing
allogeneic fibroblasts into healing RDEB wounds. Particularly when injected intra-
dermally allogeneic fibroblast therapy resulted in a significant decrease in wound area
when compared to standard of care after 2 and 12 weeks of treatment [42].

2.1.5 Read-through strategies for epidermolysis bullosa

Premature stop codon (PTC) read-through strategies rely on agents that allow
for the incorporation of a random amino acid at the PTC position in the mRNA.
Depending on the importance of the original amino acid to protein function, as well
as impact of the introduced amino acid to e.g. protein folding, stability, and post-
translational processing, PTC read-through therapies can result in the synthesis
of a functional full-length protein. This strategy has been shown to be feasible in
RDEB-derived cells [64, 65]. Cogan et al. treated RDEB keratinocyte cell lines and
RDEB fibroblasts carrying PTC mutations, with the aminoglycosides geneticin,
gentamicin and paromomycin. Full-length type VII collagen was accurately syn-
thesized and secreted in a dose-dependent and sustained manner, highlighting the
therapeutic potential of PTC read-through approaches for RDEB patients [65]. This
resulted in a clinical trial to assess safety and efficacy of topical and intradermal
gentamicin treatment in 5 RDEB patients with nonsense mutations application
led to induced type VII collagen expression and anchoring fibril generation at the
dermal-epidermal junction of treated skin areas, with improved wound closure
and reduced blistering [43]. However, the toxicity associated with long-term
aminoglycoside use currently hinders their widespread clinical application for these
purposes. Alternatively, the FDA-approved anti-inflammatory drug amlexanox has

95



Rare Diseases - Diagnostic and Therapeutic Odyssey

been demonstrated to induce full-length collagen type VII expression iz vitro in 8
out of 12 different RDEB PTC alleles tested. Furthermore, read-through synthesis
correlated with the phosphorylation of the RNA helicase UPF-1, suggesting that
inhibition of nonsense mediated decay of the PTC-containing mRNA contributed
to its mechanism of action [64]. However, increased read-through translation alone
is insufficient to achieve proper function, and additionally accurate deposition

of the protein at the basement membrane zone likely needs to be confirmed for
each PTC mutation. Similar to the mentioned RDEB studies, the aminoglycoside
gentamicin was recently applied to JEB keratinocytes carrying various nonsense
mutations within the LAMB3 gene [66]. As a result, the authors achieved PTC
read-through leading to the synthesis and secretion of the respective laminin chain
protein as well as the restoration of laminin-332 assembly [66]. Nevertheless, future
studies are required to address current issues concerning read-through-based
approaches such as the toxicity and bioavailability of applied compounds and their
interactions within treated cells and organisms.

In summary, numerous strategies to target the genetic cause of EB, as well as ame-
liorate disease-associated complications, are under intensive investigation. These act
at various levels, from genes and gene products, to cellular pathways, tissue processes,
and systemic events. While each strategy has distinct strengths and challenges, they all
share the overarching aim of significatnly improving the QoL of patients (Figure 2).

2.1.6 Immunological aspects of causal therapy

Immunological tolerance to self-antigens result from central and peripheral tol-
erance mechanisms. Central tolerance in the thymus results in either negative selec-
tion of self-reactive T cells or development of self-specific suppressive regulatory T
cells, both of which require expression and presentation of self-antigens to develop-
ing thymocytes. Additionally, various peripheral mechanisms of tolerance protect
the body from deleterious reactions against self-tissues. These include anatomical
sequestration of self-antigens, deletion of peripheral autoreactive lymphocytes, the
development of functional unresponsiveness of lymphocytes (anergy) and action
of regulatory T cells [67, 68].

A major risk in patients, especially those completely lacking expression of the
affected protein, is that this protein is missing from the repertoire of self-antigens
presented during central tolerance establishment. As the aim of causal therapies is
to restore the missing protein or repair a defective (e.g. truncated) one, these include
an inherent risk of inducing adverse immune reactivity against the restored wild
type protein, at least parts of which would be recognized in patients as foreign.

For these reasons, only patients with residual expression of the EB-associated
protein have been included in gene therapy trials to date [14, 16, 17, 19]. Despite
this, transient circulating antibodies reactive against the gene-correction product,
and also tissue-bound antibodies deposited within the graft, were reported in some
participants [19, 20]. However, these did not correlate with rejection of the graft.
In addition, a phenomenon called epitope spreading could theoretically occur

in patients that mount an immune reaction against the gene-correction product,
leading to autoimmunity against the endogenous mutated/residual protein present
throughout the body’s epithelial tissues. This systemic immune reaction would
likely manifest as blistering within the graft, as well as worsened blistering distal
to the graft. Thus, monitoring immunological parameters (e.g. specific antibody
formation) and diffuse new-onset blistering is warranted in study participants.
While detailed immunological studies are still largely lacking, the results suggest
ex vivo gene-replacement therapy to be a safe therapeutic approach in patients who
lack pre-existing immune reactivity and express residual protein. However, future
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Figure 2.

Causal therapy options for epidermolysis bullosa. Curvent strategies targeting the genetic cause of EB can be
designed to act either on DNA level (cDNA replacement, gene editing), RNA level (AON-mediated exon
skipping, SMaRT), RNA/protein level (PTC readthrough) or tissue level (protein replacement fibroblast/
MSC therapy).

trials should aim to also include patients without any residual protein expression,

who oftentimes display a more severe phenotype, and where there is likely no pre-
existing tolerance to prevent adverse immune reactions against the gene-correction
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product. Towards this goal, further research is required to exploit peripheral
immune tolerance mechanisms to control the response to neo-antigens in the skin.

2.2 Treating complications of EB

While gene therapy is the only curative option for EB, strategies to ameliorate
symptoms are critically needed to increase patient’s QoL and prevent severe com-
plications of the disease until causal therapies are available for all EB patients. The
number of preclinical and clinical studies published, including those currently
registered, reflects the great effort placed into providing such. Strategies to identify
suitable candidates are diverse, but great potential lies in drug repurposing, as this
facilitates timely development of potent treatments by leveraging already existing
pre-clinical and clinical data. Even so, the methodological challenges inherent to
conducting studies in rare disease populations can complicate the clinical evalua-
tion of repositioning such drugs for EB [69].

The active components of drugs generally comprise small molecules or biologics.
While low molecular weight small molecules can be derived chemically and exhibit
distinct advantages regarding delivery and route of administration, biologics, which
are much larger, often interfere very specifically with distinct pathomechanisms
and show overall less toxicity. Functionally, small molecules are frequently designed
as inhibitors of e.g. enzymes, whereas biologics usually have a specific active func-
tion (e.g antibodies, enzymes, nucleic acids).

In the context of EB several approaches addressing various complications have
been reported, with the majority of primary outcomes measured being improve-
ment of wound healing, reduction of blistering, and mitigation of itch. While some
of the evaluated compounds have reached late stage clinical trials, first marketing
approvals are still awaited [4-7, 69].

2.2.1 Reduction of blistering

Across the various EB types, blistering of the skin may be the first clinical
manifestation of skin fragility following mechanical friction or trauma. While in
some patients blisters heal without scarring, in patients suffering from more severe
subtypes these degenerate into wounds and are accompanied by multiple comorbid-
ities. Thus, preventing blistering or accelerating their resolution is a logical primary
outcome measure for clinical trials due to its relevance to patients, at least in distinct
patient cohorts [7]. Particularly in EBS, where patients only rarely develop wounds,
reducing blister numbers will improve patients’ QoL substantially. Especially
during childhood, EBS patients are prone to developing numerous blisters, which
may prevent children from e.g. learning to walk, or playing with other children.
However, also for dystrophic and junctional EB clinical studies evaluating a treat-
ment’s impact on blister numbers have been published [7].

For EBS, uncovering the pathways and molecular mediators underscoring the
pathogenic keratin biology in cells, proved instrumental to the development of a
topical formulation of the drug diacerein, which has been shown in randomized
controlled trials (RCTs) to significantly reduce blister numbers in comparison
to patients who received placebo [70, 71]. Moreover, during the patient follow-
up period when no treatment was applied, a delayed recurrence of blisters was
observed, pointing towards a long-term stabilization of the skin. Diacerein is
a small molecule that interferes with the expression and signaling of the pro-
inflammatory cytokine IL-1f at various levels. Upregulation of IL-1f3, triggered by
the accumulation of mutated keratins, is characteristic for distinct subtypes of EBS.
However, the reciprocal effect of IL-1f to further induce the expression of mutant
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keratins was also observed in patient cells. Thus, interfering with this positive feed-
back loop proved beneficial to stabilizing the keratinocyte’s intermediate filament
network and consequently, also the patient’s skin [72].

2.2.2 Wound healing

EB patients develop wounds throughout their lifetime, and their management
and daily care routine represent a major burden that is accompanied by substantial
discomfort. There is currently no standard treatment for the treatment of non-
healing or severely infected wounds in EB. Defects in wound healing, associated
with infections and persistent inflammation are presumed major drivers of wound
chronification, which is a major risk factor for the development of particularly
aggressive squamous cell carcinomas (SCC) [2, 3]. Thus, means to improve wound
healing, and thereby prevent downstream complications that severely decrease QoL
and that may even be life-threatening, are urgently needed. This is also reflected
by the high number of clinical trials that primarily aim to improve wound healing,
either by applying drugs that modulate wound healing associated pathways (e.g.
modulation of inflammation), or, if feasible, by directly targeting the EB-causing
gene products using drugs that induce read-through of PTCs.

Promising outcomes were recently reported from a trial using anti-inflamma-
tory/immunomodulatory betulin-rich birch bark extract (Filzuvez, previously
Oleogel S-10), wherein 41.3% of patients treated with Oleogel-S10 met the primary
endpoint of target wound closure within 45 (+ 7) days as compared to 28.9% of
patients within the placebo arm. Furthermore, among the EB subtypes evalu-
ated, patients with RDEB appeared to be particularly responsive to treatment
(NCT03068780). In the context of wound healing, induction of PTC read-through
as a means of triggering re-expression of genes harboring nonsense mutations, is
particularly attractive in cases where the drugs being evaluated for these purposes
have known antibacterial and anti-inflammatory activity. Particularly for
junctional and dystrophic EB patients, clinical trials investigating the amino-
glycoside antibiotic gentamicin are still ongoing [43, 73, 74] (NCT04140786,
NCT03526159, NCT04644627, NCT03392909). Additionally for RDEB, the anti-
inflammatory, anti-allergic immunomodulator Amlexanox, typically used against
mouth ulcers, has emerged as a novel candidate in preclinical studies [64].

2.2.3 Pruritus

Pruritus is a particularly agonizing aspect associated with all subtypes of EB
which not only impairs patients’ QoL, but also leads to additional skin damage as it
provokes scratching. Even though pruritus is not a life-threatening symptom per se,
its overall influence on well-being is tremendous. In general, itch is a major problem
associated with various diseases like atopic dermatitis, psoriasis, and nephrologic
conditions. Yet, underlying molecular mechanisms are still not fully understood.
Numerous inflammatory mediators have been associated with pathological itch, but
despite pruritus being a severe clinical problem, effective treatments still represent
an unmet medical need [75].

For patients with EB, a handful of studies targeting itch have been published,
the most recent being a randomized-controlled trial (RCT) evaluating the neuroki-
nin-1 receptor (NK1R) antagonist Serlopitant in patients with any EB subtype [76].
Serlopitant disrupts Substance P (SP) associated signaling by preventing its binding
to NK1R. Expressed on multiple skin cell types, NK1R is thought to play a major
role in the transmission of itch signals in the peripheral and central nervous systems
[77]. In the RCT above, 14 EB patients received serlopitant or placebo over a period
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of 8 weeks, and reduction of pruritus was assessed using a numeric rating scale.
Even though results were not statistically significant, patients who had received the
investigational drug tended to achieve a > 3 point reduction in itch compared to pla-
cebo, and a positive impact on QoL was reported by the patients. However, a larger
clinical trial will be needed to provide clear evidence on the efficacy of serlopitant
in reducing pruritus in patients with EB [76].

Another agent currently being evaluated against pruritus in patients with
EB-pruriginosa is the anti-interleukin-4 receptor alpha (IL-4Ra) monoclonal
antibody Dupilumab [78, 79]. Already indicated for atopic dermatitis, Dupilumab
inhibits both IL-4 and IL-13 signaling and modulates Th2-mediated immune
mechanisms. The promising outcome of both studies, which included a total of
three patients, might provide a rationale for larger RCTs in the future that extend to
other subtypes of EB.

Interestingly, in a single-patient observational study aimed primarily at inves-
tigating the wound healing benefits of a low-dose topical calcipotriol ointment
in DEB, a significant reduction of itch was reported as a highly patient-relevant
outcome. Calcipotriol is an analogue of the active form of vitamin D3, an important
skin homeostasis factor with roles in cell proliferation, differentiation, antimicro-
bial defense, and immune modulation. Calcipotriol has proven anti-proliferative
effects in keratinocytes, which is leveraged for the treatment of plaque psoriasis.
For this reason, we investigated a lower concentration with respect to antimicrobial
peptide induction in DEB keratinocytes. In addition to the complete closure of a
chronic wound within two weeks of treatment, we observed significant improve-
ment in the diversity of the skin microbiota on the treated skin area, with complete
clearance of Staphylococcus aureus by the end of the treatment [80]. The low dose
ointment was evaluated in a small double-blind, placebo-controlled phase II clinical
trial (EudraCT: 2016-001967-35), where a significant and steady reduction in
pruritus was observed with calcipotriol treatment compared to placebo [81]. These
results support conducting a follow-up trial to investigate its impact on itch in
patients with EB, particularly given calcipotriol’s reported anti-neoplastic effects.

2.2.4 Fibrosis

Repeated cycles of injury and subsequent persistent inflammation trigger a cascade
of events leading to progressive fibrosis, followed by tissue stiffening and increased
risk of tumor development in patients with dystrophic EB. Additionally, fibrotic web-
bing at limb extremities post-wounding ultimately leads to fusion of fingers and toes
(called mitten deformities), severely limiting their use. Thus, strategies to support
anormal course of wound healing are investigated to avoid or minimize deviations
from deposition of a normal skin matrix [82]. A key player in EB-associated fibrosis
is TGF-f3, a pro-inflammatory cytokine whose pleiotropic effects are highly context-
dependent, and which has been shown to be constitutively expressed in RDEB-skin
[83, 84]. While TGF-£81 promotes wound healing under normal conditions, excessive
TGF-131 signaling leads to abnormal ECM deposition and scar formation, as con-
firmed in a type VII collagen hypomorphic mouse model [85, 86]. Thus, modulating
the expression of TGF-81 was hypothesized to be beneficial in reducing fibrosis. In
this context, losartan, an angiotensin II antagonist with anti-fibrotic effects, has been
evaluated in preclinical studies, where Nystrom ez al achieved a significant reduction
in fibrosis in collagen VII hypomorphic mice. This approach led to reduced TGF-f3
signaling, normalized skin extracellular matrix composition, and delayed progression
of mitten deformities [83]. Based on these results, a phase I/1I clinical trial to evaluate
the safety, tolerability and efficacy of losartan in children and adolescents with RDEB
is currently underway (Eudra-CT: 2015-003670-32).
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In a drug repurposing approach, endoglin (CD105), a type III co-receptor for
TGF-1, and raloxifene, an estrogen receptor modulator, were tested in a pre-clinical
setting for their potential to attenuate RDEB-associated fibrosis. Indeed, both drugs
were shown to modulate profibrotic events, rendering them potential candidates for
repositioning both compounds for the treatment of patients with EB [86].

2.3 EB-associated squamous cell carcinoma

Cutaneous tumors are a life-threatening complication that arise especially in
patients with RDEB. Owing to the repeated cycles of wounding, infection and
inflammation, RDEB patients are at especially high risk of developing aggressive
squamous cell carcinoma (RDEB-SCC) with high risk-features. The sites of tumor
occurrence are predominantly at sites of chronic and long-term wounds [87], espe-
cially on the extremities [88], indicating that tumorigenesis is related to the pathol-
ogy of RDEB. The SCCs tend to arise in early adulthood, with a reported median age
of 29 years at time of diagnosis, although the youngest case reported was in a 6-year
old patient [89]. In comparison to the general population, RDEB patients have an
estimated 70-fold higher risk of developing SCC [90], with cumulative risk rising
from 7.5% at age 20 years, to 67.8% at age 35 years, to 90.1% by age 55 [2]. Despite
aggressive therapy with multiple treatment modalities, median survival time from
time of first diagnosis is 4-5 years [89], making RDEB-SCC the primary cause of
premature death in these patients. The first choice of treatment still consists of wide
local excision of the tumor, and even amputation of the extremity is sometimes
necessary. Radiotherapy and conventional chemotherapeutic approaches have been
mostly used palliatively in EB SCC and considering their strong adverse effects
(e.g. desquamation of the skin upon radiotherapy) should be used carefully when
applied to this vulnerable patient group [91].

Genomic analyses combined with transcriptomic profiling of tumors highlight
cell endogenous mutagenic processes mediated by APOBEC enzymes, which are
associated with an innate defense mechanism against ongoing microbial infection,
as a major driver of carcinogenesis in RDEB. These observations indicate that effec-
tive wound management, which includes an antimicrobial component, could poten-
tially lower cancer risk in these patients. Genetically, RDEB-SCC closely resembles
ultraviolet (UV) light-induced SCC and SCC of the head and neck (HN-SCC), with
driver mutations in known cancer-associated genes such as CASP8, NOTCHI, TP53,
FAT1, CDKN2A, HRAS, ARID2, and KMT2B frequently observed [92]. While these
similarities suggest that therapies proven to be efficacious in other SCCs would also
be effective in RDEB SCC, careful consideration of the background pathology of
EB is needed. The significant overlap in cellular processes associated with wound
healing and tumor development (e.g. proliferation, migration, vascularisation/
angiogenesis, matrix remodeling) dictates that a delicate balance needs to estab-
lished wherein tumor inhibition is not interfering with wound healing, especially
when long-term treatment is considered.

2.3.1 EGFR inhibition

Cetuximab, a monoclonal antibody targeting the extracellular domain of
epidermal growth factor receptor (EGFR), has been used for therapy against both
HN-SCC, as well as advanced unresectable cutaneous UV-SCC [93, 94]. This agent
inhibits tumor cell proliferation by blocking receptor tyrosine kinase activity
upstream of known survival-, growth-, and migration- signaling cascades mediated
by PI3K/AKT, RAS/MAPK, and JAK/STAT [95, 96]. Cetuximab shows significant
efficacy against EGFR-positive, wild type RAS tumors, while those bearing RAS

101



Rare Diseases - Diagnostic and Therapeutic Odyssey

mutations are resistant to treatment [97]. EB-associated SCCs frequently express
EGFR, but with noticeable differences in expression level which could impact
responsiveness to treatment [98]. To date, only a handful of cases have reported the
use of cetuximab in EB patients with advanced cutaneous SCC, with limited benefi-
cial effects on survival [88, 94, 98-100]. Progression-free survival in seven patients
reported in the literature ranged from three weeks to nine months. Better outcomes
have been observed when cetuximab was given as a first line treatment suggesting
that treatment might be more efficacious when administered early. Of note, wound
healing deficits and worsening of skin lesions, which negatively impact patient’s
QoL, were noted in three patients. For one patient, the negative effects on patient
wound healing led to a dose reduction of cetuximab and subsequent tumor recur-
rence soon after [98]. This negative impact of cetuximab in RDEB is likely associ-
ated with the important roles of the aforementioned downstream signaling cascades
in wound healing processes and exemplifies the challenge of treating tumors in the
background of EB. Thus, more targeted strategies, aimed at inhibition of tumor-
essential pathways downstream of EGFR are already being investigated and are
expected to minimize such adverse effects.

2.3.2 JAK1/2 inhibition

The Janus kinase/signal transducers and activators of transcription (JAK/STAT)
pathway mediates cellular responses to a variety of cytokines and growth factors,
including IL-6 and EGF, downstream of these ligands binding their cognate recep-
tors. These responses include proliferation, differentiation, migration, survival, and
apoptosis, and are dependent on cell- and tissue-type, as well as the context of the
signal [101]. In this respect JAK/STAT plays important roles in developmental and
homeostatic processes, and is also aberrantly active in numerous cancers, including
HN-SCC [102]. Increased levels of phosphorylated STAT3, a downstream effector
of JAK, were observed in RDEB-SCC cells over normal keratinocytes, providing
rationale for evaluating the effect of the JAK1/2 inhibitor ruxolitinib in a murine
xenograft model of human RDEB-SCC [103]. In this preclinical study, ruxolitinib
effectively reduced tumor mass, when administered either orally or topically onto
tumors, because reduced STAT3 signaling led to decreased cell proliferation. These
observations argue that ruxolitinib may be a promising anticancer drug for RDEB-
SCC. When ruxolitinib was used with the aim to counteract the fibrotic processes
in the skin of type VII collagen hypomorphic mice, a reduction of phosphorylated
STAT?3 in fibroblasts and SCC in vitro, but only limited therapeutic benefit against
fibrosis-driven mitten deformities in type VII collagen hypomorphic mice was
observed [104]. Additionally, the drug was not well tolerated by the mice and, even
more importantly, treatment delayed wound healing, highlighting that caution and
rigorous evaluation is warranted before its clinical application in patients.

2.3.3 Polo-like kinase 1 inhibition

Due to the aggressive and metastasising nature of RDEB-SCC, which is atypical
of UV-induced cutaneous SCCs that arise in the general population, gene expression
assays were performed to identify differentially regulated genes that might account
for this difference in tumor behavior. Among the handful of genes identified was
polo-like kinase 1 (PLK1) [105], a serine/threonine protein kinase which was over-
expressed in a number of different tumors [106]. Blocking PLK1 leads to mitotic
arrest, inhibition of cell proliferation and apoptosis. Notably, cells were more sensi-
tive to PLK1 inhibition when p53 was defective [107]. TP53 is frequently mutated in
RDEB-SCC [92] highlighting PLK1-inhibition as a potential strategy to selectively
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target tumor cells over normal cells which exhibit normal p53 function. Several small
molecules are under investigation for their ability to target PLK1 signaling in cancer,
and results from these studies can be leveraged to facilitate the evaluation of these
agents also for clinical use in RDEB patients. A study by Atansova et al., identified
rigosertib (or ON-01910) among six different small-molecule inhibitors of PLK1 as a
strong and selective inducer of apoptosis in RDEB-SCC cells. Its pre-clinical evalua-
tion in a murine xenograft model demonstrated inhibition of tumor growth without
obvious toxicity, laying the path for a multi-center phase II clinical trial in RDEB
patients with late stage, metastatic, and/or unresectable SCC. [64] (NCT03786237).

2.3.4 Immune checkpoint blocking

Immune checkpoints are molecules that are either able to turn on (co-stimu-
latory molecules) or turn off (inhibitory molecules) immune signaling, generally
referring to the activation of responses in T cells. Tumors have developed mecha-
nisms to exploit these immune checkpoint molecules in order to evade immune
surveillance and escape clearance by e.g. cytotoxic T cells [108]. Such immune
checkpoint molecules include CTLA-4 (cytotoxic T-lymphocyte-associated protein
4) and PD-1 (programmed death-1). The latter is predominantly expressed on
T cells, and by binding to its ligands PD-L1 and PD-L2 expressed on tumor cells,
induces a negative signal that leads to effector T cell suppression [109]. Blocking
these interactions using specific antibodies leads to reactivation of the immune
system and improvement of anti-tumor immune responses. Remarkable anti-
tumor effects were achieved with an antibody targeting CTLA-4 (ipilimumab),
increasing median overall survival in metastatic melanoma patients [109]. Even
better outcomes in survival rate have been observed with pembrolizumab, an
anti-PD1 receptor antibody [110]. Furthermore, beneficial evidence in clinical trials
using anti-PD1 treatment in advanced HN-SCC [111], and also locally advanced/
metastatic SCC [112] support PD-1 blocking as well in RDEB SCC. In this respect,

2 reports can be found in the literature describing the use of anti-PD1 blocking anti-
bodies in RDEB-SCC patients. The first case described the use of pembrolizumab
(PD-1 antibody) as second line therapy after cetuximab treatment. Pembrolizumab
was partly combined with other therapeutic approaches including intralesional
administration of talimogene laherparepvec (T-Vec; oncolytic virus) into meta-
static tumors, radiotherapy and anti-EGFR monoclonal antibody (panitumumab).
Wound healing was not impaired during the late stage of the disease. The patient
died due to tumor progression 18 months after starting pembrolizumab treatment
[100]. Most recently, Khaddour et al. report on an RDEB patient with metastatic
SCC who was treated with cemiplimab (monoclonal anti-PD1) every 3 weeks in
combination with radiotherapy. During the 14-month follow-up the patient showed
a durable response with no signs of immune-related adverse events [113]. These
observations support conducting controlled clinical trials to assess the efficacy

of PD-1 blockade in this patient group. Noteworthy, another anti-PD1 antibody
(nivolumab) is currently under evaluation in a multi-centre phase II clinical trial for
the palliative treatment of EB patients with advanced or metastatic squamous cell
carcinomas (EudraCT: 2016-002811-16) [6].

3. Conclusions
In the last decade, the number of clinical trials registered for the evaluation

of therapies against various primary and secondary pathologies associated with
the various forms of EB has risen dramatically (>70 clinical trials; clinicaltrials.

103



Rare Diseases - Diagnostic and Therapeutic Odyssey

gov). They reflect the progress in the optimization of previous gene therapeutic
approaches, discovery and advancement of novel gene editing technologies, and the
increase in our understanding of the molecular and cellular mechanisms underpin-
ning the nature of these EB-related complications. Drug repositioning has largely
been prioritized, as leveraging the existing pharmacological and safety data repre-
sents the fastest and most economical route to clinical trials, and when successful,
to marketing approval for EB. To further support the development of new therapy
options for rare diseases like EB, several programs, like the orphan designation
program by the European Medicines Agency (EMA) have been launched.

This is good news for patients, but also creates challenges for the recruitment
of sufficient participants to the various trials, due to the rarity of the disease, strict
inclusion criteria, and the disinclination of patients to participate. This heightens
the risk of recruitment failure and the inability to meet statistical endpoints, result-
ing in extended trials that come at increased costs. Surmounting these challenges
will require close collaboration within the entire EB community, to establish an
international patient registry, incentivize patient participation, address logistical
and regulatory aspects of multi-center trials, and allow for new outcome measures
and the development of statistical methods for small cohorts. In parallel, applying
current state-of-the-art methods that maximize acquisition of multi-modal data
from patient samples, alongside the continuing advances in artificial intelligence,
will further support the development of new therapies at various levels, starting
from in silico drug discovery to establishing new means for measuring patient-
relevant trial outcomes.
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Abstract

Epidermolysis bullosa (EB) is a group of hereditary skin diseases, or
genodermatoses, characterized by the formation of severe, chronic blisters with
painful and life-threatening complications. Despite the previous and ongoing
progress in the field, there are still no effective causative treatments for EB. The
treatment is limited to relieving symptoms, which—depending on disease severity
—may involve skin (blisters, poorly healing wounds caused by the slightest
mechanical stimuli, contractures, scarring, pseudosyndactyly) and internal organ
abnormalities (esophageal, pyloric, or duodenal atresia; renal failure; and hemato-
poietic abnormalities). The last decade saw a series of important discoveries that
paved the way for new treatment methods, including gene therapy, bone marrow
transplantation, cell therapy (allogenic fibroblasts, mesenchymal stem cells
[MSCs], and clinical use of induced pluripotent stem cells. Tissue engineering
experts are attempting to develop skin-like structures that can facilitate the process
of healing to promote skin reconstruction in injuries that are currently incurable.
However, this is incredibly challenging, due to the complex structure and the many
functions of the skin. Below, we characterize EB and present its potential treatment
methods. Despite the cure for EB being still out of reach, recent data from animal
models and initial clinical trials in humans have raised patients’, clinicians’, and
researchers’ expectations. Consequently, modifying the course of the disease and
improving the quality of life have become possible. Moreover, the conclusions
drawn based on EB treatment may considerably improve the treatment of other
genetic diseases.

Keywords: biological dressing, human skin allograft, allogenic human skin

equivalent, Advanced Therapy Medicinal Product, Epidermolysis Bullosa,
Rare Diseases
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1. Introduction

Epidermolysis Bullosa (EB) is a group of heterogeneous genetic conditions
(genodermatoses) characterized by skin fragility and blister formation. These blis-
ters, or bullae, may form spontaneously or as a result of slight mechanical injuries.
EB is estimated to occur in 1 person per 50,000 live births.

EB constitutes a group of conditions with diverse clinical courses. Depending on
the type of abnormalities in the specific genes, the course, severity, and location of
lesions may vary. EB is a result of abnormal connection between the epidermis and
dermis. The epidermis, which is the most superficial layer of the skin, constitutes an
important barrier between the body and its external environment. The epidermis
prevents the loss of water and protects the body against ultraviolet radiation and
pathogens. The dermis contains blood vessels, nerve endings, and skin appendages.
Under normal conditions, the epidermis and dermis are tightly connected via
protein molecules [1-6].

2. The epidermis - structure and functions

The epidermis is the outermost part of the skin and serves as a barrier protecting
the body against pathogens, ultraviolet radiation, and excessive loss of water. The
epidermal layers, listed from the deepest to the most superficial, include the basal,
spinous, granular, and cornified layers. The basal layer is composed of
keratinocytes, which undergo intense cell divisions. The newly formed cells differ-
entiate as they progress towards the epidermal surface, eventually becoming dead,
anuclear cells (corneocytes) that have no mitochondria. Since they are surrounded
by alipid layer, corneocytes form an impermeable barrier. The epidermis is strongly
and permanently connected to the dermis via a cytoskeleton and hemidesmosomes.
(Figure 1) [7-9].

The course of EB may be severe if the condition is due to a lack of key adhesion
proteins, for example as a result of loss-of-function mutations in laminin 332 or
collagen VII genes. Conversely, isolated amino acid substitutions typically lead to a
mild fragility of the skin. The genetic and allelic heterogeneity of EB is due to
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pathological gene variants in 20 different genes. The genes associated with EB
encode intracellular, transmembrane, or extracellular proteins that constitute
structural components of the cytoskeleton (keratin 5 and 14), extracellular matrix
(integrin a6f4, collagen XVII, laminin 332, collagen VII, a3 integrin, kindlin-1),
or intercellular adhesions (desmoplakin, plakophilin, plakoglobin).

3. Epidermolysis Bullosa

The key clinical manifestation of EB is a tendency to develop skin lesions in
response to mechanical stimuli, even those of a very low magnitude. The most
common lesion types include blisters, milia, pigmented lesions, erosions, epidermal
defects, and scars. Other characteristic features of the condition are nail plate
changes, ranging from dystrophy to a complete loss. Another common symptom is
hair loss and—in severe cases—alopecia. Blisters, erosions, and scars developing
near joints may result in contractures and tissue adhesions due to scarring. The
lesions that develop on hands and feet (which are most prone to mechanical inju-
ries) may result in pseudosyndactyly. Contractures exacerbate hand and foot
deformities, leading to disability (“cocoon hand”, or “mitten hand” deformities).

ULTRASTRUCTURALSITES OF BLISTER FORMATION IN MAJOR FORMS OF EPIDERMOLYSIS BULLOSA (EB)
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Figure 2.

Ultrastructural sites of blister formation in major forms of epidermolysis bullosa EB. 1. In intact skin, the
ultrastructural regions of the epidermal basement membrane zone consist of basal keratinocytes and the
hemodesmosomal plaque, the lamina lucida, the lamina densa, the upper papillary dermis 2. in eb simplex
(EBS), blisters arise within the lower portion of basal keratinocytes 3. In junctional EB (JEB) blisters form
within the lamina lucida 4. In dystrophic EB (DEB), blisters develop below the lamina densa. Anchoring fibris
are reduced in number in dominant DEB (DDEB) and absent or rudimentary in recessive DEB (RDEB).
KRT5,KRT14 and keratin 5 and keratini4 vespectively (s. https://plasticsurgerykey.com/epidermolysis-b
ullosa/).
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Severe forms of EB additionally involve internal anomalies in the oral cavity,
esophagus, trachea, lungs, urinary catheter, or urinary bladder. Intestinal tract
erosions, ulcerations, and scarring lead to strictures, which may result in difficulty
swallowing (dysphagia) and necessitate a feeding jenunostomy to provide enteral
nutrition. Oral manifestations of EB may include the tongue adhering to the floor of
the mouth (ankyloglossia); a narrowed oral opening (microstomia); and difficulties
in chewing and swallowing, which result in malnourishment, osteopenia, osteopo-
rosis, growth retardation, and eating disorders, leading to cachexia. Oral lesions
may cause oral hygiene problems, which leads to caries. Perianal erosions and
ulcerations cause severe pain during defecation, which contributes to constipation.
Possible ocular manifestations involve marginal blepharitis, eyelash loss, ectropion,
adhesions between the palpebral and bulbar conjunctivae (symblepharon), and
corneal blistering, which may lead to blindness. Other manifestations include
treatment-refractory anemia, iron deficiency, and hypoalbuminemia. Due to
chronic ulcerations and an impaired protective function of the epidermis, EB
patients may develop skin cancer (squamous cell carcinoma [SCC]) in their thirties
or forties (Figure 2) [10-15].

3.1 Classification

EB is a result of mutations in approximately 20 genes that encode structural and
enzymatic proteins responsible for forming and maintaining the connections
between the epidermis and dermis. The most common mutations occur in one of
three genes: KRT5, KRT14, or TGMS5.

* KRTS: The protein encoded by this gene is a member of the keratin gene
family. The type II cytokeratins consist of basic or neutral proteins which are
arranged in pairs of heterotypic keratin chains coexpressed during
differentiation of simple and stratified epithelial tissues. This type II
cytokeratin is specifically expressed in the basal layer of the epidermis with
family member KRT14. Mutations in these genes have been associated with a
complex of diseases termed epidermolysis bullosa simplex. The type II
cytokeratins are clustered in a region of chromosome 12q12-q13. (RefSeq,

Jul 2008)

* KRT14: This gene product, a type I keratin. At least one pseudogene has been
identified at 17p12-p11.

* TGMS: This gene encodes a member of the transglutaminase family. The
encoded protein catalyzes formation of protein cross-links between glutamine
and lysine residues, often resulting in stabilization of protein assemblies.

This reaction is calcium dependent. Mutations in this gene have been
associated with acral peeling skin syndrome (RefSeq, Oct 2009). [https://www.
genecards.org/]

EB can be classified into three main types, which can be further divided into
subtypes. This classification is based on anomalies in various protein molecules and
each of the resulting EB types has a different clinical course.

* simple epidermolysis bullosa (SEB) involves epidermal anomalies

* junctional epidermolysis bullosa (JEB) involves basement membrane
anomalies
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* dystrophic epidermolysis bullosa (DEB) involves anomalies of the dermis

The diagnosis is made based on a thorough microscopic examination of a skin
sample. The examination helps determine the exact layer of the skin where tissue
separation causes blister formation. There are several layers that can be identified
under a microscope in a skin cross-section. If the blisters form within the epidermis,
the patient is diagnosed with SEB; if they form within the lamina lucida, the patient
is diagnosed with JEB, and if they form just underneath the lamina densa, the
patient is diagnosed with DEB (Table 1).

Overview of EB classification

Subtype Phenotype Inheritance Gene affected

EB simplex — Intraepidermal

EB simplex, localized =~ Palmoplantar blistering from birth or AD KRTS5 or KRT14
early infancy, with subsequent
keratoderma in affected areas

EB simplex, severe Early generalized blistering at or soon AD KRT5 or KRT14
after birth; congenital areas of
denuded skin may be present; can be
life threatening in first year of life;
classically, tense clustered
‘herpetiform’ blisters arise with
minimal trauma or spontaneously;
development of confluent
palmoplantar keratoderma; nail
dystrophy common

EB simplex, Generalized, although less severe AD KRT5 or KRT14

intermediate blistering than EB simplex, severe

EB simplex with Blistering from birth of intermediate AD Predominantly

mottled pigmentation  severity; additional mottled or KRTS; less
reticulate macular pigmentation frequently KRT14

typically of the neck, upper trunk and
acral skin; punctate keratodermaj; nail

dystrophy may develop
EB simplex, migratory Vesicles from birth, on a background AD KRT5
circinate of inflammatory migratory circinate

erythema that fades to leave post-
inflammatory hyperpigmentation;
nail dystrophy possible

EB simplex, Marked erosions in limbs at birth, AD KLHL24
intermediate with healing with dyspigmentation and
cardiomyopathy atrophic burn-like scars;

keratoderma, nail-thickening and
onychogryphosis possible; diffuse
alopecia has occasionally been

reported; dilated cardiomyopathy
develops later in young adulthood

EB simplex, Autosomal dominant disease is mild AD or AR PLEC
intermediate with with mainly acral blistering; autosomal
PLEC mutations recessive has an intermediate

presentation
EB simplex, Generalized blistering with variable- AR PLEC
intermediate with onset myopathy including possible

muscular dystrophy  cardiomyopathy; focal plantar
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Overview of EB classification

Subtype

Phenotype Inheritance

Gene affected

keratoderma and nail dystrophy;
mucosal involvement is commony;
upper respiratory tract stenosis has
been reported

EB simplex, severe More severe, widespread generalized AR PLEC
with pyloric atresia blistering or loss of skin at birth with
pyloric atresia; early mortality within
a few months of birth
EB simplex, autosomal Generalized blistering, intermediate ~ AR KRT5 or KRT14
recessive, KRT5 or or severe; keratin 5 abnormalities
KRT14 tend to have a more severe
phenotype; absence of keratin 5
associated with widespread skin
disease and early mortality;
improvement of blistering with age is
not expected
EB simplex, localized  Early-onset blistering, relatively AR DST
or intermediate with mild, usually with acral
BP230 deficiency predominance; plantar keratoderma
EB simplex, localized ~ Generalized intermittent blistering AR EXPH5
or intermediate with and skin fragility; mild mottled
exophilin 5 deficiency  pigmentation may be evident
EB simplex, localized  Early blistering, with pretibial AR CD151
with nephropathy predominance; poikiloderma may be
(CD151 deficiency) seen; early alopecia; extracutaneous
involvement manifests as
oesophageal webbing and
nephropathy
Junctional EB, severe  Blistering may be mild at birth and AR LAMA3, LAMB3
localized to periungual, buttock and and LAMC2

elbow regions; overgranulation
develops, particularly on orofacial
and periungual regions, with
development of bulbous nail folds;
alopecia is common; dental enamel
defects are usual; a hoarse cry is often
a feature; usually fatal within the first

2 years of life
Junctional EB, Less severe than above, with a AR LAMA3, LAMBS3,
intermediate reduced tendency to develop LAMC?2 and
exuberant granulation tissue; COL17A
elevated risk of SCC in adulthood
Junctional EB with Extensive areas of skin loss seen at AR ITGA6 and ITG84

pyloric atresia

birth with severe cutaneous fragility;
early-onset pyloric atresia, a frequent
cause of early mortality, within days
or weeks of birth; duodenal and anal
atresia may also feature; milder non-
lethal variants often show
genitourinary involvement

Junctional EB,
localized

Limited cutaneous fragility, often AR
acral; variable nail and dental defects;
normal hair

LAMA3, LAMBS3,
LAMC?2,
COL17A1, ITGB4
and ITGA3
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Overview of EB classification

Subtype

Phenotype Inheritance

Gene affected

Junctional EB, inversa

Flexural blistering from birth; dental AR
abnormalities and nail loss

LAMA3, LAMB3
and LAMC2

Junctional EB, late
onset

Onset in childhood, with often acral AR
fragility; skin fragility is progressive

and loss of dermatoglyphs may be

seen owing to scarring; variable

dental enamel and nail defects

COL17A1

Junctional
EB-laryngo-onycho-
cutaneous (LOC)
syndrome

Skin fragility from birth with marked AR
exuberant granulation tissue (greater
than that in junctional EB, severe),
particularly on face and neck; nail
dystrophy and loss with granulation
tissue of nail beds; laryngeal
granulation can lead to respiratory
compromise and death; conjunctival
and eyelid granulation with
consequent symblepharon, scarring
and visual loss

LAMA3

Junctional EB with
interstitial lung disease
and nephrotic
syndrome

Variable degree of cutaneous AR
involvement; fatality in early

childhood is common; nail dystrophy
possible; hair loss may occur

IGTA3

Dystrophic EB — sublamina densa

Intermediate DDEB;

Generalized skin fragility, scarring AD
and milia presenting from birth or

early infancy, with prominence over

acral sites, elbows and knees;

involvement of the mucous

membranes may lead to microstomia,
ankyloglossia and oesophageal

stenosis, although less commonly

than in severe RDEB

COL7A1

Localized DDEB;

Predominantly acral blistering, AD
scarring and milia seen from birth or

early infancy; occasional nails-only
presentation, with progressive

dystrophy and eventual nail loss;

rarely, cutaneous features may
predominate over pretibial skin alone

(and can present as late-onset

disease)

COL7A1

DDEB, pruriginosa;

Profoundly pruritic linear cords of AD
papules associated with fragility,

scarring and milia on the shins, and
occasionally progressing to arms; may
present in childhood or adulthood;

nail dystrophy is usual

COL7A1

DDEB, self-
improving; »

Blistering evident at or shortly after ~ AD
birth, usually on extremities where

there may be aplasia cutis, whilst

scarring and milia may occur;

spontaneous resolution of cutaneous
fragility within the first 2 years of life

COL7A1
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Overview of EB classification

Subtype Phenotype Inheritance Gene affected

Intermediate RDEB; Phenotype similar to that of AR COL7A1
intermediate DDEB, although greater
severity with flexion contractures,
limited digital fusion and occasional
striate keratoderma

Severe RDEB; Widespread blistering from birth, AR COL7A1
with extensive scarring and
development of microstomia,
ankyloglossia, oesophageal stenosis,
flexion contractures of limbs and
pseudosyndactyly; nails are often lost
early in disease course; high risk of
cutaneous SCC arising in EB wounds.

RDEB, inversas Generalized blistering from birth, of AR COL7A1
intermediate severity; subsequently,
fragility tends to be displayed on
flexural sites

RDEB, localized; Skin fragility and blistering typically AR COL7A1
at birth or neonatal period, limited to
acral sites such as hands and feet, or
occasionally only to pretibial skin,
where it may manifest as late-onset
disease during adulthood; nail
dystrophy and loss usual

RDEB, pruriginosas As for DDEB, pruriginosa AR COL7A1
RDEB, self- As for DDEB, self-improving AR COL7A1
improvings
DEB, severe, Clinically indistinguishable from Dominant and COL7A1
severe RDEB, with severe recessive
mucocutaneous fragility from birth ~ compound
heterozygosity

Kindler EB — variable and mixed

None Generalized blistering and variable =~ AR FERMT1
photosensitivity from birth or early
childhood, with mucosal fragility;
blistering gives way to progressive
poikiloderma, initially most marked
over dorsal hands and neck;
confluent palmoplantar keratoderma
and adermatoglyphia may occur;
gingivitis and dental disease is a
feature; oesophageal narrowing and
colitis has been reported;
mucocutaneous SCC has been
reported, with poor prognosis

AD, autosomal dominant; AR, autosomal recessive; DDEB, dominant dystrophic epidermolysis bullosa; DEB;
dystrophic epidermolysis bullosa; EB, epidermolysis bullosa; EM, electron microscopy; ER, endoplasmic reticulum;
RDEB, recessive dystrophic epidermolysis bullosa; SCC, squamous cell carcinoma. IMajor type is DDEB. 2Previously
known as transient bullous dermolysis of the newborn baby. 3Major type is RDEB. 4Major type is DEB (dominant
and recessive compound heterotygosity). Adapted from consensus guidelines3.

Table 1.
Overview of EB classification [16].
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3.2 Heredity

SEB primarily shows an autosomal dominant pattern of inheritance, with the
most common mutations in genes KRT5 and KRT14. Autosomal recessive inheri-
tance is less common and caused by mutations in genes KRT14, ITGA6, ITGB4 (this
genes encodes a member of the integrin alpha chain family of proteins. Integrins are
heterodimeric integral membrane proteins composed of an alpha chain and a beta chain
that function in cell surface adhesion and signaling. The encoded preproprotein is pro-
teolytically processed to generate light and heavy chains that comprise the alpha 6
subunit. This subunit may associate with a beta 1 or beta 4 subunit to form an integrin
that intevacts with extracellular matrix proteins including members of the laminin
family. The alpha 6 beta 4 integrin may promote tumorigenesis, while the alpha 6 beta 1
integrin may negatively regulate erbB2/HER? signaling. Alternative splicing results in
multiple transcript variants. [provided by RefSeq, Oct 2015]).

DSP (This gene encodes a protein that anchors intermediate filaments to des-
mosomal plaques and forms an obligate component of functional desmosomes), or
PKP1 (Plakophilin proteins contain numerous armadillo repeats, localize to cell desmo-
somes and nuclei, and participate in linking cadherins to intermediate filaments in the
cytoskeleton. This protein may be involved in molecular recruitment and stabilization
during desmosome formation). SEB caused by a PLECI(Plakins, with their multi-
domain structure and enormous sige, not only play crucial roles in maintaining cell and
tissue integrity and orchestrating dynamic changes in cytoarchitecture and cell shape, but
also serve as scaffolding platforms for the assembly, positioning, and regulation of signal-
ing complexes (reviewed in PMID: 9701547, 11854008, and 17499243) mutation may
show an autosomal recessive or autosomal dominant pattern of inheritance.

JEB is primarily caused by mutations in genes LAMB3, LAMC2, LAMA3 (this
genes is a laminin that belongs to a family of basement membrane proteins), COL17A1
(This gen encode collagen XVII is a structural component of hemidesmosomes,
multiprotein complexes at the dermal-epidermal basement membrane zone that mediate
adhesion of keratinocytes to the underlying membrane), ITGA6 or ITGB4 and is char-
acterized by autosomal recessive inheritance. A recent study (2009) showed a
possible autosomal dominant inheritance pattern in the case of a mutated COL17A1.

DEB is caused by mutations in only one gene, COLA1. The location and type of
mutation determine the inheritance pattern (autosomal recessive or dominant).

3.3 SEB subtypes

* Koebner type: mutated genes for keratin 5 and 4 (KRT5, KRT4); lesions are
often present at birth or in infancy; characteristic features are hyperkeratotic
lesions, hemorrhagic bullae, and erosions.

* Dowling-Meara type: mutated KRT14 and KRT5 genes, which encode keratin
14 and 5, respectively; autosomal dominant inheritance; lesions are located
primarily on the feet, less commonly in other locations; a relatively mild
course.

* Weber-Cockayne type: associated with mutated KRT5 (region 12q13.13) and
KRT14 (region 17q21.2) genes; characterized by a severe course and
herpetiform blisters. Poorly healing blisters and erosions lead to scarring and

contractures.

» SEB with muscular dystrophy: a mutated plectin-encoding PLECI gene.
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3.4 JEB subtypes

* JEB with pyloric atresia: this rare type of EB results from mutated ITGB4 and
ITGAG6 genes that encode a6 4 integrin. Skin lesions are accompanied by
esophageal, pyloric, and/or duodenal atresia. Enamel hypoplasia is common.

* Herlitz type: mutations in the LAMA3, LAMB3, and LAMC2 genes, which
encode the polypeptide subunits of laminin 5 («-3, p-3, and y-2, respectively).
Fatal type of EB, characterized by blisters and erosions over the entire body,
which causes multiple infections that may lead to sepsis, loss of proteins
(malnourishment), scarring, contractures, defects of large areas of skin.

* Non-Herlitz type: mutations in genes COL17A1, LAMB3, LAMC2, or LAMA3
encoding laminin 5 and collagen XVII.

3.5 DEB subtypes

* Hallopeau-Siemens type: a mutated COL7A1 gene, which encodes collagen VII.
This type of EB is characterized by scarring, erosions, pseudosyndactyly of the
hands and feet; nail plate involvement, esophageal atresia, and corneal ulcers
are common.

* non-Hallopeau-Siemens type: mutated COL7A1 gene, encoding collagen VII.

* Cockayne-Toureine type: autosomal dominant inheritance; mutated COL7A1
(collagen VII); skin lesion on the limbs.

* Pasini type: possible nail plate involvement; oral and mucosal lesions.

3.6 Diagnostic investigations

A primary diagnosis of EB is based on the clinical presentation. The definitive
diagnosis is established after skin samples are examined via immunofluorescence
antigen mapping and transmission microscopy.

Diagnosis is confirmed via genetic analysis that determines the type of mutation.

3.7 Differential diagnoses

The differential diagnoses should include congenital dermatoses, herpes simplex
virus infections, epidermolytic hyperkeratosis with erosions and blisters, staphylo-
coccal scalded skin syndrome, bullous pemphigoid, neonatal pemphigoid, and
gestational pemphigoid.

3.8 Treatment

Management is primarily symptomatic. Surgical treatment mainly involves skin
grafting. Importantly, the use of autologous skin grafts is ineffective due to poor
healing and chronic wound formation at the donor sites. Plastic surgery procedures
play an important role in repairing contractures and pseudosyndactyly of the hands
and feet. In the case of esophageal, pyloric or duodenal atresia, various surgical
procedures are used to overcome the effects of gastrointestinal strictures (e.g.
feeding jejunostomy, endoscopic balloon dilatation).
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EB management involves primarily local care of chronic wounds, ulcers, ero-
sions, and blisters. Treatment challenges involve frequent bacterial infections, due
to their chronic character, and factors that inhibit healing, such as malnutrition,
anemia, itching, or repetitive wound irritation with regular dressing changes, all of
which disturb epithelialization. Moreover, wounds may cause severe pain, exacer-
bated by regular, frequent dressing changes. Importantly, the condition requires
life-long care, with the cost of monthly treatment often exceeding several hundred
dollars. Therefore, the process of selecting the optimal dressing should include the
following parameters: the price, availability, effectiveness, and safety. Other
important complementary treatments include physiotherapy, genetic counselling,
aggressive treatment of infections, nutritional supplementation, and skin cancer
monitoring [17-31].

Despite the enormous advances in our understanding of molecular genetics and
EB physiopathology that have taken place over the last several decades, a definitive
cure is yet to be discovered. There are many ongoing studies aiming to develop an
effective treatment. These studies focus on several potential lines of treatment,
including disease modifying treatments to diminish disease severity. Gene thera-
pies, bone marrow transplants, and tissue engineering are receiving the most
attention.

Advanced therapy medicinal products (ATMPs) are medicines for human use
that are based on genes, tissues or cells. They offer groundbreaking new opportu-
nities for the treatment of disease and injury. ATMPs can be classified into three
main types: gene therapy medicines, somatic-cell therapy medicines, tissue-
engineered medicines. In addition, some ATMPs may contain one or more medical
devices as an integral part of the medicine, which are referred to as combined
ATMPs. An example of this is cells embedded in a biodegradable matrix or scaffold.

Gene therapy involves cultures of keratinocytes (obtained from patients with
recessive DEB [RDEB]) that have been transduced with a retroviral vector
containing full-length cDNA of the COL7A1 gene (for collagen VII). These cultures
are, subsequently, placed onto the patient’s wounds in the form of epidermal
grafts [32]. Treatment efficacy and collagen VII expression were demonstrated;
however, the response lasted up to 12 months. Nonetheless this therapy is safe.
One disadvantage of this method is the fact that it can be used in limited areas
(at chronic wound sites). This method has been also used in a patient with JEB, in
whom the placement of genetically corrected keratinocytes onto chronic wound
sites led to successful wound healing. Based on the available reports, gene therapies
are promising treatment modalities with a potential therapeutic effect in
genodermatoses.

Bone marrow transplant (BMT) and allogenic stem cell transplantation
(ASCT) are other very promising treatment strategies. In 2010, Wagner et al.
performed ASCT in children with RDEB. Although the patients were not completely
cured, their skin blisters were reduced, and skin regeneration was accelerated. BMT
in RDEB patients has been reported to improve the clinical status, despite the lack
of collagen VII growth in the skin. BMT is an experimental therapy, which is used as
part of clinical studies, and currently is not an approved treatment. The risk of
death and the uncertain degree and mechanism of the clinical response should be
viewed in light of the results of the most recent translational research in RDEB,
which reports ASCT to be currently the only therapeutic approach that shows
systemic effects in what essentially is a systemic disease. There is a clear need for
reports presenting data from extensive clinical studies to establish guidelines and
warnings for the use of ASCT in EB treatment.

As pluripotent cells, MSCs have a potential to differentiate into many different
types of skin cells, including keratinocytes, endothelial cells, and monocytes. Due to
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their immunomodulatory and anti-inflammatory effects, MSCs may play a signifi-
cant role in wound healing and tissue regeneration. Moreover, MSCs do not trigger
an immune response in the recipient, hence there is no need to match the donor’s
and recipient’s human leukocyte antigen (HLA) types [33]. Due to their multi-
directional differentiation potential, MSCs have been shown to regenerate collagen
VII, which has a beneficial effect on the healing of wounds (including chronic
wounds) and improves skin stability. These effects were observed with intradermal
administration, which—apart from presenting fewer challenges—does not require
as many MSCs as intravenous administration. Most studies have focused on bone
marrow-derived MSCs (BM-MSCs). However, their harvesting from the bone mar-
row is a relatively invasive procedure. Moreover, the multipotent differentiation
potential of BM-MSCs diminishes with age. Therefore, MSCs are currently obtained
from alternative sources, such as the umbilical cord [34], which can provide up to a
billion cells in 30 days, obtained non-invasively. The umbilical cord consists of
umbilical vessels surrounded by a connective tissue, referred to as Wharton jelly
(WJ). WJ-derived MSCs have a higher proliferative potential and are more homo-
geneous than those derived from the bone marrow. WJ-MSCs are similar to BM-
MSCs in their fibroblast-like phenotype, non-hematopoietic surface markers [35],
low immunogenicity [36], multipotent plasticity, and the expression of CD90,
CD73, CD105 markers [37]. Moreover, WJ-MSCs seem to have more pronounced
pro-angiogenic properties than BM-MSCs; they promote neovascularization and
perfusion by releasing paracrine factors and by playing the role of perivascular
precursor cells [38]. WJ-MSCs are a highly efficient source of young, non-
carcinogenic, and non-immunomodulatory cells [39]. All these properties and the
fact that WJ-MSCs are easily available make these cells a promising strategy for
treating wounds in EB patients.

Sebastiano et al. propose an innovating cell therapy for RDEB treatment, by
developing a state of the art protocol of genetically repaired induced pluripotent
stem cells (iPSCs) as to generate sheets of normal skin tissue to treat affected skin
areas [40]. Moreover, as numerous stem cells are needed in order to cover the
affected surface area, authors outline the necessity for creating personalized iPSCs
banks as to provide a constant long-term iPSCs source. Generally, human iPSCs can
be generated by reprogramming differentiated somatic cells into pluripotent
embryonic stem cells (ESCs) capable of differentiating into ectoderm, mesoderm or
endoderm cells. Reprogramming involves the introduction of a known set of genes
into the somatic cells, using integrating viral and non-integrating non-viral
methods. Following successful reprogramming, somatic cells will express genes and
surface proteins similar to ESCs in vitro and will be able to differentiate into any of
the three embryonic germ layers.

Tissue engineering: Not unlike patients with extensive burns, patients with EB
do not qualify for autologous skin grafts. One solution available to these patients
involves the use of allogeneic grafts, which serve to temporarily cover the wound
(after 7 days the graft is rejected by the recipient; [41]). Therefore, tissue engineer-
ing seems to be a promising solution, as it helps create biopolymer scaffolds to cover
the wounds. The idea is to create skin substitutes, which can then be seeded with
keratinocytes, fibroblasts, or stem cells. Such polymer materials constitute a micro-
environment and provide adequate scaffolds for cell colonization and epithelial cell
migration during wound epithelialization. The multi-disciplinary nature of tissue
engineering has helped develop many bioengineered skin substitutes, with potential
applications as a suitable dressing for treating refractory wounds, such as those in
EB patients. The field of tissue engineering has been rapidly transferring from
the realm of basic research to commercial applications. There are many in
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vitro-generated skin substitutes. They are available in various forms, which include
epidermal, dermal, and dermo-epidermal analogs or complex skin analogs, and can
be composed of cellular or acellular scaffolds [42-51].

High-quality, safe skin analogs should be cost-effective, biocompatible, biode-
gradable, and noncarcinogenic, carry no risk of infectious disease transfer, and
provoke no activation of the recipient’s immune system. Despite a whole spectrum
of bioengineered products currently available on the market, there are scarcely any
that meet all the requirements of natural skin. Natural skin is composed of the
epidermis, dermis, and subcutaneous tissue. It contains appendages, such as sweat
glands, nails, and hair, as well as nerve endings and blood vessels. Additionally,
natural skin protects the body against the external environment via its thermoreg-
ulatory function and its role in maintaining water—electrolyte balance. It also
facilitates the perception of pain, heat, and touch; manufactures vitamin D; and
shields the body against ultraviolet radiation by the means of melanin-producing
melanocytes responsible for skin pigmentation [52, 53]. Due to the wide range of
functions performed by human skin, creating its analog is a challenge for tissue
engineers.

The first product that has transferred the potential of bioengineering into real-
life EB applications is an autologous cultured epidermal substitute (CES). The
pioneering study by Rheinwald and Green demonstrated that epidermal
keratinocytes from a single-cell suspension can be cultured in the form of sheets,
and the resulting multi-layered sheets have proven to be very effective in the
treatment of burns and wounds in EB patients. There are many commercially
available skin substitutes composed of both epidermal and dermal components. Bell
et al. developed a cultured skin substitute (CSS) (an equivalent of living skin)
composed of keratinocytes and fibroblasts in a collagen gel. Boyce and Hansbrough
developed a CSS composed of a collagen-glycosaminoglycan composite scaffold
populated with keratinocytes and fibroblasts. Kuroyanagi et al. developed another
CSS, composed of a spongy collagen matrix with keratinocytes and fibroblasts. Such
two-layered CSSs are intended to permanently cover full-thickness skin defects.
There have been studies on wound healing in EB with the use of OrCelTM,
Biobrane, and Apligraf dressings. OrCelTM is a bilayer dressing composed of a
bovine-collagen I matrix populated with neonatal foreskin keratinocytes and fibro-
blasts [54-56]. Despite the fact that OrCelTM exhibits beneficial wound healing
properties in RDEB patients—via cytokines and growth factors, such as tumor
growth factor alpha (TGFa), fibroblast growth factor 1 (FGF-1), and keratinocyte
growth factor 1 (KGF-1)—its bovine collagen component increases the risk of graft
rejection and transfer of diseases to the donor [57]. Another bilayer skin substitute
is Biobrane, which is composed of a 3D nylon fiber scaffold and an ultrathin
semipermeable epidermis-mimicking silicone layer that controls fluid loss [56-59].
The nylon fibers are surrounded by porcine collagen type 1. Jutkiewicz and
Noszczyk [60] were the first to report the use of Biobrane in the postoperative hand
care in a group of RDEB patients. Apligraf is another bilayer skin substitute com-
posed of dermal and epidermal analogs. The epidermal and dermal layers contain
cultured keratinocytes and neonatal foreskin fibroblasts. The dermal layer addi-
tionally contains bovine collagen type 1, which facilitates cell growth and differen-
tiation. Apligraf has a short life span, and its use is associated with high costs [57].
Nonetheless, this dressing was reported to be effective in treating EB wounds
[61, 62].

Safe and Effective Therapy in the Light of Clinical Trials - New Approach to
Treatment by Innovative Method (BIOOPA-ATMP) grant no. STRATERMED2/
269807/14/NCBR/2015.
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Alternative promising product for the treatment of chronic wounds that occur in
EB and other genodermatoses, as well as in burns, is an allogeneic, acellular human
skin equivalent sterilized with radiation, and seeded with Wharton's jelly-derived
mesenchymal stem cells- WJ-MSCs about the acronym in polish BIOOPA (biologi-
cal dressing) is an advanced therapy medicinal product composed of a
decellularized matrix of the superficial layers of cadaveric human skin
(10 cm x 10 cm). Acellular dermal matrix (ADM) is a Chemically/enzymatically
processed allograft. This processing removes all epidermal and dermal cells while
preserving the molecular and physiological structure of collagen fibers. The scaffold
is sterilized via radiation and then seeded with 30 million WJ-MSCs. As a result of
decellularization, this skin substitute does not induce an immune response in the
recipient and poses a lower risk of transmitting any diseases. In order to assess the
safety and efficacy of the BIOOPA dressing, the relevant study was conducted in
two stages. During the first stage, in vitro experiments showed BIOOPA viability.
All examination techniques demonstrated graft infiltration by host cells and
neovascularization of the biological dressing. Moreover, BIOOPA is characterized
by low immunogenicity, which was confirmed in histopathology examinations and
in vitro T-cell proliferation tests. The second stage of the study was conducted in a
group of qualified volunteers with EB and approved by an ethics committee. The 6-
month follow-up indicates the safety and efficacy of the BIOOPA dressing, with no
infections or necrosis at the graft implantation site observed over the follow-up
period. The subjects reported decreased pain and improved quality of life
Figures 3-8 [63, 64].

Figure 3.
BIOOPA- Advanced Therapy Medicinal Product (ATMP) acellular human skin equivalent sterilized with
ultraviolet vadiation.
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Figure 4.
Day o, procedure: chronic wound in the knee avea covered with prepared graft in the 20-years old patient with
EB (allogenic,acellular, human skin equivalent).

Figure 5.
Bioopa dressing: The scaffold is seeded with 30 million WJ-MSCs in 5 mL of a 5% human albumin solution
covered with chlovhexidine-impregnated dressings and collagen gel. The same 20-years old patient with EB

(chronic wound in the knee area).

129



Rare Diseases - Diagnostic and Therapeutic Odyssey

Figure 6.
Results after 30-day follow-up in this patient with EB: All examination techniques revealed host-cell

infiltration and neovascularization of the biological dressing. They are characterized by low immunogenicity, as
confirmed by histopathology and in vitro T-cell proliferation assays.

Figure 7.
Hematoxylin and eosin stain of scaffold populated with mesenchymal cells from Wharton’s jelly. After 72 hours
of culture mesenchymal stem cells create a multilayer structure on the scaffold resembling human epithelium.
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Figure 8.

Laser scanning confocal microscopic study using second-harmonic generation technique reveals the structure of
collagen fibrils in acellular dermal matrix after decellularization and X-ray radiation 35 kG (Bar 1/4

50 mm).

4, Conclusion

To date, there is no causative treatment of EB, despite multiple ongoing studies
involving gene therapy and bone marrow transplantation. The standard of EB
management still involves symptomatic conservative treatment. There is immense
hope in therapies with the use of stem cells of various origins (bone marrow,
umbilical cord, etc.). Advanced applications of various types of cells (embryonic,
prenatal, and adult stem cells, endothelial cells, and melanocytes) and the rapid
development of biomedical engineering, which contributes to refining biocompati-
ble materials, such as collagen, hyaluronic acid, elastin, polylactic acid (PLA), poly
lactic-co-glycolic acid (PLGA), and polyethylene glycol (PEG), bring hope of
effective treatment for chronic wounds of various origin. The most recent develop-
ments allow for the manufacture of progressively better skin substitutes, which in
the future may exhibit the fundamental characteristics of natural human skin
(including sweat glands and hair follicles), more homogeneous pigmentation, and
allow for the healing of scars [65]. Thus, further studies and efforts are crucial for
creating skin substitutes truly mimicking natural skin. Despite the enormous pro-
gress in the treatment of EB, the current treatments are clearly not a definitive cure
for this debilitating disease, and the risk associated with some of these procedures
must be weighed against their potential benefits. Effective treatment of this, cur-
rently incurable, group of diseases requires advanced and innovative strategies with
an improved safety profile, such as the ones that are currently being developed
[66-77].

The BiOOPA dressing is easily available, safe, and relatively inexpensive, all of
which make it a promising therapy for EB-associated wounds. Preliminary results of
the BIOOPA study indicate the dressing to be safe and effective to improve the
quality of life in study subjects. Currently BIOOPA is evaluated as part of a phase
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I/1I clinical study during the second year of observation. Our preliminary results of
clinical trial strongly suggest, that our innovative dressing is a promising strategy
and a tool for clinicians in the search for new opportunities of treatment for this rare
condition.
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Edited by Mani T. Valarmathi

A rare disease is any disease or condition that affects a small percentage of the
population. Many rare conditions are life-threatening or chronically debilitating, and
unfortunately do not have appropriate treatments, rendering them incurable. In recent
years, there has been substantial development in the area of rare disease research and
its clinical applications, for instance, rare disease biology and genomics, epidemiology
and preventions, early detection and screening, and diagnosis and treatment. In
this context, this book consolidates the recent advances in rare disease biology and
therapeutics, covering a wide spectrum of interrelated topics, and disseminates
this essential knowledge in a comprehensible way to a greater scientific and clinical
audience as well as patients, caregivers, and drug and device manufacturers, especially
to support rare disease product development. Chapters cover such diseases as Felty’s
syndrome, Lofgren’s syndrome, mesothelioma, epidermolysis bullosa, and more. This
book is a valuable resource not only for medical and allied health students but also for
researchers, clinical and nurse geneticists, genetic counselors, and physician assistants.
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