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Preface

As an immunologist, I am used to emphasizing the importance of the thymus gland.
This gland is extremely important in that it plays a vital role in the training and
development of T cells.

This book opens with a brief introduction to the thymus, including its development
and functions. Subsequent chapters examine a range of conditions — including
environmental pollution, congenital anomalies, autoimmune diseases, and malig-
nancies — that threaten the function and development of this gland. The volume also
considers that the thymus undergoes aging and examines dietary supplementation
as a way to sustain its life.

Nima Rezaei, M.D., Ph.D.

Research Center for Immunodeficiencies,
Children’s Medical Center,

Tehran University of Medical Sciences,
Tehran, Iran

Network of Immunity in Infection,

Malignancy and Autoimmunity (NIIMA),

Universal Scientific Education and Research Network (USERN),
Tehran, Iran






Chapter1

Introductory Chapter:
Thymus - The Central
Self-Tolerance System

Amene Saghazadeh and Nima Rezaei

1. Where, when, and why of the thymus

The pharynx is regarded as a part of the digestive system. It is, however,
attached to the respiratory system and, thus, is referred to as the conducting
zone of the respiratory system as well. The pharyngeal apparatus groups together
five pharyngeal arches, four pharyngeal pouches, four pharyngeal clefts, and
pharyngeal membranes that occur during 4-5 weeks of human development
[1]. Within the developmental context, the thymus is closely related to parathy-
roid glands [2] since both are derived from the endodermal-lined pharyngeal
pouches—the thymus develops from the ventral portion of pouch 3, and the infe-
rior and superior parathyroid glands arise from the dorsal portions of pouches 3
and 4, respectively.

Late in the 4th week, the primordia of the thymus begin to form but remain
attached to that of the inferior parathyroid glands for a time [3]. By the 7th week,
they migrate to the position where they should reside and be functional—the
thymus is located midline in the upper chest just behind the sternum between
the lungs and above the heart, and the inferior parathyroid glands descend
along the inferior border of the thyroid. However, it takes about 12 weeks to
form the definitive structure of the thymus, a bilobed organ that is covered by
a mesenchymal capsule and is composed of two internal layers: the cortex and
the medulla. The cortex is the outer layer of the thymus in which cortical thymic
epithelial cells (cTECs) are found. The medulla is located in the center of the thy-
mus. It is where medullary thymic epithelial cells (mTECs) and Hassall’s (thymic)
corpuscles are present.

The thymus is seen as of high value, due to its functions as a part of the neuro-
endocrine system in addition to its actions to provide a primary lymphoid micro-
environment that efficiently carries T cell differentiation and selection. The first
evidence that the thymus can have immune and endocrine functions was provided
from athymic nude animals and/or animals undergoing thymectomy showing
impairments in their cell-mediated immunity, growth pattern, and puberty and
developing organ-specific autoimmune diseases. These impairments were consis-
tent with their relative reduction in levels of thyroxin, testosterone, progesterone,
and 17-B-estradiol, whereas corticosterone levels were elevated. Of particular note
was that the passive transfer of lymphocytes and thymus implantation at birth were
effective in transferring cell-mediated immunity to nude mice [4]. The endocrine
defects could be, in part, healed by thymus implantation at birth as well but remain
stable following passive transfer of lymphoid cells [4].
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2. How does the thymus teach T lymphocytes self-tolerance?
2.1 Immunological tolerance

To keep the body healthy, the immune system is expected to entail invading
pathogens while avoiding reactivity to self-tissues. This so-called immunological
tolerance engages both central and peripheral modes of action (for review, see [5]).

2.1.1 Central tolevance

It is referred to immature B and T cells when they are present in the primary lym-
phoid organs—B cells in the bone marrow and T cells in the thymus. Mechanisms of
central tolerance are, for example, clonal deletion and elimination of self-reactive cells.

2.1.2 Peripheral tolevance

This one is for mature B and T cells as detached from the primary lymphoid
organs into the bloodstream, lymph, and secondary lymphoid organs such as spleen
and lymph nodes. There are various mechanisms that can promote tolerance in the
periphery, including clonal deletion, clonal anergy, clonal ignorance, deviation,
helplessness, and suppression.

2.2 Thymopoiesis: the result of cross-talk between thymic stromal cells and
precursor T cells

T cell progenitors that lack both CD4 and CD8 receptors are termed as double-
negative (DN) cells. These cells separate from the bone marrow, enter the thymus
through the large venules located at the corticomedullary junction (CMJ), and settle
into the cortex of the thymus. In the thymic cortex, the rearrangement at T cell
receptor (TCR) o and p genes makes the cells turn into double-positive (DP) stage,
when cells express both CD4 and CD8. Then, a positive selection process directs DP
cells into either CD4+ or CD8+ T cells depending on their affinity for either major
histocompatibility complex (MHC) protein class II or I, respectively. The thymus
selects single-positive (SP) immunocompetent T cells to export them out of the thy-
mus. In the periphery, these naive self-restricted T cells eventually home to second-
ary lymphoid organs. To bear the name of its creators, i.e., thymocytes, this process
of manufacturing mature functional T cells is generally recognized as thymopoiesis.

2.3 Thymic mechanisms of central self-tolerance
2.3.1 Positive selection takes place in the thymic cortex

The positive selection is defined as a process through which SP T cells expressing
either CD4 or CDS8 are selected. The thymic cortex carries gene rearrangements that
make precursor T cells co-express CD4 and CD8. These DP T cells are then engaged
by a ligand bound to an MHC class II or I molecule that is present on cTECs and will
be differentiated into SP T cells that express either CD4 or CD8, correspondingly [6].
2.3.2 Negative selection takes place in the thymic medulla

The negative selection is simply a process by which autoreactive T cells are

removed. After positive selection is done, the transfer of SP T cells from the cortex
to the medulla occurs. The expression of chemokine receptor CCR7 by T cells is
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essential to the transfer process—since antigen-presenting cells (APCs) including
mTECs and dendritic cells in the medulla express CCR7 ligands, e.g., CCL19 and
CCL21. In this manner, SP T cells can engage in interaction with medullary APCs
that present a variety of tissue-restricted antigens (TRAs). Medullary APCs are
responsible for finding autoreactive T cells that recognize self-antigen—MHC
complexes and their removal. Such selection would permit SP T cells that are not
reactive to self to shift from the thymus to the periphery [6].

2.3.3 Agonist selection takes place in the thymic medulla

The agonist selection is also undertaken by the thymic medulla to allow a portion
of autoreactive CD4+ T cells to differentiate into regulatory T (Treg) cells that
express forkhead box P3 (Foxp3). These regulatory T cells that are derived from the
thymus are referred to as tTreg cells and move from the thymus to the peripheral
tissues. They constitute the majority of all Treg cells and play the central role in
immune tolerance. So, the thymus must be precisely effective in the generation of
Treg cells. If this could not be achieved, then we see the process of autoimmunity.
However, there are Treg cells derived from peripheral tissues referred to as pTreg
cells. This type of Treg cells is especially accumulated at sites of inflammation and
consequently regulates inflammatory responses [6].

3. If peace is in the hands of the thymus, then what would happen if that
does not work?

The thymus-mediated effects including the production of neuropeptides and
also development of T cell repertoire are what may be called the function of the
pacemaker [7]. However, the thymus is vulnerable to be exposed to both acute and
chronic injuries. A variety of pathological conditions that range from infections and
immunodeficiency to inflammatory and autoimmune disorders and tumors may
cause the thymus to turn into malfunctioning or functionless. In a broader sense,
the thymus undergoes physiological changes that occur with age and during preg-
nancy. Below is to represent dysregulation of immune homeostasis as the inevitable
consequence of a failure in central self-tolerance system, i.e., the thymus.

3.1 The effects of thymic infection on thymopoiesis
3.1.1 The thymus gets sick

The thymus is not immune-privileged, but rather invading pathogens can
adversely affect its structure and/or function, thymopoiesis, through indirect
(systemic) and direct (local) ways. Pathogens that are able to penetrate into the dif-
ferent thymic location(s), e.g., cortex, CMJ, or medulla, and thereby directly infect
thymic cells, include a number of viruses (human immunodeficiency virus, Simian
immunodeficiency virus, influenza virus, lymphocytic choriomeningitis virus, Murine
leukemia virus, mouse hepatitis virus, human cytomegalovirus, measles virus, cox-
sackievirus, Epstein-Barr virus, Junin virus, and poliovirus), bacteria (Mycobacterium
avium, Mycobacterium tuberculosis, Francisella tularvensis, and Salmonella enterica),
fungi (Paracoccidioides brasiliensis and Cryptococcus neoformans), and parasites
(Trypanosoma cruzi, Plasmodium berghei, and Toxoplasma gondii). In addition,
pathogens can act indirectly by altering the systemic expression of glucocorticoids,
cytokines, chemokines, and antigens. Then, these soluble factors can reach the village
of the thymus and readily result in changes of its microenvironment [8].
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Without regard to the nature of its invading pathogens, the infected thymus may
encounter atrophy and architectural changes. The infected thymus is consequently
liable to induce apoptosis, pathogen-specific immune responses, T cells that are
tolerant to pathogens, and self-reactive T cells [8].

3.1.2 The thymus can cope with infection

Less is understood for mechanisms of thymic escape from infection and/or sur-
vival after being infected. However, it is suggested that the thymus may be affected
by seeding of cells from other peripheral sites of infection. Therefore, elimination
of infection from other peripheral sites might help in the prevention of seeding and
development of infection in the thymus. When it gets infected, there is evidence on
the presence of antigen-specific CD4+ or CD8+ T cells of other peripheral organs.
This would imply that the thymus might in time profit from responses mediated by
effector T cells that recirculate between peripheral tissues [8].

3.2 The role of thymic involution in the aging immune system
3.2.1 The thymus gets old

Older individuals have higher rates of diseases, e.g., infections, malignancies,
and autoimmune diseases, demonstrate lower responsiveness to vaccines, and are
less capable of immune restoration following chemotherapy, radiotherapy, and
infections. This is plainly a reflection of the aging immune system, referred to
as immune senescence, related to increased mortality and morbidity in the aged
population. The immune cells mostly affected by aging are naive T cells [9]. Yet the
number of memory cells is proportionally increased. The process of T cell-mediated
immunity becoming deteriorated gradually occurs, and both extrinsic and intrinsic
factors may play a role [10].

Rather than being influenced by bone marrow aging, age-related deterioration
of T cell-mediated immunity is influenced by the thymic involution. Both are, how-
ever, seated to serve as co-directors of this process. When the thymus undergoes
aging, its architecture does not remain well defined. Cellular changes associated
with thymic involution include reduction in the number of thymic epithelial cells
and thymocytes in contrast to an increase in perivascular spaces and adipose tissue.
Aging will affect the bone marrow in parallel to the thymus, making the quantity
and quality of progenitor T cells that migrate from the bone marrow to the thymus
go down. When “progenitor T cells” are not inputted to the “thymus” machine, then
the output “naive T cells” would not be logic anymore. In this manner, aging causes
a decline in naive T cells exported from the thymus to the periphery, and conse-
quently memory T cells will predominate in the periphery.

3.2.2 The thymus has the ability to sustain life

Thymic involution is characterized by a continuous flow from the first year
of life that gets pronounced at puberty and during pregnancy. After puberty, the
thymus gradually decreases in size, weight, and cellularity as we age, and by the
seventh decade of life, the thymic epithelial space drops to less than 10 percent of
total tissue. This fact that the thymus feels old when the levels of sex steroids and
hormones rise [9] provides, as a result, a role for sex steroids in the aging of the
thymus. It also will open our eyes to see sex steroid ablation as a potential means of
regenerating the thymus and consequently reversing immune senescence. There
is reasonable evidence to believe that the prevention and/or reversal of thymic
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function associated with aging is possible with sex steroid ablation using surgical
and pharmaceutical approaches [11].

Thymopoiesis is an active complex process. Growth-stimulating factors, such as
hematopoietic cytokines (interleukin-1, interleukin-3, interleukin-6, interleukin-7,
interleukin-21, and interleukin-22, stem cell factor, and FMS-like tyrosine kinase
3 ligand), growth factors (transforming growth factor beta, oncostatin M, kerati-
nocyte growth factor, bone morphogenetic protein 4, leukemia inhibitory factor),
and hormones (growth hormone, insulin growth factor 1, and ghrelin), are, thus,
needed to facilitate the cooperation between the two parties, i.e., thymocytes and
T cells, involved in thymopoiesis. There are reports that the age-associated defects
in the immune function and/or structure of the thymus could be returned by the
administration of these factors (for review, see [11-13]). In particular, interleukin-21
has provided the most interesting results, as explained in preclinical studies [12].

Similarly, bioengineering thymus organoids [14], thymus transplantation, and
cell-based therapies have been effective in immune reconstitution and establishing
immune tolerance to allografts.
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Chapter2

Compartmentalization of Human
Thymic Medulla: Facts and
Hypotheses

Ildiko Bodi, Kriszgtina H.-Minko, Zsolt Prodan and Imve Olah

Abstract

The thymus function was discovered in the middle of the last century. The role of
the thymus in the adaptive immune system facilitated its histological and experimen-
tal studies. Before the role of the thymus was discovered, the thymus was called as a
gland on the basis of lobulation; even some histological textbook listed it up among
the endocrine glands. In addition to the cortex and medulla, the immunohistochemi-
cal studies revealed a further compartmentalization in the thymic medulla, which is
related to the epithelium-free areas (EFA) and keratin-positive network (KPN). The
two medullary compartments have different cellularity that determines their role.
This chapter would concentrate on the medullary compartmentalization and their
cellularity. Furthermore, this chapter discusses the relationship of thymic septae
with the perivascular space, the vascular embedding and thymic dendritic cells.

Keywords: medulla, epithelium-free area, keratin-positive network, dendritic cells

1. Introduction

In the histological textbooks, the main morphological landmarks of the thymus
are (1) the lobulation—Ilike the glands; (2) the darkly and lightly stained cortex and
medulla, respectively; and (3) the Hassall’s bodies. The relatively simple structure
of the thymus did not help to “decode” the enigmatic thymic function until the mid-
dle of the last century. The three morphological landmarks may be supplemented by
the keratin-negative area (KNA) [1, 2] or “epithelium-free area” (EFA) [3-6]. EFA
can be found in both the cortex and medulla [6-8]. In the cortex, the EFA is a nest
of double-positive (CD4+, CD8+) T lymphocytes [4] and various macrophages [7].
Others suggest that the cortical EFA is a pathological phenomenon [3, 6].

If the KNA/EFA is a permanent compartment of the human thymic medulla,
then it should be added to the general histological features of the thymus of the
warm-blooded vertebrates.

2. Relationship between perivascular space (PVS) and keratin-negative
and/or epithelium-free areas
In the medulla, the perivascular space (PVS) [7, 9-12]—that is, the dilated pri-

mary septum (PS)—carries the blood vessels, which locate “outside” the basal lamina
of the thymus [1, 2, 12, 13], but Foxn-1, which is a thymic epithelial cell-specific
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Figure 1.
Double staining of chicken thymus: cytokeratin (green) and laminin (ved). At the PS, the laminin shows a
continuous basal lamina, which becomes discontinuous in the EFA. The KNA/PVS receives the blood vessels.

transcription factor [14], regulates thymic vascularization [15]. At the cortico-
medullary junction, PS merges to the PVS of the medulla [9, 10]. A continuous basal
lamina covers the thymic parenchyma toward the capsule and PS, and it becomes dis-
continuous at the end of the PS (Figure 1) [2, 7] where it turns to be the PVS or KNA/
EFA. In the thymic medulla, the lack of blood-thymus barrier [16] may be explained
by the discontinuity of the basal lamina on the border of the KNA/EFA [2]. The
discontinuity of the basal lamina suggests that the microenvironment of the KNA/
EFA and PVS is identical. Silver impregnation shows that both the PS and the KNA/
EFA consist of reticular connective tissue [2, 9, 17] and have common extracellular
matrix [11]. Secondary septae appear after formation of the cortex and medulla, and
they are just small invaginations of the capsule and usually do not reach the medulla
and do not receive blood vessels. The medullary EFA occupies about one-fifth of the
rat thymus [18]. In chicken our morphometric studies confirm the considerable size
of the KNA, that s, close to 50% of the medulla [2]. The border of the keratin-positive
network (KPN) and KNA is an epithelial-mesenchymal border that could be the func-
tional cortico-medullary (CM) border of the thymus [2]. The KPN-KNA/EFA border
is supported by cellular background, unlike the hematoxylin-eosin-stained, classical
CM border, which is based only on lymphocyte density and subsequently stainability.
The mesenchymal tissue of the PVS develops from neural crest cells [19-22]. The PVS
is a transit zone of migratory cells between the thymus and circulation [12, 23].

Anti-cytokeratin immunostaining identifies the KPN and KNA/EFA in both
embryonic and postembryonic chicken thymuses. In an 11-day-old chicken embryo,
the thymic epithelial anlage shows a starfish-shaped form (Figure 2). Between the
5-6 secondary epithelial cords, the unstained PS(s) consist of mesenchyme. During
the next two ED (11 and 13), the cortical epithelial cells rapidly proliferate result-
ing in enlarged thymic rudiment (Figure 3) which is colonized by hematopoietic
cells. In 11-ED-old birds, the wide PS became narrow, and the bottom of the PS is
involved into the medulla as the KNA/EFA.

The PS is going on as the KNA/EFA, and both regions consist of reticular con-
nective tissue stained with silver impregnation [2, 6, 17, 24]. Mesenchymal markers
desmin and ER-TR7 [6, 25] revealed specific staining in the capsule, septae, and
medullary PVS. In the PVS, the neural crest cells differentiate into smooth muscle
cells of thymic blood vessels and pericytes of thymic capillaries [21]. These histo-
logical findings suggest the common origin of the PS and KNA/EFA: namely, the
KNA/EFA develops from the cranial neural crest cells [19, 21, 26].
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Figure 2.
11 ED chicken thymus: anti-cytokeratin. The starfish-shaped epithelial thymic anlage shows the branching of
the primary epithelial cord to 5-6 secondary covds. The dashed circle outlines the future medulla.

Figure 3.
13 ED chicken thymus: the rapid proliferation of epithelial cells enlarged the thymic cortical epithelium. The
bottom of the PS (arrowhead) dilates and becomes the KNA/EFA of medulla (star).

3. Keratin-negative area/epithelium-free area

Mesenchymal cells and fibroblasts express vimentin intermediate filament. Cortical
thymocytes and epithelial cells are vimentin negative (Figure 4), but thymic medulla
shows homogenous staining pattern, indicating that keratin-positive and keratin-
negative compartments cannot be distinguished (Figure 5). The homogenous vimentin
staining of the medulla may indicate that the medullary epithelial cells express vimentin
intermediate filament. Hassall’s bodies are vimentin negative (Figure 5), like cortical
epithelial cells. In the majority of vimentin-positive cells, the immunoreaction appears
in the periphery of the cell cytoplasm. The nature of the medullary vimentin-positive
cells is not clear, because vimentin can colocalize with other intermediate filaments, like
neurofilament, cytokeratin, and desmin; therefore the anti-vimentin immunostaining
used for identification of mesenchymal cells is limited [25]. Blood vessels and dendritic
cells are the most significant structures of the KNA/EFA. Anti-von Willebrand factor
identifies endothelial cells (Figure 6). Transmission electron microscopy shows the
organelle-rich cytoplasm of the interdigitating dendritic cell (IDC) (Figure 7). The IDC
is located in close association with the blood vessels [2].
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Figure 4.
Anti-vimentin antibody outlines the capsule and PS. The cortical epithelial cells and T cells are negative, while
all medullary cells express vimentin. C, cortex; M, medulla.

Figures.
Higher magnification of anti-vimentin-stained thymic medulla. The round-shaped Hassall’s body is negative,
while the medullary cells show a round-shaped-positive reaction.

Figure 6.
Double staining: cytokeratin (ved) and von Willebrand factor (green). Blood vessels exclusively locate in the
KNA/EFA.

As mentioned above, the PVS consists of mesenchymal cells of neural crest
origin; therefore, the supporting tissue of the KNA/EFA is also mesenchyme. The
thickness of the PVS is used to be in one or two cell layers, but in chicken thy-
mus, the morphometric studies show that the ratio between keratin-positive and
keratin-negative fields is close to one to one [2]. Considerable size of the KNA/EFA
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Figure 7.
Transmission electron micrograph of a thymic dendritic cell. The cell membrane is outlined. The cytoplasm is
rich in organelles and electron-dense granules.

(Figure 6) suggests that its functional significance must be more than a passive
transit zone for cell migration between circulation and the thymus [4, 10-12].
Thymic IDC [9] is located in the KNA/EFA [2] and contributes to T-cell selection.
In nonobese mouse, autoimmune type I diabetes develops, resulting in abnormal
distribution of epithelial cells and consequently giant PVS [11, 17]. After cyclospo-
rin A (CyA) treatment of the rats, the thymic medulla disappeared, and 2 weeks
after CyA treatment, the recovery of the medulla took place, but the “holes” were
epithelial cell-free [5]. The occurrence and size of the KNA/EFA may be varied from
species to species [2] even among the strains of rats [3]. In the CM region of BB

rat thymus, the EFA has been reported, but this KNA/EFA is not as complete as in
man. In the thymic medulla, the frequency of the KNA/EFA alters by age: in young
Wistar rats, the occurrence of the KNA/EFA is higher than in old animals [7]. These
changes may be related to acute [5] and/or physiological thymic involution.

The thymic stromal elements develop from the endodermal epithelium and
neural crest mesenchyme. Hematopoietic cells colonize the epithelial-mesenchymal
anlage. In chicken embryo the KNA/EFA appears when the medulla and cortex
differentiate; therefore the epithelial-mesenchymal transition [6] would create
a “second” mesenchyme, besides the mesenchyme of cranial neural crest origin.
Therefore, in the thymus the epithelial-mesenchymal transition may be redundant.

It was difficult to identify large epithelium-free areas by transmission electron
microscopy, and Foxn-1 thymic epithelial cell-specific transcription factor showed

Figure 8.

Thymus 5. Age 16 months: Foxn-1 antibody recognizes epithelial nuclei over the entire thymus. Density of
Foxn-1-positive cells is higher in the medulla (M) than in the cortex (C). The Foxn-1-positive knots are
possibly Hassall’s bodies.
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positive cells in the KNA/EFA (Figure 8). Foxn-1 expression in the medullary KNA/
EFA is a puzzle. In early embryogenesis, Foxn-1 expresses in several mesenchymal
and epithelial cells [27]; therefore one of the possibilities for solving the puzzle is
that Foxn-1 is maintained in the KNA/EFA after thymus development. The other
possibility is that the thymic epithelial cells induce Foxn-1 expression in mesenchy-
mal cells of cranial neural crest origin [28]. Removal of perithymic mesenchyme at
ED12 or culture of purified ED14 epithelial cells alone resulted in a threefold reduc-
tion in the bromodeoxyuridine incorporation by keratin-positive cells. Proliferation
of thymic epithelial cells in the early thymus is regulated by signals from mesen-
chyme [29]. These mesenchymal cells produce fibroblast growth factors 7 and 10,
which stimulate epithelial cell proliferation [20, 30, 31], but differentiation requires
Foxn-1 [32]. The KNA/EFA [2, 9, 11] consists of mesenchyme; therefore the term
EFA seems to be more appropriate than the KNA that we used [2].

4. Keratin-positive network (KPN)

The human thymic cortex shows a fine, dense keratin network that sharply dif-
fers from that of the medulla. The medulla has a loose epithelial lattice, with small,
irregular-shaped EFA. A ring-shaped, anti-cytokeratin-negative “gap” of the EFA is
found between the cortex and medulla (Figures 9 and 10) that seems to be a unique
feature for the human thymus. The chicken’s thymic medullary epithelial cells
form a 3D network (Figure 11). In some places the ring-shaped “cortico-medullary
gap” has small “outpocketing” toward the medulla that shows the connection of
medullary EFA with the cortico-medullary gap (CMG). The medullary and corti-
cal epithelial cells are connected, through the CMG, with epithelial bridges of
medullary-type epithelial cells. In several places the CMG is not covered by the

Figure 9.
Thymus 1. Age 5 months. Cortical EFA is significant compared with that of the medulla. Medullary EFA is
connected with the CMG (arrow).
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Figure 10.
Thymus 1. Age 5 months. The PS continues with the medullary EFA (arrow).

Figure 11.
Thymus 5. Age 16 months: at several places, the medullary epithelial cells, through the CMG, connect the cortex
and medulla. Kevatin accumulations in the medullary epithelial lattice vepresent Hassall’s bodies.

cortex; therefore the CMG is in contact with the end of the PS. The PS reaches

the CM border, widens, and become part of the medulla. Therefore, the human
thymic medulla also consists of two sharply separated compartments: a keratin-
positive network or lattice and an epithelium-free area. Inside the keratin-positive
medullary area, few Hassall’s bodies could be seen as aggregated keratin expression
(Figures 9 and 10).

In the early embryonic life of chicken, the thymic anlage appears as a primary
epithelial cord, which starts to develop from the third branchial pouch of the
foregut endoderm. The epithelial cord ramifies, and this ramification area develops
to medullary region of the thymus [2]. Between the offshooted secondary cords,

13



Thymus

Figure 12.

Thymus 2. Age 18 months: the PS ends at the CMG (arrow). In the medulla, Hassall’s bodies appear as solid,
keratin-positive knots. Small kevatin negative areas ave also present in the cortex. The cortical surface of the
gap is sharp.

the mesenchyme forms the PS and capsule (Figure 2). The cells at the end of the
secondary cords rapidly proliferate, and by day 13, the thymic tissue is histologically
recognizable (Figure 3). In the KPN of the medulla, several epithelial cells make
large surface contact, excluding lymphocytes, from Hassall’s corpuscle. It is surpris-
ing that few cells of Hassall’s bodies show surfactant protein B (SPB) immunore-
activity (Figure 12). In the medulla, scattered SPB-positive cells also occur, which
like type I pneumocytes might be developed from the foregut epithelium, that is,
respiratory diverticulum.

During the last century, the origin of the thymic epithelial anlage created a hot
debate: namely, the epithelial rudiment develops either from the epithelium of the
endodermal pouch and ectodermal cleft or solely from the endodermal pouch. At
the beginning of this century, the debate seemed to be settled: in chicken-quail
chimeric experiments [26] and in mouse, transplantation of the third branchial
pouch epithelium under the kidney capsule [33] proved that the pouch epithelium
developed to functional thymus. Furthermore, mouse chimeras with different
haplotypes of class I MHC proved that only one haplotype contributed to thymic
epithelial anlage [34]. However, in human thymus the presence of a sharp CMG,
among the cortex and medulla, raises again the possibility of double-germ layer ori-
gin of thymic epithelial rudiment. Bargman [35], Norris [36], and von Gaudecker
[9] studied the development of human thymus and came to the conclusion that the
corresponding ectodermal cleft epithelium attaches and unites with the descend-
ing third pouch epithelium (Figure 13). Cordier and Hamount [37] compared the
thymus development of NMRI and nude mice and studied that either the lack of
ectodermal cleft epithelium, which surrounded the endodermal rudiment, or the
absence of a secreted substance from cleft epithelium [20] resulted in the dysgen-
esis of nude mouse thymus. In human thymus the major EFA is represented by the
“gap” (Figures 9 and 10).

The debate is going on, but the subject changed over the thymic epithelial stem
cell, which may be also connected to the endo- and ectodermal origin. Namely, one
epithelial stem cell develops to cortical and medullary progenitors (single-germ
layer origin), or there are, sui generis, cortical and medullary epithelial stem cells
(ectodermal cleft and endodermal pouch will give raise to cortical and medullary
progenitors, respectively). Between cortical and medullary microenvironment,
there are many differences that also may be related to the ectodermal and endoder-
mal origin of thymic epithelial rudiment.

The double-germ layer origin of human thymic epithelial cells is supported only
by reliable histological studies and functional differences: (1) cortical epithelial
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Figure 13.
Thymus 2. Age 18 months: anti-surfactant protein B (SPB) immunostaining recognizes Hassall’s bodies and
scattered positive cells in the medulla (M). The cortex (C) is free of SPB.

cells contribute to T-cell maturation, and the medullary ones participate in T-cell
selection. (2) CMG is present in man, but not in birds and mammals studied up to
now. (3) Hassall’s bodies and SPB-producing cells are found only in the medulla.

(4) Thymus-blood barrier exists only in the cortex [16]. (5) In the rat and mouse
thymus, the cortical epithelial cells are keratin K5~ K8" CD2057, and the medullary
epithelial cells are K5* K8™" CD205~ (in chicken the cortical thymic epithelial cells
are CD205" and the medullary thymic epithelial cells are CD2057). (6) As mentioned
above thymic dysgenesis in nude mice is related with the absence of the cleft epi-
thelium and/or cleft-derived biological active substance, which induces branchial
pouch epithelial cell proliferation [31]. In mouse and chicken, the experimental data
proved that the thymic epithelial anlage develops solely from the third branchial
pouch [31, 33, 38-40]. The differences in the origin of epithelial anlage between man
and mouse may be traced back to evolution. In marsupials there is cervical thymus,
which is purely of ectodermal origin, while the cervicothoracic thymuses have mixed
ecto-endodermal [37]. Evolutionary differences in organ development between man
and mouse also occur: in man the allantois has rest of urachus beyond umbilicus,
while in mouse the urachus is a small rudiment, and the allantois consists of pure
mesenchyme [28, 41]. The relationship between thymic epithelial cells and skin
keratinocytes has been supported by serological and immunofluorescence studies in
normal [29, 42] and pathological conditions [3]. These investigations provide solid
evidence for cross-reactive antigens among some thymic epithelial cells, cells of
Hassall’s corpuscles, and some subpopulation of skin keratinocytes [4].

Gupta et al. [43] studied the cytokeratin (CK5 and CK8) expression in human
embryos. Before 16 weeks of gestation, the two cytokeratins are homogenously
expressed in both the cortex and medulla, but after 16 weeks of gestation, the
cortex and medulla show CK8* and CK5" staining, respectively. Double-positive
(CK5" and CK8*) epithelial progenitor cells were present only in the cortex at all
gestational stages. This finding indirectly suggests that the cortex is the source of
the epithelial progenitor cells. Norris [36] was able to show that the branchial cleft
epithelium (cervical sinus) rapidly proliferates and surrounds the endodermal
thymic rudiment. Thus, the presence of double-positive progenitor cells in the
cortex and the rapid proliferation of cleft epithelium support the contribution of
ectodermal component to human thymic epithelial anlage.

Hassall’s bodies built up from epithelial cells. The centrally locating cells of Hassall’s
bodies gradually keratinized, like the epidermal cells of the skin. Neutrophil granulo-
cytes and macrophages enter the corpuscle and digest the keratinized cells [44]. Norris
[36] studied the human fetal thymuses and described migration of ectodermal cells
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into the medulla. This finding may be confirmed by monoclonal antibodies (mAb(s))
(RCK 105 and RGES5) which recognize cortical epithelial cells and some medullary
ones [7]. These experiments may show that cortical epithelial cells enter the medulla.
Furthermore, MTS29 mADb stains isolated in medullary epithelial cells. The antigen
was also present in the epidermal epithelium [4]. The marginal cells of the corpuscle
are alive and perhaps temporarily capable of producing SBP (Figure 12) and/or other
biological active substances. If we adopt the double-germ layer origin of thymic
epithelial cells, then both type II pneumocytes (SPB-producing cells) and the cortical
stellate cells and cells of Hassall’s body are in “foreign environment” of the medulla.
The surface of the cell provides important information for the neighboring cell to
form tissue and organs. According to the law of thermodynamic stability, if iz vitro
two types of cells are mixed and the bond among different cells is weaker than among
homotypic cells, then the cells are sorting out and the homotypic cells aggregate [45].
Possibly, this is the situation i vivo, in case of Hassall’s body formation. Several corti-
cal cells enter the medulla and sort out, aggregating in the form of Hassall's body. The
SPB-producing type II pneumocytes have got a similar situation as cortical epithelial
cells; therefore the SPB-producing cells also sorting out “join” to the Hassall’s bodies,
resulting in SPB-positive Hassall’s corpuscles [46].

5. Foxn-1 expression

Thymic epithelial cell-specific transcription factor, Foxn-1, shows scattered
positive cells in both the cortex and medulla and line up along the thymic capsule
and PS (Figures 8 and 14). The density of Foxn-1-positive cells seems to be higher
in the medulla than in the cortex. Double staining with anti-cytokeratin and anti-
Foxn-1 antibodies shows that Foxn-1 is expressed in both medullary compartments;
namely, Foxn-1 positive cells are present in the EFA (Figure 15).

Acute thymic atrophy can be induced by Foxn-1 disruption [29]. Foxn-1 is
necessary for the differentiation of both cortical and medullary epithelial cells [27,
47-49]. By age the number of Foxn-1-expressing epithelial cells seems to decrease
[49], and this change may be paralleled with the diminished occurrence of the
EFA. In elderly people, the risk of autoimmune disease is increased that may be
in connection with the accumulation of Foxn-1-negative epithelial cells [49, 50]
or the increased number of Foxn-1-expressing mesenchymal cells and decreased
volume of EFA. However, in addition to the increasing number of Foxn-1-negative
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Figure 14.
Thymus 5. Age 16 months: Foxn-1-positive cells outline the thymic lobuli.
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Figure 15.
Double staining: cytokeratin (ved) and Foxn-1 (green). Foxn-1-positive cells are present in both the KPN and
EFA of the thymic medulla.

epithelial cells, Foxn-1 is expressed in the KNA, that is, in non-epithelial cells with
unknown consequences (Figure 15).

6. Conclusions

In the epithelium-free areas, several vessel-associated cells like pericyte and
smooth-even-striated muscle cells develop from neural crest cells. It is reason-
able to assume that the reticular tissue of epithelium-free area also develops from
neural crest cells. In addition to this hypothesis, it is remained also unsolved if
the mesenchymal cells or abnormal (keratin-free) epithelial cells express Foxn-1
transcription factor. In mouse and chicken, where the thymus develops solely from
the endodermal pouch epithelium, the cortical cells enter the medulla, sort out, and

(a) (b)

Figure 16.

Sc%eme: (a) from the ectodermal cervical sinus, the cervical vesicle (dark green) separates and attaches

to the corresponding third branchial pouch (ved), which descends into the upper mediastinum (b). (I-V,
pharyngeal pouches; 1—4, pharyngeal groves). Ventral region of the third pharyngeal pouch (red) gives the
endodermal part of the thymus. Part of the cervical vesicle (ectoderm, green) contributes to the thymic
anlage.
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form Hassall’s bodies. In human thymus Hassall’s corpuscles are large (compound
structures), while in mouse and chicken, Hassall’s bodies are small. The differences
in Hassall’s bodies may be related with the double- and/or single-germ layer origin
of the thymic epithelial anlage (Figure 16).
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Chapter 3

Microarchitecture of the Thymus
Gland; Its Age and Disease-
Associated Morphological
Alterations, and Possible Means to
Prolong Its Physiological Activity

Arbab Sikandar, Shahzaib and Naeem Ullah

Abstract

Thymus is a ductless, highly organized, bilobed encapsulated gland of the
lymphoid organs that contributes in thymopoiesis. Thymus plays an important
function in the assortment, progress and profusion of T cells. The mature subsets
of thymus dependent lymphocytes linked with the thymic epithelial and other
cells developed the microstructure that protect the body from the harmful foreign
micro-organism. Most of the thymic lobular areas experienced the parenchymal
cells hypoplasia, undergone infiltration of stromal FCT and experienced thymic
atrophy with age progression. As the host gets adult, the regression of the thymus
and the thymopoiesis occurs, which ultimately boost the vulnerable situations of
the host and open a gateway to autoimmune diseases. Since past decades, scientists
are intensely investigated to develop some tactics for the improvements of the
thymus performance including T-cell regeneration and maturation with age pro-
gression. This unique organ is continuously altered morphologically with age and
disease; however, this microarchitectural alteration and its possible modulations is
not yet clear. Therefore, the main purpose of this chapter is to highlight the micro-
structural compartments and physiological modification of the thymus with age.
Also, the chapter is suggesting the possible alternative ways to improve its durable
physio-morphology in vertebrates.

Keywords: thymus lobules, histophysiology, lymphocytes, atrophy

1. Introduction

Thymus gland is a primary lymphoid organ, situated in thoracic cavity, ascends
from the endodermal layer of the third pharyngeal pouch of the embryo. Based on
same origin, thymus can be linked with that of the parathyroid, but during embryo-
genesis it is separated from that endocrine gland [1]. Thymus faced the process of
evolutionary atrophy with age in almost all the animals which leads to the architec-
tural alterations [2]. Its anatomy is variable among species. In new-born fowl, its
color is greyish pink and has two left and right lobes. It is ventral to the trachea and
the large vessels, but its lobules may prolong up toward the thyroid gland.
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Thymus gland in dog is a compressed bilobed structure located in the cranial
mediastinum that is laying cranial to the heart and behind the sternum. Its size is
largest in young which is followed by atrophy with the age progression until only a
trace remains [3]. When it is fully developed, its caudal part is melded on the cranial
surface of pericardium. Divisions of the inferior thyroid, internal thoracic arter-
ies, and superior thyroid artery supply blood to the thymus. These arteries travel
along the connective tissue septa, which is extended from the covering capsule
into the thymic parenchyma [2]. Histologically, however, it is an old technique, but
it is still used excessively in the medical field for the understanding of the organ’s
microarchitecture [4]. The septa divide the parenchyma into small incomplete
microscopic lobules, Where they entered the thymus gland. Veins, inferior thyroid,
internal thoracic and left brachiocephalic vein takes blood away from thymus gland.
Nerve supply of the thymus gland arises from the sympathetic nerves of the cervical
chain and the vagus nerve. Extended divisions of the phrenic nerves stretch up to
the covering capsule of the thymus but are not arrive to the gland parenchyma [3].
The function of such enervations to the thymus gland is not well comprehended.
Lymphatic vessels drain into the lymph nodes viz. parasternal, tracheobronchial,
and brachiocephalic. Histologically, the thymus gland appears as a lobulated lym-
phoid organ, enclosed with a capsule, made up of a fibrous connective tissue (FCT).
Capsule surrounding the organ have blood vessels which supply blood to the thymus
gland parenchyma. The CT-composed trabeculae descended downward from the
capsule, splits the thymus parenchyma into many incomplete lobules by extending
into the interior of the organ [5]. These lobules consist of the following two parts:
the cortex is a dark staining outer region just beneath the FCT capsule. It contains
densely packed lymphocyte that is not involved in the formation of lymphatic nod-
ules. This portion support the early thymocyte development also positively selects
the major self-histocompatibility complex. This portion is very thick at the earlier
age. The junctional point between the two compartments is called as corticomedul-
lary junction. This is the specific area where the thymic precursor cells enter in the
adult age and few of them differentiate into NK cells and the dendritic cells later few
reached to the subcapsular sinuses. This corticomedullary area is also very clear and
become blurting and even more fuzzy with the progression of age [6]. The medulla
is a light staining inner/central region. Medulla contains later thymocyte differentia-
tion to subpopulation like CD-4 and CD-38, also have fewer lymphocytes than cortex
but have more epithelial reticular cells. It also has many thymic (Hassall’s) cor-
puscles which differentiate it from other lymphoid tissues/glands [3]. The Hassall’s
corpuscles are variable sized ovoid structures composed of granule cells, epithelioid
cells, and concentric layer of reticular cells containing keratohyalin and eosinophilic
fibers. Under microscope the Hassall’s corpuscles and the bubble-shaped adipose
tissue appears in the area and their number increases with the age progression [7].
Medulla also shows the continuity between the lobules, because the lobules are
incomplete. Thymocytes mature, downregulate, and reach the medullary regions.
Cellular components of the thymus glands comprise of emerging thymus-
derived T cells (later population reached to 95%), the stromal cellular system includ-
ing the microvasculature, the mesenchymal cells, the dendritic cells, and the very
important thymic epithelial cells (TEC) [8]. Few macrophages are present in almost
all parts of the gland but in medulla it plays important role in the apoptosis. The TEC
are categorized into three key classes including cortical, medullar and subcapsular/
perivascular based on localization in the thymic parenchyma. The dendritic cells are
mostly found in the corticomedullary junction and in the medulla. All the afore-
mentioned cells participated in the thymocyte function started from the receiving
of the progenitor cells till its final training and maturation. During the period of
advance gestation, the thymus in the fetus has unclear cortex and medullary regions,
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contains differentiating T cells, macrophages along with B cells and a developed CT
capsule with the vasculature connection [9]. Soon after birth, the thymus devel-

ops altogether along with the cellular compartments. In the aged individuals, the
involution of the thymus is initiated, which is easily seen in the histological sections
in the form of thinning of the cortex as well as the haziness of the corticomedullar
junctions. Thymic epithelial cell proliferation is a key player in the development of
the thymus in the infant [5]. Recently, the hyperplastic proliferation of the thymic
epithelial cells was observed in the transgenic lab animals. Thymic fragments of

the neonates and that of the bone marrow transplant to the adult individual is also
observed experimentally. It has been suggested that stem cells have the capacity to
differentiate and develop the organ system of the same kind cells [10]. The progeny
of the stem cells may develop the tissue directly or may differentiate into a new stem
cell. It is possible to grow the stem cell in vitro, and it is needed to support these
cells in the living individual. It would be a big achievement in the science, if the
stem cells could possibly grow and could differentiate into the thymic cells in the
thymus parenchyma like those present in the intestinal crypts, skin, and liver. In
this chapter, we will focus on our current understanding about thymus architectural
modulations in health and disease and its possible physiological improvement.

2. Physiology of thymus gland

Major role of the thymus gland is the training of variety of T cells that respond to
the antigens. Its function is mainly regulating by the response of the cytokines and
for this the equilibrium among anti-inflammatory and proinflammatory cytokines
of the body is crucial. It has been observed that thymic atrophy is associated with
age linked with diminished interleukin-7 expression [6]. Thymic epithelial cells
are originated from a mutual bipotent ancestor and are also the main constituents
in the growth of T cells in the thymic microstructure. It comprised of the two
regions including the cortex TECs which is positioned in the cortical regions and
the medulla TECs which is in the internal medulla. They experience a sequential
progress which is organized by various signals, which later leads to support in physi-
ological maturation and development of the thymocyte. The TECs playing a role in
the selection of T- cells in the thymus parenchyma [5]. Both cortical and medullar
TECs play distinctive responsibilities in the positive and negative selections of the
thymocyte.

3. Differentiation, proliferation, and development of lymphocytes

The undifferentiated lymphocytes are migrated from the reservoir, that is,
bone marrow to the thymus gland by means of blood stream. The thymic cortex
contains the reticular cells, also known as thymic nurse cells. These cells surround
the lymphocytes and enhance the differentiation, proliferation, and maturation of
the cells [11]. The lymphocytes get matured and get transformed into immunocom-
petent cytotoxic T cells, helper T cells, and the T cell. At this stage, the receptor is
being attached at surface of the lymphocytes for the recognition of antigens. This
process starts just before the birth and continues till some month after the birth.
Almost 1% of the mature lymphocytes are getting out of thymus toward the margin
on daily basis. The differentiation and further activations of T cells to CD-4 and
CD-8, and then established T cells travels from thymus to the marginal blood vessels
and secondary immune organs [9, 11]. Thus, the size and mass of thymus reflect the
maturation of the immune system.
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4. Blood-thymus barrier

It is a physical barrier formed by endothelial cells, epithelial reticular cells, and
macrophages. Its function is to prevent developing lymphocytes from the exposure
of blood borne antigen [8]. This barrier provides tremendous environment for the
substance exchange between vasculature and the thymus also help maturation of the
immature thymocytes. Macrophages present outside the capillaries prevent the inter-
action of the substances that are transported in the blood vessels with the developing
T cells in the cortex. Matured T cells leave the thymus gland through the blood vessels
and colonize in the lymph node, spleen, and lymphatic tissue of the organism [11].

5. Maturation and selection of T cells

Maturation is the condition of developing progenitor within the thymus paren-
chyma, where the cells known as thymocytes, undergoes various developmental pro-
cesses to perform exclusively. These cells can be recognized based on manifestation of
various markers on the cell surface and the antigen presenting cells present the T cells
with self and foreign antigen [11]. It usually consists of positive selection in which the
lymphocytes that recognize the foreign antigens survived and reached to the maturity
then enter the medulla through the cortex. Later, goes to the other sites in the body
via blood [9]. Maturation is a very complicated process and only a small number of
lymphocytes reach to the stage of maturity in the thymus. The negative selection
in which the lymphocytes which are incapable to distinguish the self-antigens are
eliminated by the macrophages. This is approximately 95% of the total cells.

6. Function of epithelial reticular cells

Epithelial reticular cells, also called as TECs, are present both in the cortex and
medulla; however, it can be easily recognizable in the thymic medulla through his-
tology. These cells contained the thymic granules which is assumed to be the called
as the thymic hormone [12]. This structure has the following functions;

* It formed the blood-thymus barrier.

* Secrete hormone which are required for proliferation, differentiation, and
maturation of T cells. Also, for the expression of their surface markers. The
hormones including thymulin, thymopoietin, thymosin, thymic numeral fac-

tor, interleukin, and interferon are secreted.

* It forms thymic (Hassall’s) corpuscles, distinctive whorls, in the medulla of the
thymus gland. The thymus gland is identified by this thymic corpuscle.

The pluripotent progenitor cells migrated from the bone marrow to the thymus
parenchyma, where the maturation of the unexperienced T cells occurs in the
complex microarchitecture. However, this structure changes with the age.

7. Age associated changes occurs in the thymus

Aging is an irreversible, on-going, and inevitable progression that is correlated
through manifold organ dysfunction. The key organ of immune system and
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primary organ of T cell production is the thymus gland which is endodermal in
nature. Involution of the thymus with progressing age is into the consequences of a
decreased T cell production primarily and leads toward a long list of the following
diseases and even a mortality of the individual [6]. The corticomedullary junction
is disrupted and the number of medullary epithelial cells are also decrease. This
age-related cellular apoptosis and atrophy is still un-answered. There are several
reasons to be considered for this process, but the main cause known is reactive
oxygen species (ROS). The entity that are assumed to be responsible for expressing
the age-related changes in the thymus is due to the discrepancy amongst the free
oxygen-derived radicles and that of the antioxidants. Mitochondria is the main
site were such reactive species are produced. Inside mitochondria, the oxidative
stress produce ROS which results into mitochondrial damage within the cells and
leads to liberate more ROS. In fact, aging is a physiological multifactorial process
accompanied by decline of organ function. Histologically, the thymus gland of
mammals divided into three consecutive morphological stages; the epithelial, the
lymphopoietic, and the differentiated cellular microenvironment [7]. The progeni-
tor cells are synthesizing in the thymus which later differentiated into mature T
cells. Thymus also comprises the main stromal niche termed as thymic epithelial
space. It supports T cell development and maturation [6]. The thymus is greater in
size and is very dynamic in the neonates and pre-adolescents. With the progres-
sion in age, the involution starts and ultimately disappears and are then replaced
by rudiments and fat. The process of involution started just after 1 year of birth
[2]. If in case the thymus is absent in individual congenitally, then there would be
a probable chance of deficiency of T cells. The main components of the thymus
which undergoes involution during the aging include the T cells of hematopoietic
origin and the TECs of non-hematopoietic origin. During the process of involution,
disruption of the thymic epithelial/endothelial ratio happened and results into
gradual loss of pro-T cells. Primarily just after the start of involution, the thymic
epithelium mass is decreased in the parenchyma. This decrease in epithelium leads
toward the disorganization of corticomedullary junction and results into loss of
demarcation between the thymic cortex and medulla. This process where a continu-
ous loss of cells and their functions is called aging [6]. Histology of thymus gland
varies with the individual’s age. It is observed that this gland is extremely delicate
to stand against the biological abnormalities, for example, autoimmune diseases,
infection, and age progression. It attains its maximum development shortly after
birth. After attaining the age of puberty, the thymus gland regress and degenerate.
Due to this effect the lymphocyte production decreases and the reticuloepithelial
cells (thymic corpuscles) increases. Cellular portion, especially of T cell of thymus
gland, decreases and are being replaced by connective tissue and adipose cells.
Parenchyma of the thymus gland at and after puberty is filled with adipose tissue.
Immunity, however, in this stage it is not compromised because progeny of the T
lymphocytes has already been established. Thymus gland is well developed only in
late fetal life and persists for a few months after birth [6]. Subsequent to this period,
it undergoes rapid atrophy, fatty infiltration, and the amyloid degeneration [13].
Increase in the amount of adipose tissue and fat-bearing cells in the thymus paren-
chyma indicates that the body is now vulnerable to the infection and autoimmune
diseases. So, in adult, only a thin remnant appeared in the anterior mediastinum or
has entirely disappeared. Thymus gland size is also affected by the sex-steroid hor-
mone and hypothalamic-pituitary-adrenal axes hormones [14]. It has been found
that during the thymus involution, the CT which is present in the capsule, septa,
perivascular tissue, and in the stroma of the cortex and medulla is getting enriched
with the fibronectin contents. Later, most of the thymic parenchymal areas are
being replaced by the stromal cells.
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8. Effect of removal of the thymus gland and its clinical significance

Thymus gland is an important component of immune system. This system
defends the host from several infections [11]. It’s inappropriate performance may
produce embarrassment or even fatality. If the thymus gland is removed from the
new borne individual, then there will be no possibility of the T cell production
[6]. Other, lymphoid organs will also lack or decrease the number of T cell to fight
against the pathogens. Consequently, death of the individual may occur, predomi-
nantly due to complications with infection and lack of immunity.

9. Effect of malfunctioning thymus gland on the body

Thymus experiences atrophy with time which is triggered by numerous factors
viz. growth and aging, infections and endocrine instabilities which give rise to a
nonstandard liberation of T cells and consequently weakened the immunity [6].
The main organic task of this gland is to spawn a distinct T cells range to establish
a crucial portion in host immunity counter to external pathogens, whereas the
thymus correspondingly theaters a serious part in self-tolerance through negative
assortment and the T reg cells formerly known as suppresser T cells production.
Some of the thymic-derived malfunctionings are categorized bellow.

9.1 Hypersensitivity/immunodeficiency or autoimmune disease

When the immune system of body trigger against its own body cells and show
the excessive action then the allergic condition developed [15]. Allergens are the
substances which initiate the allergic response. IgE antibodies are more com-
mon in this condition. Histamine is also present in allergic condition which are
released from the Mast cells. Anaphylaxis is a condition developed when these
allergens cause an acute to severe reaction and that sometimes proves fatal condi-
tion. In this case, the immune system becomes hyperactive and cause the death
of own host cells instead of killing foreign pathogens. Thymus parenchymal cells
have the ability to recognition the body own cells and prevent them from killing
central tolerance process that is immunologic tolerance to self-antigens. During
such diseases, the demarcation between the cortex and the medulla deteriorated
and the medullar epithelial cells are also dispersed [16]. A rare autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy is an inherited syndrome
and is because of alterations in the specific gene [14]. Such gene permits the
illustration of tissue related particular proteins present in the thymic medulla.
This disease also affects multiple endocrine tissues. As T cell production take
place in the thymus gland and if there is any defect in thymocyte development,
it leads to profound decrease in the production of T cell, which may result into
immunodeficiency disease. Abnormality to the thymic epithelial cells leads to the
T cells dysfunctions, which may result in chronic inflammatory disease in the host
[11, 12]. The tolerance is failed due to available antigens in the tissue is because of
the autoimmune illnesses. If there is a defect in the production of both T cell and B
cell, it results into severe combined immunodeficiency (SCID). When the com-
bine deficiency of T lymphocytes and B lymphocytes occurs together, then the
condition developed is known as SCID. This is a rare congenital disease, which is
initiated by the non-functional hematopoietic progenitor cells that act as precur-
sor of the B lymphocytes and T lymphocytes. When this condition develops, there
is decrease in the lymphocytes production which results into the thymus atrophy
[16]. There are also some other factors which are responsible for the causation of
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this disease such as IL-7 deficiency, recombination activating gene deficiency and
common gamma chain deficiency. Another autoimmune disease in which the anti-
bodies blocks the acetylcholine receptors at neuromuscular junction. This autoim-
mune disease is known as myasthenia gravis. This illness is categorized as softness
and fatigability of the muscle and is triggered by autoantibodies depending T cell
counter to the neuromuscular junction. Its exact cause is unknown; however, it is
assumed that changes in the thymus and the thymic epithelial cells is one of the
main causes of its pathogenesis [14, 15]. Sometimes, this disease is associated with
thymic hyperplasia. This disease is commonly cured by the surgical amputation

of the thymus which is known as thymectomy. The conditions like thymic hyper-
plasia or malignancy are nearly 70% more common in the patients suffering with
such autoimmune disease. Type-1 diabetes is also an autoimmune-based disease,
which results from the obliteration of S cells in the islets of Langerhans. The
pancreas infiltrating T lymphocytes cause the destruction of the insulin producing
cells in the islets of Langerhans. The body, in this case, does not produce insulin. It
is seemed to be more commonly present in adults. It has been observed that lack of
immune tolerance to the f cells present in the pancreas is the initial cause of such
diabetes development. The Human immunodeficiency virus (HIV virus) effect
the developing lymphocytes and results into killing of these cells [18]. When the
lymphocytes decrease in the body, then the T cell immunodeficiency syndrome
occurs, which are acquired in nature. The HIV virus usually cause the killing the
CD4 T cells and it also mainly effect the mature T lymphocytes which are pres-
ent at the periphery. In this case, a rapid atrophy of the thymus takes place in the
infected individual.

9.2 DiGeorge syndrome

This inherited ailment is because of the obliteration of a minor piece of chro-
mosome-22, which is one of 23 pair of human chromosomes [17]. The syndrome
affects the individual through various means like cleft palate, facial defects, delay
development, learning problems, and promote infections. As far as the immunity
is concerned, this syndrome leads to inherited shortcomings containing thymic
atrophy and aplasia. Such affected persons may have intense deficiency of T cell
lineage. In this disease, the thymic parenchymal cells are lost and the area is then
replaced by the stromal CT.

9.3 Tumors

Thymomas is a scarce neoplasia (benign in nature) arise from the thymic
epithelial cells. In the thymoma patients, there are chances for the occurrence of
a disease known as thymoma-associated multiorgan autoimmunity (TAMA). In
these patients, the donor does not act like a basis of pathogenic T cells instead, the
individual particular thymus gland yields the infected T cells which is directed
toward its own body cells [19]. If the thymoma indicates the malignancy of the
thymus gland, then its product is the defective T cells which are unable to recognize
their own body cells as self-antigens. So that is why we can hardly distinguish
this disease from GVHD. These types of tumors, usually 10-15%, are presented
in the patients who are already suffering from myasthenia gravis. The symptoms
include strong cough which sometimes get confused with bronchitis because the
laryngeal nerve is compressed by the tumor. All thymomas are cancerous, but they
are varied from each other in different aspects like some develop slowly and some
tumors grow with the rapid rate and infect the surrounding tissue [20]. The treat-
ment of this condition is the surgical removal of the infected part or whole gland.
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Thymic lymphomas are tumors which originate from the thymocytes of the thymus
gland. These lymphomas or leukemia acts like the precursors of the origin of the
thymocyte are often classified as T acute lymphoblastic leukemia/lymphoma.
Before 1950, the radiation was used to cure the people who are suffering from the
enlarged thymus gland particularly the children. The post-operative complication
in the treated people includes an elevated incidence of thyroid cancer and leukemia.
The rare malformation of thymus gland includes the cervical thymus cyst which is
something confusing with the tumors. In the literature, there is no as such detail
study of the thymic cyst prevalence. There is no such common lesion appeared
which are present in this condition. In the childhood, there are more chances of the
thymic cyst and the ectopic cervical thymus than the adults.

10. Means to modulate the functioning of the thymus gland

Thymic involution with age has negative impacts on the immune system. Proper
performance of the thymus and integral immune system are required to protect
against disorders. With the advancements of the modern sciences, a technique
named as photobiomodulation is newly employed to slower the process of thymic
involution. This delayed process improves immunity and may add in extension of the
individual lifespan. Another new method which reduce the thymus atrophy and
boost the thymus functioning is the sex-steroid ablation therapies [14]. Genetics has
also an important role for determining the initial thymus size and rate of involution.
Many hormonal medications, surgical procedures, and applications of antioxidants
are testified as replacements for the reversal of aging in atrophy of the thymus. Males
display a trend of lower grade thymopoiesis in comparison to females. There are
several procedures that can improve the normal physiology of the thymus gland
which ultimately leads to strengthen the immune system active for prolong time
[20]. Continuous use of dietary supplements like rosehips, echinacea, olive leaf, and
cruciferous vegetables are tested to be connected to establishment of the thymus
health. These supplements are comprised of glucosinolates. This substance is famous
for fighting contrary to the tumorous cells and other malformations in the tissues.
Vegetables especially cruciferous vegetables like cauliflower, Bok Choy, broccoli, and
cabbage are good source of nutrients that trigger antioxidants and anti-inflammatory
responses. This can also assist thymus function. Proper timely intake of antioxidants
and various vitamins like E and C in the diet is mostly necessary. These are needed
for proper functioning of the thymus cells [21]. Zinc is also a very useful micronutri-
ent required for the growth and growth of the vertebrate. The immune system is very
sensitive to zinc deficiency and produces the multiple disturbances like atrophy of
the thymus parenchyma and the increased chances for a disease to occur [22]. Many
genes which regulate thymus gland activity are under the response of metalloen-
zymes in which zinc act as metal. So, dietary supplementation is very necessary for
the proper functioning of the thymus gland otherwise, there may be a serious
consequence related to the synthesis of the T lymphocytes. Exercise on daily basis is
additional tool to ensure blood circulation throughout the body and the thymus
gland. In this way increased blood flow will ensure that thymus waste products are
removed promptly and do not cause damage to the thymus. Furthermore, through
the circulation the key nutrients reach around the body more rapidly which allow
quicker recovery to take place. Thymus gland stimulate the production of white
blood cells that help against infection by thymosin hormone. This thymus glandular
extract regulates many other immune functions. The extract called as thymomodu-
lin, obtained from bovine species and act as immune boosting activities in immuno-
deficient individuals. Such extract act as a substitute and work against respiratory
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infections and many other infections like asthma, food allergies and hay fever. Olive
leaf extract has a significant effect on thymocyte apoptosis and cell cycle progression
to protect the thymus gland from toxicity. Tapping sternum is a practice which may
also stimulate thymus gland. But this practice is a bit laborious. Organic acid has a
positive effect on the immune system. It has been reported that sodium butyrate
improves the thymus histology and ultimately improves the immune system of a
body [23]. Probiotics are called as the group of beneficial bacteria. Probiotics are
generally defined as the friendly living micro-organ-isms, when taken orally in an
appropriate dose, exhibit a beneficial effect on the host health. When the probiotics
is taken orally, they go along side of the lumen of the gastrointestinal tract and
interact with the mucosal immune system. Here, the whole bacteria or its cell wall
mediate a network of signal production and activate the immune system. They
produce different kinds of cytokines and chemokines and result into the activation
of T lymphocytes. Another model of mechanism of action of probiotics is that they
can suppress the growth of pathogenic bacteria and help in the balancing of micro-
flora environment in the gastrointestinal tract. Probiotics protect the body against
the pathogens by the induction of direct killing, nutritional competency of patho-
gens, and meanwhile by triggering the gut-associated immune repertoire. Thymus
gland is known as the “Master gland of immunity” [2]. It regulates the immune
system by producing different types of chemical known as cytokines that enhance
the migration of T lymphocytes and meantime enhances the immunity [20]. The
probiotic fermented milk (PFM) is a nutritional supplement which is used to
improve the histology of the thymus gland mean to say it will cause a decrease in
cellular apoptosis and enhance the percentage of CD4/CD8 cells. The PFM enhance
the production of different kinds of cytokines in the thymus gland. This type of milk
is usually used in case of protein-energy malnutrition; which result into malfunc-
tioning of the immune system. This milk or bacterial-free supernatant helps to
improve the immune system by activating thymus gland activity. Commonly used
probiotics are specific strains of the lactic acid bacteria. The main genus includes in
the probiotics are the Bifidobacteria, Streptococci, Lactobacilli, Enterococcus,
Pediococcus, along with some yeast. Some probiotics like L. paracasei CNCM 1-1518
and L. casei CRL 431 have a toll like receptors through which they make an attach-
ment with the intestinal epithelial cells. Here, they mediate the immune stimulation
by producing cytokines such as IL-6 and protein 1, which is chemoattractant in
nature. Most of the probiotics are physically strengthening the intestinal barrier by
producing the mucus layer, which is secreted from the goblet cells in the intestine.
This viscous and impermeable mucus layers protect the intestinal barrier also
stimulate the IgA and motivate the immunity. The probiotics also improve the health
of animal by producing low molecular organic acids such as acetic acid and lactic
acid. They also produce high molecular weight antimicrobial compound known as
bacteriocins. These have strong inhibitory effect on the pathogenic gram-negative
bacteria, i.e., H. pylori and the Salmonella species [24]. They inhibit the growth of
pathogenic microbes and improve the health of animals. The lactobacilli containing
probiotic has the ability to protect the children and adults from antibiotic-associated
diarrhea and reduces its risk. L. acidophilus or L. casei are those probiotics can
regulate the composition of microbial species present in the gut at balance level and
suppress the growth of pathogenic bacteria. L. acidophilus or L. casei and lactic acid
bacteria together act and result into suppressing the fecal coliform and other anaero-
bic bacteria. Some probiotics are also responsible for the shifting of microbes of gut
to the beneficial bacteria, e.g., Prevotella and Oscillibacter. These bacteria are respon-
sible for the production of anti-inflammatory metabolites. It can cause decrease the
polarization of Th17 which favors the differentiation of anti-inflammatory Treg/
Type 1 regulatory T (Trl) cells in the gut. The S. thermophilus and L. acidophilus
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probiotics have ability to increase the intestinal integrity by enhancing the gene
expression in tight junction signaling. These probiotics decrease the adhesion
entero-invasive E. coli in HT29 and Caco-2 cells by the maintenance (actin and ZO-1)
or enhancement (actinin and occludin) of cytoskeletal and tight junctional protein
phosphorylation. Antimicrobial peptides produced by probiotics are now considered
as the future of the new class of therapeutics because it produces lesser resistance
and have a specific antimicrobial activity to protect the host. Different kinds of
antimicrobial peptides like lysozyme, secretory phospholipase A2, defensins,
defensin-like peptides (elafin and SLPI), and cathelicidins are produce from the
paneth cells. These are the characteristics epithelial cells of the small intestinal which
is located at the bottom of the intestinal crypts. The probiotics B. subtilis was found
in improvement of the thymus microarchitecture in broilers [25]. Prebiotics are those
high fibrous non-digestible food particles that are used as a source of energy for the
beneficial bacteria like bifidobacteria and lactobacteria and symbiotic is the combi-
nation of the probiotics and the prebiotics. It modulates the host immune system and
usually effect the intestinal microflora and regulate the immune system directly and
indirectly. When symbiotic are administered during the embryo it enhances the
proliferation of the lymphocytes by causing decrease in the cortex/medulla ratio of
the thymus gland. In a research, a number of prebiotics like inulin (Prel), Bi2tos
(Pre2), and also a symbiotic composed of inulin and Lactococcus lactis subsp. lactis
IBB SL1 (Syn1), a symbiotic composed of Bi2tos and L. lactis subsp. cremoris IBB
SC1 (Syn2), is administrated in the early chick embryonic life in order to check its
effect on the lymphoid tissue activity. B. longum and a prebiotic (Synergy 1) when
administered into the body, can enhance the release of defensins from epithelial cells
and they have antimicrobial activity. The outcomes of the research come in the form
of enhance lymphocytes proliferation. When the Bi2tos were administered with L.
lactis subsp. cremoris (Syn2) they caused reduction of the thymic cortex to medul-
lary ratio [26]. This indicates the more spreading of the medulla without the effect on
the cortex representing the subsequent impacts on the thymus.

11. Conclusion

The thymus is a part of primary immune organs, having excellent example of
connection between the cellular organization and function. Not like other well-
organized organs, the microstructure of the thymus parenchyma has the very
complex meshwork, where T cells differentiate, proliferate, and die. Disorganized
thymic architecture of the elderly and disease thymus added cavitation and FCT
proliferation and atrophy. Moreover, defects in the thymus caused to lesser the
production of T cells and the interruption of self-tolerance. This may result in wors-
ening the development of disease. Consequently, the thymus is declared as one of
the most significant organs in maintaining immunity and safeguard the host against
progression of age and development of ailments. Subsequently, this gland actsa
crucial part in health and disease. The size, architecture, and function of this gland
decreases with progression of age. There are some possible pathways to modify the
thymus microarchitecture and function, in order to progress the physiology during
autoimmune diseases, infections, and aging.
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Chapter 4

T hymic Senescence

Krisztian Kvell

Abstract

Thymic senescence develops in every person, although at different pace. Thymic
senescence significantly lowers the production of naive T cells, leading to increased
incidence of infections, cancer and autoimmune diseases. Certain external factors
can accelerate thymic senescence. These include chemicals (copper-chelators), hor-
mones (androgens), infections (viruses, fungi, protozoa). Others may slow the aging
process of the thymus including perturbations to the hormonal (sex-steroid) system,
genetic alterations (PPARgamma deficiency) or chemical compounds (PPARgamma
antagonists). Thymic senescence research may provide insight to underlying molecu-
lar events and potentially appoint novel therapeutic targets for senescence interven-
tion strategies. These hold promise to postpone thymus senescence and enhance T
cell production. That would result in a decreased incidence of infections, cancer and
autoimmune diseases, currently affecting the elderly. The attributed drop in health-
care costs and gain in quality of life share tremendous economic and social interest.

Keywords: thymus, senescence, adipose tissue

1. The aging thymus

Transcription factor TBX-1 is a mastermind in the formation of the third pha-
ryngeal pouch involved in thymus organogenesis during embryonic development
[1]. Patients with 22q11.2DS that impairs TBX-1 often present thymus hypoplasia.
Similarly, Tbx-1""" mice develop hypoplasia of the thymus [2, 3]. In both cases,
defective thymus organogenesis leads to impaired thymocyte development [4].
However, as reported recently, the role of TBX-1 in thymus organogenesis is not
straightforward. Ectopic forced expression of TBX-1 can inhibit transcription factor
FoxN1, the mastermind of thymic epithelial identity thus indirectly impair thymus
identity via sustained presence [5]. The thymus contains developing T cells (aka
thymocytes) along with the non-lymphoid thymic stromal elements comprising
the microenvironment that promotes thymocyte differentiation. Stromal elements
include thymic epithelial cells (aka TECs), mesenchymal cells, endothelial cells as
well as non-lymphoid hematopoietic cells (e.g., dendritic cells or macrophages).
TECs constitute the main functional stromal cell type necessary to promote
thymocyte differentiation [6, 7]. Soon after birth the thymus expands to increase
the output of naive T cells, in order to colonize available niches in the periphery
[8-10]. Cortical TECs (aka cTECs) are required for T lineage commitment, along
with thymocyte expansion and differentiation, and positive selection. Medullary
TECs (mTECs) are necessary for the induction of central tolerance and subsequent
stages of thymocyte maturation before leaving the thymus. Of note, in order to
maintain the well organized cortical and medullary compartments active (reverse)
intercellular signaling is also required from developing thymocytes towards TECs
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(aka cross-talk) [11, 12]. At a vaguely defined time point, the thymus begins to
show involution, resulting in adipose degeneration of the organ; hence the process
termed adipose involution. This senescent process is accompanied by the stepwise
disorganization of thymic compartments, also shifting TEC subset ratios and reduc-
ing naive T cell production. Although the detailed mechanisms triggering these pro-
cesses remain to be fully elucidated, they finally deteriorate thymus structure and
function, severely impairing the output of fresh naive T cells. Decline of fresh naive
T cells results in the inverse increase of memory T cell representation due to aging
[13-15]. The observed bias in cTEC:mTEC ratio, and the fading of the most dif-
ferentiated MHC class II-expressing TEC subsets leads to the development of a less
complex medullary architecture along with the blurring of the cortico-medullary
junction. This is followed by the focal disappearance of epithelial cells, gradually
being replaced by adipose tissue in the perivascular spaces [16-20]. There is mount-
ing evidence that adipose cells may have an thymic origin. Thymic adipose cells also
produce an array of cytokines and signaling molecules that directly affect (impair)
thymopoiesis [21-25]. As a result, although the appearance of thymic adipocytes
may not trigger involution, their increasing presence with senescence can indirectly
facilitate or perhaps even directly deteriorate thymus function. Thymus involution
likely develops as a sum of failure of thymocyte progenitors and the inappropri-

ate function of TEC compartments. It has been reported that the number of early

T lineage precursors (aka ETPs) shows a gradual decline with senescence [26].
Reconstitution experiments of senescent thymi with bone marrow precursors from
young donors cannot restore thymic compartments nor rescue impaired thymo-
poiesis. The opposite, however, reconstitution of young recipients using senescent
bone marrow cells does not impair thymopoiesis [27, 28]. The genetic inactivation
of cell cycle inhibitor p27 (aka Cdkn1b) also leads to the development of an enlarged
thymus and enhances fresh naive T cell output along with normal stromal organiza-
tion [29-33]. Recent thymic emigrants (aka RTEs) show a decrease upon enhanced
expression of LIF, SCF, IL-6, and M-CSF [34, 35].

2. Characterization of thymic adipose tissue

There are significant differences between adipose tissue subtypes. At least
three subtypes are distinguished: white adipose tissue (WAT), brown adipose
tissue (BAT) and the recently described beige adipose tissue. White adipose tis-
sue stores energy, brown adipose tissue generates heat (via NST or non-shivering
thermogenesis), while beige adipocytes act as intermediates. It has currently been
described that thymic adipose involution yields beige adipose tissue based on its
gene expression, miRNA, histology and metabolic profile [36]. In terms of gene
expression and histology characteristic epithelial markers show down-regulation
(FoxN1, EPCAM1, MHCII, Wnt4) (see Figure 1). Considering the miRNA profile
beige-adipose tissue-associated miRNA species show supportive changes (miR27a,
miR106b, miR155) (see Figure 1). While PPARgamma is the mastermind of all
adipose tissue subtypes, TBX-1 has been acknowledged as a key and specific
marker of beige adipose tissue development [17-20]. Beige adipocytes respond to
adrenergic stimuli by thermogenesis via mitochondrial uncoupling of biochemical
degradation and energy production [21]. Along with TBX-1 other beige-indicative
markers have also been reported. These include mitochondrial uncoupling proteins
(mostly UCP-1), EAR2 (also known as Nr2f6) and CD137 (also known as Tnfrsf9)
[22]. The above-mentioned adipose and beige markers show up-regulation along
(see Figure 1). The adult thymus expresses PPARgamma, TBX-1 and UCP-1 in the
epithelial compartment, and latter two have been reported to initiate beige adipose
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Key molecular events of thymic senescence.

tissue development. Thymic adipose tissue may also bee classified based on cellular
analysis from an adipocyte perspective [23-26]. Thymus tissue appears to be unique
expressing TBX-1 during embryonic development and also during senescence
embedded in different contexts. It is appreciable that TBX-1 plays a role in thymus
organogenesis (immune peak) and thymic adipose involution (metabolic peak).
This suggests an intersection of immunity and metabolism, and a dual role of
TBX-1 showing bimodal expression [36].

3. Natural resistance to senescence

A medical condition termed persistent thymus has been known for long [37]. In
the affected population the thymus is rescued from involution. These individuals,
however, have severe defects in their hormonal system, affecting the level of sex ste-
roids. It is the lack of androgen-effect that prevents thymus involution on one hand,
but hampers the endocrine system on the other hand. Recently another medical con-
dition termed FPLD3 (familial partial lipodystrophy type 3) has also been associated
with the lack of thymus involution [38]. FPLD3 also derails the hormonal system by
affecting PPARgamma activity. As for all adipose tissue subtypes, PPARgamma plays
a crucial role during thymus adipose involution as well [39]. It has been suggested by
others previously based on direct fate-mapping experiments that with senescence
thymic adipose tissue develops from the thymic stromal or epithelial compart-
ment [22]. In further support, epithelial to adipose trans-differentiation has been
reported to occur as indicated by the presence by EpCAM-1/PPARgamma double-
positive cells at a given time point during thymus senescence. Such cells express cell
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surface markers as memories of their fading thymic epithelial identity (EpCAM-1),
yet already show signs of their novel adipocyte differentiation program in their
nuclei (PPARgamma). Further experiments showed that the medullary compart-
ment is rescued from age-related shrinking in case of PPARgamma deficiency.
Prolonged survival of thymus stromal niche provides permissive environment for
sustained fresh naive T cell production as indicated by increased mTrec values.
Thymocyte subpopulations were equally supported by PPARgamma deficiency and
fresh naive T cells outnumbered memory T cells despite age. The sustained support
of fresh naive T cells provides functional advantages even at elevated ages. Oral
consumption of foreign T-depended antigen initiates immune tolerance to block
potential immune response, even along with parallel immunization. Unfortunately,
this tolerance is impaired at old age [40-42] Loss of oral tolerance is a potential link
to increasing food intolerance prevalence [43-46]. However, tolerance is rescued by
PPARgamma deficiency at senior age [38]. In senior individuals protection from sea-
sonal flu strains declines despite annual vaccination [47-49]. The cause: low levels of
neutralizing antibody titers due to lacking naive T-cells required for T-B cooperation.
This, however, is also rescued by PPARgamma deficiency [38].

4. Induced rejuvenation

It has been reported early on that the thymus may be regenerated by a variety of
interventions (aka thymic rebound) [50]. FoxN1 (a forkhead class transcription fac-
tor) is the mastermind of TEC differentiation [51-55]. FoxN1 has also been shown to
promote proliferation [56]. Reducing (but not fully diminishing) FoxN1 expression
early on triggers premature thymus involution (aka thymus progeria). The opposite,
however, over-expression of FoxN1 efficiently postpones thymus involution [57].
Among secreted factors, Wnt4 and keratinocyte growth factor (aka KGF) have
also verified as key factors of both thymic senescence and rebound [58-61]. The
onset of adolescence presents a frequently proposed physiological cause for thymic
degeneration. In accordance, both chemical and surgical castration that result in
sex-steroid ablation (SSA) yield thymic rebound [62, 63]. SSA-triggered thymic
rebound correlates with both increased thymus size and thymocyte number leading
to increased fresh naive T cell production. At the histological level this is suggested
by the recovery of the cortico-medullary junction [64]. Accordingly, systemic
hormonal changes associated with senescence partly explain changes observed
during thymic senescence. In harmony, deletion of the androgen receptor results in
an enlarged thymus and resistance to androgen induced thymus atrophy [65]. This
is also in line with reports showing that the thymus reaches peak size and productiv-
ity early after birth, and not later at puberty [66-68]. Unfortunately, castration-
induced rebound is only a transient phenomenon, and the thymus re-involutes
within a couple of weeks. Apparently, although SSA may trigger the expansion of
the thymus, yet does not rejuvenate it [69]. In the case of the thymus, in comparison
with other organs, little is known about the molecular and cellular mechanisms that
control its development and maintenance. FoxN1 certainly is a mastermind linking
development and maintenance of the thymic microenvironment throughout life, yet
some TEC differentiation also occurs independent from Foxn1 [70].

5. Novel trends of rejuvenation

Transcription factor FoxN1 - the mastermind of thymus organogenesis and
identity - is a known as the molecular target of the glycolipoprotein Wnt4 [71, 72].
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For this reason Wnt4 plays a crucial role in thymus development and maintenance
[73-77]. With senescence thymic epithelial cells secrete less Wnt4, however, their
Frizzled receptors (Fz4 and Fz6) become up-regulated as compensatory mecha-
nism [78]. It is his loss of Wnt4 expression that allows for thymic adipose involution
to develop due to PPARgamma-effect [79, 80]. The Wnt/b-catenin pathway and
PPARgamma act as inhibitors of each other hence exogenous Wnt4 can reinforce
thymic epithelial identity [79-84]. Wnt4 loses activity when purified, because the
Wnt molecules travel in extracellular vesicles (EVs, or exosomes in this case) or on
their surfaces [85, 86]. It has been reported that miR27b also specifically inhibits
PPARgamma activity [87, 88]. The miRNA species are known travel in EVs and in
exosomes as well [89, 90]. The thymus is a rich source of exosomes with immu-
nological relevance in e.g. thymocyte selection [91-94]. As a combination of the
above, artificially produced (transgenic) exosomes containing Wnt4 and miR27b
in excess can block PPARgamma-effect in thymic epithelial cells thus efficiently
counteracting senescence observed as thymic adipose involution [95].

World population is approaching 7.7 billion as of 2019 [96]. Global popula-
tion increases due to increasing life expectancy, rather than increasing birth rate.
However, increasing lifespan is not proportionally attributed with increasing
health-span. As a result social expenses rise and novel solutions are urged. Central
immune (thymus) senescence research based novel solutions can potentially
improve senior immune fitness through decreasing the incidence of infections,
malignant and autoimmune disorders. These could also thus alleviate the current
burden on healthcare systems and increase quality of life in the elderly. An ultimate
goal is to prolong immune fitness and realign it with constantly increasing lifespan.

With aging the thymus shows adipose involution. During this process thymic
epithelial cells trans-differentiate into beige adipocytes through an intermediate
fibroblast stage. Key molecular events are summarized at the level of transcription
factors, tissue markers and miRNA species.
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Age-Related Thymic Atrophy:
Mechanisms and Outcomes

Rachel Thomas and Dong-Ming Su

Abstract

Age-related thymic atrophy or involution, a hallmark of thymic aging, takes
place both in humans and animals. In this chapter, we will discuss age-related
thymic atrophy, outlining the underlying cellular and molecular mechanisms
of its occurrence. We will also address the downstream influences on the aged
T cell immune system, not only regarding insufficiency against pathogens, but
also hyper-reactivity to self. Particularly, we will focus on how thymic atrophy
disrupts efficient establishment of central T cell immune tolerance primarily via
impairment of thymocyte negative selection, resulting in an increased number of
self-reactive conventional T cells, and on thymic-derived regulatory T cell genera-
tion. Finally, we will provide a framework for understanding the significant role
that the atrophied thymus plays in shaping inflammaging: a chronic, low-grade,
systemic inflammatory phenotype observed in aged individuals in the absence of
acute infection. The involvement of T cell adaptive immunity in mediating inflam-
maging plays a crucial role in the progression of many age-related neurological and
cardiovascular diseases.

Keywords: thymic atrophy, aging, inflammaging, central tolerance,
regulatory T (Treg) cells

1. Introduction

The thymus gland is the primary central lymphoid organ involved in develop-
ment and selection of T lymphocytes (T cells) [1]. It is also responsible for the
establishment of central T cell immune tolerance, which includes two mechanisms:
thymocyte negative selection, through which most self (auto)-reactive T cells are
depleted [2], and the generation of CD4 single positive (CD4°") FoxP3" regulatory
T (Treg) cells [3], which act to suppress self-reactive T cell-mediated reactions in
the periphery [4]. It is thought that Treg cells provide some level of compensation
for imperfections in negative selection that allow some self-reactive T cells to escape
this protective process [5]. As part of the aging process, the thymus undergoes
progressive involution or atrophy in most vertebrates, exhibiting not only morpho-
logical changes, but also a functional decline resulting in [6, 7] significantly lowered
thymic output [8].

The theoretical causes of this age-related diminishment of thymopoiesis are
two-fold. First, is the notion of a hematopoietic defect. This stems from the obser-
vations that there are reduced numbers of hematopoietic stem cell (HSC) progeni-
tors produced by the bone marrow with age, [9] that could cause a reduction in
early T-cell progenitors (ETP) entering the thymus [10]. Second, is the notion of a
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non-hematopoietic defect, which suggests that the primary age-related atrophy of
the thymus is derived from HSC niche cells [11, 12] and thymic stromal cells, or ETP
niches [13, 14]. The myriad of changes that characterize thymic atrophy first occur
within the thymic niche and then extend to the ETPs as a result of age. We believe
that these substantial age-related alterations in thymic microstructure and micro-
environment, which provide important thymic factors, contribute more heavily to
the diminished thymopoiesis observed in the elderly [7, 13] The primary thymic
stromal cells are thymic epithelial cells (TECs), including two subpopulations
distinct in their localization, function, and molecular expression patterns, namely
medullary TECs (mTECs) and cortical TECs (cTECs) [15]. Compelling evidence
show that age-related thymic atrophy is tightly associated with postnatal TEC
homeostasis, which is regulated by TEC autonomous transcription factors (TFs),
such as Forkhead box N1 (FoxN1) [16].

Age-related changes to immune system function, often referred to as immu-
nosenescence [17-20], are generally thought of as immune insufficiency, such as
reduced anti-infection and vaccine immunity [21] and reduced tumor surveillance
[22, 23]. However, self-reactive immune responses are elevated in the elderly,
which is a result of inflammaging, a chronic, low-grade, systemic inflammatory
phenotype in the absence of acute infection observed in aged individuals [24-31].
Immunosenescence and inflammaging are antagonistic phenotypes, but they actu-
ally comprise two sides of the same coin in terms of age-related immune dysregula-
tion [19, 20, 32, 33]. It has been proposed that the basal inflammatory state defined
by inflammaging greatly contributes to many age-related degenerative diseases,
including neurodegenerative diseases, such as Alzheimer’ disease, metabolic
diseases, and cardiovascular diseases, among others [30, 34, 35].

Here, we will outline the cellular and molecular mechanisms underlying the
occurrence of age-related thymic atrophy including some of the aforementioned
hallmarks, and its effects on general T cell output. We will also describe its effects
on the establishment of central T cell immune tolerance via a combination of both
mechanistic arms of central tolerance: thymocyte negative selection and thymic-
derived CD4%"FoxP3" T regulatory (tTreg) cell generation. We will discuss why we
believe many aspects of the adaptive immune system’ role in the development of
inflammaging can be attributed to these thymic manifestations. Finally, in light of
new trends in T cell immune system aging, we will expand on some future research
goals in the field of thymic atrophy interventions and therapeutics as a potential
conduit for normalizing aged T cell-mediated immunity. This is of clinical signifi-
cance for combating age-related neurological and cardiovascular diseases.

2. Hallmarks of age-related thymic atrophy

During aging, the thymus undergoes progressive atrophy [36]. In addition to
areduction in thymic mass (size and thymocyte numbers), there is substantial
remodeling of the thymic microstructure. The thymus is characterized by two
primary compartments, namely the cortex and the medulla. In between the
cortex and medulla, there is a zone termed the corticomedullary junction (CMJ)
(Figure 1a). These two compartments contain specialized thymic epithelial cells
(TECs), cortical (cTECs) or medullary (mTECs), and these cellular compart-
ments are responsible for different stages of thymocyte development and selec-
tion [37, 38]. Regarding thymic microstructure, the aged, involuted thymus, in
addition to an overall decline in TEC-associated markers, such as keratin and
major histocompatibility complex class-II (MHC-II), also manifests altered ratios
of ¢cTECs to mTECs, and an overt change in microstructure due to disrupted
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Figure 1.

Thymic microstructural changes characterized by K8 and K5 fluorescent staining. In the aged thymus, the

CM]J is not clear, because the medulla is disorganized and medullary TECs ave dispersed and do not form a
distinct compartmental region. Normally, K8" TECs (green) are primarily localized in the cortical vegion,
while K5* TECs (ved) are primarily localized in the medullary vegion. A) Young (~2 months old) murine
thymus; B) aged (>18 months old) murine thymus. C = cortex, M = medulla, CM] = corticomedullary junction,
SC = subcapsule.

CMy], resulting in a disorganized medullary region (Figure 1b). A decline in
MHC-II" expressing TECs is a sign of the reduction of mature mTECs [39, 40].
Additionally, increased numbers of fibroblasts [39] and accumulation of adipose
tissue in the thymus is also observed [40].

Increased senescent cells (B-Gal®, p21*, and TAP63") [41] in the aged thymus are
also present, and it has been demonstrated that TECs contribute to the senescence
observed in the aged thymus [39, 41, 42]. This possibly contributes to an increased
inflammatory environment (increased levels of IL-6, IL-1f, etc.) within the invo-
luted thymus [30, 43]. Additionally, there is augmented apoptosis in TECs of the
atrophied thymus, contributing to diminished stromal cellularity [39].

3. Mechanisms of age-related thymic atrophy

3.1 Mechanisms of diminished thymic input and output associated with aged
thymus

Perhaps the most noted outcome of age-related thymic atrophy is diminished
thymic output and thymopoesis. This attracts attention and has led many groups to
examine whether the bone marrow (BM) derived hematopoietic stem cell (HSC)
lymphoid progenitors are sufficiently able to seed the thymus during aging. This
is because HSCs are reduced [9] with a myeloid biased development in advanced
age [44]. There have been many studies investigating this aspect of thymopoiesis
and it is suggested that age-related HSCs contain defects [9] that could contribute
to insufficient entry of early T-cell progenitors (ETPs) into the aged thymus [10].
Thus, this result could explain decreased thymic output with age [45].

Mechanisms of diminished thymic input resulting in thymic involution and
declined thymic output are mainly based on bone marrow transplantation (BMT)
experiments using mouse models. In these models, transferring aged HSCs into
young mice could not rejuvenate the thymic involution induced by irradiation prior
to bone marrow transplantation [46]. Additionally, the HSC progenitors have been
shown to exhibit an age-related skewed proportion within the HSC pool towards
myeloid lineage versus lymphoid lineage [44, 47-49]. It has also been observed
that early stage thymocytes, defined as the ETPs in the triple negative-1 (TN1)
thymocyte population, from aged mice demonstrated decreased differentiation

51



Thymus

after in vitro fetal thymic organ culture [10]. This group also reported declined
proliferation and enhanced apoptosis of these early thymocytes taken from aged
animals compared to young controls. The overall assertion was that the deficiency
in thymocyte differentiation and development past this early stage was attributed
to the production of the HSCs in the aged bone marrow [10]. Therefore, aged HSCs
and ETPs were regarded as having an intrinsic defect [50].

Given the comprehensive microenvironments in young and aged animals, and
the vulnerability of HSCs or ETPs during in vitro preparation, these experiments
using BMT and ETP culture may not provide the necessary rigor for the conclusions
drawn from them, and certainly do not adequately reflect physiological conditions.
Therefore, we designed an age-mismatched experimental system with less iz vitro
preparation to reexamine these biological events [13, 51]. One design was to utilize
young or aged IL-7R knockout mice as recipients [13, 52, 53], in which their BM
niche is relatively open and available to accept exogenous BM cells without irradia-
tion [52, 54]. After grafting young BM cells into young and aged IL-7R knockout
mice, the young BM cells produced a young profile in young recipients, but the
same young BM cells produced an old profile in aged recipients [13], which implies
that the microenvironment directs BM cell aging, rather than the HSCs themselves
[14]. The other design was to utilize mouse fetal thymus transplantation into young
or aged mice, in which BM progenitors from young or aged recipients seed the
grafted young thymus iz vivo [51]. After grafting fetal thymic lobes into young and
aged wild-type recipient mice, BM progenitors from young and old mice were able
to grow equally well in the engrafted thymus (with young thymic microenviron-
ment) [51]. In addition, aged HSCs seeding the engrafted thymus did not demon-
strate any intrinsic defects [13, 55]. These comprehensive experiments provide solid
evidence that the non-hematopoietic microenvironment, rather than HSCs, direct
hematopoietic progenitor aging [14], thereby mediating the kinetics of thymic
involution [7].

An important fact linking these potential mechanisms is the unique cross-talk or
interaction that occurs between the developing hematopoietic progenitors (such as
thymocytes) and the stromal microenvironment (such as TECs) in the thymus [15].
For example, there are reports that several key thymic factors involved in this cross-
talk are adversely impacted by age-related thymic atrophy. One such factor is IL-7,
secreted by TECs, which is important for thymopoiesis and has been shown to be
reduced in the aged thymus [56]. Interestingly, direct exogenous supplementation
of IL-7 helped to improve aged thymopoiesis [57]. On the other hand, thymocytes
provide signals to promote TEC development, at least during thymic organogen-
esis [58, 59], but the dynamics of this phenomenon during thymic aging remain
unknown.

In general, adult organ size is governed by the tissue-specific stem cell pool
[60, 61]. It is known that there are two types of tissue-specific stem pools: infinite
pools, such as in the liver, and restricted pools, such as in the pancreas. For example,
if the liver is injured, its infinite stem pool can expand at a high capacity; whereas,
if the pancreas is injured, the expansion of its tissue-specific stem cell pool is very
limited due to its restricted and finite epithelial progenitor pool. The thymic epithe-
lial progenitor pool has characteristics of the restricted, finite epithelial progenitor
pool [61]. Therefore, it is conceivable that aging TECs exhibit limited turnover com-
pared to mobile thymocytes, which are periodically entering from the BM [62, 63].

Taken together, deficiencies in thymocyte-TEC interactions in the thymus [15]
promote thymic atrophy during aging. However, given the fact that thymocytes are
mobile with a relatively short period of thymic residency, while TECs have perma-
nent residency in the thymus, experimental evidence [13, 51] and the “seed and
soil” theory describing how the soil (stem niche) directs seed (HSC) fate [64-66],
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lead us to conclude that age-related thymic involution begins with defects in the
TEC compartment.

3.2 Mechanisms of thymic stromal cell-mediated structural thymic atrophy

In light of the aforementioned evidence of age-related TEC defects and the
decline in total TEC numbers in the aged, atrophied thymus, we now move to
discuss the underlying mechanisms of these alterations. Many studies have been
conducted to identify factors involved in the cellular and molecular aspects of TEC
aging (cytokines, transcription factors, microRNAs, sex steroids, etc.). The single
most predominant factor currently accepted as significantly contributing to this
phenomenon is the TEC autonomous transcription factor FoxN1. This idea was
based on the athymic nude mouse phenotype [67, 68]. FoxN1 is expressed mainly
in epithelial cells of the thymus and skin to regulate epithelial cell differentiation
in these organs [67]. It is thereby responsible for thymic organogenesis and subse-
quent T cell development in the thymus [16], as well as hair follicle development in
the skin [69, 70]. Many past and current studies utilize nude mice, which exhibit a
null mutation in FoxN1 resulting in the lack of hair and the thymus, which explains
the lack of T cells in these mice [71, 72].

FoxN1 is noted to be reduced in expression in the age-related atrophied thymus
and has even been described as one of the first markers of the onset of thymic
involution [73, 74]. The question is whether this reduced FoxN1 expression is
due to TEC aging, which results in a decline in many TEC-associated genes, or
if primary FoxN1 decline with aging induces a TEC defect that then results in
age-related thymic involution. This cause-and-effect relationship had been sub-
stantially debated prior to the generation of a conditional knock-out (cKO) FoxN1
mouse model [75]. In this model, the murine FoxN1 gene is loxP-floxed and the
uCreER" is introduced through crossbreeding [76]. In this model, the tamoxifen
(TM)-inducible ubiquitous Cre-recombinase (uCreERY) transgene has a low level
of spontaneous activation, even without TM induction [77, 78], causing gradual
excision of the FoxN¥"™** gene over time. This results in progressive loss of
FoxN1 with age and thymic involution that is positively correlated with reduced
FoxN1 levels [79]. Supplying exogenous FoxN1, such as via plasmid [79] or trans-
gene [80, 81], into the aged thymus greatly reduces thymic atrophy and improves
function. Additionally, the use of FoxN1 reporter mice has enabled further eluci-
dation of the timeline and kinetics of thymic atrophy with age [82]. For example,
one group recently published a study demonstrating that the reduction in FoxN1
initiates the onset of thymic involution, beginning predominantly in the cTEC
compartment [82]. Therefore, a decline in FoxN1 expression with aging causally
induces flaws in TEC homeostasis, thereby resulting in age-related thymic atrophy,
as opposed to the notion that age-induced thymic atrophy causes FoxN1 decline in
the thymus.

4. Outcomes of age-related thymic atrophy

Overt outcomes of age-related thymic atrophy include reduction of functional
naive T cells, which is related to a decline in T cell receptor (TCR) repertoire
diversity [8, 55, 83, 84]. However, the atrophied thymus is still functioning, albeit
with limitations, in the elderly, continuing to select T cells for the lifetime of the
individual. This causes a potential for the atrophied thymus to generate harmful T
cells that could increase autoimmune predisposition the elderly [26]. Therefore, we
will review recent research progress regarding this area of concern.
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4.1 Decreased naive conventional T cell output

As stated previously, the most readily observed outcome of age-related thymic
involution is the decline in thymic output, which includes reduced naive con-
ventional T (Tcon) cell output over time [85] and fewer recent thymic emigrants
(RTEs) [8]. However, peripheral T cell numbers are not decreased in aged individu-
als [36, 86, 87]. The actual effect is an overall diminished TCR repertoire diversity
observed in the aged peripheral T cell pool [8, 55, 83, 84], which is due to oligo-
clonal expansion of memory T cells along with insufficient RTE output. This has
been suggested to contribute to the decreased capacity for new immune responses
to infection and poor vaccination efficacy, which are typical phenotypes of immu-
nosenescence [17-20], observed in the elderly [35].

This phenotype has been recapitulated in FoxN1 cKO mice, which have acceler-
ated aging in the thymus, but maintain a young periphery, as they exhibit impaired
peripheral T cell responses in infection with influenza virus [88]. This study also
demonstrated a direct role for thymic atrophy in the impairment of T cell function
during aging.

4.2 Increased self-reactive conventional T cells due to perturbed negative
selection

In light of the alterations in thymocyte number and diminished naive T cell out-
put with age-related thymic atrophy, it is of paramount importance to understand
the effects of the altered thymic micro-environment on central tolerance establish-
ment of the thymocytes that are still being developed in the atrophied thymus.

Under the current paradigm, negative selection is the process by which thymo-
cytes with high affinity for self-peptides presented by MHC are deleted from the
developing thymocyte repertoire via apoptosis [2, 38, 89]. Studies also show that
when these high affinity TCRs receive strong signaling, negative selection takes
place [90, 91]. However, the TCR signaling strength is not based solely on TCR
affinity, but is also influenced by avidity, or the quantity of interactions between
self-peptide/MHC (self-pMHC) complexes and the TCR (Figure 2). Therefore, if
the thymocyte-intrinsic factors (i.e., TCR affinity and number), of self-reactive
thymocytes are unchanged, the TCR signaling strength varies based on the abil-
ity of effective self-pMHC-II expression. In other words, if self-antigen can be
normally presented in the MHC-II groove, the reciprocal TCR signaling should
be produced through a strong interaction. We know that MHC-II is expressed
on mTECs, however, aging induces mTEC defects (Figure 1b), resulting in
reduced capacity for self-pMHC-II ligand expression. Therefore, we suggest that
a strong signaling strength shifts either to an intermediate strength, which favors
CD4%°FoxP3* tTreg cell generation (Figure 2, arrow-a), or to a low strength, which
results in the generation of self-reactive thymocytes (Figure 2, arrow-b). The self-
reactive thymocytes via this pathway are neither depleted nor shifted to Treg cells,
but become Tcon cells that are released to the periphery. If they encounter specific
self-tissues, they may become effector T (Teff) cells that can attack self-tissues and
induce pathological inflammation.

The FoxN1 cKO mouse model is a useful model for studying the capacity for
efficient self-pMHC-II ligand expression, because it exhibits a defect in the non-
hematopoietic TECs, but maintains intrinsically normal hematopoietic lineage cells
and a young periphery. We demonstrated that thymic involution perturbs negative
selection, as revealed by the enhanced release of autoreactive interphotoreceptor
retinoid-binding protein (IRBP)-specific Tcon cells from the atrophied thymus of
FoxN1 cKO mice compared to the thymus from young normal controls [25]. This
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self-reactive TCR on CD4°" thymocyte produces thress types of signaling strength: a strong signal leads to
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antigen-specific Teon cells (green arrow—Db).

result is presumably due to decreased self-pMHC-II expression, confirmed via
assessment of a mock self-antigen in normal versus atrophied thymus [92].

4.3 Changes in thymic-derived regulatory T cell generation

As mentioned earlier, central tolerance establishment encompasses two mecha-
nisms. The first mechanism, negative selection, is not entirely perfect [5] resulting
in some self-reactive T clones being released into the periphery as Tcon cells. The
second defense against self-reactivity is CD4* FoxP3" peripheral Treg (pTreg)
cell-mediated autoimmune suppression. It is believed that 80-95% of pTreg cells
are generated within the thymus, as thymic-derived T regulatory (tTreg) cells
[93-95]. Under the current paradigm, the processes of both negative selection and
tTreg generation in the thymus utilize the same set of agonist self-peptides [93, 96].
Whether self-reactive thymocytes developing in the thymus are negatively selected
or develop into tTreg cells depends on TCR signaling strength, or the sum of TCR
affinity and avidity, (or the number of TCR interactions with self-peptide/MHC)
when all other variables, such as IL-2, etc., are fixed. Put simply, strong signaling
induces the apoptosis of self-reactive thymocytes, intermediate signaling leads to
tTreg generation, and weak signaling results in the survival of thymocytes that
differentiate into Tcon cells (Figure 2). This paradigm implies that depletion or
survival for thymocytes is dependent on overall TCR signaling strength [38, 93].

Although there are cell extrinsic factors that can impact thymocyte develop-
ment, such as the thymic cytokine milieu (IL-2 [97, 98], TGF-p [98, 99], etc.), we
propose that there are two cell types that directly regulate TCR signaling strength.
One is intrinsic to thymocytes and the other is intrinsic to TECs. When the TCR
binds to self-peptide/MHC on an antigen presenting cell, the immunoreceptor
tyrosine-based activation motifs (ITAMs) are activated and the Zap70 kinase is
subsequently phosphorylated. A mouse model with a knock-in allele of TCR zeta
(¢) chain gene with tyrosine-to-phenylalanine mutations in 6 out of 10 ITAMs led
to a 60% decrease in TCR signaling potential [100]. This mouse model exhibited a
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defect in negative selection, but an increase in tTreg generation [100]. The second
variable is the relative expression level of self-peptide/MHC on TECs. Transgenic
expression of a microRNA targeting the MHC class-II transactivator (CIITA)
resulted in reduced MHC-II on mTECs [37], leading to insufficient mTEC presenta-
tion of self-peptides thus reducing the overall avidity of the TCR interaction with
self-peptide/MHC. This also resulted in the enhancement of tTreg generation at the
expense of negative selection [37].

In the aged thymus, as we mentioned earlier, mnTECs are flawed and self-antigen
cannot be normally presented in the MHC-II groove, which results in a diminished
interaction with TCRs on developing thymocytes. This is similar to the second
scenario described above, in which a defect exists in the TEC compartment causing
reduced TCR signaling strength. We observed a relatively enhanced tTreg genera-
tion in the atrophied thymus, exhibiting no change in overall tTreg numbers, but
an increased ratio of tTreg to tTcon cells in the aged, atrophied thymus compared
to young controls [92]. This is probably a demonstration of the atrophied thymus
attempting to compensate for defective negative selection [25] in order to maintain
central T cell tolerance in the elderly.

If self-reactive TCR signaling strength is too low these thymocytes may neither
be depleted nor form tTreg cells, but rather may directly differentiate into self-
reactive Tcon cells. As an artifact of impaired promiscuous self-antigen expression
in mTECs through an autoimmune regulator (Aire) knock-out model, the Aire-
dependent TCAF3 epitope of prostate antigen cannot be promiscuously expressed
on mTECs [101]. This resulted in prostate-specific thymocytes, which should be
negatively selected, but in contrast were redirected into prostate-reactive Tcon cells.
The authors observed loss of prostate-specific tTreg cells for this same epitope, and
heightened prostate-reactive Tcon cells that infiltrated the prostate of these mice
causing auto-inflammatory lesions [102, 103]. Defects in self-peptide expression on
mTECs due to protein knock-out [104], are beginning to suggest that some of the
same impairments exhibited by the atrophied thymus, may impact antigen-specific
(monoclonal) tTreg generation, meanwhile increasing this same self-antigen
specific Tcon generation, despite an unchanged or increased total (polyclonal)
tTreg population [105]. It will be interesting to see what further subtle implications
the aging thymus has on central tolerance establishment via potentially altering
certain self-tissue specific tTreg populations and altering the overall aged Treg TCR
repertoire, in spite of a relatively increased aged polyclonal Treg population [92].

4.4 Overall contribution to inflammaging

Inflammaging or the age-related, persistent increase in basal pro-inflammatory
phenotype, has long been thought to be primarily a result of senescent somatic cells
exhibiting senescence-associated secretory phenotype (SASP) [30, 31, 34, 106].
However, it is has come to be appreciated that chronic immune activation in the
elderly contributes to a pro-inflammatory secretory milieu. This activation in the
elderly includes chronic innate immune activation, which may result from immu-
nosenescence related to accumulation of memory T cells. Chronic innate immune
activation is also attributed to long-term virus, such as cytomegalovirus (CMV)

[29, 107, 108], infection; or a degeneration-associated autotoxic reaction [109].
However, age-related autoimmune predisposition (an adaptive immune activation),
induced by adaptive immune reaction to self-tissues by self-reactive T cells, has
recently been recognized as a potential factor and/or synergistic cause of chronic
inflammation in the elderly [25, 34]. Therefore, the role of the adaptive immune
system in mediating inflammaging, as a result of self-reactive T cell immune
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responses to self-tissue that increases with age, is directly related to the atrophied
thymus [25, 34].

Since it has recently been confirmed that the involuted thymus releases self-
reactive Tcon cells as a result of perturbed negative selection, the direct implica-
tions of age-related thymic atrophy on the risks of inflammaging and the associated
subclinical increase in the pro-inflammatory milieu has become more clear [25].

Subsequent alterations in tTreg development may also play an unappreciated
role in the increased self-reactivity associated with aging, as changes in the tTreg
repertoire may in fact impair sufficient suppression of appropriate self-reactivity in
the periphery, however, this still remains largely uninvestigated.

5. Trends in rejuvenation of age-related thymic atrophy

Rejuvenation of aged thymic function is one of the strategies to reduce inflam-
maging because it can reduce self-reactive Tcon cell release and potentially readjust
tTreg cell function so that the adaptive immune aspects of inflammaging may
be ameliorated. Several strategies to rejuvenate the atrophied thymus have been
reported, including: (1) TEC stem cell-based strategies, including utilization of
human embryonic/pluripotent stem cells [110-112], FoxN1°“**’* knock-in epithelial
cells [113], young TEC-based [114] or inducible TEC-based [115] strategies;

(2) cytokine-to-TEC based therapy, such as keratinocyte growth factor (KGF) [116,
117] and IL-22 [118-120]; (3) genetically-based methods (enhancement of exog-
enous FoxN1 expression with FoxN1 cDNA plasmid and FoxN1 transgene) [79-81],
and (4) epigenetically-based methods (via exosomes extracted from young healthy
serum) [121].

As to the genetic rejuvenation strategy via exogenous FoxN1, intrathymic injec-
tion of plasmid vectors carrying FoxN1-cDNA into middle-aged and aged mice was
able to partially rescue thymic atrophy and function. The investigators observed
increased thymic size and thymocyte number in the treated group compared to
mice receiving empty vector [79]. Another group utilized an inducible FoxN1 over-
expression reporter gene system, and it was demonstrated that in vivo upregulation
of FoxN1 expression in middle-aged and aged mice resulted in increased thymic size
and thymocyte numbers as well as increased numbers of early thymic progenitor
cells [81]. Additionally, the ratio of mTECs to ¢cTECs, which is normally declined,
was restored to normal levels [81].

As to cell-based therapy, this has also been investigated as a potential source
of thymic rejuvenation via the use of exogenous TECs from newborn thymi. The
investigators, after observing that circulating factors alone (via a heterochronic
parabiosis model, in which young and aged mice are surgically joined resulting in
mutual influence of blood-borne factors [122-130]) did not rejuvenate the aged
thymus, utilized a model of direct transplantation of TECs from newborn mice
intrathymically into middle-aged recipients [114]. This group observed renewed
growth of the thymus as well as enhanced T cell generation [114].

Other groups are investigating the use of reprogrammed mouse embryonic
fibroblasts (MEF), as sources of exogenous FoxN1, as a means of generating de novo
ectopic thymus. One such group generated induced TECs (iTECs) from MEF cells
by initiating FoxN1 expression that converted MEF cells into epithelial-like cells in
vitro [115]. Then, these iTECs, after some testing, were re-aggregated and grafted
under the kidney capsule of syngenic adult mice to evaluate the ability of these
iTECs to develop into a functional thymus-like organ. Interestingly, the grafts were
seeded by host T cell progenitors and reflected thymocyte distributions associated
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with the normal thymus at endpoint (4 weeks after engraftment). Additionally,
typical thymus microstructure was observed in these grafts [115].

The overarching conclusions taken from these cytokine, cellular, genetic, or
epigenetically-based rejuvenation strategies are that FoxN1 expression is a key
target for rejuvenating TECs, resulting in a more functional thymus able to produce
normal T cells. However, we need to recognize that any rejuvenation therapy has
its pitfalls. For example, intrathymic injection of newborn TECs can rejuvenate
middle-aged thymus [114], but the source of newborn TECs is limited and may not
be ideal as a translational therapy. Additionally, generation of an ectopic de novo
thymus under the kidney capsule [115] can generate naive T cells, but this does not
remedy the increased self-reactive T cells released by the original atrophied thymus
remaining in the host. Also, the use of cytokines may help revitalize the thymus,
but as a systemic therapy could present various detrimental side-effects. Therefore,
further studies to develop practical and effective therapies are necessary.

6. Conclusion

In conclusion, age-related thymic atrophy is a dynamic process beginning
early in life that shapes T cell development and the establishment of central T cell
tolerance. There is substantial clinical significance in further exploring the under-
lying mechanisms of its effects on the various subsets of T cells developed in the
atrophied thymus, namely Treg and Tcon cells. Also, continued investigation into
potential avenues of thymic rejuvenation are striving to reverse the adverse effects
of age-related thymic atrophy on the aged T cell immune system, since increased
self-reactive T cells are observed with age, contributing to inflammaging. Moreover,
there are numerous areas still to explore in this field with far-reaching applications.
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Chapter 6

Congenital Anomalies of the
Thymus

Ali Kouhi and Saeed Sohrabpour

Abstract

The thymus, a retrosternal lymphoid tissue, develops from the third and
fourth pharyngeal pouches like the parathyroid glands at the sixth week of gesta-
tional age. The thymus is usually located in the anterior mediastinum, although it
can be found anywhere in the thymopharyngeal path. The thymus has a bilobed
or quadrilateral shape; however, it can be found in other shapes. Limited informa-
tion is available about the precise epidemiology of thymic congenital anomalies.
Since these anomalies are not symptomatic, it may be more common than the
available reports. There are various reports available about the prevalence of
thymic diseases and anomalies ranging from 4.45 to 30%. In this chapter we tried
to have a review on epidemiology, definition, and management of congenital
anomalies of the thymus.

Keywords: thymic gland, congenital anomalies, epidemiology, treatments

1. History

The word “thymus” is originally derived from the Greek word “thumos” which
means “soul.” Previously, in the ancient world, it was believed that the soul is
located in this organ. The function of the thymus was a mystery for centuries. The
first who defined a role for the thymus was Galen in the second century AD. He
believed that the thymus has the responsibility for purification of the nervous
system [1, 2]. Later in the fifteenth century, Vesalius mentioned that the thymus
works as a shield for protection of major vessels located behind the sternum [2].
The thymus was known as the regulator of fetal and neonatal pulmonary function
[1, 2]. For the first time, the thymus was identified as a lymph modifying gland in
1777 by William Hewson. Dissection of corpses let Sir Astley Cooper to write an
entire book about the anatomy of the thymus gland [3]. Hassall and Vanarsdale
made a remarkable progress in our knowledge about the thymus in 1846 describ-
ing the differences between other lymphoid organs and the thymus [4]. Back at
the beginning of the twentieth century, finding a relatively large mass (thymus) in
autopsy of children who died because of diphtheria was not a fortune. Physicians
believed that a smaller thymus presents a normal one [5]. So, some of them used
to prescribe radiation therapy for reducing the size of the thymus which resulted
in thyroid adenocarcinoma in most of the cases [6]. In 1961, Miller showed the
true function of the thymus by describing its destructing effect on the immune
system [2, 3].
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2. Development of the thymus

The thymus, a retrosternal lymphoid tissue, develops from the third and fourth
pharyngeal pouches like the parathyroid glands at the sixth week of gestational
age [7-10]. During the next weeks of development, the thymus migrates through a
path, called thymopharyngeal duct, to its final destiny which is the anterior medi-
astinum [11]. The liver and bone marrow are the primary organs responsible for
production of lymphoid cells. These cells migrate to the thymus gland which results
in differentiation of the thymus into a cortex and medulla [7].

The thymus is usually located in the anterior mediastinum, although it can be
found anywhere in the thymopharyngeal path. The thymus has a bilobed or quad-
rilateral shape; however, it can be found in other shapes. The thymus is commonly
found in chest radiographs of infants and children as a large mediastinal mass.
During adolescence, the thymus encounters a fibrofatty change as the age increases.
Growth of the thymus continues from birth to 2-3 years of age, when it reaches its
highest weight, while sex hormones make the thymus smaller during adolescence.
Appropriate function of the thymus in childhood guarantees the condition of the
immune system [12].

3. Epidemiology of congenital anomalies of the thymus

Limited information is available about the precise epidemiology of thymic con-
genital anomalies. Since these anomalies are not symptomatic, it may be more com-
mon than the available reports [13-15]. There are various reports available about
the prevalence of thymic diseases and anomalies ranging from 4.45 to 30% [16-18].
It could be concluded that thymic anomalies are common, but their symptomatic
manifestation is uncommon. According to the previous studies, thymic congenital
anomalies and diseases are three times more prevalent in men than women [13].
Also it has been reported that two thirds of these lesions are usually found in the
first decade of life [19]; the oldest reported age of presentation is 71.

3.1 Thymic cyst

As one of the uncommon lesions of the thymus gland, thymic cysts may be seen
in various age groups. Congenital forms of thymic cysts can be found anywhere
along with the thymopharyngeal path. In addition, thymic cysts may be developed
following thoracotomy or chemotherapy [20]. In imaging, these lesions have a
thin wall with no solid components and do not enhance with intravenous contrast
administration. These cysts may contain protein or hemorrhagic fluid. On histologic
examination, the wall of cyst is lined by the columnar or stratified epithelium.

3.2 Ectopic cervical thymus

The exact incidence of ectopic cervical thymus remains unclear because of
the asymptomatic nature of these masses. Cervical thymus is usually detected
incidentally [21, 22]. Ultrasonography is the choice method for imaging especially
in children requiring no contrast or sedation. Echo characteristics of an aberrant
cervical thymus are easily defined by ultrasonography. Ultrasonic features of
cervical thymus, echogenic linear structures surrounded by hypoechoic rims, are
similar to those of the mediastinal thymus [23, 24]. In cases with large ectopic

thymus, diagnosis is more challenging where fine needle aspiration cytology may
be helpful.

70



Congenital Anomalies of the Thymus
DOI: http://dx.doi.org/10.5772/intechopen.87028

3.3 Undescended thymus

As arare lesion, undescended thymus is usually presented as a midline neck
swelling in a child. Thyroglossal duct cyst, thyroid or parathyroid lesions, and cystic
hygroma or cystic teratoma are among other differential diagnoses. A variety of
imaging modalities are useful for diagnosing undescended thymus such as MRI,
nuclear scan (Gallium 61), computed tomography, ultrasonography, or conven-
tional radiography [25].

3.4 Thymopharyngeal duct cyst

Thymopharyngeal duct cyst, also known as thymic remnant cyst (TRC), is
one of the rare lesions of the thymus gland [26]. A majority of these cysts occur
in the first decade of life and on the left side of the neck [27]. These cysts may be
completely separated from the normal thymic tissue or attached to the thymus
[28]. CT scan shows TRCs as a cyst with thin wall. After administration of contrast,
thymic remnant cysts show peripheral rim enhancement [29]. Malformations of
the lymphatic system, external laryngocele, lymphadenopathy, vallecular cyst,
cystic neuroblastoma, and thyroglossal cyst are among differential diagnoses of
TRCs [30]. It is very important to differentiate TRCs with the second branchial cleft
anomalies as they require different treatment approaches.

4. Physiology of the thymus

The thymus plays the main role in the development of the immune system dur-
ing infancy and childhood [15]. The thymus gland has the responsibility for imply-
ing differentiation of CD4 and CD8 T cells. It also proliferates clones of mature T
cells for entering the lymph flow and developing immune tolerance resulting in
prevention of autoimmune diseases. On the other hand, the thymus is involved in
secretion of hormones such as thymulin, thymosin alpha 1, and thymopentin [2-4].

5. Treatment

Surgery is the choice method for diagnosis and treatment of symptomatic thy-
mic gland masses. Ectopic thymic lesions are usually treated by complete surgical
resection even in the absence of evident malignancy. Some malignant transforma-
tions have been reported in cases with solid ectopic thymic tissue and thymoma in
cervical ectopic thymus [31-33].

With the important role of the thymus gland in the immune system, surgeons
should make sure about the presence of a mediastinal thymus before thymectomy
[34]. Some authors have mentioned that benign thymic lesions can be treated by
conservative management; however, a surgical procedure should be considered if
further changes are noticed in further studies [29]. Thymic cysts should be com-
pletely resected as they contain no active thymic tissue.
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Chapter7
T hymoma and T hymic Carcinoma

Annette Rebecca Bijsmans and Robin Cornelissen

Abstract

Malignancies of the thymus are a rare entity and are often without local symp-
toms. However, paraneoplastic syndromes can give symptoms varying from very
mild to life-threatening. The diagnostic workup and management of these tumors
warrant a multidisciplinary approach. Treatment choice is mainly decided upon
by pathological World Health Organization (WHO) subtype and clinical staging.
In contrast to historical belief, biopsy could be considered when indicated. For
resectable tumors, surgical approach is advised, with adjuvant radiotherapy for
Masaoka-Koga stage III tumors. Whether Masaoka-Koga stage II tumors should
be treated with radiotherapy is controversial given different outcomes in multiple
studies. In Masaoka-Koga stage III, combinations with induction chemotherapy are
the standard. A surgical approach should be considered even in stage IVa disease.
If distant metastases are present, the patient can be treated with systemic chemo-
therapy. Despite many phase II studies having been published, there is no random-
ized controlled phase III data regarding optimal treatment available. In addition
to chemotherapy, sunitinib and octreotide have been described to be effective.
Immunotherapy is seen as Pandora’s box given the possibility of immune-related
side effects in this immunological organ. All known data regarding immunotherapy
will be discussed.

Keywords: thymoma, thymic carcinoma, autoimmune paraneoplastic syndromes,
surgery, radiation, chemotherapy, immunotherapy, targeted therapy

1. Introduction

Malignancies of the thymus are rare accounting for <1% of all adult neoplasms.
Thymoma and thymus carcinoma account for 20% of tumors in the anterior medi-
astinum and are therefore the most commonly found malignancy in that specific
location.

There are several groups of thymic tumors to distinguish thymic epithelial
tumors, germ cell tumors, lymphoid and hematological malignancies, and mesen-
chymal tumors. It is known that they derive from or differentiate toward thymic
cellular components, but the etiology of thymic neoplasms is largely unknown [1].

This chapter is about the epithelial tumors thymoma and thymic carcinoma
(which include the neuroendocrine tumors). These tumors are histologically
characterized by thymic stroma and lymphocytes. Thymomas usually exhibit a slow
growth pattern, but they do have malignant potential and show a propensity for
local invasion and intrathoracic recurrence. Extrathoracic metastases of thymomas
are quite rare [2]. Thymic carcinomas are more aggressive, with invasion in the sur-
rounding mediastinal structures. Extrathoracic metastases occur in <7% of
patients [3]. Although thymomas and thymic carcinomas arise mostly in the anterior
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mediastinum, they can also be found in other mediastinal compartments, as well as
in the neck, lung, pleura, and thyroid, due to ectopic thymic tissue [1, 4, 5].

Approximately 1000 new cases are diagnosed per year in Europe [6]. Patients
are usually between 20 and 70 years of age, with a peak in 30-40 years for those
with myasthenia gravis and 60-70 years for those without myasthenia gravis.
Incidence is similar in men and women [3, 7]. There are no known risk factors [3, 7],
although clusters of thymoma are described in patients with multiple endocrine
neoplasia type 1 (MEN1) syndrome [8] and an association between the Epstein—
Barr virus and myasthenia gravis in thymoma patients has been suggested [9].

2. WHO histological classification

Numerous classifications for thymic neoplasms, based on different histologi-
cal and clinical criteria, have been proposed in the past. For universal agreement
purposes, the International Committee of the World Health Organization (WHO)
developed a classification system that distinguishes five histological subtypes of
thymomas that differ in both morphological and clinical presentation and which
correlate with invasion [1]. The WHO classification is increasingly more malignant
from A to B3. Thymomas are composed of a mixture of neoplastic epithelial cells
and normal T lymphocytes and exhibit a resemblance to the normal thymic archi-
tecture, which cannot be found in other organs. In contrast, thymic carcinoma (in
the past considered as a thymoma type C) is similar to carcinomas found outside the
thymus. Although most thymomas have an excellent prognosis, they can be locally
invasive and are (although rarely) able to spread to lymph nodes or extrathoracic
sites, so the term “benign” should be avoided.

Type A thymoma is composed of spindle cells and a few to no lymphocytes.
About 24% of the type A thymomas are found in patients suffering from myasthe-
nia gravis, and pure red cell aplasia may occur. Eighty percent of type A thymomas
are Masaoka-Koga stage I on presentation (for explanation on the Masaoka-Koga
staging system, see paragraph on staging). Stage IV is rare in this histological
subtype [1, 3]. The prognosis of type A thymoma is excellent with 5- and 10-year
survival rates close to 100% [10].

Type AB thymoma is composed of a mixture of lymphocyte-poor type A
thymoma and more lymphocyte-rich type B. Approximately 14% of type AB thy-
momas are associated with the development of myasthenia gravis. Paraneoplastic
pure red cell aplasia has also been also reported. Seventy-two percent is Masaoka-
Koga stage I at presentation, 22% stage II, and 6% stage III. Asin WHO type A
disease, stage IV is rare [1]. Overall 5- and 10-year survival is reported 80-100%
for stages I and II.

Type Bl thymoma is composed of thymic epithelial cells which are practically
indistinguishable from the normal thymus cortex and medulla. A prominent popu-
lation of immature lymphocytes is present. Like the other types, type B1 thymoma
is associated with myasthenia gravis, but additionally hypogammaglobulinemia and
pure red cell aplasia have been reported. Invasion in adjacent organs occurs in 12%
of patients [11]. Complete surgical resection is possible in 94% of the cases with a
recurrence rate of 10%. Ten-year survival rate is >90% [10].

Type B2 thymomas are usually at a more advanced stage. They are predomi-
nantly composed of large, polygonal tumor cells in the background of a large
population of immature T lymphocytes. The most frequent manifestations (up to
80%) are symptoms arising from myasthenia gravis. Pure red cell aplasia, hypo-
gammaglobulinemia, and other paraneoplastic autoimmune diseases have been
described. Up to 53% are stage Masaoka-Koga I or III at presentation, and 8.2% is
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stage IV. In 5-15% of cases, they are non-resectable, and recurrence rates are 9%
after complete resection [10, 12]. Reported 10-year survival rates are between 50
and 100% [1].

Type B3 thymomas are almost always invasive and unresectable at presentation.
Like the other types of thymomas, the most frequent association is myasthenia
gravis. Pure red cell aplasia and hypogammaglobinemia are rare. The majority of
patients are Masaoka-Koga stage II or III at presentation, and stage IV occurs in
20%. Ten-year survival rates range between 50 and 70% [10, 12, 13].

Thymic carcinomas are atypical, invasive epithelial tumors that show resem-
blance to carcinomas outside the thymus and show a lot of differentiation.
Squamous cell carcinomas and undifferentiated carcinomas are the most common
subtypes. They are composed of polygonal or round epithelial cells with mild
atypia. Invasion of adjacent structures has been reported to occur in 83% of cases.
In contrast to thymomas, paraneoplastic syndromes are very rare. Thymic carcino-
mas have the worst survival rate of the thymic malignancies with only 35% 5-year
survival [1, 10, 14].

3. Clinical presentation

Patients with a thymus malignancy can present themselves with complaints due
to local compression/invasion or due to a paraneoplastic autoimmune phenomenon,
but ~40% of the thymic neoplasms are asymptomatic incidental findings.

Local symptoms are related to the site and size of tumor and compression or
invasion on the surrounding tissue. Patients can present themselves with symptoms
as chest pain, cough, dysphagia, or stridor. A superior vena cava syndrome can
cause swelling of the face and arms and dyspnea. Dyspnea can also be the result of
unilateral or bilateral phrenic nerve palsy and pleural or pericardial involvement.
The latter can also elicit tachycardia [3]. Systemic symptoms such as fever or weight
loss are possible.

3.1 Paraneoplastic autoimmune syndromes

About 40-50% of thymomas are associated with a variety of paraneoplastic
autoimmune syndromes, and over 30 associations have been described [1, 15, 16]
(Table1). Up to 25% deaths in thymoma are due to the complications of autoim-
mune syndromes.

The most common paraneoplastic syndrome is myasthenia gravis, followed by
pure red cell aplasia and hypogammaglobinemia (Good syndrome).

Ten to twenty percent of patients with myasthenia gravis have a thymoma, and
30-50% of patients with thymoma have myasthenia gravis. It is a neuromuscular
disease that leads to varying degrees of muscle weakness. It is caused by autoanti-
bodies that interfere with the acetylcholine receptors in the neuromuscular junction
of the voluntary muscles, but the exact mechanism how has yet to be discovered.
Systemic symptoms consist of fatigue and general muscle weakness leading to
troubles with walking. Myasthenia gravis can antedate the diagnosis of thymoma,
be diagnosed concurrently, or occur after thymectomy, with or without recurrence
of thymoma [15-17].

Pure red cell aplasia is a profound non-regenerative anemia, characterized by a
severe reduction in reticulocytes and absence of erythrocyte precursors in the bone
marrow. Five to fifteen percent of patients with thymoma have pure red cell aplasia
[16]. It is more common in older women. Remission following surgical excision of
the thymoma is uncommon [18].
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Neuromuscular diseases Myasthenia gravis
Neuromyotonia
Rippling muscle disease
Polymyositis/dermatomyositis
Encephalitis
Intestinal pseudo-obstruction

Hematologic autoimmune diseases Anemia
Purered cell anemia
Pernicious anemia
Hemolytic anemia
Aplastic anemia
Other isolated cytopenia
Immunodeficiencies
Hypogammaglobinemia/Good syndrome
T-cell deficiencies

Dermatologic diseases Pemphigus
Lichen planus
Alopecia areata

Endocrine disorders Addison’s disease
Cushing’s disease
Graves’ disease

Renal and hepatic disease Glomerulonephritis
Autoimmune hepatitis

Systemic autoimmune diseases SLE
Sjogren’s disease
Systemic sclerosis
Thymoma-associated multiorgan autoimmunity (TAMA)

Table 1.
Examples of autoimmune syndromes associated with thymoma.

Patients suffering from hypogammaglobulinemia (or Good syndrome) suffer
from recurrent episodes of diarrhea, pulmonary infections, urinary tract infections,
and several other bacterial and viral infections. Five percent of patients with Good
syndrome have a thymoma, and 10% of patients with a thymoma have hyper-
gammaglobulinemia. Thymectomy does not normalize immunoglobulin levels.
Treatment consists of administration of intravenous immunoglobulin [16, 19].

Thymoma-associated multiorgan autoimmunity (TAMA) is a severe and often
fatal graft-versus-host-like disease that requires special mention. Symptoms
are T-cell mediated and cause skin disruptions, liver failure, and diarrhea [3].
Immunoglobulin and methylprednisolone have been described as treatment [20].

4. Diagnostics
4.1Imaging

Thymic epithelial tumors arise in the anterior mediastinum and are most com-
monly located between the sternum, the great vessels, and the pericardium. All
anterior mediastinal masses should be assessed with a chest computed tomography
(CT) with IV contrast [21]. Chest CT can usually show if a thymic tumor is well
circumscribed and if invasion in mediastinal fat, the surrounding vessels, or the
adjacent lung is present. It can also show the presence of pericardial and/or pleural
seeding [16]. Magnetic resonance imaging (MRI) can be used to assess involve-
ment of surrounding tissues [22] and can also be useful to differentiate between
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thymoma and thymic cysts that demonstrate increased CT attenuation due to
hemorrhage or high mucinous content [16]. It can also be considered in patients that
cannot tolerate radiocontrast administration.

Thymomas are usually encapsulated, homogenous, and round or oval struc-
tures with smooth contours. A cystic component is common. They can range from
microscopic size to >30 cm in diameter. Type B thymomas and thymic carcinomas
can show calcifications [22]. Thymic carcinomas tend to have irregular borders and
necrotic areas and are usually much larger than thymomas. Pleural seeding is seen
in both invasive thymoma and thymic carcinoma [23].

Positron-emission tomography (PET) can be useful in the case of thymic car-
cinoma. Thymic carcinomas have a higher fludeoxyglucose (FDG-18) PET uptake
than thymomas. Using a standardized uptake value (SUV) cutoff point of 5.0,
thymic carcinoma can be distinguished from thymomas with a sensitivity of 84.6%
and a specificity of 92.3%. PET can also be useful for diagnosis of extra thoracic
metastases in thymus carcinoma [24].

4.2 Biopsy

When a thymic tumor is considered likely and microscopical complete resection
is considered possible, pathological evaluation should be done following surgery.
Most thymomas can reliably be identified on the clinical presentation and imaging
without the need for a biopsy. Histological classification may be difficult when
there is a limited amount of tissue, and invasion in the surrounding tissue cannot be
identified on biopsy alone. So even when the diagnosis is uncertain based on clinical
presentation and imaging alone, complete surgical resection is advised for both
diagnostic and treatment purposes [21].

Historically, it is thought that biopsy can cause pleural seeding. This is the main
reason it is recommended to avoid a biopsy when resectable thymoma is suspected
[21, 25]. However, there are no known exact data available to describe the proportion
of this risk. There are only three case reports published for needle tract implantation
of a thymoma reported in the chest wall after biopsy [26-28]. To abstain from a needle
biopsy in order to avoid the risk of pleural seeding therefore seems unfounded [29].

In the case of potentially resectable or unresectable disease or when another
diagnosis, such as lymphoma, is strongly suspected, tissue diagnosis is necessary.
Biopsy should avoid a transpleural approach to prevent tumor seeding in the pleural
space [21, 30]. Note that differentiation between lymphoma and thymoma can be
difficult when a fine needle aspiration is done, so core needle biopsy or surgical
biopsies are preferred [31].

5. Staging

There are several different staging systems for thymoma and thymic carcinoma,
but the Masaoka-Koga staging system [32] and the American Joint Committee on
Cancer (AJCC) the eighth edition of the TNM prognostic staging system [33] are
the most commonly used.

Both staging systems are based on the extent of the primary tumor, invasion of
adjacent structures and dissemination. In contrast to other thoracic cancers, both
lymph node and distant metastases are considered stage IV disease. The Masaoka-
Koga staging system (Table 2) is a surgical-pathological system that can only be
definitely ascertained after surgery is performed. Historically this has been the most
widely used staging system, so most data supporting treatment options is based on
patients staged according to the Masaoka-Koga system.
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Masaoka- Diagnostic criteria

Koga stage

Stage I Macroscopically and microscopically completely
encapsulated

Stage II a. Microscopic transcapsular invasion

b. Macroscopic invasion into surrounding fatty tissue or grossly adherent to but not through
mediastinal pleura or pericardium

Stage III Macroscopic invasion into neighboring organs (i.e., pericardium, great vessels, lung)
a. Without invasion in the great vessels
b. With invasion in great vessels

Stage IV a. Pleural or pericardial dissemination
b. Lymphogenous or hematogenous metastases

Table 2.
Masaoka-Koga staging system.

TNM staging AJCC eighth edition

Primary tumor (T)

TX Primary tumor cannot be assessed
TO No evidence of primary tumor
T1 Tumor encapsulated or extending into the mediastinal fat may involve the mediastinal pleura

T1a Tumor with no mediastinal pleural involvement
T1b tumor with direct invasion of mediastinal pleura

T2 Tumor with direct invasion of the pericardium (either partial or full thickness)

T3 Tumor with direct invasion into any of the following: lung, brachiocephalic vein, superior

vena cava, phrenic nerve, chest wall, or extrapericardial pulmonary artery or veins

T4 Tumor with invasion into any of the following: aorta, arch vessels, intrapericardial
pulmonary artery, myocardium, or trachea esophagus

Regional lymph nodes (N)

NX Regional lymph nodes cannot be assessed

NO No regional lymph node metastases

N1 Metastases in anterior (perithymic) lymph nodes

N2 Metastases in deep intrathoracic or cervical lymph nodes

Distant metastases (M)

MO No pleural, pericardial, or distant metastases

M1 Pleural, pericardial, or distant metastases
Mla separate pleural or pericardial nodules
Mib pulmonary intraparenchymal nodule or distant organ metastases

Prognostic stage groups

T N M

Stage I Tila,b NO MO
Stage II T2 NO MO
Stage Illa T3 NO Mo
Stage IIIb T4 NO MO
Stage IVa AnyT N1 Mo

NO-N1 Mia
Stage IVb AnyT N2 MO0-Mia

Any N Mib

Table 3.
TNM staging AJCC eighth edition.
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In 2018, the AJCC published the eighth edition of the TNM staging system (Table 3).
They incorporated a proposal from the International Association for the Study of Lung
Cancer (IASLC) and the International Thymic Malignancy Interest Group (ITMIG) for
the staging of thymoma and thymic carcinoma based on the anatomical extend of the
tumor combined with prognostic factor. Survival data of 10,808 patients was used [33].
Because of this larger dataset, the addition of nodal metastasis and a better correlation
with prognosis, we would advise the AJCC TNM staging system.

6. Management

There are no phase III randomized, clinical trials on the treatment of thymoma
and thymic carcinoma. Although they are two different entities, the general manage-
ment per stage is almost the same. Surgery aimed at complete resection is the corner-
stone of thymoma and thymic carcinoma management and should always be pursued.

All patients should be managed by a multidisciplinary team with experience in the
management of thymoma and thymic carcinoma. The choice of treatment depends
on resectability, stage, and whether or not myasthenia gravis is present. In all stages of
thymoma and thymic carcinoma, resectability should be considered. When deemed
possible in stages IIIb and IVa, surgery is part of a multimodality approach [25, 34-37].

An example of management according to stage could be as shown in Table 4.
One should realize though that there is no advise based on phase III randomized
controlled trails available and every case should be considered individually and
there are different options, as discussed below.

6.1 Treatment thymoma

6.1.1 Resectable disease

Once complete resection of a thymoma is deemed possible, complete resection
of the thymus, the tumor, and the invaded structures (including resection of the
lung parenchyma or pericardium and vena cava reconstruction if necessary) is

Treatment thymoma and thymic carcinoma according to stage

AJCCTMN  Thymoma

Thymic carcinoma

stage

Stage I Complete resection Complete resection

Stage II Complete resection Complete resection and PORT
Consider PORT in WHO type B2/3

Stage III Resectable or potentially resectable disease: Resectable or potentially resectable disease:
Multimodality approach Multimodality approach
Consider neoadjuvant chemotherapy in IIIA Consider neoadjuvant chemotherapy in IIIA
tumors. Neoadjuvant chemotherapy in IIIb tumors  tumors. Neoadjuvant chemotherapy in IIIb
Complete resection or, when not feasible during tumors
surgery, maximum debulking Complete resection or, when not feasible
PORT during surgery, maximum debulking
Unresectable disease PORT
Chemoradiation Unresectable disease

Chemoradiation

Stage IV IVA same as stage III IVA same as stage III

IVB chemotherapy or individual approach IVB chemotherapy
Table 4.

Treatment thymoma and thymic carcinoma according to stage.
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recommended [21, 25, 34, 36]. Preoperative evaluation for myasthenia gravis is
advised. If this is diagnosed, treatment is essential, as myasthenia gravis can cause
a postoperative myasthenic crisis or respiratory failure [38]. Thymoma Masaoka-
Koga stages I and II have a 5-year survival rate of 100% after surgery [1].

In the case of an incomplete resection, postoperative radiotherapy (PORT),
either on the primary tumor or on isolated metastasis, is recommended to reduce
the risk of recurrence [35, 39]. In the past PORT was considered standard treatment
for stage IT completely resected tumors [7, 40]. Nowadays PORT in completely
resected stages I and Il WHO type A, AB, and B1 thymoma is not considered useful
[10, 41-43]. Because of a high recurrence rate (even after RO resection) PORT is
advised for the higher stages and for WHO-type B2/3 thymoma and thymic carci-
noma [21, 44], although the data are somewhat conflicting in this [7].

6.1.2 Potentially resectable disease

More extensive thymomas can be initially irresectable but potentially resectable
after neoadjuvant treatment. A multimodality approach containing neoadjuvant
chemotherapy with or without postoperative radiotherapy should be used, depend-
ing on WHO type and resection margins [21, 35, 45-47].

Potential advantages of neoadjuvant chemotherapy are tumor downstaging and
increasing the likelihood of complete resection. However, because the available data
on chemotherapy in thymoma is based on small, phase II studies, there is no opti-
mal chemotherapeutic regime established [21]. Potential disadvantages could be
complications due to chemotherapy and longer operating time [48]. There is even
some recent data suggesting that there is no overall survival benefit to be expected
from neoadjuvant chemotherapy before surgery [48-50]. In the cases of extensive
pleural disease, several institutions have reported small series of extrapleural pneu-
monectomy for stage IVA disease with excellent outcomes and low morbidity [51].

There are no RCT's available to settle this matter. For now, it is recommended
to use neoadjuvant chemotherapy to downstage unresectable thymic malignancies
before surgery [21]. Obviously, reevaluation after neoadjuvant therapy to determine
whether or not the tumor responded sufficiently is mandatory. There is evidence
supporting maximum debulking, combined with PORT and/or adjuvant chemo-
therapy, to benefit survival from a thymoma which turns out to be unresectable
during surgery. This is, however, based on retrospective data, so selection bias could
cloud this positive outcome [3, 52].

6.1.3 Unvresectable disease

In the case of unresectable disease or the patients is inoperable due to condition
or comorbidity, the possibility of radiation therapy should be assessed. If radiation is
feasible, concurrent chemoradiation is advised. If radiation is not possible due to a too
large field, palliative chemotherapy is recommended. But even in that setting, long-
term disease control and survival can be sometimes pursued, and even a combination
of radiation on the primary tumor combined with resection of metastasis could be
considered [21].

Chemotherapy is the primary modality in systemic management of unresect-
able thymoma. Thymomas are known to be sensitive to chemotherapy, possible
due to a “lymphocytic effect” of cytotoxic agents. Due to the rarity of the disease
and surgery with or without PORT being the cornerstone of treatment, there are
no randomized controlled trails available to select a preferred regime. Platinum-
based combinations are standard of care, the most popular regimes being cisplatin
with anthracycline and/or etoposide. The response rate range of these regimens is
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between 25 and 100% [53]. The preferred regime by the NCCN is cisplatin/doxoru-
bicin/cyclophosphamide [21, 54].

Stereotactic radiotherapy (SBRT) may be appropriate for limited focal metasta-
sis; conventional fractionation is appropriate for larger metastasis [21].

Response rates for second-line therapy range from 15 to 39% [55]. Pemetrexed
and paclitaxel are considered the most efficacious in second-line treatment of
thymic malignancies, although this is based on small phase II studies and expert
opinion [21, 56, 57].

Checkpoint inhibitors. Programmed death ligand 1 (PD-L1) expression is high
(82%) in thymoma, especially in WHO type B thymoma [58]. Even so, based on
a phase II study on pembrolizumab (a humanized IgG4 antibody to PD-L1) in 33
thymic epithelial tumors (including 7 thymomas), immunotherapy is not recom-
mended in thymoma. This is because of the high grade of immune-related events
that was shown in seven thymoma patients during this study; 71% had grade 3 or
higher immune-related adverse events (including myocarditis) [59]. Avelumab is
a fully human IgG1 anti-PD-L1 antibody that showed less adverse events (38%) in
a phase I trial (n = 7). However, it is currently under clinical development, and no
phase II data is available [60].

The high rate of immune-related side effect was expected; the physiological role
of the thymus is to induce tolerance to self-antigens and deletion of autoimmune
T cells. In the normal thymus, PD-1/PL-D1 expression regulates this self-tolerant
T-cell repertoire. It is thought that disruption of the PD-1/PDL-1 system could lead
to significant alteration of the T-cell population and therefore cause autoimmune-
related adverse events in the case of checkpoint inhibition [61].

Targeted therapies. Although there is high epidermal growth factor receptor
(EGFR) expression in immunohistochemical staining of thymic epithelial tumors
(71% for thymoma and 53% for thymic carcinoma), there is no correlation between
the EGFR status and EGFR mutations. Experience with targeted therapies in thy-
moma is very limited and based on a small number of heterogenic phase II studies,
but as for now this shows that there is no place for EGFR inhibitors in the treatment
of thymoma and thymic carcinoma [7]. KIT-inhibition (inhibition of a trans-
membrane type III tyrosine kinase receptor) may show some promises in thymic
carcinomas, but as thymomas do not show c-KIT expression [62], KIT-inhibition is
not effective. There is some phase II experience in insulin-like growth factor (IGFR)
inhibitors in thymoma patients that have shown some promising results [63].
Octreotide (a somatostatin analog) plus prednisolone may be useful in patients who
have a positive octreotide scan [64].

6.1.4 Recurrent disease

The recurrence rate of thymoma after complete resection is 10-30%, and this
can occur many years after initial treatment. Surgical resection of recurrent disease
can be associated with long-term survival and should be considered for patients
with recurrent thymoma. In pleural “drop” lesions, repeated resection is considered
safe [50, 65].

6.2 Treatment thymic carcinoma

Similar to thymoma, surgery aimed at complete resection is the cornerstone of
thymic carcinoma treatment, and the principles of first-line treatment in resectable
disease are more or less the same. Five-year survival rate of 100% is reported for
completely resected stage I disease going down to 17% in stage IVb disease [66].
Patients with a thymic carcinoma have a high risk of recurrent disease. Therefore,
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some centers offer PORT (with or without chemotherapy) regardless of stage and
resection margins [3, 21]. The available data is yet again limited, and there are
indications that adjuvant therapy is not beneficial in RO-resected stage I thymic
carcinoma [21, 42, 67].

Chemotherapy. Thymic carcinomas respond less to chemotherapy than thymo-
mas. Carboplatin/paclitaxel has the highest response rate in patients with thymic
carcinoma, but even so this is only 22-36% [21, 55]. Response rates for second-line
chemotherapy in thymic carcinoma are even worse (4-12%) [55].

Checkpoint inhibitors. Second-line treatment with pembrolizumab showed
promising results in a phase II trial containing 40 patients with thymic carci-
noma. There was an ORR of 22.5%, and the median duration of response was
22 months. While less in thymomas, there was still a high rate of immune-related
adverse events (15%), including two cases of severe myocarditis [59]. A recently
published study on nivolumab in thymic carcinoma patients showed no objective
response in 15 patients, although 5 patients showed stable disease for more than
24 weeks [68].

Targeted therapies. The same as in thymoma, experience with targeted thera-
pies in thymoma is very limited and based on small phase II studies and individual
case reports. Sunitinib may be beneficial for patients with a c-KIT mutation,
although the mutation rate is rare <10% [10, 69]. IGFR inhibition and octreotide
did not show any activity in thymic carcinoma, in contrast to thymomas [63, 64].

6.3 Follow-up

After primary resection, expert opinion on follow-up consists of a CT scan every
6 months for 2 years, then annually for 5 years for thymic carcinoma and annually
for 10 years for thymomas [21], although an exceptional case of late recurrence has
been reported [70].

7. Conclusion

Thymomas and thymic carcinomas are rare mediastinal tumors, and although
the course of a thymoma can be indolent, they can indeed be locally invasive and
metastasize. Thymic carcinomas more often are disseminated at presentation.
Therefore, both are considered malignant. Forty to fifty percent of thymomas
are related to autoimmune paraneoplastic syndromes, the most common being
myasthenia gravis. Resection of the thymus can also act as treatment for the para-
neoplastic syndrome. However, thymic treatment does not always resolve those
paraneoplastic syndromes.

Because of the improved representation of the N-stage and correlation to
prognosis, rather than surgical resectability, we recommend the AJCC eighth TMN
classification.

There is no phase III data available on the management of thymic epithelial
tumors. Surgery is considered the cornerstone of thymoma and thymic carcinoma
management in resectable disease and even in recurrent disease. Neoadjuvant treat-
ment and PORT should be considered according to stage.

In metastatic disease chemotherapy containing an anthracycline is advised. For
recurrent metastatic disease sunitinib and octreotide, among other things, could be
considered. A special note on checkpoint inhibitors should be made. Although they
do show promising results in thymic carcinoma, the rate of immune-related adverse
events is too high to consider this a valuable option for the treatment of thymoma
right now.
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The lack of phase III level evidence due to the rarity of the disease calls for
collaboration in research to improve the quality and impact of thymic malignancy

treatment. Such efforts are currently underway, and hopefully this will lead to bet-
ter and more treatment options in the future.
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Abstract

Despite advances in applied sciences, myasthenia gravis (MG) remains a chal-
lenging disorder to diagnose and treat. The clinical presentation results in either
transient or persistent painless weakness and abnormal fatigability of any (ocular,
bulbar, limbs, trunk, respiratory) or all voluntary (skeletal) muscles; however, it
is usually not to the same extent. Several scoring systems of MG signs or the global
state of the patient have been proposed in an attempt to provide a standard scheme
for use by all investigators. Some patients may have non-muscle-related complaints
due to different disorders which may be associated with MG (thymoma, thyroid
disorders, other autoimmune diseases, etc.).

Keywords: myasthenia gravis, transient or persistent weakness, skeletal muscles,
thymoma

1. Myasthenia gravis: overview

Myasthenia gravis (MG) is a neuromuscular autoimmune disease character-
ized by the production of autoantibodies directed against molecules involved in
neuromuscular transmission (NMT): the o1 subunit of the nicotinic postsynaptic
acetylcholine receptors (AChR) and muscle-specific tyrosine kinase (MuSK) [1-3].

MG occurs more frequently in women than men; the age of onset in women
is in their second and third decade of life, while in men, it is in the fourth [1, 4].
Moreover, there is a second peak of incidence in the sixth and seventh decades, with
men being more affected. Epidemiologically, it was found that men tend to experi-
ence more severe symptoms [4, 5].

Clinically, MG is defined by a painless, fluctuant muscle weakness that pro-
gressively increases with repetitive muscle action but decreases with rest [1-3].
The degree of weakness is dependent on the exertion of the skeletal muscle group
involved, but in some cases, it may change over longer periods without any evident
cause [6].

Even though all types of voluntary muscle can be involved during the disease
course, MG characteristically begins with a few isolated signs and spreads to other
muscles within a variable period of time (weeks, months, or even years) [6].

In about 15-20% of the patients, myasthenic symptoms remain confined to the
ocular muscles; however, with disease progression and usually within 2 years, the
rest of them develop bulbar symptoms (i.e., dysphagia, dysarthria) and facial, axial,
and limb weakness [1, 2, 6, 7].
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The maximum severity of MG manifestations is usually reported during the
first year in two-thirds of patients [1]. Additionally, it has become evident that, in
general, the illness tends to stabilize, improve (57%), or even resolve (13%) after
several years [3, 6].

It is important to emphasize that in MG, symptoms may worsen in certain condi-
tions including stress, systemic illness (especially upper respiratory infections),
hypo—/hyperthyroidism, pregnancy, menstrual cycle, exposure to heat, operative
procedures, drugs affecting NMT, and fever [1, 5, 8]. However, in the majority of
cases, no precipitating factor can be found [3, 5]. A severe exacerbation requiring
endotracheal intubation with mechanical ventilation is defined as myasthenic crisis
(Class V myasthenia by MG Foundation of America) [5].

The treatment used in MG includes symptomatic treatment (acetylcholinester-
ase inhibitors), rapid short-term immunomodulating therapies (plasmapheresis
and intravenous immunoglobulin), chronic long-term immunomodulating treat-
ment (glucocorticoids and/or other immunosuppressive agents), and, in selected
patients, surgical treatment (thymectomy). In all cases, MG management should
be individualized according to patient characteristics and the severity of the
disease [3].

Currently, the mortality of MG is extremely low, considering that only among
the 19% of the patients with severe generalized MG also need endotracheal intuba-
tion; the mortality can reach 8% despite ventilation [5, 6, 9].

2. Clinical features

The cardinal features of the initial course of MG are the transient or persistent
weakness and abnormal fatigability of skeletal muscles that are typically least severe
in the morning and after rest and worst as the day progresses and after repetitive
activities [1, 3, 5] (Table1).

The weakness, which is mostly asymmetrical, specifically affects the extraocu-
lar, bulbar, and proximal limb or truncal musculature and, in more rare cases, the
respiratory muscles [3-5].

In about two-thirds of the patients with MG, the presenting symptoms are uni-
lateral or asymmetrical ptosis and/or diplopia due to the involvement of extrinsic
ocular muscles [2-4].

Over 15% of patients show (as an initial MG symptom) bulbar weakness,
leading to slurred or nasal speech, voice alterations, or difficulty in chewing or
swallowing; neck and extremity weaknesses are flagged as complaints in about 5%
of patients [2, 5, 7, 10].

Importantly, careful questioning frequently reveals evidence of earlier subtle
myasthenic manifestations, such as repeated purchases of eyeglasses to correct
blurred vision or avoidance of foods that became difficult to chew or swallow. Also,
family members may observe a changed, sleepy or sad, facial appearance caused by
ptosis or facial weakness [1].

It has to be mentioned that, in MG, cognition, coordination, and tendon reflexes
are normal. Also, local muscle atrophy is rarely seen in myasthenic patients, being
reported especially in MuSK-antibody MG patients [1, 2, 5, 6].

2.1 Ocular symptoms
Ocular symptoms are the most frequent manifestations of MG, ultimately being

present in 90% of patients [6]. The major ocular symptoms associated with MG are
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Level Symptoms Early onset Late onset Thymoma
<40 years >40 years
Ocular muscles « Diplopia 4 4 +/—
« Ptosis + + +/=
Bulbar muscles ¢ Articulation 4 +/— +/—
* Face + /= /=
+/— +/— +/—
¢ Chewing /= = i
* Swallowing +/—= +/— +/—
¢ Neck
Limbs muscles e -Arms + +/— +/—
* -Hands and fingers * += +/=
++ +/—= +/—=
e -Legs
Generalized +/— +/— Y- +
Respiration +/— +/— +/— +/—
Table 1.

Clinical manifestations of myasthenia gravis.

fluctuating ptosis (often with compensatory wrinkling of the forehead), diplopia,

and, in milder cases, blurry vision [3, 5]. These manifestations may be intermittent
in the early stages, typically becoming worse in the evening, while reading or driv-
ing, and especially in bright sunlight [1].

In MG a certain degree of photophobia is seen, commonly worsening the ptosis
and/or diplopia; as a consequence, some patients often choose to wear dark sun-
glasses [1, 3].

Weakness involving one or more ocular muscles is, by definition, asymmetric,
fluctuating, and fatigable [1]. The most frequently affected extraocular muscle
is the medial rectus [3]. Furthermore, in MG, the pattern of weakness cannot be
correlated with lesions of one or more nerves, and the pupillary responses are
normal [1].

Asymmetric ptosis of the alternating sides over time is considered pathogno-
monic of MG. In some cases, ptosis can be severe enough to totally occlude vision if
it is bilateral [1, 3].

Weakness of the orbicularis oculi muscles, frequently seen in MG patients,
leads to incomplete closure of the eyelids, which produces discomfort by allowing
soap or water in the eyes during bathing [1, 5]. It should also be mentioned that the
weakness of lateral and medial recti can determine a pseudo-internuclear oph-
thalmoplegia with limited adduction of one eye and nystagmus of the abducting
contralateral eye [5].

2.2 Bulbar symptoms

In about 15% of patients [11] with MG, bulbar symptoms, generally mani-
fested as oropharyngeal muscle weakness, are evident from the beginning [12];
during the course of the disease, bulbar muscle involvement can be found in
60% of patients [3]. The characteristic bulbar symptoms seen in MG include
fatigable chewing (particularly solid food) and swallowing (particularly liquids),
dysarthria, and inadequate maintenance of the upper airway. Typically, the time
needed for eating a meal increases, and conversation becomes difficult, especially
while eating [1, 3, 6].
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Dysarthria: Speech difficulties manifesting as dysarthria and nasality are com-
monly seen in MG. Initially, dysarthria is an isolated and fluctuating symptom that
occurs mostly under the influence of emotions, worsens with prolonged talking,
and disappears after a “silent period” [6]. Weakness of laryngeal muscles causes
hoarseness; the voice may become weaker in volume, but MG does not determine
aphonia [1, 6]. Orbicularis oris weakness is usually observed as the patient becomes
unable to whistle, to kiss, and to blow up a balloon or by difficulty in pronounc-
ing certain letters (p, f, s). Importantly, vocal cord paralysis, leading to stridor, or
“crowing” during attempted deep inspirations, may be a sign of severe respiratory
distress requiring endotracheal intubation [5, 6].

Dysphagia in MG is caused by weakness of the lips, the tongue, the masseter,
and the pharyngeal muscles or sometimes a combination of these [6]. Dysphagia
found in MG patients is typically associated with several characteristic signs as
follows: difficulty chewing caused by incomplete jaw closure resulting from mas-
seter and temporalis muscle weakness; difficulty swallowing exposing the patient to
a high risk of aspiration, leading to coughing or choking especially while drinking;
nasal regurgitation of liquids due to palatal muscle weakness; sensation that food
is sticking in the throat as a consequence of upper pharyngeal muscle weakness;
and weight loss—which can be correlated with the severity of eating difficulties.
Itis important to emphasize that dysphagia can precipitate a myasthenic crisis in
patients with MG [1, 5, 6].

2.3 Facial appearance

Myasthenic patients usually have a facial appearance that gives the impression
of a sleepy, expressionless, or sad person. This particular appearance is caused
mostly by ptosis and facial weakness. Classical features found in MG are also the
“myasthenic snarl” and the “rire vertical.” These signs occur as attempting to smile
produce contraction of the medial part of the upper lip and a horizontal contraction
of the corners of the mouth with loss of the natural upward curling and thus, gives
the patient’s smile the appearance of a sneer. The weakness of the facial muscles
usually occurs insidiously and can be asymmetric. Sometimes, a chronic contracted
frontalis muscle may give a worried or surprised look to the patient. If weakness is
severe, the jaw will tend to hang open and determine the patient to actively hold the
mouth closed by sitting with a hand on the chin for support (studious or attentive
appearance) [1, 6].

2.4 Limb, trunk, and respiratory weakness

Any trunk or limb muscle may be involved, but some are more often affected
than are others; thus, neck flexors are weaker than neck extensors, and the deltoids,
triceps, and extensors of the wrist and fingers and ankle dorsiflexors are usually
more affected than other limb muscles. MG limb weakness is mostly proximal and
often asymmetric [1, 5]. In MG the arms are typically more affected than the legs;
also, in the upper extremities, the extensors are often involved before the flexors,
while in the lower extremities, the reverse usually occurs [3, 5].

The main complains of the patients with MG which present weakness of the
limbs or trunk muscles include fatigability, unexplained feelings of heaviness,
inability to maintain arms at a higher position for a long period of time (i.e.,
when hanging laundry or washing hair), and difficulty in going up and down the
stairs [6].

In some cases, severe weakness of neck extensor muscles leads to difficulty in
balancing the head sometimes producing a “dropped head syndrome.” Pain in the
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back and girdle muscles is frequently reported as a natural consequence of the
insufficiency of the postural muscles; however, MG is typically not associated with
chronic pain [1, 3, 5, 6].

Respiratory muscle weakness is revealed by limited chest wall movement and
manifest use of accessory muscles of respiration. An important diaphragmatic
weakness leads to orthopnea compromising the respiratory efficiency when the
patient lies supine [4]. Respiratory muscle weakness may cause life-threatening
myasthenic crisis with acute respiratory failure requiring immediate intubation,
mechanical ventilation, and nasogastric tube feeding [3].

Note: MG is more frequently associated with other autoimmune disease than
the general population. Among the autoimmune conditions found in MG patients
are hyperthyroidism, rheumatoid arthritis, scleroderma, ulcerative colitis, perni-
cious anemia, Sjogren’s syndrome, and sarcoidosis. Also, autonomic neuropathies,
inflammatory myopathies, various autoimmune channelopathies, or acquired
neuromyotonia (Isaac’s syndrome) may be seen in patients with MG especially
if associated with thymoma. Importantly, in MG patients with tachycardia or
exophthalmos, a possible hyperthyroidism should always be addressed; it has to be
mentioned that, in these cases, weakness may persist despite adequate management
of MG [6, 13].

3. Physical examination

The physical examination should detect fatigable weakness in specific muscle
groups by repetitive or sustained activity and also again after rest [1, 4].

Diplopia can be demonstrated by having the patient look laterally for about
30 seconds, leading to evident eye muscle fatigue [3]. The lid ptosis can improve by
applying cold on the affected eye (“ice pack test”). Also, passively lifting a ptotic
lid may cause the opposite lid to fall (“enhanced ptosis”) [1]. Cogan’s lid twitch—a
pathognomic sign in MG—is described as the brief twitch seen in an eyelid that is
elevated after rest [4, 5].

A useful functional test for dysarthria implies asking the patient to speak aloud
without interruption producing nasality and/or hoarseness [6].

To test the limb muscle weakness, the patient should be asked to maintain for
3 minutes a horizontally stretched position of arms, hands, and fingers. In patients
with MG, this test will lead to shaking or a gradual drooping of arms, hands, or
fingers. Also, patients should be able to do knee bends or rise from a chair repeat-
edly without any support, 20 times.

Importantly, vital capacity and peak flow measurements should be assessed in
all myasthenic patients [6].

4, Clinical classification

Several scoring systems of myasthenic signs or the global state of the patient
have been proposed including the Osserman classification, myasthenia gravis
composite (MGC) scale, and quantitative myasthenia gravis (QMG) score [6].
However, currently the most widely accepted is the MG Foundation of America
(MGFA) Clinical Classification which divides MG into five main classes and several
subclasses [3, 5] as follows:

* Class I: Any ocular muscle weakness; may have weakness of eye closure. All
other muscle strength is normal.
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* Class II: Mild weakness affecting muscles other than ocular muscles; may also
have ocular muscle weakness of any severity.

o ITa. Predominantly affecting the limb, axial muscles, or both. May also have
lesser involvement of oropharyngeal muscles.

o IIb. Predominantly affecting the oropharyngeal, respiratory muscles, or both.
May also have lesser or equal involvement of the limb, axial muscles, or both.

* ClassIII: Moderate weakness affecting muscles other than ocular muscles; may
also have ocular muscle weakness of any severity.

o IIIa. Predominantly affecting the limb, axial muscles, or both. May also have
lesser involvement of oropharyngeal muscles.

o IIIb. Predominantly affecting the oropharyngeal and respiratory muscles or
both. May also have lesser or equal involvement of the limb, axial muscles, or

both.

* Class IV: Severe weakness affecting muscles other than ocular muscles; may
also have ocular muscle weakness of any severity.

o IVa. Predominantly affecting the limb, axial muscles, or both. May also have
lesser involvement of oropharyngeal muscles.

o IVb. Predominantly affecting oropharyngeal, respiratory muscles, or both.
May also have lesser or equal involvement of limb, axial muscles, or both.

* Class V: Defined as a state requiring intubation, with or without mechanical
ventilation, except when employed during routine postoperative management.
The use of a feeding tube without intubation places the patient in Class IVb [14].

5. Myasthenia gravis subtypes and specific clinical situations

Ocular MG (OMG). Myasthenic weakness that remains restricted to the ocular
muscles for more than 2 years is defined as OMG [15] (Figure 1). Although most
patients with OMG also present concomitant weakness of the orbicularis oculi
muscles, this is not considered as evidence of generalization [5]. Remission may be
seen in about 20% of these patients; however, it has to be noted that recurrences are
possible even after 20 years [4, 5].

Generalized MG (GMG) can be further subclassified in early-onset (EOMG)
and late-onset (LOMG) disease, with the cutoff age usually set at age 40. EOMG
patients are more often women, typically presenting anti-AChR antibodies and thy-
mus hyperplasia, while LOMG patients are more frequently male and have MuSK
antibodies in addition to anti-AChR antibodies [1].

MuSK-antibody myasthenia gravis (MuSK-MG). MuSK antibodies have been
reported in up to 50% of seronegative autoimmune MG cases [16] as well as in
OMG [17]. MuSK-MG occurs predominately in women from adolescence through
middle age [1, 5]. The anti-MuSK phenotype has a distinct clinical syndrome with
prominent weakness in the cranial, bulbar, and respiratory muscles, frequently with
moderate to severe atrophy of these clinically affected muscles (especially facial
and genioglossus muscles) [1, 4, 5, 18]. Thus, the major complaints of these patients
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Figure 1.
Ocular myasthenia gravis.

include dyspnea, nasal speech, and dysphagia leading sometimes to an important
weight loss [2]. Some patients also present weakness of the neck extensor. Typically,
there is little to no ocular muscle weakness and only a mild involvement of the limb
muscles. It is important to mention that, in these patients, the myasthenic symptoms
are more severe than in non-MuSK-MG individuals, with more frequent respiratory
crises [5]. In MuSK-MG thymic pathology is mostly absent or minimal [19].

Seronegative MG is defined by the absence of both anti-AChR and anti-MuSK
antibodies (“double-seronegative MG”). These cases are clinically heterogeneous,
but their frequency is particularly low. It has to be noted that some of these patients
may have low-affinity anti-AChR antibodies that can only be detected using special-
ized assays [1].

Thymoma-associated MG. Thymic pathology (thymic lymphofollicular
hyperplasia and thymoma) occurs in 80-90% of MG patients and is typically
milder in seronegative MG [20]. It was reported that over 10% of patients with
MG have a thymoma and, conversely, that 35% of thymoma patients have MG [5].
Thymoma-associated MG, also termed paraneoplastic MG, is a seropositive MG
subtype which occurs primarily after the third life decade and is equally frequent
in males and females. Patients with this MG subtype have a more severe disease
with lower rates of remission and higher mortality (30%) than patients without
thymoma [1, 5, 6].

Transient neonatal myasthenia gravis (TNMG) occurs in approximately 15%
of infants born to mothers with autoimmune MG, as the anti-AChR antibodies get
transferred across the placenta. The most common symptoms are feeble cry, ptosis,
facial weakness, difficulty in feeding, respiratory weakness, and, in some cases,
cyanosis. Rarely, affected infants present arthrogryposis (joint contracture) caus-
ing prolonged immobility in utero. It was found that the symptom severity in the
newborn is not related to the severity of symptoms in the mother. These myasthenic
manifestations resolve within the first month of life with acetylcholine esterase
inhibitors [1, 5].

Juvenile myasthenia gravis (JMG) is defined as the onset of immune-mediated
MG before age 18 [21] (Figure 2). These patients represent about 15% of the
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Figure 2.

Myasthenic crisis in juvenile myasthenia gravis.

autoimmune MG cases, being particularly uncommon in the first year of life. JMG is
rarely associated with thymomas and has a high rate of spontaneous remission [1].

Congenital myasthenic syndromes (CMS) are caused by genetic (mostly
autosomal recessive) abnormalities of the NMT, leading to fluctuating or persistent
hypotonia of the ocular, bulbar, or limb muscles; in infancy it may cause arthrogry-
posis, delayed motor milestones, and unexplained apnea episodes. The weakness
usually worsens during adolescence but then often stabilizes; however, prominent
myopathy and scoliosis may be present [1, 4].

Lambert-Eaton myasthenic syndrome (LEMS). LEMS is a rare autoimmune
disorder resulting from impaired release of ACh by the presynaptic terminal of the
NM junction and in the autonomic ganglia. By definition, LEMS is associated with
the presence of anti-presynaptic P/Q type voltage-gated calcium channels (VGCC)
antibodies. Clinically, LEMS has an insidious onset - usually characterized by
muscle tenderness - followed by progressive development of weakness and fatigue
[1, 4, 5]. The most frequent symptoms found in LEMS include abnormal fatigue,
weakness of the proximal muscles (particularly in the legs), hyporeflexia, and, dys-
autonomic manifestations (dry mouth, orthostatic hypotension constipation, and
impotence). Some patients may present facilitation of strength after brief, isometric
contraction and decline of strength after sustained activity. LEMS is classically
associated with underlying malignancy or autoimmune disease. It was reported
that in about 75% of men and 30% of women, this is a paraneoplastic condition
accompanying in most of the cases (80%) a small cell lung cancer. The disease can
also occur with other malignancies such as lymphoproliferative disorders, malig-
nant thymoma, and rarely carcinoma of the breast, stomach, colon, prostate, and
bladder [4, 5].

Pregnancy. MG may improve, worsen, or remain stable during pregnancy;
however, a significant risk of deterioration in the puerperium was reported [1, 4].
Severe respiratory insufficiency can be triggered by the physical stress of labor and
delivery; similarly, patients with eclampsia during pregnancy have a higher risk
of complications of both conditions, considering, for example, that magnesium
sulfate cannot be used in MG patients [5]. It should also be noted that a newborn
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from a myasthenic pregnancy has a higher risk to develop TNMG (see above).
Currently, women with MG are advised to delay pregnancy until after the disease

is stable [1, 4] (Table 2).

Myasthenia gravis Notes

subtypes and specific

clinical situations

Ocular MG * Weakness restricted to the ocular muscles
Generalized MG * Subclassified in early-onset and late-onset MG

Typically associated with anti-AChR antibodies

MuSK-antibody myasthenia
gravis

Prominent weakness in the cranial, bulbar, and respiratory muscles

Myasthenic symptoms more severe than in non-MuSK-MG patients

Seronegative MG

Rare

Clinically heterogeneous

Thymoma-associated MG

80-90% of MG patients also present thymic pathology

Lower rates of remission and higher mortality

Transient neonatal
myasthenia gravis

May occur in infants born to mothers with autoimmune MG

The myasthenic symptoms resolve within the first month of life with
treatment

Juvenile myasthenia gravis

The disease onset occurs before age 18

High rate of spontaneous remission

Congenital myasthenic
syndromes

Caused by genetic (mostly autosomal recessive) abnormalities of the
NMT

Lambert-Eaton myasthenic
syndrome

Associated with anti-presynaptic P/Q type VGCC antibodies

Frequent symptoms: fatigue, weakness of the proximal muscles (par-
ticularly in the legs), hyporeflexia, and dysautonomic manifestations

Associated with underlying malignancy or other autoimmune disease

Pregnancy * MG may improve, worsen, or remain stable during pregnancy
* Women with MG are advised to delay pregnancy until after the disease
is stable
Table 2.

Myasthenia gravis subtypes and specific clinical situations—Summarizged features.
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The Effect of Atmospheric
Pollution on the Thymus
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Nelly Lopez-Valdez, Isabel Garcia-Peldez and Teresa I. Fortoul

Abstract

Air pollution is a high-risk factor in megacities’ dwellers because of its effects on
health. One of the most important components of the pollution is particulate matter
(PM) on which metals are adhered. One element adhered to its surfaces is vanadium
(V), and through this route, PM reaches the respiratory system, then the systemic
circulation and the rest of the organs. Vanadium is released in the atmosphere as
a consequence of the combustion of fossil fuels. Vanadium pentoxide is the com-
pound liberated after the combustion and adhered into PM. Previous studies from
our group have reported effects on diverse systems in a mouse model. Besides the
morphological changes in the spleen and the decreased function of the immune
humoral response, the thymus was also affected. Vanadium inhalation diminished
thymic dendritic cells (DCs) and the biomarkers: CD11c and MHCII; in addition,
thymic cytoarchitecture changed, demonstrated by cytokeratin-5, and also, modi-
fication in the expression of 3-nitrotyrosine was observed. Our findings suggest
that autoreactive T cells could be released into the systemic circulation and favor the
increase in autoimmune diseases in cities with high concentrations of PM.

Keywords: thymus, vanadium inhalation, dendritic cells, oxidative stress,
nitrosative stress, autoreactive T cells

1. Introduction

The air is the source of a variety of pollutants such as gases and particulate
matter (PM). Particulate matter sources are construction sites, unpaved roads,
forest fires, volcanic eruptions, power plants and a variety of combustion processes.
Internal combustion motors are an important source of PM, especially those with
old technology and without the proper maintenance [1]. The PM size is linked to
their capacity to produce health problems since the smallest can reach the deep-
est lung spaces, the alveoli, and translocate into the blood stream. Doing so, PM
reaches diverse systems and organs producing physiological modifications. One
of the systems affected by PM is the lymphoid. Few papers report the direct effect
of the PM in the Thymus, which is a central actor in the future definition of the
immune response and self-recognition and self-tolerance, increasing the risk for
developing allergic or autoimmune diseases [2-6].

Dendritic cells play an important function as mediators between innate and
adaptive responses and they are susceptible to the effect of some of the components
of the PM, such as transition metals, especially vanadium (V) which is liberated

103 IntechOpen



Thymus

into the atmosphere by the combustion of fossil fuels [7]. One of the mechanisms
by which V produces its effects is by oxidative or nitrosative stress and this mecha-
nism is also proposed as the way by which the immune system is affected. In this
report we describe the effect of vanadium, as a component of PM, and its oxidative
and nitrosative effect on the structure and cells of the thymus.

2. Oxidative and nitrosative stress

Reactive oxygen and nitrogen species (RONS) are produced by cells normally as
aresult of their metabolism, and they function as key molecules in the maintenance
of homeostasis by participating in various signaling pathways [8].

ROS include non-radical molecules derived from the molecular reduction of
oxygen such as hydrogen peroxide (H,0,) and hypochlorous acid (HOCI) and
oxygen-derived free radicals, such as: superoxide anion ("O,) and hydroxyl radical
('OH) among others. The RNS include non-radical molecules such as nitrous acid
(HNO,), peroxynitrite (ONOO-) and free radicals derived from nitrogen such as
nitric oxide ('NO) and nitrogen dioxide ('NO,) among others [9, 10].

It is important to note that free radicals can be derived from many elements
and molecules in addition to oxygen and nitrogen, such as hydrogen, carbon and
transition metals such as iron and copper. RONS are important from the biological
point of view due to their reactivity, which allows them to interact with different
biomolecules [11, 12].

In the cells, reactive oxygen species are produced mainly through mitochondrial
respiration, although there are other sources such as NADPH oxidases, micro-
somes, peroxisomes and other enzymes of metabolism such as CYP450 [11-13].
Reactive nitrogen species, such as ‘NO, are produced from the metabolism of
L-arginine in a process catalyzed by nitric acid synthases (NOS). By combining the
radical 'NO with "O,, the anion peroxynitrite, which is reactive nitrogen species,
can be formed [11]. The latter reveals the close relationship between the produc-
tion of ROS and RNS.

Cells have physiological mechanisms that usually counteract the presence of
reactive species by keeping them at low levels: antioxidants. These maintain the
RONS levels below the toxic threshold. Under conditions in which the antioxidants
are in imbalance with RONS, and the balance is tilted in favor of the latter, oxida-
tive/nitrosative stress occurs [12, 14, 15].

As mentioned above, all species are able to interact with biomolecules (nucleic
acids, proteins, lipids and carbohydrates), and under conditions of oxidative or
nitrosative stress, RONS produce negative effects on them, altering their biological
functions. Lipid peroxidation, protein modification and DNA oxidation are clear
examples of the damage produced by the interaction with RONS [16].

External factors have been identified, such as the exposure to pollution, which
may induce an increase in the production of RONS, causing oxidative and nitro-
sative stress [17]. Within the multiple components of the pollution, suspended
particles and the metals, attached to them, increase the production of both types
of species in the cells inducing oxidative and/or nitrosative stress. This stress has
been associated with adverse effects such as inflammation, cytotoxicity and cellular
damage in general [18]. It has been identified that soluble metals that are part of the
particles such as iron (Fe), nickel (Ni), cobalt (Co), copper (Cu), chromium (Cr)
and vanadium (V) generate these effects [19, 20].

What are the mechanisms involved in the formation of RONS by the partici-
pation of metals? The metals can induce the formation of free radicals through
the Fenton reaction, in which the metal reacts with hydrogen peroxide (H,0,)
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producing the hydroxyl radical ('OH) and an ion of the oxidized metal. It has

been identified that metals such as cobalt (Co), chromium (Cr), nickel (Ni), iron
(Fe) and vanadium (V) can be part of this reaction. Another mechanism by which
metals produce free radicals is the Haber-Weiss reaction; in it an oxidized metal
ion is reduced by superoxide ('O,) and subsequently reacts with H,O, producing
hydroxyl radical. Metals such as cobalt, chromium and vanadium can participate in
this reaction [21, 22].

The study of oxidizing and nitrosative stress is relevant due to the consequences
that may have on biomolecules, and at a higher level, on the functions of organisms;
this study can be approached with different methods.

One of the most used tools is the detection of products modified by reactive
species, since they are more stable than the species themselves. Among the products
that can be detected are those of oxidized lipids (such as aldehydes and ketones),
proteins (as carbonylated and nitrosylated amino acid residues) and nucleic acids
(such as 8-0x0-2-deoxyguanosine). An important utility of the ROS and RNS mark-
ers is their potential to identify the nature of the oxidant itself [9].

3-Nitrotyrosine (3-NT) has been identified as one of the most relevant
markers, which shows the modification in proteins as a consequence of nitrosa-
tive stress. This marker is formed as a product of the nitration of tyrosine resi-
dues in proteins and occurs through the action of a nitrosative agent (ONOO-,
"NO, HNO,, etc.) that is added to the amino group (NO,) of the polypeptide
chain, leading to the nitration of tyrosine residues. This marker can be identi-
fied by immunoassays such as immunohistochemistry, immunofluorescence,
ELISA [23].

It has been reported that 3-nitrotyrosine is involved in different pathological
conditions such as inflammation, endothelial dysfunction, cardiovascular, liver,
neurodegenerative, immunological diseases, aging, among others [23, 24].

3. Thymus and vanadium

The thymus is a capsulated primary lymphoid organ to which immature periph-
eral T-lymphocytes, from the bone marrow, arrives to complete its maturation
and immune capacitation. It is located in the mediastinum,; it has two lobules that
originate from the third and fourth branchial poaches. In humans the thymus is
fully formed and functional at birth and it reduces its size after puberty; however, it
remains functional.

Histologically, it has a connective tissue capsule that extends into the paren-
chyma dividing it in incomplete lobules. In each lobule medulla and cortex are well
delimited. The cortex is highly basophilic when the thymus is stained with hema-
toxylin and eosin as a consequence of the numerous and rapidly dividing immature
T-lymphocytes called thymocytes, while the medulla is less basophilic because the
thymocytes density decreases. Other cells in the thymus structure are the epithelial
cells, located in the cortex-cortical epithelial thymic cells (cTEC)-, the medullary
epithelial thymic cells (mTEC)-in the medulla-, also dendritic cells (DCs) located
in the corticomedullary zone and in the medulla in addition of widely distributed
macrophages. Small spherical-shaped structures, formed by mTEC, identified as
Hassall’s corpuscles -are thymic unique structures; its function is to regulate the
production and maturation of the regulatory-T cells (Tregs). The thymus hasa
hematothymic barrier constituted by the vascular face of the endothelial cells from
the cortex continuous capillaries, the basal lamina from the cortex continuous
capillaries and the cTEC. Its function is to prevent the contact of the circulating
antigens with the cortical thymocytes [25].
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3.1 Positive and negative thymus selection

The maturation process from thymocytes to immunocompetent T cells depends
on the cortical and medullar thymic microenvironments that is established by the
cTEC, mTEC, and DC. The cTEC positively select the T-lymphocytes that recognize
the major histocompatibility complex (MHC), so the selected T-lymphocytes are
CD4+ or CD8+. The mTEC and the DCs are involved in negative T-cell selection and
in establishing self-tolerance by eliminating through apoptosis, the lymphocytes
which strongly recognize self-antigens, preventing autoreactive clones. Both pro-
cesses area highly ordinated and rely on the sequential and quantitative expression
of markers such as CD4, CD8, T-cell receptors (TCR1, TCR2) as well as of changes
in the glycosylation of the membrane proteins on the lymphocytes in the process of
maturation [26, 27].

3.2 Dendritic cells

Dendritic cells (DCs) are antigen -presenting cells (APCs) from the bone mar-
row. They are a heterogeneous population of cells which are identify because their
surfaces biomarkers, cytokines production and location. Their progenitors could
be myeloid or lymphoid. DCs are recognized by its typical dendritic morphology
and by the expression of CD11c. As all of the other APCs, MHCII is expressed on
its surface [28]. The differentiation and function of the DCs could be modulated
by different growth factors and cytokines. There are three types: cDCs, the con-
ventional type; pDCs, the plasmacytoid type; and mDCs, the monocyte-derived
cells [29].

DCs are a bridge between innate and adaptive immune response. When they
are immature its location is the skin and peripheral tissues and when an antigen is
captured the cells migrate to present the antigen to the T cells. The thymus DCs and
the mTEC are responsible of the thymocytes negative selection; in the medullae
the single T cells (SP) interact with the DCs and with the mTEC that present them
self-antigens with and immunogenic potential. The T-cell receptor (TCR) from the
SP thymocytes recognizes the cells with MHC restriction and high affinity to self-
antigens to eliminate them by apoptosis. This is the main mechanism to eliminate
autoreactive clones and to establish central tolerance [29].

As it was previous mentioned V could damage health. Previous reports from our
group demonstrated that, -in experimental model- mice that inhale V have damages
in different systems including the immune system which induces changes in the
cortex-medullae ratio [30, 31]. Other observed effect was in the spleen and in the
humoral response [32].

Because of the morphological changes in the thymus as a consequence of the
V-exposure, we decided to explore the changes in the expression of CD11c and
MHCII on the DCs distribution.

We have developed a CD-1 mouse inhalation experimental model to assess sys-
temic effects of PM. We used CD-1 mice (8-weeks-old, 33 + 2 g) from the vivarium
of the School of medicine. The animals were randomly placed in acrylic chambers
connected to an ultra-nebulizer (UltraNeb99 Devilbiss, Somerset, Philadelphia,
USA), the exposure schedule consisted of V,05 0.02 M (Sigma, St. Louis, Missouri,
USA) in saline, 1 hour twice a week for 4 weeks. The ultra-nebulizer with the size
of the particle emitted being less than 5 pm (range 0.5-5 pm) at a flow rate of 10 L/
min. The concentration in the chamber was 1436 pm/m? [30, 31]. Mice were sacri-
ficed at the end of each exposure week, the thymus was extracted and CD11c was
detected by conventional immunohistochemistry. Other thymuses were processed
for cytometry for CD11c+ and MHCII+. To obtain the enough cells the Baba method
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was modified [33]. Briefly, mice were sacrificed, thymus were extracted, macer-
ated and submitted to enzymic digestion to obtain a homogenate, by magnetic cell
sorting (MACS) the CD11c+ and MHCII+, cells were separated. The cells from the
3" week of exposure were selected for cytometry because previous result indicated
that in this period of time thymus changes were more evident.

The observed changes in CD11c are shown in Figure 1. In controls more CD11c+
cells were noticed compared with the exposed mice. The findings were supported
with the densitometric results (GraphPad Prism Software, V5, 2007, La Jolla, CA)
that showed a diminished presence of the CD11c+ in the medullae as the time of the
exposure progress.

Flow cytometry showed that levels of CD11c+ and MHCII+ were significantly
decreased in the V-exposed mice as compared with controls. The loss was both
in terms of number and in mean fluorescence intensity (MIF) values. In brief,
V-inhalation decreased the thymic CD11C+ and MHCII+ cells as the exposure time
increased [4]. An explanation for our findings could be the V-oxidative capacity
which has been previously reported by our group and by other authors [34, 35].
Oxidative stress could affect the liberation of pro-inflammatory transcription fac-
tors by the CD11c cells. The thymus dysfunction could by in the negative selection
of the T cells that, in turn, could alter the interaction of CD4 lymphocytes with the
MHCII protein on the DCs. Such changes could then promote the development of
autoimmune responses as suggested by Chang and indirectly by Zouali [36, 37],
who hypothesized that an epigenetic effect from urban air pollutants led to altered
immune cell phenotypes that, in turn, favors the development of autoimmunity.
Further studies are planned to investigate this topic.

Figure 1.

CDz1c expression in thymus. In control and V-exposed mice, ocher color stained (arrows) cells CD11c+ were
distributed mainly in the medulla (M); scanty positive cells were present in the cortex (Co). Representative
photomicrographs from (A, C) control (B, D) 4-week-V-exposed. (A, C) Reveal a higher presence of CD11c+
cells compared to the shown in (B, D).
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3.3 Thymic epithelial cells

Previous studies have demonstrated the interdependence of TEC and the thymo-
cytes to maintain the thymic microenvironment integrity. TEC are APCs distributed
in the cortex (cTEC) and in the medullae (mTEC). cTEC select the thymocytes
that express TCR and recognize self-MHC. The remaining cells are eliminated by
apoptosis; this positive selection takes place in the cortex. mTEC with DCs are in
charge of the negative selection of T cells and to establish central tolerance, as well
as helping to regulate the production of regulatory T cells (Treg) [26, 27]. Previous
studies from our group have demonstrated that V exposure change the thymic

Figure 2.

K5 expression in the thymus. Representative photomicrographs from: (A) control and (B) 2-week-V-exposed.
Positive K5 cells are located in the medullae (M) and some in the cortex (Co), B. K5+ cells located in the
medulla (M) but also in the cortex (Co).
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Figure 3.
Density means of 3-NT cells in the thymus (density mean + SEM of pixels/mm?). Density values increased in
V-exposed mice from week 1 to week 4. ANOVA (Tukey’s) p < 0.05.
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cortex/medullae ratio and by using cytokeratin-5 (K5) as a marker, the mistaken
location of the K5+ cells in the medulla was demonstrated Figure 2 [4, 30].

The density mean showed the changes in the presence of K5+, ocher-stain cells
that increased during the first week of exposure compared with controls; however,
the stain density at weeks 2 and 4 had a slight decrease but never reached the
control values p < 0.05. These results showed that V produced changes in thymus
cytoarchitecture, in addition of an increase in K5+ cells, changes that suggest that
the T-cell selection was disrupted by V-inhalation [5]. Also, the presence of nitrosa-
tive stress as possible explanation of our findings was explored with 3-nitrotyrosine
(3-NT) [38].

Our unpublished data demonstrated an increase time-dependent in the whole
thymus tissue of 3-NT (Figure 3).

4, Conclusions

Air pollution affects the thymus. V inhalation induces nitrosative stress a
decrease in DCs, the expression of CD11c and MHCII and mTEC increase, which
could implicate that the negative and the positive selection were not properly
completed. All these changes could allow that autoreactive clones were liberated to
the blood stream and the incidence in autoimmune diseases rises in the dwellers of

polluted cities [39].
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Chapter 10

Essential Oils of Thymbra capitata
and Thymus hyemalis and Their
Uses Based on Their Bioactivity
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Abstract

Essential oils (EO) are volatile compounds produced by the secondary metabo-
lism of aromatic plants. They are complex mixtures whose main components are
synthesized by the mevalonic acid and the methyl erythritol phosphate pathways,
which lead to the biosynthesis of terpenes, and the shikimic acid pathway, respon-
sible for the biosynthesis of phenylpropanoid compounds. In nature, EOs are
stored in the aerial parts of the plant, being of vital importance for their survival
due to their antimicrobial properties. In addition, EOs provide protection against
herbivores to the aromatic plants and allow them to repel or attract insects because
of their strong fragrance, as well as compete with other plants of the same environ-
ment. Humans have exploited the properties of their EOs since ancient times, being
used as medicinal remedies, among other uses. Currently, aromatic plants are used
in pharmaceutical and food industries. One of the most commonly used aromatic
plants is thyme. Thyme is a perennial aromatic plant, taxonomically belonging to
the genera Thymus and Thymbra, belonging to the family Lamiaceae. These plants
are very abundant in the Mediterranean Region. In this review, we focus on the
study of the properties and use of EOs of Thymbra capitata (L) Cav. and Thymus
hyemalis Lange., whose EOs are rich in phenolic monoterpenes. These compounds
are responsible for their antioxidant, anti-inflammatory, anticarcinogenic, antibac-
terial, antifungal, and antiparasitic properties.

Keywords: essential oil, Thymus hyemalis, Thymbra capitata, aromatic plant,
antioxidant, antimicrobial, carvacrol, thymol

1. Introduction

Essential oils (EOs) are volatile odorous compounds, are liquids at room
temperature, and are produced by aromatic plants, as a result of their secondary
metabolism [1, 2].

In nature, the EOs are stored in the secretory cells, cavities, channels, epidermal
cells and trichomes of all the aerial organs of the plants, since they are of vital impor-
tance for plant survival, due to their antifungal, antibacterial, and antiviral activities.
Also, they provide plants protection against herbivores and allow plants to compete
with other plants, acting as allelopathic compounds. In addition, they are involved in
pollination, attracting insects which favor the dispersal of seeds and pollen [3].
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On the other hand, aromatic plants which produce these EOs have been used
since ancient times to treat diseases, due to their healing properties. In fact, there
are studies that claim that already in Ancient Egypt (2000 BC), these compounds
were used as medicinal remedies, beauty products, and in religious rituals. Likewise,
Hippocrates (460-377 BC), the father of medicine, studied and documented the
properties of 300 aromatic plants, confirming the use of EOs in Ancient Greece.
The Romans also showed great interest in the fragrance and properties of the EOs.
Dioscorides, a Greek physician and botanist, described in Ancient Rome more than
500 aromatic plants and their EOs, in his book De Materia Medica [4]. In the tenth
century, the Arabs also began to extract the EOs and use them in medicine. The
use of EOs began to expand due to their pleasant fragrances, and at the end of the
twelfth century, they began to be used in Europe. Their popularity was such that
when the bubonic plague reached England in the mid-fourteenth century, it was
ordered to burn aromatic plants in the streets, to fight the infection. At the begin-
ning of the eighteenth century, EOs were already used to treat many diseases.

In the nineteenth century, EO composition was investigated [5]. It is now known
that the major components of EOs are synthesized from three biosynthetic path-
ways: the mevalonic acid pathway, active in the cytosol, and the methyl erythritol
phosphate pathway, active in the chloroplast, both of which lead to the biosynthesis
of terpenes. A third route is the shikimic acid pathway, responsible for the biosyn-
thesis of phenylpropanoid compounds [6]. EOs of terpene nature are synthesized
from isopentenyl pyrophosphate and its isomer dimethylallyl pyrophosphate,
which give rise to geranyl diphosphate, precursor of monoterpenes, and farnesyl
diphosphate, precursor of sesquiterpenes, as shown in Figure 1. Among the numer-
ous compounds present in the EOs derived from this biosynthetic pathway, thymol
and carvacrol (isomers) stand out due to the numerous properties that are granted
to them. As seen in Figure 2, both are phenolic monoterpenes synthesized from
p-cymene, whose precursor is y-terpinene [7].

Thymol and carvacrol are usually found in thyme EOs. On the other hand, com-
pounds such as alcohols, aldehydes, ketones, esters, and, less frequently, carboxylic
acids, as well as aromatic compounds such as phenolic ethers and aromatic esters
are also present, although in a significantly lower proportion than the previous
ones [6]. The properties of the EOs are mainly attributed to the major compounds,
thymol and carvacrol; however it has been observed that these compounds can
interact with the minority compounds, causing synergistic or antagonistic effects,
thus influencing the properties of the EO [8]. In addition, the chemical composition
varies according to environmental and genetic factors, influencing the phenologi-
cal stage in which the harvest is made on the quality and quantity of the EO [9,

10]. The high variability occurs even within the same species, there being different
major compounds among the specimens of the populations, which gives rise to the
existence of different chemotypes [11].

Nowadays, many of the active ingredients used in the development of both
traditional and modern drugs are extracted from plant species [12]. For the extrac-
tion of the EO, the technique most often used is the hydrodistillation, which
consists of submerging fragments of the aromatic plant in boiling water, and so,
the volatile compounds are dragged with the vapor, arriving at a condenser which
separates them, and thus, the EO is obtained. Other conventional techniques such
as steam distillation or extraction with volatile solvents as well as hydrodistillation
by microwaves or extraction by supercritical fluids can be used [4]. After extract-
ing, EOs can be analyzed by gas chromatography and mass spectrophotometry
(GC-MS). GC allows the separation of the components of a complex mixture from
the EO, and the MS serves for the identification of the individual components,
already separated [13].
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Interest in EOs has skyrocketed in recent times. The demand for “natural” prod-
ucts increases year after year, and aromatic plants and EOs are becoming part of
daily life. Likewise, more and more people are investigating the use of compounds
obtained from plant extracts in medicine, such is the case of the EOs of many
aromatic plants such as lavender (Lavandula angustifolia), eucalyptus (Eucalyptus
globulus), or mint (Mentha piperita), which are being investigated for their neu-
roprotective effects [14]. Others such as EOs from oregano (Origanum spp.) are
studied for their antioxidant and antibacterial activities [15].

It is estimated that more than 250,000 hectares are currently used to produce
about 250 different plant extracts and, so on, different EOs, so they have a high
socioeconomic importance in the places where they are produced, being generally
rural areas in developing countries. These EOs are often used in the food indus-
try as well as in other products of daily use such as bath gels, soaps, detergents,
oral care products and body lotions. They are also widely used in aromatherapy
(International Trade Center 2014). This justifies that, on a global level, 45,000
tons of EOs are produced annually, which implies an investment of more than 600
million euros, according to a study carried out by the Ministry of Agriculture of
France. The main exporters are China, the USA, Brazil, EU countries, India, and
Indonesia, and the largest imports are Switzerland, the USA, EU countries, Japan,
and Canada [16].

In the industry of the EOs, one of the aromatic plants with greater use is
thyme. Thyme is a small shrub and perennial aromatic plant, belonging taxonom-
ically to the genera Thymus and Thymbra, of the family Lamiaceae, which includes
220 genera with plants such as mint, peppermint, basil, oregano, or pennyroyal,
known throughout the world [17]. Thyme is very abundant in the Mediterranean
Region. In the Iberian Peninsula, there is a high number of endemism, and it is
common to find them in groups of thickets commonly known as “tomillares” [18].
Spain is one of the main suppliers of thyme worldwide [19], being the provinces
with higher production Almeria, Murcia, and Granada, although it is also impor-
tant in other areas of Andalusia, Castilla-La Mancha, and other provinces of
interior, as Teruel [20].

Within the Region of Murcia, we found several species of thyme, two of them
being of special relevance, both for their properties and for their environmental
situation [18]: (1) Thymbra capitata (L.) Cav., commonly known as the Andalusian
thyme, has a compact and stiff, fairly branched shrubby appearance, with pink
flowers arranged in pineapple-shaped heads and leaves that are linear, glandular,
and fleshy-looking, with a flat margin (Figure 3) [21]. (2) Thymus hyemalis Lange,
commonly known as purple thyme or winter thyme, since the flowering stage

Figure 3.
T. capitata inflorescence, characteristical disposal, and leaf morphology.
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L

Figure 4.
T. hyemalis inflorescence (left), characteristical disposal, and leaf morphology (right).

occurs in this season of the year, is a much branched woody shrub whose flowers
have a pink corolla and a calyx with ciliated teeth, with leaves that are of small size,
linear, and with revolute margin [22] (Figure 4).

This work focuses on these two species, due to the fact that T capitata, a species
of Mediterranean distribution, is found in the Region of Murcia in a retrograde situ-
ation and T. hyemalis is an endemic species from southeastern Spain, being mainly
found in Murcia and Almeria [18]. In addition, the properties and the possible uses
of their EOs are the aims of this review.

2. Bioactive compounds of T. capitata EO

According to several studies, the EO of T capitata is characterized by its high
chemical homogeneity. Russo et al. [23], in an experiment carried out with wild
populations of T capitata in Calabria (Italy), observed that all the collected
specimens, despite having grown under different environmental conditions, had
avery similar chemical composition and all the specimens were of chemotype
carvacrol (81.5-78.4%). A relatively high percentage of p-cymene, y-terpinene,
and p-caryophyllene were also found in these specimens. In addition, it has been
observed that the percentages of p-cymene and y-terpinene decreased when the
percentage of carvacrol increased, which indicated that both compounds were
its precursors [24]. Saija et al. [25], studying the chemical composition of this
EO found that, all the wild specimens of T. capitata analyzed were of chemotype
carvacrol. These results agree with studies conducted by Miguel et al. [9, 26, 27],
where the major component was carvacrol, regardless of both the part of the plant
used and the state of development. Likewise, Tuttolomondo et al. [28], in Sicily
(Italy), found 38 compounds, being the most representative a-pinene, myrcene,
a-terpinene, p-cymene, y-terpinene, borneol, f-caryophyllene and carvacrol
(67.4-79.5%), being the 13 biotypes studied of carvacrol chemotype. These results
suggest that there is no polymorphism in the EO of T capitata. However, other
studies are contradictory to the results mentioned above, showing the existence
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of three different chemotypes for T. capitata. In this sense, Miceli et al. [29] found
75 components and the majority being carvacrol and thymol, which, in all cases,
constituted more than 50% of the composition of EO, followed by y-terpinene, bor-
neol, and p-cymene, when the chemical composition of the EO of T. capitata speci-
mens were analyzed in flowering stage. The analysis of the compounds found in
this EO revealed that there was a direct correlation between myrcene, a-terpinene,
and y-terpinene, whose concentrations decreased as the thymol concentration
increased. An inverse relationship between linalool and myrcene was also observed.
Thus, the analysis of the compounds presents in the EO of the specimens studied
revealed that there were three distinct chemotypes: thymol, carvacrol, and thymol/
carvacrol, the most common being those of chemotype thymol. For the first two
chemotypes, a negative correlation was observed between thymol and carvacrol, so
when one of the components was majority, the other was at low concentration. The
thymol /carvacrol chemotype resulted from the crossing between the specimens
with the two previous chemotypes. In short, independently of the chemotype, it
was observed that the content of monoterpenes reached 78% of the total of com-
pounds present in the EO of T. capitata [29].

In this sense, the experiments carried out by [10] confirmed the existence of
these three chemotypes, which supports the hypothesis that T capitata has a high
polymorphism in the EO composition. To carry out these experiments, specimens
grown in areas at different temperatures and degrees of humidity were used. Asa
result of this experiment, it was observed that those of carvacrol chemotype only
appeared under conditions of high temperatures and low humidity. On the other
hand, an experiment was carried out in which nine specimens were used, collected
from three different areas, to later be cultivated under the same controlled climatic
conditions. The results showed that the specimens maintained the chemotype that
they originally presented, which is determined genetically, and did not change in
the absence of climatic variations. These data suggest that the chemical composition
of the EO is determined by the genetic endowment of the specimen and the differ-
ent chemotypes are distributed according to the environmental conditions of the
area in which they are cultivated [30].

Finally, in relation to other components found in smaller proportion (such as
geraniol, camphor, or f-caryophyllene, among others), there is a high variability
between populations and even within the same population [24, 31]. This variability
can influence the bioactivity of T. capitata EO, which does not only depend on the
majority component but also depends on the synergistic and antagonistic interac-
tions that occur among all the phenolic and non-phenolic components [9, 25-27].

3. Bioactive compounds of T. hyemalis EO

In a study conducted by [32], it was observed that T. hyemalis EO had a high
heterogeneity, there being three different chemotypes: thymol, thymol/linalool,
and carvacrol. The main components for the thymol chemotype were thymol (43%)
followed by p-cymene (16%) and y-terpinene (8.4%). For the thymol/linalool che-
motype, the major compounds were linalool (16.6%), thymol (16%), y-terpinene
(9.8%), 1-8-cineol (5.4%), borneol (4.7%), and verbenone (4.8%). Finally, the
carvacrol chemotype was characterized by a majority composition of carvacrol
(40.1%), p-cymene (19.8%), borneol (5.0%), and thymol (2.9%).

The variability in the chemical composition of T. hyemalis EO may be related to
seasonal variations [33, 34] as well as to the edapho-climatic factors [35].

One of the studies that supports the previous statement were carried out by
Jorddn et al. [36], where it was observed that, in the case of thymol chemotype, the
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synthesis of this major compound occurred during the flowering/fruit ripening
stage. The precursors of thymol, y-terpinene, and p-cymene (Figure 1) were at their
maximum concentration during the flowering stage. Therefore, between the stage
of flowering and that of the beginning of fruit maturation, the composition of the
EO of T. hyemalis reached its highest quality. This phenological stage coincides with
winter, being recommendable to harvest the specimens in this season of the year.
However, according to this study, it is also possible to obtain a high thymol content
in the T hyemalis EO during the spring season, but to achieve this, it is necessary to
increase the irrigation, a condition that is not always achieved in arid and semiarid
regions. In contrast to these results, Cabo et al. [33] proposed that August was the
best time to harvest because the T. hyemalis EO contained a high concentration of
1,8-cineol in specimens collected during different phases of the vegetative cycle of
T. hyemalis. These results seem to indicate the existence of a 1,8-cineol chemotype,
with a very low concentration of thymol and carvacrol.

Finally, similar to the results of T. capitata, it should be noted that although the
phenolic compounds, thymol and carvacrol, are mainly responsible for the bioac-
tivity of the EO, the existence of synergistic or antagonistic effects between these
phenolic components and other minor compounds (alcohols, other terpenoids,
ketones, etc.) of T hyemalis EO has been observed, which are essential for the qual-
ity of this EO [32].

4. Bioactivity of T. capitata EO
4.1 Antioxidant activity

It has been observed that the EO of T. capitata shows a potent antioxidant activ-
ity due to its high content of phenols (thymol or carvacrol) [37]. This statement
is supported by Aazza et al. [38], when compared with the antioxidant activity of
several thyme species. The results showed a higher antioxidant activity in EO rich in
phenolic monoterpenes, like those of Thymus caespititius Brot. and T. capitata.

This antioxidant capacity has been widely researched in order to prevent lipid
oxidation during the storage of vegetable oils for culinary use, such as olive or
sunflower. Likewise, Miguel et al. [26] showed that T. capitata EO, rich in carva-
crol, avoided the lipid oxidation of sunflower oil and even turned out to be a more
potent antioxidant than butylated hydroxytoluene (BHT), a synthetic antioxidant
commonly used in the food industry. In addition, it has been seen that by isolating
the carvacrol from the EO, this one by itself showed an antioxidant activity like
EO, indicating an absence of synergistic or antagonistic effects due to the interac-
tion between the different components of the EO. However, when the antioxidant
activity of the EO of T. capitata was tested on the lipid oxidation of olive oil, it
was observed that the EO was less potent than BHT [27, 39]. This low antioxidant
capacity is also evident in the studies conducted by Saavedra et al. [40], in which
it was observed that T. capitata EO did not help to avoid the oxidation of olive oil
during storage and even increased the peroxidation levels, which indicated a greater
number of oxidation products.

Another study conducted by Miguel et al. [9] on the lipid oxidation of peanut
and sunflower oils showed a low antioxidant activity of T. capitata EO compared to
two synthetic antioxidants, hydroxybutylanisole (BHA) and BHT, as well asa low
effectiveness in elimination of free radicals compared to BHT, which contradicts
the previous results found in sunflower oil. In addition, when comparing the EO of
T capitata with those of other species of the family Lamiaceae (T. mastichina and
T. camphoratus), rich in p-cymene-2,3-diol, it was observed that the EO of T capitata,
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rich in carvacrol, had a lower antioxidant activity than those of these two species.
These results could be due to the differences found at the time of harvest, since, in
this study, the T. capitata specimens were collected in the vegetative phase, while
in the studies that demonstrated an important antioxidant activity for the EO of
T. capitata, the specimens were collected during the flowering phase.

On the other hand, Galego et al. [41] carried out a study on the antioxidant
capacity of EOs extracted from T. capitata, Origanum vulgare L., T. mastichina, and
Calamintha baetica Boiss & Reut. For this, the antioxidant activity was determined
using modified thiobarbituric acid (TBARS), which consists of the formation of a
pink pigment produced by the reaction of thiobarbituric acid with malondialde-
hyde, a product of lipid peroxidation. Their results indicated that T. capitata and
O. vulgare had the highest antioxidant activity, like BHT and BHA, but although
they were effective in eliminating free radicals, at low concentrations, they did not
become as effective as BHT and BHA.

In addition, it was observed that the antioxidant capacity of the EO of T. capitata
was higher than that of the EO of T. mastichina and C. baetica, since the composi-
tion of the EO of these species was lower in phenolic compounds than the EO of
T capitata.

Faleiro et al. [15] also used the TBARS method to observe the effectiveness of the
EO of T. capitata against the lipid oxidation of the egg yolk. Their results showed
that, at high concentrations, EO could be as effective as synthetic antioxidants,
BHA and BHT.

It should be noted that the antioxidant activity of T capitata EO has not only
been investigated in the food industry. In this sense, Hortigén-Vinagre et al. [42]
studied the ability of this EO to prevent the cell death of cardiomyocytes in neonatal
rats treated with 4-hydroxy-2-nonenal, a compound that induces lipid peroxidation
in these cells. The results showed that at low concentrations (less than 40 ppm),
the EO of T capitata prevented the loss of membrane potential of the mitochondria
and decreased the levels of reactive oxygen species (ROS), preventing the death of
cardiomyocytes. However, concentrations higher than the mentioned one caused
cell death, since they were toxic for the cells. In addition, this toxicity can be used
as antiproliferative activity in in vitro experiments, since the EO extracted from
fruits of T. capitata inhibited the growth of cells isolated from cervical cancer
(HeLa). Likewise, the EO extracted from flowers and fruits of this species inhibited
the growth of histiocytosis cells (U937) [30] and tumor cells responsible for acute
monocytic leukemia (THP-1) [37].

4.2 Antibacterial activity

The antibacterial activity of the EO of T. capitata as well as its main component,
carvacrol, was demonstrated against Gardnerella vaginalis by Machado et al. [43,
44]. The EO of T. capitata showed a potent activity against G. vaginalis, which was
evidenced by the low minimum inhibitory concentration (MIC) (0.16 pL/mL) and
the minimum lethal concentration (MLC) (0.16-0.31 pL/mL).

This antibacterial activity of T capitata EO has also been observed against
Listeria monocytogenes, the bacteria responsible for listeriosis, in a study conducted
by Faleiro et al. [15].

In addition, Delgado-Addmez et al. [30] showed that the EO extracted from
both flowers and fruits of T. capitata had a high efficacy against Listeria innocua
(Gram+), at concentrations higher than 0.01% (v/v), and Escherichia coli (Gram—),
at concentrations above 0.1% (v/v). Also, Karampoula et al. [45] showed the
antibacterial effectiveness of the EO of T. capitata in hydrosol (a complex mixture
of 24 components, which came from hydrodistillation of the plant, where the
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major compound was carvacrol). This antibacterial activity was studied against
planktonic cells and biofilms of Salmonella typhimurium. The biofilms formed

by the bacteria showed a slightly higher resistance to the planktonic cells, but in
general, hydrosol was effective as antibacterial agent. In fact, when comparing this
hydrosol with benzalkonium chloride, a commonly used synthetic antibacterial,

it was observed that the hydrosol from T. capitata EO was much more effective as
bactericide, since in order for benzalkonium chloride to show the same results as
the hydrosol on planktonic cells and biofilms of S. typhimurium, a 200 times higher
concentration was needed.

4.3 Antifungal activity

According to Salgueiro et al. [46], the EO of 22 specimens of T. capitata car-
vacrol chemotype (60-66%), with high percentages of p-cymene (6-7.5%) and
y-terpinene (8.2-9.5%), was effective as a natural antifungal agent against Candida
spp., Aspergillus spp., and some species of dermatophytes (Trichophyton rubrum,

T. mentagrophytes, Microsporum canis, and M. gypseum), and its effect was mainly
due to the generation of lesions on the membrane surface of the microorganism.

These results agree with Palmeira-de-Oliveira et al. [47, 48], whose studies demon-
strated that the EO of T capitata, rich in carvacrol (75%), showed a great antifungal
potential on biomass of Candida spp. and on preformed biofilms, since, at concentra-
tions close to MIC (0.32 pL/mL), it caused the inhibition of its metabolism by up to 50%.

In the case of biofilms, when the concentration of the EO doubled the MIC, a
decrease of 80% of its metabolism was observed. Antifungal activity of the EO of
T. capitata was also compared with the classic antifungal agents amphotericin B and
fluconazole, proving to be even more effective in some of the fungi studied.

Likewise, it has been observed that carvacrol or p-cymene isolated from the EO
of T. capitata by themselves showed antifungal capacity. Therefore, this EO, or its
isolated components, could be used for the treatment of mucocutaneous candidiasis
and dermatophytosis. In this sense, the EO of T capitata could be used alone or
together with other antifungal components used so far [46, 47], as in the case of
the association of the EO of T capitata with chitosan or chitosan in hydrogel, whose
antifungal activity has been demonstrated in in vitro studies. The mechanism of
action of this hydrogel has been studied by confocal microscopy, observing the
interaction of this formula with the cell wall of Candida spp. [46].

On the other hand, Russo et al. [23] observed that the EO of T. capitata car-
vacrol chemotype had an antifungal effect at a concentration of 250 ppm against
Sclerotium cepivorum, a fungus responsible for white rot in garlic, onion, and leek
crops. These authors suggested that the EO of T capitata could be used as a natural
antifungal, for its plant origin, not being harmful to the environment. In addition,
it would be difficult to develop resistance in the fungus, due to the high chemical
complexity of this oil.

4.4 Antiparasitic activity

Machado et al. [22] analyzed the antiparasitic activity of EOs rich in phenolic
compounds of the species T. capitata, O. virens (Hoffmanns & Link), T. zygis subsp.
Sylvestris (Hoffmanns & Link) Cout., and Lippia graveolens Kunth against Giardia
spp. All EOs, including that of T. capitata, decreasing the viability of the parasite;
altering its morphology, membrane permeability, and internal organization; and
inhibiting its growth, as well as its adhesion capacity, which is essential for the
parasite, to be able to bind to the intestine and not be eliminated by peristalsis. EOs
blocked this adhesion from the first hours of exposure, not being more than 10% of
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cells able to adhere after 7 hours of treatment. In addition, by affecting membrane
permeability, they caused swelling in the cells and alterations in the cytoplasm,
which ultimately leads to cell death. Therefore, these EOs could be used as an
alternative treatment for giardiasis, since they are not toxic to mammalian cells.

5. Bioactivity of T. hyemalis EO
5.1 Antioxidant activity

Several studies have shown the antioxidant activity of T hyemalis EO. In this
sense, Ocaiia and Reglero [49] analyzed the antioxidant properties of the EO of
T. hyemalis, T. zygis, and Thymus vulgaris L. on a cellular model of inflammation/
atherogenesis, in which human macrophages, derived from THP-1 cells, were used.
These cells were incubated with EOs of the different Thymus species. The expres-
sion of inflammatory (TNF-a, IL-1B and IL-6) and anti-inflammatory (IL-10)
mediators was determined. The results showed that the production of inflamma-
tory mediators took place and the production of the anti-inflammatory mediator
IL-10 increased in the presence of EOs of any of the three species of Thymus (being
T. hyemalis the one that had less activity). This effect is due to the antioxidant capac-
ity of these EOs, which in turn is responsible for the anti-inflammatory activity
observed in this test.

On the other hand, Jennan et al. [50] compared the activity of the EO of
T. hyemalis with that of the EO of Thymus bleicherianus Pomel, measuring its capac-
ity to eliminate the free radical 1,1-diphenyl-2-picrilhydracil, observing a greater
antioxidant activity in the EO of T. bleicherianus. The activity of EO of T. hyemalis
was also compared with that of BHT, the synthetic compound being a more potent
antioxidant. These results suggested that, although the T. hyemalis EO is a good
antioxidant, it is not as good as the EO of other Thymus species.

5.2 Antibacterial activity

Rota et al. [32] conducted a study on the antimicrobial activity of EOs from
several thyme species, specifically, T hyemalis, T zygis, and T. vulgaris. The EO
activity was tested against the pathogenic microorganisms E. coli, L. monocyto-
genes, S. typhimurium, Shigella flexneri, Shigella sonnei, Staphylococcus aureus, and
Yersinia entevocolitica. The results showed that the antimicrobial activity seemed
to be related to the content of phenolic compounds, specifically thymol and car-
vacrol. EOs that showed the greatest antimicrobial effectiveness were T. hyemalis
(thymol and carvacrol chemotypes, in this order), T zygis (thymol), and T. vulgaris
(thymol). These results coincided with those found by Jennan et al. [50] which
suggested that T. hyemalis EO affected survival and inhibited the growth of bacteria
Gram+ and Gram-—.

Some microorganisms, such as S. typhimurium, Y. enterocolitica, S. flexneri,
L. monocytogenes, and S. aureus, showed a high sensitivity to EOs from T. hyemalis
(thymol and thymol/linalool chemotypes), so a high concentration of them to be
effective was not necessary. In other cases, such as E. coli, the presence of a high
concentration of carvacrol or thymol was essential to observe a potent antibacte-
rial activity. In addition, it has been observed that the greater the richness and
variety of minority components, the greater the effectiveness of EO against
microorganisms [32].

Tepe et al. [51] also investigated the in vitro antimicrobial activity of T. hyemalis
EO (carvacrol chemotype), which turned out to be a potent bactericide at low
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Microorganisms MIC Commercially available essential oil component
Thymol Carvacrol p-cymene
Staphylococcus aureus 195 0.48 250.00
Bacillus cereus 0.97 0.24 250.00
Enterobacter aerogenes 0.97 1.95 250.00
Escherichia coli 1.95 048 250.00
Klebsiella pneumoniae 195 3.90 250.00
Proteus mirabilis 1.95 1.95 250.00
Pseudomonas aeruginosa 15.62 7.81 250.00
Candida albicans 0.97 0.24 15.62
Table 1.

Antibacterial and antifungal activity of the three major components found in T. hyemalis EO [51].

concentrations (31.2 mg/mL) against Bacillus cereus and Bacillus subtilis. In addi-
tion, it also inhibited the growth of Enterococcus faecalis and S. aureus, although at
higher concentrations (62.5 mg/mL). They also studied the antimicrobial activity of
isolated carvacrol, which showed a potent activity against B. cereus, showing inhibi-
tion of bacterial growth with a MIC of 0.24 mg/mL. It also showed activity against
E. coli, although at higher concentrations (Table1).

This activity of carvacrol was compared with the antibacterial activity of
thymol, the second most important component of T. hyemalis EO (carvacrol chemo-
type). The results obtained suggested that thymol was a good bactericide, but not as
much as carvacrol. However, when the isolated precursor of carvacrol (p-cymene)
was used, no antimicrobial activity was observed. Also, neither the T hyemalis EO
nor the isolated carvacrol was effective against Kiebsiella pneumoniae, Pseudomonas
aeruginosa, Pseudomonas fluovescens, and L. monocytogenes.

5.3 Antifungal activity

Tepe et al. [51] demonstrated the antifungal activity of T. hyemalis EO against
C. albicans, which inhibited its growth at a MIC of 62.50 mg/mL. This activity
was also measured using carvacrol, thymol, and p-cymene, major components of
T. hyemalis EO. Carvacrol inhibited the growth of the fungus at a MIC of 0.24 mg/
mL, while p-cymene needed high concentrations to begin to inhibit fungal growth.
Thymol was also a good antifungal against C. albicans, although not as good as
carvacrol, since the MIC turned out to be 0.97 mg/mL.

6. Discussion

In general, all the data together show that T. capitata and T hyemalis are two
important sources of EOs, which have different types of bioactivity, being of great
interest for human health as well as for food and cosmetics, due to their antifungal,
antibacterial, and antioxidant properties.

According to the literature reviewed, the biological activity found in the EOs is
clearly related to the chemical composition of them. As regards the T capitata EO,
there are some controversies about its homogeneity. Several studies confirm the
existence of a single chemotype in this species, determined by its major compo-
nent, carvacrol [9, 23-28]. However, other studies support the existence of three
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chemotypes: thymol, carvacrol, and thymol/carvacrol, resulting in a crossover
from the previous two [10, 29]. Regarding T. hyemalis, there is no doubt about
the heterogeneity of its EO, being the chemotypes: thymol, thymol/linalool, and
carvacrol [32].

For both species (T. capitata and T hyemalis), the reason for these differences in
the chemical composition of their EOs extracted from different specimens could
be due both to the genetic endowment of the plants and to the influence of climatic
and edaphic conditions of their habitat. In fact, the influence of climate on the com-
position of EOs has also been described for other species within the genus Thymus,
such as T. zygis and T piperella. In general, carvacrol-rich chemotypes have been
associated with arid climates and high areas. However, thymol-rich chemotypes
have higher water requirements than the carvacrol chemotypes [11, 52].

Likewise, the moment in which the specimens are harvested influences the
composition of EOs, since it varies throughout the life cycle of these plants, affect-
ing their bioactivities. In fact, in T capitata, the highest content of phenolic mono-
terpenes occurs during the flowering stage, exhibiting greater antioxidant activity
at this time. This coincides with what has been demonstrated for other thyme
species, such as T. vulgaris [53]. For this reason, it is recommended to collect them
during this stage, achieving the highest qualities of this EO. Regarding T. hyemalis,
there is controversy about the best time to harvest. Extensively works support that
it is better to collect the specimens in winter, between the flowering stage and the
beginning stage of fruit ripening. However, other authors propose that the best
month to harvest is August, since, during this month, there is a high content of
1,8-cineol in the EO. These results point to the possible existence of a 1,8-cineol che-
motype, but further studies would be necessary to confirm this hypothesis. If this
compound is a major component in T. hyemalis, the exploitation of this chemotype
at an industrial level could be interesting, since it has been shown that 1,8-cineol has
anti-inflammatory and analgesic properties [54]. It has also been observed that it
can act as a natural insecticide in certain plant species of the Myrtaceae family [55].

On the other hand, the results show that in the absence of environmental varia-
tions, the different chemotypes are genetically determined. This has been observed
for the EO of other medicinal plants, such as Lupinus argenteus Pursh and Piper
methysticum G. Forst, whose mutations in a few genes influence the biosynthetic
pathways which promote the greater or lesser accumulation of one or another
compound, giving rise to different chemotypes [56, 57].

Regarding the antioxidant activity, the results indicate that it depends on the
concentration. The EO of T. capitata (carvacrol chemotype) is effective at high
concentration to avoid lipid oxidation of egg yolk and sunflower oil and may be
even more effective than BHA and BHT. However, this is only possible if T. capitata
specimens have been harvested during the flowering stage [7, 9].

This is due, in large part, to the fact that the antioxidant activity of EO (as well
as the rest of activities) does not depend only on the majority component but also
depends on the synergistic or antagonistic interactions of the majority component
with other minority components, which according to the phenological stage will
be different [58]. However, in the literature reviewed, some authors indicate the
absence of these interactions because isolated carvacrol has been shown to have
activity on its own [27, 39]. However, the EO of T. capitata did not prove to be a
good antioxidant for olive oil. This is the difference between sunflower oil and
olive oil. This difference can be due to the different compositions of fatty acids in
both oils, being the most effective in sunflower oil (rich in linoleic) than in olive
(rich in oleic) [39].

On the other hand, both EOs extracted from T. capitata specimens and
T. hyemalis, at low concentrations, have antioxidant activity, which gives them
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anti-inflammatory properties, which could be used for the treatment of chronic
inflammatory diseases. However, at high concentrations, EOs of these species show
oxidant activity, which could be toxic to the cells and so inhibit their proliferation.
This effect of EOs on cell proliferation is of great interest since they could be used as
potent anticancer agents [49].

Regarding their antibacterial activity, EOs have shown a potent bactericidal
effect against a large number of Gram+ and Gram- species. In this sense, EO of
T. capitata could be used for the treatment of bacterial vaginosis together with
chitosan in hydrogel; this could be a good alternative to treatment with antibiotics,
which usually provoke resistance. In addition, it has been observed that EOs are well
tolerated by the beneficial flora, since it is not damaged [43, 44].

Likewise, both EOs from T. capitata and T. hyemalis (all the chemotypes,
although the most effective is the thymol chemotype) are useful against L. mono-
cytogenes, so they could be used in the food industry to avoid contamination due to
this bacterium [15].

In relation to the antifungal activity, it has been demonstrated for the EO of T.
capitata (carvacrol chemotype) against Candida spp., Aspergillus spp., and some
species of dermatophytes (Trichophyton rubrum, T. mentagrophytes, Microsporum
canis, and M. gypseum). This EO has also shown activity against the intestinal
parasite Giardia spp. This fact suggests that it could be used for the treatment of
giardiasis together with other compounds such as chitosan.

In addition, the T. hyemalis EO (carvacrol chemotype) and carvacrol by itself
also showed effectiveness against C. albicans. However, it has not been demon-
strated for its precursor, p-cymene. Although the antimicrobial activity depends
on the presence of carvacrol, it is believed that p-cymene acts synergistically with
carvacrol, helping to destabilize the membrane of these microorganisms.

Currently, the trade and use of thyme EOs is more focused on species such as
T. vulgaris. This species has been widely used in aromatherapy and natural medicine
for some years, as a hot poultice that relieves the pain of cystitis and renal colic, due
to its analgesic properties, and in the form of vapors and inhalations for asthma
and colds, among other conditions of the respiratory system. It is also used as a
natural disinfectant, due to its antiseptic power. Its antimicrobial, antioxidant, and
anticancer properties have been widely studied. However, the information reviewed
here indicates that these two species, T. capitata and T hyemalis, could be a very
important source of economic resources, due to their properties, since they can be
exploited by the pharmaceutical, food, livestock, and agricultural industries, its
conservation being fundamental in the ecosystems where they are found.

Finally, in relation to the mechanism of action by which EOs have their different
effects, it is not clear. It is known that all the activities mentioned are dependent on
the concentration at which they are used. As we have seen throughout this work,
the results vary depending on the dose of EO used. With regard to the antifungal
and antibacterial activity, the EO acts by affecting the membrane permeability of
the pathogen. At high concentrations, the EO denatures the proteins, whereas if the
concentration is low, the enzymatic activity related to the production of energy is
affected.

It has also been observed that, in the case of Sclerotium cepivorum Berk, in the
presence of monoterpenes, its lipid composition is modified, the cell membrane
is altered, and lipid peroxidation is increased, so that these compounds are toxic
for the cells. Therefore, these EOs, rich in monoterpenes, could be used to treat
crops affected by diseases caused by fungi, such as white rot, which would be a
great economic benefit, since it would avoid large agricultural losses. However, it
would be necessary to carry out further studies on the mechanism of action of the
compounds present in the EOs, specifically the content of monoterpenes in both
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T capitata and T. hyemalis. In addition, most of the studies reviewed were carried
out in in vitro experiments, so to ensure the potential of these EOs, it would be
necessary to study their properties in vivo.

7. Conclusion

T capitata and T. hyemalis EOs are rich in phenolic monoterpenes (carvacrol
and thymol), which are associated with antioxidant, antifungal, antibacterial, or
antiparasitic properties. These EOs, due to their properties, can be used in phar-
maceutical, food, livestock, agricultural, and pharmaceutical industries, being a
potential source of economic resources. However, climate, edaphic factors, and
genetics influence the chemical composition of these EOs. The high homogeneity
of T. capitata EOs in climates with high temperatures and low humidity (carvacrol
chemotype) can be an important economic resource of easy exploitation in arid and
semiarid regions.
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